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Peripheral Blood Lymphocyte
Subsets Predict the Efficacy of
Immune Checkpoint Inhibitors in
Non–Small Cell Lung Cancer
Kang Miao, Xiaotong Zhang, Hanping Wang, Xiaoyan Si , Jun Ni , Wei Zhong, Jing Zhao,
Yan Xu, Minjiang Chen, Ruili Pan, Mengzhao Wang*† and Li Zhang*†

Department of Pulmonary and Critical Care Medicine, Peking Union Medical College Hospital, Chinese Academy of Medical
Sciences & Peking Union Medical College, Beijing, China

Background: Non–small cell lung cancer (NSCLC) has entered the era of
immunotherapy. However, only partial patients were able to benefit from immune
checkpoint inhibitors (ICIs). Currently, biomarkers for predicting patients’ response to
ICIs are primarily tumor tissue dependent and have limited accuracy. There is an urgent
need to explore peripheral blood-based biomarkers to predict the efficacy and safety of
ICI therapy.

Methods: To explore the correlation between lymphocyte subsets and the efficacy and
safety of ICIs, we retrospectively analyzed peripheral blood lymphocyte subsets and
survival prognosis data of 136 patients with stage IV NSCLC treated with ICIs.

Results: The two factors that had the greatest impact on the prognosis of patients with
NSCLC treated with ICIs were CD4+CD45RA− T cell (HR = 0.644, P = 0.047) and CD8+ T/
lymphocyte (%) (HR = 1.806, P = 0.015). CD4+CD45RA− T cell showed excellent
predictive efficacy (AUC = 0.854) for ICIs monotherapy, with a sensitivity of 75.0% and
specificity of 91.7% using CD4+CD45RA− T cell >311.3 × 106/L as the threshold. In
contrast, CD8+ T/lymphocyte (%) was only associated with the prognosis but had no
predictive role for ICI efficacy. CD4+ T cell and its subsets were significantly higher in
patients with mild (grades 1–2) immune-related adverse events (irAEs) than those without
irAEs. CD8+CD38+ T cell was associated with total irAEs and severe (grades 3–4) irAEs
but was not suitable to be a predictive biomarker.

Conclusion: Peripheral blood CD4+CD45RA− T cell was associated with the prognosis of
patients with NSCLC applying ICIs, whereas CD8+CD38+ T cell was associated with irAEs
and severe irAEs.

Keywords: immune checkpoint inhibitors (ICIs), lymphocyte subsets, CD4+CD45RA− T cell, biomarker, CD8+CD38+

T cell
Abbreviations: NSCLC, non–small cell lung cancer; ICIs, immune checkpoint inhibitors; irAEs, immune-related adverse
events; ORR, objective response rate; ECOG PS, eastern Cooperative Oncology Group performance status; PFS, progression-
free survival; IQR, interquartile range; ROC, receiver operating characteristic curve; PD, progressive disease; AUC, area under
the curve; TMB, tumor mutational burden; MSI, microsatellite instability; TIL, tumor-infiltrating lymphocytes; OS,
overall survival.
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BACKGROUND

Immune checkpoint inhibitors (ICIs), represented by
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)
inhibitors, programmed cell death protein 1 (PD-1)
inhibitors, and programmed cell death protein ligand 1 (PD-
L1) inhibitors, have transformed cancer treatment since
ipilimumab was first approved for melanoma in 2011 (1).
ICIs bring lasting objective remission to patients with cancer
by activating autologous lymphocytes. Currently, they have
been approved for multiple indications including melanoma,
non–small cell lung cancer (NSCLC), and head and neck
squamous carcinoma. The approved ICIs in NSCLC are
mainly PD-1 inhibitors, including pembrol izumab,
nivolumab, camrelizumab, and tislelizumab (2). Although
PD-L1 is currently the best biomarker for predicting the
efficacy of ICIs in patients with NSCLC, the accuracy is still
limited. However, not all patients with NSCLC can benefit
from ICI therapy. Keynote-042 study showed that only 27.3%
patients with positive PD-L1 were able to achieve an objective
response from pembrolizumab monotherapy. In addition, the
objective response rate (ORR) was only 39.1% even in those
with PD-L1 ≥ 50% (3). Nevertheless, patients with low or
negative PD-L1 expression may also achieve favorable efficacy
from immunotherapy (4). In addition, current biomarkers for
predicting patients’ response to ICIs are primarily tumor
tissue dependent. Therefore, exploring new biomarkers that
can predict the efficacy and safety of ICIs has become an
urgent need.

The key factor for immunotherapy is to activate the
lymphocytes; thus, the quantity and subset of lymphocytes
are closely related to the efficacy of ICIs. T cell constitute the
main effector cells involved in the immune response, which
can be generally classified into cytotoxic T cell (CD8+) and
regulatory T cell (CD4+). By detecting CD45RA, CD28, and
CD38 molecules on the surface of T cell, they can be further
categorized into memory subsets, functional subsets, and
activated subsets (5). CD8+ T cells are essential participants
in the anti-tumor immune response for their cytotoxicity
and ability to migrate from peripheral blood into tumor
tissues (6). Studies have shown that the counts of infiltrating
CD8+ T cell were intimately associated with the antitumor
efficacy of PD-1 inhibitors (7). In contrast to the direct
tumor-killing effect of CD8+ T cells, CD4+ T cells play
more of an immune-modulatory and paracrine role. CD4+

Th1 cells promote the differentiation of initial CD8+ T cell
into cytotoxic T lymphocytes (CTL) through the CD70-
CD27 pathway and secreting cytokines, such as interferon
g (IFN-g) and interleukin 2 (IL-2) (8). Recently, several
clinical studies have shown that the peripheral blood CD4+

T subsets may be associated with tumor objective response
for immunotherapy (9, 10).

Herein, we conducted a retrospective study to analyze the
correlation between baseline peripheral blood lymphocyte
subsets and tumor regression after ICI therapy to explore the
applicability of lymphocyte subsets to be a potential biomarker.
Frontiers in Immunology | www.frontiersin.org 29
METHODS

Study Objectives and Ethics
Approval Statement
Our retrospective study collected baseline lymphocyte subset
data and the follow-up information of 136 patients with stage IV
NSCLC treated with ICIs. The aim was to explore the correlation
between lymphocyte subsets and the therapeutic effect of ICIs
and to find a new biomarker for ICI therapy. The study design
was in accordance with the ethical guidelines of the Declaration
of Helsinki, and ethical approval was obtained from the Ethical
Review Committee of Peking Union Medical College Hospital.
Informed consent was waived due to the retrospective character.

Inclusion and Exclusion Criteria
Inclusion criteria: (i) patients were pathologically confirmed
NSCLC; (ii) the disease stage was stage IV; (iii) patients
utilized ICIs during the course of treatment; and (iv)
lymphocyte subsets were detected within 28 days before the
first dose of ICIs. Exclusion criteria: (i) the follow-up period after
ICI therapy <6 months; and (ii) received two or more types of
ICI therapy.

Data Collection
For each patient who met the inclusion criteria, we obtained the
following information separately: (i) baseline lymphocyte subset
data, including total lymphocytes, B cell, T cell, NK cells, CD4+ T
cell, CD8+ T cell, CD4+CD45RA− T cell, CD4+CD45RA+ T cell,
CD4+CD28+ T cell, CD8+CD28+ T cell, CD8+DR+ T cell,
CD8+CD38+ T cell, CD4+ T cell/lymphocyte (%), and CD8+ T
cell/lymphocyte (%); (ii) patient basic information, including
gender, age, tumor pathology, history of smoking, history of
alcohol consumption, and eastern Cooperative Oncology Group
performance status (ECOG PS) score; (iii) treatment details,
including the lines of ICIs applied and whether combined with
chemotherapy; (iv) efficacy and safety assessment, including
ORR, progression-free survival (PFS), and irAEs.

Data Analysis
IBM SPSS version 24.0 was used for statistical analysis, and
GraphPad Prism version 8.0.1 was used to graph the statistics.
Median and interquartile range (IQR) were used for description of
baseline lymphocyte subsets due to non-conformance with normal
distribution. Patients with disease control and PFS ≥6 months were
recorded as benefit group, whereas those with progressive disease
(PD) or PFS <6 months were recorded as non-benefit group.
Comparisons of the average values were analyzed using the
Mann–Whitney test. Patient basic information and treatment
details were described as count values and percentages. The
receiver operating characteristic (ROC) curve was established to
assess the value of efficacy prediction. CD4+CD45RA− T cell and
CD8+ T/lymphocyte (%) were divided into high-level group and
low-level group according to the median. Correlations between
them and patient basic information were analyzed by the chi-square
test. Kaplan–Meier survival curves were used to reflect differences in
survival benefit. Log-rank test was used to explore the effect of basic
July 2022 | Volume 13 | Article 912180
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information, treatment details, and baseline lymphocyte subsets on
the efficacy of ICIs. Logistic regression was used to analyze the risk
factors for irAEs and severe irAEs. All independent variables were
included in the univariate regression, and then indicators that
reached the threshold (P < 0.2) were included into multivariate
regression. P < 0.05 was determined to be with statistical difference.
RESULTS

Basic Characteristics of the Patients
A total of 136 patients with stage IV NSCLCmet the inclusion and
exclusion criteria. Among them, 94 were male and 42 were female,
with a median age of 64 years old. There were more patients with
non-squamous NSCLC (75 patients) than squamous NSCLC (61
patients). The majority of patients (71 patients) chose ICIs for
first-line treatment, whereas 47 patients (34.6%) for the second
line and 10 patients (13.2%) for the third line and beyond. Only a
quarter of patients chose ICIs as monotherapy (de-
chemotherapy), which means that most of patients applied ICIs
combined with chemotherapy. There were 61.8% patients had
smoking history and 29.4% had alcohol consumption history.
Most of patients were in good physical condition on ICIs, 90.5%
patients were of 0-1 ECOG PS scores (Table 1). The overall ORR
of the patients was 42.6%, with a median PFS of 8.5 months.
Immune-related adverse events (irAEs) occurred in 49 (36.0%)
patients, of which 24 (17.6%) were grade 3 or higher.

Correlation of Lymphocyte Subsets With
the Efficacy of ICIs
To explore the relationship between baseline lymphocyte subsets
and the efficacy of ICIs, patients were divided into two groups based
on survival benefit. Patients with disease control and PFS ≥6
months were recorded as benefit group, whereas those with PD
or PFS <6 months were recorded as non-benefit group. The counts
of total lymphocytes and all lymphocyte subsets were higher in the
benefit group than in the non-benefit group. Among them, total
lymphocytes, B cell, T cell, CD4+ T cell, various CD4+ T cell subsets
(CD4+CD45RA− T cell, CD4+CD45RA+ T cell, and CD4+CD28+ T
cell), and CD8+CD28+ T cell showed statistical differences (P < 0.05)
(Figure S1). In addition, we explored changes in lymphocyte
subsets after two cycles of ICI treatment. However, only total T
cells showed a decreasing trend in the benefit group (Figure S2).
Patient basic information was included into univariate cox
regression analysis together with baseline lymphocyte subsets
(Table 2). The results showed that gender (P = 0.196), age (P =
0.191), type of pathology (P = 0.080), lines of ICIs usage (P = 0.199),
ECOG PS score (P = 0.064), B cell (P = 0.174), CD4+CD45RA− T
cell (P = 0.016), and CD8+ T/lymphocyte (%) (P = 0.006) may
contribute to the prognosis (threshold: P < 0.2). Multivariate cox
regression showed that the two factors with the greatest impact were
CD4+CD45RA− T cell (HR = 0.644, P = 0.047) and CD8+ T/
lymphocyte (%) (HR = 1.806, P = 0.015), respectively (Table 3).

Further, we performed a systematic analysis for these two
biomarkers. Baseline CD4+CD45RA− T cells (P = 0.001) were
significantly higher in the benefit group, whereas CD8+ T/
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lymphocytes (%) were lower in the benefit group (P = 0.09)
(Figures 1A, D). However, they were not ideal biomarker for
predicting the prognosis of patients with NSCLC, with the area
under the curve (AUC) of the ROC being just 0.657 and 0.592
(Figures 1B, E). Kaplan–Meier survival curve showed that the
high CD4+CD45RA− T-cell group (median PFS: 11.8 months)
had a significantly better PFS benefit than the low
CD4+CD45RA− T-cell group (median PFS: 5.9 months) (P =
0.016). There was also a difference in survival prognosis between
the high CD8+ T/lymphocyte (%) group (median PFS: 6.3
months) and the low CD8+ T/lymphocyte (%) group (median
PFS: 11.8 months) (P = 0.006) but showing an opposite trend to
CD4+CD45RA− T cell (Figures 1C, F).

Subgroup Analysis
Considering that the patients included in this study were treated
with ICIs monotherapy and ICIs combined with chemotherapy.
The analysis of total population only represents the survival
TABLE 1 | Basic information.

Basic Information Number

Patients 136
Sex
male 94 (69.1%)
female 42 (30.9%)
Age 64 (60–70)
<60 33 (24.3%)
≥60 103 (75.7%)
Histology
Non-squamous carcinoma 75 (55.1%)
Squamous carcinoma 61 (44.9%)
Line of therapy
First line 71 (52.2%)
Second line 47 (34.6%)
Third line and beyond 10 (13.2%)
Combined chemotherapy
No 32 (23.5%)
Yes 104 (76.5%)
Smoking status
No 52 (38.2%)
Yes 84 (61.8%)
Drinking status
no 96 (70.6%)
yes 40 (29.4%)
ECOG PS
0 70 (51.5%)
1 53 (39.0%)
2–4 13 (9.6%)
Total lymphocyte (×106/L) 1295.2 (973.1–1728.4)
B cell (×106/L) 94.7 (57.1–175.6)
T cell (×106/L) 916.6 (639.4–1221.1)
NK cell (×106/L) 258 (164.4–360.1)
CD4+ T (×106/L) 475.9 (302.4 - 668)
CD8+ T (×106/L) 340.1 (237.5 - 493.3)
CD4+CD45RA− T (×106/L) 348.3 (218.3 - 510.1)
CD4+CD45RA+ T (×106/L) 109.1 (49.4 - 189.1)
CD4+CD28+ T (×106/L) 413.1 (257.7 - 613.7)
CD8+CD28+ T (×106/L) 152.2 (94.9 - 219.7)
CD8+DR+ T (×106/L) 176.3 (112.3 - 264.2)
CD8+CD38+ T (×106/L) 151.7 (91.3 - 208.9)
CD4+ T/lymphocyte (%) 36.1 (29.1 - 45.4)
CD8+ T/lymphocyte (%) 26.9 (21.7 - 35.4)
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prognosis, but not the efficacy of ICIs. Therefore, a subgroup of
32 patients treated with ICIs monotherapy was selected for
further analysis. In this subgroup, CD4+CD45RA− T cell
showed a more significant difference (p = 0.002) between the
benefit and non-benefit groups (Figure 2A). Notably, its efficacy
as a biomarker to predict the therapeutic benefit of ICIs is also
excellent (AUC = 0.854), with a sensitivity of 75.0% and
specificity of 91.7% using CD4+CD45RA− T cell >311.3 × 106/
L as the threshold (Figure 2B). The results of Kaplan–Meier
survival curves also demonstrated close relationship between
CD4+CD45RA− T cell and the efficacy of ICIs. The median PFS
was not reached in the CD4+CD45RA− T-cell high group and 5.2
months in the CD4+CD45RA− T-cell low group (P < 0.001)
(Figure 2C). However, CD8+ T/lymphocyte (%) did not show a
better correlation with the efficacy of ICIs, with no significant
difference (P = 0.075) (Figure 2D). In addition, the AUC was
only 0.673 of CD8+ T/lymphocyte (%), which was considerably
lower than that of CD4+CD45RA− T cell (Figure 2E). There was
also no meaningful discrepancy observed between the high-level
group and the low-level group of CD8+ T/lymphocyte (%) on the
Kaplan–Meier survival curve (P = 0.198) (Figure 2F).

Further, we analyzed CD4+CD45RA− T cell and CD8+ T/
lymphocyte (%) with patient basic information, separately. The
results showed that CD8+ T/lymphocytes (%) were well matched for
all basic information, whereas CD4+CD45RA− T cells were matched
for gender, age, pathology type, combination of chemotherapy,
smoking history, alcohol consumption history, and ECOG PS score
but had strong relevance with lines of ICIs usage (p = 0.003)
(Table 4). The count of CD4+CD45RA− T cell was higher in the
first-line treatment than in the second line and beyond (P < 0.001)
(Figure S3).

In the population of first-line treatment, there was no
remarkable difference in CD4+CD45RA− T cell between the
Frontiers in Immunology | www.frontiersin.org 411
benefit and non-benefit groups (P = 0.154) (Figure 3A). ROC
curves showed that CD4+CD45RA− T-cell count was not an ideal
biomarker (AUC = 0.585) (Figure 3B). Kaplan–Meier survival
curves also indicated no significant prognostic difference
between the high CD4+CD45RA− T-cell group and the low
CD4+CD45RA− T-cell group (P = 0.828) (Figure 3C). These
findings differ dramatically from those of total population.
Therefore, we considered whether the survival benefit in the
high CD4+CD45RA− T-cell group was more likely to originate
from the second-line and beyond population. In this subgroup,
CD4+CD45RA− T-cell count was significantly higher in the
benefit group than in the non-benefit group (P = 0.006)
(Figure 3D). The AUC was 0.713, at the threshold of
CD4+CD45RA− T cell >339.9 × 106/L, the sensitivity was
51.6%, and the specificity was 84.6% (Figure 3E). The high
CD4+CD45RA− T-cell group exhibited a notable PFS benefit
(median PFS : undefined) compared wi th the low
CD4+CD45RA− T-cell group (median PFS: 5.2 months), P =
0.003 (Figure 3F).

Correlation of Lymphocyte Subsets
With irAEs
In addition, we explored the correlation between peripheral
blood lymphocyte subsets and all kinds of irAEs (Figure S4).
We found that baseline counts of total lymphocytes, T cell,
CD4+ T cell, and various CD4+ T-cell subsets (CD4+CD45RA−

T cell, CD4+CD45RA+ T cell, and CD4+CD28+ T cell) were
higher in the mild (grades 1–2) irAEs group than in the non-
irAEs group. However, the expression of these lymphocyte
subsets in the severe (grades 3–4) irAEs group remained at a
low level, similar to that in the non-irAEs group. CD8+CD38+ T
cells were the only cell subset that showed statistical differences
in the populations of severe irAEs and non-irAEs. Logistic
TABLE 2 | Univariate Cox regression of PFS.

HR 95% CI P-value

Sex Male/female 1.337 0.861-2.075 0.196
Age <60/≥60 1.412 0.842-2.37 0.191
Histology Non-squamous/squamous 0.686 0.45-1.046 0.080
Line of therapy First/second/third and beyond 1.220 0.883-1.686 0.199
Combined chemotherapy No/yes 1.155 0.696-1.919 0.577
Smoking status No/yes 0.782 0.513-1.193 0.254
Drinking status No/yes 1.062 0.683-1.652 0.789
ECOG PS 0/1/2-4 1.338 0.984-1.819 0.064
Total lymphocyte ×106 0.788 0.519-1.197 0.264
B cell ×106 0.749 0.493-1.136 0.174
T cell ×106 0.972 0.641-1.475 0.894
NK cell ×106 0.781 0.517-1.178 0.238
CD4+ T ×106 0.785 0.517-1.191 0.255
CD8+ T ×106 1.150 0.758-1.745 0.511
CD4+CD45RA− T ×106 0.599 0.395-0.907 0.016
CD4+CD45RA+ T ×106 1.016 0.67-1.54 0.941
CD4+CD28+ T ×106 0.803 0.53-1.216 0.300
CD8+CD28+ T ×106 0.842 0.556-1.274 0.416
CD8+DR+ T ×106 1.021 0.673-1.549 0.922
CD8+CD38+ T ×106 1.049 0.691-1.591 0.823
CD4+ T/lymphocyte ×100% 0.825 0.548-1.248 0.363
CD8+ T/lymphocyte ×100% 1.803 1.182-2.750 0.006
July 2022 | Volume 13 | Article
 912180

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Miao et al. Lymphocyte Subsets and ICIs
regression analysis showed that the total T cells and
CD8+CD38+ T cells were strongly associated with the
development of irAEs, whereas CD4+ T-cell subsets did not
show statistical contributions to irAEs. In addition, CD8+CD38+

T cells were also associated with the development of severe
irAEs, P = 0.05 (Table 5). However, the ROC curve constructed
with CD8+CD38+ T predicting the occurrence of severe irAEs
had an AUC of only 0.535, which was not suitable to be a
predictive biomarker (Figure S5).
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DISCUSSION

Currently, biomarkers for predicting the efficacy of ICIs mainly
include PD-L1, tumor mutational burden (TMB), microsatellite
instability (MSI), and gene expression profile of tumor-infiltrating
lymphocytes (TILs) (11). In the field of NSCLC, PD-L1 is currently
the only biomarker approved by the Food and Drug Administration
(FDA) (12). However, its credibility remains to be controversial. In
addition, mainstream biomarkers are based on the acquisition of
TABLE 3 | Multivariate Cox regression of PFS.

Median PFS HR 95% CI P-value

Sex Male 8.6 months Reference
Female 7.5 months 1.203 0.718–2.015 0.483

Age <60 11.8 months Reference
≥60 8.1 months 1.252 0.726–2.161 0.419

Histology Non-squamous 7.5 months Reference
Squamous 11.7 months 0.793 0.483–1.303 0.360

Line of therapy First line 10.5 months Reference
Second line 7 months 0.938 0.558–1.576 0.810
Third line and beyond 5.9 months 1.380 0.603–3.157 0.446

ECOG PS 0 11.5 months Reference
1 7.5 months 1.219 0.775–1.918 0.392
2–4 5.5 months 1.131 0.510–2.508 0.762

B cell Low 6.2 months Reference
High 11.2 months 1.035 0.642–1.668 0.887

CD4+CD45RA− T Low 5.9 months Reference
High 11.8 months 0.644 0.417–0.994 0.047

CD8+ T/lymphocyte (%) Low 11.8 months Reference
High 6.3 months 1.806 1.122–2.905 0.015
Jul
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FIGURE 1 | Total population analysis. (A) Differences of CD4+CD45RA− T cell between benefit group and non-benefit group. (B) ROC curve of CD4+CD45RA− T
cell. (C) Kaplan–Meier survival curve of different levels of CD4+CD45RA− T cell. (D) Differences of CD8+ T/lymphocyte (%) between benefit group and non-benefit
group. (E) ROC curve of CD8+ T/lymphocyte (%). (F) Kaplan–Meier survival curve of different levels of CD8+ T/lymphocyte (%).
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FIGURE 2 | Subgroup analysis of ICIs monotherapy. (A) Differences of CD4+CD45RA− T cell between benefit group and non-benefit group. (B) ROC curve of
CD4+CD45RA− T cell. (C) Kaplan–Meier survival curve of different levels of CD4+CD45RA− T cell. (D) Differences of CD8+ T/lymphocyte (%) between benefit group
and non-benefit group. (E) ROC curve of CD8+ T/lymphocyte (%). (F) Kaplan–Meier survival curve of different levels of CD8+ T/lymphocyte (%).
TABLE 4 | Basic information matching analysis.

CD4+CD45RA− T cell P-value CD8+ T/lymphocyte (%) P-value

Low High Low High

Patients 68 68 68 68
Sex 1.000 0.710
Male 47 (69.1%) 47 (69.1%) 46 (67.6%) 48 (70.6%)
Female 21 (30.9%) 21 (30.9%) 22 (32.4%) 20 (29.4%)
Age 0.424 0.161
<60 14 (20.6%) 19 (27.9%) 20 (29.4%) 13 (19.1%)
≥60 54 (79.4%) 49 (72.1%) 48 (70.6%) 55 (80.9%)
Histology 0.168 0.605
Non-squamous carcinoma 42 (61.8%) 33 (48.5%) 39 (57.4%) 36 (52.9%)
Squamous carcinoma 26 (38.2%) 35 (51.5%) 29 (42.6%) 32 (47.1%)
Line of therapy 0.003 0.765
First line 30 (44.1%) 49 (72.1%) 38 (55.9%) 41 (60.3%)
Second line 30 (44.1%) 17 (25.0%) 24 (35.3%) 23 (33.8%)
Third line and beyond 8 (11.8%) 2 (2.9%) 6 (8.8%) 4 (5.9%)
Combined chemotherapy 0.419 1.000
No 18 (26.5%) 14 (20.6%) 16 (23.5%) 16 (23.5%)
Yes 50 (73.5%) 54 (79.4%) 52 (76.5%) 52 (76.5%)
Smoking status 0.217 0.158
No 30 (44.1%) 22 (32.4%) 30 (44.1%) 22 (32.4%)
Yes 38 (55.9%) 46 (67.6%) 38 (55.9%) 46 (67.6%)
Drinking status 0.572 0.707
No 50 (73.5%) 46 (67.6%) 49 (72.1%) 47 (69.1%)
Yes 18 (26.5%) 22 (32.4%) 19 (27.9%) 21 (30.9%)
ECOG PS 0.625 0.293
0 33 (48.5%) 37 (54.5%) 38 (55.9%) 32 (47.1%)
1 27 (39.7%) 26 (38.2%) 26 (38.2%) 27 (39.7%)
2–4 8 (11.8%) 5 (7.4%) 4 (5.9%) 9 (13.2%)
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tumor tissues. No relevant peripheral blood biomarkers have been
approved by the FDA, European Medicines Agency (EMA), and
Pharmaceuticals and Medical Devices Agency (PMDA) (13, 14).
However, the accessibility of tissue is limited, especially for patients
of second line and beyond. Therefore, peripheral blood lymphocyte
may be a promising non-invasive biomarker for patients treated
with ICIs.

In this study, we explored the predictive effect of peripheral
blood lymphocyte subsets on the efficacy of ICIs. We found
that CD4+CD45RA− T cells and CD8+ T/lymphocytes (%)
were associated with the prognosis of patients with NSCLC
treated with ICIs. Low CD4+CD45RA− T cell was associated
with poor prognosis, whereas low CD8+ T/lymphocyte (%)
represented better prognosis. In the further subgroup analysis
of the ICIs monotherapy population, we observed that only
CD4+CD45RA− T cell reflected the efficacy of ICIs, whereas
CD8+ T/lymphocyte (%) merely correlated with the prognosis.
In addition, we explored the correlation between lymphocyte
subsets and irAEs. The results showed that CD4+ T-cell
subsets were higher in the mild-irAEs group than in the
non-irAEs group but did not contribute significantly in
logistic regression. CD8+CD38+ T cell was associated
with irAEs and severe irAEs but was not suitable as a
predictive marker.

After activation by specific antigens, T cell would form two
subtypes that differ in function, called effector T cell and
Frontiers in Immunology | www.frontiersin.org 714
memory T cell. Memory T cell, after secondary activated by
antigen, would infiltrate into tumor tissue and express perforin
to induce tumor cells apoptosis (15). CD45RA, one of the
surface features of initial T cell, is expressed by initial T cell in
the thymus and would disappear after antigen stimulation (16).
It means that CD45RA− is the characteristic of memory T cell.
CD62L, the characteristic of peripheral memory T cell, is
expressed by central memory T cell but peripheral memory T
cell (17). Kagamu et al. concluded that CD4+CD62L− T cell
presented in higher baseline counts in the responders to ICIs. In
addition, patients who maintained high levels of CD62L−CD4+

T cell had a prolonged survival, compared with those patients
whose CD62L−CD4+ T-cell counts decreased after ICI therapy
(18). Similar conclusion was obtained by Zuazo et al. that
patients with large amounts of highly differentiated
(CD27−CD28−) CD4+ T cell responded well to ICI therapy.
ROC curves constructed with it were of good predictive value
for the efficacy of ICIs (AUC = 0.85) (19). The above two
studies demonstrated from two perspectives of peripheral
memory T cell and highly differentiated T cell, respectively.
We reaffirmed this idea from the third perspective that baseline
memory CD4+ T cell (central and peripheral) can reflect the
efficacy of ICIs. In the subgroup of ICIs monotherapy patients,
the ROC curve of CD45RA−CD4+ T cell had an AUC of 0.854,
which was in favorable consistency with the study of
Zuazo et al.
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FIGURE 3 | Subgroup analysis of different treatment lines. (A) Differences of CD4+CD45RA− T cell between benefit group and non-benefit group in the first-line
patients. (B) ROC curve of CD4+CD45RA− T cell in the first-line patients. (C) Kaplan–Meier survival curve of different levels of CD4+CD45RA− T cell in the first-line
patients. (D) Differences of CD4+CD45RA− T cell between the benefit group and the non-benefit group in the second-line and beyond patients. (E) ROC curve of
CD4+CD45RA− T cell in the second-line and beyond patients. (F) Kaplan–Meier survival curve of different levels of CD4+CD45RA− T cell in the second-line and
beyond patients.
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With the widespread application of ICIs in multiple tumor
types, the indications approved have been gradually pushed to
the first line from the second line and beyond (20). However, it
remains to be unclear whether the application of ICIs in the first
line brings better overall survival (OS) benefit. Chemotherapy
and o th e r an t i - n eop l a s t i c t h e r apy wou l d c au s e
myelosuppression, which include the depression of
lymphocytes (21). We found that not only total lymphocyte
counts but also CD4+CD45RA− T-cell counts were significantly
lower in the second line and beyond patients. We speculated that
the efficacy of ICIs in the second line and beyond would be
affected by the previous treatments as and CD4+CD45RA− T-cell
counts. The results demonstrated that the correlation between
CD4+CD45RA− T cell and patients’ prognosis after ICIs was
significantly higher in the second line and beyond (P = 0.006)
than in the first line (P = 0.154). Therefore, the application of
ICIs in the first-line therapy may help to better activate immune
cells for anti-tumor efficacy.

Increased density of CD8+ TILs is an indicator of favorable
prognosis for ICI treatment (22). Kamphorst et al. showed that
patients with high levels of CD8+ T cell at baseline were strongly
associated with OS benefit after receiving nivolumab (23).
However, our study found no correlation between the absolute
value of baseline CD8+ T cell and the prognosis of NSCLC.
Notably, lower proportions of baseline CD8+ T/lymphocyte (%)
were associated with better prognosis but did not affect the
efficacy of ICIs. We hypothesized that patients responding well
to treatment hold more CTL infiltrated into the tumor tissue.
Therefore, less proportion of CD8+ T cell can be detected in
peripheral blood. In addition to baseline expression status, early
expansion of peripheral blood PD-1+CD8+ T cell may also
Frontiers in Immunology | www.frontiersin.org 815
correlate with anti-PD-1 inhibitors clinical efficacy (23). PD-1
inhibitors can interfere the PD-1 signaling and depress the
upregulation of CBL-b ubiquitin ligase, thus boosting the
proliferation of CD8+ T cell (24). PD-1 expressing peripheral
blood CD8+ T cell, who possess highly similar TCR clones to TIL,
had the ability to be activated by tumor cells and kill them (25,
26). We also explored the correlation between the changes of
peripheral blood CD8+ T cell before and after ICI treatment.
However, we did not find any correlation between the changes in
CD8+ T cell and the prognosis. This may be explained by the fact
that PD-1+ T cell represent only a small proportion of overall
peripheral blood CD8+ T cell, whereas the proliferative burst of
CD8+ T cell after PD-1 blockade was almost exclusively derived
from the PD-1+CD8+ T-cell subset (27, 28).

The correlation between lymphocyte subsets and irAEs was
also a research focus. Chaput et al. suggested that high levels of
CD4+ T cell at baseline may predict a higher incidence of
immune-associated colitis (29). Subudhi et al. found that high
levels of CD8+ T cell may indicate an increased risk of irAEs (30).
However, all of these findings suffered from small sample sizes
and poor rigor. Our exploratory analysis results showed that
patients who developed mild irAEs had higher levels of baseline
CD4+ T cell and various CD4+ T cell subsets. In addition, the
population of mild irAEs was highly overlapped with the
population who obtained survival benefit. It validated the high
correlation between the occurrence of irAEs and the efficacy of
ICIs (31). In contrast to patients with mild irAEs, CD4+ T-cell
levels in patients with severe irAEs, surprisingly, did not increase
further but decreased to the level of non-irAE patients. The
currently available mechanisms of irAEs include off-target of
ICIs, cross-antigen reactions of T cells, and injury mediated by
TABLE 5 | Logistic regression of irAEs.

irAEs (P-value) Severe irAEs (P-value)

Univariate Multivariate Univariate

Sex Male/female 0.110 0.579 0.492
Age <60/≥60 0.229 0.138
Histology Non-squamous/squamous 0.765 0.188
Line of therapy First/second/third and

beyond
0.191 0.412 0.779

Combined
chemotherapy

No/yes 0.603 0.500

Smoking status No/yes 0.170 0.750 0.586
Drinking status No/yes 0.534 0.977
ECOG PS 0/1/2–4 0.453 0.529
Total lymphocyte ×106 0.090 0.229 0.536
B cell ×106 0.332 0.925
T cell ×106 0.120 0.017 0.502
NK cell ×106 0.410 0.870
CD4+ T ×106 0.050 0.123 0.552
CD8+ T ×106 0.777 0.607
CD4+CD45RA− T ×106 0.213 0.415
CD4+CD45RA+ T ×106 0.009 0.206 0.911
CD4+CD28+ T ×106 0.101 0.599 0.747
CD8+CD28+ T ×106 0.678 0.540
CD8+DR+ T ×106 0.538 0.699
CD8+CD38+ T ×106 0.036 0.011 0.050
CD4+ T/lymphocyte ×100% 0.905 0.491
CD8+ T/lymphocyte ×100% 0.219 0.924
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autoantibodies or cytokine (32). We ventured the hypothesis that
severe irAEs and mild irAEs are mediated by two separate
mechanisms, which needs to be explored and verified by
further studies. Among all lymphocyte subsets we analyzed,
only CD8+CD38+ T cell was positively correlated with the
severity of irAEs. However, it did not show good predictive
efficacy for severe irAEs.

This study was a retrospective research and inevitably existed
with some deficiencies. First, the basic information of patients
could not be well matched. For example, there was a significant
correlation between the counts of CD4+CD45RA− T cell and
treatment lines. Although we tried to minimize them by
performing subgroup analyses, they could not be completely
eliminated. Second, the number of patients was insufficient,
especially after performing the subgroup analyses. For instance,
the immune monotherapy subgroup only contained 32 patients.
Third, prolonging OS is the fundamental of oncology treatment.
However, because of the lack of patients’ OS data, we evaluated
the survival benefit only by ORR and PFS. In the future, a
prospective study with large sample size is needed to further
explore whether lymphocyte subsets can serve as the biomarker
to predict the survival benefit and irAEs of ICI therapy.

Overall, NSCLC has entered the era of immunotherapy, but
current biomarkers to predict patient response to ICIs are
limited. Peripheral blood biomarkers provide a convenient,
rapid, and non-invasive method for clinical diagnosis and
disease prognosis. We propose that baseline peripheral blood
CD4+CD45RA− T-cell counts can be used as a biomarker for
predicting the efficacy of ICIs, especially for the second line and
beyond patients, whose tumor tissue acquisition is difficult. In
addition, CD8+CD38+ T cell may be suggestive for the predicting
the occurrence of irAEs. This study will pave the way for further
prospective studies to use peripheral blood lymphocyte subsets as
a non-invasive biomarker basis for ICI treatment in patients
with NSCLC.
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Background: The overall 5-year survival of lung cancer was reported to be only ~15%,
with lung adenocarcinoma (LUAD) as the main pathological subtype. Before developing
into invasive stages, LUAD undergoes pre-invasive stages of adenocarcinoma in situ (AIS)
and minimally invasive adenocarcinoma (MIA), where surgical resection gives an excellent
5-year survival rate. Given the dramatic decline of prognosis from pre-invasive to invasive
stages, a deeper understanding of key molecular changes driving the progression of
LUAD is highly needed.

Methods: In this study, we performed whole-exome sequencing and RNA sequencing on
surgically resected 24 AIS, 74 MIA, 99 LUAD specimens, and their adjacent paired normal
tissues. Survival data were obtained by follow-up after surgery. Key molecular events were
found by comparing the gene expression profiles of tumors with different stages. Finally, to
measure the level of imbalance between tumor intrinsic growth potential and immune
microenvironment, a tumor progressive (TP) index was developed to predict tumor
progression and patients’ survival outcome and validated by external datasets.

Results: As tumors progressed to more invasive stages, they acquired higher growth
potential, mutational frequency of tumor suppressor genes, somatic copy number
alterations, and tumor mutation burden, along with suppressed immune function. To
better predict tumor progression and patients’ outcome, TP index were built to measure
the imbalance between tumor intrinsic growth potential and immune microenvironment.
Patients with a higher TP index had significantly worse recurrence-free survival [Hazard
ratio (HR), 10.47; 95% CI, 3.21–34.14; p < 0.0001] and overall survival (OS) [Hazard ratio
org July 2022 | Volume 13 | Article 921761119

https://www.frontiersin.org/articles/10.3389/fimmu.2022.921761/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.921761/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.921761/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.921761/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.921761/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:hqchen1@yahoo.com
mailto:lemingshi@fudan.edu.cn
mailto:zwcao@fudan.edu.cn
https://doi.org/10.3389/fimmu.2022.921761
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.921761
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.921761&domain=pdf&date_stamp=2022-07-01


Zhao et al. Progression of Lung Adenocarcinoma

Frontiers in Immunology | www.frontiersin.
(HR), 4.83e8; 95% CI, 0–Inf; p = 0.0013]. We used The Cancer Genome Atlas (TCGA)-
LUAD dataset for validation and found that patients with a higher TP index had significantly
worse OS (HR, 1.10; 95% CI, 0.83–1.45; p = 0.048), demonstrating the prognostic value
of the TP index for patients with LUAD.

Conclusions: The imbalance of tumor intrinsic growth potential and immune function
orchestrate the progression of LUAD, which can be measured by TP index. Our study
provided new insights into predicting survival of patients with LUAD and new target
discovery for LUAD through assessing the imbalance between tumor intrinsic growth
potential and immune function.
Keywords: imbalance, tumor intrinsic growth potential, immune response, progression, lung adenocarcinoma
INTRODUCTION

Lung cancer is one of the deadliest disease worldwide, with a 5-
year survival of only ~19% (1). Lung adenocarcinoma (LUAD) is
the most common pathological subtype. Pre-invasive stages of
LUAD, namely, adenocarcinoma in situ (AIS) and minimally
invasive adenocarcinoma (MIA), have a nearly 100% 5-year
survival rate after complete surgery (2, 3). The prognosis of
patients would downslide dramatically once the disease
progressed to invasive stages. Therefore, it is necessary to study
the evolution of LUAD for discovering new targets and
developing new treatments. Although there have been studies
on genomic and immune profiling of patients with AIS, MIA,
and LUAD, there lack a systematic study focusing on key
molecular events that drive the evolution of LUAD (4–8).

As tumors progress, their radiological manifestations change.
With the development of thoracic computed tomography (CT)
scanning and the application of low-dose CT screening, an
increasing number of small pulmonary nodules, especially
subsolid nodules have been detected (9–12). The prognostic
impact of solid components for LUADs presented as ground-
glass opacities (GGOs) on CT scanning has been under extensive
investigation, where tumors manifesting as GGOs were found to
have indolent clinical course (13, 14). Our two previous studies
further provided evidence on the prognostic value of LUADs,
manifesting as GGOs on CT scan (15, 16). However, there still
lack comprehensive genomic and transcriptomic studies
comparing the differences between LUADs having GGO
components and their counterparts not having GGO
components on CT scan.

In this study, we performed whole-exome sequencing and
RNA sequencing (RNA-seq) on 197 surgically resected LUADs
and divided them into different groups by pathological
characteristics and radiological manifestations, aiming to find
key genetic factors that drive the evolution of LUAD. Twelve
expression patterns were identified based on expression profiles,
and pathway analysis was performed to reveal the biological
functions for each pattern. Tumor intrinsic growth potential and
immune microenvironment were assessed, and immune cell
infiltration was calculated. Finally, to better predict tumor
progression and patients’ outcome, we developed a tumor
progressive (TP) index to measure the level of imbalance
org 220
between tumor intrinsic growth potential and immune
microenvironment and validated the index by external datasets.
MATERIALS AND METHODS

Study Cohort
A total of 197 patients with LUAD who underwent surgery
between September 2011 and May 2016 at the Department of
Thoracic Surgery, Fudan University Shanghai Cancer Center,
were retrospectively included in this study (Figure 1A). None of
the patients received neoadjuvant therapy. This study was
approved by the Committee for Ethical Review of Research
(Fudan University Shanghai Cancer Center Institutional
Review Board, No. 090977-1). Informed consents of all
patients for donating their samples to the tissue bank of Fudan
University Shanghai Cancer Center were obtained from patients
themselves or their relatives.

Radiological and Histological Evaluation
Whole-lung CT scans were performed on each patient included
before surgery as previously described (15). For each nodule, the
maximum diameter of both the entire nodule and solid
component on the single largest axial dimension was recorded
on lung window. Pulmonary nodules were further divided into
three groups: pure GGOs, where there was no solid component
in one pulmonary nodule; subsolid nodules, where both solid
and GGO components existed in one pulmonary nodule; and
solid nodules, where the pulmonary nodule contained only solid
component (Figure 1A). CT scans were reviewed by two
radiologists independently, and interobserver and intraobserver
agreements were measured to quantify the reproducibility and
accuracy between the two radiologists as previously
described (15).

Intraoperative frozen section diagnosis was made after the
tumor was resected, and postoperative diagnosis was made after
surgery by two independent pathologists. According to the
IASLC/ATS/ERS classification, tumors were classified as AIS,
MIA, or invasive LUAD based on their histological
presentations. Invasive LUAD subtypes were further analyzed
in a semi-quantitative manner, where the components of
different subtypes (lepidic, acinar, papillary, micropapillary,
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solid, and invasive mucinous) were recorded in 5% increments.
The predominant subtype was the one with the largest
percentage (not necessarily 50% or higher) (17). Pathological
stage of disease was determined according to the eighth TNM
staging system.

Follow-Up Protocol
Patients were followed up regularly after surgery as we previously
described (15). Briefly, patients were followed up every 3 months
after surgery for the first 2 years, where physical examination,
chest CT scans, and abdominal ultrasonography were performed
every 3 to 6 months. The follow-up interval was changed to every
6 months for the third year and once a year from then on. Brain
CT or magnetic resonance imaging (MRI) and bone scintigraphy
were performed every 6 months for patients with invasive
adenocarcinoma in the first 3 years. In addition, positron
Frontiers in Immunology | www.frontiersin.org 321
emission tomography (PET)–CT scans were performed if
necessary. Recurrence-free survival (RFS) was defined as the
time between surgery and first recurrence or last follow-up.
Patients with no recurrence but died from other causes were
censored on that date. Overall survival (OS) was defined as the
time between surgery and death or last follow-up.

Whole-Exome Sequencing
Genomic DNA from tumors and paired adjacent normal tissues
were extracted and prepared using the QIAamp DNA Mini Kit
(Qiagen, Germany) following the manufacturer’s instructions.
Exon libraries were constructed using the SureSelect XT Target
Enrichment System. A total amount of 1–3 mg of genomic DNA
for each samples was fragmented into an average size of ~200 bp.
DNA was hybridized, captured, and amplified using SureSelect
XT reagents and protocols to generate indexed, target-enriched
B

A

FIGURE 1 | Study design. (A) A total number of 197 tumor samples, including 24 adenocarcinoma in situ (AIS), 74 minimally invasive adenocarcinoma (MIA), 99
lung adenocarcinoma (LUAD), and their paired adjacent normal lung tissue underwent whole-exome sequencing and RNA sequencing. Genomic and transcriptomic
data were analyzed and compared among different groups. Samples were further divided into three groups according to their radiological manifestations: 69 pure
ground-glass opacities (GGOs), 63 subsolid nodules, and 65 solid nodules. (B) Identification of 12 expressional patterns and development of tumor progressive
index based on genomic and transcriptomic data.
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library amplicons. Constructed libraries were then sequenced on
the Illumina HiSeq X Ten platform and 150-bp paired-end reads
were generated.

Alignment, Mutation Calling, and Somatic
Copy Number Alteration Calling
Sequence reads from the exome capture libraries were aligned to
the reference human genome (hg19) using BWA-MEM (18).
Picard tools were then used for marking Polymerase Chain
Reaction (PCR) duplicated, and the Genome Analysis Toolkit
was used to perform base quality recalibration and local indel re-
alignments (19). Single-nucleotide variants (SNVs) were called
using MuTect and MuTect2 (20). Indels were called using
MuTect2 and Strelka v2.0.13 (21). Variantes were filtered if
called by only one tool. After the variants were called,
Oncotator v1.9.1 was used for annotating somatic mutations
(22), and significantly mutated genes were identified using
MutSig2CV (23). Tumor mutation burden (TMB) was
calculated as the total number of non-synonymous SNVs and
indels per sample divided by 30, given the total coverage of ~30
Mb. CNVkit v0.9.7 with default parameters was used to perform
somatic copy number alteration (SCNA) analysis for alignment
reads (24). Amplification and deletion peaks were identified
using GISTIC2.0 from segment files (25). Amplification and
deletion thresholds were set 0.1 and −0.1, respectively. Frequency
distribution of amplification and deletion was shown using R
package copy number v1.26.0 (26).

RNA Sequencing and Calculation of
Expression
Total RNA from tumors and paired adjacent normal tissues was
extracted and prepared using NucleoZOL (Macherey-Nagel,
Germany) and NucleoSpin RNA Set for NucleoZOL (Macherey-
Nagel, Germany) following the manufacturer’s instructions. A
total amount of 3 mg of RNA per sample was used as initial
material for RNA sample preparations. Ribosomal RNA was
removed using Epicenter Ribo-Zero Gold Kits (Epicenter, USA).
Sequencing libraries were generated using NEBNext Ultra
Directional RNA Library Prep Kit for Illumina (NEB, Ipswich,
USA) according to the manufacturer’s instructions. Libraries were
then sequenced on the Illumina HiSeq X Ten platform and 150-bp
paired-end reads were generated. As a quality-control step, only
those samples with RNA integrity number (RIN) ≥ 5.0 were
included in this study.

After the data were obtained, RNA-seq reads were aligned to
the reference human genome (hg19) using STAR v2.5.3 (27).
Expression values were normalized to the transcripts per million
(TPM) estimates using RSEM v1.3.0 (28).

Identification of Gene Expression Patterns
One-hundred fifty samples with RIN ≥ 5.0 were divided into four
groups: normal (n = 150), AIS (n = 16), MIA (n = 52), and LUAD
(n = 82). Analysis of variance (ANOVA) was used to determine
differentially expressed genes. First, paired comparison was
performed between two adjacent groups (normal vs. AIS, AIS
vs. MIA, and MIA vs. LUAD), and then, genes with p < 0.0001
and |fold change| ≥ 2 in at least one of three comparisons were
Frontiers in Immunology | www.frontiersin.org 422
considered significant and put into downstream analyses. Twelve
patterns of gene expression were then identified based on their
trends of expression between each two adjacent groups in the
study cohort (up trend, no significant change or down trend;
Figures 1B, 3). Finally, KOBAS was used to perform KEGG
pathway enrichment analysis for the patterns identified in the
study cohort (29).

Development of Tumor Progressive Index
TP index was developed for quantitatively measuring the level
of imbalance between tumor intrinsic growth potential and
immune response. To minimize the possible confounding effect
introduced by genes with low expression, we first filtered out
genes with mean TPM < 1.0 across all samples. Next, genes for
calculating the tumor index were selected from pattern 1, where
there was a significant increase between each two adjacent
groups. Genes for calculating the immune index were selected
from pattern 8 where there was a significant decrease from
normal tissue to AIS and from MIA to LUAD. Those genes that
were both selected from pattern 8 and were in an a priori
immune-related gene list containing 730 genes were used to
calculate the immune index (7). For both tumor index and
immune index, first, expression for those genes for each sample
was log2-transformed; then, for each sample, tumor index was
calculated as the mean value of log2-transformed expression of
BCL2L15, COMP, CST1, and FAM83A, whereas immune index
was calculated as the mean value of log2-transformed
expression of ITLN2, MARCO, C8B, MASP1, CD36, TAL1,
PPBP, and CDH5. Finally, TP index was calculated as the
subtraction of tumor index by immune index:

Tumor progressive index = tumor index − immune index

Statistical Analysis
Clinical and pathological characteristics were recorded and
compared among three groups. Pearson c (2) test and
Fisher’s exact test were used to compare categorical variables
wherever applicable. Non-parametric Wilcoxon signed-rank
test was used to compare medians of groups of continuous
variables. Kaplan–Meier survival curves and log-rank p-values
were calculated for patients’ RFS and OS. All statistical analyses
and graphing work were performed using R (version 3.6.0, R
Foundation for Statistical Computing, Vienna, Austria). Two-
tailed p < 0.05 was considered significant for all statistical
analyses unless stated otherwise.
RESULTS

Pathological and Radiological
Characteristics of 197 Lung
Adenocarcinoma
Tumor samples were divided into three groups based on their
pathological characteristics: 24 AIS, 74 MIA, and 99 LUAD, and
into three groups based on their radiological manifestations: 69
pure GGOs, 63 subsolid nodules, and 65 solid nodules
(Figure 1A). Clinical and pathological characteristics,
including sex, smoking status, tumor location, pathology, and
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adenocarcinoma subtypes, were compared (Table 1). Of note, we
found that there was an association between radiological and
pathological presentations. Sixty-six of the 69 (95.7%) of
pulmonary nodules manifesting as pure GGOs on CT scan
were either AIS or MIA, whereas for pulmonary nodules
manifesting as pure solid nodules, only one of 65 (1.5%) was
either AIS or MIA (MIA in this case). For pulmonary nodules
manifesting as subsolid nodules on CT scan, 31 of 63 (49.2%)
were either AIS or MIA, and 32 (50.8%) were invasive
adenocarcinoma. Compared with male patients, female
patients had significantly higher frequency of pure GGO
lesions (p = 0.025). For predominant adenocarcinoma
subtypes, lepidic subtype was significantly enriched in the pure
GGO group (p < 0.001), whereas papillary subtype was
significantly enriched in the pure solid group (p = 0.004). Solid
subtype was only found predominant in the pure solid group.
Moreover, for presenting subtypes, lepidic subtype was
significantly enriched in the pure GGO group (p = 0.001), and
solid subtype was significantly enriched in the pure solid group
(p = 0.014). Micropapillary subtype was also more likely to be
found in the pure solid group, although without a significant
difference (pure GGO vs. subsolid vs. solid: 0.0% vs. 3.1% vs.
9.4%, p = 0.472). Taken together, these results demonstrated
there was a link between radiological and pathological findings;
therefore, radiological manifestations can, at least partly, help
predict the invasiveness of LUAD.
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Mutation Frequency of Tumor Suppressor
Gene Increased With Tumor Progression
We next assessed the genomic alterations of tumors with
different radiological manifestations. The landscape of somatic
mutations for all patients included in this study was shown in
Figure 2A. The most frequently mutated genes in this cohort
were EGFR (50%), followed by TP53 (22%), RBM10 (8%), ERBB2
(5%), BRAF (5%), RB1 (5%), KRAS (4%), and NF1 (3%)
(Figure 2A). A further comparison found that frequency of
mutations in driver genes did not differ as tumor progressed,
whereas frequency of mutations in tumor suppressor genes
increased as tumor progressed. For individual driver genes,
EGFR mutations were significantly more enriched in LUAD
(p = 0.005), whereas BRAF was significantly more enriched in
AIS (p = 0.028, Supplementary Table 1). ALK fusions were
detected only in three LUAD samples, all of which were solid
nodules on CT scan (3 of 65, p = 0.045, Supplementary Table 2).
On the other hand, a significant difference was observed in the
frequency of tumor suppressor genes. The number of mutations
in common tumor suppressor genes was 2 (8.3%) for AIS, 4
(5.4%) for MIA, and 38 (38.4%) for LUAD (p < 0.001,
Supplementary Table 1), and 7 (10.1%) for pure GGOs, 15
(23.8%) for subsolid nodules, and 37 (56.9%) for solid nodules
(p < 0.001, Supplementary Table 3). For individual tumor
suppressor genes, frequency of TP53 mutations was found to
be significantly higher in LUAD and solid nodules (p < 0.001 and
TABLE 1 | Clinical and pathological characteristics of the study cohort (n = 197).

Pure GGO (n = 69) Subsolid (n = 63) Solid (n = 65) P-value

Sex 0.025
Female 48 (69.6%) 41 (65.1%) 31 (47.7%)
Male 21 (30.4%) 22 (34.9%) 34 (52.3%)

Smoking status 0.212
Former/current 16 (23.2%) 15 (23.8%) 23 (35.4%)
Never 53 (76.8%) 48 (76.2%) 42 (64.6%)

Tumor location 0.661
LUL 18 (26.1%) 13 (20.6%) 11 (16.9%)
LLL 7 (10.1%) 6 (9.5%) 10 (15.4%)
RUL 26 (37.7%) 31 (49.2%) 23 (35.4%)
RML 7 (10.1%) 5 (7.9%) 8 (12.3%)
RLL 11 (15.9%) 8 (12.7%) 13 (20.0%)

Pathology <0.001
AIS/MIA 66 (95.7%) 31 (49.2%) 1 (1.5%)
LUAD 3 (4.3%) 32 (50.8%) 64 (98.5%)

Predominant subtype
Lepidic 2 (66.7%) 9 (28.1%) 3 (4.7%) <0.001
Acinar 1 (33.3%) 17 (53.1%) 40 (62.5%) 0.453
Papillary 0 (0.0%) 6 (9.4%) 10 (15.6%) 0.004
Micropapillary 0 (0.0%) 0 (0.0%) 0 (0.0%) –

Solid 0 (0.0%) 0 (0.0%) 9 (14.1%) 0.067
IMA 0 (0.0%) 0 (0.0%) 2 (3.1%) 0.123

Presenting subtype
Lepidic 2 (66.7%) 12 (37.5%) 6 (9.4%) 0.001
Acinar 2 (66.7%) 24 (75.0%) 50 (78.1%) 0.863
Papillary 0 (0.0%) 9 (28.1%) 22 (34.4%) 0.407
Micropapillary 0 (0.0%) 1 (3.1%) 6 (9.4%) 0.472
Solid 0 (0.0%) 1 (3.1%) 17 (26.6%) 0.014
IMA 0 (0.0%) 0 (0.0%) 2 (3.1%) 0.572
July 2022 | Volume 13 | Article
AIS, adenocarcinoma in situ; GGO, ground-glass opacity; IAD, invasive adenocarcinoma; IMA, invasive mucinous adenocarcinoma; MIA, minimally invasive adenocarcinoma; LLL, left
lower lobe; LUL, left upper lobe; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe.
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p < 0.001, respectively, Figures 2B, C and Supplementary
Tables 1, 2), whereas frequency of RB1 mutations was
significantly higher in solid nodules (p = 0.038) and marginally
significantly higher in LUAD (p = 0.058). TMB was significantly
higher in LUAD compared with AIS/MIA, and solid nodules
compared with GGOs/subsolid nodules on CT scan
(Supplementary Figures 1, 2).
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Frequency of Somatic Copy Number
Alterations Increased as Tumors
Progressed
To explore the SCNAs of different stages of LUAD, we identified
SCNAs from raw sequencing reads of samples of different
pathological and radiological groups. Notably, the SCNA
frequency including amplification and deletion increased as
B C

D E

A

FIGURE 2 | Comparison of genomic alterations for different pathological and radiological groups. (A) Waterfall plot showing the landscape of genomic alterations in
each group. (B) Comparison of mutation frequency in major driver genes among different groups. (C) Comparison of mutation frequency in major tumor suppressor
genes among different groups. (D) Comparison of somatic copy number alterations among different pathological groups. (E) Comparison of somatic copy number
alterations among different radiological groups. *, p<0.05; **, p<0.01; ***, p<0.001.
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tumors progressed (Figures 2D, E). We used GISTIC2.0 to
identify significant arm-level SCNAs in samples of different
groups, and the union of significant arm-level event of the
three groups was used for further analysis. As a result, the
ratio of amplification and deletion in arm-level SCNAs
increased from AIS to MIA and LUAD and from pure GGOs
to subsolid and solid nodules. These results indicated that the
frequency of SCNA burden was higher as tumors progressed.

Decreased Cytotoxic CD8+ T Cells and
Increased Tregs as Tumors Progressed
To explore whether there are any differences in immune cell
infiltration as tumors progress to different stages, we next used
CIBERSORT, a deconvolution method to estimate the
infiltration of immune cells in different pathological stages
(30). We found that the number of CD8+ T cells decreased as
tumor stage increased (Figure 3A), which was consistent with
Dejima et al. on the immune evolution from neoplasia to invasive
lung adenocarcionma (7). Furthermore, we found that the
number of Tregs increased as tumor stage increased,
suggesting an enhanced immunosuppression as disease
progressed (Figure 3B), which was also validated by the
Dejima dataset (Figure 3C). Interestingly, we found an
increased number of activated NK cells and a decreased
number of resting NK cells as disease progressed and validated
this result using the Dejima dataset, suggesting that NK cells
might be important in the progression of LUAD (Figures 3D, E).
A more detailed staging of LUAD also showed similar results,
with tumors at earlier stages having more CD8+ T cells and less
Tregs, whereas tumors at later stages having less CD8+ T cells
and more Tregs (Supplementary Figure 3). Taken together, our
findings showed that a suppressed immune microenvironment
plays an important role in the progression of LUAD.
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Expression Patterns Correlated With
Tumor Intrinsic Growth Potential and
Immune Function
Next, we defined expression patterns that correlated with tumor
progression using RNA-seq data. One-hundred fifty samples with
RIN ≥ 5.0 were included in this part. We developed an ANOVA
model with pathological stage (normal tissue, AIS, MIA, and
LUAD) as a factor and patient as a random effect. A total of
2023 genes with p < 0.0001 and |fold change| > 2 in pairwise
comparisons of two adjacent groups of patients (normal tissue vs.
AIS, AIS vs. MIA, and MIA vs. LUAD, respectively) were divided
into 12 following patterns: pattern 1 (nine genes): increase from
normal to AIS, from AIS to MIA and fromMIA to LUAD; pattern
2 (97 genes): increase from normal to AIS and from MIA to
LUAD, no change from AIS to MIA; pattern 3 (446 genes):
increase from normal to AIS alone; pattern 4 (54 genes): no
change from normal to AIS, increase from AIS to MIA and from
MIA to LUAD; pattern 5 (20 genes): increase from AIS to MIA
alone; pattern 6 (309 genes): increase from MIA to LUAD alone;
pattern 7 (three genes): decrease from normal to AIS, from AIS to
MIA and from MIA to LUAD; pattern 8 (175 genes): decrease
from normal to AIS and fromMIA to LUAD, no change from AIS
to MIA; pattern 9 (771 genes): decrease from normal to AIS alone;
pattern 10 (6 genes): no change from normal to AIS, decrease from
AIS to MIA and from MIA to LUAD; pattern 11 (three genes):
decrease from AIS to MIA alone; pattern 12 (130 genes): decrease
from MIA to LUAD alone (Figure 4 and Supplementary
Table 3). Pathway enrichment analysis showed that pathways
associated with tumor invasiveness and cell growth were enriched
in up-trend pat terns (pa t terns 1 to 6) . Of note ,
Phosphatidylinositol 3-Kinase - Protein Kinase B (PI3K-AKT)
signaling pathway and NF-kB signaling pathway were upregulated
in AIS compared with normal tissue, suggesting that malignant
B C
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FIGURE 3 | Immune cell infiltration inferred by CIBERSORT. (A) Prediction of number of CD8+ T cells in the Fudan University Shanghai Cancer Center (FUSCC)
cohort. (B) Prediction of number of Tregs in the FUSCC cohort. (C) Prediction of number of Tregs in Dejima’s cohort. (D) Prediction of number of activated and
resting natural killer (NK) cells in the FUSCC cohort. (E) Prediction of number of activated and resting NK cells in Dejima’s cohort.
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behaviors could exist in as early as AIS. Epithelial–mesenchymal
transition, which was highly associated with tumor metastasis, was
also found to be increased from AIS to MIA, suggesting an
acquisition of metastatic potential as invasive subtypes of LUAD
emerge (31). Moreover, cell cycle was found to be increased from
MIA to LUAD, consistent with the fact that AIS/MIA behaved
more indolent than LUAD. On the other hand, for down-trend
patterns, natural killer–mediated cytotoxicity and Transforming
Growth Factor-beta (TGF- b) signaling pathway were found to be
decreased from normal lung tissue to AIS, suggesting an inhibited
immune response against tumor. Chemokine signaling,
Interleukin2-Signal Transducer and Activator of Transcription 5
(IL2-STAT5) signaling, TNF-A signaling viaNF-kB and leukocyte
transendothelial migration were also found to be enriched in
down-trend patterns, further suggesting an impaired immune
function in tumor microenvironment. Interestingly, Wnt
signaling pathway, which was often upregulated in cancer, was
found to be decreased from AIS to MIA and from MIA to LUAD.
A deeper look into pattern 10 showed that this finding was
contributed by WIF1 (Wnt inhibiting factor 1), which was an
inhibitor of Wnt signaling pathway. Taken together, our results
suggest that both an increased tumor intrinsic growth potential
and an inhibited immune microenvironment contributed to the
development and progression of LUAD.
Frontiers in Immunology | www.frontiersin.org 826
TP Index Measured the Imbalance
Between Tumor Intrinsic Growth Potential
and Immune Microenvironment
To better predict tumor progression and outcome of patients, TP
index were built to measure the imbalance between tumor
intrinsic growth potential and immune microenvironment. On
the basis of our previous findings, we used the genes in pattern 1
and immune-related genes in patterns 7 and 8 with mean TPM ≥
1 across all samples (methods). Four genes that were associated
with apoptosis, tumor metastasis and progression (BCL2L15,
COMP, CST1, and FAM83A) reflected tumor intrinsic growth
potential, whereas eight genes (ITLN2, MARCO, C8B, MASP1,
CD36, TAL1, PPBP, and CDH5) that were associated with
immune microenvironment reflected immune response against
tumors. A negative TP index indicates that the immune system is
competent enough to suppress the progression of tumors,
whereas a positive TP index indicates that the immune system
can no longer suppress the growth of tumor cells. In our study
cohort, TP index was negative in normal tissues but positive in
AIS and stages onward, indicating that immune escape already
existed in AIS, the precursor stage of LUAD, and became more
severe with the progression of disease (Figure 5A). Same
increasing trend was observed in another dataset, which
showed a significant increase of TP index from normal tissue
FIGURE 4 | Identification of 12 expression patterns and prediction of immune cell infiltration. Pattern 1 (nine genes): increase from normal to AIS, from AIS to MIA and
from MIA to LUAD; pattern 2 (97 genes): increase from normal to AIS and from MIA to LUAD, no change from AIS to MIA; pattern 3 (446 genes): increase from normal to
AIS alone; pattern 4 (54 genes): no change from normal to AIS, increase from AIS to MIA and from MIA to LUAD; pattern 5 (20 genes): increase from AIS to MIA alone;
pattern 6 (309 genes): increase from MIA to LUAD alone; pattern 7 (three genes): decrease from normal to AIS, from AIS to MIA and from MIA to LUAD; pattern 8 (175
genes): decrease from normal to AIS and from MIA to LUAD, no change from AIS to MIA; pattern 9 (771 genes): decrease from normal to AIS alone; pattern 10 (six
genes): no change from normal to AIS, decrease from AIS to MIA and from MIA to LUAD; pattern 11 (three genes): decrease from AIS to MIA alone; pattern 12 (130
genes): decrease from MIA to LUAD alone. Gene set enrichment analysis (GSEA) was performed to assess the functional significance for those patterns.
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to atypical adenomatous hyperplasia (AAH) then to LUAD
(Figure 5B) (32). Interestingly, there was a negative TP index
in the stage of AAH, where tumors could not overcome the
immune system to metastasize further. Although the TCGA-
LUAD dataset does not contain pre-invasive stages of LUAD, we
still calculated the TP index for each sample and compared it
between normal and tumor samples. Not surprisingly, tumor
samples had significantly higher TP index than normal
samples (Figure 5C).

TP Index Effectively Predicted the
Prognosis in Patients With
Lung Adenocarcinoma
To investigate whether our TP index had prognostic value for
patients with LUAD, survival analysis was performed on both
our dataset and TCGA-LUAD dataset. Our results showed that
in our dataset, patients with a high TP index had poorer RFS
(HR, 10.47; 95% CI, 3.21–34.14) and OS (HR, 4.83e8; 95% CI, 0–
Inf; Figures 6A, B), whereas in the TCGA-LUAD dataset,
patients with a higher TP index had poorer OS (HR, 1.35; 95%
CI, 1.00–1.81) but progression-free survival (PFS) was
comparable for the two groups (HR, 1.10; 95% CI, 0.83–1.45;
Figures 6C, D). Taken together, our results suggested that
increased tumor intrinsic growth potential and impaired
immune response against tumor work together to drive the
progression of LUAD, and our TP index, which measures the
level of imbalance between tumor intrinsic growth potential and
tumor immune microenvironment, is of prognostic value for
patients with LUAD (Figure 6E).
DISCUSSION

In this study, we provided a comprehensive analysis integrating
clinical, radiological, pathological, genomic, and transcriptomic
analysis of 197 pulmonary lesions with different radiological and
pathological manifestations.

We first assessed the transcriptomic profiles of our cohort. On
the basis of the differentially expressed genes between each two
Frontiers in Immunology | www.frontiersin.org 927
adjacent groups, 12 expression patterns were identified
(Figure 4). Genes associated with cell cycle and G2M
checkpoint were found to be significantly upregulated from
MIA to LUAD, but not different from normal tissue to MIA.
This indicates that pre-invasive stages of LUAD had more
indolent behaviors, which might explain why AIS and MIA
had a nearly 100% 5-year survival rate after surgical resection.
Histologically, AIS is defined as a ≤3-cm adenocarcinoma
lacking invasive patterns, whereas MIA is a ≤3-cm
adenocarcinoma with invasive patterns of no more than 5 mm
in size (31). PI3K-AKT signaling pathway, a classical pathway
that was upregulated in various cancer types, was found to be
increased from normal tissue to AIS (33). Although AIS is the
precursor of LUAD, this finding shows that cells in this stage
already have an increased potential for growth. On the other
hand, we found that epithelial–mesenchymal transition, a
biological process known to increase metastatic potential of
cancer cells (34), was found to be significantly increased from
AIS to MIA, consistent with histological differences between AIS
and MIA. Although AIS and MIA both have a nearly perfect
prognosis, our results suggest that MIA should be surgically
intervened before it progresses to the next stage as invasive
patterns already exist. To our surprise, several immune-related
pathways were found in down-trend expression patterns,
indicating a decreased or impaired immune response as
tumors progress. Consistent with this finding, using
CIBERSORT to deconvolute our bulk-sequencing data, we
found a decrease in the number of CD8+ cytotoxic T cells and
an increase in the number of Treg cells, which was also validated
by another dataset that compared immune cells among normal
tissue, AAH, AIS, MIA, and LUAD (7). Taken together, our
results demonstrated that increased tumor intrinsic growth
signals and decreased immune response orchestrate the
evolution of LUAD.

We next demonstrated that there was an association between
radiological and pathological presentations. Most nodules that
were GGOs on CT scan were AIS or MIA, whereas most solid
nodules were invasive LUAD (Table 1). This might provide
explanation of why pulmonary nodules manifesting as GGOs
on CT scan usually have indolent clinical courses. This result was
B CA

FIGURE 5 | Comparison of tumor progressive index for different datasets. (A) Boxplot showing the index increased as tumor progressed in the FUSCC cohort.
(B) Boxplot showing the index increased as tumor progressed in Dejima’s cohort. (C) Boxplot showing the difference of tumor progressive index between normal
and tumor samples in the TCGA-LUAD cohort.
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also consistent with previous studies and provided a link between
histological and radiological manifestations (35, 36). For major
driver mutations, we found that frequency of neither EGFR nor
KRAS mutations was significantly different among the three
groups (Figure 2B and Supplementary Table 2). BRAF
mutations were more enriched in the pure GGO group,
whereas ALK fusion was only seen in the solid group. On the
other hand, the frequency of mutations in tumor suppressor
genes was significantly different among the three groups, with a
sharp increase from 2 (2.9%) in the pure GGO group, to 8 (12.7%)
Frontiers in Immunology | www.frontiersin.org 1028
in the subsolid group, and 33 (50.8%) in the solid group
(Figure 2C and Supplementary Table 2), suggesting a pivotal
role that tumor suppressor genes play in the progression of
LUAD. For individual tumor suppressor genes, TP53 and RB1
were significantly different among the three groups (p < 0.001 and
p = 0.038, respectively; Figure 2C and Supplementary Table 2).

Previous studies have discussed the genomic alterations in
pulmonary nodules manifesting as GGO. In 2015, Kobayashi
et al. evaluated EGFR, KRAS, ALK, and HER2 mutations in 104
pulmonary nodules, manifesting as GGO. They found that EGFR
B

C D

E

A

FIGURE 6 | Prognostic value of tumor progressive index for patients with lung adenocarcinoma. (A) Recurrence-free survival for patients with tumor progressive
index higher and lower than the median value across the Fudan University Shanghai Cancer Center (FUSCC) cohort. (B) Overall survival for patients with tumor
progressive index higher and lower than the median value across the Fudan University Shanghai Cancer Center (FUSCC) cohort. (C) Recurrence-free survival for
patients with tumor progressive index higher and lower than the median value across the TCGA-LUAD cohort. (D) Overall survival for patients with tumor progressive
index higher and lower than the median value across the TCGA-LUAD cohort. (E) Schematic demonstration showing the imbalance between tumor intrinsic growth
potential and immune response against tumor, which can be measured by tumor progressive index, leads to the evolution and progression of lung adenocarcinoma.
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was mutated in 64% of all the 104 samples, whereas KRAS, ALK,
and HER2 were mutated in 4%, 3%, and 4% of the samples,
respectively (37). In 2018, Lu et al. reported that EGFR was
mutated in 75 of 156 (48.1%) patients with LUAD, which was
similar to 50% in our cohort (38). We also observed a significant
difference in EGFRmutation frequency among three radiological
groups (Figure 2B and Supplementary Table 2). In 2020, Li
et al. performed whole-exome sequencing on 154 pulmonary
subsolid nodules from 120 patients and found that EGFR was the
most frequently mutated gene, followed by RBM10, TP53,
STK11, and KRAS. They also found that frequency of EGFR,
RBM10, and TP53 was significantly different between pure GGO
and subsolid nodules (39). Although not significantly different
for EGFR and RBM10 in our cohort, there was indeed a
significant difference of the frequency of TP53 mutations
(Figure 2C and Supplementary Table 2).

For SCNAs, we found that the frequency of SCNAs increased
as tumors progressed. As the solid components increased, the
genome became more unstable. Frequency of arm-level
alterations also followed the same trend, where tumors at
earlier stages and manifested as pure GGOs on CT scan had
fewer significant arm-level events, whereas tumors at later stages
and manifested as solid nodules had more significant arm-level
events. Genomic instability was widely reported to be associated
with increased rate of tumor proliferation and progression
among different cancer types (40–42).

Tumor intr ins ic growth potent ia l and immune
microenvironment are both associated with tumor evolution
and progression (43, 44). On the basis of our findings, a TP
index was designed to quantitatively measure the level of
imbalance between tumor intrinsic growth potential and
immune microenvironment. Interestingly, AAH, a stage of pre-
cancerous hyperplasia, had a negative TP index, indicating some
key alteration would be needed to activate the malignant
transformation of cells. AIS, MIA, and LUAD all had a
progressive index of more than 0, and the index increased as
the tumor developed to the next stage. Furthermore, patients
with a high TP index tended to have a poorer RFS and OS. Taken
together, our data demonstrated that TP index can be used as a
predictor for disease progression and prognosis, discovering new
markers for predicting patients’ survival and potential
drug targets.

In our study, surgically resected specimens were used.
However, in some cases, cytology is the only available
specimens. Previous studies have shown that performing next-
generation sequencing on cytological samples can yield
comparable results than on histological samples (45, 46). In the
context of lung transplantation, donors with suspected tumors are
rarely used due to the risk of transmission (47). However, as
patients needing lung transplantation are increasing and
pulmonary nodules are increasingly diagnosed, pulmonary
nodules that are not malignant need to be excluded from the
blacklist. A fast assessment based on pathology and genomics
using cytological specimens might be a possible solution, shedding
light on future application of molecular testing.

In summary, this study integrates the genomic alterations,
transcriptomic profiles, and histological and radiological
Frontiers in Immunology | www.frontiersin.org 1129
progression of LUAD, providing deeper understandings of the
evolution of this disease.
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Supplementary Figure 2 | Comparison of tumor mutation burden (TMB) for
different radiological groups.
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Supplementary Figure 3 | Prediction of number of (A) CD8+ T cells, (B) Tregs,
and (C) natural killer (NK) cells for different tumor stages.
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Background: Fluorouracil (FU)-based chemotherapy regimens are indispensable in the
comprehensive treatment of colorectal cancer (CRC). However, the heterogeneity of
treated individuals and the severe adverse effects of chemotherapy results in limited
overall benefit.

Methods: Firstly, Weighted gene co-expression network analysis (WGCNA) identified
modules tightly associated with chemotherapy response. Then, the in-house cohort and
prognostic cohorts from TCGA and GEO were subjected to Cox proportional hazards
model and survival analysis to ascertain the predictable function of SCG2 on the
prognosis of CRC patients. Finally, we performed In vitro experiments, functional
analysis, somatic mutation, and copy number variation research to explore the
biological characteristics of SCG2.

Results:We identified red and green as the modules most associated with chemotherapy
response, in which SCG2 was considered a risky factor with higher expression predicting
poorer prognosis. SCG2 expression in the APC non-mutation group was remarkably
higher than in the mutation group. The mutation frequencies of amplified genes differed
significantly between different SCG2 expression subgroups. Besides, CRC cell lines with
SCG2 knockdown have reduced invasive, proliferative, and proliferative capacity. We
discovered that the SCG2 high expression subgroup was the immune hot type and
considered more suitable for immunotherapy.

Conclusion: This study demonstrates the clinical significance and biological
characteristics of SCG2, which could serve as a promising biomarker to identify
patients who may benefit from chemotherapy and immunotherapy.
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INTRODUCTION

Colorectal cancer (CRC) accounts for approximately 10% of all
annual diagnosed cancer and oncology-related deaths worldwide
and is the second leading contributor of cancer death worldwide
(1). Although the development of early screening methods and
efficacious treatment options has contributed to a dramatic
improvement in colorectal cancer patients, CRC remains a
considerable health burden (2–4). Since the 90s of the 20th
century, fluorouracil (FU)-based adjuvant chemotherapy has
been an essential choice to decrease the risk of advanced
colorectal cancer (5). For stage II patients with risk factors,
fluoropyrimidine monotherapy is often used. In resected stage
III colorectal cancer, adjuvant fluoropyrimidine alone reduces
the risk of death by 10% to 15%, with an additional 4% to 6%
diminution in the risk of death when treatment consists of
oxaliplatin-based combination therapy (6). Although adjuvant
chemotherapy has achieved remarkable results, the heterogeneity
of the tumor and risk factors of disease make the clinical
outcome and treatment response of CRC patients very different
(7). However, there is considerable potential to improve the
benefit ratio by adopting a more personalized approach. The
noninferiority of 3-month adjuvant chemotherapy illustrates this
possibility compared to 6-month standard treatment duration in
patients with low-risk stage III and high-risk stage II CRC (8, 9).

The tremendous benefit achieved in the past several years with
the appearance of immunotherapy and checkpoint inhibitors (ICIs)
has revolutionized the field of oncology, particularly regarding the
therapy of solid tumors (10). Immuno-checkpoint regimens
received FDA approval in 2017 for CRC patients with defective
mismatch repair (dMMR) or high-level microsatellite instability
(MSI-H). In addition, more meticulous tumor biological
stratification has led to successfully durable responses to PD1 and
CTLA4 inhibitors in some patients, such as tumor mutation burden
(TMB) and tumor environment (TME) (11). By contrast, ICIs
perform tiny efficiency on tumors with mismatch repair proficient
(pMMR), microsatellite-stable (MSS), or low levels of microsatellite
instability (MSI-L), which account for a large proportion of CRC
(12). Besides, TMB is also not the only biological marker to judge
the response to immunotherapy (13). Therefore, based on the
polymorphisms of tumor biology, it is imperative to investigate
novelty biomarkers that can promote immunotherapy precisely
in CRC.

While chemotherapy and immunotherapy exert their unique
advantages in the multimodality treatment of CRC, the
limitations of monotherapy with each of them make the
therapeutic benefit applicable to only a minority of CRC
patients. A growing body of research has shown that
chemotherapy is simple tumor suppression and involves
positive immune system regulation. CRC treatment with
conventional chemotherapeutic agents also represents a
monstrous burden for the patient’s apparatus due to the high
toxicity and the correspondingly low response (14). Recent
advancements in deciphering the biology and drivers of early-
stage disease and the microenvironment promise to translate
into patient-specific therapeutic strategies (6). Stratified
approach or biomarkers to guide precise treatment of CRC will
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prevent unnecessary burdens on patients both physically,
mentally, and financially. However, there is no proposed
biomarker to determine the prognosis while also predicting the
efficacy of chemotherapy and immunotherapy in patients. In the
present research, we integrated the chemotherapy and prognosis
data analysis by bioinformatics methods to identify a marker that
predicted prognosis and response to chemotherapy and
discovered that the biomarker also predicted potential
immunotherapeutic responding.
METHODS

Public Data Access and Proceed
Somatic mutation profiles, copy number alteration (CNA), RNA
sequencing data, and correspondent clinical information of CRC
sourced from The Cancer Genome Atlas (TCGA) portal.
Expression microarrays datasets containing chemotherapy
(GSE19860, GSE62080, GSE69657) and survival (GSE161158,
GSE17536, GSE17537, GSE29621, GSE38832, GSE39582,
GSE87211) cohorts were accessed from the Gene Expression
Omnibus (GEO) database. Meta-GEO cohort consisted of 3
chemotherapy databases, in which raw data were acquired and
further handled via a robust multi-array averaging algorithm
(RMA) incorporated in the “affy” R package (15). We rectified
batch effects using the ComBat function in the “sva” R package.

WGCNA and Identifying Key Module
Weighted Gene Co-expression Network Analysis (WGCNA)
facilitates network-based gene screening, detecting markers
with specific characteristics, such as treatment response. To
define latent highly co-expressed clusters of genes, we
developed the gene profiling of the Meta-GEO cohort into
gene co-expression networks using the “WGCNA” package
(16, 17). The clustering analysis of samples was achieved via
the “hclust” function to validate and remove outliers. An
appropriately elected soft power threshold that could
accentuate robust associations of genes and penalize low
associations ensures the scale-free network. The adjacency matrix
is founded by analyzing the Pearson correlation between each
extracted gene pair and transformed into a topological overlap
matrix (TOM) and a corresponding dissimilarity (1-TOM). The
“DynamicTreeCut” algorithm implementednetwork configuration
and consensusmodule detection. The module eigengene (ME) was
calculated for each module, representing the gene expression
profiles of a given module. The modules with the high correlation
coefficient between ME profiles and clinical feature information
were considered candidate modules and selected for
consequent analysis.

Functional Enrichment Analysis
Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) combine genomic information with advanced
functional information to explain the function of genes. The
enrichment of GO compasses biological process (BP), cellular
component (CC), and molecular function (MF). We conducted
the GO term and KEGG pathway analysis with the
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“clusterProfiler” R package for genes based on feature-related
modules. P-value <0.05 was deemed to be statistically significant
for functional annotation.

Identification and Validation of Prognostic
Hub Genes
To further identify hub genes that tightly connect with
chemotherapy response, we adopted the ‘pROC’ R package to
calculate the area under the receiver operating characteristic curve
(AUC) to evaluate the chemotherapy-predicted power of the
candidate module genes. Gene, whose AUC >0.7 simultaneously
in 3 chemotherapy cohorts, was selected to perform the univariate
Cox analysis to determine prognostic genes in relapse-free and
overall survival cohorts. Kaplan-Meier survival curves with log-
rank tests validated the foreboding power of these genes (P <0.05).
Subsequently, the results obtained by the external queue by the
above method are further elaborated in the in-house
chemotherapy cohort.

Validation of Gene Expression by
qRT-PCR
The genes associated with both prognosis and chemotherapy were
detected in quantitative real-time PCR analysis. The
clinicopathological features of each patient are summarized in
Table S1. Total RNA was extracted from the human tumor and
adjacent normal tissues usingTRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and reverse transcript using TIANScript RT kit
(Servicebio, Wuhan, China). The expression value of the target
genes was normalized toGAPDHand then log2 transformation for
subsequent analysis. The primer sequences of the included four
genes and GAPDH are shown in Table S2. The 2-DDCT approach
was applied to compute the relative RNA expression of each gene.

Immunohistochemistry
Immunohistochemistry (IHC) was performed using an anti-
SCG2 (BS-1988R, 1:500) antibody. Staining percentage scores
were classified as follows: 1 (1%-25%), 2 (26%-50%), 3 (51%-
75%), and 4 (76%-100%), and staining intensity was scored 0
(signal less color) to 3 (light yellow, brown and dark brown). The
stained tissues were scored by three individuals blinded to the
clinical parameters, and the IHC scores were determined by
percentage and intensity scores.

Gene Set Enrichment Analysis
For confirming the biological features of SCG2, we counted the
correlations with the other genes and ordered genes based on
results. The ordered gene list was input GSEA analysis to
investigate whether strongly correlated genes gathered in
meaningfully functional pathways. The annotated gene set chosen
as the reference gene set included c5.go.v7.4.symbols.gmt and
c2.cp.kegg.v7.4.symbols.gmt. False discovery rate (FDR) <0.05 and
p-value <0.01 were regarded significant as described previously.

Gene Set Variation Analysis
For further investigating the differences of SCG2 about biological
processes, we divided the samples from TCGA datasets into two
groups depending on the median expression of SCG2 and
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subsequently utilized GSVA enrichment analysis to investigate
whether differentially expressed genes in the two groups gathered
meaningfully functional pathways. The annotated gene set
hallmarks downloaded from the GSEA portal were chosen as
the reference gene set. The absolute values of t >1 were
considered significant as described previously (18).

The Landscape of Somatic Mutation
Tumor mutation burden (TMB) was considered the biomarker
representing macroscopic alterations of genomic mutations. We
calculated all base substitutions and insertions or deletions in the
coding regions of the target genes. The top 30 genes in mutation
frequency were defined as the driver genes by the ‘maftool’ R
package. In accord with the expression of SCG2, the mutation
landscape of the driver genes in two groups of samples was
described respectively with regarding p-value <0.05 as remarked
differences. Univariate and multivariate logistic regression analysis
investigated thedependenceofdriver genemutationsonSCG2with
additional clinical information, including TMB, age, gender,
and stage.

Copy Number Alteration Analysis
We conducted the GISTIC 2.0 pipeline to determine the
significantly amplified and deleted genome regions. A mutational
landscapemap ofCNAwas constructed by amplifying and deleting
each of the top 15 genes in copy number. We compared the
expression differences of each gene in groups with different SCG2
expressions and implemented logistic regression analysis to explore
the roleof SCG2 inCNA.Univariate logisticsusedSCG2expression
as an independent variable. In multivariate logistics regression,
SCG2 expression and fraction of genome gained (FGG) were
included as independent variables when amplified genes were
dependent variables, while SCG2 expression and fraction of
genome lost (FGL) were included as independent variables when
deleted genes were dependent variables.

Cell Transient Transfection, RNA
Extraction and qRT-PCR
The current research used two cell lines comprising human CRC
cell lines, HCT116 and SW480. CAL-27 and CAL-33 were
incubated in DMEM (Solarbio, Beijing, China) containing 10%
fetal bovine serum (Bioind, KibbutzBeitHaemek, Israel), preserved
in the humidified incubator with 5% CO2, 37°C. RiboFECT™ CP
(RiboBio, Guangzhou, China) was used to transfect Negative
Control (NC) and SCG2 siRNAs (RiboBio, Guangzhou, China)
into CRC cells according to the manufacturer’s instruction. The
plates were placed in the incubator for 48 hours, and total RNAwas
extracted for qRT-PCR. The siRNA sequences were as follows:

siRNA#1 5’ CCTATGCCTTGAATTCAGA dTdT 3’,

siRNA#2 5’ GCCGAATGGATCAGTGGAA dTdT 3’,

siRNA#3 5’ CCAAGTGAAGCGAGTTCCT dTdT 3’.
Wound Healing Assay
The constructed NC and SCG2 siRNA cells were seeded in 24-
well culture plates (1 × 105/well) and placed at 37°C, Incubated
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overnight in a 5% CO2 incubator. Remove the medium and use a
10 ml pipette tip to scratch and mark the surface of the inoculated
cells. Wash gently with PBS three times. Photograph the
scratches at 0 h and 48 h. The experiment is repeated three
times. Measure the distance of cell migration to the injured area
during this period.

Transwell Assay
Transwell chambers were utilized to measure the invasion and
migration ability of the cells. Approximately 4 × 104 transiently
transfected cells were cultured in the upper chamber with serum-
free medium, while a complete medium was added to the lower
chamber. Cells were maintained at 37°C for 24 hours, washed
with physiological saline, and fixed with methanol. After that,
0.1% crystal violet stain solution (Solarbio) was used to stain the
cells. Finally, cells were photographed under a microscope, and
stained cells were counted.

Colony Formation Assay
Each cell line was inoculated in a gradient of 50, 100, and 200
cells per dish, respectively, and cells were cultured in a 5% CO2

incubator at 37°C for 2 weeks. At the end-point, the cells were
washed with cold phosphate-buffered saline (PBS) twice, fixed
with 4% paraformaldehyde for 15 minutes, and stained with 1%
crystal violet solution for 20 minutes at room temperature. The
visible colony numbers were counted. This experiment was
performed in triplicate. Finally, to calculate the clone
formation rate (Clone formation rate =(number of clones/
number of inoculated cells) × 100%).

Cell Counting Kit-8 Assay
Approximately 1 × 104 transiently transfected cells in 100 mL
medium were maintained in 96-well plates. After 24, 48, 72,
and 96 hours incubation, 10 mL cell counting kit-8 assay (CCK8)
solution was added to each well. After 2 hours of additional
incubation, the optical density (OD) value at 450 nm was
measured with a microplate reader.

5-Ethynyl-2’-Deoxyuridine Assay
First, HCT116 and SW480 cells were grown in a 5-ethynyl-2’-
deoxyuridine (EdU) solution for 2 hr. The cells were fixed with
PBS containing 4% paraformaldehyde. Finally, the fixed cells
were deposited in 70% ethanol, and then Cell-Light™ EdU
Apollo®567 In Vitro Imaging Kit (RiboBio, China) was used to
dye cells. Cell growth was observed by fluorescence microscopy.

Evaluation of Immune Infiltration and
Immunotherapy Response
Single-sample gene set enrichment analysis (ssGSEA) quantified
the infiltration level of immunity cells in individual cancer
samples based on the ‘ssGSEA’ R package. The deconvolution
method was employed in this research covering 28 immune cells
in innate immunity (19). Then, we predicted clinical reactions to
ICIs according to pre-treatment expression data of tumors with
the Tumor Immune Dysfunction and Exclusion (TIDE) web tool
(http://tide.dfci.harvard.edu/). The TIDE framework evaluates
immune evasion by integrating T cell dysfunction and rejection
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(20). By the TIDE tool, we acquired the results of the
bioinformatics evaluation of each patient’s exposure to
immunotherapy. The Subclass Mapping (SubMap) is an
unsupervised clustering algorithm discovering shared subtypes
among separate queues. With the SubMap approach, we
analyzed similar transcriptome expression patterns between
SCG2 differentially expressed groups and patients with distinct
immunotherapy responses (21). FDR <0.05 suggested that the
two subcategories were significantly similar.

The Prediction of Potential Drug
We employed the Connectivity Map (CMap), a data-driven,
systematic approach for discovering associations among genes,
chemicals, and biological conditions, to search for candidate
compounds that might target pathways associated with CRC
(22). To further investigate the mechanism of actions (MoA) and
drug target, we performed specific analysis through CMap tools.

Statistical Analysis
R version 4.1.0 was employed to conduct all statistical analyses
and plotting while processing data. The correlation of gene
expression with gene significance for drug response was
evaluated using the Person or Spearman correlation coefficient.
The Wilcoxon rank-sum test and Kruskal-Wallis test were
applied to test for differences between two and multiple
groups. The Kaplan-Meier analysis was performed via the
“survival” R package, and the log-rank test was applied to
compare the survival differences among three phenotypes. All
p-values were bilateral, and less than 0.05 were considered
statistically significant.
RESULTS

Modules Relevant to Chemotherapy
Response
The flow chart of this study is shown in Figure 1. For identifying
significant modules associated with the response of
Fluoropyrimidine-based chemotherapy in CRC, we removed
outlying samples from the Meta-GEO cohort after batch
correction (Figures 2A, B) and performed WGCNA. The
optimal b =6 considered the soft threshold ensured that the
constructed networks were scale-free (scale-free R2>0.90,
Figure 2C). To make the segmentation of modules easier, we
transformed the adjacency matrix to the topological overlap
matrix (TOM), which is displayed in Figure S1A. Then, using
a cutoff of 0.25 and a minimum module size of 50 contributed to
18 modules (Figure 2D). An eigengene adjacency heatmap
depicted the correlations between modules (Figure S1B).
Subsequently, we used a heatmap to explore the relationship
between modules and chemotherapy response (Figure 2E). The
red block (r =0.42, P =0.002) and the green block (r =-0.32, P
=0.02) had the greatest correlations with chemotherapy
response. The expression level of 623 genes in the red block
was positively correlated with chemotherapy response, while 170
genes in the green block were negatively correlated with
July 2022 | Volume 13 | Article 873871
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chemotherapy response (Figures 2F, G). It implied that 793
genes serve more critical functions in the molecular mechanisms
of chemotherapy response.

Functional Analysis and Identify
Prognostic Genes in Modules
To further dissect the potential mechanisms of the above
modules, we conducted the KEGG enrichment analysis and
GO enrichment analysis of the 793 genes in the modules based
on the R package “clusterProfiler”. The outcomes showed that 51
GO terms and 32 KEGG pathways were significantly enriched in
module genes. Some of these GO terms (extracellular matrix
organization, ameboid-type cell migration, type I interferon
signaling pathway), as well as part of the KEGG pathways
(Metabolism of xenobiotics by cytochrome P450, Drug
metabolism-cytochrome P450, ECM-receptor interaction), is
displayed through the bubble diagram (Figure 3A). Afterward,
we evaluated the area under the curve (AUC) values of all
modular genes in the three chemotherapy cohorts to better
identify the genes that can determine the response to CRC
chemotherapy. Genes with AUC >0.7 in each chemotherapy
cohort seem as core genes, which consist of 20 candidate genes
shown in Figure 3B. One-way Cox analysis of the above genes
yielded four signatures (GILS2, MAOB, SCG2, ZHX2) that
consistently act as risk factors in more than half of the cohorts
with relapse-free survival (RFS). Besides, in a one-way Cox
analysis of samples with overall survival (OS), these signatures
were still more closely related to prognosis than other genes
(Figures 3C, S1C). For validating the effects of the signatures on
prognosis, the patients in RFS and OS cohorts were allocated to
groups according to the high or low expression of the 20 genes
using the cutoff values acquired with the “survminer” package
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and performed Kaplan-Meier survival analyses and log-rank
tests (Figures S1D, S2A). Quantitative PCR results showed
that only SCG2 (P <0.001) expression in the tumor was
markedly higher than that in adjacent normal tissues
(Figure 3D). Immunohistochemical staining for SCG2 in CRC
specimens showed the same trend (Figure 3E). In addition, in
the RFS survival analysis of the internal cohort, the group with
high SCG2 (P <0.01) expression suggested a poor prognosis, and
there was no statistically significant difference in MOAB (P
=0.12), GLIS2 (P =0.18), and ZHX2 (P =0.095) (Figure 3F).
However, in agreement with the outcomes from external cohorts,
these four genes still showed good performance in predicting
chemotherapy response (Figure S2B). Univariate and
multifactorial Cox regression analysis indicated that SCG2
could be considered an independent predictor of prognosis
(Figures 3G, H). Therefore, SCG2 may be a latent biological
marker to predict chemotherapy response and prognosis.

Exploring the Biological Characteristics
of SCG2
Based on the correlation between SCG2 and other genes, the
GSEA enrichment analysis revealed that SCG2 was involved in
cancer invasion and growth signaling pathways. The GO terms
shown in Figure 4A significantly enriched the genes highly
related to SCG2, including cell-matrix adhesion, cell-substrate
adhesion, mesenchymal cell differentiation, endothelial cell
migration, and epithelial cell proliferation (Figure 4C). The
KEGG pathways shown in Figure 4B include ECM receptor
interaction, focal adhesion, cell adhesion molecules (CAMs),
pathway in cancer, and chemokine signaling pathway
(Figure 4D). The GSVA analysis of hallmark pathway gene
signatures highlighted that, under the condition of differential
FIGURE 1 | The flow chart of this study.
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expression between high and low, most changes focus on cancer
development and progression mechanisms, such as KRAS
signaling and the TP53 pathway (Figure 4E). Integrative
analysis of biological pathways hints that SCG2 may be
engaged in meditating tumor growth and invasion.

Cell Culture and Functional Assay
Specific shRNAs (sh-Control, sh-SCG2#1/2/3) and SCG2
plasmids were transfected into HCT116 and SW480 cancer cell
lines, and the expression of the SCG2 gene was verified by qRT-
PCR (Figures 5A, B). Then, wound-healing assays showed that
depletion of SCG2 significantly inhibited the healing of scratched
wounds (Figure 5C). In line with the above outcomes, Transwell
assays confirmed that SCG2 snubbing suppressed CT116 and
Frontiers in Immunology | www.frontiersin.org 637
SW480 cells (Figures 5D–H). On the contrary, cancer cells with
SCG2 overexpression demonstrated more aggressive migratory
and invasive potential.

In the study of cell proliferation, reduced SCG2 expression
significantly suppressed the cell colony formation capacity in
HCT116 and SW480 cells (Figures 6A, B). The CCK8 assay
showed that significant differences in cell proliferation could be
observed in HCT116 (P <0.05) and SW480 (P <0.05) cells with
knockdown of SCG2 compared to control cells (Figures 6C, D).
Further validation by EdU assay showed that knockdown of
SCG2 in two cell lines markedly restrained cell proliferation, and
the control group with SCG2 overexpression proliferated actively
(Figures 6E–G). This result hints that overexpression of SCG2 is
closely associated with CRC proliferation.
A

B

D

E

F

G

C

FIGURE 2 | Modules relevant to chemotherapy response. (A) Raw data from GSE19860, GSE62080 and GSE69657 were batch corrected to form a Meta cohort.
(B) Remaining samples after discarding outliers. (C) Scale-free topological indices at various soft-thresholding powers. (D) Gene clustering diagram based on
hierarchical clustering under optimal soft-thresholding power. (E) Correlations between gene modules and chemotherapy response. (F, G) The correlation between
the key modules (red, F; green, G) memberships and the gene significance for chemotherapy response.
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Gene Mutation and Copy Number
Variation Analysis
Atotal of30 frequentlymutatedgenes (FMGs)were identified in the
CRC patients from TCGA, consisting APC (78%), TP53 (61%),
TTN (48%), KRAS (43%), SYNE1 (28%), MUC16 (25%), PIK3CA
(25%), FAT4 (22%), RYR2 (19%), ZFHX4 (19%), OBSCN (18%),
DNAH5 (17%), DNAH11 (17%), LRP1B (16%), PCLO (16%),
ABCA13 (16%), FBXW7 (16%), CSMD1 (15%), FLG (15%),
CSMD3 (15%), USH2A (14%), FAT3 (14%), RYR1 (14%),
ADGRV1 (14%), LRP2 (14%), MUC4 (14%), SMAD4 (13%),
RYR3 (13%), MUC5B (13%), NEB (13%; Figure 7A). Despite the
highmutation frequency ofFMGs inCRC, therewere no significant
Frontiers in Immunology | www.frontiersin.org 738
differences in TMB between SCG2-expressing subgroups and no
statistically significant correlation analysis betweenTMBandSCG2
(FiguresS3A,B). Similarly, neoantigen load,which ishighly related
to TMB, was not significantly associated with SCG2 expression
(Figure S3C). Themutation frequencies ofAPC andABCA13were
dramatically distinct between samples from the high and low SCG2
expression groups (Figure 7B). Nevertheless, only APC appeared
significant expression differences of SCG2 between mutation and
non-mutation groups in FMGs (Figure S3D). Univariate logistics
regression with SCG2 expression as the independent variable
indicated that SCG2 expression is an important factor influencing
for APCmutation (Figure S3E). The above results were confirmed
A

B

D

E

F

G

H

C

FIGURE 3 | Functional analysis and identify prognostic genes in modules. (A) Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of genes in key modules. (B) The 20 module genes with AUC values >0.7 in all chemotherapy cohorts. (C) Univariate analysis with relapse-free
survival (RFS) as the outcome event and the expression of the above 20 genes as independent variables. (D) Different expression of GILS2, MAOB, SCG2, ZHX2
between tumor and normal tissues in the internal cohort. (E) Representative IHC staining images of SCG2 between colorectal cancer and normal tissue. (F) Survival
analysis of in-house cohort with RFS. (G) Univariate analysis of internal cohort with relapse-free survival (RFS) as the outcome event. (H) Multi-factor regression
analysis of internal and external queues with relapse-free survival (RFS) as the outcome event. ns, P >0.05; ***P <0.001.
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in multivariate logistics regression analysis covering variables of
TMB, age, gender, stage, and SCG2 expression (Figure 7C). In the
copy number variation analysis, the top 15 genes with the highest
frequency of amplification and deletion, respectively, are shown in
Figure 7D. Among them, the expression levels of SCG2 present a
statistically significant difference between mutant and non-mutant
subgroups of all amplified genes (Figure 7E). Univariate and
multivariate logistic regression analysis revealed that SCG2
expression was an independent factor for all amplified genes
mutation (Figure S3G). However, At the arm level, both the gain
and loss loads were not significantly associated with SCG2
expression (Figure S3F).

Immune Infiltration Associated With
SCG2 Expression
We utilized the ssGSEA approach to deconvolve the relative
abundance of each immune cell type with transcriptome
Frontiers in Immunology | www.frontiersin.org 839
expression profiling data retrieved from the TCGA repository.
Correlation analysis between SCG2 expression samples and 28
immune cell infiltration scores in CRC samples suggested that 22
cells were significantly associated with SCG2 (Figure 8A).
According to the immune cell infiltration score, hierarchical
clustering was used to stratify the samples into three groups:
high, medium, and low. Samples with high SCG2 expression and
APC mutation tend to be included in high immune infiltration
(Figure 8B). There were likewise remarkable differences in SCG2
expression among samples from distinct immune infiltrate
groups: SCG2 expression was highest in the high infiltration
group, followed by the medium infiltration group, and lowest in
the low infiltration group (Figure 8C).

Further study on the immune difference between high and low
SCG2 groups showed the distinction of the immune landscape by
ComplexHeatmap. The results showed that the immune cell score
and the expression of immune-related molecular markers were
A B

D

EC

FIGURE 4 | Gene set enrichment analysis (GSEA) and gene set variation analysis (GSVA) of SCG2. (A) Top 20 Gene Ontology (GO) terms with significant
enrichment. (B) Top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with significant enrichment. (C) Five significantly enriched GO terms
associated with SCG2. (D) Five Significantly enriched KEGG pathways associated with SCG2. (E) Differences in pathway activities scored by GSVA between high
and low expression of SCG2.
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significantly higher in the high SCG2 expression group than in the
low expression group (Figure 8D). Immune checkpoints are
generally overexpressed in the SCG2 high group. Molecular
markers of immune checkpoints such as CD274, CD276, CTLA4,
ICOS, ICOSLG, PDCD1, PDCD1LG2, TMIGD2, VTCN1, BTLA,
CD27, CD40, CD70, TNFRSF9, TNFSF14, ENTPD1, HAVCR2,
IDO1, LAG3, NT5E, and SIGLEC15 were significantly
overexpressed in the SCG2 high group than the low group.
Although the expression of HHLA2, CD40LG, TNFRSF18, FGL1,
and NCR3 was not statistically different between the two groups,
therewas still a trendofoverexpression in thehighexpressiongroup
(Figure 8E). Altogether, the molecular characterization of high
SCG2 expression is of great significance for immunotherapy.
Frontiers in Immunology | www.frontiersin.org 940
Immunotherapy and Potential
Drug Targets
We found significant expression similarity between patients with
high SCG2 expression treated with anti-CTLA-4 by SubMap
analysis, which revealed the same subtype sensitive to
immunotherapy between independent cohorts (FDR <0.05;
Figure 8F). The result follows the preliminary finding that
immunotherapy may yield a better response in the high
expression group. We performed the TIDE framework to
estimate the immunotherapy response of each patient and
encountered the ratio of responders to immunotherapy in high
SCG2 expression was bigger than low SCG2 expression (high vs.
low: 55% vs. 26%; P <0.001; Figure 8G). We operated CMap to
A
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E F G H

C

FIGURE 5 | Effects of SCG2 on CRC cells migration and invasion. (A, B) Expression was significantly reduced after SCG2 knockdown in in HCT116 (A) and
SW480 (B) cell lines. (C) Wound-healing assay to detect the migratory ability of CRC cells in the control group and SCG2 downregulation group. (D) Transwell assay
to detect the migratory and invasive ability of CRC cells in the control group and SCG2 downregulation group. (E–H) SCG2 knockdown significantly inhibits migration
and invasion behavior in HCT119 (E, G) and SW480 (F, H) cell lines. ***P <0.001; ****P <0.0001.
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explore prospect blends that might target pathways associated
with the SCG2 gene. The results showed that 107 compounds
were significantly enriched, and we selected the top 20
compounds based on specificity and obtained their mechanism
of action by CMap Mode-of-action (MOA) analysis (Figures
S4A, B).
DISCUSSION

Despite the inspiring advances of CRC chemotherapy so far, the
response rate in patients continues to remain low, and the
treatment benefits are uneven due to the development of
chemoresistance. Such inter-individual differences may stem
from the unique genetic and epigenetic make-up of each
individual (23). Thus, there is a pressing demand for molecular
identifications to guide clinical chemotherapy. The genomic
transcriptome reflects tumor heterogeneity and promises
Frontiers in Immunology | www.frontiersin.org 1041
personalized therapy (7). In our research, crucial modules
associated with chemotherapy response yielded after WGCNA,
and the survival analysis presented a valuable biomarker. Most of
the pathways enriched in module genes are associated with
extracellular matrix and drug metabolism, embodying the
potential value of these genes in predicting response to
chemotherapy. Multiple studies have demonstrated that
elevated extracellular matrix in colorectal cancer tissues
promotes aggressive tumor growth or increases drug resistance
(24, 25), which further suggests a potential link between modular
genes with drug response and tumor progression.

Comprehensive analysis of independent cohorts with OS or
RFS of CRC indicated that the overall prognosis of patients in the
SCG2 high group was higher than the low group, in agreement
with the results of previously published studies (26). In the study
of group 3 medulloblastoma, Eric et al. have verified these results
(27). Functional pathways displaying cell adhesion and
migration and immune cell infiltrations were prominent in the
A
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FIGURE 6 | Effects of SCG2 on CRC cells proliferation. (A, B) SCG2 knockdown significantly reduced colony numbers of HCT116 (A) and SW480 (B) cell lines. (C, D)
Reduced proliferative capacity of SCG2 knockdown HCT116 (C) and SW480 (D) cell lines in CCK8 array. (E-G) EdU assay (G, left: DAPI, middle: EdU, right: Merge) to detect
the proliferative ability of CRC cells in the control group and SCG2 downregulation group. SCG2 knockdown significantly reduced the proliferative ability of HCT116 (E) and
SW480 (F) cell lines. *P <0.05; **P <0.01; ***P <0.001.
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enrichment analysis of SCG2-associated genes, which further
suggested the potential mining value of SCG2 in tumor
development and immune microenvironment.

Adenomatous polyposis coli (APC) is a highly mutated
oncogene in colorectal cancer. This gene’s mutation and
inactivation are critical and premature events observed during
CRC tumorigenesis (28). In our study, SCG2 expression was
most closely associated with APC mutations as an independent
influencing factor. APC is a critical negative regulator of the
typical Wnt signaling pathway, which controls gastrointestinal
cells’ coordinated proliferation and differentiation (29, 30). The
previous studies have shown that genomic alterations of APC
conduct to activation of b-catenin/T-cell factor transcriptional
activity by rising nuclear b-catenin levels and attenuating CtBP-
mediated repression of the repressor complex. The activation
Frontiers in Immunology | www.frontiersin.org 1142
results in the upregulation of downstream target molecules, such
as the cell cycle proteins D1 and Myc, which are essential
motorists of tumor appearance due to their precise functions
in cell proliferation, apoptosis, and cell cycle progression (28).
Deactivation of APC is similarly thought to facilitate
tumorigenesis via misplacement of cell-cell adhesion, possibly
by regulating cell adhesion through the allocation of b-catenin
and E-cadherin between the cytoplasm and cell membrane. APC
mutations lack the binding domain of b-catenin, leading to
diminished cell adhesion (31).

Interestingly, the GSEA enrichment results in this study
suggest that SCG2-related pathways are also predominantly
cell adhesion and migration. In addition, the Wnt/b-catenin
signaling pathway was the highest-scoring related pathway in the
GSVA study of SCG2 high and low expression groups. There
A B

D
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FIGURE 7 | Gene mutation and copy number variation analysis. (A) Mutation landscape between high and low expression groups of SCG2, including a total of 30
frequently mutated genes (FMGs). (B) Analysis of mutational differences in FMGs between SCG2 expression subgroups. (C) A multivariate logistic regression analysis
of FMGs, which incorporated SCG2 expression, TMB, age, gender, and stage. (D) Copy number variation landscape between high and low expression groups of
SCG2. (E) Expression differences of SCG2 between variant and non-variant groups in top 15 deletion and amplification genes of copy number variation. *P <0.05;
**P <0.01; ****P <0.0001; ns, P >0.05.
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may be a link between SCG2 and APC in the development of
colorectal cancer, making SCG2 play an essential role in disease
progression. Besides, this finding was also evidenced in the study
of CNA. In previous investigations, TM9SF4, PLAGL2, and
POFUT1, the most frequently amplified genes in our study,
were strongly associated with the proliferation and metastasis of
CRC (32–34). In addition, studies in CRC and breast cancers
have shown that high TM9SF4 expression may promote
chemoresistance and that knocking down the gene is not only
for inhibiting tumor progression but also for enhancing
chemotherapeutic sensitivity (33, 35). Therefore, we
hypothesize that SCG2 can serve as a prognostic indicator and
may also have the potential to predict drug response.
Frontiers in Immunology | www.frontiersin.org 1243
The prognosis of CRC is associated with the infiltration and
activation of immune cells in the tumor microenvironment (36).
Follow-up bioinformatics analysis showed that SCG2 was closely
associated with immune progress, indicating the role of SCG2 in
the immune microenvironment of CRC. In the current
investigation, we observed that the SCG2 high expression
group was featured by immune activation concomitant with
immunosuppression; this characterization describes why
immune activation was abundant in the SCG2 high expression
group without impeding tumor progression. In general, tumor
cells, immune cells, stromal cells, vascular endothelial cells, and
their secreted factors and extracellular matrix components form
a microenvironment that promotes tumor progression (37). In
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FIGURE 8 | Immune infiltration associated with SCG2 expression and immunotherapy prognosis. (A) Correlation of immune cell infiltration score with SCG2
expression. (B) Distribution of immune cell infiltration and clinical features among the three subtypes obtained by hierarchical clustering. (C) Significant differences in
SCG2 expression among the three immune subtypes. (D) Differential expression analysis of molecules representing immune characteristics in different SCG2
expression subgroups. (E) Differences in immune checkpoint expression between high and low SCG2 expression groups. (F) SubMap algorithm evaluated the
expression similarity between the two SCG2 expression subgroups and the patients with a different immunotherapy response. (G) Distribution of immunotherapy
responders predicted by TIDE algorithm between high and low SCG2 expression groups. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001; ns, P >0.05.
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the early stages of tumor formation, these immune cells and
associated stroma are recruited and activated, which creates an
anti-tumor inflammatory environment that hinders tumor
progression (13, 38). As tumors progress, immune cells
infiltrating the tumor microenvironment, besides exerting anti-
tumor effects, promote immune escape and tumor growth (13,
39). In recent decades, immunotherapy emerged as a hot spot in
anti-tumor research and acted effectively on tumor treatment
(40). Our study revealed that the SCG2 high expression group
had an enriched immune response with significantly higher
expression of CD28-B7, the co-stimulatory molecules that
activate T cells, than the low expression group. The TNF
superfamily, which is pivotal in the tumor microenvironment,
is highly expressed in the high group. It suggests that the tumor
microenvironment in the high SCG2-expressing group may
incline to be immune hot compared to the low expression
group. In addition, we uncovered that the SCG2 high group
presented more elevated PD1, PDL1, and CTLA4 expression
than the SCG2 low group, suggesting that the former is better
conceivable to be in immunosuppressed circumstances, thereby
suppressing the procedure of immune cells. Established on these
conclusions, we scrutinized the relationship between SCG2 and
immune checkpoints and the sensitivity of different expression
groups of SCG2 to immunotherapeutic responses. Interestingly,
TMB, as an essential biological indicator for predicting response
to immunotherapy, was not significantly correlated with SCG2
expression. In CRC, high TMB is necessary but not sufficient to
achieve long-lasting benefits, and above the critical threshold for
hypermutation phenotypes, even CRC with very high TMB may
not respond to treatment. This is different from lung cancer and
melanoma, where the response is always positively correlated
with TMB (41, 42). The further investigation exhibited a potent
correlation between SCG2 and immune checkpoints and that a
subgroup with high SCG2 expression was more sensitive to
immunotherapy. Therefore, SCG2 has potential value for
immunotherapy prediction. Combined with the fact that SCG2
obtained from the previous study can be considered a predictor
of chemotherapy, it suggests that the combination of immune
checkpoint therapy with chemotherapy in the group with high
SCG2 expression may have unexpected benefits. Finally, CMap
analysis provides more compounds that can be used as
chemotherapy regimens for potential monotherapy or
combination therapy in CRC treatment.

The biological heterogeneity of tumors has been plaguing the
clinical choice of treatment options. While chemotherapy and
immunotherapy serve as indispensable oncological therapeutic
agents, selecting appropriate patients deserves more attention.
However, there are currently no applicable clinical biomarkers to
help doctors choose the appropriate treatment for CRC patients,
improve the treatment effect and prolong survival, and reduce
unnecessary side effects in other patients. Our study analyzed
CRC chemotherapy data and validated results by in vitro
experiments, providing a potential marker that can predict
chemotherapy and immunotherapy responses, which offers the
possibility to guide clinical treatment management. Moreover,
treatment regimens with chemotherapy and immunotherapy are
Frontiers in Immunology | www.frontiersin.org 1344
also essential in the clinic, suggesting a higher requirement for
precision treatment in the future.

Despite these spottings, there remain some constraints. The
sample data were accessed from the TCGA and GEO databases
and did not provide precise details on the extent of surgical
resection, an essential facet affecting overall survival. Data
information stored in public databases is limited, and there is a
lack of detailed transcriptome sequencing cohorts in this study to
validate the obtained results, especially from the latest clinical
samples. Therefore, more explicit clinical information should be
provided for further analysis in the following study. In addition,
we lacked sufficient clinical data to verify the predictive worth of
SCG2 on the response to immunotherapy in CRC, which
requires further efforts in our future studies. Finally, there is a
lack of an internal cohort including chemotherapy and
immunotherapy combination therapy to validate the
conjecture of this study, which will be the emphasis of future
research. While a comprehensive analysis of the multi-omics
data from independent cohorts was conducted and some
conclusions with clinical translation prospects were obtained,
the molecular mechanism of SCG2 in the prognosis,
chemotherapy, and immunotherapy of CRC should be further
validated in more systematic molecular experiments.
CONCLUSIONS

Our study suggests that SCG2 can be used as a new and effective
indicator for predicting chemotherapy response, prognosis, and
immune response in CRC patients, which means that SCG2
holds promise as a molecular marker to guide chemotherapy and
immunotherapy in the clinical management of CRC. These
results have important clinical implications and will contribute
to the precise treatment of CRC patients.
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Supplementary Figure 1 | Construction of co-expression network and
prognostic analysis. (A) The topological overlap matrix (TOM) was transformed from
Frontiers in Immunology | www.frontiersin.org 1445
the adjacency matrix. (B) The correlations between modules. (C) Univariate analysis
with overall survival (OS) as the outcome event and the expression of the above 20
genes as independent variables. (D) Kaplan-Meier survival analysis of RFS cohorts
from public portal.

Supplementary Figure 2 | Prognostic analysis and efficacy of predicting
chemotherapy response. (A) Kaplan-Meier survival analysis of OS cohorts from public
portal. (B) The receiver operating characteristic curve assesses the efficacy of genes in
predicting chemotherapy response in external and internal cohorts. (C) Differential
expression of genes between chemotherapy-responsive and non-responsive groups in
an internal cohort.

Supplementary Figure 3 | Gene Mutation and Copy Number Variation Analysis.
(A) Correlation analysis of TMB and SCG2 expression. (B) Differential analysis of the
number of deletion and amplification mutations and TMB between high and low
SCG2 expression groups. (C) Correlation analysis of neoantigen load and SCG2
expression. (D) Expression differences of SCG2 between mutation and non-
mutation groups in top 30 FMGs. (E) A univariate logistic regression analysis of
FMGs, which incorporated SCG2 expression as independent variable. (F) The
association between the gain and loss loads with SCG2 expression at the arm level.
(G) Univariate and multivariate logistic regression analysis revealed that SCG2
expression was an independent factor for all amplified genes mutation.

Supplementary Figure 4 | Drug prediction. (A) CMap algorithm predicts drugs
that may target SCG2 and ranks them by their specificity. (B) Mechanisms
associated with the above drugs.
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Glioblastomas (GBM), the most common malignant primary adult brain tumors, are
uniformly lethal and are in need of improved therapeutic modalities. GBM contain
extensive regions of hypoxia and are enriched in therapy resistant brain tumor-initiating
cells (BTICs). Carbonic anhydrase 9 (CA9) is a hypoxia-induced cell surface enzyme that
plays an important role in maintenance of stem cell survival and therapeutic resistance.
Here we demonstrate that CA9 is highly expressed in patient-derived BTICs. CA9+ GBM
BTICs showed increased self-renewal and proliferative capacity. To target CA9, we
developed dual antigen T cell engagers (DATEs) that were exquisitely specific for CA9-
positive patient-derived clear cell Renal Cell Carcinoma (ccRCC) and GBM cells.
Combined treatment of either ccRCC or GBM cells with the CA9 DATE and T cells
resulted in T cell activation, increased release of pro-inflammatory cytokines and
enhanced cytotoxicity in a CA9-dependent manner. Treatment of ccRCC and GBM
patient-derived xenografts markedly reduced tumor burden and extended survival. These
data suggest that the CA9 DATE could provide a novel therapeutic strategy for patients
with solid tumors expressing CA9 to overcome treatment resistance.

Keywords: glioblastoma, immunotherapy, dual antigen T cell engagers, hypoxic niche, CA9, clear cell renal
cell carcinoma
INTRODUCTION

Glioblastoma (GBM), a highly aggressive astrocytic tumor (WHO grade IV), is the most common
primary malignant brain tumor in adults (1, 2). Despite aggressive multi-modal treatment,
including maximal safe surgical resection, chemotherapy with the alkylating agent temozolomide
(TMZ) and radiotherapy, tumor re-growth and patient relapse occurs within 7-9 months post-
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diagnosis (3, 4). The average survival in GBM patients is only 12-
14 months (5–9) with an abysmal two-year survival rate of 16.9%
and only 5.5% of patients surviving at five years and 2.9% at ten
years (4), underscoring the urgent need for novel therapeutic
approaches. Treatment failure and disease relapse are attributed
to extensive cellular and genetic heterogeneity existing not only
between patients but also within a single tumor through space
and time (10–13). This cellular heterogeneity, which is associated
with clonal evolution, can be explained by the existence of
multiple cellular subpopulations of cancer cells, called brain
tumor initiating cells (BTICs), which have acquired stem cell
properties including self-renewal, proliferation and multi-lineage
differentiation capacity (14–17). Increased presence of chemo-
(18) and radio-resistant (19) BTICs (14) plays a significant role
in development of GBM treatment resistance and eventually
tumor recurrence. Therefore, development of novel therapeutic
modalities targeting BTIC populations is desperately needed for
the GBM field.

Components of the tumor microenvironment play key roles
in BTIC maintenance. A dominant microenvironmental factor of
solid tumors including GBM is hypoxia (20). Intratumoral
hypoxia has a significant effect on BTIC maintenance by
supporting critical stem cell features including self-renewal,
multipotency, tumorigenicity, and response to radiation (21,
22). In addition, hypoxia promotes cancer progression by
inducing angiogenesis, cell growth, tumor cell invasion,
genomic instability, immunomodulation, and metabolic
reprogramming of cancer cells and tumor stroma (22–26).
Therefore, targeting the hypoxic niche would be a necessary
step towards decreasing BTIC survival and therapy resistance in
GBM patients.

One of the most highly expressed genes in response to
hypoxia is Carbonic Anhydrase 9 (CA9). CA9 is a cell surface
metalloenzyme which catalyzes the reversible hydration of CO2

to produce protons (H+) and bicarbonate (HCO3-), permitting
tumor cells to survive exposure to acidosis (25, 27–29). CA9 is
highly overexpressed in response to hypoxia in many types of
solid tumors including GBM (29–31). Furthermore, CA9 is also
highly expressed in a large proportion of clear cell Renal Cell
Carcinoma (ccRCC) (32) in a hypoxia-independent manner
where it is driven by stabilization and constitutive activation of
HIF-1alpha signaling as a result of mutation of the von Hippel-
Lindau (VHL) tumor suppressor (33, 34). Clear cell Renal Cell
Carcinoma is the most common form of renal cancer and like
GBM is in need of improved therapeutic strategies. Patients with
localized disease at diagnosis have a 5 year survival of 76%;
however 30% of patients will present with metastatic disease
which carries a dismal 5 year survival rate of 8% (35). Notably,
CA9 displays limited expression in most normal tissues with the
exception of gastrointestinal tract, gallbladder, and pancreatic
ducts (36, 37). It has been shown that elevated CA9 expression is
positively correlated with poor patient prognosis in a number of
solid malignancies (29). The major therapeutic thrust targeting
CA9 in solid tumors to date has been focused on small molecule
inhibitors (38–40) and monoclonal antibodies such as G250
Frontiers in Immunology | www.frontiersin.org 248
(41–43). While therapeutic benefit from single agent treatment
is often quickly met with resistance (38, 44, 45), this has
prompted investigation of combinatorial approaches with
chemo- (38, 44, 45) and immunotherapy (46) which have
enhanced therapeutic responses and expanded the possibility
of therapeutic strategies to better target CA9 (47).

Here, we designed a T cell-based therapy that employs a Dual
Antigen T-cell engager (DATE) antibody as a promising
alternate strategy, which allows for targeting cancer cells and
redirecting immune cells against tumor cells simultaneously.
CA9 DATE was engineered by fusing the light chain of the
CA9-Fab to OKT3, a single-chain fragment variable (scFv)
construct that binds to the antigen-binding region of the
mitogenic antiCD3ϵ clone. Bifunctional T cell engagers
exhibiting specificity for the GBM tumor cell surface antigen
CD133 (48)/EGFRvIII (49, 50) have also been shown to induce
anti-tumorigenic activity in xenograft tumor models.
Furthermore, we have previously demonstrated the utility of
DATEs in eliminating GBM BTICs by targeting CD133 (51).
Given their low molecular weight, DATEs may prove to be more
efficient in localizing to the central nervous system (CNS) and
this particular feature allows for maximal membrane proximity
between the T cell and the cancer cell necessary for the immune
response (52–55). However, DATEs are yet to be clinically
translated for many solid tumors such as GBM and ccRCC.

We capitalized on the cell surface expression of CA9 and
developed a DATE targeting its expression in solid tumors. To
demonstrate proof-of-concept of our DATE in a model that
highly expresses CA9 in a constitutive manner we utilized VHL
mutant ccRCC PDX models. We demonstrate that the DATE is
exquisitely specific for CA9 expressing patient-derived models of
ccRCC and GBM. Simultaneous engagement of T cells and CA9+

target cells led to increased activation of T cells, increased
inflammatory cytokine production and increased target cell
death. Treatment of patient-derived models of ccRCC and
GBM in vivo significantly reduced tumor burden and extended
survival. This technology represents a new therapeutic strategy
for hard-to-treat cancers highly expressing CA9.
MATERIAL AND METHODS

Human GBM and ccRCC
Sample Collection
Human GBM brain tumors (Table S1) and patient-derived
ccRCC cell lines (Table S2) were obtained from consenting
patients, as approved by the Hamilton Health Sciences/
McMaster Health Sciences Research Ethics Board and the
Princess Margaret Cancer Centre, Toronto, respectively.
Moreover, normal brain cells including Neural Stem Cells
(NSCs) were isolated and propagated from fetal brain samples
which was approved by the Hamilton Health Sciences/McMaster
Health Sciences. Normal Human Astrocytes (NHAs) were
purchased from Lonza.
July 2022 | Volume 13 | Article 905768
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In Silico Analysis
Publically available databases including GEPIA2 and GlioVis
were used for in silico validation of the target of interest across a
large number of GBM samples.

Culture Conditions for Isolating and
Propagating the GBM and ccRCC
Tumor Cells
Human brain tumor tissue was processed as previously described
(14, 16, 56). Briefly, samples were dissociated in PBS
(ThermoFisher, Cat#10010049) containing 0.2 Wünsch unit/
mL Liberase Blendzyme 3 (Millipore Sigma, Cat#5401119001)
and incubated on a shaker at 37°C for 15 minutes. The
dissociated tissue was then filtered through a 70 mm cell
strainer (Falcon, Cat#08-771-2) and collected by centrifugation
at 1200 rpm for 5 minutes. Red blood cells were lysed using
ammonium chloride solution (STEMCELL Technologies,
Cat#07850). GBM cells were resuspended in NeuroCult
complete (NCC) media, a chemically defined serum-free neural
stem cell medium (STEMCELL Technologies, Cat#05751),
supplemented with human recombinant epidermal growth
factor (hrEGF) (20ng/mL: STEMCELL Technologies,
Cat#78006), basic fibroblast growth factor (bFGF) (10ng/mL;
STEMCELL Technologies Cat#78006), heparin (2 mg/mL 0.2%
Heparin Sodium Salt in PBS; STEMCELL technologies,
Cat#07980), antibiotic-antimycotic (1X; Wisent, Cat# 450-115-
EL), and plated on ultra-low attachment plates (Corning,
Cat#431110) and cultured as neurospheres. GBM BTICs
Neurospheres were propagated by minimally-culturing (< 20
passages) human GBM samples and plating them on
polyornithine- laminin coated plates for adherent growth.
Adherent cells were replated in low-binding plates and
cultured as tumorspheres, which were maintained as spheres
upon serial passaging in vitro. These cells retained their self-
renewal potential and were capable of in vivo tumor formation.

The human ccRCC cell lines were generated by sorting CA9-
positive cells from patient tumor specimens as previously
described (57). The ccRCC cell lines and their derived
overexpression or knockout cell lines were grown in Iscove’s
Modified Dulbecco’s Medium (IMDM) (ThermoFisher,
Cat#12440053) supplemented with 10% fetal bovine serum
(FBS, Thermo Fisher, Waltham) and 1% penicill in/
streptomycin (ThermoFisher, Cat#15140122) at 37°C in 5%
CO2. The murine cortical adenocarcinoma renal cell carcinoma
cell line, Renca, was purchased from the American Type Culture
Collection (ATCC). Renca and its derived overexpression cell
lines were grown in Roswell Park Memorial Institute medium
(RPMI 1640) (ThermoFisher, Cat#11875101) supplemented
with 10% FBS and 1% penicillin/streptomycin at 37°C in
5% CO2.

Generation of CA9 Knockout (KO) and CA9
Over-Expressed ccRCC Cell Lines
To perturb the carbonic anhydrase IX (CA9) gene in RCC243 for
the generation of CA9-KO cell line, early-passage cells were
transduced with lentivirus carrying Cas9 and guide RNAs
Frontiers in Immunology | www.frontiersin.org 349
(gRNA) targeting CA9 exons. The lentiviral expression vector
lentiCRISPR v.2 (lcv2, Addgene) was purchased and modified in-
house for gRNA compatibility. Three CA9-targeting gRNAs
were individually cloned into the lcv2 vectors for lenti-virus
production and transduction of RCC243 cells. The editing
efficiency of the three gRNAs were verified using flow
cytometry assessing surface CA9. The final CA9 knockout cells
(RCC243 CA9-KO, gRNA sequence GGGATCAACAGAGGGA
GCCA) were selected by fluorescence-activated cell sorting
(FACS). To over express human CA9 in Renca (Renca hCA9),
the mRNA open reading frame (ORF) was amplified from the
human ORF transfection library (Dharmacon) using polymerase
chain reaction (PCR), and Gibson-assembled into a lentiviral
expression vector designed in-house. The CA9 ORF is linked to
an enhanced green fluorescence protein (EGFP) via a P2A
peptide. Early passage Renca cells were transduced with the
CA9-lentivirus and FACS sorted based on positive EGFP signals.
The surface CA9 levels of the validation cell lines were profiled
by flow cytometry using phycoerithrin (PE)-conjugated anti-
CA9 antibody (R&D systems, Cat# FAB2188P)

Engineering and Production of CA9 DATEs
The complementarity-determining region (CDR) sequences of
previously selected CA9-binders (generated by Dr. Sunandan
Banerjee) were sub-cloned into the pSCSTa antibody expression
vectors designed in-house, containing the OKT3-anti-CD3
single-chain variable fragment (scFv). The CDR-containing
light and heavy chain variable regions of the F library phage-
mids were amplified using PCR and restriction enzyme-digested
to ligate with the pSCSTa backbone vectors. Both light- and
heavy-chain pSCSTa expression vectors were then transfected
into Expi293™ cells using the PEIpro® transfection reagents
(Polyplus, New York) following the manufacturer’s instruction.
The transfected Expi293™ cells were cultured in the Expi293™

expression medium (Thermo Fisher, Waltham) and incubated at
37°C, 5% CO2 on a shaker. Five days post-transfection, the
supernatant was harvested, and the antibody products were
extracted by incubating with protein A resin and purified by
affinity chromatography (Bio-Rad Laboratories, Hercules). The
antibodies were exchanged into PBS buffer using Amicon® Pro
Purification tubes. The protein concentrations were measured
using NanoDrop. The protein purity was verified using SDS-
PAGE followed by Coomassie Blue staining.

Flow Cytometry Analysis
GBM Tumorspheres were dissociated using 0.2 Wünsch unit/mL
Liberase Blendzyme 3 (Millipore Sigma, Cat#5401119001) plus
10 mL DNase (Worthington Biochemical, Cat#LK003170) and
adherent cultures were dissociated using dissociation enzyme
TrypLE (ThermoFisher, Cat#12605028). The single cells were
resuspended in PBS+2 mM EDTA (Invitrogen, Cat# AM9260G).
Cells were then stained with APC conjugated mouse monoclonal
human Carbonic Anhydrase 9 antibody (1:10) (R&D,
Cat#FAB2188A) or a matched isotype control and CA9
DATEs followed by goat anti human APC-Fab IgG (1:2000,
Jackson ImmunoResearch, Cat#109-136-170) and incubated for
July 2022 | Volume 13 | Article 905768
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15 minutes at room temperature. T cells were stained with CA9
DATEs (15 minutes RT) followed by goat anti human APC-Fab
IgG (1:2000, Jackson ImmunoResearch, Cat#109-136-170), anti-
CD25 (Miltenyi Biotech, Cat#130-113-283) and anti-CD69 (BD
Bioscienecs, Cat#555533). Samples were run on a MoFlo XDP
Cell Sorter (Beckman Coulter). Dead cells were excluded using
the viability dye 7AAD (1:10; Beckman Coulter, Cat#A07704).
Compensation was performed using mouse IgG CompBeads
(BD Biosciences, Cat#552843). Samples were run on a MoFlo
XDP Cell Sorter (Beckman Coulter) to assess the level of CA9
surface expression.

Secondary Sphere Formation Assay (Self-
Renewal Assay)
Tumorspheres were dissociated using 10 mL Liberase
Blendzyme3 (0.2 Wunsch unit/mL) plus 10 mL of DNase in 1
mL PBS for 5 minutes at 37°C and adherent cultures were
dissociated using dissociation enzyme TrypLE. CA9+ and CA9-

sorted GBM BTICs were plated at 200 cells per well in 200 mL of
NCC media in a 96-well plate. Cultures were left undisturbed at
37°C, 5% CO2. The number of secondary spheres per well was
counted at day 3 to 7 every day and used to estimate the mean
number of spheres per 2,000 cells.

Cell Proliferation Assay
Upon tumor culture dissociation, single cells were sorted into
CA9+ and CA9- population and 1,000 single cells were plated in
180 mL NCC per well in quadruplicate in a 96-well plate and
incubated for five days. 20 microliters of Presto Blue
(ThermoFisher, Cat#A13262), a fluorescent cell viability
(metabolism) indicator, was added to each well approximately
4 hours prior to the readout time point. Fluorescence was
measured using a FLUOstar Omega Fluorescence 556
Microplate reader (BMG LABTECH) at excitation and
emission wavelengths of 544 nm and 590 nm, respectively.
Readings were analyzed using Omega analysis software.

Cell Growth in Hypoxic Condition
CA9lo expressing GBM BTICs were cultured in both hypoxic and
normoxic conditions. In hypoxic condition, cells were incubated
in hypoxia chamber (1% O2, 5% CO2, 94% N2) and in normoxic
condition they were incubated in normoxia (21% O2) for a total
of 5 days. After 5 days cultures were dissociated, and single cells
were resuspended in PBS + 2 mM EDTA. Cells were then stained
with mouse monoclonal human Carbonic Anhydrase 9 antibody
(1:10) (R&D, Cat#FAB2188A) and run on the LSRII flow
cytometer (BD) to assess the effect of hypoxia on CA9
expression on GBM BTICs.

PBMC Isolation and T Cell Purification
and Expansion
Peripheral blood mononuclear cells (PBMCs) from consenting
healthy blood donors were obtained using SepMate ™

(STEMCELL technologies, Cat#85450) or Ficoll-Paque PLUS
(GE Healthcare). This study was approved by the McMaster
Health Sciences Research and the University of Toronto Ethics
Frontiers in Immunology | www.frontiersin.org 450
Board for GBM and ccRCC projects, respectively. 1 × 105 cells in
XSFM media (Irvine Scientific, Cat#91141) were activated with
anti-CD3/CD28 beads at a 1:1 ratio (Dynabeads, Life
Technologies) in a 96-well round bottom plate with 100U/mL
rhIL-2 (Peprotech, Cat#200-02). T cell cultures were expanded
into fresh media (XSFM media supplemented with 100U/mL
rhIL-2) as required for a period of 12–15 days prior
to experimentation.

Binding Assay
The specificity of CA9 DATE for GBM cells, ccRCC cells and T
cells were tested using flow cytometry analysis. CA9hi GBMs,
CA9- GBMs, ccRCCs and T cells (isolated from human PBMCs
for GBM study and Jurkat cells for ccRCC study) were
resuspended in PBS plus 2 mM EDTA and were stained with
CA9 DATEs followed by the secondary antibody, goat anti
-human APC-Fab IgG (1:2000, Jackson ImmunoResearch,
Cat#109-136-170) staining. GBM and ccRCC cells were
incubated for 15 minutes at room temperature and for 20
minutes on ice, respectively followed by 15 minutes incubation
at room temperature for the secondary antibody staining. Dead
cells were excluded using the viability dye 7AAD (1:10; Beckman
Coulter, Cat#A07704) and samples were run on MoFlo XDP Cell
Sorter (Beckman Coulter) to assess the level of CA9 DATE
binding to each of the above-mentioned lines.

T Cell Activation Assays
In ccRCC model, RCC243 and RCC243 CA9-KO cells were
plated at 200,000 cells/well in 6 well plates the night prior to
treatment. Human CD3+ T cells at an E:T ratio of 5:1 were added
to the wells along with (1 nM) or without CA9 DATEs and
incubated at 37°C in 5% CO2 for 48 hours. The T cells were
collected and stained for BV785 anti-human CD3 (BioLegend,
Cat#317330) , BV605 anti-human CD4 (BioLegend,
Cat#317438), PE-anti-human CD8 (BioLegend, Cat#300908),
and PE-CF594-anti-CD25 (BD Biosciences, Cat#562403)
antibodies. Supernatants were collected and stored at -80°C for
cytokine release analysis by enzyme-linked immunosorbent
assay (ELISA).

In GBMmodels, GBM cells and T cells were co-incubated at a
1:1 ratio for 24 hours with (1mg = 13 nM) or without CA9
DATEs. The CD3+ (BD Pharmingen, Cat#563423) T cells and
subpopulation of T cells including CD4+ (BD Pharmingen,
Cat#555347) and CD8+ T (BD Horizon, Cat#562428) cells
were analyzed for activation markers CD25 (Miltenyi Biotech,
Cat#130-113-283) and CD69 (BD Pharmingen, Cat#555533) by
flow cytometry. Supernatants were collected and stored at -80°C
for cytokine release analysis by enzyme-linked immunosorbent
assay (ELISA).

Enzyme Linked Immunosorbent
Assay (ELISA)
The concentration of TNF-a and IFN-g were quantitated in the
supernatant collected from the T cell activation assay (the T cell
and GBM co-culture +/- CA9 DATE) using commercially
available human TNF-a DuoSet ELISA kit (R & D Systems,
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Cat#DY210-05) and IFN-g DuoSet ELISA kit (R & D Systems,
Cat#DY285B-05) respectively. The sensitivity limits of TNF-a
and IFN-g assay were 15.60 pg/ml and 9.38 pg/ml, respectively.
The experiment was performed in duplicates and the OD was
measured at 450 nm using the FLUOstar Omega Fluorescence
556 Microplate reader (BMG LABTECH). The IFN-g
concentration in ccRCC model was quantified using the
eBioscience Ready-SET-Go human IFN-g ELISA kit
(ThermoFisher, Cat#88-7386-88).

Cytotoxicity Assay
To quantify target cell death without interfering signals from the
effector cells, luciferase was overexpressed in ccRCC and GBM
cells using lentiviral transduction (plasmidlenti-PGK-luciferase-
GFP (Ailles Lab) for ccRCC cells and pCCL ffLuciferase for
GBM cells).

ccRCC model: The RCC243 and RCC243 CA9-KO target
cells were plated at 25,000 cells/well in triplicates in 96 well plate
the night prior to treatment. The next morning, purified human
CD3+ T cells were added at an E:T ratio of 5:1, along with CA9
DATE, and anti-CD3/BCMA control antibody at 1 nM
concentrat ion in standard complete IMDM media
supplemented with 100 mM beta-mercaptoethanol (Sigma-
Aldrich, Cat# M3148-25ML) to reduce T cell oxidative stress.
The assays were incubated for 40-48 hours at 37°C, 5% CO2

before the microscopic images were documented and
bio luminescence s igna l s were measured . Working
concentration (7.5 mg/mL) of firefly luciferin was added to the
washed wells and read immediately with a spectrophotometer
(BioTek plate reader).

Lactate dehydrogenase (LDH) release assays: Target cells
(patient-derived ccRCC cell) were plated at 20,000 cells/well in
96 well plates (Corning, Cat#: 3628). Total PBMCs were used as
effectors at an E:T ratio of 10:1. The LDH release by the damaged
target cells were measured 48 hours later using the LDH
cytotoxicity assay kit (Thermo Fisher, Cat# 88953). Prior to
measuring, kit lysis buffer was added to three untreated wells of
each cell line for the maximum LDH release controls. The assay
steps were carried out as per manufacturer’s instructions. Briefly,
supernatant from each treatment conditions was incubated with
the LDH substrate mix at room temperature in dark for 20
minutes for the colour to develop. The stop solution was added
and the plates were read using a spectrophotometer at 490 and
680 nm. The absolute LDH release was calculated as sample
release, effector spontaneous release, target spontaneous release
and medium blank. Relative LDH levels was calculated as sample
absolute release/plus-PBMC-only absolute release.

GBM model: Luciferase-expressing GBM cells (CA9hi GBM
cells) and HEK cells at a concentration of 25,000 cells/well were
plated in 96–well plates in triplicates. T cells at different effector-
to-target (E:T) ratios (0:1, 0:0.25, 0.5:1, 0.75:1, 1:1, 2:1) were
added to each well in the presence (1nM) and absence of CA9
DATE. The cultures were then incubated at 37°C for 18 hours.
The next day 150 mg/mL firefly D-luciferin potassium salt (R&D
systems, Cat#800-LN-05M) was added to each well and the BLI
Frontiers in Immunology | www.frontiersin.org 551
was measured with a luminometer (Omega) as relative
luminescence units (RLU). Target cells incubated without
effector cells were used to measure spontaneous death RLU.
The readings from triplicates were averaged and percent lysis was
calculated with the following equation:

%  Specific lysis 

= 100X  spontaneous death RLU   –  test RLUð Þ=
spontaneous death RLU  –  maximal killing RLUð Þ

Animal Studies
Animal studies were performed according to guidelines
under Animal Use Protocols (19-01-01) of McMaster
University Central Animal Facility.

In ccRCC model, 5 x 106 RCC243 VHL mutant cells were
subcutaneously injected into the right flank of 8- to 10- week old
immunocompromised NSG mice for tumor formation. After the
half-maximal tumor engraftment (4 weeks post-engraftment)
mice were randomly assigned into control or treatment groups
based on matched-tumor size and CA9 DATE treatment started
as described in Supplementary Figure 2. All animals received 12
doses of therapy within a 6-week time frame. The animals which
were assigned to the treatment group were intratumorally
injected with 50 mg CA9 DATE + 2 x106 T cells (isolated from
the freshly thawed PBMC of healthy donors) once a week and
only 50 mg (667 nM) CA9 DATE for the second treatment in the
week. Mice in the control group received the same therapy
regimen as treatment group; however, the CA9 DATE was
replaced with CA9 DATE control. Tumor size was measured
using a ruler caliper after each treatment (length x width). To
study the effect of CA9 DATE treatment on tumor size, tumors
were collected one week after the last treatment and the tumor
size was measured using a ruler caliper. For survival studies, all
the mice were kept until they reached endpoint and the number
of days for survival were noted for Kaplan-Meier analysis. The
endpoint criteria were defined as 20% weight loss and 1.0 cm x
1.0 cm tumor size.

In GBM model, GBM cells (1x106 BT935 and 2x105 BT241)
were intracranially injected into right frontal lobes of 6- to 8-
week old immunocompromised NSG mice (bred in McMaster
University Central Animal Facility) for tumor formation as
previously described (58). Briefly, mice were anaesthetized
using 2.5% Isoflurane (gas anaesthesia). Using a 15-blade
scalpel a 1.0 cm vertical midline incision was made on top of
the skull. A small burr hole was then made (2-3 mm anterior to
the coronal suture, 3 mm lateral to midline) using a drill held
perpendicular to the skull. A Hamilton syringe (Hamilton,
Cat#7635-01) was used to inject 10 mL of cell suspension
(GBM cells suspended in 10 mL PBS) into the frontal lobe.
The syringe was inserted through the burr hole to a 5 mm depth.
The incision was closed using interrupted stitches and sutures
were sealed with a tissue adhesive. After the half-maximal tumor
engraftment which was confirmed by MRI imaging (6 weeks
post-surgery for BT935 and 10 days post-surgery for BT241)
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mice were randomly assigned into control or treatment groups
and CA9 DATE treatment started as described in
Supplementary Figure 2. All animals received 4 doses of
therapy within a 2-week time frame. The animals which were
assigned to the treatment group were intracranially injected with
50 mg (667 nM) CA9 DATE + 106 T cells and received only 50 mg
(667 nM) CA9 DATE top up each once a week for 2 weeks. Mice
in the control group received the same therapy regimen as
treatment group; however, the CA9 DATE was replaced with
CA9 DATE control. For tumor volume evaluation, animals were
perfused with 10% formalin one week after the last treatment and
the collected brains were sliced at 2 mm thickness using brain-
slicing matrix for paraffin embedding and H&E staining. Images
were captured using an Aperio Slide Scanner and analyzed using
ImageScope v11.1.2.760 (Aperio) and imageJ software. For
survival studies, all the mice were kept until they reached
endpoint and number of days of survival were noted for
Kaplan-Meier analysis. The endpoint criteria were defined as
20% body weight reduction, physical appearance deterioration,
measurable clinical signs, unprovoked behavior and response to
external stimuli.

Statistical Analysis
Biological replicates from at least three patient samples were
compiled for each experiment, unless otherwise specified in
figure legends. Respective data represent mean ± SEM, n
values are listed in figure legends. Cox regression and Kaplan-
Meier analysis were performed for survival analysis. Student’s t-
test analyses, 2-way ANOVA analysis and Kaplan-Meier analysis
were performed using GraphPad Prism 6. P<0.05 was
considered significant.

Study Approval
This study was conducted with approval from the Hamilton
Integrated Research Ethics Board for human studies and the
Animal Research Ethics Board at McMaster University.
RESULTS

CA9 Is a Safe Target for GBM
Immunotherapy
To evaluate the potential utility of CA9 as a therapeutic target in
GBM, we performed in silico analysis using the GEPIA2 database
to assess the level of CA9 expression in GBM versus normal
tissue. This analysis revealed a significant upregulation of CA9 in
GBM tissue compared to normal tissues (Figure 1A). We next
evaluated CA9 expression in the TCGA glioma database and
identified higher expression of CA9 in GBM (grade IV glioma)
compared to low-grade glioma (Figure S1A). Notably, this in
silico analysis revealed significantly higher expression of CA9 in
the mesenchymal subtype, the most aggressive GBM subtype
(Figure 1B). Furthermore, CA9 expression was also significantly
higher in all subtypes of GBM compared to normal tissue
(Figure S1B). Stratifying patients according to median CA9
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expression revealed patients with increased CA9 expression
survived for shorter periods (59, 60) (Figure 1C). We next
validated our in silico findings at the protein level using flow
cytometry analysis to evaluate cell surface CA9 expression in a
cohort of our patient-derived GBM BTIC lines as well as in
normal brain cell lines [Normal Human Astrocyte (NHA) and
Neural Stem Cells (NSC)]. We identified very little CA9
expression on normal brain cells (NHAs and NSCs), and
strong extracellular/cell surface expression in our patient-
derived GBM BTIC lines (Figure 1D). Since this respository is
linked to patient outcome data we next investigated whether CA9
expression impacted the survival of the patients from which
these lines were derived. Our analysis revealed a positive
correlation between CA9 expression and poor patient survival
(Figure 1E and Table S1) suggesting that our findings at the
mRNA level are extended to expression of the protein. Together,
these data suggest that CA9 is an important therapeutic target in
GBM and given its cell surface expression and limited expression
in normal brain samples, immuno-therapeutic modalities
targeting cells expressing CA9 have reduced risk of off-target
toxicity in the brain.

CA9 Influences BTIC Stem-Like Properties
To investigate the effect of hypoxia on CA9 expression in our
patient-derived GBM BTIC lines, CA9lo expressing GBM BTICs
were cultured side by side in hypoxic (1% O2) and normoxic
conditions. Cell surface characterization by flow cytometry
indicated that cells cultured in hypoxic conditions had
significant elevation of CA9 expression compared to cells
which were cultured in normoxic conditions (Figure 2A).

There is accumulating evidence about the effect of the tumor
microenvironment, particularly hypoxia, on BTIC maintenance
and treatment resistance (61, 62). It has also been shown that
hypoxia can induce a stem-like phenotype in non-stem-like
cancer cells, promoting cell growth and self-renewal (62).
Moreover, CA9 has previously been implicated in BTIC
survival (38). To assess the influence of CA9 on GBM BTIC
stem-like properties including self-renewal and proliferation,
secondary sphere formation and proliferation assays were
performed. Each GBM BTIC line was sorted into CA9+and
CA9- fractions by FACS and plated to assess self-renewal and
proliferation. The expression of CA9 significantly enhanced
clonogenicity of the BTIC lines (Figure 2B). Moreover, in 2
out of 3 GBM BTIC lines tested, the CA9+ cell population had
significantly greater proliferative capacity than the CA9- cell
fractions (Figure 2C). Altogether, these data revealed that CA9
influences stem-like properties in GBM BTICs where targeting
cells expressing CA9 may be beneficial.

CA9 Dual Antigen T Cell Engager (DATE) Is
Specific for CA9 and CD3
To target CA9 expressing tumor cells, we exploited the cell
surface localization and generated DATEs. CA9-specific
DATEs were engineered by fusing the antigen-binding portion
(Fab) of the anti-CA9 antibody to the antigen-binding region of
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mitogenic anti-CD3e clone (scFv OKT3) with a short flexible
amino acid linker (63). This engineered CA9 DATE consists of a
~50 kDa CA9 Fab-light chain fused to OKT3 scFv and a ~25 kDa
CA9 Fab-heavy chain.

We performed binding assays to test the dual specificity of the
purified DATEs for CD3 on T cells and CA9 on patient-derived
Frontiers in Immunology | www.frontiersin.org 753
tumor cells. As a proof-of-principle we first assessed DATE
specificity in patient-derived models of ccRCC where CA9 is
constitutively expressed, irrespective of oxygen tension, due to
VHL loss (RCC243) and in the murine cortical adenocarcinoma
renal cell carcinoma cell line (Renca) where we overexpressed
CA9. Endogenous, cell surface expression of CA9 was found in
B

C

D E

A

FIGURE 1 | CA9 as a therapeutic target in GBM. (A) Transcriptomic dataset shows significant upregulation of CA9 in GBM samples (n=163) when compared to
non-tumor (n=207) (GEPIA2) (P value: * < 0.05). (B) CA9 has higher expression in mesenchymal (Mes) subtype (n=51) compared to proneural (PN) (n=46) and
classical (Cla) (n=59) of GBM (GlioVisTCGA) (P value:***< 0.001). (C) Survival data from the TCGA dataset for CA9 high (n=77) transcript expression of GBM samples
illustrating a significant increase in survival when compared to CA9 low (n=78) samples (Median CA9 mRNA expression (log2) cut off: 7.66; HR: 0.72 (0.5-1.02);
Wilcoxon p value: 0.0288). (D) Characterisation of surface CA9 expression of GBM samples along with normal stem cells (NSCs) and normal human astrocytes
(NHAs) in normoxic condition by flow cytometry reveals varying expression of CA9 in GBM lines, but low levels in normal cells. (E) GBM samples (n=11) from Fig 1.D.
were grouped into either CA9low (red, n=5) or CA9high (blue, n=4) expression based on a flow cytometric median of 20%. Log-rank (Mantel-Cox Test) analysis
demonstrated a significant survival benefit for patients bearing CA9Iow tumors with a median survival of 33 and 13.5 months for patients bearing CA9Iow and
patients bearing CA9high tumors, respectively (P value: * =0.0283).
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>80% of RCC243 cells which was completely lost upon CRISPR
knockout of the gene (Figure 3A). Similarly, overexpression of
human CA9 (hCA9) in Renca cells resulted in 90% of the cells
positive for cell surface expression of CA9, which was
undetectable in the wild type cells (Figure 3A). We stained the
RCC243 and RCC243 CA9 KO as well as WT and hCA9 Renca
cells with varying concentrations of the CA9 DATE. CA9
binding was only observed in CA9-expressing lines (RCC243,
Renca hCA9) and no binding was detected in CA9-negative lines
(RCC243 CA9 KO and Renca WT) demonstrating the specificity
of the CA9 DATE to bind target cells in an antigen (CA9)
restricted manner (Figures 3B, C). We next confirmed DATE
binding to T cells using Jurkat cells which were 90% positive for
CD3 expression (Figure 3D). Again, we observed a dose-
dependent increase in DATE binding to Jurkat cells
(Figure 3E). Together, our results confirmed antigen specificity
Frontiers in Immunology | www.frontiersin.org 854
and high affinity binding of CA9 DATEs to the tumor cells and
T cells.

CA9 DATE Activates T Cells and Induces
Tumor Cell Lysis
The main mechanism of action for the CA9 DATE upon binding
to T cells and tumor cells is T cell activation and subsequent
tumor cell lysis. Upon confirming the antigen specificity of the
CA9 DATE for both T cells and tumor cells, we aimed to assess
the efficacy of the CA9 DATE by further investigating its ability
to activate and re-direct human T-cells against antigen-
expressing tumor cells. For this purpose, T cells were co-
cultured with ccRCC cells in the presence and absence of
DATEs. We evaluated T-cell activation by staining for CD25
and detected elevated expression of CD25 (late activation
marker) in both CD4 and CD8 T cells only in the presence of
B

C

A

FIGURE 2 | CA9 expression elevates in hypoxic condition and is associated with higher level of self-renewal and proliferation. (A) CA9 surface expression was
evaluated after cells were cultured in normoxia or hypoxia (1% O2) for 5 days; and the results indicated a dramatic increase in CA9 expression on both GBM BTIC
lines upon exposure to hypoxia. (B) Significant increase of self-renewal capacity as measured by secondary sphere formation assay and (C) proliferative potential as
measured by PrestoBlue proliferation assay is seen in CA9+ when compared to CA9- cells. (P value: **** <~0.0001, * 0.01, ns: non-significant) (mean±SEM, two-
tailed t-test).
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CA9 DATEs (Figure 3F; left). Moreover, this effect was entirely
dependent on the expression of CA9 by the target cells
(Figure 3F; right), suggesting the DATE was permitting the
formation of an immunological synapse between the T cells and
ccRCC cells leading to T cell activation. Furthermore, T cell
activation was further confirmed by the increase in IFN-g
Frontiers in Immunology | www.frontiersin.org 955
production in the presence of the DATE in a CA9-dependent
manner (Figure 3G). Together, these results demonstrated that
the CA9 DATE has the ability to activate T cells in a strictly
antigen-dependent manner.

We next assessed the efficacy and potency of CA9 DATE-
directed T-cell cytotoxicity. Co-culture of RCC243 cells with T
B C
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A

FIGURE 3 | Generation and assessment of human anti-CA9 Dual specific T cell engagers (DATEs) on Renal Cell Carcinoma (ccRCC). (A) CA9 expression level on
RCC243, RCC243 CA9-KO, Renca and Renca hCA9 cells. (B) Increasing concentrations of CA9 DATE binding to RCC243 vs RCC243 CA9-KO, (C) Renca hCA9
vs Renca WT cells and (E) CD3 expressing Jurkat cells were measured using flow cytometry. Error bars: mean ± SEM. (D) okt3 expression level on Jurkat cells. (F)
Addition of CA9 DATEs (1 nM) to the co-culture of human CD3+ T cells with CA9 expressing target cells (Luciferase-expressing RCC 243 cell lines and the CA9
knockout counterpart [CA9-KO]) for 48 hours at the E:T ratio, 1:5 resulted in a significant elevation of CD25 expression on both CD4+ and eng+ T cells population
confirmed by flow cytometry analysis. (n=4) (P value: **** < 0.0001) (2 way ANOVA) (G) Enzyme-linked immunosorbent assay (ELISA) indicated increased secretion of
Interferon-gamma (IFN-y) by T cells only in the presence ofCA9 DATE and CA9 expression on target cells. (P value:**** < 0.0001) (2 way ANOVA).
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cells in the presence of the CA9 DATE resulted in significant cell
death (Figure 4A). In contrast, no cell death was detected when
RCC243 CA9 KO cells were cultured with T cells in the presence
of the DATE (Figure 4A). We then extended our findings to 3
additional patient-derived models of ccRCC as well as the Renca-
hCA9 model (Figure 4B). Co-culture of these lines with PBMCs
resulted in significant target cell death only when the DATE was
Frontiers in Immunology | www.frontiersin.org 1056
present (Figure 4B). Altogether, these data strongly confirmed
that CA9 DATE can potently activate T cells and redirect them to
tumor cells triggering robust tumor cell death.

CA9 DATE Inhibits ccRCC Tumor Growth
To evaluate the effect of the CA9 DATE on tumor growth in vivo
we evaluated the RCC243 model where CA9 expression is highly,
B

C D

A

FIGURE 4 | Assessing the efficacy of CA9 DATE in therapeutic targeting of CA9 expressing RCC lines and xenografted immunocompromised mice: (A) CA9 DATE
(1 nM) induced potent cytolysis in antigen expressing target cells when cocultured with human CD3+ T cells at an E:T ratio of 5:1 for 48 hours quantified by
luminescence assay. Phase contrast images of the in vitro cytotoxicity assay confirmed potent cytolytic effect of CA9 DATE on CA9 antigen expression. (n=4) (Scale
bar: 1000 µ) (P value: ****< 0.0001, ns, non-significant) (mean SEM, two-tailed t-test). (B) CA9 DATE effectively induced target lysis across a panel of kidney cancer
cell lines when co-cultured with CD3+ T cells at E:T ratio of 10:1 (In vitro cytotoxicity assay setup as described earlier). lactate dehydrogenase (LDH) release assay
on the supernatant indicated a drastic increase in target cell cytotoxicity in the presence of CA9 DATE and CA9 antigen expression. The phase contrast images of
light microscope confirmed the cytolytic effect of CA9 DATE on CA9 expressing RCC lines (n=2). (P value:****< 0.0001) (2 way ANOVA). (C) NSG mice were
subcutaneously implanted with human CA9+ RCC 243 VHL mut cells. Upon successful engraftment and having a palpable tumor, mice were intratumorally treated
with 2x106 T cells isolated from human PBMCs either with CA9 DATE or CA9 DATE control (50µg) for a total of 12 doses over 6 weeks. Mouse xenografts
generated after CA9 DATE treatment had less tumor burden (n=6) (P value: **** < 0.0001) (mean±SEM, two-tailed t-test) and (D) maintained a significant survival
advantage over control mice (n=7) (P value: *** < 0.0004) (Log-rank Mantel-Cox Test).
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homogeneously expressed throughout the tumor. RCC243 VHL
mutant lines sorted for CA9 expression and CA9+ cells were
injected into the flank of immunocompromised NSGmice. Upon
tumor formation, mice were co-injected with DATEs and
isolated T cells from freshly thawed human PBMCs
intratumorally (Schematic Figure S2A). Mice treated with
CA9 DATE and T cells had significantly reduced tumor
growth (Figure 4C) which translated to a significant survival
benefit (Figure 4D) over the control arm. Thus, these data
provide excellent evidence that the CA9 DATE can be
Frontiers in Immunology | www.frontiersin.org 1157
effectively utilized to treat CA9 expressing solid tumors
independent of hypoxia.
CA9 DATE Binds CA9 on GBM BTICs,
Activates T Cells and Induces Target
Cell Death
We next sought to determine the efficacy of the CA9 DATE in
GBM using our patient-derived GBM BTIC lines. We first
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FIGURE 5 | Assessment of anti-CA9 Dual specific T cell engagers (DATEs) dual specificity and its effect on GBM model. (A) Dual specificity of CA9 DATEs on CA9hi
GBM BTIC (BT241), CA9low GBM BTIC (BT667) and (B) human PBMC derived T cells by flow cytometry. (P value: **<0.01, **** <0.0001) (2-way RM AVOVA). (C)
Addition of CA9 DATE (1µg/mL) (13nM) to the co-culture of CA9hi GBM BTICs (BT241, BT935, BT428) and T cells (E:T ratio, 1:1) (overnight incubation) caused T
cells activation as confirmed by increased expression of CD25 and CD69 by flow cytometry analysis (n=2). (P value: *= 0.04, **= 0.006) (2 way ANOVA) (D) CD8+ T
cells were the main subset of activated T cells. (P value: ***< 0.001, **** < 0.0001) (2 way ANOVA) (E) Enzyme-linked immunosorbent assay (ELISA) shows elevated
secretion of IFN-g and TNF-a cytokines in supernatant collected from co-cultures ofT cells and GBM BTICs treated with CA9 DATEs. (n=2) (P value: **** < 0.0001).
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FIGURE 6 | Therapeutic targeting of CA9hi GBM BTICs using CA9 DATEs at in vitro level and in patient derived xenograft model of GBM. (A) Dose response study
performed on BT 241, CA9hi GBM BTIC, identified 1 nM as the optimal dose for GBM cytotoxicity assay. (B) DATEs significantly induced cytotoxicity of CA9hi GBM BTICs
(BT241, BT935, BT428) but not CA9- cells (HEK) when co-cultured with T cells and DATEs (1n M) for 16 hours at different E:T ratios. (n=3) (P value:*< 0.05, **** < 0.0001) (2
way ANOVA). (C) Micrographs of GBM BTICs and T-cell co-culture with and without DATEs. CA9hi GBM BTIC lines (BT 935 and BT 428) were incubated with either T cells
(E:T ratio, 1 :2) or CA9 DATE alone or with both. GBM BTIC lysis were observed only in the presence of both T cells and CA9 DATEs (Scale bar: 400 m). (D) NSG mice were
intracranially implanted with human CA9hi GBM BTICs (BT935 and BT241). Upon successful engraftment, mice were intracranially treated with 1x106 T cells isolated from
human PBMCs either with CA9 DATE or CA9 DATE control (50µg = 667nM) for a total of four doses over two weeks. Mouse xenografts generated after CA9 DATE treatment
had less tumor burden (n=6) (P value: * < 0.03, **** < 0.0001) (mean±SEM, two-tailed t-test) and maintained a significant survival advantage over control mice in BT935
engrafted mice (P value: * < 0.03) (Log-rank Mantel-Cox Test); however, DATE treatment on BT241 engrafted mice only showed increased pattern of survival (n=6).
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performed binding assays on CA9hi (BT241) and CA9lo (BT667)
GBM lines (Figure 5A) to determine the DATE binding capacity
in these GBM cells. Similar to our ccRCC observations
(Figure 3B), we observed a dose-dependent increase in DATE
binding to BT241 cells that was not detected in the BT667 line
(Figure 5A) confirming the antigen specificity of the DATE. We
next confirmed the ability of the DATE to bind T cells derived
from human PBMC (Figure 5B). The DATE bound T cells in a
dose-dependent, saturable manner.

We next assessed whether the co-culture of T cells and GBM
cells in the presence of the DATE would also lead to activation of
the T cells. We stained T cells for CD25 and CD69 after an
overnight co-culture with BT935, BT241 and BT428 with or
without the CA9 DATE (Figure 5C). T cell activation was
observed in all 3 co-cultures in a DATE-dependent manner.
Moreover, this activation was greatest for CD8 T cells
(Figure 5D). Furthermore, T-cell activation was also associated
with the elevated secretion of pro-inflammatory cytokines TNFa
and IFNg in a DATE-dependent manner (Figure 5E).

We next sought to determine whether the enhanced T cell
activation following exposure to the CA9 DATE in the presence of
CA9 would lead to GBM lysis. To determine the concentration at
which the CA9 DATE has optimal cytotoxicity on GBM BTICs, we
titrated the DATE from 0 nM to 200 nM in co-cultures of GBM
BTICs and T cells (Figure 6A). Remarkably, even the lowest
concentration of CA9 DATE (50 pM) invoked a potent cytolytic
effect on GBM BTICs (Figure 6A). Ultimately, 1 nM was chosen as
the best concentration for performing cytotoxicity assays. We then
evaluated cytotoxicity across multiple E:T ratios at a constant DATE
concentration and identified significant cell death was induced as
low as at a E:T ratio of 0.25:1 (Figure 6B). Furthermore, this was
only observed in the presence of DATE and CA9. In addition,
microscopic examination confirmed that co-incubation of T cells
(suspension) and GBM BTICs (adherent) in the presence of CA9
DATEs leads to GBM BTIC lysis. In contrast to wells without
DATEs, the co-cultures with CA9 DATEs showed detachment of
target GBM cells that formed rosettes, indicating clumps of dying
cells (Figure 6C).

CA9 DATE Reduces GBM Tumor Growth
and Extends Survival
We next assessed the efficacy of the CA9 DATE in vivo using two
separate early passage patient-derived GBM cell lines enriched for
BTIC populations (BT935 and BT241). BT935 cells were injected
intracranially into immunocompromised NSG mice. Following
engraftment, CA9 DATEs and isolated T cells from freshly
thawed human PBMCs were co-injected intracranially (Figure
S2B). Treatment with the CA9 DATE and T cells significantly
reduced tumor growth upon completion of the treatment regimen,
whereas tumor growth was unaffected in mice receiving the control
DATE and T cells (Figure 6D). Furthermore, the CA9DATE-T cell
regimen led to an extension in mouse survival (Figure 6D). We
then tested the efficacy of the DATE in a second orthotopic patient-
derived GBMmodel. Following engraftment of BT241 tumors mice
were treated with the CA9 DATE and T cell regimen (Figure S2C).
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Again, the CA9 DATE and T cell regimen led to a significant
reduction in BT241 tumor growth upon completion of the
treatment regimen. However, this failed to provide a survival
benefit in this model (Figure 6D). In summary, we have
developed a highly specific CA9 targeting DATE that potently
activates T cells and effectively controls growth of CA9-positive
solid tumors.
DISCUSSION

In the present study we developed a novel immunotherapeutic
approach to target CA9 utilizing a CA9-specific DATE. The CA9
DATE was able to bind CA9 and redirect T cells to ccRCC and
GBM cells in a CA9-dependent manner. Furthermore, the DATE
possessed potent antitumor activity in multiple patient-derived solid
tumor models of GBM and ccRCC containing both robust
constitutive CA9 expression in response to VHL loss as well as in
models with microenvironmentally-driven CA9 upregulation.
While survival benefit from our studies was substantive in the
ccRCC models, this was not the case in our GBM models. This is
perhaps a reflection of the higher antigen levels present throughout
the tumor at the initiation of dosing in the ccRCCmodels versus the
GBM models together with the half-life of the administered DATE
and the number of times it can be administered. It thus requires
development of an optimized dosing regimen. Consequently, it is
difficult to extrapolate these findings to the patient condition given
that the dose and dosing regimen are likely to be entirely different in
humans and patients will have undergone or will be undergoing
standard of care treatment concurrently compared to our single
agent experiments. Standard of care in GBM has left the dismal
patient outcome associated with this disease unchanged over the last
two decades (5). The tremendous degree of heterogeneity within
GBM tumors combined with the influence of the tumor
microenvironment has contributed significantly to this (64).
GBMs are quite hypoxic (22, 65, 66) and BTICs are enriched in
areas of hypoxia (22, 61, 62). Here we provide evidence that CA9
expression is important for BTIC self renewal and proliferation,
suggesting that our CA9 DATE has the potential to eliminate BTIC
cells within GBMs. These data align with previous findings
demonstrating that combining a small molecule targeting CA9
activity with temozolomide reduces the GBM BTIC population
(38). Since BTICs are a significant contributing factor to treatment
resistance and disease recurrence (18, 19), our CA9 targeting DATE
may be used to overcome treatment resistance and help prevent the
recurrence of GBMs.

The development of novel immunotherapeutic strategies to
engage the immune system to treat GBMs have provided renewed
hope for improving patient outcomes (67, 68). GBMs are typically
classified as an immunologically cold tumor (69) and contain T cells
at low abundance (70, 71). Overcoming this with strategies that can
direct the T cells to critical tumor associated antigens has led to the
development of bifunctional T cell engagers which are currently
being evaluated clinically in GBM (68). Here we propose that CA9 is
an important tumor associated antigen that may be exploited using
July 2022 | Volume 13 | Article 905768
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this strategy. Our data demonstrates long term efficacy of the DATE
in tumors with CA9 expressed homogeneously throughout the
tumor at a high level, yet short term efficacy in models where the
proportion of CA9 positivity is lower. These findings demonstrate
that the DATE is very effective at eliminating antigen positive cells
and that recurrence is perhaps a reflection of both regrowth driven
by antigen negative cells (68) and the short half-life of the DATE
(72). This suggests that the CA9-DATE treatment strategy can
benefit from combinatorial tumor targeting strategies such as CAR
T therapies or oncolytic viruses, including those that are engineered
to secrete bifunctional T cell engagers (73–75), targeting additional
GBM tumor associated antigens along with CA9. Moreover, CA9
inhibition has been shown to enhance the efficacy of immune
checkpoint inhibitors (ICIs) in hypoxic solid tumors (46). While
this approach has yet to provide substantial benefit in GBM,
combining the ICIs with the DATE and injected T cells may be
worth further exploration in this setting where some of the
immunosuppressive features of the GBM have been overcome by
targeting CA9.

CA9 expression while highly upregulated in solid tumors, is also
present minimally in normal tissues (36, 37) which may pose on-
target, off-tumor toxicity challenges. This is precisely why CAR-T
strategies targeting CA9 have failed (76). However, on-target-off-
tumor toxicity appears to be less of a concern in antibody mediated
therapy as monoclonal antibody targeting of CA9 has been used for
imaging (77) and radio-immunotherapy (78, 79) without significant
GI toxicity issues. Thus, persistence of CA9 targeting may be the
culprit responsible for the biliary toxicity associated with CA9 CAR-
T therapies, but not antibody mediated therapies. The fact that this
strategy requires both the target antigen to be expressed (CA9) and
the T cells to be in the same location likely adds safety to the
approach and potentially mitigates the concerns about on-target-
off-tumor toxicity. Furthermore, local delivery of the DATE will
further aid in eliminating systemic on-target-off-tumor toxicity.
Nevertheless, this is a concern that will be evaluated, along with
delivery strategies, as this therapeutic approach progresses through
preclinical and clinical testing.

In summary, our data strongly supports the utility of CA9
DATEs against GBM and ccRCC tumors highly expressing CA9.
This antibody-based targeted therapy may expand our arsenal of
effective therapeutic approaches targeting CA9 in solid tumors
and warrants further exploration.
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As nano-sized materials prepared by isolating, disrupting and extruding cell membranes,
cellular vesicles are emerging as a novel vehicle for immunotherapeutic drugs to activate
antitumor immunity. Cell membrane-derived vesicles inherit the surface characteristics
and functional properties of parental cells, thus having superior biocompatibility, low
immunogenicity and long circulation. Moreover, the potent antitumor effect of cellular
vesicles can be achieved through surface modification, genetic engineering, hybridization,
drug encapsulation, and exogenous stimulation. The capacity of cellular vesicles to
combine drugs of different compositions and functions in physical space provides a
promising vehicle for combinational immunotherapy of cancer. In this review, the latest
advances in cellular vesicles as vehicles for combinational cancer immunotherapy are
systematically summarized with focuses on manufacturing processes, cell sources,
therapeutic strategies and applications, providing an insight into the potential and
existing challenges of using cellular vesicles for cancer immunotherapy.

Keywords: cellular vesicle, drug delivery vehicle, cancer immunotherapy, combination therapy, membrane
hybridization, drug encapsulation
INTRODUCTION

Immunotherapy brings great hope to cancer patients, but it also faces challenges such as low
response rate, difficulty in eradication, and susceptibility to relapse. Combination therapy offers
promising solutions to address these issues (1). The appropriate delivery system physically
combines multiple drugs, providing an integrated solution to achieve tumor targeting, killing,
and activation of immune systems simultaneously. The main problem with conventional drug
delivery systems such as liposomes, polymer micelles, dendrimers and nanogels is their vulnerability
to clearance by the reticuloendothelial system and other circulating immune cells, resulting in severe
liver toxicity and inadequate enrichment in target sites (2). With this in mind, researchers focus on
the study of biomimetic drug vehicles (3, 4). Cellular vesicle is an important area of interest within
the field of biomimetic drug delivery vehicles. It mainly refers to plasma membrane structures
extracted from parental cells under external intervention and prepared into nano-sized vesicles for
drug delivery (5).

In this review, we seek to track the recent advances in the application of cell membrane vesicles as
drug vehicles for cancer immunotherapy. We introduce the manufacturing workflow of cellular
vesicles and summarize their characteristics from various parental origins. Then, the currently
org July 2022 | Volume 13 | Article 923598164
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reported strategies of utilizing cellular vesicles to combat tumors
are comprehensively reviewed. And finally, the comparion with
other nanovehicles and challenges of cellular vesicles in cancer
immunotherapy are discussed in depth with the aim of
accelerating the clinical applications of this novel platform for
cancer immunotherapy.
MANUFACTURING OF CELLULAR
VESICLES FOR CANCER
IMMUNOTHERAPY

Isolation
The typical process of isolating cellular vesicles consists of several
steps (Figure 1A). Firstly, the parental cells are harvested and
resuspended in a hypotonic buffer, rendering the cytoplasm
swollen and susceptible to fragmentation by external forces
(6, 7). Then, if the cytoplasmic components are to be removed,
Frontiers in Immunology | www.frontiersin.org 265
cells usually need to undergo approximately five freeze-thawing
cycles and dounce homogenization to release intracellular
proteins (6, 7). Next, cell membranes are separated from other
cellular components by continuous high-speed or density
gradient centrifugation. For example, the cells were subjected
to centrifugation at 1000 g, 10000 g, and 100000 g to remove the
nuclei, organelles, and other impurities, respectively (6). For
density gradient centrifugation, cell membranes were prepared
by centrifugation through discontinuous 30-40-55% sucrose (w/
v) density gradient. At the interface of the different sucrose
solutions, three lipid rings could be clearly detected, where the
fraction between 30% and 40% sucrose retained the most plasma
membrane proteins and was then collected and prepared for
vesicles (7–9). Finally, they are sonicated for several minutes and
repeatedly extruded through about three layers of polycarbonate
membranes with stepwise decreasing pore size to obtain cellular
vesicles (6, 10). Besides, to obtain vesicles that retain cytoplastic
proteins and RNAs, cellular vesicles can be purified by OptiPrep
density gradient centrifugation. Briefly, the cells underwent serial
A

B

D

E

F

C

FIGURE 1 | The manufacturing process, modification methods, and application strategies of cellular vesicles in combinational immunotherapy of cancer. (A) The
process of isolating cell membrane-derived vesicles from parental cells. (B) Methods for modifying substances such as polyethylene glycol, tumor targeting peptide
and nucleic acid aptamer on the surface of cellular vesicles. (C) Cellular vesicles inherit antitumor proteins that the parental cells overexpress through gene editing.
(D) Cellular vesicles are hybridized with different materials such as cell membranes from other sources, bacterial membranes and liposomes to obtain multiple
components and functions for cancer immunotherapy. (E) Free drugs, drug-loaded nanoparticles or oncolytic viruses are encapsulated in cellular vesicles for delivery
to the tumor lesions to activate antitumor immunity. (F) In response to exogenous stimulation, immune cells produce a variety of tumor growth inhibitors including
surface markers, intracellular proteins, mRNA for pro-inflammatory cytokines, and certain miRNAs, which can be retained in cellular vesicles.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Xu et al. Cellular Vesicles in Cancer Immunotherapy
extrusion of the polycarbonate membranes, followed by
centrifugation at 100000 g through 10% and 50% OptiPrep
medium, and vesicles were harvested at the junction of the two
layers (11–14). Aside from the above typical procedures, cellular
vesicles can be induced by cytochalasin B or obtained by nitrogen
cavitation (15–17).

Surface Modification
Surface modification of cellular vesicles is a vital strategy to
improve their stability and tumor targeting ability. The
modification methods include lipid insertion and amino
conjugation. In terms of modification contents, they mainly
include peptides, nucleic acid aptamers, and polyethylene
glycol (PEG) (Figure 1B).

Attachment of tumor-targeting peptides is one of the most
commonly used modification. One approach is to resort to lipid
insertion and biotin-avidin interaction (18). Another approach is
conjugation via N-hydroxysuccinimide (NHS) group. NHS
esters are capable of covalent coupling with primary amines on
proteins. Therefore, NHS-PEG-folic acid could be linked with
amino groups of vesicle proteins for targeting tumors highly
expressing folate receptors (19, 20). The modification of nucleic
acid aptamers can also be performed by amino coupling to
achieve specific targeting of tumors with high expressions of
nucleolin (15). PEGylation is able to increase the dispersion
stability and prolong the circulation time (21–23).
POTENTIAL OF CELLULAR VESICLES
FROM DIVERSE PARENTAL CELLS IN
CANCER IMMUNOTHERAPY

Tumor Cells
Tumor cell membrane-derived vesicles have some unique
properties in cancer therapy including persistent existence,
homotypic targeting, and antigen stimulation. Tumor cells can
evade clearance by macrophages through expressing innate
immune checkpoint CD47 to convey a negative signal of
phagocytosis (24). This property was well preserved on its
cellular vesicles and enabled a prolonged circulation in vivo.
However, other immunosuppressive molecules expressed on
tumor cells such as PD-L1, Galectin-9 and Siglec-15 may also
be retained on cellular vesicles and inhibit the function of tumor-
infiltrating lymphocytes (25–27).

Another important rationale for employing cancer cell
vesicles as antitumor drug vehicles is homotypic targeting,
which is probably through surface adhesion molecules such as
N-cadherin and galectin-3 (28, 29). In a tumor self-targeting
study, researchers prepared four kinds of cell membrane-
encapsulated magnetic nanoparticles derived from different
tumor cell lines. In the in vivo competition of tumor
“homing”, vesicles derived from heterologous tumor cells were
notably weaker than that from homologous cells (28). This
finding was also verified in patient-derived xenograft (PDX)
models. The fluorescence intensity of tumor cell membrane-
encapsulated nanoparticles at the tumor site was 3 and 10 times
Frontiers in Immunology | www.frontiersin.org 366
higher than that of erythrocyte membrane-coated nanoparticles
and bare nanoparticles, respectively. For tumor cell vesicles
derived from various patients, 2.5 to 10-fold higher tumor-
targeting capacity was observed when the source of the donor
membrane was consistent with the host compared to
inconsistent cases (30).

Carrying tumor antigens is also a non-negligible advantage of
tumor cell-derived cellular vesicles. Tumor cell vesicles inherit
tumor-associated antigens and tumor-specific antigens and can
therefore be equipped with immunological adjuvant for the
preparation of cancer vaccine (21, 31–33).

Immune Cells
The advantages of selecting immune cells as the source of cellular
vesicles for antitumor drug vehicles are ease of genetic
modification, natural cargo of antitumor components, and the
ability to evade immune surveillance, target tumor cells and
present tumor antigens.

Abnormal nuclear structure in erythrocytes and platelets as
well as excessively active DNA replication and mutation in
tumor cells pose additional impediments to gene editing. As
for the immune cells, genetic engineering technologies have been
widely used in manufacturing immune cells with chimeric
antigen receptors (CARs) (34–37). Coating IR780-loaded
mesoporous silica nanoparticles with GPC3-specific CAR-T
cell membranes enhanced tumor-targeting capability, with
tumors weighing less than half the weight of normal T cell
membrane-coated nanoparticle treatment group (38).

Another noteworthy point is that vesicles extruded from
immune cells carry naturally expressed pro-inflammatory and
antitumor substances (13). Programmed cell death-1 (PD-1) and
transforming growth factor-beta receptor (TGF-bR) expressed
on T cells are considered to inhibit the antitumor effects of CD8+

T cells, however their retention on T-cell vesicles in turn
neutralizes PD-L1 and TGF-b in the tumor microenvironment
(TME). Meanwhile, antitumor substances expressed by T cells
such as granzyme B and FasL can still induce apoptosis of tumor
cells through their vesicles (13, 39). Studies on macrophages
showed that cellular vesicles derived from M1-type macrophages
contained high levels of IL-6 and tumor necrosis factor-alpha
(TNF-a), which presented pro-inflammatory and tumoricidal
effects in vivo (11, 14). Intravenous injection of M1 macrophage-
derived vesicles alone was demonstrated to promote tumor-
associated macrophage polarization toward M1 type and
improve CD8+ T cell infiltration in TME (14).

In addition, vesicles originating from certain immune cells
can evade clearance, target tumor sites, recognize cancer cells and
present tumor antigens. The use of monocyte- and macrophage-
derived vesicles as nanovehicles emphasizes on their ability to
evade clearance by the mononuclear phagocyte system and the
expression of a4b1 that interacts with the vascular cell adhesion
molecule-1 (VCAM-1) of metastatic tumors (8, 40, 41). It was
reported that macrophage J774 membrane-encapsulated
nanoparticles exhibited delayed liver accumulation, with
integrity maintained for up to 40 min, which is 2-fold longer
than that of naked nanoparticles. Also, 25% of adherent particles
coated with macrophage membrane were not phagocytized by
July 2022 | Volume 13 | Article 923598
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Kupffer cells, significantly higher than uncoated nanoparticles
(~ 9%). Drug delivery with macrophage vesicles increased the
particle density at the tumor sites by approximately twofold (8).
Besides, T-cell vesicles were shown to carry high levels of
lymphocyte function-associated antigen-1 (LFA-1), which
mediates the targeting of tumor sites via binding to
intercellular adhesion molecule-1 (ICAM-1) highly expressed
on tumor cells and inflamed endothelium (8, 39). Natural killer
(NK) cell vesicles also have some degree of tumor homing ability
due to aberrant expression of ligands for NK cell receptors (e.g.,
NKG2-D) in tumors (9). Neutrophil-derived vesicles have been
shown to target tumor cells and inflammatory endothelium
through three pairs of interactions including LFA-1/ICAM-1,
b1 integrin/VCAM-1, and CD44/L-selectin (42). And DC
vesicles could present tumor antigens to activate T cells (43, 44).

Erythrocytes and Platelets
The abundance in quantity and simplicity in composition have
led to the extensive use of erythrocyte membranes as drug
vehicles (45). Similar to tumor cells, erythrocytes also highly
express CD47 to protect themselves from the attack of
macrophages, thus prolong the circulation time (46–48).

Platelets play a significant role in tumor metastasis (49). In
analogy to erythrocytes, platelets regulate self-homeostasis in the
circulation by expressing phagocytic negative signal CD47 (50).
Besides, it is worth noting that platelet-derived vesicles contain
P-selectin protein. CD44 is highly expressed and acts as the
primary P-selectin ligand on certain types of carcinoma cells.
Therefore platelet-derived vesicles probably have some degree of
tumor-targeting ability (51–53). However, it was also reported
that platelet-derived vesicles rapidly bound to blood monocytes
due to P-selectin-mediated adhesion, which would reduce their
stability and half-life (54).

Other Types of Cells
In addition to the cells aforementioned, cellular vesicles obtained
from fibroblasts and bacterial membrane for cancer treatment
have also been reported. Fibroblast membrane-derived vesicles
are superior in penetration into the TME, and bacterial
membranes contribute to activation of the innate immune
system (55–57).
STRATEGIES AND APPLICATIONS OF
CELLULAR VESICLES IN
COMBINATIONAL IMMUNOTHERAPY
OF CANCER

Genetic Engineering of Cellular Vesicles
Gene editing allows cells to express proteins targeting tumor
lesions or substances regulating immunity of TME, and the
functionality can be perpetuated to their extruded vesicles
(Figure 1C). For example, lentivirus carrying sequence of
signal regulatory protein alpha (SIRPa), a ligand of CD47, and
plasmid inserted with PD-1 sequence were transfected into
different tumor cells. After being prepared into cellular vesicles
Frontiers in Immunology | www.frontiersin.org 467
separately, they were fabricated into fusion vesicles. The fusion
vesicles were demonstrated to possess high levels of both SIRPa
and PD-1 on the surface and have the ability to block innate and
adaptive immune checkpoints simultaneously (10). To achieve
targeted killing of tumor cells, CAR-T cells were extruded into
cellular vesicles for hepatocellular carcinoma treatment (38).
Besides, cellular vesicles were also engineered to overexpress
antigens to stimulate T cell activation (58).

Hybridization of Cellular Vesicles From
Different Type of Cells or With
Other Materials
Hybridized cellular vesicles inherit function characteristics of
both parental materials (Figure 1D). Fused or hybridized cellular
vesicles can be produced by breaking up, mixing and then co-
extruding through polycarbonate porous membranes. A large
number of works have investigated the fusion of two or even
more types of cell membrane vesicles to achieve multi-
functionality (10, 14, 29, 59).

Bacteria are one of the most common immune stimulants,
and Escherichia coli (E. coli) membrane vesicles have been
successfully employed to transport tumor antigens and act as
vaccines in the absence of adjuvants (60, 61). Researchers
constructed fusion vesicles by hybridizing E. coli outer
membrane vesicles and tumor cell vesicles in order to
simultaneously augment innate and adaptive immunity for
personalized tumor immunotherapy. The fusion vesicles could
be effectively enriched in lymph nodes and inhibited the growth
and lung metastasis of colorectal and breast tumors (57). In
another similar study, tumor cell membrane and E. coli
cytomembrane were co-extruded with nanoparticles to obtain
hybrid vaccine. In 4T1 tumor model, the tumor-suppressive
effect of fusion vesicles was significantly better than the simple
combinational dosing of tumor vesicle-nanoparticles and E. coli
vesicle-nanoparticles, with 60-day survival rates improved from
0 to 93% and 25%, respectively (62).

In addition, the advantages of liposomes can also be conferred
to cellular vesicles by hybridization (9, 41). For instance,
decoration of emtansine-carrying liposomes with macrophage
membranes displayed a significant suppressing effect on lung
metastasis of breast cancer (41).

Entrapping Drugs in the Hollow Cores of
Cellular Vesicles
The hollow-core structure of cellular vesicles provides space for
loading antitumor drugs and entrapping nanoparticles
(Figure 1E). Encapsulation of free therapeutic agents can be
achieved by co-incubation or remote loading (12, 63). And
simple mixing of cellular vesicles and nanoparticles followed
by co-extrusion is sufficient to prepare the desired cell
membrane-coated nanoparticles (64). However, the surface
charge interaction needs to be taken into account before
wrapping the nanoparticles (65, 66). Studies of cellular vesicles
loading chemotherapeutic drugs such as docetaxel, doxorubicin,
camptothecin and oxaliplatin have been extensively reported (9,
18, 43, 48). These drugs can induce immunogenic cell death, and
the combination with cellular vesicles confers an enhanced
July 2022 | Volume 13 | Article 923598
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immune response. One of the interesting attempts was the
combination of mature DC vesicles with oxaliplatin-loaded
nanoparticles. Chemotherapy led to immunogenic cell death,
and the camouflaged mature dendrosomes initiated T cell
responses by presenting tumor antigens, thus amplifying
antitumor immune responses (43). Cellular vesicles were also
widely applied in cancer photothermal therapy, such as
membrane-camouflaged indocyanine green nanoparticles,
black phosphorus quantum dot and melanin nanoparticles (20,
38, 67–69). Oncolytic viruses can also be enveloped in cellular
vesicles aiming to evade antiviral neutralizing antibodies and
enhance tumor-targeting ability (70).

Stimulating Production of Natural
Antitumor Substances Before
Vesicle Extraction
Stimulating immune cells to express endogenous antitumor
substances and then extruding for vesicles is also an important
strategy (Figure 1F). Vesicles isolated from activated or
polarized immune cells were able to retain not only the
membrane protein properties of the parental cells but also
their intracellular proteins, mRNA and miRNA under
appropriate preparation (11, 13, 14). It was reported that M1-
type macrophages-derived nanovesicles contained high levels of
mRNA of multiple pro-inflammatory cytokines and they could
promote macrophage polarization toward M1 and infiltration of
CD8+ T cells into tumors (11, 14).
COMPARISON OF CELLULAR VESICLES
WITH OTHER NANOVEHICLES

The advantages of non-biomimetic nanovehicles (e.g., liposomes,
polymer micelles, dendrimer, nanogels, mesoporous silica,
metallic nanoparticles) include high yield, diverse chemical
modifications and precise regulation of physicochemical
properties. For example, pH-sensitive dendrimers, temperature-
Frontiers in Immunology | www.frontiersin.org 568
responsive nanogels and magnetic nanoparticles enable specific
drug release, size switching, sol-gel transition, and magnetic
hyperthermia at tumor sites (71–74). In comparison with that,
cellular vesicles preserved membrane characteristics and functions
of parental cells, thus exhibiting better biocompatibility, low
immunogenicity, negligible toxicity, long circulation, and natural
targeting ability (75).

Exosome is also emerging as an important drug delivery
platform for cancer immunotherapy. Compared to cell
membrane vesicles, the difference between exosomal surface
proteins and cytoplasmic membranes offer unique possibilities
for exosome as drug vehicles. For instance, co-expression of
peptides with proteins highly expressed on exosome surface
(e.g., tetraspanin CD9/CD63/CD81, LAMP-2B and lactadherin)
by genetic engineering allows for their enrichment on exosomes
(76–81). Anchoring drugs to the exosomal marker via a medium
such as CP05 peptide-mediated CD63 linkage simplifies drug
loading approaches (82). However, for cancer therapy, exosomes
are mostly administered at doses of 100-600 mg exosomal proteins
per mouse, which implies consumption of approximately 1 L cell
supernatant, severely hindering the application of exosomes as
drug vehicles (83, 84). Cell membrane vesicles and exosomes share
most of the characteristics of biomimetic nanovehicles, yet the
former has superiority in terms of yield, production stability, and
size homogeneity (11, 12). Cell membrane vesicles are
administered at doses similar to exosomes, but with yields up to
30-300 mg vesicle proteins/107 cells (12, 17, 41).
FUTURE PERSPECTIVES

Through genetic modifications, membrane hybridization, drug
encapsulation and exogenous stimulation, cellular vesicles were
engineered to provide ideal vehicles for cancer immunotherapy
drugs, including not only surface proteins but also internal
nanoparticles, proteins, nucleic acids, and small-molecule
drugs (Table 1).
TABLE 1 | Applications of cellular vesicles in cancer immunotherapy.

Strategies Intervention Parental cell Mechanisms Tumor models References

Genetic
engineering

CAR-T cell
vesicle-coated
nanoparticle

T cell GPC3-specific CAR-T membrane vesicles were used to wrap IR780-
loaded mesoporous silica nanoparticles for tumor targeting and
photothermal therapy.

Xenograft model of
human liver cancer.

(38)

SIRPa and PD-
1

Tumor cell Tumor cells were programmed to overexpress SIRPa and PD-1 and
then extracted for cellular vesicles to simultaneously block innate and
adaptive immune checkpoints in vivo.

Breast cancer and
melanoma models.
Recurrence and
metastasis model of
breast cancer.

(10)

Membrane
hybridizaiton

Various cell
membranes

Two types of
tumor cells;
Macrophage,
platelet and
tumor cell

Hybridization of two or more types of cellular vesicles from tumor cells,
erythrocytes, platelets and immune cells to achieve the multiple functions
of escaping clearance, targeting tumor leison and activating antitumor
immunity.

Primary, recurrence and
metastasis tumor model
of breast cancer and
melanoma.

(10, 14)

Tumor cell and
bacterium

Breast and colon
cancer models.

(56, 62)

(Continued)
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Cellular vesicles hold great therapeutic promise as drug
vehicles for combinational cancer immunotherapy, but
translating these concepts into practical treatment approaches
has proven challenging. Firstly, a key consideration of choosing
cellular vesicles as a biomimetic cancer immunotherapy drug
carrier is the low immunogenicity, but this also puts forward a
requirement that donor cells have to be highly compatible with
the recipient to avoid host rejection response. In the meantime,
cellular vesicles homing to tumor lesions rely on homotypic
recognition and targeting of tumor cells (28). The requirement
for autologous cells, especially autologous tumor cells, limits
their transformation to clinical applications. Currently, there are
only two clinical trials using tumor cell membrane-derived
vesicles for the treatment of malignant pleural effusion
(NCT01854866 and NCT02657460) (85). Secondly, the
hydrodynamic diameter of proteins is usually around 10 nm,
while the diameter of the prepared cellular vesicles is
approximately 100 to 200 nm. Therefore, the protein density
and topology may need to be considered when overexpressing
proteins of interest on the vesicle surface to preserve their
biological activity as much as possible. Thirdly, when
Frontiers in Immunology | www.frontiersin.org 669
preparing multifunctional cellular vesicles by hybridization, it
was noted that the ratio of two different membranes would affect
the function of hybridized vesicles (69). In the case of mixed
erythrocyte and tumor cell membrane-derived vesicles, an
increase in the proportion of erythrocyte membranes displayed
prolonged circulation, while an increase in the proportion of
tumor cell membranes improved homotypic targeting ability
(69). However, this was difficult to control as precisely as mixed
liposome preparation and relied on empirical studies on most
occasions. Besides, cellular vesicles are prone to spontaneous
aggregation in external solutions. The extracted cell membranes
can be stored at ultra-low temperature for a long time but not for
extruded cellular vesicles. And there are many other problems to
be solved in terms of manufacturing, storage, stability
and efficiency.

In conclusion, cellular vesicles inherit the cell membrane and
part of cytoplasmic components and functions of parental cells.
They can serve as ideal drug vehicles for cancer combinational
immunotherapy. Future research is particularly needed in the
areas of engineering strategies, long-term stability and in
vivo fate.
TABLE 1 | Continued

Strategies Intervention Parental cell Mechanisms Tumor models References

Cell membrane
and bacterial
membrane

Tumor cell vesicles were fused with E. coli membrane vesicles to
stimulate dendritic cell maturation and T cell activation for personalized
cancer vaccines and immunotherapy.

Lung metastasis model
of breast cancer.

Cell membrane
and drug-
loaded
liposome

Macrophage;
Natural killer cell

Liposomes carrying antitumor drugs (emtansine or doxorubicin) were
hybridized with macrophage or NK cell vesicles for targeted cancer
therapy through interactions of a4b1/VCAM-1 and NKG2-D and its
ligands, respectively.

Lung metastasis model
of breast cancer.
Xenograft tumor model
of human cancer cells.

(9, 41)

Drug
encapsulation

DC vesicles,
oxaliplatin-
loaded
nanoparticles
and aPD-L1

Dendritic cell Oxaliplatin encapsulated in cellular vesicles resulted in immunogenic cell
death, followed by DC vesicle presentation of tumor antigens to initiate
T-cell responses. They also displayed synergistic antitumor effect when
combined with anti-PD-L1 therapy.

Mouse model of colon
cancer.

(43)

Erythrocyte
vesicles and
oncolytic virus

Erythrocyte Oncolytic viruses were encapsulated into bioengineered cell vesicles to
evade antiviral neutralizing antibodies, reduce systemic toxicity and
enhance targeting delivery.

Human liver cancer
xenograft tumor model.

(70)

T cell vesicle-
coated
nanoparticle

T cell T cell vesicles retained LFA-1, PD-1, TGF-bR and FasL. They actively
targeted tumor tissues through LFA-1/ICAM-1 interaction, rescued
antitumor effects of CD8+ T cells by blocking PD-1 and TGF-b, and
directly induced apoptosis of tumor cells via Fas/FasL axis.

Subcutaneous tumor
models of melanoma
and lung cancer.
Lung metastasis model
of melanoma.

(39)

Neutrophil
vesicle-coated
drug-loaded
nanoparticle

Neutrophil Carfilzomib-loaded nanoparticles were encapsulated in neutrophil-
derived vesicles. Neutrophil vesicles targeted circulating tumor cells and
premetastatic lesion through three pairs of interactions including LFA-1/
ICAM-1, b1 integrin/VCAM-1, and CD44/L-selectin.

Lung metastasis and
premetastatic mouse
model of breast cancer.

(42)

Monocyte
vesicle-coated
drug-loaded
nanoparticle

Monocyte Doxorubicin-loaded PLGA nanoparticles were coated with monocyte-
derived vesicles to achieve tumor targeting through the interaction of
a4b1 integrin with VCAM-1.

Human breast cancer
xenograft model.

(40)

Exogenous
stimulation

Granzyme B,
PD-1 and TGF-
b receptor

T cell Cellular vesicles derived from activated T cells contained abundant
granzyme B, PD-1 and TGF-b receptors and could exert tumoricidal
effect as well as prevent T cell exhaustion.

Mouse model of lung
cancer.

(13)

mRNAs of pro-
inflammatory
cytokines and
aPD-L1

Macrophage Vesicles extruded from M1 macrophages carried high levels of mRNA of
pro-inflammatory cytokines such as IL-6 and TNF-a. They could
promote the polarization of macrophages toward M1 type and enhance
antitumor efficacy of anti-PD-L1 therapy.

Mouse model of colon
cancer.
Recurrence and
metastasis model of
breast cancer and
melanoma.

(11, 14)
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Immune escape and metabolic reprogramming are becoming important characteristics of
tumor biology, which play critical roles in tumor initiation and progression. However, the
integrative analysis of immune and metabolic characteristics for the tumor
microenvironment in hepatocellular carcinoma (HCC) remains unclear. Herein, by
univariate and least absolute shrinkage and selection operator (LASSO) Cox regression
analyses, a prognostic signature associated with tumor microenvironment was
established based on five immune- and metabolism-related genes (IMRGs), which was
fully verified and evaluated in both internal and external cohorts. The C-index was superior
to previously published HCC signatures, indicating the robustness and reliability of IMRGs
prognostic signature. A nomogram was built based on IMRGs prognostic signature and
various clinical parameters, such as age and T stage. The AUCs of nomogram at 1-, 3-,
and 5-year (AUC = 0.829, 0.749, 0.749) were slightly better than that of IMRGs signature
(AUC = 0.809, 0.734, 0.711). The relationship of risk score (RS) with immune checkpoint
expressions, immunophenoscore (IPS), as well as microsatellite instability (MSI) together
accurately predicted the treatment efficacy. Collectively, the IMRGs signature might have
the potential to better predict prognostic risk, evaluate immunotherapy efficacy, and help
personalize immunotherapy for HCC patients.

Keywords: immune, metabolism, prognosis, hepatocellular carcinoma, TME
INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most frequent malignant tumors globally with a high
morbidity and mortality rate (1), and the 5-year survival rate remains at just 14.1% (2). Currently, rapid
progress has been made in immune checkpoint blockade strategies (3–6) (e.g., anti-PD-1, anti-PD-L1/PD-
L2, and anti-CTLA-4). Nevertheless, only a small proportion of HCC patients respond positively to and
Abbreviations: HCC, hepatocellular carcinoma; TME, tumor microenvironment; MSI, microsatellite instability; IPS,
immunophenoscore; AUC, area under the curve; NFM, non-negative matrix factorization; GSEA, gene set enrichment
analysis; ROC, receiver operating characteristic.
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benefit from these therapies (7). The main reason for differences in
therapeutic efficacy might be due to the high heterogeneity of the
immune microenvironment (8, 9). Consequently, the development
and verification of a prognostic signature of the tumor
microenvironment (TME) for HCC patients to aid immunotherapy
remains of critical importance.

Immune escape (10) and metabolic reprogramming (11) are
becoming important characteristics of tumor biology and play
key roles in tumor initiation and progression. It is well-known
that there is a strong connection between the metabolic system
that provides energy and the immune system that defends
against pathogens. In addition to defending against pathogens,
the immune system is closely related to metabolism (12).
Meanwhile, metabolic changes in the tumor microenvironment
can suppress the immune system and promote tumor growth
(13). Based on solely immune- or metabolism-related genes,
prognosis prediction signatures were constructed. For example,
Dai et al (14). found that immune-related genes signature could
predict outcomes and the effectiveness of immunotherapy in
HCC. Yang et al. (15) characterized the molecular features of
HCC using the gene expression profile of metabolic genes. He
et al. (16) constructed a metabolism-associated gene signature,
which could help individualize outcome predictions. However,
the liver is not only a metabolic organ, but also an immune
organ, which makes the tumor microenvironment of HCC have
its specificity in addition to its commonalities with other tumors.
The evidences above indicate that it is urgently needed to explore
the prognostic significance for the interaction between immune
and metabolism.

In this study, a systematic and comprehensive integrative
analysis of immune- and metabolism-related genessignature was
constructed in HCC, and the prognostic value was analyzed.
Moreover, a prognostic nomogram was developed to provide a
quantitative analysis tool in order to predict prognostic risk in
HCC patients.
MATERIALS AND METHODS

Data Acquisition and Identification of
Immune- and Metabolism-Related
Genes (IMRGs)
Clinical features and gene expression profilesof HCC samples
were downloaded from TCGA (https://portal.gdc.cancer.gov/)
and ICGC database (https://dcc.icgc.org/). According to the ratio
of 7:3, the TCGA-LIHC participants were randomly assigned to
two cohorts: the training cohort (N = 262) and the testing cohort
(N = 108). The clinical characteristics of the two cohorts were
summarized in Supplementary Table S1. The testing and entire
TCGA-LIHC cohorts were used as internal validation sets, while
the ICGC-LIRI-JP cohort was treated as an external validation
set. A detailed description of the survival follow-up data for
ICGC-LIRI-JP cohort could be found in Supplementary Table
S2. In addition, the genes associated with immunity were
acquired from the ImmPort database (17) (https://www.
immport.org). The metabolism-related genes were extracted by
Frontiers in Immunology | www.frontiersin.org 274
downloading the “c2.cp.kegg.v7.4.symbols” from MSigDB
(Version 7.4).

Non-Negative Matrix Factorization (NMF)
Clustering Algorithm
The “Limma” R package (18) was used for the analysis of the
differentially expressed genes (DEGs) in HCC and normal
samples. The absolute value of log2 (fold change) > 1 and false
discovery rate (FDR) < 0.05 were considered as the criteria to
screen the DEGs, from which the differentially expressed IMRGs
were extracted. HCC samples were clustered using the NMF
method after a univariate Cox analysis was performed. The
“nsNMF” algorithm was selected with 100 iterations performed
and the number of clusters K was set in the range of 2 to 10.

Establishment of the Prognostic Signature
Based on IMRGs
Univariate Cox regression analysis was conducted to identify the
genes related to prognosis in the TCGA training cohort. To
establish the prognosis signature, the “glmnet” R package was
applied to perform the least absolute shrinkage and selection
operator (LASSO) Cox regression analysis. Accordingto the
median risk score (RS), the TCGA training cohort was
categorized into high- and low-risk groups. The ICGC-LIRI-JP
cohort was subsequently analyzed in line with the cutoff value on
the TCGA training set.

Construction of Prognostic Nomogram
On the basis of IMRGs prognostic signature and various clinical
parameters, a prognostic nomogram was constructed to predict the
survival probability of HCC patients. The predictive performance of
the nomogram was evaluated by comparing predicted and actual
survival risks. The calibration curves at 1-, 3-, and 5-year were
plotted via “rms” R package.

Evaluation of the Response
to Immunotherapy
Immunophenoscore (IPS) was calculated using the four main factors,
including MHC molecules, immunomodulators, effector cells, and
suppressor cells, in theTCIA database (19) (https://tcia.at/home),
which was used to predict the therapeutic responses to the four
major immune checkpoints (including PD-1 and its two ligands, PD-
L1/PD-L2 as well as CTLA-4). Moreover, we analyzed the correlation
of IMRGs signature with microsatellite instability (MSI), an indicator
used to reflect the efficacy of immunotherapy.

Statistical Analysis
R software (version 4.0.3) was applied to conduct the statistical
analyses with P < 0.05 considered statistically significant. The
correlation analysis was performed using the Pearson method via
the “corrplot” R package. The difference between the two groups
was compared by Mann–Whitney U test. The “survival” R
package was used to perform univariate and multivariate Cox
hazard regression analyses. The Kaplan–Meier curve was
employed to compare the survival difference by log-rank test.
The “time ROC” R package was used to conduct the receiver
July 2022 | Volume 13 | Article 927635
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operator characteristic (ROC) curve and the area under the
curve (AUC).
RESULT

Identification of HCC Molecular Subtypes
Based on NMF Algorithm
After filtering and deduplication, a total of 2,715 immune- and
metabolism-associated genes (IMRGs) were included. Compared
with the normal group, 546 DEGs from IMRGs were observed in
HCC samples by further difference analysis, with 441 DEGs
upregulation and 105 DEGs downregulation (Supplementary
Table S4). Then a total number of 257 prognosis-related IMRGs
were identified using univariate Cox regression (Supplementary
Table S5). Afterwards, two molecular subtypes were identified
based on the DEGs by the NFM clustering algorithm (Figure 1A,
Frontiers in Immunology | www.frontiersin.org 375
Supplementary Table S6). The optimal rank value was
determined by the indicators of cophenetic, silhouette, and
dispersion (Supplementary Figure S1). The Kaplan–Meier
curve displayed that the overall survival (OS) and progression-
free survival (PFS) of cluster 1 were significantly worse than
those of cluster 2 (Figure 1B). There were significant differences
in Immune Score, and ESTIMATE Score between cluster 1 and
cluster 2, but not in Stromal Score (Figure 1C). Likewise, the
proportions of almost 10 immune cells in cluster 1 were higher
than that in cluster 2 (Figures 1D, E), but the prognosis was
worse. It was speculated that the immunosuppressive
microenvironment of cluster 1 was composed of exhaust T
cells, CD8+ T cells, NK cells as well as a high proportion of
monocytes-macrophages and neutrophils.

Furthermore, unsupervised clustering of differential
expression profiles of immune- and metabolism-related genes
between the two clusters were shown in Figure 1F. The
A B

D

E

C

F

FIGURE 1 | Identification of HCC molecular subtypes based on NMF algorithm. (A) Heatmap of nsNMF consensus matrix of K = 2. (B) Kaplan–Meier curve of
overall survival (OS) and progression-free survival (PFS) for HCC subtypes. (C) Comparison of immune scores between the two subtypes using estimate algorithm.
(D) Comparison of immune scores calculated by MCP counter algorithm between the two subtypes. (E) Heatmap of the immune scores for ESTIMATE and MCP
counter algorithms. (F) Unsupervised clustering of immune- and metabolism-related gene expression profiling between the two clusters. *P < 0.05, **P < 0.01, ***P <
0.001. ns, no significance.
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distribution of clinical parameters between the two molecular
subtypes was compared. The survival time of cluster 1 was lower
than that of cluster 2, and the mortality rate was significantly
higher. The proportions of patients with grade (G3–4), and T
stage (T3–4) in cluster 1 were higher than those in cluster 2
(Supplementary Figure S2).
Construction of the IMRGs Prognostic
Signature Using LASSO Cox Regression
Analysis in TCGA Training Cohort
The TCGA-LIHC cohort was randomly divided into two groups
in a 7:3 ratio, namely, the training cohort and testing cohort, and
no significant differences in clinical features were demonstrated
between the two groups (Supplementary Table S7). The LASSO
Cox regression analysis was used to construct a prognostic
prediction model based on the prognosis-related IMRGs in
TCGA training cohort. Coefficients of independent variables in
LASSO regression were shown in Figure 2A. Based on the
optimal log value of lambda, we identified 8 genes (Figure 2B),
among which PPIA and GHR were immune-associated genes,
and ACYP1, ADH4, G6PD, POLR3G, PPAT, and UCK2 were
metabolism-associated genes. By multivariate Cox regression
analysis, a risk score (RS) that represented the comprehensive
index of immune and metabolism status for IMRGs signature
was calculated by each gene expression multiplied by the
corresponding coefficient as follows:
Frontiers in Immunology | www.frontiersin.org 476
RS = −0:148766� GHR + 0:286961� ACYP1 − 0:089981

� ADH4 + 0:755085� POLR3G + 0:593780� PPAT :

The forest plot displayed that the five genes in the risk mode
were closely related to prognosis (Supplementary Figure S3A).
AndWilcoxon test showed that there were significant differences
in the expression of five genes in the high- and low-risk groups.
The expressions of ACYP1, POLR3G, and PPAT were higher in
high-risk group, while the expressions of GHR and ADH4 were
higher in low-risk group (Supplementary Figure S3B). Then,
based on the median of RS, the HCC samples in the TCGA
training cohort were divided into high- and low-risk groups to
probe the association between the RS and prognosis. Scatter plot
depicted the distribution of RS and their relationship to survival
outcomes (Figure 2C). Heat map presented expression profiles
of risk genes in prognostic models for high- and low-risk groups
(Figure 2D). According to the Kaplan–Meier curve, HCC
samples with high RS had a poor prognosis (Figure 2E). The
AUCs of the prognostic model reached 0.821, 0.759, and 0.752 at
1-, 3-, and 5-year, respectively (Figure 2F), which exhibited good
prognostic value.

Internal and External Validation of the
IMRGs Prognostic Signature
To further assess the robustness and predictive ability of the
IMRGs signature, both internal (TCGA testing cohort and entire
TCGA-LIHC cohort) and external validations (ICGC-LIRI-JP
A B

D E F

C

FIGURE 2 | Establishment of the IMRGs prognostic signature using LASSO Cox regression analysis in TCGA training cohort. (A) Coefficients of independent
variables in LASSO regression. (B) The optimal log value of lambda was indicated by the first black dotted line from the left. (C) Kaplan–Meier curve analyses for the
high-risk group and low-risk group were classified according to the median risk score (RS). (D) The ROC curves of the IMRGs prognostic signature at 1-, 3-, and 5-
year. (E) Distribution of RS and survival status. (F) Heatmap of the gene-expression profiles of the IMRGs prognostic signature.
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cohort) were performed. The RS of validation groups was
determined according to the same formula as the TCGA
training set. Likewise, the high- and low-risk groups were
classified using the same cutoff value as the training group.

The distribution of the RS and their associations with survival
status were illustrated in Figure 3A. Figure 3B displayed the
heatmaps of gene expression profiles included in prognostic
models. Significant prognostic differences were found between
the high-and low-riskgroups in the TCGA testing (P = 0.002),
entire TCGA-LIHC (P < 0.001), and ICGC cohorts (P = 0.045;
Figure 3C). Additionally, the AUCs of 1-, 3-, and 5-year survival
in the TCGA testing, entire TCGA-LIHC, and ICGC cohorts
were shown in Figure 3D. These results suggested that the
IMRGs signature exhibited high performance in terms of
robustness and predictive ability.
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Correlation of theIMRGs Prognostic
Signature With Clinical Features
To investigate whether the IMRGs signature correlated with
clinical features, the differences in RS were compared in the
entire TCGA-LIHC cohort by independent t tests. The RS of
HCC samples with tumor grade (Figure 4A), T stage
(Figure 4B), and advanced pathological stage (Figure 4C)
was higher than that of the corresponding early-stage
samples. The RS of cluster 1 with a poor prognosis was
higher than that of cluster 2 (Figure 4D). Based on subgroup
analysis, significant differences in prognosis existed between
high- and low-risk groups regardless of clinical features such as
age (Figure 4E), gender (Figure 4F), tumor grade (Figure 4G),
pathological stage (Figure 4H), and T stage (Figure 4I). These
findings indicated that the IMRGs prognostic signature showed
A

B

D

C

FIGURE 3 | Internal and external validation of the IMRGsprognostic signature. (A) Distributionof RS and survival status in internal (TCGA testing and entire TCGA-
LIHC) and external (ICGC-LIRI-JP) cohorts. Heatmap of the gene-expression profiles of the IMRGs prognostic signature (B), Kaplan–Meier curve analyses for high-
risk group and low-risk group (C), and the ROC curves of the IMRGs prognostic signature at 1-, 3-, and 5-year (D) in TCGA testing, entire TCGA-LIHC as well as
ICGC-LIRI-JP cohorts.
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good prognostic predictive power according to different
clinical characteristics.

Additionally, gene set enrichment analysis (GSEA) for the
high-risk (Figure 4J) and low-risk (Figure 4K) groups of the
entire TCGA-LIHC cohort was conducted. The results found
Frontiers in Immunology | www.frontiersin.org 678
that the genes in the low-risk group were significantly enriched
in metabolism-related pathways, which were detailed in
Supplementary Table S8. It can be inferred from the pathway
enrichment analysis that alterations in metabolic pathways might
lead to different immune status in the high-risk group.
A B
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FIGURE 4 | Correlation of the IMRGs prognostic signature with clinical features in the entire TCGA-LIHC cohort. The difference in RS between different clinical
features. (A) Tumor grade; (B) T stage; (C) tumor stage; and (D) cluster molecular subtypes. Kaplan–Meier curve analyses of OS in clinical subtypes in different
clinical subtypes. (E) Age ≤65 years and age >65 years; (F) gender; (G) tumor grade 1–2 and tumor grade 3–4; (H) tumor stage I–II and tumor stage III–IV; and (I) T
stage 1–2 and T stage 3–4. GSEA enrichment analysis in the high-risk group (J) and low-risk group (K).
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Comparison of the IMRGs Prognostic
Signature With the Published Signatures
To explore whether the immune- and metabolism-associated
model had a superior predictive ability, we compared it with four
published prognostic models, namely Tian signature (20) (a five-
gene model), Fu signature (21) (a three-gene model), Lin
signature (22) (an eight-gene model) and Fang signature (23)
(a six-gene model). To make the signatures comparable, the same
method was applied to calculate and convert the RS of the entire
TCGA-LIHC cohort. All the published four signatures were able
to categorize the HCC samples into a high-risk group and low-
risk group with significantly different outcomes (Figures 5A–D).
Nevertheless, ROC curve analysis found that the AUCs of the
published four signatures were lower than those of our model
with AUCs of 0.810, 0.726, and 0.705 for 1-, 3-, and 5-year
survival, respectively (Figures 5E–H). Furthermore, the C-index
was highest in our model at 0.717, followed by Tian signature (C-
Frontiers in Immunology | www.frontiersin.org 779
index = 0.652), Fu signature (C-index = 0.64), Lin signature (C-
index = 0.635), and Fang signature (C-index = 0.6; Figure 5I).
The findings highlighted consistently superior performance of
IMRGsprognostic signature.
Construction of the Nomogram Based on
the IMRGs Prognostic Signature and
Evaluation of Clinical Significance
To assess the independence of the IMRGs prognostic
signature for clinical application, Cox regression analyses
were performed in the entire TCGA-LIHC cohort and
ICGC-LIRI-JP cohort. In the entire TCGA-LIHC cohort,
significant correlations between RS and prognosis were
found in both univariate [hazard ratio (95% CI) = 1.201
(1.135–1.272), P < 0.001] (Figure 6A) and multivariate
regression analyses [hazard ratio (95% CI) = 1.179 (1.105–
A B
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FIGURE 5 | Comparison of the IMRGs prognostic signature with the published signatures. Kaplan–Meier survival curve and ROC curve of five genes signature
established by Tian et al. (Tian signature; A, B), three genes signature established by Fu et al. (Fu signature; C, D), eight genes signature established by Lin et al. (Lin
signature; E, F), six genes signature established by Fang et al. (Fang signature; G, H). (I) Comparison of C-indexes for the five prognostic models.
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1.257), P < 0.001] (Figure 6B). The results were further
verified in ICGC-LIRI-JP cohort (Supplementary Figure
S4), suggesting that the IMRGs prognostic signature
exhibited a good clinical predictive value.

Then, three variables with a P value less than 0.1 were
determined by multiple regression, namely, age, T stage, and
RS, and a nomogram was constructed to predict survival risk for
individuals (Figure 6C). As shown in Figure 6D, the calibration
curves displayed good consistency between the nomogram-
predicted survival and actual survival. Moreover, the AUCs for
the nomogram were 0.829, 0.749, and 0.749 at 1-, 3-, and 5-year,
which were also higher than the other two variables (Figures 6E–
G). Thus, the results indicated thatthe nomogram based on the
IMRGs prognostic signature showed a significant relation to
prognosis and helped predict disease progression.
Frontiers in Immunology | www.frontiersin.org 880
Predictive Role of the IMRGs Prognostic
Signature in Response to Immunotherapy
To further seek the effect of the IMRGs prognostic signature on
immunotherapy efficacy, correlations between the RS and immune
infiltration of TME were analyzed. As shown in Figure 7A, the RS
was negatively associated with neutrophils, but positively
associated with monocytic lineage and myeloid dendritic cells,
cytotoxic lymphocytes, and fibroblasts as well MSI (24), a well-
established biomarker for predicting immune efficacy. In the low-
risk group, the proportions of monocytes, myeloid dendritic cells,
and T cells were significantly decreased, while the proportions of
neutrophils and endothelial cells were significantly increased
(Figure 7B). Furthermore, the RS was significantly positively
associated with immune checkpoint expressions (Figure 7C).
There were significant differences in the expression of immune
A B

D
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FIGURE 6 | Construction of the nomogram based on the IMRGs prognostic signature and evaluation of clinical significance in the entire TCGA-LIHC cohort. (A, B)
Univariate and multivariate Cox regression analyses of RS and various clinical features. (C) Nomogram for predicting the OS in the entire TCGA-LIHC cohort at 1-, 3-, and
5-year. For each patient, the total score was calculated by adding the points determined by the point scale of each variable. Based on the total points, the bottom scale
was used to predict the probability of 1-, 3-, or 5-year survival. The red line exemplified the calculation process and principle of the nomogram. (D) Calibration curve for
consistency between 1-, 3-, or 5-year nomogram predicted survival and actual survival. (E–G) ROC curves of nomograms for 1-year, 3-year, and 5-year survival.
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checkpoints such as PD-1/PDCD1, CTLA4, TIM-3/HAVCR2,
TIGIT, and B7-H3/CD276 between high- and low-risk groups
(Figure 7D). Additionally, the relationship was explored between
the RS and IPS, excellent indicators in predicting the response to
immunotherapy. Significant differences were found between the
high-risk and low-risk groups in terms of IPS, IPS-CTLA4, IPS-
PD1/PD-L1/PD-L2 blockers, and IPS-CTLA4+PD1/PD-L1/PD-
L2 blockers (Figure 7E). The findings indicated that the IMRGs
prognostic signature could potentially reflect the immune
infiltration status and predict the response to immunotherapy.
DISCUSSION

The advent of the era of immunotherapy has greatly improved
outcomes for HCC patients. However, not all patients can get
benefit fromit,whichmight be close to thedifferences in theTMEof
Frontiers in Immunology | www.frontiersin.org 981
HCC patients. Given the importance of the interaction between
immune and metabolism, it is reasonable to expect that the model
would have a good performance in predicting prognosis based on
the immune- and metabolism-related genes. To our knowledge, a
systematic and comprehensive integrative analysis of immune- and
metabolism-associated genes characteristic remains poorly
understood in HCC. In this study, an immune- and metabolism-
related genes signature was constructed, and the prognostic value
was verified. Besides, a nomogram was constructed based on five
immune- and metabolism-related genes and clinical features. The
clinical significance of the IMRGsprognostic signaturewas assessed
by comparing the immune checkpoint expressions between the
high-risk group and low-risk groups and exploring the predictive
role in response to immunotherapy.

The entire TCGA-LIHC cohort was categorized into two
subtypes using NMF algorithm based on 546 DEGs. Compared
with cluster 2, cluster 1 exhibited a poor prognosis, which might be
A B
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C

FIGURE 7 | Predictive role of the IMRGs prognosticsignature in response to immunotherapy. (A) Correlation of the RS, MSI, and MCP counter immune scores. (B)
Differences in immune cell infiltration between the high-risk group and low-risk group. (C)Correlation of the RS and immune check point expressions. (D) Comparison of the
difference in immune checkpoint expressions (such as PD-1/PDCD1, CTLA4, TIM-3/HAVCR2, TIGIT, B7-H3/CD276) between high- and low-risk groups. (E) Correlation
between the RS and four IPS scores related to a single ICI or a combination of ICIs including PD-1, PD-L1/PD-L2, and CTLA-4. *P < 0.05, **P < 0.01, ***P < 0.001.
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related to the immunosuppressive microenvironment formed by a
higher degree of immune infiltration identified by ESTIMATE (25)
and MCP counter (26) algorithm. Based on univariate Cox
regression and LASSO Cox regression analysis, a prognostic
signature of IMRGs consisting of GHR, ACYP1, ADH4, and
PPAT was constructed in the TCGA training cohort. Based on
the median of RS, the prognostic model was categorized into high-
and low-risk groups. Further analysis found that the high-risk
group showed more advanced pathological stage, T stage, and
tumor grade. Subgroup analysis showed that the prognostic
model exhibited good prognostic prediction performance
regardless of clinical factors. Besides, the model was validated in
internal and external cohorts. The C-index of IMRGs prognostic
signature was superior to the four previously reported signatures.
All the findings suggested that the immune- and metabolism-
related prognostic signature had better prognostic ability.

Growth hormone receptor (GHR), a member of the class I
cytokine receptor superfamily, was down-regulation in the high-risk
group and was related to chemoresistance, tumor metastasis, and
poor prognosis (27–29). Acylphosphatase 1 (ACYP1) involved in
the formation of acetic acid from acetyl phosphate, was reported to
be related to drug resistance such as imatinib. ACYP1, which was
highly expressed in HCC, also was associated with decreased
survival time (30). High ACYP1 expression promoted cell survival
and apoptosis through the JAK/STAT and PI3K/AKT pathways
(31). ADH4, an alcohol dehydrogenase, played critical roles in
ethanol metabolism (32). The expression of ADH4was mediated by
miR-148a via an AGO1-dependent manner (33) and could be
considered as a prognostic biomarker or molecular target for
patients with HCC (34, 35). POLR3G, one form of RNA
polymerase III, was mainly expressed in stem and cancer cells.
Increased gene expression of POLR3G was involved in the
proliferation and differentiation of cancer cells and characterized
by poor prognosis (34). However, the roles of immune and
metabolism-related genes such as GHR, ACYP1, ADH4,
POLR3G, and PPAT in the immune environment of HCC were
unclear, and further experimental verification was required.

The advent of immunotherapy has provided new ideas for the
treatment of HCC, of which immune checkpoint inhibitors (ICIs)
have become a potentially effective therapeutic strategy (36–38). The
response to ICIs was evaluated by the four scores of IPS, all of which
have been shown good performance in predicting the response to
immunotherapy efficacy (39). To probe the predictive value of
IMRGs prognosticsignature on predicting the response to ICIs, the
correlation of RS and IPSwas assessed. All the four scores related to a
single ICI or a combination of ICIswere higher in the low-risk group,
indicating that the IMRGs prognostic signature might have the
potential power to predict the immunotherapy efficacy and help
personalize immunotherapy for HCC patients. A nomogram is used
as a new prognostic tool to improve the accuracy of prognostic
prediction (40, 41). A nomogramwas constructed by integrating the
IMRGsprognostic signature and the clinical parameters identified by
univariate and multivariate Cox regression analysis. The results
showed that the AUCs of nomogram at 1-, 3-, and 5-year (AUC =
0.829, 0.749, 0.749) were slightly better than that of IMRGs signature
(AUC = 0.809, 0.734, 0.711), which further verified that IMRGs
Frontiers in Immunology | www.frontiersin.org 1082
prognostic signature established could better predict the risk of
prognosis and survival for HCC patients.

There are several strengths in this research as follows: First,
the robustness and reliability of IMRGs prognostic signature
were evaluated and validated using multiple datasets, including
internal and external cohorts. Second, the associations of RS with
immune checkpoint expressions, four IPS scores, as well as MSI
were comprehensively and deeply explored. Third, a nomogram
for quantitative calculation was developed in order to assist with
clinical application. Nevertheless, there are still several
limitations in this study. For example, The IMRGs prognostic
signature and the nomogram were established based on a
retrospective study, which needs to be further verified in large
multicenter prospective cohorts.

CONCLUSION

The IMRGs prognostic signature was constructed based on the
integrated analysis of immune- and metabolism-related genes,
which could better predict prognostic risk and the response to
immunotherapy. We also developed a nomogram for patients
with HCC, providing an effective quantitative analysis tool to
realize the clinical application of personalized precision therapy.
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Cancer remains the second leading cause of death in the US, accounting for 25% of all
deaths nationwide. Immunotherapy techniques bolster the immune cells’ ability to target
malignant cancer cells and have brought immense improvements in the field of cancer
treatments. One important inhibitory protein in T cells, programmed cell death protein 1
(PD-1), has become an invaluable target for cancer immunotherapy. While anti-PD-1
antibody therapy is extremely successful in some patients, in others it fails or even causes
further complications, including cancer hyper-progression and immune-related adverse
events. Along with countless translational studies of the PD-1 signaling pathway, there are
currently close to 5,000 clinical trials for antibodies against PD-1 and its ligand, PD-L1,
around 80% of which investigate combinations with other therapies. Nevertheless, more
work is needed to better understand the PD-1 signaling pathway and to facilitate new and
improved evidence-based combination strategies. In this work, we consolidate recent
discoveries of PD-1 signaling mediators and their therapeutic potential in combination with
anti-PD-1/PD-L1 agents. We focus on the phosphatases SHP2 and PTPN2; the kinases
ITK, VRK2, GSK-3, and CDK4/6; and the signaling adaptor protein PAG. We discuss their
biology both in cancer cells and T cells, with a focus on their role in relation to PD-1 to
determine their potential in therapeutic combinations. The literature discussed here was
obtained from a search of the published literature and ClinicalTrials.gov with the following
key terms: checkpoint inhibition, cancer immunotherapy, PD-1, PD-L1, SHP2, PTPN2,
ITK, VRK2, CDK4/6, GSK-3, and PAG. Together, we find that all of these proteins are
logical and promising targets for combination therapy, and that with a deeper mechanistic
understanding they have potential to improve the response rate and decrease adverse
events when thoughtfully used in combination with checkpoint inhibitors.

Keywords: T cell, PD-1, SHP2, ITK, PD-L1
INTRODUCTION

Cancer immunotherapies represent an emergent yet powerful therapeutic paradigm, due to both
their durable clinical responses and their applicability to a wide variety of tumors. Immune
checkpoint therapies block inhibitory receptors on T cells, augmenting anti-tumor immune
responses. Programmed cell death protein 1 (PD-1) is a critical inhibitory checkpoint for T cells,
and antibodies that block ligand binding free the T cells to identify and clear malignant tumor cells. As
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such, PD-1 is the subject of significant testing, with 786 completed
and 4,897 ongoing clinical trials targeting it (1). Despite the striking
success of these antibodies, most patients do not respond to PD-1
blockade, and many experience immune-related adverse events
(irAEs) (2). Moreover, new studies indicate that 5-10% of patients
demonstrate accelerated cancer progression after anti-PD-1
treatment, contrary to predicted responses based on current
mechanistic models (3). Given such significant successes and
failures, a better understanding of how to target the PD-1
signaling pathway is needed. Understanding the underlying
mechanisms of clinical responses will promote development of
more nuanced pathway-based therapeutics.

A recent publication summarized that 4,062 out of 4,897
ongoing immunotherapy trials are testing PD-1 inhibition in
combination regimens with other immunotherapies, targeted
therapies, chemotherapies, and radiotherapies (1). Of these
combination approaches, immunotherapies lead the space with
1,058 trials, and targeted therapies closely follow with 1,008
trials. The number of monotherapy trials continues to decrease,
Frontiers in Immunology | www.frontiersin.org 286
with less than 20% of active trials using monotherapies against
PD-1 or PD-L1, a trend consistent with previous updates (4).

As anti-PD-1 clinical trials continue to move towards
combination strategies, we describe in this work effector
proteins that are associated with PD-1 downstream signaling
and function in T cells: SHP2, ITK, VRK2, PTPN2, GSK-3,
CDK4/6, and PAG (Figure 1). Through exploring their complex
mechanistic involvement in T cell anti-tumor responses, we
analyze their promise as therapeutic targets in combination
with PD-1 blockade. As many of the potential targets are also
expressed in tumor cells, we also consider the therapeutic impact
within the tumor cell, but mainly focus on the promise of
logically designed T cell intrinsic combination approaches.
PD-1 SIGNALING

To become fully activated, T cells require at least two signals:
engagement of the T cell receptor (TCR) by peptide-loaded
FIGURE 1 | PD-1 functions and PD-L1 expression are mediated by SHP2, PTPN2, PAG, ITK, GSK-3, VRK2, and CDK4/6 signaling. SHP2 is recruited downstream of PD-1
ligation and mediates a number of subsequent signaling events. Additionally, PD-1 ligation is associated with enhanced activity of inhibitory proteins PAG and VRK2 and
inhibition of ITK. GSK-3 activates transcription factors to induce PD-1 expression; while GSK-3, PTPN2, SHP2, and CDK4/6 inhibit PD-L1 expression.
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major histocompatibility complex (MHC), and co-receptor
interactions with ligands on antigen-presenting cells (APC) (5).
T cells display a dynamic and complex network of stimulatory
and inhibitory co-receptors. Among these, inhibitory receptors
provide signals that terminate immune responses and restore
homeostasis (6). We discovered that the mechanism by which
the co-receptors CTLA-4 and CD28 modulate T cell adhesion is
through recruitment of calcium-promoted Ras inactivator
(CAPRI) (7). We also reported that engagement of the
inhibitory receptor PD-1 by its ligands inhibits Rap1 activation
and LFA-1-mediated adhesion (8).

PD-1 is a monomeric transmembrane protein consisting of 288
amino acids, with a single extracellular IgV domain, followed by a
transmembrane region and a cytoplasmic tail (9). Despite extensive
use of anti-PD-1 antibodies in the clinic, available data on the
signaling pathways downstream of this receptor are limited.
Because PD-1 does not have direct enzymatic function, it instead
serves as a scaffold for other proteins that mediate downstream
inhibitory functions (10). Following T cell antigen recognition, PD-
1 surface expression is increased, allowing it to bind to its ligands,
programmed death ligand 1 (PD-L1) and programmed death
ligand 2 (PD-L2) (11). PD-1 then recruits SH2-containing
tyrosine phosphatase SHP2. Through mutational analysis of the
PD-1 cytoplasmic tail, it has been shown that phosphorylation of
the tyrosine within the immunoreceptor tyrosine-based switch
motif (ITSM; TXpYXXV/I) following ligand binding recruits
SHP2 (12–14); however, for full enzymatic activity, SHP2 must
unfold into its active conformation. This is enhanced by
phosphorylation of PD-1’s immunoreceptor tyrosine-based
inhibitory motif (ITIM; V/L/I/XpYXX/L/V) (13).

After PD-1 binds PD-L1 or PD-L2 and recruits and activates
SHP2, this phosphatase then dephosphorylates proteins critical
for TCR signaling, such as CD3, ZAP70, and C3G (15). Despite
the structural similarity between SHP1 and SHP2, only the latter
is recruited to the tail of PD-1 (13). Further, the full mechanism
connecting PD-1 engagement with SHP2 enzymatic activation
remains largely unknown, and is an important area of ongoing
research, as is identification of the PD-1 associated substrates of
SHP2 (16, 17).
SHP2

Src homology domain-2 (SH2)-containing protein tyrosine
phosphatase 2 (SHP2; PTPN11) is a non-receptor tyrosine
phosphatase that is expressed in the cytoplasm of cells
throughout the body (18). The SHP2 protein is composed of
two tandem SH2 domains, a protein tyrosine phosphatase (PTP)
domain, and a hydrophobic tail with two tyrosine
phosphorylation sites (19). In the inactive state, the proximal
SH2 domain is folded onto the PTP site in a closed,
autoinhibitory conformation. SHP2 binds to its targets with its
SH2 domains, and engagement of both SH2 domains results in
highest enzymatic function (20).

SHP2 is recruited to many signaling cascades and plays a role
in diverse functions, from proliferation to migration (21). It also
plays a role in many diseases, with mutations associated with
Frontiers in Immunology | www.frontiersin.org 387
Noonan syndrome, LEOPARD syndrome, and childhood
leukemia (22, 23). Beyond this, SHP2 is implicated in many
essential pathways of cancer cells, including proliferation,
metastasis, and drug resistance. As such, it has been linked to
many gastrointestinal, respiratory, blood, and other cancers, and
has drawn attention as a potential therapeutic target (24).

T Cells
SHP2 is recruited to many important signaling cascades,
including those downstream of TCR and PD-1 ligation. The
signaling pathways downstream of PD-1 that result in the
inhibition of T cell functions remain poorly understood (25),
but the need for SHP2 in mediating PD-1 function is perhaps the
most well-known aspect of PD-1 biology. SHP2 is thought to
mediate PD-1 inhibition of T cell function by dephosphorylating
tyrosines within the TCR complex to inhibit downstream
cascades, including the co-stimulatory receptor CD28 (26).
However, SHP2 also plays a critical – and possibly opposing –
role in supporting TCR-mediated T cell activation. In this
context, SHP2 is considered a positive regulator of T cell
activation, using dephosphorylation to turn on positive T-cell
regulators (e.g. AKT, ERK) and turn off negative T cell regulators
(e.g. CSK, CRK and PAG) (27–30). This paradigm identifies the
same SHP2 enzyme serving as a key mediator of two pathways
that have opposing functions. There are multiple proposed
models explaining how this is executed within the cell. The
temporal segregation model proposes that because PD-1
expression is induced only after activation of the TCR, SHP2
first acts downstream of the TCR during the early phase of T cell
activation, and transitions to the PD-1 pathway at a later stage of
T cell activation after PD-1 expression is increased (31). An
alternative model is differential substrate targeting. This model
explains that SHP2 has different targets downstream of the TCR
and PD-1, and in this way mediates different cellular functions
(28, 32). To better resolve the complexity between TCR and PD-
1 signalosomes, we need to continue efforts to determine both
shared and unique molecular partners and signaling mechanisms
involving SHP2, and to identify SHP2 substrates within each of
these pathways. The answers to these questions have the
potential for significant clinical impact as they may explain the
confounding results coming out of clinical trials with
SHP2 inhibitors.

Therapeutic Targeting
New promise for therapeutic targeting of SHP2 may lie in
combined inhibition of SHP2 and PD-1. A study of methylene
blue, a chemical with FDA approval for the treatment of
methemoglobinemia, found that it inhibits PD-1 signaling by
interfering with SHP2 binding, and interferes with tumor
allograft growth (33). Importantly, this work demonstrates that
interfering with the mediators of PD-1 signaling can have a
favorable impact on tumor progression, and is a valid
therapeutic strategy.

Interestingly, it is the activity of SHP2, rather than its
expression level, that contributes to the expression of PD-L1
on tumor cells (34). In turn, the expression of PD-L1 correlates
with tumor response to immune checkpoint inhibitors in non-
July 2022 | Volume 13 | Article 927265
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small cell lung cancer (NSCLC) (34). This suggests that current
allosteric inhibitors of SHP2 activity may enhance anti-PD-1
efficacy. The fact that a majority of patients with NSCLC do not
respond to immune checkpoint inhibitor monotherapy makes it
an attractive model for the study of these combinations (35). In a
mouse model of anti-PD-1-resistant NSCLC, the triple therapy
of anti-PD-1, the oral SHP2 inhibitor SHP099, and radiotherapy
had strong anti-tumor effects (36). Similarly, the combined
administration of anti-PD-1 antibody and SHP099 had a
greater anti-tumor effect than either therapy individually in
two murine colon cancer xenograft models (37).

The contribution of SHP2 to PD-1 signaling in T cells was
most directly studied in a T cell confined SHP2 knockout (KO)
mouse study that found no effect on controlling tumor growth or
on the efficacy of PD-1 antibodies, likely due to the impact on
SHP2’s role in both T cell activating and inhibitory pathways.
The T cell SHP2 KO also did not impact the efficacy of PD-1
antibodies, implying that alternative phosphatases may be
recruited to PD-1 in the absence of SHP2 (38). Importantly,
this leaves open the potential for an additive effect of SHP2- and
PD-1- targeting combination therapy strategies.

There are currently 30 trials on ClinicalTrials.gov testing
SHP2 inhibitors in cancer patients. Within these trials, there
are 11 SHP2 inhibitors being tested, most commonly TNO155,
and sodium stibogluconate (a drug primarily used for
Leishmaniasis). Five trials are testing SHP2 inhibitors in
combination with anti-PD-1 biologics, all of which are still
recruiting and have no available results.

SHP2 is an exciting therapeutic target for combination
strategies in cancer. SHP2 is known to be pro-oncogenic in
many cancers and simultaneously involved in the inhibitory PD-
1 pathway in T cells. Thus, intervention with SHP2 inhibitors
might concomitantly inhibit cancer cells and activate the anti-
tumor immune response. Combination with anti-PD-1/PD-L1
biologic agents is a particularly intriguing area of work since they
have overlapping but non-redundant functions. Better yet, SHP2
inhibitors in vivo enhance response to anti-PD-1 therapy
through PD-L1 upregulation. This would expand the
percentage of patients that may respond to anti-PD-1
therapeutic mechanisms. Further, since SHP2 also plays a role
in T cell activation, SHP2 inhibitors might help avoid immune
related adverse events seen with anti-PD-1 antibody therapy.
ITK

IL-2 inducible T cell kinase (ITK) is a member of the TEC family
of kinases with particular importance in T cells. The other
members of the protein family are Tec, BTK, BMX, and RLK
(39). All TEC kinases include a Tec homology (TH) domain with
a zinc binding region and proline rich regions. From N to C
termini, ITK includes an N-terminal PH domain, a TH domain,
and three SH catalytic domains (39). Unlike other family
members, ITK is expressed only in T cells, NK cells, NKT cells,
and mast cells (40, 41). ITK deficiency results in susceptibility to
severe infections with Epstein Barr virus (EBV) (42).
Frontiers in Immunology | www.frontiersin.org 488
Tumor Cells
ITK is highly expressed not just in normal T cells, but also in T
cell associated malignancies (43). Genetic and pharmacological
inhibition of ITK compromises the proliferation, adhesion,
invasion, and migration of malignant T cells, which position
this kinase as a target for the treatment of primary T cell tumors
(43). The promise of targeting ITK in cancer is bolstered by the
growing success of targeting protein family member BTK, which
plays a similar role in B cells and B cell tumors. BTK has been
found to regulate cell proliferation, survival, and migration in
various B cell malignancies. Targeting BTK with recently
developed BTK inhibitors has been approved by the FDA to
treat several B cell malignancies (44). Recent studies have
established also that BTK is expressed and plays pro-
tumorigenic roles in several epithelial cancers (45).

T Cells
ITK plays a modulatory role in TCR signaling. Unlike ZAP70
and LCK, ITK is not an obligate component of the TCR cascade.
Instead, ITK functions as a fine-tuning dial, to translate
variations in TCR signal strength into differential programs of
gene expression (46). Upon T cell activation, a series of signaling
events lead to the recruitment of ITK to the cell membrane in the
vicinity of the primed TCR, where it is phosphorylated by LCK
on Tyr 512. This leads to ITK autophosphorylation of Tyr 180
and to subsequent downstream phosphorylation of PLCg1 and
LAT, and NFAT translocation into the nucleus (47).
Consequently, it was shown in vivo that ITK is not required
for TCR signaling (48). In the absence of ITK, some aspects of T
cell activation appear normal, whereas other T cell functions are
impaired. Further, studies in ITK knockout mice show that T cell
function is impaired but not entirely blocked (49, 50), a finding
that is consistent with a modulating role for ITK, rather than an
all-or-nothing molecular switch.

In addition to its role in TCR signaling, ITK is also an
important kinase in the PD-1 pathway. Through a
phosphoproteomic study, we found ITK mediates many
phosphorylation events downstream of PD-1 ligation (10).
Using genetic and pharmacological approaches, we then
discovered that SHP2 dephosphorylates ITK specifically
downstream of PD-1 and that this event is associated with PD-
1 function (17). Notably, SHP2 only dephosphorylates ITK in its
role downstream of PD-1 signaling. Since ITK is a SHP2-
dependent specific mediator of PD-1 signaling, the
combination of ITK inhibitors with PD-1 blockade may
improve upon PD-1 monotherapy in the treatment of cancer.

Therapeutic Targeting
Ibrutinib is an approved therapy for B cell malignancies that
covalently inhibits both BTK and ITK (51). In a recent study,
blood samples collected from leukemia patients treated with
ibrutinib monotherapy showed downregulated PD-L1
expression on the leukemic cells. Further, the same analysis
showed that this was mediated through inhibition of STAT3.
Similarly, downregulation of PD-1 expression was observed in
the CD4 and CD8 T cells. Taken together, these findings provide
July 2022 | Volume 13 | Article 927265
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the mechanistic basis for immunomodulation by ibrutinib
through inhibition of the STAT3 pathway, a critical pathway
in inducing and sustaining tumor immune tolerance. This data
also merits testing of combination treatments combining
ibrutinib with immune checkpoint inhibitors (52).

Indeed, a published study reported that the combination of
anti-PD-L1 antibody and ibrutinib suppressed tumor growth in
mouse models of lymphoma that were intrinsically insensitive to
ibrutinib (53). The combined effect of these two agents was also
documented in mice models of triple negative breast cancer and
colon cancer. The enhanced therapeutic activity of PD-L1
blockade by ibrutinib was accompanied by enhanced anti-
tumor T cell immune responses. This study suggested that the
combination of PD-1 or PD-L1 blockade and ibrutinib should be
tested in the clinic for the therapy not only of lymphoma but also
in solid tumors that do not even express BTK or ITK (53).
Similarly, a study using the Eµ-TCL1 adoptive transfer mouse
model of chronic lymphocytic leukemia (CLL), observed that
combination of ibrutinib with blocking antibodies targeting the
PD-1 or PD-L1 axis in vivo improved CD8 T cell effector
function and control of lymphocyte proliferation (54). This
study suggested that the strong immunomodulatory effects of
ibrutinib and its combination with immune checkpoint blockade
was a promising approach to treat CLL (54).

Regulatory T cells (Tregs) play an important role in
controlling autoimmunity and limiting tissue damage and
inflammation. It was shown that either genetic ablation of ITK
or inhibition of ITK pharmacologically results in increased
number of Tregs (55, 56). This was shown to avert the
formation of acute graft-versus-host disease in vivo, in part by
reducing T cell proliferation and cytokine production. More
interestingly, disrupting the SLP76—ITK interaction using a
specific peptide inhibitor led to enhanced Treg development in
both mouse and primary human cells. Thus, it was suggested that
targeting ITK could be a therapeutic strategy to treat not just
autoimmunity, but also immune related toxicity of PD-1
blockade (57). Altogether, while additional studies are needed
to clarify the impact of treating cancer with a combination of
PD-1 blockade and ITK/BTK inhibitors, this possibility is
mechanistically promising and clinically feasible with current
approved drugs.
VRK2

Vaccinia-related kinase 2 (VRK2) is a serine/threonine kinase
that in humans is encoded by the VRK2 gene (58). It is a member
of the VRK family, which includes VRK1, VRK2, and VRK3 (59).
VRK2 is widely expressed in human tissues and has increased
expression in actively dividing cells, such as leukocytes and
carcinomas (60). VRK2 has two splice forms, VRK2A and
VRK2B. The VRK2A isoform is much more common, and
includes a C-terminal hydrophobic tail that tethers it to
organelles like the endoplasmic reticulum and mitochondria
(61). The rarer isoform, VRK2B, lacks a hydrophobic tail and
is found in the nucleus and cytoplasm (61). Among other targets,
VRK2 modulates several MAPK signaling pathways through
Frontiers in Immunology | www.frontiersin.org 589
target phosphorylation and impacting the composition of
signaling complexes (62).

Tumor Cells
VRK2 is most highly expressed in cells undergoing division, and is
thereforepresent innotable amounts in somecancer cells (63).High
VRK2 expression levels are associated with unfavorable prognosis
in renal, liver, and pancreatic cancers (63, 64). In pancreatic cancer,
VRK2phosphorylates and stabilizes cell cycle kinase Plk1, resulting
in Plk1 overexpression to facilitate pancreatic cancer proliferation
and chemotherapy resistance (65). Similarly, pediatric and adult
gliomas and neuroblastomas require either VRK1 or VRK2, which
have overlapping but essential pro-survival function in these
cancers (66). In breast cancer, VRK2 has been found to facilitate
tumor cell invasion through phosphorylating transcription factor
NFAT1 to increased COX2 expression (60). COX2 is associated
with invasive breast cancer,metastasis, and poor prognosis (67, 68).
VRK2 is also thought to be protective against apoptosis (69). In
contrast, another study found that low VRK2 levels are associated
with the abnormalMEK/ERK signaling seen in breast cancer; thus,
VRK2 has a complex signaling role in cancer (70).

T Cells
VRK2 has only recently become the subject of study in T cells.
Downstream of both TCR and PD-1 ligation, PAK2, a mediator
cytoskeleton reorganization, is phosphorylated by VRK2 (71).
Thus, VRK2 and PAK2 have conflicting roles downstream of
TCR activating signals versus PD-1 inactivating signals; this is
analogous to what is known about SHP2 (71). Within the PD-1
pathway, VRK2 mediates one quarter of all the phosphorylation
events downstream of PD-1 ligation. In fact, lack of VRK2
activity inhibits PD-1 function, both in vitro and in vivo (71).
The phenotype of VRK2 KO mice is similar to PD-1 KO mice,
both presenting with lymphoproliferation and activated T cell
subsets. Additionally, in an MC38 murine tumor model, a VRK2
inhibitor AZD-7762 decreased tumor growth in a VRK2-
dependent and T cell-dependent manner. When AZD-7762
was used in combination with anti-PD-1 therapy, the mice
showed an additive therapeutic impact in terms of tumor
growth and final tumor volume (71). Thus, VRK2 acts as an
inhibitory kinase that mediates the functions of PD-1 in vivo.
The fact that a kinase, and not just the phosphatase SHP2,
mediates PD-1 function is not just exciting, but also offers
opportunities to develop novel kinase inhibitors as an
alternative to checkpoint blockades. Though expression of
VRK2 is required for PD-1 function, VRK2 has two domains,
a kinase domain and a protein-protein docking region, and the
contribution of each of the domains to its functions downstream
of PD-1 is not completely understood. This knowledge is much
needed for better understanding PD-1 signaling and to allow
design of optimal VRK2 inhibitors.

Therapeutic Targeting
Because VRK family kinases have a different ATP binding
domain structure than other kinases, they are resistant to most
current kinase inhibitors. However, studies have noted which
inhibitors VRK family proteins are most sensitive to, which is
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useful in preclinical studies since high drug concentrations are
necessary (58). More importantly, work in 2019 began the
development of aminopyridine-based compounds to
specifically inhibit VRK1 and VRK2 (72). Fortunately, the
unique structure of these kinases means future inhibitors will
be specific to VRK family proteins, with little unintended binding
to other kinases, making VRK2 a very attractive drug target.

Since VRK2 plays both a pro-tumor role in malignant cells
and an inhibitory role in T cells, it has poignant therapeutic
potential in cancer. Further, since VRK2 mediates only a subset
of PD-1 signaling and also participates in TCR signaling, it has
the potential to improve response rates and/or decrease immune
related adverse events when used in combination with anti-PD-1
agents, compared to immune checkpoint inhibitor therapy alone.
PTPN2

Protein tyrosine phosphatase non-receptor type 2 (PTPN2, or
TCPTP) is a ubiquitously expressed regulator of inflammation.
PTPN2 is known to dephosphorylate tyrosine kinases, including
JAK1/2/3, SRC family kinases, and STAT1/3/5/6. PTPN2
inhibits pro-inflammatory pathways, including IFN-g signaling,
and mutations in PTPN2 are associated with chronic
inflammatory and autoimmune diseases, including type I
diabetes and Crohn’s disease (73). In contrast, high PTPN2
function is associated with several cancers. PTPN2 levels are
high in some gliomas, laryngocarcinoma, and thyroid cancer,
with high PTPN2 levels in cancer cells under oxidative stress and
inflammatory conditions (74–77). PTPN2 also plays the role of
an oncogene in colon cancer by inhibiting the inflammasome
(78, 79). In contrast, PTPN2 is likely a tumor suppressor in acute
lymphoblastic leukemia (ALL) because it inhibits JAK1, which is
oncogenic in ALL, though PTPN2 levels are often low in ALL
(80, 81).

T Cells
PTPN2 plays an important role in the development and
activation of T cells. PTPN2 knockout mice all died by five
weeks of age but showed apparently normal development of CD4
and CD8 T cells (82). However, it is known that PTPN2
dephosphorylates STAT5 in the nucleus to facilitate the
transition of precursor cells through the DN2 and DN3
thymocyte differentiation steps to become mature T cells (83).
PTPN2 also negatively regulates LCK which, along with STAT5,
helps control T cell commitment to alpha/beta versus gamma/
delta TCR expression (83). PTPN2 also helps control the T cell
activation threshold by dephosphorylating SRC family kinases
necessary for functions downstream of TCR ligation (73, 84).
Studies in vitro and in vivo in mice have shown that deletion of
PTPN2 in T cells results in enhanced CD8 T cell proliferation
and survival, with decreased dependency on pro-survival
cytokines like IL-2 and IL-15 (85).

Additionally, PTPN2 is critical for maintaining peripheral
tolerance to self-antigens cross-presented on dendritic cells (86).
PTPN2 loss of function (LOF) results in systemic
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autoinflammation in mice, with high systemic cytokines and
anti-nuclear antibody levels, supporting the association between
PTPN2 LOF and several autoimmune conditions including type
I diabetes, Crohn’s disease, and Celiac disease (73, 86, 87).
PTPN2 has also been shown to play an important role in T
cell exhaustion, a state in which chronically stimulated T cells
lose their ability to target cancer cells or chronic infections.
PTPN2 also reduces type I interferon signaling, leading to a
terminally exhausted T cell state. Loss of PTPN2 allows T cells to
expand in response to re-stimulation (85). Along with increased
proliferation, PTPN2 deficient mice also have enhanced
cytotoxicity among Tim-3+ cells (a marker of the terminally
exhausted state), and augmented anti-tumor function, tumor
control, and anti-PD-1 responses (88).

Tumor Cells
A CRISPR-Cas9 screen identified PTPN2 deletion to enhance
response to anti-PD-1 immunotherapy in a murine tumor model
with B16 melanoma cells (89). The PTPN2-null B16 cells had
enhanced antigen presentation and increased susceptibility to
cytotoxic CD8 T cells (89). PTPN2-null tumors had enhanced
CD8 infiltration, and impaired growth in response to IFN-g (89).
An intact JAK/STAT pathway downstream of the IFN-g receptor
on tumor cells induces PD-L1 expression and is critical for
response to anti-PD-1 therapy. Since PTPN2 is a negative
regulator of JAK/STAT signaling, inhibiting PTPN2
predictably increases responses to anti-PD-L1 therapy in
murine melanoma YUMM1.1 cells in vitro and in vivo (90).

Therapeutic Targeting
Though targeting a phosphatase will include the challenge of
developing an inhibitor with appropriate specificity, PTPN2 has
proven a promising target. In one study, PTPN2 was targeted by
a compound composed of copper-sulfate nano-photothermal
materials carrying Cas9 and oligonucleotides to generate a
mutation in PTPN2. Its use in mice caused tumor
hyperthermia, PTPN2 depletion, increased T cell infiltration
into the tumor, and higher intratumoral IFN-g and TNF-a
levels (91). Controlled enhancement of PTPN2 function may
be beneficial in autoimmune disease, while targeted inhibition of
PTPN2 may help enhance the immune response to cancer. Based
on studies with B16 melanoma cells, which typically show
resistance to PD-1 therapy, adding a PTPN2 inhibitor to anti-
PD-1 regimens may help expand the pool of cancer patients
responsive to checkpoint inhibition (88). Yet, because of
PTPN2’s role in maintaining peripheral tolerance, future
therapeutic efforts should consider tumor microenvironment
specific targeting and be cognizant of immune related
adverse events.
GSK-3

Glycogen synthase kinase 3 (GSK-3) is a ubiquitously expressed
serine/threonine kinase and protooncogene (92, 93). GSK-3 has
two isoforms, GSK-3a and GSK-3b, which have homologous
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kinase domains but divergent C-terminal domains, as well as
non-redundant functionality (94). GSK-3 activity is controlled
by phosphorylation: phosphorylation at Ser 9 inactivates GSK-3b
(Ser 21 in GSK-3a), while phosphorylation at Tyr 216 increases
GSK-3b activity (Tyr 279 in GSK-3a) (94). With over 100
downstream phosphorylation targets including transcription
factors b-catenin, NFkB, NFAT, CREB, c-Jun, and AP1 (92,
95), GSK-3 has been shown to play a role in many cell functions
including glycogen and protein metabolism, tumor growth,
metastasis, and various immune functions (92, 96–98).

Tumor Cells
GSK-3 has clear pro-tumor actions in many cancers, notably
including KRAS-mutant tumors (92). For example, in non-small
cell lung cancer (NSCLC), GSK-3b expression is associated with
cervical lymph node metastases, poor differentiation, advanced
stage, late diagnosis, and worse survival, while inhibiting GSK-3
can result in cancer cell apoptosis and cell cycle arrest (99, 100).
In vivo models of pancreatic cancer demonstrate an inverse
relationship between survival and the nuclear amount of
aberrant GSK-3 (93). GSK-3 inhibition in mice by knockout or
small molecule inhibitors increases cytotoxicity against viral
infections and tumor cell models of gastric cancer (MFC),
melanoma (B16), lymphoma (EL-4), colon cancer (MC38),
colorectal cancer (CT26), pancreatic cancer (KPC), and lung
cancer (LLC) (94, 101–104).
T Cells
Uniquely, GSK-3 is found in the active state in resting T cells.
When active, GSK-3 inhibits T cell proliferation and IL-2
production (105, 106). T cell activation through TCR and
CD28 ligation results in PI3K/AKT signaling. This pathway
phosphorylates and inactivates GSK-3, which increases T-bet
expression levels (92). Inactivation of GSK-3 has been shown to
be crucial for T cell activation. In fact, GSK-3 inhibition can
substitute for CD28 signaling to induce co-stimulation of T cell
proliferation (107, 108). Additionally, GSK-3 inhibition with
small molecule inhibitor TWS119 has been shown to induce
the Wnt/b-catenin pathway to revert CD8 memory T cells into
cytotoxic progenitor memory stem cells that can undergo self-
renewal (109).

Notably, GSK-3 was also identified as a major regulator of
checkpoint protein expression (110). Cells with GSK-3 inhibition
through siRNA or small molecule inhibitors show increased T-
bet expression in response to TCR stimulation, which inhibits
transcription of both PD-1 in CD8 T cells and Tregs, and LAG3
in CD4 and CD8 T cells (101, 111, 112). Consistently, GSK-3b
knockout or in vivo inhibition in mice results in decreased PD-1
expression in CD8 T cells; increased expression of T-bet,
granzyme B, and IFN-g; enhanced CTL function ex vivo;
increased tumor infiltration; and reverted T cell exhaustion in
an LCMV model (94, 101, 113). Treatment of CAR-T cells with
GSK-3 inhibitors during T cell activation resulted in lower PD-1
levels. These cells showed increased proliferation, decreased
exhaustion, and full tumor elimination in a GBM mouse
tumor model (114). GSK-3 inhibition also decreases T cell
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motility and number of cell-cell contacts, but this is
overpowered by greatly enhanced cytotoxicity (115).

Therapeutic Targeting
Given its important role in immune function, GSK-3 inhibitors
have been tested for their impact on anti-tumor immunity.
Preclinical studies found that GSK-3 inhibitors are as effective
as anti-PD-1 or anti-PD-L1 antibodies to inhibit tumor growth
in mice (101, 103). More importantly, anti-PD-1 and GSK-3
inhibitor combinations may be effective to treat solid tumors that
are otherwise unresponsive to immune checkpoint blockade.
This is likely because, GSK-3b phosphorylates PD-L1 in tumor
cells to induce its degradation, and GSK-3b inactivation can be
seen in some cancers to stabilize PD-L1 expression (116, 117).
Similarly, inhibiting GSK-3b with the chemotherapy-
sensitization combination disulfiram and copper stabilizes PD-
L1 expression in a hepatocellular carcinoma model (118).
Compared to anti-PD-1 alone, combination therapy with anti-
PD-1 plus GSK-3 inhibitors increased the ratio of CD8 effector
memory cells to CD4 Tregs within the tumor (119). Additionally,
tumor growth is further inhibited when anti-LAG3 antibodies
and GSK-3 inhibitors are used in combination in mice. More
specifically, anti-LAG3 and GSK-3 inhibitor SB415286 decreased
tumor growth and prevented lung metastasis in a murine
melanoma model (112). Anti-PD-1 and anti-LAG3 are a
promising combination therapy (120), yet in this study, the
combination of a GSK-3 inhibitor and anti-LAG3 showed even
stronger therapeutic efficacy (112).

GSK-3 inhibitors are particularly promising for their
potential ability to both directly inhibit malignant cells and
also enhance the immune response (92). Following a number
of promising pre-clinical results, there are eighteen clinical trials
completed or ongoing using GSK-3 inhibitors as therapy against
a wide range of cancers. Several clinical trials do not give a GSK-3
inhibitor directly to the patients, but rather pre-treat NK cells or
CAR-T cells with GSK-3 inhibitors to enhance the anti-tumor
activity of these lymphocytes for cellular immunotherapy.
During generation of anti-CD19-CAR-T cells, culture
conditions include IL-21, IL-7, and GSK-3 inhibitor TWS119.
Three of the ten patients in this phase I clinical trial showed
regression of their B-cell malignancy, and toxicities were mild
and did not include graft-versus-host disease (121). NK studies
began with ex vivo experiments showing that peripheral NK cells
cultured with IL-15 + GSK-3 inhibitor CHIR99021 upregulate
CD57 and undergo late-stage maturation into a maximally
cytotoxic form (122, 123). CHIR99021-treated NK cells have
increased production of TNF-a and IFN-g and enhanced
antibody dependent cellular cytotoxicity (ADCC) in vitro.
Adoptive cell transfer of these cells into mice resulted in
stronger/prolonged control against acute myeloid leukemia and
ovarian cancer models (122, 124). From these results, three Phase
I clinical trials are underway that use CHIR99021-treated NK
cells with IL-2 or chemotherapy for patients with lymphoma or a
number of solid organ tumors.

These results suggest that GSK-3 inhibitors may serve as a
promising addition to cancer therapeutic strategies. GSK-3
inhibition lacks harmful effects on normal cell and organ
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function in rodent studies and has long history of safe use in
bipolar disorder (lithium carbonate inhibits GSK-3b activity)
(92, 96). Preclinical studies also suggest that GSK-3 inhibitors
may help protect against chemotherapy-induced thrombosis and
neurotoxicity, and also decrease the development of tolerance to
morphine (96). Should GSK-3 combination therapy allow lower
dosing of anti-PD-1 agents, there is potential to assuage some
anti-PD-1 side effects. With therapeutic mechanisms acting both
directly on cancer cells and enhancing immune responses, GSK-
3 inhibitors may be an important part of future checkpoint-
focused drug combinations.
CDK4 AND CDK6

Cyclin dependent kinase (CDK) 4 and CDK6 are important
kinases in the cell cycle. CDK4/6 activity is regulated by tightly
controlled levels of cyclin D (125, 126). Cyclin D binds and
activates CDK4/6 during G1 of the cell cycle, and together they
phosphorylate retinoblastoma protein (RB1) to promote cell
cycle progression into S phase through transcription of genes
controlled by transcription factor E2F (127). Cyclin D1 and
CDK4/6 promote cell cycle progression and prevent cell
senescence through activation of transcription factor FOXM1,
inactivation of TGFb-mediator SMAD3, and indirect activation
of p53 (128–130). Constitutive activation of the complex of
cyclin D and CDK4/6 results in uncontrolled cell proliferation,
and has a strong link to many cancers (127).

Tumor Cells
Cyclin D1 is often genetically upregulated via chromosomal
translocation in mantle-cell lymphoma, multiple myeloma, and
plasma cell leukemia, as well as a significant fraction of breast
cancers, head and neck, and esophageal squamous cell
carcinomas (131, 132). Other cancers overexpress cyclin D1/2/
3, CDK4/6, or have lower levels of CDK4/6 inhibitors (127).
Mouse studies have shown that overexpression of cyclin D or
CDK4/6 increases susceptibility to breast cancer, while ablation
induces tumor shrinkage in HER2+ and NSCLC tumor models
(133–135). Due to its evident role in proliferation and cancer,
several CDK4/6 inhibitors have been generated, including
palbociclib and ribociclib, which specifically target CDK4/6,
and abemaciclib which targets CDK4/6 and other similar
kinases (127). These agents likely directly inhibit CDK4/6,
perhaps by preventing the formation of cyclin D-CDK4/6
complexes or potentially decreasing their stability, though
lower complex levels are not seen with inhibitor use (136, 137).
Abemaciclib most efficiently crosses the blood brain barrier, and
effectiveness of these drugs is best predicted by intact RB1
expression in the tumor cells (138, 139). These and other
CDK4/6 inhibitors are currently being used in hundreds of
clinical trials across a variety of cancer types. Due to results
showing increased progression-free and overall survival,
palbociclib, ribociclib, and abemaciclib have all been approved
for treatment of advanced or metastatic hormone receptor
positive breast cancers (127).
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T Cells
In addition to impacting the cancer cell, CDK4/6 inhibitors also
impact the immune response. CDK4/6 inhibitors help turn “cold”
tumors into “hot” tumors. Treatment in mice induced tumor cell
release of type III interferons and increased MHC antigen
presentation (140). Increased levels of chemokines such as
CXCL9 and CXCL10 from CDK4/6 inhibition also drive T cell
tumor infiltration (141). Inhibiting CDK4/6 also reduces Treg
proliferation to decrease the intra-tumoral Treg/CTL ratio (140).
Additionally, CDK4/6 inhibition enhances transcription of genes
under control of the transcription factor NFAT. Without CDK4/6
phosphorylation of NFAT, nuclear NFAT levels increase to
promote transcription of T cell activating proteins (141).
Abemaciclib treatment was specifically found to increase
expression of immune checkpoint proteins on T cells, including
CD137, PD-L1 and TIM3 (142). Interestingly, regardless of RB1
status,CDK4/6 inhibitors increasePD-L1 expressionon tumor cells
by decreasing its rate of degradation (143). Consequently, the
combination of CDK4/6 inhibitors with anti-PD-1/PD-L1
therapy showed an additive effect in animal tumor models (142).
Different studies showed greater benefit with a varied schedule of
drug administration, for example delaying the start of anti-PD-L1
drugs until after the start of abemaciclib or vice versa (142, 144).
This treatment regimen resulted in enhanced T cell tumor
infiltration, increased MHC-I/II expression on tumor cells and
APCs, and improved memory formation (142). Further, a
combination of a CDK4/6 inhibitor and a PI3K inhibitor
significantly improved response to anti-PD-1 or anti-CTLA-4
therapy (145). Uniquely, CDK4/6 inhibitor trilaciclib has been
shown to protect normal cells from chemo-related cytotoxicity,
including preserving hematopoietic stem cells to decrease
myelosuppression, and thus may also be an important
contribution to combination therapy (146, 147).

Therapeutic Targeting
Notably, preclinical trials so far have shown an additive effect of
combining CDK4/6 inhibitor with checkpoint blockade agents,
including anti-PD-1 and anti-PD-L1 (144). Since many tumors
may harbor intrinsic resistance to immune checkpoint inhibitors
or to CDK4/6 inhibitors, these pre-clinical results are quite
promising. The use of CDK4/6 inhibitors could have several
benefits to clinical response to immune checkpoint therapy
(144). These inhibitors likely decrease intrinsic and acquired
resistance, and amongst responders, may show an additive
response compared to either therapy alone. Further, this effect
may be seen even in tumors intrinsically resistant to CDK4/6
inhibitors, as their effect on PD-L1 expression is independent of
RB-status in tumor cells. Accordingly, there are nine trials
covering many cancer types that combine immune checkpoint
agents with CDK4/6 inhibitors; results from these trials may have
immense implications on the future of combination therapy.
PAG

Phosphoprotein associated with glycosphingolipid rich
microdomains 1 (PAG) is an inhibitory transmembrane
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protein that is highly expressed on leukocytes, monocytes, and
lymphocytes. PAG has a 16 amino acid extracellular domain and
a 397 amino acid cytoplasmic tail with ten tyrosine
phosphorylation sites (148). Despite being transmembrane,
PAG has no known binding partners (149). PAG is
palmitoylated to induce localization within the lipid-rich
regions of the membrane, along with many important
signaling proteins involved in TCR signal transduction and
modification (148, 150–152). Consistently, PAG is recruited to
the synapse upon immune synapse formation (153). PAG is a
member of the family of transmembrane adaptor proteins
(TRAPs) and helps organize signaling through the recruitment
of cytosolic kinases and phosphatases (150, 154). PAG also has a
C-terminal PDZ domain that binds to EBP50, a protein which
connects to actin via Ezrin (150, 155–157). PDZ domain proteins
are important in immune synapse formation and function (158).
Actin is a major cytoskeletal protein essential for many cellular
functions, including synapse formation (159). Therefore, PAG
likely serves as a link between actin and other lipid-raft proteins
important for immune synapse signaling.

T Cells
In resting T cells, SRC-phosphorylated PAG recruits the
inhibitory tyrosine-protein kinase CSK to lipid rich signaling
complexes, which results in inactivation of lymphocyte-specific
protein tyrosine kinase (LCK) to prevent signaling through the
TCR (148, 154, 160, 161). Upon TCR signaling, PAG is
dephosphorylated by PTP1B and releases inhibitory CSK for
successful TCR signaling (160). CSK is also a negative regulator
of c-SRC, a membrane-anchored tyrosine kinase and proto-
oncogene (162). PAG also regulates localization of SRC family
kinases FYN and LYN, impacting their signaling (163). Thus,
PAG is important in regulating the clustering of synapse-related
signaling molecules. Multiple studies showed that overexpression
of PAG leads to T cell inhibition, while deleting PAG leads to T
cell activation. We confirmed these findings and also showed that
reduced tumor size in PAG KO mice was associated with
increased T cell activity (153). Similarly, Veillette et al.
reported recently that T cells from PAG KO mice had
increased resistance to T cell anergy (164). PAG KO mice also
demonstrate augmented T cell autoimmunity after challenge
(such as MOG in EAE model), suggesting that the importance
of PAG-mediated negative regulation is apparent under
particular types of immune responses (165).

PAG is a mediator of PD-1 signaling. Phosphorylation of
PAG is required for the full strength of PD-1 on many T cell
effector functions, including cytokine production, adhesion,
activation, and TCR signaling. Further, the phosphorylation
status of PAG’s many tyrosine phosphorylation sites mediate
various PD-1 functions. In the murine MC38 colon
adenocarcinoma and B16 melanoma tumor models, our lab
showed that PAG KO mice have limited tumor growth and
enhanced response to anti-PD-1 treatment (153). This correlated
with increased infiltration of both CD4 and CD8 T cells into
MC38 tumors in PAG KO mice and enhanced cytotoxicity of
PAG KO murine T cells in vitro (153). Consistently, patient data
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shows that high PAG levels are more common among patients
who do not respond to anti-PD-1 therapy (153).

Tumor Cells
Patient data shows that higher expression of wild-type PAG is
associated with worse outcomes in many cancers, including
breast cancer, cervical squamous cell carcinoma, head and neck
squamous cell carcinoma, liver hepatocellular carcinoma, uterine
corpus endometrial carcinoma, and lung adenocarcinoma (153,
166). High PAG expression also induces resistance to
radiotherapy in laryngeal carcinoma (167, 168).

Therapeutic Targeting
Therapeutic intervention targeting PAG could take the form of an
inhibitory antibody or a compound to change expression level. The
anti-inflammatory/vasodilatory drug pentoxifylline has been
shown to decrease PAG expression levels in T cells (169). Because
PAG is a transmembrane protein, it can be targeted by the same
approach used in traditional immunotherapy – development of an
antibody to bind and inhibit signaling.While all other antibodies in
therapeutic use inhibit ligand binding, PAG has no known ligand.
Instead, binding PAG with a bulky antibody may displace PAG
outside of the narrow immune synapse away from sites of TCR and
PD-1 signaling. Because of the importance of the subcellular
localization of signaling complexes and the complexity of healthy
synapse formation inT cell responses, PAG is a strong candidate for
therapeutic targeting.Wehave generated andbegun testing an anti-
PAG antibody in murine MC38 and B16 tumor models, with
promising results.

As a mediator of PD-1 signaling, PAG serves as a new, perhaps
more nuanced target for cancer immunotherapy. Combining anti-
PD-1 therapy with antibodies or other compounds targeting PAG
will likely further impede inhibitory signaling in T cells, via PD-1-
related and unrelated mechanisms. Together, this combination
therapy might better release T cells to continue targeting chronic
antigens, suchas in cancer, to improve response rates andavoidPD-
1 associated adverse events.
CONCLUSIONS

With the remarkable success of anti-PD-1 therapy limited to a
fraction of patients, the field is actively working to identify and
test new T cell targets to extend the benefits of immunotherapy
to a larger group of cancer patients while reducing chances of
immune related adverse events. In response, an increasing
number of cancer clinical trials include combinations of
checkpoint inhibitors and other immunotherapies, targeted
therapies, or other therapeutic techniques (4). Ongoing trials
show promise for many cancers that have historically not
responded to anti-PD-1/PD-L1 monotherapy. However, the
number of current PD-1 combination clinical trials is so
staggering that trials are competing for patients (1). One way
to thin out the number of unsuccessful future trials is to strive for
stronger pre-clinical evidence of a new target’s promise before
bringing a new combination strategy to patient trials. This might
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begin with additional mechanistic and translational studies that
elucidate signaling pathways to understand the interplay between
two proteins of interest. If we understand the signaling
relationship between two proteins within immune cells and
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target cells, researchers can more logically select target
combinations with the most promise to enhance responses
and/or decrease side effects. In this review, we highlighted a
number of promising kinases, phosphatases, and adaptor
TABLE 1 | SHP2, ITK, VRK2, PTPN2, GSK-3, CDK4/6, and PAG all have evidence supporting their relationship to the PD-1 pathway in T cells and pro-tumorigenic role
in cancer cells.

Protein
class

Role in PD-
1 pathway
in T cells ^

Cancer cell
intrinsic

tumorigenic
function ^

Cancer types dis-
cussed here

Number
of

Cancer
clinical
trials*

Cancer types in clinical trials
*

Inhibitors approved
or in clinical trial *

Clinical trials
with anti-PD-1/

PD-L1 *

SHP2 Phosphatase Chemnitz
et al., 2004
(27)
Sheppard
et al., 2004
(32)
Fan et al.,
2020 (33)

Niihori et al.,
2005 (23)
Zhang et al.,
2015 [review]
(24)

Childhood leukemia,
GI and respiratory
tumors, NSCLC

30 For trials with ICB: NSCLC,
head/neck and esophageal
SCC, GI stromal cancer, CRC,
KRAS mutant solid tumors

TNO155, sodium
stibogluconate, RMC-
4630, JAB-3312,
JAB-3068, RLY-1971,
BBP-398, HBI-2376,
ERAS-601, SH3809,
GDC-1971, ET0038,
HS-10381, BPI-
442096

NCT04720976,
NCT04418661,
NCT04721223,
NCT04699188,
NCT04000529

ITK Kinase Strazza
et al., 2021
(17)

Lechner
et al., 2020
[review] (43)

Leukemias,
lymphomas, breast
cancer (model), colon
cancer (model)

> 300 Lymphomas, leukemias, MDS,
multiple myeloma, aplastic
anemia, RAEB-T, SCLC, CRC,
melanoma, head/neck SCC,
glioblastoma;, kidney, breast,
prostate, gastro-esophageal,
lung, and pediatric brain
cancers

Ibrutinib,
CPI-818

N/A

VRK2 Kinase Peled et al.,
2021 (71)

Vazquez-
Cedeira et al.,
2012 (60,
64–68)

Renal cancer, liver
cancer, pancreatic
cancer, glioma,
neuroblastoma,
breast cancer, colon
cancer (model)

0 N/A N/A N/A

PTPN2 Phosphatase Manguso
et al., 2017
(89)

(74–79)
TS (80, 81):

Glioma,
laryngocarcinoma,
thyroid cancer; ALL
(TS), melanoma
(model)

0 N/A N/A N/A

GSK-3 Kinase Steele et al.,
2021 (94)
Taylor et al.,
2016 (101)
Taylor et al.,
2018 (103)
Pokhrel
et al., 2021
(111)

Domoto
et al., 2020
[review] (96)
Alves et al.,
2021 (99)
Zeng et al.,
2014 (100)

KRAS mutant
cancers, NSCLC,
GBM (model), HCC
(model), CRC
(model), pancreatic
cancer (model),
lymphoma (model),
melanoma (model),
gastric cancer
(model)

18 Lymphomas, leukemias,
sarcoma, glioma,
neuroblastoma, adenoid cystic
carcinoma, meningioma, SCLC,
CRC, neuroendocrine tumor;
pancreatic, renal, bone, breast,
lung, salivary gland,
esophageal, prostate, thyroid,
and stomach cancers

TWS119,
lithium carbonate,
CHIR99021, 9-ING-
41, LY2090314

N/A

CDK4
CDK6

Kinase Schaer et al.,
2018 (142)
Jerby-Arnon
et al., 2018
(144)

Wang et al.,
1994 (133)
Landis et al.,
2006 (134)
Puyol et al.,
2010 (135)

Mantle-cell
lymphoma, multiple
myeloma, plasma cell
leukemia, breast
cancer, head/neck
and esophageal SCC

> 300 For trials with ICB: melanoma,
pancreatic cancer, breast
cancer, head/neck SCC,
NSCLC, mesothelioma,
liposarcoma, GI cancers

Ribociclib, palbociclib,
abemaciclib,
Trilaciclib,
lerociclib, SHR6390,
PF-06873600, FNC-
437, Birociclib, HS-
10342, CS3002

NCT02791334,
NCT03292250,
NCT03386929,
NCT03654833,
NCT03805399,
NCT04213404,
NCT04360941,
NCT04438824,
NCT05139082

PAG Trans-
membrane
adaptor

Strazza
et al., 2021
(153)

Lu et al.,
2017 (166)
Dong et al.,

Breast cancer, head/
neck and cervical
SCC, HCC, lung

0 N/A N/A N/A
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proteins with strong mechanistic evidence supporting their use
in combination with anti-PD-1/PD-L1 agents.

Combinational approaches could take many forms. A target
downstream of PD-1 ligation has the potential to maintain or
improve therapeutic effects, or to assuage negative side effects of
anti-PD-1 therapy. A new drug along this pathway may amplify
or substitute anti-PD-1 in combinational approaches (Figure 1).
Substitute PD-1-pathway targets would allow pairing with drugs
that target alternative complementary pathways. Combination
therapy could also be used to increase the PD-L1 expression on
tumor cells. Inducing PD-L1 expression increases tumor
responsiveness to concurrent or subsequent anti-PD-1/PD-L1
therapy. The signaling of GSK-3, PTPN2, SHP2, and CDK4/6 all
decrease PD-L1 expression on tumor cells (Figure 1). Thus, if a
therapeutic strategy includes an inhibitor against one of these
four kinases or phosphatases, it may best be used in combination
with an anti-PD-1 agent.

Preclinical trials have already shown an enhanced response to
anti-PD-1 agents when used alongside therapeutic inhibition or
genetic deletion of all targets discussed here: SHP2, ITK, VRK2,
PTPN2, GSK-3, CDK4/6, and PAG (Table 1). Yet, additional
mechanistic understanding of new targets is essential to avoid
unintended side effects including maladaptive impact on the
Frontiers in Immunology | www.frontiersin.org 1195
tumor microenvironment. This includes considering the impact
on various cell subsets, such as Tregs, tumor immunogenicity,
and tumor immune infiltration.

To address the currently limited response to checkpoint
inhibitor therapy, combinational approaches already show
great promise. With continued translational studies to further
analyze PD-1 signaling, combinational strategies can improve
response rates whi le mit igat ing adverse effects in
cancer immunotherapies.
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Discoidin domain receptor 1 is a
potential target correlated with
tumor invasion and immune
infiltration in gastric cancer

Songna Wang1,2†, Yuan Fu1†, Kudelaidi Kuerban1,2,
Jiayang Liu1,2, Xuan Huang1,2, Danjie Pan1,2, Huaning Chen1,2,
Yizhun Zhu3 and Li Ye1,2,3*

1Minhang Hospital and Department of Biological Medicines at School of Pharmacy, Fudan
University, Shanghai, China, 2Shanghai Engineering Research Center of Immunotherapeutics,
School of Pharmacy, Fudan University, Shanghai, China, 3School of Pharmacy, Macau University of
Science and Technology, Macao, Macao SAR, China
Discoidin domain receptor 1 (DDR1) has been demonstrated to be able to

promote tumor invasion and metastasis and being closely related to tumor

immune infiltration. However, DDR1 has rarely been studied in gastric cancer.

Here, we primarily evaluated DDR1 expression in gastric cancer and its cell lines

using multiple databases. Subsequently, the cancer prognosis was investigated

in relation to DDR1 expression. After analysis, we discovered that DDR1 was

highly expressed and significantly connected with poor prognosis in gastric

cancer. To comprehensively understand the molecular mechanism of DDR1,

we explored genes and proteins interacting with DDR1 in gastric cancer using

databases. Additionally, we found that the expression level of DDR1 was

inversely correlated with immune infiltration and significantly relative to

various immune cell markers. Overall, DDR1 was implicated in invasion,

metastasis, and immune infiltration of gastric cancer. Inhibition of DDR1 may

have the potential to alleviate the strong invasiveness and metastasis of

advanced gastric cancer. Meanwhile, immune exclusion by DDR1 may also

provide a new strategy for improving the efficacy of immune checkpoints

inhibitors (ICIs), such as programmed cell death protein 1 (PD-1) antibody.
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Introduction

Globally, gastric cancer, also called stomach cancer, is the

third leading cause of death from cancer (1). One of the most

important reasons for its poor prognosis is that it is usually

diagnosed at an advanced stage (2), which is characterized by

strong invasion and metastasis (3). Although gastric cancer is

treated primarily by surgery, the efficacy of surgery is low for

patients in advanced stage (4). During the past few years,

immune checkpoints inhibitors (ICIs) have been shown to be

effective against several solid tumors, but have had limited

approval in gastrointestinal cancers (5). Clinical data showed

that patients treated with programmed cell death protein 1

(PD-1) antibodies had low response rate in advanced gastric

cancer (6). It has been found that ICIs’ effectiveness requires the

presence of a strong immune infiltration and the ability to

produce an effective antitumor response (7). Moreover,

infiltration of immune cells is particularly associated with

patient prognosis (8). Therefore, there is an urgent need to

improve patient sensitivity to ICIs through exploring potential

regulatory mechanisms of immune cell infiltration.

DDR1 is a type of collagen receptor with tyrosine kinase

activity, which has five isoforms through alternative splicing

(9). Cell adhesion, migration, proliferation, and extracellular

matrix (ECM) remodeling are regulated by its interactions

with ECM components (10, 11). Mounting evidence shows

that DDR1 expression is significantly upregulated in a variety

of cancers, including ovary, breast, colon, and lung cancers

(12–14). It is also associated with malignant behaviors of

tumors, such as tumor cells proliferation, invasion, and

metastasis (15). Research indicated that the cross-talk

between DDR1 and signal transducer and activator of

transcription 3 (STAT3) promoted the progression of

hepatocellular carcinoma (HCC) via epithelial–mesenchymal

transition (EMT) and glutamine metabolism (16). In

pancreatic cancer, collagen stimulated CXC chemokine

ligand-5 (CXCL5) production through the DDR1/PKCq/
spleen tyrosine kinase (SYK)/nuclear factor kB (NF-kB)
pathway, which induced neutrophil extracellular traps

(NETs) to drive tumor metastasis (17). Other studies also

reported that DDR1 could increase invasion and metastatic

spread of gastric cancer via EMT (18). Research indicated that

increased apoptosis and decreased migration in breast cancer

were observed when patients were treated with DDR1

inhibitor nilotinib (19). These suggests that inhibition of

DDR1 may be beneficial for the treatment of advanced

gastric cancer.

Notably, recent studies have found that DDR1 can control

certain properties of immune cells. The molecular structure of

DDR1 consists of three major domains, including a

transmembrane domain, an intracellular kinase domain, and

an extracellular domain (ECD) (20). One study proposed that
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the ECD of DDR1, rather than its intracellular kinase domain,

enhanced the alignment of collagen fibers and blocked immune

infiltration by binding to collagen (21). Similarly, it was reported

that DDR1 expression exhibited inverse correlation with

intratumoral T-cell abundance in triple-negative breast cancer

(22). Anti-DDR1-ECD monoclonal antibody resulted in fewer

and shorter arrangements of collagen fibers at the tumor edge,

which enhanced immune cell infiltration, increased the total

number of infiltrating CD8+ and CD4+ T cells, and promoted

interferon gamma (IFN-g) production (21). This mechanism of

immune exclusion provides a new strategy for improving the

effectiveness of ICIs such as PD-1 antibody. Drugs targeting

DDR1-ECD will help to reduce immune exclusion in gastric

cancer, enhance T-cell infiltration, and reduce NETs, thereby

improving the tumor immune microenvironment and slowing

tumor progression (23).

Herein, we used a variety of databases including Tumor

Immunoassay Resource (TIMER), UCSC Xena, Gene

Expression Display Server (GEDS), UALCAN, Gene

Expression Profiling Interactive Analysis (GEPIA), Kaplan–

Meier plotter, and PrognoScan to study DDR1 gene expression

and its impact on prognosis in multiple cancers. We found that

DDR1 expression levels were highly upregulated in many

cancers, and highly expressed DDR1 significantly affected the

prognosis of gastric cancer. Subsequently, genes and proteins

interacting with DDR1 were analyzed through STRING, PINA,

and Metascape databases. Finally, the effect of DDR1

expression in gastric cancer on immune cell infiltration was

investigated through TIMER database. Results indicated

that DDR1 expression was negatively related to the

infiltration of various immune cells, especially macrophages.

Thus, as described in our study, DDR1 might be a potential

target for gastric cancer. In addition, it provides a new

approach for improving ICI therapy efficacy by enhancing

immune infiltration.
Materials and methods

Expression analysis of DDR1

Through TIMER database (https://cistrome.shinyapps.io/

timer/), DDR1 expression levels in various cancers were

analyzed (24, 25). Test of Wilcoxon significance was performed

for differential expression. Subsequently, we used the UCSC Xena

online platform (https://xena.ucsc.edu) to assess differences of

DDR1 expression between stomach adenocarcinoma (STAD)

and normal tissues (26). We obtained gene expression data of

544 STAD patients. Differential expression analysis was

performed using Welch’s test. By using GEDS (http://bioinfo.

life.hust.edu.cn/web/GEDS/), we examined DDR1 expressions in

37 gastric cancer cell lines (27).
frontiersin.org
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UALCAN

UALCAN database (http://ualcan.path.uab.edu/index.html)

performed the multifaceted analysis about DDR1 expression in

STAD using data from The Cancer Genome Atlas (TCGA) (28).

The contents of the analysis include sample types, patient’s

gender, TP53 mutation status, individual cancer stages, nodal

metastasis status, tumor grades, patient’s age, and histological

subtypes. p-value < 0.05 was considered statistically significant.
PrognoScan database analysis

By searching vast cancer microarray datasets that are

publicly available, PrognoScan database (http://dna00.bio.

kyutech.ac.jp/PrognoScan/) can effectively help to explore the

influences of various gene expression on patients’ prognosis,

thus evaluating potential markers and targets in oncotherapy

(29). We first explored the relationship between DDR1 levels

and survival situation in different cancers via PrognoScan

database. When the p-value was <0.05, it indicated that there

was a significant correlation between DDR1 levels and the

prognosis of each tumor type and subtype.
Kaplan–Meier plotter

Based on gene chips and RNA-seq data from public

databases such as Gene Expression Omnibus (GEO), European

Genome–Phenome Archive (EGA), and TCGA, the Kaplan–

Meier plotter (http://kmplot.com/analysis/) provides the

correlation analysis between a variety of gene expressions and

prognosis in 21 cancer types (30). To investigate the prognostic

impact of DDR1 expression level, we first used the Kaplan–

Meier plotter in breast, ovarian, lung, and gastric cancers

because their cohorts possess relatively large sample sizes. It is

worth noting that those patient samples were grouped by an

automatically selected best cutoff for optimal performance.

Moreover, it was further employed to investigate the

influences of various clinicopathological characteristics in

gastric cancers.
GEPIA

Based on a mass of RNA-sequencing expression data, GEPIA

(http://gepia.cancer-pku.cn/index.html) offers a powerful

platform to conduct genetic analysis (31). In the “single gene

analysis”module of GEPIA, we first generated prognosis curves in

33 divergent types and subtypes of cancers, with DDR1 expressing

differently. Additionally, GEPIA was also employed to analyze the

links between DDR1 and the specific markers of divergent tumor-

infiltrating immune cells (TIICs). The analysis was performed

using tumor and normal tissue datasets.
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Analysis of genes and proteins that
interact with DDR1

Using STRING (https://string-db.org/) (version 11.5), we

constructed a protein–protein interaction (PPI) network for

DDR1 and related proteins (32–34). The statistical significance of

an interaction was established when the combined score was > 0.4.

Subsequently, the interaction network was further analyzed and

visualized using Cytoscape (version 3.8.2). We also further analyzed

genes and proteins interacting with DDR1 in STAD using the PINA

database (https://omics.bjcancer.org/pina/) (version 3.0) (35–37).
Tumor-infiltrating immune cells analysis

We further investigated the influences of DDR1 expression

level on the infiltration levels of specific immune cell subsets in

STAD and lymphoid neoplasm diffuse large B-cell lymphoma

(DLBC) using TIMER database. Then, we visualized the survival

differences for immune infiltration correlated to DDR1 in STAD

and DLBC. Simultaneously, the correlation between DDR1

expression and different immunomarker sets was explored via

TIMER database. Partial Spearman’s correlation adjusted by

purity was applied to assess their relationships.
Datasets

All datasets used in this study are publicly available, but

there are certain differences in different databases. Among them,

datasets used by TIMER, UCSC Xena, UALCAN,and GEPIA are

mainly based on STAD-TCGA and DLBC-TCGA. In addition,

datasets used by GEDS come from Cancer Cell Line

Encyclopedia (CCLE); datasets used in PrognoScan analysis

have been marked in the figures, including GSE12417-GPL96,

GSE7696, GSE26712, jacob-00182-HLM, GSE16560, GSE2658,

E-TABM-158, and GSE17536; and datasets used by Kaplan–

Meier plotter are the expression data of six mRNA chips in GEO,

including GSE14210, GSE15459, GSE22377, GSE29272,

GSE51105, and GSE62254.pt?>
Results

DDR1 is highly expressed in
gastric cancer

We first assessed DDR1 expression in multiple tumors and

normal tissues by the TIMER database. In comparison with

normal tissues, the expression levels of DDR1 were significantly

higher in bladder urothelial carcinoma (BLCA), breast invasive
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carcinoma (BRCA), cholangiocarcinoma (CHOL), esophageal

carcinoma (ESCA), head and neck squamous cell carcinoma

(HNSC), kidney chromophobe (KICH), kidney renal clear cell

carcinoma (KIRC), kidney renal papillary cell carcinoma

(KIRP), liver hepatocellular carcinoma (LIHC), lung

adenocarcinoma (LUAD), lung squamous cell carcinoma

(LUSC), prostate adenocarcinoma (PRAD), rectum

adenocarcinoma (READ), STAD, thyroid carcinoma (THCA),

and uterine corpus endometrial carcinoma (UCEC) (Figure 1A).

Consistently, the analysis result of UCSC Xena also confirmed

that the expression of DDR1 was markedly elevated in STAD

(Figure 1B). Furthermore, we interrogated DDR1 expression in

37 gastric cancer cell lines using the GEDS platform (Figure 1C;

Supplementary Table S1). Of these, NCC-StC-K140 cells show

the highest DDR1 expression, while SNU-1 cells show the

lowest. They can be used to study the effect of DDR1

expression on gastric cancer.
Frontiers in Immunology 04
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DDR1 expression levels in the context
of different clinical parameters of
gastric cancer

Based on samples from TCGA-STAD in the UALCAN

database, DDR1 expression levels in the context of various

clinical parameters of gastric cancer were examined. Gastric

cancer exhibited significantly increased DDR1 expression

compared to normal tissues (Figure 2A). In a similar vein,

this trend was observed in both male and female patients

(Figure 2B). In contrast with mutant TP53, the non-mutant

TP53 showed significantly lower DDR1 expression (Figure 2C).

On the basis of individual cancer stages, DDR1 expressions of

STAD were markedly higher in stages 1–4 (Figure 2D).

Similarly, this increase was observed in N0, N1, and N2

stages (Figure 2E). Considering the tumor grades, DDR1 was

more expressed in tumor grades 1–3 than in normal control
A

B C

FIGURE 1

The expression level of DDR1 in gastric cancer. (A) DDR1 expression levels in multiple tumors and normal tissues were analyzed using the TIMER
database (*p < 0.05, **p < 0.01, ***p < 0.001). (B) The mRNA level of DDR1 was examined in STAD using UCSC Xena database. Welch’s t-test
was used for statistical difference. (C) A scatter plot of DDR1 expressions in 37 gastric cancer cell lines using the GEDS platform.
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(Figure 2F). Moreover, DDR1 expression of grade 2 was

significantly higher than those of grades 1 and 3. With

respect to age, DDR1 expression increased significantly in

patients over 40 years of age (Figure 2G). Additionally, high

DDR1 expressions were observed in various histological

subtypes of STAD (Figure 2H).
DDR1 expression correlates with
prognosis of cancer patients

To investigate the prognostic value of DDR1 as a target for

cancer patients, the PrognoScan database was first employed to

evaluate the effect of different DDR1 expression levels on

survival situation in patients with multiple cancer types.
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Preliminary results indicated that the expression of DDR1 was

significantly related to the prognosis of patients with various

cancer types, including blood, brain, ovarian, lung, prostate,

breast and colorectal cancers (Figures 3A–H). Interestingly, with

regard to different cancer types and even subtypes, DDR1

expression may be inversely correlated to prognosis. For

example, elevated DDR1 expression was significantly

correlated with poorer prognosis in acute myelogenous

leukemia (AML) but better prognosis in multiple myeloma

(MM) (Figures 3A, F).

In addition, the Kaplan–Meier plotter database was

also applied to evaluate the prognostic relevance of DDR1

expression levels in various cancers. The elevation of DDR1

expression was observed to be significantly correlated to poor

prognosis in patients with lung cancer (OS HR = 1.26,
E F

HG

A B C

D

FIGURE 2

DDR1 expression is evaluated in diverse stages based on clinical characteristics by UALCAN database. Analysis of DDR1 expression based on
sample types (A), gender (B), TP53 mutation status (C), individual cancer stages (D), nodal metastasis status (E), tumor grades (F), age (G), and
histological subtypes (H). Marking the central point is the median. [N0, no regional lymph node metastasis; N1, metastases in one to three
axillary lymph nodes; N2, metastases in four to nine axillary lymph nodes; N3, metastases in 10 or more axillary lymph nodes; Grade 1, well
differentiated (low grade); Grade 2, moderately differentiated (intermediate grade); Grade 3, poorly differentiated (high grade); Grade 4,
undifferentiated (high grade)].
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p= 0.00042; FP HR = 1.44, p = 6e−04) and gastric cancer (OS HR

= 1.41, p = 6.8e−05; PPS HR = 1.52, p = 0.00021) (Figures 3M–P).

However, there was not such a concordant and significant

association between the DDR1 expression and the prognosis in

breast and ovarian cancer patients (Figures 3I–L).

Eventually, we went the extra mile to investigate the survival

curves of 33 TCGA cancer types using GEPIA database,

revealing DDR1 expression to be significantly correlated with

DFS in CHOL and KICH, OS in mesothelioma (MESO), and

both OS and DFS in KIRC (Supplementary Figures S1–3).

According to the above analysis, DDR1 expression is clearly
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demonstrated to be significantly correlated to poorer prognosis

across diverse cancer types.
Confirmation of the prognostic value of
DDR1 with various clinicopathological
characteristics of gastric cancer

Since we have noticed the significant impact of DDR1

expression on the prognosis of gastric cancer patients, the
A B C D

E F G H

I J K L

M N O P

FIGURE 3

Effect of DDR1 expression on different cancers prognosis using PrognoScan and Kaplan–Meier plotter databases. (A–H) Survival curves were
assessed using PrognoScan database. Survival curves of OS in blood cancer (AML) (A), brain cancer (B), ovarian cancer (C), lung cancer (D), and
prostate cancer (E) are shown. Survival curves of DSS in blood cancer (MM) (F) and breast cancer (G) are showed. Survival curve of DFS in the
colorectal cancer (H) is shown. (I–P) Survival curves were analyzed using Kaplan–Meier plotter database. Survival curves of OS (I) and RFS (J) in
breast cancer, OS (K) and RFS (L) in ovarian cancer, OS (M) and FP (N) in lung cancer, and OS (O) and PPS (P) in gastric cancer. AML, acute
myelogenous leukemia; MM, multiple myeloma; OS, overall survival; DSS, disease-specific survival; DFS, disease-free survival; RFS, relapse-free
survival; FP, first progression; PPS, post-progression survival.
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prognostic value of DDR1 was further evaluated according to

various clinicopathological characteristics of gastric cancer by

virtue of the Kaplan–Meier plotter database (Table 1). It turned

out that the high expression of DDR1 closely related to poor

prognosis of both female (OS HR = 1.74, p = 0.002) and male

(OS HR = 1.29, p = 0.021; PPS HR = 1.49, p = 0.0026) gastric

cancer patients. Specifically, overexpression of DDR1 was

significantly correlated with worse OS and PPS in stage 1 (OS

HR = 3.21, p = 0.022; PPS HR = 10.27, p = 0.0077) and stage 3

(OS HR = 1.7, p = 0.00026; PPS HR = 2.07, p = 0.00096). In the

four N categories and two M categories, stage N2 (OS HR = 2.12,

p = 0.0011; PPS HR = 2.28, p = 0.00085) and stage M1 (OS HR =

2.43, p = 0.005; PPS HR = 3.27, p = 0.0025) had the highest HR

values of both OS and PPS. Taken together, these results suggest

that the high expression of DDR1 affects the prognosis of

different gastric cancer classifications to varying degrees.
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Genes and proteins that interact with
DDR1 in gastric cancer

First, we analyzed DDR1 mutations in gastric cancer using

the cBioPortal database. Out of 777 samples, DDR1 gene was

altered in 39 (5%) samples (Figure 4A). Most of these mutation

types were amplification and deep deletion. There were also a

small number of missense mutation, splice mutation, and

truncating mutation that might result in unfunctional DDR1.

To learn more about the molecular mechanisms involved in

DDR1, we used STRING website to search the relationship

between DDR1 and its related proteins, while the Cytospace

software was applied to generate the network map (Figure 4B).

DDR1 was closely related to SHC1 (combined score, 0.949),

PTPN11 (combined score, 0.941), TM4SF1 (combined score,

0.904), and WWC1 (combined score, 0.846). Whereafter, we
TABLE 1 Correlation between DDR1 expression and different clinicopathological characteristics in gastric cancer via Kaplan–Meier plotter.

Clinicopathological characteristics OS (n = 881) PPS (n = 503)

N HR (95%CI) p-value N HR (95%CI) p-value

Sex

Female 236 1.74 (1.22–2.48) 0.0020 149 1.53 (0.98–2.38) 0.060

Male 544 1.29 (1.04–1.60) 0.021 348 1.49 (1.15–1.93) 0.0026

Stage

1 67 3.21 (1.11–9.28) 0.022 31 10.27 (1.23–85.58) 0.0077

2 140 0.76 (0.36–1.58) 0.45 105 0.63 (0.32–1.22) 0.17

3 305 1.70 (1.28–2.27) 0.00026 142 2.07 (1.33–3.22) 0.00096

4 148 0.71 (0.47–1.08) 0.11 104 0.73 (0.44–1.20) 0.21

Stage T

2 241 0.61 (0.40–0.93) 0.020 196 0.66 (0.42–1.04) 0.069

3 204 1.77 (1.25–2.52) 0.0013 150 1.98 (1.32–2.95) 0.00071

4 38 0.29 (0.12–0.70) 0.0037 29 0.38 (0.12–1.15) 0.077

Stage N

0 74 0.59 (0.25–1.40) 0.23 41 0.24 (0.06–1.02) 0.037

1 225 1.31 (0.86–2.00) 0.21 169 1.55 (0.95–2.54) 0.079

2 121 2.12 (1.33–3.35) 0.0011 105 2.28 (1.39–3.75) 0.00085

3 76 0.51 (0.29–0.90) 0.019 63 0.57 (0.31–1.03) 0.061

1 + 2 + 3 422 0.83 (0.64–1.09) 0.18 337 1.3 0(0.97–1.76) 0.081

Stage M

0 444 0.85 (0.64–1.13) 0.25 342 1.38 (1.01–1.88) 0.04

1 56 2.43 (1.28–4.61) 0.0050 36 3.27 (1.46–7.32) 0.0025

Lauren classification

Intestinal 320 1.86 (1.34–2.59) 0.00018 192 2.51 (1.65–3.83) 0.0000098

Diffuse 241 0.78 (0.55–1.11) 0.17 176 0.81 (0.55–1.20) 0.29

Differentiation

Poor 165 1.44 (0.89–2.31) 0.13 49 0.60 (0.31–1.18) 0.13

Moderate 67 1.64 (0.81–3.31) 0.16 24 1.8 0(0.59–5.49) 0.29
fron
p-value of log-rank test compares survival curves between patients with high DDR1 expression and those with low DDR1 expression. Bold values indicate p-value <0.05. OS, overall survival;
PPS, post-progression survival; HR, hazard ratio.
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FIGURE 4

Analysis of genes and proteins that interact with DDR1. (A) The OncoPrint of DDR1 gene alterations in queried 777 samples of gastric cancer
using cBioPortal database. Colors are used to highlight the various genetic alterations. (B) A PPI network of DDR1 and its related proteins using
the Cytospace software and heatmaps of pathway enrichment using the Metascape. The p-value cutoff is 0.01. (C) The interaction network of
genes and proteins that interact with DDR1 using PINA database. The yellow nodes represent genes related to poor prognosis (p <0.05, HR>1).
The green nodes represent genes connected with good prognosis (p <0.05, HR<1). The red edges represent a positive correlation (FDR <0.05),
while the blue edges represent a negative correlation (FDR <0.05). Edge width is relative to correlation coefficients. (D) Heatmap shows the
correlation coefficients of mRNA expression (top row) and protein abundance (bottom row) among interacting proteins (DDR1-ERBB2 and
DDR1-EPHA2) in each tumor type.
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used Metascape database for pathway enrichment analysis for

the genes above. Pathways were mainly enriched in MET

signaling and PID ERBB2 ERBB3 pathway. Considering that

the mechanisms of action inside genes differ in different diseases,

we used the PINA database to further analyze genes and proteins

that interact with DDR1 in STAD. The interaction network

diagram of the interacting genes with DDR1 in STAD is shown

in Figure 4C. Edge width is relative to correlation coefficients.

We noted that ERBB3 and EPHA2 were most strongly

associated with DDR1. Therefore, the correlation coefficients

of mRNA expression and protein abundance between two genes

and DDR1 in tumors were analyzed using heat maps

(Figure 4D). ERBB2 is associated with angiogenesis, tumors

metastasis, and drug resistance (38). There is also evidence

that EPHA2 is linked to increased metastatic potential, poor

prognosis, and lower survival rate (39). Considering the role of

DDR1, we speculate that DDR1 may be involved in their

regulatory mechanism.
DDR1 expression correlates with immune
cell infiltration in gastric cancer

Immune cell infiltration has an irreplaceable role in

independently predicting prognosis and lymph node

metastasis status (40). Therefore, TIMER database was further

applied to investigate the effect of DDR1 on the infiltration status

of various TIICs in 39 cancer types and subtypes

(Supplementary Table S2; Supplementary Figures S4–6).

Subsequently, we counted that DDR1 was significantly

associated with the tumor purity in 22 types and subtypes of

cancer in total and correlated with B-cell infiltration in 12 types

and subtypes of cancer, CD8+ T-cell infiltration in 13 types

and subtypes of cancer, CD4+ T-cell infiltration in 17 types and

subtypes of cancer, macrophage infiltration in 18 types

and subtypes of cancer, neutrophil infiltration in 17 types and

subtypes of cancer, and dendritic cell (DC) infiltration in 15

types and subtypes of cancer, respectively (p < 0.05)

(Supplementary Table S2). Concretely, high DDR1 level was

significantly and negatively linked to the infiltration of all the

above TIICs in STAD, especially CD8+ T cells (r = −0.257,

p = 5.32e−07), macrophages (r = −0.355, p = 1.93e−12), and DCs

(r = −0.291, p = 1.08e−08) (Figure 5A). However, in DLBC, no

significant association between DDR1 and any TIICs was

observed. Moreover, we drew Kaplan–Meier plots for different

TIICs to visualize the survival differences in STAD using TIMER

database, with DLBC serving as a control group. It was only

observed that macrophage infiltration was significantly

associated to STAD prognosis (p = 0.004), while no significant

association was noted in DLBC (Figure 5B). Generally, DDR1

level is significantly and negatively associated with immune

infiltration in STAD, revealing that DDR1 plays a specific role
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in gastric cancer through immune cell infiltration, especially

CD8+ T cells, macrophages, and DCs.
Correlation between DDR1 expression
and various immune markers

To better understand the role of DDR1 in the immune

response, the relationships between DDR1 and various markers

of diverse TIICs in STAD were further investigated via TIMER

database (Table 2). Among 39 types of cancer analyzed by

TIMER database, we found that DDR1 had no significant

correlation (p<0.005) with six types of TIIC in DLBC, SKCM,

and PAAD, which could be better used as the control. In the

subsequent correlation analysis of immune markers, DLBC also

showed a more significant difference from STAD. Here, we chose

DLBC as the control group in order to better highlight the

relationship between DDR1 and immune infiltration in STAD.

With the adjustment based on purity, the correlation analysis in

STAD revealed that DDR1 was closely linked to most of immune

markers in various TIICs, such as CD3E of general T cells, CD86

of monocytes, CCL2 of tumor-associated macrophages (TAMs),

and CCR7 of neutrophils. However, there were just four immune

markers correlated to the DDR1 expression in DLBC (p <

0.01) (Table 2).

Interestingly, we noted the significant correlation between

DDR1 level and Treg and T cell exhaustion markers like CCR8,

PD-1, CTLA-4, and TIM-3 (Table 2), revealing that DDR1

might play a potential role in immune escape in STAD, but

further studies are needed about its mechanisms. Furthermore,

the DDR1 level was significantly correlated to the majority of

monocyte, TAM, and M2 macrophage immune markers in

STAD, such as CD86, CCL2, and MS4A4A. To show the

relationship between them visually, we thus generated the

expression scatterplots in STAD using TIMER database, with

DLBC serving as a control group in like manner (Figures 6A, B).

Subsequently, the GEPIA database was used to confirm the

relationships between DDR1 level and the above monocyte, and

TAM, M1, and M2 macrophage markers (Table 3). Just as

expected, the correlations in GEPIA corroborated with the

previous results. In addition, we directly used 407 STAD

samples from TCGA database to calculate the Spearman

correlation coefficient of DDR1 and various immune markers

(Figure 6C). It also turned out that DDR1 had a significant

negative correlation with most immune markers of monocytes,

TAMs, M2 macrophages, and DCs, while there was no

significant correlation with M1 macrophage markers like

PTGS2, or a significantly positive association like IRF5.

Therefore, DDR1 may be correlated to regulating the

polarization of macrophages in STAD. Simultaneously, its

significant correlations with DC markers revealed the

significant correlation between DDR1 and DC infiltration.
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Therefore, these findings validate that DDR1 is involved in

immune infiltration and immune escape in gastric cancer.
Discussion

Gastric cancer is one of the common malignant tumors

worldwide. Due to the difficulty of its early diagnosis and the

high late recurrence rate, gastric cancer has poor prognosis and

high mortality (41). With the deepening of research, it has been

found that gastric cancer, especially in advanced stage, has a

strong ability of metastasis and invasion. Inhibition of metastasis

thus becomes an essential step in treating gastric cancer. In recent

years, more and more researchers have turned their attention to

cancer immunotherapy. At present, immunotherapy, such as ICIs,

has become a first-line treatment for many advanced cancers. In

spite of the fact that ICIs have good efficacy in treating malignant

tumors, their application is limited in gastric cancer. A limitation

of the application of antibodies is the low or non-response rate in

some patients. Promoting intratumoral T-cell infiltration is

known to significantly increase the efficacy of PD-1 antibody

(42, 43). Therefore, investigating the mechanisms underlying
Frontiers in Immunology 10
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immune cell infiltration is essential to improve the efficacy of

ICIs for gastric cancer.

On the basis of previous screening studies, our study selected

DDR1 as a target to investigate its role in gastric cancer. As a

receptor for collagen tyrosine kinase, DDR1 is a major component

of the ECM (44). Previous studies demonstrated that DDR1 was

overexpressed and linked to invasion andmetastasis in a variety of

cancers, such as gastric, bladder, and other cancers (18, 45, 46). A

recent study also showed that ECD of DDR1 was associated with

immune infiltration of tumors (21). Consequently, we studied

data from multiple databases to understand the effect of DDR1 in

gastric cancer. Our analysis revealed that the expression of DDR1

was upregulated in gastric cancer (Figure 1). Prognostic analysis

conducted by PrognoScan, Kaplan–Meier plotter, and GEPIA

databases also suggested that DDR1 affected the prognosis of

patients with various types of cancer to varying degrees (Figure 3).

These data from multiple sources reflected that the high

expression of DDR1 led to a significantly poorer prognosis in

gastric cancer patients. Moreover, studies based on gender,

tumor–node–metastasis (TNM) stages, Lauren classification,

and other clinicopathological characteristics also proved the

clinical prognostic value of DDR1 in the treatment of gastric
A

B

FIGURE 5

DDR1 expression is correlated with immune infiltration in STAD. (A) Correlation of DDR1 expression with immune infiltration levels in DLBC and
STAD via TIMER database. DLBC serves as a control group. (B) Kaplan–Meier plots of the relationship between patients’ prognosis and immune
cells infiltration in DLBC and STAD via TIMER database [blue line, low (bottom 50%); red line, high (top 50%)].
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TABLE 2 Correlation between DDR1 level and markers of immune cells in STAD and DLBC via TIMER database.

Description Gene markers STAD DLBC

None Purity None Purity

Cor P Cor P Cor P Cor P

CD8+ T cell CD8A −0.209 *** −0.220 *** −0.544 ** 0.196 0.213

CD8B −0.225 *** −0.121 0.018 −0.411 * 0.183 0.246

T cell (general) CD3D −0.302 *** −0.315 *** −0.709 *** 0.135 0.394

CD3E −0.241 *** −0.335 *** −0.750 *** 0.145 0.358

CD2 −0.257 *** −0.303 *** −0.737 *** 0.135 0.394

B cell CD19 −0.232 *** −0.218 *** 0.145 0.361 −0.045 0.778

CD79A −0.252 *** −0.268 *** 0.032 0.841 −0.080 0.612

Monocyte CD86 −0.202 *** −0.286 *** −0.385 0.012 0.177 0.261

CD115 (CSF1R) −0.154 * −0.208 *** −0.514 ** 0.173 0.272

TAM CCL2 −0.253 *** −0.205 *** −0.252 0.107 0.326 0.036

CD68 0.072 0.146 −0.159 * −0.410 * 0.035 0.827

IL10 −0.165 ** −0.254 *** −0.211 0.180 0.113 0.476

M1 Macrophage INOS (ISYNA1) 0.156 * −0.009 0.863 −0.056 0.725 −0.090 0.570

IRF5 0.178 ** −0.111 0.030 −0.257 0.100 0.020 0.901

COX2 (PTGS2) 0.010 0.837 −0.126 0.014 −0.324 0.036 0.629 ***

M2 Macrophage CD163 −0.059 0.234 −0.190 ** −0.084 0.597 0.154 0.328

VSIG4 −0.141 * −0.166 * −0.157 0.319 0.114 0.470

MS4A4A −0.242 *** −0.191 ** −0.202 0.200 0.189 0.230

Neutrophils CD66b (CEACAM8) −0.052 0.293 0.021 0.689 −0.273 0.080 0.199 0.207

CD11b (ITGAM) −0.035 0.475 −0.164 * −0.309 0.046 0.210 0.182

CCR7 −0.251 *** −0.292 *** −0.498 ** 0.367 0.017

NK cell KIR2DL1 −0.183 ** −0.077 0.137 −0.352 0.022 0.305 0.050

KIR2DL3 −0.140 * −0.132 0.010 −0.424 * 0.411 *

KIR2DL4 −0.024 0.622 −0.165 * −0.206 0.191 0.242 0.122

KIR3DL1 −0.156 * −0.124 0.016 −0.285 0.067 0.108 0.496

KIR3DL2 −0.175 ** −0.161 * −0.612 *** 0.348 0.024

KIR3DL3 0.044 0.369 −0.020 0.703 −0.117 0.461 0.122 0.440

KIR2DS4 −0.131 * −0.122 0.018 −0.239 0.127 0.092 0.560

DC HLA-DPB1 −0.206 *** −0.293 *** −0.207 0.188 −0.185 0.240

HLA-DQB1 −0.078 0.113 −0.282 *** −0.160 0.311 0.111 0.482

HLA-DRA −0.132 * −0.276 *** −0.195 0.215 0.079 0.619

HLA-DPA1 −0.135 * −0.276 *** −0.303 0.051 −0.064 0.686

BDCA-1 (CD1C) −−0.274 *** −0.285 *** −0.026 0.872 −0.199 0.205

BDCA-4 (NRP1) −−0.142 * −0.173 ** −0.263 0.092 0.337 0.030

CD11c (ITGAX) −0.063 0.204 −0.224 *** −0.533 ** 0.127 0.422

Th1 T-bet (TBX21) −0.190 *** −0.254 *** −−0.706 *** 0.371 0.016

STAT4 −0.263 *** −0.245 *** −0.732 *** 0.144 0.360

STAT1 0.156 * −0.104 0.042 −0.451 * 0.206 0.190

IFN-g (IFNG) −0.054 0.274 −0.190 ** −0.537 ** 0.166 0.292

TNF-a (TNF) 0.101 0.041 −0.281 *** −0.326 0.035 0.150 0.343

Th2 GATA3 −0.201 *** −0.174 ** −0.688 *** 0.134 0.395

BCL6 −0.026 0.599 −0.071 0.049 −0.277 0.011 0.301 *

IL21 −0.105 0.032 0.011 0.836 0.065 0.684 0.181 0.250

STAT6 0.201 *** −0.132 0.010 −0.418 * 0.259 0.098

STAT5A 0.029 0.557 −0.002 0.971 −0.298 0.055 0.377 0.014

(Continued)
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cancer. The results showed that DDR1 was significantly correlated

with a variety of clinicopathological characteristics in STAD

(Table 1). Notably, high expression of DDR1 in N2 and M1

stages of gastric cancer had comparatively high HR values in the

prognostic analysis, revealing the crucial role of DDR1 in local

lymph node metastasis and distant metastasis of gastric cancer.

Therefore, we suggest that DDR1 has good prognostic value as a

potential tumor therapeutic target in patients with gastric cancer,

thereby effectively promoting the development of precision

therapy for gastric cancer. Specially, targeting DDR1 is

suggested to have a good therapeutic potential for metastatic

advanced gastric cancer.
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Subsequently, this study further investigated the underlying

molecular mechanism of DDR1. We found that DDR1 was

closely related to SHC1, PTPN11, TM4SF1, and so on by

using STRING. In particular, we found that DDR1 interacted

with PPP1R1B. PPP1R1B can modulate downstream signaling

of various kinases in pancreatic cancer by regulating proteins

phosphatase 1 activity, which in turn regulates the activity of

many phosphorylated proteins (47). Among them, the

regulation of PPP1R1B induces phosphorylation of Mdm2

Ser166 and promotes the degradation of p53. In addition,

DDR1 can regulate p53 via the positive feedback of DDR1-

RAS/MAPK-p53-P21 module (48). Therefore, we proposed a
TABLE 2 Continued

Description Gene markers STAD DLBC

None Purity None Purity

Cor P Cor P Cor P Cor P

IL13 −0.042 0.393 −0.135 * 0.181 0.251 −0.097 0.541

Th17 STAT3 0.152 *** −0.136 * −0.410 * 0.198 0.209

IL17A −0.007 0.894 −0.122 0.017 −0.508 ** 0.293 0.060

Treg FOXP3 −0.024 0.630 −0.241 *** −0.633 *** 0.337 0.030

CCR8 −0.028 0.563 −0.168 * −0.477 * 0.285 0.068

STAT5B −0.034 0.489 −0.023 0.661 −0.323 0.037 0.307 0.049

TGFb (TGFB1) −0.061 0.217 −0.169 ** −0.517 ** 0.409 *

T cell exhaustion PD-1 (PDCD1) −0.084 0.087 −0.175 ** −0.533 ** −0.060 0.704

CTLA4 −0.087 0.077 −0.197 ** −0.702 *** 0.133 0.401

LAG3 −0.076 0.122 −0.227 *** −0.560 ** 0.160 0.312

TIM-3 (HAVCR2) −0.127 * −0.245 *** −0.387 0.011 0.097 0.542

GZMB −0.053 0.280 −0.254 *** −0.242 0.122 0.075 0.637
frontiersi
*p < 0.01; **p < 0.001; ***p < 0.0001. TAM, tumor-associated macrophage.
TABLE 3 Correlation between DDR1 level and immune markers of monocyte, TAM, and macrophages of STAD via GEPIA database.

Description Gene markers STAD

Tumor Normal

R p R p

Monocyte CD86 −0.19 ** 0.22 0.20

CD115 (CSF1R) −0.11 0.029 0.13 0.46

TAM CCL2 −0.21 *** −0.52 *

CD68 0.094 0.058 0.53 *

IL10 −0.13 * 0.038 0.82

M1 Macrophage INOS (ISYNA1) 0.16 * −0.21 0.21

IRF5 0.24 *** 0.69 ***

COX2 (PTGS2) 0.034 0.49 −0.45 *

M2 Macrophage CD163 −0.12 0.016 −0.42 0.012

VSIG4 −0.11 0.027 −0.31 0.069

MS4A4A −0.20 *** −0.54 **
*p < 0.01; **p < 0.001; ***p < 0.0001.
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FIGURE 6

Correlation between DDR1 expression level and immune markers in STAD and DLBC. (A) Scatterplots of correlation between DDR1 expression level and
immunological marker sets of monocytes, TAMs, and M1 and M2 macrophages in DLBC via TIMER database. (B) Scatterplots of correlation between
DDR1 expression level and immunological marker sets of monocytes, TAMs, and M1 and M2 macrophages in STAD via TIMER database. (C) Correlation
heatmap of DDR1 expression level and immunological marker sets of monocytes, TAMs, M1 macrophages, M2 macrophages, and dendritic cells based
on 407 STAD samples from TCGA. (Blank indicates the correlation is not significant. The p-value cutoff is 0.05.).
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hypothesis that DDR1 interacts with PPP1R1B through the

regulation of p53. It would be worthwhile to explore this

further. Then, DDR1-interacting genes and proteins were also

investigated using the PINA database. The majority of these

genes are associated with metastasis and invasion of cancer. The

obvious correlation between DDR1 and EBRR2 and the

mechanism of action also deserves our further study. In

addition, after referring to the analysis of DDR1-related genes

in many references and databases, we performed the pathway

enrichment analysis of DDR1 and its related genes (9, 16).

Pathways were mainly enriched in MET signaling and PID

ERBB2 ERBB3 pathway. Here, we also consider that the

number of genes that we screened is not large, so the analysis

of related pathways also needs further validation.

Previous studies have revealed some key mechanisms of DDR1

in immune infiltration (21, 22). In the present study, we investigated

the infiltration situation based on DDR1 in gastric cancer. The

results showed that DDR1 expression significantly affected the

infiltration of various TIICs in gastric cancer, especially CD8+

cells, macrophages, and DCs (Figure 5A). Thus, DDR1 is

reasonably supposed to be involved in macrophage polarization

and T-cell activation regulated by DCs and therefore affects immune

infiltration. In addition, the prognostic analysis of different TIICs

showed that macrophage infiltration significantly correlated with the

survival of gastric cancer patients (Figure 5B). Following the

assessment of overall infiltration in gastric cancer, we further

explored the correlation between DDR1 and various immune cell

markers (Figure 6; Table 2). The significant correlation between

DDR1 and regulatory T cells and T-cell exhaustion markers such as

TGFb1, PD-1, and CTLA-4 indicated that DDR1 was involved in

immune escape and tumor invasion. Moreover, obvious associations

between immune markers of T-helper cells and DDR1 were

observed as well, such as tumor necrosis factor alpha (TNF-a) of
Th1, GATA3 of Th2, and STAT3 of Th17. These results imply the

crucial role that DDR1 played in the recruitment, effect, and

regulation of various TIICs in gastric cancer.

In summary, this study deepens our understanding of the

various roles of DDR1 in the progression of gastric cancer and

also demonstrates the potential clinical value of DDR1 as a

therapeutic target for gastric cancer. However, there are still

limitations in our study. In general, our study principally focused

on mRNA levels, and there was not enough data based on protein

level to analyze. In addition, wemainly focalize the infiltration study

on STAD but lacked the study on other rare subtypes of gastric

cancer, such as squamous cell carcinoma of the stomach. In

addition, even though there is a significant and negative

correlation between DDR1 and many immune markers of

various TIICs in gastric cancer, the correlation is not very strong,

which also reflects the complexity of the mechanism of immune

infiltration. Therefore, the molecular mechanisms and signaling

pathways of DDR1 affecting immune infiltration and escape, tumor

invasion, and metastasis also remain to be further studied. Overall,

our study demonstrates the multiple potentials of DDR1 in the
Frontiers in Immunology 14
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immunotherapy of gastric cancer, including immune infiltration

and tumor invasion, and also expands the direction of DDR1

signaling mechanism research. Moreover, all new discoveries of

DDR1 may provide a new strategy for improving the efficacy of

ICI therapy.
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Single-Cell RNA-Sequencing Atlas
Reveals the Tumor Microenvironment
of Metastatic High-Grade Serous
Ovarian Carcinoma
Yingqing Deng1,2†, Yuan Tan1†, Dongmei Zhou3†, Youhuang Bai2†, Ting Cao3,
Caizhou Zhong1,2, Weilai Huang4,5, Yuhua Ou6, Linlang Guo7, Qianqian Liu8, Deling Yin2,
Lipai Chen8, Xiping Luo6, Deqiang Sun1,2,5* and Xiujie Sheng3*

1 Key Laboratory of Biological Targeting Diagnosis, Therapy and Rehabilitation of Guangdong Higher Education Institutes,
The Fifth Affiliated Hospital of Guangzhou Medical University, Guangzhou, China, 2 Department of Cardiology of The Second
Affiliated Hospital, Cardiovascular Key Laboratory of Zhejiang Province, School of Medicine, Zhejiang University,
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Hangzhou, China, 6 Department of Obstetrics and Gynecology, Guangdong Women and Children Hospital, Guangzhou,
China, 7 Department of Pathology, Zhujiang Hospital, Southern Medical University, Guangzhou, China, 8 Affiliated Cancer
Hospital and Institute of Guangzhou Medical University, Guangzhou, China

Ovarian cancer is the most common and lethal gynecological tumor in women worldwide.
High-grade serous ovarian carcinoma (HGSOC) is one of the histological subtypes of
epithelial ovarian cancer, accounting for 70%. It often occurs at later stages associated
with a more fatal prognosis than endometrioid carcinomas (EC), another subtype of
epithelial ovarian cancer. However, the molecular mechanism and biology underlying the
metastatic HGSOC (HG_M) immunophenotype remain poorly elusive. Here, we
performed single-cell RNA sequencing analyses of primary HGSOC (HG_P) samples,
metastatic HGSOC (HG_M) samples, and endometrioid carcinomas (EC) samples. We
found that ERBB2 and HOXB-AS3 genes were more amplified in metastasis tumors than
in primary tumors. Notably, high-grade serous ovarian cancer metastases are
accompanied by dysregulation of multiple pathways. Malignant cells with features of
epithelial-mesenchymal transition (EMT) affiliated with poor overall survival were identified.
In addition, cancer-associated fibroblasts with EMT-program were enriched in HG_M,
participating in angiogenesis and immune regulation, such as IL6/STAT3 pathway activity.
Compared with ECs, HGSOCs exhibited higher T cell infiltration. PRDM1 regulators may
be involved in T cell exhaustion in ovarian cancer. The CX3CR1_macro subpopulation
may play a role in promoting tumor progression in ovarian cancer with high expression of
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BAG3, IL1B, and VEGFA. The new targets we discovered in this study will be useful in the
future, providing guidance on the treatment of ovarian cancer.
Keywords: scRNA-seq, tumor microenvironment, T cells, myeloid cells, high-grade serous ovarian carcinoma
INTRODUCTION

Epithelial ovarian cancer usually occurs at an advanced stage and
is the most common cause of death from gynecological cancer (1).
High-grade serous ovarian carcinoma (HGSOC) is a common
histological subtype of epithelial ovarian carcinoma, for 70 to 80%,
while the endometrioid carcinoma (EC) subtype accounts for 10%
(2). HGSOC is associated with a more fatal prognosis and frequent
recurrences, with more than 85% of women with this type having a
10-year mortality rate of 70%, whereas endometrioid carcinoma is
thought to originate in endometriosis, a histologic type that tends
to have a better prognosis. Our knowledge of the molecular
etiology and clinical pathology of HGSOC has greatly improved,
and recent therapy has advanced (3–6). However, most patients
are diagnosed at a late stage, when cancer has already
metastasized, and the diagnosis results in 5-year survival of 30%.
Accordingly, the development of effective therapies for metastatic
ovarian cancer is urgently needed. To do so, we need to
comprehensively characterize the cellular heterogeneity and
define transcriptional featureswithin the tumormicroenvironment.

Genomic analysis of HGSOC revealed a mutation in the tumor
suppressor gene TP53, which is also seen in endometrioid carcinoma
(3), promoting ovarian cancer metastasis and chemoresistance, and
defecting in homologous recombination (HR) DNA repair, which
contributes to the somatic BRCA mutation (7). The Cancer Genome
Atlas (TCGA) project has classified HGSOC into four transcriptional
subtypes: ‘differentiated’, ‘immunoreactive’, ‘proliferative’, and
‘mesenchymal’ (8, 9).

Recently, a scRNA-seq study of six metastatic omental tumors
that derived from primary HGSOCs unraveled the genetic
signatures of immune cell subsets within the tumor
microenvironment and identified NR1H2+ IRF8+ and CD274+

macrophage clusters, which were suggested with an anti-tumor
response (10). Another scRNA-seq study revealed that the inhibition
of the JAK/STAT pathway has potential anti-tumor activity (11).
The heterogeneity of tumor cells and different immune cell types
within the TME play a paramount role in shaping tumor behavior
(12–14). Therefore, characterizing the complex interplay between
tumor cells and immune cell phenotype within HGSOC will be
beneficial to find the critical factors of ovarian carcinogenesis,
metastasis, and targeted treatment.

In this study, we conducted single-cell RNA sequencing of five
primary high-grade serous carcinomas samples (HG_P), three
metastases from HGSOC to the peritoneum (HG_M), one normal
ovarian sample, and two primary Endometrioid (EC_P) samples.
By comparing HG_Mwith HG_P and EC_P, we comprehensively
characterized the heterogeneity of tumor cells and immune cells in
ovarian cancer lesions, as well as the dynamic changes in cell-type
composition and intercellular interactions, providing new insights
into the biological basis of the development of HGSOCs and ECs.
org 2118
RESULTS

Single-Cell Transcriptomic Profiling of the
Cellular Heterogeneity of the HGSOCs
Droplet-based single RNA-seq (10X Genomic) was performed on a
total of eight samples from five treatment-naive patients. For
parallel analyses, the public scRNA-data of 1 HG_P and 2 HG_M
samples (15) from the same patient were downloaded (Figure 1A,
Tables S1, S2). After quality filtering, approximately 0.68 billion
unique molecular identifiers (UMIs) were collected from 55802 cells
with >250 genes detected. Of these cells, 28,571(51.2%) cells were
from HG_P, 8925 (16%) cells were from HG_M, and 12751(22.9%)
cells were from EC_P. All high-quality cells were used to perform
canonical correlation analysis (CCA) and identify anchors or
mutual nearest neighbors (MNNs). Then, we integrated all cells,
conducting unsupervised graph-based clustering (16).

By Uniform Manifold Approximation and Projection
(UMAP) with the resolution of 1.1, we identified 10 major
lineages (epithelial cells, B cells, NK cells, T cells, plasma cells,
fibroblasts, mesenchymal stem cells (MSCs), endothelial cells,
neutrophils, and myeloid cells) (Figures 1B, C, S1A). The cell
types were mainly assigned based on canonical cell markers and
functional categories according to significantly differential genes
expressed from different clusters (17, 18). One remaining cluster
was labeled as “N” because we could not confidently recognize
this cell type (10). The respective proportion of each cell type was
varied and significantly differed between tumors (Figure 1D,
proportion test, df=10, p-value < 2.2e-16). Interestingly, the
boxplot exhibited that the medians in B cells, NK/T cells, and
myeloid cells were higher in HG_P than HG_M and EC_P,
whereas plasma cells were more enriched in EC_P (Figure S1B).

Previously, The Cancer Genome Atlas (TCGA) had stratified
HGSOC into four molecular subtypes. We wondered if the inter-
patient variability among tumorswere consistentwith these subtypes.
To this end, we assignedmolecular subtypes to our samples with the
consensusOV (9) classifier (Version 1.14.0) (Figure 1D, S2A). We
found that all four subtypes were well presented in each ovarian
lesion. EC_P expressed the DIF signature slightly over HG_P and
HG_M, while HG_P was comparable with HG_M, and EC_P
presented the lowest IMR signature, supporting low immune-cell
infiltration (Figure 1E). What’s more, certain subtypes tended to be
consistentwith specific cell types (Figure S2B). Epithelial cells highly
expressed the differential (DIF) signature and lesser expressed
proliferative (PRO) signature. The mesenchymal (MES) signature
was strongly expressed by the fibroblasts and MSCs cells, while the
immunoreactive (IMR) signature mainly consisted of myeloid, T
cells, and NK cells. Notably, more fibroblasts were classified as
proliferative subtypes in our data, suggesting that there are more
fibroblasts with relatively high tumor purity. Based on this result, we
wanted to know which genes made the most contribution to this
July 2022 | Volume 13 | Article 923194
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classification. Thus, we extracted markers that were used for
classification and calculated their average expression in each cell
type (Figure S3A). As expected, proliferative markers such as
MARCKSL1, STMN1, UCHL1, MFAP2, TRO, etc. are indeed
expressed at higher levels in fibroblasts than others. Likewise, we
plotted these markers in the heatmap in each cell of fibroblasts
(Figure S3B) and we found PRO-markers like MARCKSL1 and
STMN1, especially for MARCKSL1, which are highly expressed in
most cells. And these markers contribute the most to the
classifications of proliferative-subtype, while other PRO-related
markers, UCHL1 and MFAP2, are not expressed significantly per
cell infibroblasts though their average expression is higher thanother
cell types. These results illustrated the importance of fibroblasts in
cancer progression and indicated that a subset of fibroblasts in our
data is cancer-associated fibroblasts (CAFs).
Frontiers in Immunology | www.frontiersin.org 3119
In addition, we can assess TCGA-subtypes at the patient level
from our single-cell data by calculating the average of each gene
per sample. Validated with the dataset from a previous study (19)
(Figure S4A-4C), we had a high degree of confidence to infer the
subtypes of HG1_P, HG2_P, HG4_M2, and EC2_P (Figure S4D,
4E). Their subtypes are likely to be IMR, IMR, MES, and DIF.
Overall, our findings fully illustrated the difference in subtype
classification between bulk samples and single-cell data, where
single cells can more accurately describe the TCGA-subtype and
characterize the heterogeneity of ovarian cancer.

Distinguish Worse Survival Cells from
Cancer Epithelial Cells of HGSOCs
Based on the expression of PAX8 and CD24 (20, 21), we found that
they were mainly expressed in epithelial cells as well as the subtype
A

B

D

E

C

FIGURE 1 | Overview of TME in primary HGSOCs, metastatic HGSOCs, and ECs. (A) Workflow of the samples collected and the data analysis strategy. (B) Cell
populations identified. The UMAP projection of 55802 single cells from HG_P (n=5), HG_M (N=3), EC_P (n=2), HG_Nor (n=1) samples shows the 10 main clusters
with annotation. Each dot corresponds to a single cell, colored according to cell type. (C) Canonical cell markers are used to identify the clusters. (D) Barplots of the
cell type and cancer subtypes for all 11 tumors. (E) The cancer subtypes proportion for each pathological group.
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DIF(FiguresS2A,S5A),whichwe termed “cancerepithelial cells”. In
addition, we used T cells and myeloid cells from the normal sample
(HG2_nor) as controls by inferring chromosomal copy number
alterations (InferCNV, Version 1.2.1) (11) to confirm this (Figure
S6). As shown below, we found that CNV trends in the same
chromosomal region of different primary patients were distinct,
whereas they were approximately consistent in the same patient
(Figures 2A, B, S5B). Obviously, the genes generally mutated in
ovarian cancer were more amplified in chr17 in HG3_M than in the
primary tumors on both sides, such as the ERBB2 and HOXB-AS3
genes, which are generally mutated in ovarian cancer (8). These
Frontiers in Immunology | www.frontiersin.org 4120
results demonstrated both intertumoral heterogeneity between
patients and consistency within the same patient lesion.

Re-running UMAP analysis on these cells, a total of eight sub-
clusters were identified, of which revealed interpatient tumor-
specific clusters (22, 23) (Figure 2C). Conversely, re-clustering
the subsets like T cells and fibroblast cells without integration, we
found that ovarian lesions from the same batch clustered
together (Figure S5C). Differentially expressed genes in each
cluster, interpatient GSVA, and cell cycle analysis were also
shown (Figures 2D and S5D, 5E). We then used a Scissor
algorithm (Version 2.0.0) to classify cells associated with worse
A B

D

E

F
G

C

FIGURE 2 | Copy number profiles, intertumoral heterogeneity, and EMT signature subpopulations are identified. (A) The chromosomal landscape of copy number
for 13,634 epithelial cells of seven primary tumors; amplification (red) and deletions (blue). (B) The chromosomal landscape of copy number for 2849 epithelial cells of
metastatic tumors and primary tumors of the HG3 patient (L_HG3_P means the primary tumor from the left ovary in the HG3 patient; R_HG3_P means the primary
tumor from the right ovary in HG3 patient). (C) The UMAP projection of 17,551 epithelial cells from 10 tumors of six patients (indicated by labels and colors) reveals
tumor-specific clusters. (D) Differentially expressed genes of the top 10 genes (rows) that are differentially expressed in each cluster (columns). (E) Differentially
expressed genes between Scissor+ cells and all other cells in HGSOCs, each point represents a gene. Red: significant genes; Black: NS genes. avg_logFC: log 2
fold-change of the average expression between the two groups. ((log-FC > 0.25, FDR <0.05) (F) Enrichment of significant genes related to Reactome and Hallmark
pathways. (G) Kaplan-Meier plot shows that high expression of EMT signature has shorter overall survival in ovarian cancer. The high and low patients are split by
the mean expression of the EMT-related gene set.
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survival (Scissor+ cells) from cancer epithelial cells, based on
GDC TCGA bulk RNA-seq expression and clinical phenotype
(24). As described previously, Scissor can quantify the similarity
between single-cell data and bulk data through measurements,
for example, Pearson correlations, and then it optimizes a
regression model on the correlation matrix with the sample
clinical phenotype. After that, it will provide feedback on three
cell types, such as cells associated with worse prognosis (Scissor+

cells), cells related to better prognosis (Scissor- cells), and cells
that have no relationship with prognosis (Background cells).

In HGSOCs, we found that Scissor+ epithelial cells mainly
accumulated in patients with metastasis (Figure S7A). To
distinguish Scissor+ cells from Scissor- cells and Background cells
(All other cells), we compared their gene expression (Figure 2E,
S7C, cut off: avg_log-FC > 0.25, FDR <0.05). Interestingly, high
expression of EMT-related genes like GAS1, DCN, COL1A1, MGP,
etc. in HGSOCs Scissor+ cells derived predominantly from patients
with tumors metastasized (Figures 2E, S7B). Genes such as
STMN1, CCND1, TUBA1B, and TUBB significantly expressed in
Scissor+ cells of ECs were associated with the cell cycle (Figure S7E),
which is a barometer of epithelial tumor cells proliferation (25).
Furthermore, functional enrichment analysis of significantly
expressed genes in Scissor+ cells also confirmed these (Table 1,
Figures 2F, S7D), and survival analyses revealed that high levels of
EMT and cell cycle signature were significantly related to poor
overall survival in the Ovarian Cohort (Figures 2G, S7F). The
observation of HGSOCs was consistent with the previous report
that EMT is involved in increasing the invasion and metastasis of
epithelial tumors (26–29). Therefore, targeting epigenetic regulation
of EMT is a potentially powerful approach to inhibit the migration
and invasiveness of HGSOCs.

Dynamic Trajectory Analysis During the
Progression of HGSOCs
In the recent past, omentum metastasis has been reported (10). But
in general, there are still few studies on the genetic dynamics of
high-grade serous ovarian cancer metastasis, especially on the
transcription factors involved in tumor progression. Based on the
Monocle2 method (Version 2.21.1), pseudo-time reconstruction of
Frontiers in Immunology | www.frontiersin.org 5121
epithelial cells was performed to infer the progression path of
HGSOC (Figure 3A, and S8A). Macroscopically, the number of
metastatic epithelial cells increased along the trajectory at the later
stage. Besides, we also estimated the RNA velocities of every single
cell by distinguishing un-spliced and spliced mRNAs, a function
provided by velocyto (30) package. According to the direction of
movement of each cell, the process of metastasis of HGSOCs can be
clearly detected (Figure S8D).

In particular, the dynamic gene expression profiles during the
development of tumors were extracted. (Figures 3C, D).
Interestingly, we found that the molecular mechanisms involved in
metastatic HGSOCs were consistent whether the primary HGSOC
was on the left or right side (Figures 3C, S8E). Genes related to the
immune response were significantly decreased, whereas the genes
related to DNA replication, cell cycle, epithelial cell proliferation,
oxidative phosphorylation, and TCA cycle were significantly
increased (Figures 3C, D). These results also suggested that
inhibitors based on poly (ADP-ribose) polymerase (PARP), which
aids in stopping the regenerationof cancer cells, such asOlaparib and
Rucaparib, may be helpful for the treatment of metastatic HGSOCs
(31–33). Meanwhile, the transcriptional factors (TFs) related to
immune regulation, such as ARID5A, NFKB1, RORA, and
ZNF683, were gradually downregulated along with the trajectory
differentiation process (Figure 3E). And these immune-related TFs
were scattered in the clusters of epithelial cells as well as other cell
types (Figure S8B). Conversely, some well-known factors related to
tumor growth promotion, such as HMGA1, GTF3A, PHF19,
CENPX, and MBD2, were upregulated. Zingg emphasized that loss
of cilia acceleratesmelanomametastasis in benign cells by enhancing
Wnt/b-Catenin Signaling (34). In our data, the expression of
epithelial cilium movement markers, including FOXJ1, PRG,
RFX2, and TMF1, although increased during the process, were
mainly overexpressed in primary tumor cells (Figures 3A, F). This
may indicate that disruption of cilia assembly leads to primary
ovarian cancer that metastasizes to the peritoneum.

We also utilizedGeneSwitches (35) (Version 0.1.0) to predict the
genes that act as on/off switches between cell states in order during
the tumor’s metastasis process (Figures 3B, S8C). Accordingly,
overexpression of some acting on genes like FOSL2, NFIB, NFIC,
TABLE 1 | Functional enrichment analysis based on the upregulated genes in HGSOCs Scissor+ cells versus All other cells (Scissor- and Background cells).

Pathological
subtype

Category Description Log10
(q)

Genes

HGSOC Reactome
Gene Sets

Peptide chain elongation -35.94 COL3A1, MT1E, MT2A, ZFP36, FOS, HBB, RPS17, NNMT, RPL13A, COL6A2,
COL6A1, RPS9, JUN, RPL31, SLC25A6, RPL34, SAT1, RPS4X, ZFP36L1, RPS6,
EEF2, RPS5, RPL11, RPL13, RPL23, CEBPB, RPL10A, RPS12, RPS20, RPL19,
RPL10, RPS16, RPLP2, ID1, ACTB, RPL18, RPS14, RPS3, RPL7

HGSOC Reactome
Gene Sets

Signaling by Receptor Tyrosine Kinases -8.00 COL3A1, COL1A1, FOS, JUNB, ID3, COL6A2, EGR1, FOSB, LAMA4, NR4A1,
COL6A1, MYC, FN1, ID1, ACTB

HGSOC Reactome
Gene Sets

ECM proteoglycans -6.99 DCN, COL3A1, COL1A1, C3, TIMP1, HBB, COL6A2, HP, HTRA1, LAMA4,
COL6A1, FN1, FTL

HGSOC Hallmark
Gene Sets

HALLMARK_TNFA_SIGNALING_VIA NFKB -21.61 DCN, MT1E, MT2A, ZFP36, FOS, JUNB, EGR1, DUSP1, FOSB, CYR61, NR4A1,
PNRC1, MYC, IER2, JUN, KLF4, SAT1, NR4A2, IER3, CEBPB, KLF6, EIF1, UGP2

HGSOC Hallmark
Gene Sets

HALLMARK_EPITHELIAL_MESENCHYMAL
TRANSITION

-15.12 MGP, GAS1, DCN, COL3A1, COL1A1, TIMP1, VIM, NNMT, COL6A2, CYR61,
HTRA1, JUN, FN1, SAT1, IGFBP4

HGSOC Hallmark
Gene Sets

HALLMARK_P53_PATHWAY -7.88 GNB2L1, FOS, JUN, KLF4, SAT1, ZFP36L1, IER3, RPS12, RPL18, ISCU
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and PROCR,which are associatedwith proliferation andmetastasis,
predicts poor prognosis in high-grade serous ovarian cancer
(Figure 3G). Taken together, these results reveal dynamic gene
expression profiles, highlighting several quintessential TFs and
surface proteins that are dysregulated during ovarian
cancer progression.

Cancer-Associated Fibroblasts with the
EMT Program Enriched in
Metastatic HGSOCs
Fibroblast is another vital biological cell type that synthesizes the
extracellular matrix and collagen to maintain the structural integrity
Frontiers in Immunology | www.frontiersin.org 6122
of connective tissue. In this study, 12,236 fibroblast cells were
categorized into five distinct sub-clusters (Figures 4A, S9B, 9C).
Fibro_1 cells were marked by STAR, an exclusive marker for
ovarian stromal cells as previously reported (15). Fibro_2 cells
were characterized by collagen (COL1A1, COL3A1) and cancer-
associated fibroblast genes (CTHRC1, FAP). Fibro_3 cells expressed
immunomodulatory (CFD, OGN) and tumor suppressor genes
(CCDC80, PLA2G2A). Fibro_4 cells expressed growth factors
(EGFR, IER2M KLF2). Fibro_5 cells were characterized by
conserved and nuclear-enriched lncRNA (MALAT1, NEAT1),
and MALAT1 modulates the expression of cell cycle-related genes
in lung fibroblast and EMT-related genes in breast cancer (36, 37)
A
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FIGURE 3 | Trajectory reconstruction during metastatic HGSOCs. (A) Monocle2 infers the development of epithelial cells along with pseudo-time (from patients HG3
and HG4 respectively, L_HG3_P means the primary tumor from the left ovary). Pseudo-time legend from dark to bright indicates cancer progression from the early to
late stage. (B) Genswitches deduces the genes switch between cell states (left: L_HG3; right: HG4). (C, D) The heatmap displays the dynamic gene expression
profiles during metastasis of ovarian cancer (from patients HG3 and HG4 respectively). The color key from blue to red indicates relative expression levels from low to
light. The top annotated GO and KEGG terms in each cluster are shown. (E, F) Top 100 differentially expressed transcription factor genes (TFs; left) and the
expression of specific TFs are on view along with the pseudo-time curve in (right). (G) Overexpression of proliferation and metastasis-related genes predicts poor
prognosis in HGSOCs.
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(Figure 4C). The distribution of fibroblast sub-clusters in each
tumor was varied (Figure 4B). In addition, comparisons based on
hallmark gene sets of fibroblasts had been conducted. Fibroblasts
from HG_M were more abundant in supporting tumor progress
than HG_P, including angiogenesis, coagulation system, and EMT
(Figure S9D). Fibroblasts from EC_P were more enriched in the
structure formation of tissue than HG_P, such as myogenesis and
adipogenesis, whereas inflammatory pathways including TNFA
signaling via NFkB and inflammatory response more enriched in
HG_P than EC_P (Figure S9E). Combined with the analysis of
normal fallopian tubes (nFT) from previous studies (38, 39), we
found that fibroblasts from HG_P were more abundant in
supporting interferon-alpha/gamma response than HG_nor/nFT
while estrogen responses early activity was more active in HG_nor/
nFT than HG_P (Figure S9F).
Frontiers in Immunology | www.frontiersin.org 7123
Notably, Fibro_2 cells, the most enriched subtype in HG_M,
accounting for 32%, expressed genes of cancer-associated
fibroblasts (CAFs), angiogenesis, and collagen at a high level
(Figures 4D, S9A). CAFs have been verified to promote tumor
metastasis through upregulating genes like HSF1, which was
involved in the pro-tumorigenic pathway (40). Furthermore,
Hallmark pathway analysis also confirmed that Fibro_2 cells had
more relevance with the pathways that sustain tumor growth,
including angiogenesis, epithelial-mesenchymal transition (EMT),
hypoxia, and PI3K/AKT/mTOR signaling (Figure 4E). Compared
with HG_M and EC_P, Fibro_3 cells (19%) and Fibro_5 cells (3%)
accounted for less proportion in HG_P. Intriguingly, Fibro_3 cells
and Fibro_5 cells were both consistent with the characteristic of
“antigen-presenting CAFs” as previously discerned (41), owning to
express genes like CD74 andhuman leukocyte antigen (Figure 4D).
A B
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FIGURE 4 | Diversity of fibroblasts in HG_M. (A) The UMAP projection of 12,236 fibroblast cells of 11 samples from six patients (indicated by labels and colors).
(B) Proportion and cell number of each fibroblast subtype in 11 samples. (C) Heatmap of marker genes expression. (D) Heatmap of functional gene sets. (E) GSVA
analysis of differential pathways is scored per cell among five fibroblast subsets. (F) Active regulons in each fibroblast subsets.
July 2022 | Volume 13 | Article 923194

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Deng et al. Tumor Microenvironment in HGSOC Patients
With the help of the SCENIC tool, we identified regulons
unique to each fibroblast sub-clusters (Figure 4F). For instance,
the transcription factors of SOX4 and SRF underpinned Fibro_2,
while Fibro_5 cells were characterized by STAT1/STAT3 and
NFKB1/NFKB2. Strikingly, SOX4 has been proven as an
important co-factor of SMAD3, controlling pro-metastatic
gene transcription and shaping the cell response to TGF-b in
different scenarios, thereby promoting tumorigenesis (42). While
STAT3 and NF-kB are pro-inflammatory regulators and they
form transcriptional complexes that positively regulate gene
expression in oncogenic pathways (43).

Heterogeneity of Tumor-Infiltrating
Lymphocytes in HGSOCs
Infiltration of T cells into tumors modifies the natural course of the
disease and plays a critical role in cancer immunotherapy (44, 45).
From the ovarian cancer lesion, we classified a total of 7967 T and
NK cells into eight subtypes: CD4+ T cells (CD4 IL7R; CD3D+

CD4+), regulatory CD4+ T cells (Tregs FOXP3; CD4, FOXP3),
CD8+ T cells (CD8 GZMK, CD8 GZMH; CD3D+ CD8+), NK cells
(NK CD56, NK IL7R; NCAM1, GNLY, TYROBP, NKG7), NKT
cells (CD3D, CD8A, FCGR3A, GNLY), and Innate Lymphoid Cells
(ILCs; CD3D) (Figures 5A, C and S10A). The number of cells and
the proportion of each subtype in each tumor were shown
(Figure 5B). Notably, 1665 T/NK cells were obtained from
HG_M, while 5394 T/NK cells were from HG_P. Using a
dendrogram to group the tumors based on the average expression
of T cell markers, we found that HG_M showed a similar pattern to
HG_P, whereas EC_P emerged with low expression in CD4+ T and
CD8+ T cells (Figure 5D). This observation was consistent with the
boxplot shown, the lower proportion of CD4+ T cells and CD8+ T
cells was detected in EC_P than in HG_P and HG_M (Figure
S10B). The low tumor-suppressive status in EC_P suggested that T
cell-based immunotherapy may be inefficient in EC_P.

Among CD4+ T cells, we identified naive (CD4 IL7R; TCF7,
CCR7, SELL, LEF1) and regulatory (Tregs FOXP3; IL2RA,
FOXP3, IKZF2). The Tregs FOXP3 cells highly expressed
inhibitory genes, including TIGIT, CTLA4, and ENTPD1, and
they also relatively expressed high levels of costimulatory
molecules CD28, TNFRSF14, ICOS, TNFRSF9, which stimulate
the inhibitory activities (Figure 5F). The tumor-suppressive
microenvironment mediated by Tregs is a significant obstacle to
successful immunotherapy, suggesting that depletion of Treg cells,
like immune checkpoint blockade of CTLA-4 or PD1/PDL1, could
be a potentially effective immunotherapy for ovarian cancer (46).

AmongCD8+ T cells, CD8GZMKandCD8GZMHT cellswere
characterized by relatively high cytotoxic genes granzyme K
(GZMK) and granzyme H (GZMH), respectively. Meanwhile,
these cells also positively expressed T cell exhaustion markers,
including LAG3 and PDCD1, indicating that the CD8+ T cells are
exhausted after initial activation in ovarian cancer (Figure 5F). In
addition, we inferred the gene regulatory networks across the TILs
subtypes by SCENICmethod (Figure 5G). The regulon of PRDM1
was upregulated in CD8 GZMK and CD8 GZMH T cells, which is
connected with terminal T cell differentiation and contributes to the
maintenance of an early memory phenotype and cytokine poly-
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functionality in TILs after knockout (47). Consequently, we
concluded that PRDM1 might be one of the factors contributing
to the exhaustion of CD8 GZMK and CD8 GZMH T cells. Indeed,
verified by bulk RNA-seq from the TCGA dataset, it was a slightly
significant Spearman correlation between PRDM1 expression and
immune exhausted infiltrate in ovarian cancer (Cor:0.41, FDR:
2e−12, Figure S10C). Beyond that, higher expression of PRDM1
predicted a worse prognosis in ovarian cancer (Figure 5H).

Next, we performed pseudo-time trajectory analysis to
explore the dynamic states and cell transitions of CD4+ IL7R
to CD8+ T cells via Monocle2. In the developmental trajectory,
CD4+ IL7R started as a root, and gradually evolved into CD8
GZMK and CD8 GZMH, presenting a binary branched structure
in which one side was the end of exhausted T cells, and the other
side was the end of cytotoxic T cells (Figure 5E). In HG_M, the
proportion of CD8+ cytotoxic T cells was higher than in HG_P
(Figure 5I). On the contrary, the percentage of exhausted CD8+

T cells in HG_P was more than that in HG_M (Figure S10D).
We noticed three sub-clusters expressing the NK cells marker:

TYROBP, GNLY, and NKG7. NK CD56 cells were characterized
by NCAM1 (CD56), NK IL7R cells were characterized by IL7R,
and NKT cells were identified by the specific T-cell markers
including CD3D and CD8A (Figures 5C, D). NKT cells strongly
expressed the GZMB, GZMA, GZMH, and PRF1 genes,
indicating that they promoted tumor cytotoxicity in ovarian
cancer (Figure 5F). Generally speaking, NK CD56 and NKT cells
were more enriched in HG_P and HG_M than EC_P
(Figure S10E).

Trajectory Reconstruction of HGSOCs
Revealed Monocyte-to-Macrophage
Differentiation
Tumor-infiltrating myeloid cells (TIMs) are critical regulators in
tumor progression, playing essential roles in modulating tumor
inflammation and angiogenesis (48, 49). Altogether, 7265myeloid
cells were collected, revealing 23 subsets through the ROGUE
statistic (Version 1.0) (50) purified the cell population (Figures
S11A, 11B). Then, we identified four common linages (cDCs,
monocytes, or macrophage and monocytes derived DC) based on
canonical cell markers and they were well presented in each
sample (Figures 6A, B, D, S11D, 11E). Moreover, a subset of
myeloid cells expressed myeloid/T-cells markers simultaneously
(CD3D_undefined), which was not discussed below.

Monocytes are the progenitors of monocytes-derived
macrophages and contribute to the overall coordination of
immunity (51). Correspondingly, Monocytes can be separated
frommacrophages based on phylogenetic reconstruction (Figure
S11F). CD14_mono cells were characterized by CD14, SELL, and
S100A8/9, representing classical monocytes and being recruited
during inflammation (Figure 6I). They also highly expressed
FCN1, a complement system protein that defends against
infectious agents (52). CD16_mono cells were less abundant
and represented non-classical monocytes with high expression of
FCGR3A (CD16), CDKN1C, LST1, and low expression of CD14.
Similarly, CD16_mono cells expressed FCN1 at high levels but
were more enriched in HG_M (Figure S11C).
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DC cells were classified according to their origin and typical
genes. CLEC10A_mono-DC with lower abundance was
characterized by CLEC10A and CD14 representing monocyte-
derived dendritic cells. CD1C_DC cells represented a classic
cDCs subset, with high expression of CD1C, CD1E,
and CLEC10A.

Macrophage cells were characterized by tissue-resident and
their pro-inflammatory or anti-inflammatory function.
CCL2_macro represented early-stage macrophage with the
expression of CCL2. CX3CR1_macro expressed genes involved
Frontiers in Immunology | www.frontiersin.org 9125
in immune modulation of chemokines, such as CCL3, CCL4, and
CXCL8. What’s more, CX3CR1_macro significantly secreted
BAG3 (Figure 6I), a multifunctional protein, which can
combine with a specific receptor IFITM2 to induce the release
of factors that sustain the growth and metastasis of tumor (53).
MMP9_macro expressed genes related to inflammatory
chemokines (CXCL2, CXCL3, CXCL8) and genes like MMPs
(MMP19, MMP9), which play an important role in tumor tissue
remodeling. CCL18_macro expressed both M1 marker (CD68)
and M2 markers (CCL18, GPNMB). By the way, CCL18 played a
A

B

D E

F

G

I
H

C

FIGURE 5 | Subpopulations of tumor-infiltrating lymphocytes (TILs) in HG_M. (A) The UMAP projection of 7967 TILs of 11 samples from six patients (indicated by
labels and colors). (B) Proportion and cell number of each subtype in 11 samples. (C) Dot plot (left) and UMAP-plot (right) display canonical cell markers.
(D) Hierarchical clustering heatmap groups the tumors between HG_P, HG_M, and EC_P. (E) Reconstruction trajectory of CD8+ T cells inferred by Monocle2 (color
by subtypes, expression of signature genes, and pseudotime). (F) Heatmap of the functional gene sets in TILs. (G) Active Regulons in each TILs. (H) Overexpression
of the PRDM1 gene predicts a worse prognosis in ovarian cancer. (I) Cumulative distribution of cytotoxic CD8+ T cells between HG_P, HG_M, and EC_P. The
cytotoxic score is calculated based on the average expression of cytotoxic markers. P-value was calculated by a two-sided unpaired Kruskal-Wallis rank-sum test.
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key role in recruiting immunosuppressive myeloid cells (54).
Finally, LYVE1_macro represented resident macrophages with a
high level of LYVE1 and FOLR2.

Early works have supported that macrophages can either
originate from monocyte cells or tissue-resident macrophages
(55–57). Accordingly, we employed the RNA velocity to explore
the ovarian cancer lineage trajectories and we found that a small
number of CD14_mono evolved toward MMP9_macro, while
LYVE1_macro evolved toward CCL18_macro as well as toward
MMP9_macro (Figure 6C). To further investigate the dynamic
change of genes during the differentiation of CD14_mono into
macrophages in the ovarian lesions, we extracted classical
monocytes (CD14_mono) and related macrophages
(MMP9_macro, CCL18_macro, CX3CR1_macro) to delineate
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monocyte-to-macrophage differentiation by trajectory
development analysis (Figure 6E). During the trajectory,
CD14_mono were progenitor cells for MMP9_macrophage
and then further separated into CX3CR1_macro and
CCL18_macro. Profiling of gene expression dynamics along
the trajectory had been divided into four modules (Figure 6F).
Genes like CX3CR1, CXCL8, CXCR4, CCL3L1, VEGFA, and
IL1B in Module 2 increased during the evolution of the branch of
CX3CR1, whereas, they decreased during the evolution of the
branch of CCL18_macro. Vice versa, Genes in Module 4 like
CCL18, CCL7, and CCL8 were increased in the branch of
CCL18_macro and reduced in the branch of CX3CR1. To
reveal the biological characteristics of these two branches, we
performed gene functional enrichment analysis. In the branch of
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FIGURE 6 | Subpopulations of myeloid cells in HG_M. (A) The UMAP projection of 7265 myeloid cells of 11 samples from six patients (indicated by labels and
colors). (B) Proportion and cell number of each myeloid subtype in 11 samples. (C) RNA velocity of each myeloid subtype. (D) The dot plot displays canonical cell
markers. (E) Trajectory reconstruction of monocyte evolved into macrophages. (F) Dynamics gene expression profile during monocyte-to-macrophage terminal
differentiation. (G, H) Biological processes enrichment analysis of module 2 and module 4. (I) Heatmap of significant genes in each subtype. (J) Activate regulons in
each myeloid subtype.
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CX3CR1_macro, the corresponding high expressed genes tend to
be associated with inflammatory response and positive
regulation of cell migration (Figure 6G), which is consistent
with the suggestion that the high VEGF, CXCL8+ IL1b+ TAMs
with the features of inflammatory could promote tumor
progression in ovarian cancer (54, 58). Parallel results, in the
branch which evolved into CCL18_macro, their corresponding
high expressed genes were associated with metabolic precursor
and energy production (Figure 6H).

We further characterized the functions of nine subtypes
explained above by comparing pathway activities (Figure
S11G). Pathways involved in angiogenesis, EMT, TNFA
signaling via NFKB, and hypoxia were upregulated in
CX3CR1_macro, MMP9_macro, and CD14_mono. These
results indicate the potential tumor-promoting feature of
CX3CR1_macro derived from CD14_mono. Finally, we
applied SCENIC to identify TFs underlying each phenotype
(Figure 6J). Interestingly, some recruited macrophage
phenotypes shared similar TFs expression patterns with
monocytes and tissue-resident macrophages.

Intercellular Communication Networks
As mentioned above, we have obtained cancer epithelial cells
with poor prognosis (Scissor+ Epithelial cells), and we wondered
what function they are involved in with the crosstalk of the
tumor microenvironment in ovarian lesions. To this end, the
CellphoneDB repository (Version 2.1.4) (59) was used to predict
putative intercellular interactions between Scissor+ Epithelial
cells and other cell types based on ligand-receptor signaling.
Interestingly, many significantly overexpressed molecular pairs
were associated with immunosuppression and HG_M showed a
similar pattern to HG_P (Figures 7B, C). Compared with EC_P,
Scissor+ Epithelial cells in HG_M and HG_P had more outgoing
interactions with other cell types. Of note, macrophage and
fibroblasts connected with Scissor+ Epithelial more frequently
in HG_M (Figure 7A). When Scissor+ Epithelial cells expressed
a relatively high level of EGFR as receptors, their corresponding
ligands, such as AREG, COPA, GRN, MIF, and TGFB1, were
widely expressed in other cells. When Scissor+ Epithelial cells
expressed genes related to angiogenesis (VEGFA), the
interactions (VEGFA_FLT1, VEGFA_KDR) were slightly
abundant in HG_M. In addition, when Scissor+ Epithelial
expressed ACKR2 acting as a receptor for chemokines
including CCL3/CCL4/CCL5, their interactions were more
abundant in HG_P than that of the other two groups
(Figure 7B). It has been reported that ACKR2 is a scavenger
receptor for chemokines and its deficiency against metastasis
(60). And, CCL5 is important for the recruitment and activation
of lymphocytes (61), so we proposed that ACKR2_CCL5 may
weaken the recruitment and activation of lymphocytes,
contributing to the metastasis of primary high-grade serous
carcinoma. Among the three groups, the MDK_LRP1 molecule
pair between Scissor+ Epithelial cells and myeloid cells expressed
significantly, while their mean expression level in EC_P was
higher than HG_P and HG_M (Figure 7B). MDK can combine
with its receptor LRP1, which is beneficial to tumor-infiltrating
macrophages, promoting myeloid inhibitory cell differentiation
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(MDSCs) (62, 63). Thus, MDK targeted therapy should suggest
an effective treatment for ovarian cancer.

In general, these results revealed that the crosstalk between
Scissor+ Epithelial cell and other cell types via diverse receptor-
ligand signals may profoundly affect ovarian cancer development
and metastasis.
DISCUSSION

Our current study has comprehensively characterized the
dynamic variation of gene profiles during tumor progression in
HGSOCs, as well as the heterogeneity of tumor cells, fibroblast
cells, and immunophenotype, and the intricate intercellular
interactions across HG_P, HG_M, and EC_P. We have
identified unique subpopulations such as Scissor+ Epithelial
cells, CAFs–Fibro_2, CX3CR1/CCL18 macrophages, and
GZMK/GZMH CD8+ T cells. Those results provide a new
perspective on the tumor microenvironment of ovarian cancer.

Epithelial cells were the largest cluster of cells, composing ~31%
of the cells analyzed. However, current single-cell studies of ovarian
cancer cannot explicitly distinguish cells with specific clinical
phenotypes (24). To this end, Scissor+ cells with poor prognosis
were identified by the Scissor algorithm. Consistent with the
previous conclusion that the EMT signature is a potential factor
for tumor invasion and metastasis (26, 27), the genes related to the
EMT signature, including MGP, GAS1, and JUN, were found in
Scissor+ cells of metastatic HGSOCs lesions. Moreover, during
HGSOCs progression, several signaling pathways such as the cell
cycle, tumor cell proliferation, oxidative phosphorylation, and TCA
cycle, which needed energy metabolism, were markedly enhanced,
suggesting that poly (ADP-ribose) polymerase (PARP) inhibition
may be a targeted strategy for the treatment of metastatic HGSOCs
(31–33). Strikingly, in our data, regardless of whether the primary
tumor was from the left ovary or the right, the pathway activities
generated by the tumor progression were basically consistent,
as well as their copy number alterations in one segment
of chromosomes.

Since the fibroblasts were the second-largest cluster cells
analyzed, we observed Fibro_2, a subtype of CAF expressing
the EMT program was specifically enriched in HG_M. This
result supports that CAFs contribute to the EMT in HG_M and
subsequently promote metastasis (64). Beyond that, the
IL6_JAK_STAT3 signal pathway was also more enriched in
Fibro_2. Consistently, JAK/STAT inhibitor JSI-124 has been
proven to have an anti-tumor property in HGSOC cell lines
(11). Combination therapies with the EMT or JAK/STAT
inhibitor may help in the treatment of HGSOCs.

T cells are the crucial players in cancer immunotherapy (44,
45). Olalekan has revealed that ovarian cancer with high
infiltration of CD8+ TOX+ and CD4+ GNLY T cells may be a
good indication for patients (10). In our data, we found low T cell
infiltration in EC_P compared with HG_P and HG_M.
Furthermore, GZMH CD8 cells and GZMK CD8 cells
simultaneously presented cytotoxicity and cell exhaustion.
Notably, HG_M showed the highest cytotoxic of CD8+ T cells
while the highest exhaustion of CD8+ T cells was in HG_P.
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Through the gene regulatory networks analysis, we speculated
that PRDM1 may be involved in CD8+ T cells exhaustion and
predicted that its high expression in ovarian cancer was
associated with poor prognosis.

It has been manifested that TAM can promote the formation of
niches before metastasis by secreting specific cytokines (65). They
also can regulate the Tregs and Th17 cells to create
immunosuppression, thereby promoting invasion and metastasis
of ovarian cancer (66). On the basis of these theories, we have
identified a subtype of TAM (CX3CR1_macro) with abundant
production of BAG3, which can combine with IFITM2, leading to
tumor metastasis (53). This TAM subtype also owns a high level of
VEGFA, CXCL8, and IL1b, similar to previously reported TAM
induced frommonocyte with factor-1a stabilization in solid ovarian
cancer that promoted tumor inflammation and metastasis (54).

By investigating the signaling network of Scissor+ Epithelial
cells - other cells communication, we detected several receptor-
ligand complexes that should be paramount for ovarian cancer
Frontiers in Immunology | www.frontiersin.org 12128
development. Compared with HG_P and EC_P, stronger
angiogenesis and tumor cell proliferation of intercellular
interactions in HG_M. Metastasis of high-grade serous
carcinoma may be related to the interaction between high
expression of ACKR2 chemokine receptor and cytokines such
as CCL5. The apparent pair of MDK_LRP1 among the three
groups suggested that inhibition of the MDK_LRP1 pair might
be an effective therapeutic target for ovarian cancer to reduce
myeloid inhibitory cell differentiation (MDSCs).

We note that there are several limitations to our study. First,
the number of patients with metastatic HGSOCs is small.
Second, the clonal relationship of T cells was not investigated
while T cell receptor therapy is an alternate therapy with great
potential for ovarian cancer treatment (67). Hence, enlarging the
cohort of metastatic HGSOCs and conducting immune profiling
of T cell receptors and spatial transcriptomic may help unravel
molecular mechanisms and elucidate the roles of different
immune cells in HG_M.
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FIGURE 7 | The intricate intercellular interplay in HG_P, HG_M, and EC_P. (A) Circos plot shows the intercellular interactions in HG_P, HG_M, and EC_P. Each line
represents an interaction where one end represents a ligand that is expressed in one cell type and the other end represents a receptor that is expressed in another
cell type. The thickness of each line corresponds to the number of distinct interacting pairs. (B, C) Dot plot shows the means of the average expression levels and
the possibility of occurrence in selective interaction pairs.
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In conclusion, our data have shed light on the tumor
microenvironment of metastatic high-grade serous ovarian
cancer at the single-cell level. Several novel markers and the
potential therapeutic target detected in this study could provide
valuable guidance for future clinical treatment.
MATERIALS AND METHODS

Patients and Samples Collection
In this study, a total of eight samples, including one metastatic
HGSOC matched two primary HGSOCs, one pair of matched
primary HGSOC and normal ovary, one primary HGSOC and
two ECs were collected from The Third Affiliated Hospital of
Guangzhou Medical University, which have been subjected to
pathological diagnosis. The clinical information of these patients
is summarized in Table S1.

Preparation of Single-Cell Suspension
Specimens collected from patients with ovarian cancer were
minced into fragments (< 1 mm3) and digested with 0.25%
trypsin-EDTA (GIBCO) and DNase I (Roche Diagnostics) for 30
min at 37°C with agitation. The dissociated cell suspension was
filtered through 70 mm strainer (BD Falcon), washed with cold
PBS, and centrifuged at 4°C, x400g for 5 min. The cell pellet was
resuspended in serum-free DMEM for further use.

Droplet-Based scRNA-Seq Data
Preprocessing
The Cell Ranger (Version 6.0.2) pipeline generated raw gene
expression matrices with human reference genome GRCh38.
After removing doublets with DoubletFinder (Version 2.0.3) in
each sample individually, the remaining cells were imported into R
software (Version 4.1.0) for subsequent analysis by the Seurat
package (Version 3.2.3). Cells with > 200 genes detected, genes
expressed >5 cells, and genes expression >0 in all cells were selected
for further analysis. Low-quality cells were removed according to
the following criteria: unique molecular identifiers (UMIs) <500;
genes <250 or genes >11000; UMIs derived from the mitochondrial
genome >25%. After quality control, the gene expression was
normalized by NormalizeData function, and cellular sequencing
depth was adjusted by the SCTransform method.

Multiple Datasets Integration
To integrate multiple datasets across three conditions, we used
the integration methods described at https://satijalab.org/seurat/
v3.0/integration.html and https://hbctraining.github.io/scRNA-
seq/lessons/06_SC_SCT_and_integration.html. The Seurat
package (version 3.0.0) was used to assemble multiple distinct
scRNA-seq datasets into an integrated and unbatched dataset. In
brief, we used Sctransform to regress out confounding factors:
number of UMIs, percentage of mitochondrial RNA, estimating
the variance of the raw filtered data, and identifying the 3000
most variable genes. After that, we performed canonical
correlation analysis (CCA) and then “integrated” the
conditions to overlay cells that were similar or had a “common
set of biological features” between groups.
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Identification of Major Cell Types and
Their Phenotype
Differential gene expression analysis was performed for clusters
generated at various resolutions by both the Wilcoxon rank-sum
test of Single-cell Transcriptomics (MAST) using the
FindMarkers function. Annotation of the resulting clusters to
cell types was based on the expression of marker genes along with
the cell types assigned by SingleR packages (version ‘1.6.1’).

TCGA Subtype Classification
Single cell subtypes were classified by the consensusOV (version
1.14.0) package, with get.consensus.subtypes function, which
also returns random forest probabilities for each subtype. The
core principle of consensusOV is that it: 1. standardizes genes in
each dataset to the same mean and variance, 2. computes binary
gene pairs based on the standardized expression values.

CNV Estimation and Identification of
Malignant Cells
We used an approach described previously to infer CNVs from the
scRNA-seq data. Its R code was provided online. (https://github.
com/broadinstitute/inferCNV) We set the cut off=0.1,
denoise=TRUE, HSMM=TRUE, and hclust_method=‘ward.D2’.
Immune cells from normal samples were considered as putative
nonmalignant cells as control, and their CNV estimates were used
to define a baseline. All epithelial cells from the ovarian tumor
sample were used as input.

Distinguish Phenotype-Associated Cells
To link cells with specific phenotypes, we used the Scissor
algorithm, a novel R package (Version 2.0.0) to identify the
populations of the single-cell data associated with given
phenotypes. (https://github.com/sunduanchen/Scissor)

Scissor integrates phenotype-associated bulk expression data
and single-cell data by quantifying the similarity between every
single cell and bulk sample. To identify relevant subpopulations, it
then optimizes a regression model on the correlation matrix with
the sample phenotype. The core formula of Scissor is as follows:

min
b

−
1
n
l bð Þ + l a ∥ b ∥1 +

1 − a
2

bTLb
� �

where L is a symmetric normalized Laplacian matrix; the tuning
parameter l controls the overall strength of the penalty, and a
balances the amount of regularization between smoothing and
sparsity. The phenotype-related cell subsets of interest are
selected using the non-zero coefficient b solved for by the
optimization model described above.

Statistical test:Thescissorsalgorithmincorporates a reliability test
to rule out false associations between identified cell subsets and bulk
phenotypes. This statistical test can determine whether the inferred
phenotype-cell association is reliable (P<0.05)ora falsepositive.First,
it performs k-fold cross-validation (CV) on the correlation matrix S
andestimates thecell coefficients inScissorusingonly the trainingset.
The predictive performance of the trained Scissormodel is evaluated
on the test set, and an averaged evaluation metric is obtained as the
actual test statistic. Second, the bulk sample labels are randomized
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multiple times to break the original bulk phenotype-genotype
relationship. Predictive performance at the random level was
quantified by performing the same Scissor analysis and CV
assessment using each permuted batch of data, obtaining the
background distribution of the corresponding assessment
measures. Finally, the actual test statistic calculated in the raw data
is compared to the background distribution value. The reliability
significance test p-value is the number of permutations-based test
statistics above (or below) the actual test statistic divided by the
number of permutations. In this study, the evaluationmeasures used
in reliability significance tests were mean squared error (MSE) for
linear regression (smaller isbetter), areaunder theROCcurve (AUC)
for classification (higher is better), and agreement Sex index (C-
index) for Cox regression (higher is better).

In actual operation, we set the family=“ cox”, alpha=0.077 for
the HG group, and alpha=0.0265 for the EC group to select the
phenotype-associated cell subpopulations by a Cox regression
model. The number of the Scissor selected cells should not
exceed 20% of the total cells in the single-cell data.

SCENIC Analysis
The regulons and TF activity (AUC) for each cell were calculated
with the SCENIC (version 1.2.4) pipeline with motif collection
version mc9nr, using per cell type with raw count matrices as
input. We used GRNBoost (in Python) instead of GENIE3 to
detect positive and negative associations for a bigger dataset. The
function of exportsForGRNBoost was used to generate a gene
expression matrix and TF list in special formats for GRNBoost
to load.

Trajectory Inference Analysis
Trajectory analysis was performed using Monocle 2 (version
2.20.0), We assessed the significant gene by the differential gene
expression analysis, and DEGs between the clusters were applied
for dimension reduction using the reduceDimension function.
Genes that changed along with the pseudotime were calculated
and visualized with the plot_pseudotime_heatmap and the genes
were clustered into subgroups according to the gene expression
patterns. To identify the genes that separate cells into branches,
the branch expression analysis modeling (BEAM) analysis was
performed and genes resulting from the BEAM analysis with a q-
value < 10−4 were separated into groups and visualized with the
plot_genes_branched_heatmap function.

Estimations of RNA Velocities by
Velocyto Package
In order to smoothly assess spliced and un-spliced mRNAs, we
needed to convert the bam file to loom file by the function of run10x,
provided by velocyto.py. Next, wemergedmultiple loom files by the
function of loompy.combinemand then loaded themerged loomfile
into R software to combine analysis with the Seurat package.

Ordering the Gene Expression During Cell
State Transitions
The genes, including the human surface proteins and
transcription factors (TFs), act as on/off switches between cell
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states and are discovered by GenSwitches R packages (Version
0.1.0). The workflow of GeneSwitches is as follows:

1. Binarize gene expression data into 1(on) or 0(off).
2. Fit logistic regression on the binary states of gene expression

and estimate switching time.
3. According to the default Settings, the poorly fitting genes are

filtered and specific genes are extracted for plotting.

Gene Set Variation Analysis (GSVA)
Pathway analyses were performed on the 50 hallmark pathways
described in the molecular signature database. We also evaluated
the activity of 65 specific KEGG pathway activities from the
Canonical pathway KEGG subset. To assign pathway activity
estimates to individual cells, we applied GSVA (Version ‘1.34.0’)
with standard settings.

Enrichment Analysis of Marker Genes
GeneOntology (GO) enrichment andKyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis of differential genes was
implemented by the clusterProfiler (version 4.0.2) package.
Reactome and Hallmark pathways analysis on differential genes
was implemented by Metascape web-based portal (68).

Cell Cycle Scoring Assign
Each cell in the epithelial subpopulation was assigned a cell cycle-
related score based on the gene expression of the G2/M and S
phases. The “CellCycleScoring” function of the Seurat package
was used to calculate the cell cycle score and store G2/M and S
phase scores into data objects to predict the cell state.

TCGA Database
The cohort of TCGA ovarian cancer data was downloaded from
https://xenabrowser.net/datapages/. The gene expression matrix
and clinical phenotypes of HGSOCs and ECs were assessed using
different datasets (GDC TCGA Ovarian Cancer (OV) & TCGA
Endometrioid Cancer (UCEC)).

Survival Analysis
The Kaplan-Meier method evaluated ovarian cancer survival
utilizing the KM plotter database (https://kmplot.com/analysis/).

We set split patients by ‘Auto select best cutoff’, which chooses
the best performing threshold as cut-off among all possibilities
between the lower and upper quartiles. All datasets provided by
the KM plotter were taken into consideration for analysis.

Definition of Cytotoxicity and
Exhaustion Scores
Cytotoxicity and exhaustion scores were calculated by the average
expression of the genes from the predefined gene sets in CD8+ T
cells of each group. To implement this method, the
AddModuleScore function of the Seurat package was applied as
previously described. We used eight cytotoxicity associated genes
(GZMA, GZMB, GZMH, GZMH, IFNG, NKG7, PRF1, GNLY)
and seven exhaustion associated genes (LAG3, TIGIT, PDCD1,
HAVCR2, CTLA4, ENTPD1, BTLA) to define cytotoxicity and
exhaustion scores
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Correlation Analysis Between Immune
Infiltration and Single Gene Expression
Spearman correlation between mRNA expression and exhausted
infiltrate in ovarian cancer was performed by immune cell
abundance pattern of Gene Set Cancer Analysis (GSCA)
(69).(http://bioinfo.life.hust.edu.cn/GSCA/#/).

Statistics
Statistical analysis was carried out using R and Bioconductor.

Cell-Cell Communication Network
To investigate potential interactions between different cell types
in the ovarian cancer tumor microenvironment, cell-cell
communication analysis was performed as described previously
by the CellPhoneDB Python package (Version 2.1.4), a publicly
available repository of curated receptors and ligands and their
interactions. Prediction of enriched receptor-ligand pairs
between two cell types was derived from the expression of a
receptor by one cell type and the expression of the corresponding
ligand by another cell type. By default, only ligands and receptors
expressed in at least 10% of cells in a given cell cluster were taken
into consideration.

Pairwise comparisons between selective cell types were
performed. We randomly permuted the cluster labels of all
cells 1000 times to determine the mean of average ligand and
receptor expression levels of the interactions, generating a null
distribution for each receptor-ligand pair. A p-value for the
likelihood of cell-type specificity of the corresponding
receptor-ligand complex was obtained by calculating the
proportion of the means as high as or above the actual mean.
Then, we can select biologically relevant interactions.
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Ovarian cancer (OC) is one of the most common malignancies that causes

death in women and is a heterogeneous disease with complex molecular and

genetic changes. Because of the relatively high recurrence rate of OC, it is

crucial to understand the associated mechanisms of drug resistance and to

discover potential target for rational targeted therapy. Cell death is a genetically

determined process. Active and orderly cell death is prevalent during the

development of living organisms and plays a critical role in regulating life

homeostasis. Ferroptosis, a novel type of cell death discovered in recent years,

is distinct from apoptosis and necrosis and is mainly caused by the imbalance

between the production and degradation of intracellular lipid reactive oxygen

species triggered by increased iron content. Necroptosis is a regulated non-

cysteine protease–dependent programmed cell necrosis, morphologically

exhibiting the same features as necrosis and occurring via a unique

mechanism of programmed cell death different from the apoptotic signaling

pathway. Pyroptosis is a form of programmed cell death that is characterized by

the formation ofmembrane pores and subsequent cell lysis as well as release of

pro-inflammatory cell contents mediated by the abscisin family. Studies have

shown that ferroptosis, necroptosis, and pyroptosis are involved in the

development and progression of a variety of diseases, including tumors. In

this review, we summarized the recent advances in ferroptosis, necroptosis,

and pyroptosis in the occurrence, development, and therapeutic potential

of OC.

KEYWORDS

ovarian cancer, ferroptosis, necroptosis, pyroptosis, malignant progression
Introduction

Ovarian cancer (OC) is one kind of gynecologic malignancies with high mortality (1)

and annually increased incidence (2, 3), which seriously threatens women’s life and
frontiersin.org01
134

https://www.frontiersin.org/articles/10.3389/fimmu.2022.920059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.920059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.920059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.920059/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.920059&domain=pdf&date_stamp=2022-07-25
mailto:ningliu@cmu.edu.cn
https://doi.org/10.3389/fimmu.2022.920059
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.920059
https://www.frontiersin.org/journals/immunology


Zhang and Liu 10.3389/fimmu.2022.920059
health. OC is prevalent in middle-aged and elderly women.

There is often no obvious clinical manifestation in the early

stage. About 70% of patients first present with abdominal

distention, ascites, and abdominal pain (4). Therefore, more

than 75% of patients with OC present with advanced stages at

the time of first or confirmed diagnosis (5, 6). In clinical settings,

OC is featured with insidious onset, lack of early diagnostic

markers, high malignancy, easy metastasis, and poor prognosis

(7, 8). Currently, surgery combined with platinum and

paclitaxel-based chemotherapy is the mainstream treatment

for OC (7, 9). Although surgery and chemotherapy have

significantly improved the prognosis of patients with OC in

recent years, the 5-year survival rate of patients with advanced

OC remains low (10, 11) because most patients with OC are

advanced at the time of diagnosis and some patients with OC

develop chemoresistance later following treatment (12, 13).

Therefore, the search for potential biomarkers and therapeutic

targets is of great clinical importance for early screening of

patients with OC and improving the prognosis of patients

with OC.

Cell death is a life phenomenon and an irreversible life

process of cells. Cell death plays an indispensable role in the

biological process of maintaining the normative homeostasis of

the body and inhibiting the rapid proliferation of tumor cells (14,

15). Cell death includes regulated cell death (RCD) and

accidental cell death (ACD) (16–18). RCD is a genetically

determined form of active and ordered cell death that plays an

important role in the maintenance of homeostasis (19, 20).

Currently, the common types of RCD include apoptosis,

necroptosis, ferroptosis, autophagy, and pyroptosis (21).

Ferroptosis, a newly discovered non-apoptotic form of cell

death, is essentially iron ion–dependent RCD. Necroptosis is
Abbreviations: OC, ovarian cancer; RCD, regulated cell death; ACD,

accidental cell death; TLRs, Toll-like receptors; GSDMB, Gasdermin B;

ACSL4, acyl-coa synthetase long-chain family member 4; LPCAT3,

lysophosphatidylcholine acyltransferase 3; LOX, lipoxygenase; NFS1,

nitrogen fixation 1; TFRC, transferrin receptor; FTH1, ferritin heavy chain

1; NCOA4, nuclear receptor coactivator 4; NADH, nicotinamide adenine

dinucleotide; RIPK1, serine/threonine protein kinase 1; MLKL, mixed lineage

kinase domain–like pseudokinase; caspase-1, cysteine-aspartic proteases 1;

FADD, Fas-associating protein with a novel death domain; TNF-a, tumor

necrosis factor a; TRADD, TNFR1-associated death domain protein; LU-

BAC, linear ubiquitin chain assembly complex; NF-kB, nuclear factor kB;

MAPK, mitogen-activated protein kinase; RHIM, RIP homotypic interaction

motif; PRRs, pattern recognition receptors; ASC, apoptosis-associated speck-

like protein; NLRP1, nucleotide-binding oligomerization domain–like

receptor protein 1; PYD, pyrin domain; CARD, caspase activation and

recruitment domain; TAMs, tumor-associated macrophages; GPX4,

glutathione peroxide 4; PAMP, pathogen-associated molecular pattern;

LUAD, lung adenocarcinoma; FAC, ferrous ammonium citrate; FZD7,

Frizzled 7; IAP, inhibitor of apoptosis protein; LGSCs, low-grade serous

carcinomas; CNL, ceramide nanoliposomes; BBR, berberine.
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mainly mediated by cytokines (TNF-a, IFN-a, and IFN-g), Toll-
like receptors (TLR3, TLR4, and TLR9), and nucleic acid (DNA

and RNA) receptors. RIPK1/3 and MLKL are involved in the

development of necroptosis, with MLKL being the key molecule

(22, 23). Pyroptosis, which is a pathological form of suicide of

cells distinct from apoptosis, is mainly mediated by Caspase-1

and Caspase-4/5/11. Pyroptotic signaling pathway mainly

includes classical pyroptosis pathway and non-classical

pyroptosis pathway, with inflammatory vesicle production and

Gasdermin D (GSDMD) activation as the hallmarks of

pyroptosis pathway (24, 25). Gasdermin B (GSDMB) is highly

expressed in inflammatory bowel disease and contributes to the

progression of inflammation by disrupting epithelial barrier

function and promoting the development of ferroptosis (26).

Necroptosis is mainly mediated by cytokines (TNF-a, IFN-a,
and IFN-g), Toll-like receptors (TLR3, TLR4, and TLR9), and

nucleic acid (DNA and RNA) receptors. RIPK1/3 and MLKL are

involved in the development of necroptosis, with MLKL being

the key molecule (22, 23). Necroptosis is induced by cigarette

smoke exposure and is increased in the lungs of patients with

chronic obstructive pulmonary disease (COPD) and patients

with experimental COPD. Inhibition of necroptosis attenuated

cigarette smoke-induced airway inflammation, airway

remodeling, and emphysema (27). Recently, accumulating

evidence has showed that ferroptosis, necroptosis, and

pyroptosis play an important role in tumor development.

Expression levels of ZBP1 are significantly increased in

necrotic tumors. In addition, ZBP1 deficiency blocked

necroptosis and significantly inhibited tumor metastasis during

breast cancer development (28). In breast cancer, DRD2

promotes M1 polarization of macrophages and triggers

GSDME-executed pyroptosis that regulates the tumor

microenvironment and inhibits tumor malignant progression

(29). All these pieces of evidence highlight the important roles of

ferroptosis, necroptosis, and pyroptosis in the progression and

metastasis of human malignancies.

RCD in malignancies has been extensively studied and more

and more pieces of evidence reveals that ferroptosis, necroptosis,

and pyroptosis are highly involved the development,

progression, and regression of OC (30, 31). In this paper, we

reviewed the molecular mechanisms of ferroptosis, necroptosis,

and pyroptosis and their regulatory roles in OC, providing a new

perspective on the pathogenesis and targeted therapy of OC and

exploring their potential as potential therapeutic targets

for death.
Ferroptosis

The overview of ferroptosis

Programmed cell death plays an important biological effect

in maintaining the homeostasis of the organism. As a novel
frontiersin.org
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mode of cell death, ferroptosis was first described in 2012. The

small-molecule inhibitor erastin was found to induce a unique

mode of cell death in ras mutant cells that could not be rescued

by apoptosis inhibitors and necrosis inhibitors but was reversed

by the iron ion chelator deferoxamine. Later, this novel mode of

cell death was named ferroptosis (32). Ferroptosis is an iron- and

ROS-dependent mode of cell death, which is characterized by

major cytological changes including reduction or loss of

mitochondrial cristae, rupture of the outer mitochondrial

membrane, and mitochondrial membrane ruffling (33, 34). All

these above changes are caused to loss of selective permeability

of the cell membrane due to the occurrence of peroxidation of

lipid components of the cell membrane and oxidative stress (35,

36). In addition, different physiological conditions and

pathological stresses have been found to induce tissue

ferroptosis (37, 38). Ferroptosis is gradually recognized as an

adaptive process by which the body eliminates malignant cells by

removing cells damaged by nutritional deficiency, infection, or

stress (39–41). Thus, ferroptosis has an inhibitory effect on

tumorigenesis under normal conditions, and abnormalities in

the oxidative stress pathway are an important cause of

ferroptosis. Although tumor cells are in a constant state of

excessive oxidative stress, they are less likely to develop

ferroptosis, which is mainly dependent on their own

antioxidant system (42, 43). In-depth studies based on the

mechanisms of ferroptosis occurrence and regulation in tumor

cells are of great clinical importance for the formation of new

strategies for tumor therapy.
Regulatory mechanisms
of ferroptosis

Phospholipid hyperoxidation of polyunsaturated fatty acids in

the cytoplasmic membrane has been shown to be the most

important driver of ferroptosis (44). The proportion of

polyunsaturated fatty acids in lipids determines the ease with

which lipid peroxidation occurs in cells. Acyl-coa synthetase long-

chain family member 4 (ACSL4) and lysophosphatidylcholine

acyltransferase 3 (LPCAT3) are key enzymes that regulate

polyunsaturated fatty acid synthesis in phospholipid membranes,

whereas the inhibition of both ACSL4 and LPCAT3 promotes

ferroptosis resistance (45). There are two types of intracellular lipid

peroxidation, namely, non-enzymatic and enzymatic lipid

peroxidation. Non-enzymatic lipid peroxidation, also known as

lipid autoxidation, is mainly a free radical-mediated chain reaction

in which hydroxyl radicals generated by the Fenton reaction oxidize

polyunsaturated fatty acids to lipid hydroperoxides (46). In contrast,

enzymatic lipid peroxidation is mainly a process of direct oxidation

of free polyunsaturated fatty acids to various types of lipid

hydroperoxides catalyzed by lipoxygenase (LOX) (47, 48). Lipid

hydroperoxides are catalyzed by iron ions to generate alkoxy

radicals, which participate in the next lipid peroxidation chain
Frontiers in Immunology 03
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reaction, ultimately leading to cell death (49). The exact mechanism

by which lipid peroxidation leads to cellular ferroptosis is still not

well understood. It could be due to the formation of structural lipid

gaps, similar to protein gaps in necrosis and focal death. It is also

possible that the depletion of polyunsaturated fatty acids causes

structural changes in the fluidity of the cell membrane as well as an

increase in membrane permeability, ultimately leading to loss of

membrane integrity (50). In addition, lipid peroxides can be broken

down into toxic aldehydes, which can further enhance the lipid

peroxidation of ferroptosis by promoting protein inactivation

through cross-linking reactions (51, 52). The mechanisms of

amino acids and lipid metabolism in ferroptosis were displayed in

Figure 1. Iron ions are important catalysts for lipid peroxidation

reactions. Intracellular uptake, release, and storage of iron ions are

all important regulators of ferroptosis. Inhibition of nitrogen

fixation 1 (NFS1), which provides sulfur from cysteine for the

synthesis of iron-sulfur clusters, activates the iron starvation

response by simultaneously increasing transferrin receptor

(TFRC) expression and degrading ferritin heavy chain 1 (FTH1),

causing an increase in free iron ions, thereby making cells sensitive

to ferroptosis activator (53–55). Overactivated heme oxygenase 1

increases intracellular free iron content and enhances ferroptosis

effect by degrading hemoglobin into free iron, biliverdin, and

carbon monoxide (56–58). Nuclear receptor coactivator 4

(NCOA4) recognizes intracellular after ferritin recognition, and

ferritin transfers stored ferric ions to the autophagosome for

degradation, which, in turn, releases ferric ions into the cytoplasm

to become free iron, a process also known as iron autophagy (59,

60). In addition, genes such as nuclear receptor coactivator (NRF2)

and heat shock protein B1 have been found to affect the sensitivity

of cells to ferroptosis inducers by regulating intracellular iron ion

metabolism (61, 62). This shows that iron ion metabolism is a

potential regulatory point for the induction of cellular ferroptosis.

The mechanisms of iron metabolism in ferroptosis were displayed

in Figure 2. In addition to iron metabolism and lipid peroxidation

responses, a wide range of intracellular antioxidant mechanisms

also plays an important role in regulating ferroptosis sensitivity (63,

64). Glutathione (GSH), the most important intracellular

antioxidant metabolite, requires cysteine as a raw material for its

synthesis, and cells can endogenously synthesize cysteine via the

transsulfuration pathway to resist ferroptosis (65, 66). In addition,

myristoylation modification of ferroptosis inhibitory protein 1 leads

to a nicotinamide adenine dinucleotide (NADH)–dependent

decrease in coenzyme Q, which acts as a radical-trapping

antioxidant to inhibit lipid peroxide proliferation (67, 68).
Necroptosis

The overview of necroptosis

Necroptosis, also known as programmed necrosis, is a

necrosis-like form of cell death that relies on receptor
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interacting serine/threonine protein kinase 1 (RIPK1), RIPK3,

and mixed lineage kinase domain–like pseudokinase (MLKL)

and does not depend on cysteine-aspartic proteases 1 (caspase-1)

(23, 69, 70). Necrosis was once thought to be passive and non-

programmed, but recent studies have revealed that cell necrosis

is an active and modifiable process (71). In the absence or

inhibition of caspase-8 or Fas-associating protein with a novel

death domain (FADD), cells induced by tumor necrosis factor a
(TNF-a) still die, and the cell death morphology resembles that

of necrotic cells (72–74), gradually revealing a caspase-

independent cell death similar to necrosis. Degterev et al. first

described the role of the small-molecule Nec-1 in regulating cell

necrosis, updating, for the first time, the concept of unregulated

necrosis to cells that can be regulated by Nec-1 necroptosis (16,

75). Since then, necroptosis has been defined as programmed

necrosis, whereby cells undergoing necroptosis have their cell

membranes ruptured, releasing intracellular material that can

stimulate a variety of cells (including macrophages, fibroblasts,

and endothelial cells) to participate in the intrinsic immune
Frontiers in Immunology 04
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response and exacerbate the inflammatory response by releasing

inflammatory cytokines, leading to a dual role for necroptosis in

different physiological or pathological processes (22, 23).
Regulatory mechanisms
of necroptosis

The potential mechanism of necroptosis is shown in

Figure 3. The programmed cell death pattern is driven by

RIPK1 through its kinase function, including through the

formation of complex iia leading to apoptosis and complex iib

leading to necroptosis (18, 76, 77). After TNF-a interacts with

TNFR, TNFR1 starts to recruit the downstream protein

molecules TNFR1- associated death domain protein

(TRADD), RIPK1, TRAF2/5, and linear ubiquitin chain

assembly complex (LU⁃BAC) proteins to form complex I, in

which RIPK1 is polyubiquitinated and activates nuclear RIPK1

polyubiquitinates and activates the nuclear factor kB (NF-kB)
FIGURE 1

Mechanisms of amino acids and lipid metabolism in ferroptosis. Cysteine can be transported into the cell, whereas glutamate can be
transported out of the cell by the Xc-system. Cysteine can be used to synthesize glutathione to maintain the balance of the redox state, and it
can also be synthesized through the transsulfurization pathway blocked by CARS. Glutamate can be converted to a-KG by transaminase or
GLUD1 pathway and participate in TCA, thereby generating ROS. PUFAs derived from cell membranes can be catalyzed by ACSL4 and LPCAT to
PUFA-PE, and PUFA-PE can be peroxidized by the LOX family. FSP1 and coenzyme Q also play an important role in the antioxidant system of
coenzyme Q.
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and mitogen-activated protein kinase (MAPK) signaling

pathways, inhibiting caspase-8 activation and promoting cell

survival (72, 78–80). If TNF-a recruits TRADD, FADD, pro–

caspase-8, and RIPK1 to form complex iia, then complex iia

promotes activation of caspase-8, and activated caspase-8

undergoes apoptosis by activating caspase-3 (73, 81, 82).

When caspase-8 is inhibited or its activity level is relatively

low, RIPK1 recruits RIPK3 and both recruit MLKL through the

RIP homotypic interaction motif (RHIM) to form complex iib,

also known as necrosome (83, 84). MLKL phosphorylation

causes oligomerization and membrane localization.

Oligomerized MLKL has the ability to bind directly to lipids,

allowing polymerized MLKL to form membrane permeable

pores, disrupt cell membrane integrity, and undergo

necroptosis (71, 85). However, it inhibits the formation of

complex iib to inhibit necroptosis, so the role of RIPK1 in

cells can be determined by targeting the drug to determine

whether the cells survive or undergo necroptosis (74, 86, 87).
Frontiers in Immunology 05
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Pyroptosis

The overview of pyroptosis

Pyroptosis is a caspase-1–mediated mode of programmed

cell death (88, 89) characterized by rapid plasma membrane

rupture followed by the release of cellular contents and pro-

inflammatory substances such as IL, which triggers an

inflammatory cascade response that results in cellular damage

(24, 90). As early as 1992, Zychlinsky et al. observed

experimentally that Shigella fowleri could induce lytic death in

infected host macrophages (91). In 2001, Cookson et al. showed

that this form of death was caspase-1 activity–dependent, unlike

caspase-3 activity–dependent apoptosis (92). They first defined

focal cell death as a caspase-1–dependent form of cell death.

Furthermore, Shao et al. showed that cell scorch death can also

be induced by the activation of caspase-4/5/11 by

intracytoplasmic LPS and that activated caspase-4/5/11
FIGURE 2

Mechanisms of iron metabolism in ferroptosis. Fe3+ can couple to transferrin and enter the intercellular milieu mediated by TfR1. Transferrin can
be recycled and exported extracellularly and blocked by HSPB1. Fe3+ is reduced to Fe2+ by DMT1 in endosomes, and Fe2+ can be transported
into the cytoplasm. Fe2+ can be released from ferritin through NCOA4-mediated ferritin phagocytosis, and part of Fe2+ can be exported outside
the cell and oxidized by FPN. In addition, DOX can also induce ferroptosis. Cardiac output of DOX activates the Keap1/Nrf2 pathway, and Nrf2
further activates the downstream protein Hmox1 and prompts it to oxidize heme and release iron, leading to ferroptosis.
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ultimately induces cell scorch death through cleavage of

Gasdermin family proteins. Therefore, they defined cell scorch

death as programmed cell necrosis mediated by the Gasdermin

family (93, 94). When cell death occurs, the nucleus is

condensed, chromatin DNA is randomly broken and

degraded, numerous pores appear in the cell membrane, the

cell membrane loses its ability to regulate the entry and exit of

substances, the cell loses internal and external ionic balance,

osmotic swelling occurs, and the membrane ruptures, releasing

cell contents and other active substances, stimulating the body’s

immune response, and recruiting more inflammatory cells. This

stimulates the body’s immune response, recruits more

inflammatory cells, and amplifies the inflammatory response.
Regulatory mechanisms of pyroptosis

The potential mechanism of pyroptosis is shown in Figure 4.

The assembly of the inflammasome is the initiating step of the

classical pathway of pyroptosis, a complex of intracellular

macromolecular proteins necessary for inflammation to occur

and capable of recognizing dangerous signaling molecules such

as bacteria and viruses. The inflammasome is mainly composed

of pattern recognition receptors (prrs), apoptosis-associated

speck-like protein (ASC), and pro–caspase-1 (95–98). Among

them, prrs are receptor proteins responsible for the recognition

of different intracellular signaling stimuli, which are mainly

composed of nucleotide-binding oligomerization domain–like

receptor protein 1 (NLRP1) and NLRP3; nucleotide ASC is an
Frontiers in Immunology 06
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articulated protein that consists mainly of the N-terminal pyrin

domain (PYD), caspase activation, and recruitment domain

(CARD) (95, 99). Pro–caspase-1 is an effector molecule that is

activated to specifically cleave GSDMD. Danger-signaling

sensors after the recognition of the danger signaling molecule

by NLRP1, NLRP3, or AIM2 bind to the PYD structural domain

at the N-terminal end of the bridging protein through its N-

terminal PYD structural domain, and ASC then recruits caspase-

1 through the interaction of the CARDCARD structural domain

to complete the assembly of the inflammasome (100, 101). The

inflammasome acts by activating the effector molecule pro–

caspase-1 to form active caspase-1. Activated caspase-1 is able

to specifically cleave the GSDMD to generate the N-terminal and

C-terminal ends, and the N-terminal end of the GSDMD binds

to cell membrane phospholipids, causing many small pores to

form in the cell membrane (102, 103). The integrity of the cell is

disrupted, and the water flows inward, leading to cell swelling

and rupture, releasing intracellular inflammatory substances,

and inducing pyroptosis (104). In addition, caspase-1 also

promotes the maturation of IL-18 and IL-1b precursors, which

are cleaved into active IL-18 and IL-1b (90, 105, 106) and

secreted through the cell membrane pores to the outside of the

cell, recruiting more inflammatory cells and causing an

inflammatory waterfall response. This caspase-1–mediated cell

death is called the classical pathway of pyroptosis. The non-

classical pathway of pyroptosis is mainly mediated by caspase-4,

caspase-5, and caspase-11. Upon stimulation of cells by bacterial

LPS, caspase-4, caspase-5, and caspase-11 bind directly to and

are activated by bacterial LPS (40, 107). Activated caspase-4,
FIGURE 3

Potential mechanism of necroptosis. Necroptotic death may have evolved into the innate immune mechanism that complements apoptosis to
eliminate pathogens. Necroptosis is affected by receptor interacting protein kinase 3 (RIPK3) and mixed lineage kinase domain-like
protein (MLKL).
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caspase-5, and caspase-11 specifically cleave the GSDMD,

relieving intramolecular inhibition of the GSDMD N structural

domain (108), and the GSDMD N terminus binds to cell

membrane phospholipids, causing cell membrane pore

formation, cell swelling, rupture, and induction of pyroptosis

(108). The GSDMD N terminus also amplifies the inflammatory

response by activating the NLRP3 inflammasome, which, in

turn, activates caspase-1 (109), which stimulates the maturation

of IL-18 and IL-1b precursors and secretes IL-18 and IL-1b
extracellularly (110).
Role of ferroptosis, necroptosis, and
pyroptosis in tumors

Ferroptosis is a novel form of RCD induced by

iron-dependent lipid peroxidation damage, which is
Frontiers in Immunology 07
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morphologically, genetically, and molecularly different from

other cell death modalities such as apoptosis, autophagy, and

necrosis. The relationship between ferroptosis and tumors is

extremely close, and there are numerous studies to design and

develop ferroptosis-based anticancer drugs, and ferroptosis is

expected to be a novel therapeutic approach for tumors. The

interactive dialogue between triple-negative breast cancer

(TNBC) cells and tumor-associated macrophages (tams)

promotes the sustained activation of HLF in tumor cells

through the IL-6–TGF-b1 axis. Subsequently, hepatic leukemia

factor (HLF) promotes resistance to ferroptosis in TNBC cells

via GGT1, ultimately promoting malignant tumor progression

(1). The current design of corresponding compounds targeting

key molecules in ferroptosis can effectively inhibit tumor

progression with significant clinical translational implications.

Mimetic drugs composed of small-molecule inducers of

ferroptosis, erastin, and RSL3 with BH3 were effective in

synergistically killing U251 cells and inhibiting malignant
FIGURE 4

Potential mechanism of pyroptosis. The molecular mechanisms of pyrolysis mainly include canonical and noncanonical signaling.
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progression of glioblastoma (111). Nanocatalytic activity leads to

simultaneous inhibition of GPX4/GSH and FSP1/coq10h2

pathways and synergizes with the GPX4 inactivation function

of RSL3 to cause significant ferroptosis damage and thus inhibit

malignant progression of triple-negative breast cancer (112).

Depletion of PSTK leads to inactivation of GSH peroxide 4

(GPX4) and inhibition of selenocysteine and cysteine synthesis.

GSH metabolism is disrupted due to inhibition of selenocysteine

and cysteine synthesis, which enhances the induction of

ferroptosis after targeted chemotherapy, leading to malignant

progression of hepatocellular liver cancer (113). The use of PSTK

inhibitor-punicalin together with sorafenib for the treatment of

HCC in vitro and in vivo exhibits synergistic effects.

Research on targeted tumor therapy based on necroptosis is

currently underway, suggesting that necroptosis will provide a

new strategy for tumor treatment. Disintegrin and

Metalloprotease 17 (ADAM17) was identified as a novel

important regulator of necroptosis whose activity could

significantly affect the role of TNFR1-dependent tumor cell

induction of endothelial cell death, tumor cell extravasation,

and subsequent metastatic seeding (114). Furthermore,

mediated TNFR1 extracellular domain shedding and

subsequent processing by the g-secretase complex are key

enzymatic steps in the induction of TNF-induced necrotic

apoptosis.ADAM17 may serve as an important target as an

anti-metastatic and advanced cancer therapy. RIPK3 may act as

a tumor suppressor to inhibit malignant progression of

malignant mesothelioma through induction of necrotic

apoptosis, whereas RIPK3 DNA epigenetic silencing of

methylation impairs necroptosis and leads to chemoresistance

as well as poorer prognosis in malignant mesothelioma (115).

Tsc1/mTOR has a critical role in suppressing RIPK3 expression

and activation in intestinal epithelial cells through TRIM11-

mediated ubiquitination and autophagy-dependent degradation.

mTOR can act on RIPK3 to enhance the expression and

activation of RIPK3 by TNF and microbial pathogen-

associated molecular pattern (PAMP)–induced necroptosis.

mTOR/RIPK3/necroptosis axis is a driver of intestinal

inflammation and cancer (116).

Various components of the scorch pathway are associated

with tumorigenesis, invasion, and metastasis, and studies on

scorch death have opened up new frontiers in tumor therapy.

maternal embryonic leucine zipper kinase (MELK) expression is

elevated in lung adenocarcinoma (LUAD) and promotes the

malignant progression of LUAD cells by regulating the PLK1-

CDC25C-CDK1 signaling pathway to promote proliferation and

inhibit apoptosis-mediated cell scorch (16, 117). GSDME-

mediated cell scorch death promotes colorectal cancer

progression by releasing HMGB1, which induces tumor cell

proliferation and PCNA expression through the extracellular

regulated protein kinases 1/2 (ERK1/2) pathway (118).

Circneil3, a circulating RNA, can act as a sponge by directly

binding to mir-1184 and thereby releasing the inhibitory effect of
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miR-1184. The inhibition of PIF1 by mir-1184 ultimately

induces DNA damage and triggers AIM2 inflammasome

activation-mediated cell scorching (119). Mediating the cell

scorch-induced circneil3/mir-1184/PIF1 regulatory axis may

be a promising clinical therapeutic strategy for lung cancer.

Accumulating evidence has identified the crosstalk between

ferroptosis, necroptosis, and pyroptosis. A number of factors

including NEK7, Tom20, and caspase-1 have been found to

mediate the crosstalk between these programmed cell death

pathways. For instance, necroptosis and pyroptosis are both

able to promote cell lysis. Z-DNA binding protein 1 (ZBP1) has

been found to promote pyroptosis and necroptosis upon sensing

infection with fungus (120). A well-established cell marker for

apoptosis, Bcl-2, is found to regulate pyroptosis and necroptosis

by targeting BH3-like domains in GSDMD and MLKL (121).

Moreover, caspase-8 plays a key role in switching from

necroptosis topyroptosis (122). Moreover, the key molecular

regulator for ferroptosis, iron, could promote excessive reactive

oxygen species (ROS) production and mediate crosstalk between

ferroptosis and necroptosis (123). In the model of myocardial

fibrosis, it has been reported that mixed-lineage kinase 3 (MLK3)

modulates pyroptosis and ferroptosis via distant signaling

pathways (124). Interestingly, non-coding RNAs have also

been reported to play a key role in the crosstalk between

necroptosis, ferroptosis, and pyroptosis (125). All these pieces

of evidence highlight the correlation between necroptosis,

pyroptosis, and ferroptosis.
Roles of cell deaths: ferroptosis,
necroptosis, and pyroptosis in OC

Apoptosis used to be considered the predominant means of

programmed cell death in tumor cells that decide the

proliferation rate of cells. Lately, mounting evidence has

showed that other types of programmed cell death including

ferroptosis, necroptosis, and pyroptosis are highly involved in a

variety of cell processes of OC cells, such as chemoresistance and

immune response.
Role of ferroptosis in OC

In brief, the regulatory role of ferroptosis related genes in OC

progression was displayed in Table 1. Studies have shown that

elevated intracellular iron levels are closely associated with OC.

FPN was decreased, TFR1 and TF were increased, and iron levels

were elevated in high-grade plasma cytotic OC tissues compared

with normal ovarian tissues (141). Genetic models of OC

initiating cells also exhibit reduced iron efflux pumps and

upregulated expression of iron transport–related proteins. This
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suggests that intracellular iron levels are elevated in OC cells

early in the development of OC. Li et al. (126) found that ferrous

ammonium citrate (FAC) promoted intracellular iron

expression levels in OC cells and inhibited OC cell

proliferation, induced apoptosis, promoted inflammatory

responses, and inhibited the reduction of lipid peroxides.

Inhibition of GPX4 modulated intracellular iron homeostasis

and lipid peroxide reduction, induced ferroptosis, and exerted

anti-cancer effects.

In ferroptosis, lipid peroxidation driven by ROS plays an

important role in the ferroptosis pathway. Tesfay et al. (127)

found that steroyl coa desaturase (SCD1) was highly expressed

in OC tissues, cell lines, and genetic models of OC stem cells.

Inhibition of SCD1 significantly reduced unsaturated fatty acyl

chains and increased long-chain saturated ceramides in

membrane phospholipids and enhanced the anti-tumor effects

of ferroptosis inducers in OC cell lines and in situ xenograft

models in mice.

OC is associated with abnormal expression of many genes.

Ma et al. (128) demonstrated that upregulation of mir-424-5p

inhibited ACSL4 expression by directly binding to the 3′-
untranslated region (UTR) of ACSL4, thereby reducing

erastin- and RSL3-induced ferroptosis and ultimately

inhibiting the malignant progression of OC. Mutation of the

p53 gene alone caused migration of mouse oviductal epithelial

cells; when p53 mutation combined with K-ras activation

occurred, mouse oviductal epithelial cells were transformed

into tumor cells (142). Zhang et al. (129) found that

superparamagnetic iron oxide (SPIO)-serum effectively

induced lipid peroxidation and produced large amounts of

toxic ROS and promoted the down-regulation of GPX4 and

xct, leading to iron-dependent oxidative death. These effects

could be reversed using the iron chelator DFO and the lipid
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peroxidation inhibitor Fer-1. In addition, p53 contributed to

promote SPIO-serum–induced ferroptosis in OC cells.

Inhibition of PARP downregulates the expression of the

cystine transporter protein SLC7A11 in a p53-dependent

manner, which, in turn, leads to reduced GSH biosynthesis

and promotes lipid peroxidation and ferroptosis (130). SNAI2

inhibits the malignant progression of OC by binding to the

promoter region of SLC7A11 and thereby inducing the onset of

ferroptosis in OC cells (131). Cai et al. (132) found that

ADAMTS9-AS1 can inhibit the malignant progression of OC

by regulating the mir-587/SLC7A11 axis to attenuate ferroptosis

process in OC and promote proliferation, migration, and

invasion of OC cells, leading to malignant progression of OC.

Numerous studies have confirmed that elevated intracellular

GSH levels and high expression of related metabolic enzymes are

closely associated with drug resistance in OC. Mao et al. (133)

found that sodium molybdate induced elevated pools of unstable

iron in OC cells and induced GSH depletion by mediating nitric

oxide (NO) production and further promoted ferroptosis in OC

cells. In addition, NO induces mitochondrial damage through

inhibition of mitochondrial aconitase activity, ATP production,

and mitochondrial membrane potential, leading to apoptosis in

OC cells. Yang et al. (134) found that transcriptional coactivator

with PDZ-binding motif (TAZ) removed conferred ferroptosis

resistance, whereas overexpression of TAZS89A promoted

cellular susceptibility to ferroptosis, and lower TAZ levels were

an important reason for reduced ferroptosis susceptibility in

chemotherapy-resistant relapsed OC TAZ that can promote OC

cell sensitivity to ferroptosis by regulating ANGPTL4 and

activating NOX2 entry and exit. Liu et al. (143) established

erastin-tolerant cell lines and found that the cell lines could still

maintain GSH levels, suggesting the existence of other

intracellular pathways for cystine synthesis. The assay revealed
TABLE 1 The regulatory role of ferroptosis related genes in ovarian cancer progression.

Target Mechanism Function Reference

FAC Target Fe2+ and GPX4 Induce ferroptosis and inhibit ovarian cancer (126)

SCD1 Target unsaturated fatty acyl chain Induce ferroptosis and inhibit ovarian cancer (127)

miR-424-5p Target ACSL4/erastin/RSL3 Induce ferroptosis and inhibit ovarian cancer (128)

SPIO-serum Target GPX4/xCT Induce ferroptosis and inhibit ovarian cancer (129)

PARP Target SLC7A11 Induce ferroptosis and inhibit ovarian cancer (130)

SNAI2 Target SLC7A11 Induce ferroptosis and inhibit ovarian cancer (131)

ADAMTS9-AS1 Target miR-587/SLC7A11 Inhibit ferroptosis and promote ovarian cancer (132)

Sodium molybdate Target NO/GSH Induce ferroptosis and inhibit ovarian cancer (133)

TAZ Target ANGPTL4/NOX2 Induce ferroptosis and reduce drug resistance (134)

CBS / Inhibit ferroptosis and promote ovarian cancer (135)

FZD7 Target Tp63 Induce ferroptosis and reduce platinum resistance (136)

Erastin Target ROS Induce ferroptosis and inhibit ovarian cancer (137)

GALNT14 Target EGFR/mTOR Induce ferroptosis and reduce platinum resistance (138)

MAP30 Target Ca2+ Induce ferroptosis and reduce platinum resistance (139)

Lidocaine Target miR-382-5p/SLC7A11 Induce ferroptosis and inhibit ovarian cancer (140)
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high expression of CBS, a key enzyme of the transsulfuration

pathway, suggesting that the erastin-tolerant cell line provides

cystine to the cells through the upregulated transsulfuration

pathway. Verschoor et al. (144) treated an OC cell model using

an Xc-system inhibitor and a transsulfuration pathway inhibitor

and found that intracellular GSH levels were significantly

reduced after transsulfuration pathway inhibition, suggesting

that the transsulfuration. Chakraborty et al. (135) found that the

expression level of CBS in the transsulfuration pathway was

elevated in a few OC cell lines and that CBS gene silencing

inhibited cell migration and invasion of OC cells.

The mechanism of action of platinum drug is based on the

generation of intracellular ROS, eventually leading to cellular

damage and death. Wang et al. (136) found that platinum-

resistant cells and tumors exhibited Frizzled 7 (FZD7)

expression and that knockdown of FZD7 increased platinum

sensit ivity and delayed tumorigenesis . In contrast ,

overexpression of FZD7 activated the oncogenic factor Tp63,

which promoted upregulation of the metabolic pathway, leading

to platinum resistance in OC cells. Chen et al. (137) found that

erastin induced ferroptosis and increased ROS levels, thereby

enhancing the cytotoxic effects of cisplatin. Erastin

synergistically with cisplatin significantly inhibited OC cell

growth. polypeptide N-acetylgalactosaminyltransferase

(GALNT14) promoted mtor by modifying EGFR. The

combination of mtor inhibitor and cisplatin resulted in a

cumulative effect on cell death (138). Santos et al. (145)

speculated that reversal of drug resistance by interfering with

cysteine metabolism was suggested by the results of a study

suggesting that selenium-containing salicin could contribute to a

reduction in GSH levels and that an inhibitory effect on CBS was

inhibited. Designing a nanodrug could be a new strategy to

improve OC treatment.
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The mechanism of ferroptosis-related drugs remained to be

investigated, but they may be a new pathway to improve OC

treatment through the ferroptosis pathway. Chan et al. (139)

reported that MAP30 induces an increase in intracellular Ca2+

ion concentration, which triggers ROS-mediated cancer cell

death through apoptosis and ferroptosis. Natural MAP30 may

be used as a non-toxic supplement to enhance chemotherapy in

patients with OC with peritoneal metastases. Sun et al. (140)

found that lidocaine could inhibit the ferroptosis process in OC

cells by enhancing the expression of mir-382-5p in cells, which,

in turn, inhibited the ferroptosis process in OC cells by targeting

SLC7A11. Lidocaine treatment inhibited tumor growth of OC

in vivo.

In addition, many other authors have explored the

expression levels of ferroptosis-related genes and proteins in

patients with OC and the correlation with patient prognosis by

bioinformatics analysis. The results of all analyses are presented

in Table 2.
Role of necroptosis in OC

In brief, the regulatory role of necroptosis related genes in

OC progression was displayed in Table 3. Hahne et al. (156)

explored the ability of the PI3K/AKT inhibitor AEZS-126 alone

and in combination with rapamycin to selectively target OC cell

proliferation and survival in vitro. They found by validation that

AEZS-126 exhibited anti-cytotoxicity in an in vitromodel of OC

and that the primary mechanism was the regulation of the

necroptotic apoptotic process in OC cells. Mccabe et al. (157)

found that inhibitor of apoptosis protein (IAP) plus cystein

inhibitor (IZ) treatment selectively induced TNFa-dependent
death in several anti-apoptotic cell lines and patient xenografts.
TABLE 2 Ferroptosis related genes in patients with ovarian cancer.

Related Genes Diagnostic Potential Prognostic Potential Reference

LPCAT3, ACSL3, CRYAB, PTGS2, ALOX12, HSBP1, SLC1A5, SLC7A11, and ZEB1 √ √ (146)

CDKN1B, FAS, FOS, FOXO1, GABARAPL1, HDAC1, NFKB1, × √ (147)

PEX3, PPP1R15A, SIRT2, IFNG, IL24, MTMR14, and RB1

ALOX12, ACACA, SLC7A11, FTH1, and CD44 × √ (148)

DNAJB6, RB1, VIMP/SELENOS, STEAP3, BACH1, and ALOX12 √ √ (149)

Staurosporine, epothilone B, DMOG, and HG6-64-1 × √ (150)

SLC7A11, RB1, GCH1, LPCAT3, PCBP2, ZFP36, STEAP3, √ √ (151)

MAPK8, GABARAPL1, IFNG, PHKG2, HSPA5, MAP1LC3C, and ALOX5

AC138904.1, AP005205.2, AC007114.1, LINC00665, × √ (152)

UBXN10-AS1 AC083880.1, LINC01558, and AL023583.1

HIC1, LPCAT3, and DUOX1 √ √ (153)

AC007848.1, AC011445.1, AC093895.1, AC010336.5, AL157871.2, × √ (154)

AP001033.1, AC009403.1, AC068792.1, LINC01857, LINC00239, and AL513550.1

FMR1, HNRNPC, METTL16, METTL3, and METTL5 × √ (155)
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Qiu et al. (158) found that upregulation of CD40 may be

relatively common in low-grade serous carcinomas (lgscs) and

that CD40 activation induced RIP1-dependent, necrosis-like cell

death in LGSC cells. Dey et al. (159)found that BMI1 in OC was

able to participate in the PINK1-PARK2–dependent

mitochondrial pathway and induce a novel non-apoptotic,

necroptosis-mediated cell death pattern. Necroptosis enhances

the phosphorylation of the downstream substrate MLKL by

activating the RIPK1-RIPK3 complex. In addition, inhibition

of caspase-8 was found to significantly inhibit NF-kB signaling

and lead to necrotic cell death by stabilizing RIPK1 expression

(160). Blocking NF-kB signaling and depleting cIAP using

SMAC mimics could further render these cells susceptible to

necroptosis killing. Increasing caspase-8 expression in vivo may

be an important tool to improve the prognosis of patients

with OC.

In addition, studies have shown that targeting necroptosis

may also promote prognosis in patients with OC. Wu et al.

found that luteal-phase progesterone (P4) binds to P4 receptors

(prs) and via the TNF-a/RIPK1/RIPK3/MLKL pathway in the

oviductal epithelium of Trp53M−/− mice, and immortalized

human p53-deficient bacterial hair epithelium induces necrotic

apoptosis (161), which may be a potential mechanism for

progesterone to prevent OC onset. MLKL may be a novel pro-

necrotic apoptotic target of ceramide in OC models, and

knockdown of MLKL with small interfering RNA (siRNA)

significantly abrogated ceramide nanoliposomes (CNL)–

induced cell death (162). As a SMAC (second mitochondria-

derived activator of caspase) mimetic, DEBIO 1143 was able to

reverse resistance to carboplatin by targeting cIAP1, XIAP, and

caspase-9 and inducing apoptosis or necroptosis depending on

the cell line. Chefetz et al. (164) identified two selective inhibitors

of the ALDH1A family (ALDH1Ai) and found that they

preferentially killed CD133+ OC stem cell-like cells (CSC).

ALDH1Ai induced mitochondrial uncoupling proteins and

reduced oxidative phosphorylation to induce necrotizing CSC
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death. In addition, they found that ALDH1Ai was highly

synergistic with chemotherapy, significantly reducing tumor

initiation capacity and increasing tumor eradication in vivo.

Chen et al. (165) found that excellent tumor ablation could be

achieved by combining treatment with cus-mns2 nanoflowers

and 808-nm NIR laser. Cusmns2 nanoflowers could be used as a

promising multifunctional nanotheranostic agent for MRI and

as a photothermal/photodynamic cancer therapy agent through

necroptosis. Liu et al. (166) found that berberine (BBR) could

significantly inhibit the proliferative capacity of OC cells in a

dose- and time-dependent manner. Combined treatment with

BBR and DDP significantly promoted the proportion of necrotic

apoptosis in OC cells and had a significant effect on OC cell

proliferation and induction of G0/G1 cell cycle arrest. Combined

treatment with BBR and DDP significantly increased OC cell

death through induction of apoptosis and necroptosis, thereby

enhancing the anticancer effects of chemotherapeutic agents. In

addition, both ROS-mediated apoptosis and necroptosis could

be involved in cisplatin-induced cell death. Therefore, RIP1 can

act as a tumor suppressor that promotes the anticancer effects of

chemotherapeutic agents such as cisplatin.
Role of pyroptosis in OC

In brief, the regulatory role of pyroptosis-related genes in OC

progression was displayed in Table 4. The mechanisms of

inflammatory cells in the tumor microenvironment are

gradually being understood with the advancement of research.

Recent studies have shown that the occurrence and development

of OC are closely associated with elevated levels of various

inflammatory factors. Qiao et al. (169) found that knockdown

of caspase-4 or GSDMD in OC cells significantly inhibited the

killing activity of a-NETA cells, suggesting that a-NETAmay play

a biological role by regulating the cell scorching pathway. Zhang

et al. (170) found that nobiletin, a prospective food-derived
TABLE 3 The regulatory role of necroptosis related genes in ovarian cancer progression.

Target Mechanism Function Reference

AEZS-126 Target PI3K/AKT Induce necroptosis and reduce platinum resistance (156)

IAPs Target TNF-a Induce necroptosis and promote ovarian cancer (157)

CD40L Target caspase-3 Induce necroptosis and promote ovarian cancer (158)

BMI1 Target PINK1-PARK2 Induce necroptosis and promote ovarian cancer (159)

Caspase8 Target NF-kB and RIPK1 Suppress necroptosis and inhibit ovarian cancer (160)

Luteal-phase progesterone Target TNF-a/RIPK1/RIPK3/MLKL Suppress necroptosis and inhibit ovarian cancer (161)

CNL Target MLKL Induce necroptosis and promote ovarian cancer (162)

DEBIO 1143 Target cIAP1, XIAP, and caspase-9 Induce necroptosis and promote ovarian cancer (163)

ALDH1Ai / Induce necroptosis and promote ovarian cancer (164)

CuS–MnS2 / Suppress necroptosis and inhibit ovarian cancer (165)

Berberine Target Caspase-3, Caspase-8, RIPK3, and MLKL Induce necroptosis and promote ovarian cancer (166)

RIP1 Target ROS Induce necroptosis and promote ovarian cancer (167)
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phytochemical derived from citrus fruits, could induce apoptosis

and trigger ROS-mediated cell scorch death by regulating

autophagy in OC cells, thereby inhibiting the malignant

progression of OC. Liang et al. (168) found that serpentine, a

derivative of coumarin, significantly inhibited OC cell growth and

induced OC cell death by regulating OC cell apoptosis, cell

scorching, and autophagic processes, with good therapeutic

promise. HOXA transcript at the distal tip (HOTTIP) was able

to increase AKT2 expression and inhibit ASK1/JNK signaling

through negative regulation of mir-148a-3p, which, in turn, led to

OC cell proliferation and NLRP1 inflammasome-mediated cell

scorching process, resulting in OC malignant progression (171).

In addition, many other authors have explored the expression

levels offerroptosis-related genes and proteins in patients with OC

and the correlation with patient prognosis by bioinformatics

analysis. The results of all analyses are presented in Table 5.
Conclusion and prospects

Programmed cell death is a hot issue in biological and

medical research, and targeting the cell death process is a

common approach in tumor therapy. However, current

compounds that induce programmed death are only effective

against certain tumor cells, and different types of cancers seem to

have different sensitivities to programmed death (177–179).

Efforts to understand the sensitivity of different tissue tumors

to programmed death are important for the practice of clinical

application of programmed death in tumor therapy. Regarding

how programmed death is precisely induced in vivo, the key

regulators of programmed death that have been identified

provide important therapeutic targets. Currently, the

commonly used anti-tumor drugs in clinical practice have
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disadvantages such as poor selectivity, toxic side effects, and

the tendency to develop drug resistance, which seriously limit

their efficacy. According to the characteristics of TCM, studying

the effect of TCM and its specific components on programmed

tumor death, discovering effective anti-tumor components, and

combining multi-disciplinary and multi-disciplinary approaches

to target tumor sites by loading programmed death inducers,

reactants of programmed death process, or TCM preparations

through nanotechnology, so that drug concentrations

accumulate at tumor sites, may bring new options for cancer

treatment based on programmed death (178, 180, 181). The

exploration of Chinese medicine to intervene in programmed

death is still in its infancy, but there are already studies, showing

extraordinary research prospects by loading Chinese medicine

with nanotechnology for tumor treatment (182).

Ferroptosis has become a hot research topic in tumor; the

pathway network between iron metabolism, Fenton reaction,

Xc-system, and GPX4 has been initially established (183, 184);

and other important related pathways (including transsulfur

pathway) and ferroptosis-related drugs need to be further

investigated. Current chemotherapy regimens for OC are still

dominated by platinum and paclitaxel drugs, but the prognosis

of patients with advanced OC remains bleak. An in-depth

investigation of the link between ferroptosis pathway and OC

will facilitate the search for a new chemotherapeutic regimen.

Ferroptosis inducers and inhibitors are expected to be used

effectively and rationally in the future, thus improving the

precision of treatment for OC and other tumors. As a newly

discovered mode of programmed cell death, necroptosis is

closely related to a variety of case-physiological processes (185,

186), and most of the studies related to necroptosis are at the

stage of basic experiments. Necroptosis plays an opposing role in

anti-tumor; on the one hand, it can inhibit the proliferation and
TABLE 5 Pyroptosis-related genes in patients with ovarian cancer.

Related genes Diagnostic potential Prognostic potential Reference

CASP3, CASP6, AIM2, PLCG1, ELANE, PJVK and GSDMA × √ (172)

GSDMD, GSDMC, GSDME, and PJVK × × (173)

SLC31A2, LYN, CD44, EPB41L3, VSIG4, FCN1, IRF4, and ISG20 × √ (174)

AC006001.2, LINC02585, AL136162.1, AC005041.3, AL023583.1, and LINC02881 × √ (175)

DICER1-AS1, MIR600HG, AC083880.1, AC109322.1, √ √ (176)

AC007991.4, IL6RAS1, AL365361.1, and AC022098.2
fro
TABLE 4 The regulatory role of pyroptosis-related targets in ovarian cancer progression.

Target Mechanism Function Reference

Caspase-4/GSDMD Target a-NETA Inhibit pyroptosis and suppress ovarian cancer (156)

Nobiletin Target ROS Induce pyroptosis and suppress ovarian cancer (157)

Osthole / Induce pyroptosis and suppress ovarian cancer (168)

HOTTIP Target miR-148a-3/AKT2-ASK1/JNK Induce pyroptosis and promote ovarian cancer (159)
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migration of tumor cells; on the other hand, it can play a pro-

tumor growth role and participate in early tumor formation.

Further in-depth study on the molecular mechanism of

necroptosis pathway and the relationship between upstream

and downstream signaling molecules of related signaling

pathways, to explore its role in OC in different modes and to

find corresponding target drugs, is one of the future directions to

improve the therapeutic effect of OC. Cell scorch is a

programmed cell death mediated mainly by inflammatory

caspases (177). NLRP3 inflammatory vesicles activate caspase-

1, which, in turn, causes pro–IL-1b and pro–IL-18 to form

mature IL-1b and IL-18 and trigger cellular inflammation (187,

188). At the same time, caspase-1 cleaves the downstream factor

abscisicin D. These actions create active pores in the cell

membrane and lead to the onset of cellular scorching. The

occurrence and development of OC are closely related to the

inflammatory response, so the cell scorching caused by

inflammatory vesicles/factors may play an important role in

OC. A variety of Chinese herbal components and formulations

have regulatory effects on cell scorch, and with further research,

Chinese medicine may be used to regulate cell scorch in the

prevention and treatment of OC.

In conclusion, this article reviews the progress of research on

ferroptosis, necroptosis, or pyroptosis in the development of OC

and after prognosis and treatment. Nevertheless, the exact roles

of ferroptosis, necroptosis, and pyroptosis in OC remain to be

fully elucidated. It is important to investigate the molecular

mechanisms and physiopathological roles of ferroptosis,

necroptosis, and pyroptosis and to specifically design the

corresponding drug therapy for OC.
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LAG-3, a type of immune checkpoint receptor protein belonging to the

immunoglobulin superfamily, is confirmed to be expressed on activated

immune cells, mainly including activated T cells. LAG-3 can negatively

regulate the function of T cells, exerting important effects on maintaining the

homeostasis of the immune system under normal physiological conditions and

promoting tumor cells immune escape in the tumor microenvironment. Given

its important biological roles, LAG-3 has been regarded as a promising target

for cancer immunotherapy. To date, many LAG-3 inhibitors have been

reported, which can be divided into monoclonal antibody, double antibody,

and small molecule drug, some of which have entered the clinical research

stage. LAG-3 inhibitors can negatively regulate and suppress T cell proliferation

and activation through combination with MHC II ligand. Besides, LAG-3

inhibitors can also affect T cell function via binding to Galectin-3 and

LSECtin. In addition, LAG-3 inhibitors can prevent the FGL1-LAG-3

interaction, thereby enhancing the human body’s antitumor immune effect.

In this review, we will describe the function of LAG-3 and summarize the latest

LAG-3 inhibitors in the clinic for cancer therapy.
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Introduction

A large amount of evidence from literature has manifested

that tumor cells can effectively avoid being recognized and killed

by the immune system through immune checkpoint receptor

proteins, suggesting that blocking immune checkpoint receptors

is a new immunotherapy for human cancers (1, 2). The most

well-studied immune checkpoint receptors mainly include

programmed cell death 1/programmed cell death 1 ligand

(PD-1/PD-L1) and cytotoxic T lymphocyte-associated antigen-

4 (CTLA-4) (3–6). However, due to the treatment tolerance, low

response, or significant increase in toxicity of previously

discovered antibody drugs targeting PD-1/PD-L1 or CTLA-4

(7–9), it is very necessary to investigate new targets against

immune checkpoint receptor proteins.

Lymphocyte activation gene-3 (LAG-3, also named CD223

or FDC protein), is a new class of immune checkpoint receptors,

which was first isolated and reported by French immunologist

Frédéric Triebel and colleagues in 1990 (10). LAG-3, as a key

member of the immunoglobulin superfamily (IgSF) locating on

human chromosome 12, is a type I transmembrane protein

containing 498 amino acids, consisting of transmembrane

region, the extracellular region, and cytoplasmic region

(11). The expression level of LAG-3 is closely related to the

prognosis of human tumors. High level of LAG-3 in kidney renal

clear cell carcinoma, non-small cell lung cancer (NSCLC),

primary central nervous system lymphoma (PCNSL),

hepatocellular carcinoma (HCC) and muscle invasive bladder

cancer (MIBC) indicates a poor prognosis, whereas in gastric

carcinoma and melanoma predicts a better prognosis (12). LAG-

3 is detected to be expressed on the surface of effector T cells and

regulatory T cells (Tregs) that participate in the regulation of T

lymphocytes and antigen-presenting cells (APCs) signaling

pathways and play a crucial part in the adaptive immune

response (13). Consistent with CTLA-4 and PD-1/PD-L1,

LAG-3 is induced on CD8+ and CD4+ T cells upon persistent

antigenic stimulation, rather than expressed on naive T cells

(14). Since the inhibitory function of LAG-3 is closely associated

with its expression level on the activated immune cells, the

blockage and inhibition of LAG-3 expression through antibody

drugs or small molecule inhibitors are critical. Prolonged

infection with viruses, fungus, and bacteria results in sustained

exposure to antigens, leading to high levels of persistent

expression of LAG-3 and other inhibitory co-receptors on

CD8+ and CD4+ T cells (15). These T cells lose powerful

effector functions, known as exhausted T cells, resulting in

decreased tumor lethality and response rate, and upregulation

of Treg immunosuppressive function (15). Studies have shown

that blockage or inhibition of LAG-3 can allow T cells to regain

cytotoxic activity and reduce the function of regulating T cells to

suppress immune responses, thereby enhancing the killing effect

on tumors (16, 17). It was observed that simultaneous blockage
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of LAG-3 activity and anti-PD-1 or PD-L1 in tumor cells has

dual inhibitory effects, including inhibiting Treg activity,

promoting dendritic cells (DCs) maturation, and rescuing

dysfunctional CD4+/CD8+ T cells (18–20). LAG-3 has been

regarded as an indicator of tumor prognosis and become a novel

tumor immunotherapy target beyond PD-1/PD-L1 and CTLA-

4. Herein, we aim to describe the structure and the known

ligands of LAG-3 and summarize the immune-regulatory effects

on active T cells in tumor microenvironment, as well as the

LAG-3 inhibitors which have been evaluated in the clinic.
LAG-3 structure and ligands

LAG3 co-localizates with CD4, CD8, and CD3 molecules

within lipid rafts. The structure of LAG-3 is essentially different

from that of CD3 and CD8, whereas it is highly homologous to

CD4. LAG-3 consists of three parts: transmembrane region,

extracellular region, and cytoplasmic region. In the

transmembrane-cytoplasmic part, LAG-3 breaks away from

the cell membrane under the action of metalloproteinases

ADAM10/17, which can regulate the function of LAG-3. The

extracellular domain is responsible for binding to the ligands and

consists of four IgSF domains, namely D1, D2, D3, and D4. The

D1 domain contains a loop domain rich in proline (~30) and an

in-chain disulfide bond, which is species-specific and is known

as the V immunoglobulin superfamily. However, D2, D3, and

D4 belong to the C2 family. The cytoplasmic region of LAG-3

consists of three parts: the serine phosphorylation site S454

(substrates for protein kinase C, PKC), the highly conserved

“KIEELE” motif, and the glutamate-proline dipeptide repeat

motif (EP sequence) (Figure 1) (21, 22). Importantly, KIEELE

mutant resulted in complete loss of LAG-3 function, which

proved that the “KIEELE” motif was crucial to the function of

LAG-3 (23).

LAG-3 was detected to be mainly expressed on the surface of

activated T cells (CD8+ T cells and CD4+ T cells), naturalkiller

cells (NK cells), B cells, and DCs under physiological conditions,

and negatively regulate T cell function. Researchers also found a

small number of LAG-3+ lymphocytes in inflammatory

lymphoid tissues, such as tonsils or lymph nodes (24). In

pathological state, LAG-3 was reported to be highly expressed

on the surface of tumor-infiltrating lymphocytes (TILs), the

expression level of which was positively correlated with the

occurrence and development of human tumors, such as non-

small cell lung cancer (NSCLC) and hepatocellular carcinoma

(HCC) (25–27). LAG-3 negatively regulates the function of T

cells and plays significant roles in maintaining the homeostasis

of immune system under normal physiological conditions and

promoting tumor cells immune escape in the tumor

microenvironment, indicating a promising target for

tumor immunotherapy.
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It has been reported four ligands of LAG-3 in tumor

microenvironment mainly including galactose lectin-3

(Galectin-3), major histocompatibility complex II (MHC II),

fibrinogen-like protein 1 (FGL1), and hepatic sinusoid

endothelial cell lectin (LSECtin) (Figure 1). MHC II is the

main ligand of LAG-3 (28). Due to the high homology of

LAG3 and CD4, MHC II is the common ligand of LAG3 and

CD4. However, LGA3 and MHC II shows 100 times higher in

binding affinity than CD4, suggesting that CD4 and LAG3 may

competitively bind to MHC II, thereby negatively regulating the

function of CD4 (29, 30). Studies have shown that although

LAG3 mutants unable to bind MHC II exhibit reduced

inhibitory function (21), tail mutations in the intracellular

domain of LAG3 lead to loss of inhibitory effect, further

suggesting that the intracellular domain is critical for

inhibiting signal transduction (23). It is possible that LAG3

acts not primarily by interfering with the interaction of MHC II
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and CD4, but rather by transmitting inhibitory signals via the

cytoplasmic domain (23), although the exact character of this

signal is unclear.

Galectin-3, another ligand of LAG-3, is a 31-kDa soluble

lectin (Figure 1). Studies have shown that LAG3 is highly

glycosylated and can interact with Galectin-3, which regulates

T cell responses via several mechanisms (28). In vitro

experiments showed that LAG3 played important roles in

Galectin-3-mediated inhibition of IFN-g secretion by CD8+ T

cells (31). Furthermore, Galectin-3 expressed by a variety of cells

in the tumor microenvironment instead of the tumor itself may

interact with LAG3 on tumor-specific CD8+ T cells, thus

resulting in the modulation of anti-tumor immune responses

(32). LSECtin, a potential ligand of LAG-3, belongs to the C-type

lectin receptor superfamily and is mainly expressed in liver (33).

LSECtin has also been found in human melanoma tissues. The

interaction between LSECtin and LAG-3 promotes tumor
FIGURE 1

LAG-3 structure and ligands. LAG-3 consists of extracellular region, transmembrane region and cytoplasmic region. The extracellular domain is
composed of four IgSF domains, namely D1, D2, D3 and D4. The D1 domain contains a loop domain rich in proline and an in-chain disulfide
bond. In the transmembrane- cytoplasmic part, LAG-3 breaks away from the cell membrane under the action of metalloproteinases ADAM10/
17. The cytoplasmic region of LAG-3 consists of three parts: the serine phosphorylation site S454, the highly conserved “KIEELE” motif and the
glutamate-proline dipeptide repeat motif (EP sequence). MHC II, Galectin-3, LSECtin and FGL1 are the confirmed ligands of LAG-3 in
tumor microenvironment.
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growth through suppression of anti-tumor T cell response in

melanoma cells (34).

Jun Wang et al. found that FGL1 is an immune inhibitory

ligand of LAG-3 independent of MHC II (Figure 1). LAG-3

binds with FGL1 through the domains of D1 and D2. The

interaction between FGL1 and LAG-3 mutually promotes tumor

immune escape through inhibiting the activation of antigen-

specific T cell (35). Notably, a recent study has revealed that the

binding of LAG-3 to MHC II but not to FGL1 mediated the

suppression of T cells (36). Of course, other LAG3 ligands have

not yet been discovered. In addition, a study has shown that

LAG3 binds preformed fibrils of a-synuclein in the central
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nervous system, thereby promoting the pathogenesis of

Parkinson’s disease in a mouse model (37), suggesting that

LAG3 may also have functions outside the immune system.
LAG-3 immunological functions

LAG-3 interacts with its ligands to regulate the function of T

cells. The interaction between MHC II and LAG-3 can down-

regulate the cytokine secretion level and proliferation ability of

CD4+ T cells (Figure 2). The anti-LAG-3 antibody can restore

CD4+ T cells activity. Nevertheless, the specific regulatory
FIGURE 2

Roles of LAG-3 in CD+4 cells, CD8+ cells, Treg cells and DC cells in tumor microenvironment.
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mechanism remains unknown (38, 39). It is worth noting that

LAG-3 selectively binds to antigen peptide-MHC II (pMHC II),

thus inhibiting pMHC II-responsive CD4+ T cells (40, 41).

LAG-3 was found to negatively regulate the mitochondrial

activity in naive CD4+ T cells, restricting the normal

metabolism and expansion of naive CD4+ T cells and leading

to T cell exhaustion and anti-tumor response (42). In addition,

LAG-3 was also observed to be upregulated in CD8+ T cells

stimulated with tumor antigens (Figure 2) (43). CD8+ T cells in

LAG-3-deficient mice exhibited significantly higher activity than

that in normal mice, suggesting that LAG-3 has an inhibitory

effect on CD8+ T cells. LAG-3 has been demonstrated to directly

inhibit CD8+ T cells via signal transduction, independent of the

role of MHC II and CD4+ T cells (44, 45). LAG-3 can also

enhance the function of regulatory T cells (Treg cells) (Figure 2).

Treg cells play a negative role in immune regulation and can

down-regulate T cell activity. Common types of Treg cells

include natural regulatory T cells (nTreg cells) and inducible

regulatory T cells (iTreg cells). LAG-3 can positively induce Treg

cells activation and stimulate their immunosuppressive function

(46–48). LAG-3 may synergize with other inhibitory molecules

(PD-1, CTLA-4) to improve the inhibitory activity of Treg cells,

leading to APC-induced immune tolerance (49).

LAG-3 also plays immune adjuvant roles and participates in

the tumor immune escape. LAG-3 can induce the maturation

and activation of DC cells through regulation of intracellular

protein phosphorylation and promotion of the chemokines and

tumor necrosis factor a (TNFa) production (Figure 2) (50).

LAG-3 highly expressed on the TILs interacts with ligands

located on the surface of tumor cells to cause T cell

dysfunction or even exhaustion, promoting tumor immune

escape, the phenomenon of which is particularly evident in

CD8+ T cells (25, 51, 52). Moreover, it is confirmed that

LAG-3 displayed potential roles in activation of NK cells,

a l though its underl ing mechanisms remains to be

further studied.
Roles of blocking LAG-3 in the
tumor microenvironment

LAG-3 is confirmed to be highly expressed on TILs of

various solid tumors, including colon cancer, NSCLC, head

and neck cell cancer, and pancreatic cancer (18, 53–55). LAG-

3 has been revealed to play a vital role in regulating T cell

activation, proliferation, homeostasis, and T cell-depleted

immune microenvironments. LAG-3 was also found to be co-

expressed with PD-1 in the tumor microenvironment. LAG-3

and PD-1 induced T cell function inhibition through different

signaling pathways, which may synergistically lead to exhaustion

of T cells. Studies have shown that co-blockade of PD1 and

LAG3 expressed on CD8+ and CD4+ TILs exhibited enhanced
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antitumor responses in some preclinical mouse models of

ovarian cancer, colon adenocarcinoma, and melanoma (52, 56,

57). LAG3 expressed on iTreg cells induces the production of

TGF-b1 and IL-10, which contributes to tumor immune escape.

The blocking LAG3 antibodies can reduce the inhibitory effect of

Tregs, resulting in the restoration of CD8+ TIL activity (57,

58) (Figure 2).

Studies have shown that inhibition of LAG-3 can allow T

cells to regain cytotoxic activity and reduce the function of

regulating T cells to suppress immune responses, enhancing the

killing effect on tumors (59) (Figure 2). Blocking LAG-3 activity

and anti-PD-1 or PD-L1 in tumor cells has dual inhibitory

effects, including inhibiting Treg activity, promoting DC

maturation, and rescuing dysfunctional CD4+/CD8+ T cells

(60). LAG-3 has become a novel tumor immunotherapy target

beyond CTLA-4 and PD-1/PD-L1. The overall drug types of

LAG-3 inhibitors can be divided into monoclonal antibody,

double antibody, and small molecule drug, some of which

have entered the clinical research stage. More than 80 clinical

trials are underway globally to evaluate the drug candidates

targeting LAG-3.

LAG-3 inhibitors can directly bind LAG-3 molecules or their

ligands, blocking the interaction between ligands and LAG-3,

and downregulating the inhibitory efficacy of LAG-3 toward the

immune system. LAG-3 antibodies not only restore T cell

function, but also inhibit Treg cells activity. In previous

studies, antibodies against PD-1 can only activate T cells, but

cannot inhibit the activity of Treg cells (61–63). Taken together,

LAG-3 inhibitors may have a better therapeutic effect, further

demonstrating a novel tumor immunotherapy target of LAG-3

beyond PD-1/PD-L1 and CTLA-4.
Clinical development of LAG-3
targeted cancer immunotherapy

As a promising target for cancer immunotherapy, LAG3 has

been hotly pursued by academia and pharmaceutical companies. In

the past, significant progress has been made in the discovery of

many LAG3 modulators and some of them are currently in the

clinic as anticancer drugs, which are summarized in Table 1,

involving LAG3-targeted cancer immunotherapy that are either

completed, ongoing, or recruiting participants (ClinicalTrials.gov).

Eftilagimod alpha, developed by Immutep S.A.S. as the initial first-

in-class LAG3 modulator, could activate APCs via interacting with

canonical ligand (MHC class II), which has been also found to

enhance Treg immunosuppression, stimulate the proliferation of

DCs, and ameliorate antigen crosspresentation to CD8+ T cells

(64). Three clinical trials for Eftilagimod alpha have been

completed, and three others are recruiting participants as shown

in Table 1. In addition, 10 different LAG3-specific monoclonal

antibodies and six bispecific antibodies are currently under
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TABLE 1 LAG3-modulating candidatesa.

Drug Phase ClinicalTrials.gov ID Indications Status

Nivolumab/Relatlimab Phase 1 NCT04658147 Hepatocellular Carcinoma Recruiting

Phase 1 NCT02966548 Cancer Active, not recruiting

Phase 1 NCT03335540 Advanced Cancer Active, not recruiting

Phase 1 NCT03044613 Gastric Cancer Active, not recruiting

Phase 1/2 NCT03459222 Advanced Cancer Recruiting

Phase 1/2 NCT02061761 Hematologic Neoplasms Recruiting

Phase 1/2 NCT03310619 Lymphoma Recruiting

Phase 1/2 NCT02488759 Various Advanced Cancer Active, not recruiting

Phase 1/2 NCT03610711 Gastroesophageal Cancer
Immune Checkpoint Inhibition

Recruiting

Phase 1/2 NCT04611126 Metastatic Ovarian Cancer Recruiting

Phase 1/2 NCT05134948 Advanced Solid Tumors Recruiting

Phase 1/2 NCT03978611 Melanoma Recruiting

Phase 1/2 NCT05337137 Carcinoma, Hepatocellular Recruiting

Phase 1/2 NCT05255601 Lymphoma, Non-Hodgkin
Hodgkin Disease

Not yet recruiting

Phase 1/2 NCT04150965 Multiple Myeloma Recruiting

Phase 2 NCT04552223 Metastatic Uveal Melanoma Recruiting

Phase 2 NCT04095208 Soft Tissue Sarcoma Adult
Advanced Cancer

Recruiting

Phase 2 NCT03623854 Chordoma Recruiting

Phase 2 NCT03743766 Melanoma Recruiting

Phase 2 NCT04080804 Head and Neck Squamous
Cell Carcinoma

Recruiting

Phase 2 NCT04913922 Acute Myeloid Leukemia Recruiting

Phase 2 NCT05002569 Melanoma Recruiting

Phase 2 NCT04112498 Cancer Active, not recruiting

Phase 2 NCT03607890 Refractory MSI-H Solid Tumors Prior of PD-(L) 1 Therapy
MSI-H Tumors

Recruiting

Phase 2 NCT03642067 Microsatellite Stable (MSS) Colorectal Adenocarcinomas
Colorectal Adenocarcinoma

Recruiting

Phase 2 NCT03724968 Melanoma Terminated

Phase 2 NCT03704077 Gastric Cancer Withdrawn

Phase 2 NCT02750514 Advanced Cancer Terminated

Phase 2 NCT04567615 Hepatocellular Carcinoma Recruiting

Phase 2 NCT03521830 Basal Cell Carcinoma Recruiting

Phase 2 NCT04326257 Squamous Cell Carcinoma of the Head and Neck Recruiting

Phase 2 NCT04623775 Non-small Cell Lunch Cancer Recruiting

Phase 2 NCT05347212 Carcinomas Not yet recruiting

Phase 2 NCT04205552 NSCLC Stage I/II/IIIA Recruiting

Phase 2 NCT03867799 Metastatic Colorectal Cancer Active, not recruiting

Phase 2 NCT05148546 Renal Cell Carcinoma Recruiting

Phase 2 NCT01968109 Neoplasms by Site Active, not recruiting

Phase 2 NCT03662659 Gastric Cancer Active, not recruiting

Phase 2 NCT02519322 Stage IIIB-IV melanoma Active, not recruiting

Phase 2 NCT04062656 Gastric Cancer Recruiting

Phase 2 NCT02996110 Advanced Cancer Active, not recruiting

Phase 2 NCT02935634 Advanced Gastric Cancer Active, not recruiting

Phase 2 NCT02465060 solid tumors or lymphomas Recruiting

Phase 2/3 NCT03470922 Melanoma Active, not recruiting

(Continued)
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TABLE 1 Continued

Drug Phase ClinicalTrials.gov ID Indications Status

Phase 3 NCT05328908 Colorectal Neoplasms Recruiting

Not Applicable NCT04866810 Melanoma Recruiting

Tebotelimab Phase 1 NCT03219268 HER2-positive Advanced Solid Tumors Active, not recruiting

Phase 2 NCT04634825 Head and Neck Cancer, Neoplasms, Squamous Cell Carcinoma Recruiting

Phase 2/3 NCT04082364 Gastric Cancer Active, not recruiting

Chlorogenic acid Phase 1 NCT02728349 Glioblastoma Completed

Phase 1 NCT02245204 Advanced Cancer Completed

Phase 1 NCT02136342 Advanced Cancer Terminated

Phase 1/2 NCT03751592 Advanced Lung Cancer Unknown

RO-7247669 Phase 1 NCT04140500 Solid Tumors Recruiting

Phase 1/2 NCT04524871 Advanced Liver Cancers Recruiting

Phase 1/2 NCT05116202 Melanoma Recruiting

Phase 2 NCT04785820 Advanced or Metastatic Esophageal
Squamous Cell Carcinoma

Recruiting

Favezelimab Phase 1 NCT02720068 Neoplasms Active, not recruiting

Phase 1/2 NCT04938817 Small Cell Lung Carcinoma Recruiting

Phase 1/2 NCT04626479 Carcinoma, Renal Cell Recruiting

Phase 1/2 NCT05342636 Esophageal Squamous Cell Carcinoma (ESCC) Not yet recruiting

Phase 1/2 NCT03598608 Hodgkin Disease
Lymphoma

Recruiting

Phase 1/2 NCT04626518 Carcinoma, Renal Cell Recruiting

Phase 2 NCT04895722 Colorectal Cancer Recruiting

Phase 2 NCT03516981 Advanced Non-Small
Cell Lung Cancer

Active, not recruiting

Phase 3 NCT05064059 Colorectal Cancer Recruiting

INCAGN-2385 Phase 1 NCT03538028 Advanced Malignancies Completed

Phase 1/2 NCT04370704 Melanoma Recruiting

Phase 2 NCT05287113 Head and Neck Cancer Not yet recruiting

Phase 2 NCT04586244 Urothelial Carcinoma Recruiting

IBI-110 Phase 1 NCT04085185 Advanced Malignancies Recruiting

Phase 1 NCT05039658 DLBCL Not yet recruiting

Phase 2 NCT05026593 SCLC Recruiting

Phase 2 NCT05088967 Non-small Cell Lung Cancer Recruiting

Eftilagimod alpha Phase 1 NCT02676869 Stage III/IV Melanoma Completed

Phase 1 NCT04252768 Metastatic Breast Cancer Not yet recruiting

Phase 1 NCT03600090 Solid Tumor, Adult Completed

Phase 2 NCT03625323 Non-small cell lung carcinoma,
head and neck carcinoma

Active, not recruiting

Phase 2 NCT04811027 HNSCC Recruiting

Phase 2 NCT02614833 Adenocarcinoma
Breast Stage IV

Completed

Sym-022 Phase I NCT03489369 Metastatic Cancer, Solid Tumor
Lymphoma

Completed

Phase I NCT04641871 Metastatic Cancer
Solid Tumor

Recruiting

Phase 1 NCT03311412 Metastatic Cancer, Solid Tumor
Lymphoma

Completed

Phase I NCT04414150 Malignant Tumors Unknown

Phase 2 NCT05208177 Advanced Solid Tumor Not yet recruiting

LBL-007 Phase 1 NCT04640545 Advanced Melanoma Recruiting

(Continued)
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investigation at various clinical stages for the treatment of cancer

(Table 1). As the first anti-LAG3 human IgG4monoclonal antibody

and novel immune checkpoint inhibitor, relatlimab, discovered by

Bristol-Myers Squibb, is currently undergoing 46 different clinical

trials for cancer therapy (65). As the first commercially developed

anti-LAG-3 antibody, relatlimab entered the clinical trials in 2013

(66). However, due to the limited efficacy of relatlimab alone, it is

generally used in combination with other checkpoint inhibitors,

including CTLA-4 inhibitors (ipilimumab) or PD-1 inhibitors

(nivolumab), to synergistically improve the efficacy (39).

Encouragingly, relatlimab in combination with the PD-1 inhibitor

nivolumab received FDA approval in March 2022 as the first

approved monoclonal antibody to treat unresectable or metastatic

melanoma (67).
Discussion

Since its discovery in 1990, LAG3 has gained widespread

interest and been regarded as a promising target for

cancer immunotherapy. LAG-3 plays an important

immunoregulatory role in a variety of human tumors, and

blocking LAG-3 can enhance the proliferation of TILs and the

secretion of cytokines, and enhance anti-tumor immunity.

Many LAG3 inhibitors have been discovered and are

currently in the clinic. Single anti-LAG3 therapy was

demonstrated to be modest benefit, supporting a potential

combination approach with other inhibitory receptors. LAG-

3 inhibitors, together with CTLA-4 or PD-1/PD-L1 inhibitors,

have been extensively explored in the different clinical trials for

cancer therapy, which can not only avoid drug tolerance but

also improve the clinical efficacy of LAG-3 inhibitors. No

evidence reveals the feasibility of the combination between

LAG-3 inhibitors and other immune checkpoint inhibitors. So

far, the regulatory mechanism of LAG-3 has not been fully

explored and the clinical efficacy of its inhibitors is uncertain.

Based on the current clinical data, the early therapeutic effect of

LAG-3 monoclonal antibody is not satisfactory. According to
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the phase I clinical data of LAG-3 monoclonal antibody MK-

4280 published by Merck, the objective response rate (ORR)

among 18 patients with solid tumors that failed other

treatments was only 6%, and the disease control rate is only

17%. Therefore, it is mainly to explore the combination

strategy, especially the combination of LAG-3 and PD-1. The

bi-functional monoclonal antibody is worthy of attention and

exploration. There are only a few interim reports of the

combination therapies targeting LAG-3 and PD-1. Evidence

revealed that the combination exerted better tolerance and

higher ORR, extended progression-free survival, as well as a

lower risk of death (13). The exact efficacy of anti-LAG-3

antibodies as monotherapy and the additive effects of anti-

LAG-3 antibodies in the combination therapy targeting PD-1

and LAG-3 need to be further explored.

Inevitably, there are still many questions that remain to be

resolved regarding the understanding of LAG3 biology, the exact

signaling pathway and the potential ligands, as well as the

mechanism underlying synergistic effect with other immune

checkpoint molecules, although the development of LAG-3

inhibitors is in full swing. If these problems could be solved,

the research on LAG-3 and its related drugs will make significant

progress for cancer therapy.
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Potential association factors for
developing effective peptide-
based cancer vaccines

Chongming Jiang1,2,3*, Jianrong Li1,2,3, Wei Zhang4,
Zhenkun Zhuang4, Geng Liu4, Wei Hong1,2,3, Bo Li4,
Xiuqing Zhang4 and Cheng-Chi Chao5*

1Department of Medicine, Baylor College of Medicine, Houston TX, United States, 2Dan L Duncan
Comprehensive Cancer Center, Baylor College of Medicine, Houston, TX, United States, 3Institute
for Clinical and Translational Research, Baylor College of Medicine, Houston, TX, United States,
4Institute of Super Cell, BGI-Shenzhen, Shenzhen, China, 5Department of Pipeline Development,
Biomap, Inc, San Francisco, CA, United States
Peptide-based cancer vaccines have been shown to boost immune systems to

kill tumor cells in cancer patients. However, designing an effective T cell

epitope peptide-based cancer vaccine still remains a challenge and is a

major hurdle for the application of cancer vaccines. In this study, we

constructed for the first time a library of peptide-based cancer vaccines and

their clinical attributes, named CancerVaccine (https://peptidecancervaccine.

weebly.com/). To investigate the association factors that influence the

effectiveness of cancer vaccines, these peptide-based cancer vaccines were

classified into high (HCR) and low (LCR) clinical responses based on their

clinical efficacy. Our study highlights that modified peptides derived from

artificially modified proteins are suitable as cancer vaccines, especially for

melanoma. It may be possible to advance cancer vaccines by screening for

HLA class II affinity peptides may be an effective therapeutic strategy. In

addition, the treatment regimen has the potential to influence the clinical

response of a cancer vaccine, and Montanide ISA-51 might be an effective

adjuvant. Finally, we constructed a high sensitivity and specificity machine

learning model to assist in designing peptide-based cancer vaccines capable of

providing high clinical responses. Together, our findings illustrate that a high

clinical response following peptide-based cancer vaccination is correlated with

the right type of peptide, the appropriate adjuvant, and amatched HLA allele, as

well as an appropriate treatment regimen. This study would allow for enhanced

development of cancer vaccines.
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Introduction

Cancer is a heterogeneousdiseasewithmixed clinical outcomes

(1). Conventional cancer treatments tend to non-specifically kill

tumor cells. Some of these tumor cells survive due to resistance to

therapy and drug toxicity, eventually leading to tumor relapse and

metastasis (2, 3). Cancer immunotherapy is a treatment strategy

that uses a patient’s own immune system tofight the cancerous cells

(4, 5). Immunotherapy has become a promising alternative cancer

treatment after surgery, radiotherapy, and chemotherapy in recent

years because of its mild side effects and significant therapeutic

benefits (6–8). T cell epitope peptide-based cancer vaccine is one of

the representative strategies of cancer immunotherapy, relying on

shortpeptide fragments toengineer the inductionofhighly targeted

immune responses (9–11).

Previous studies (12–17) have demonstrated the effectiveness

of peptide-based cancer vaccines in treating several common types

of cancer, such as breast cancer, melanoma, colorectal and lung

cancer. This strategy exploits the fact that the surfaces of cancer

cells have various peptide epitopes (i.e., peptides of usually 8-17

residues in length), which bind to major histocompatibility

complex (MHC) proteins. T cells can attack these cancer cells

after recognizing the peptide/MHC complex (18). T cells aimed to

induce immune recognition of tumor cells are then able to

eradicate them by generating a sustained and potent anti-tumor

immune response. Therefore, a key determinant for an anti-tumor

immune response to lead to the effective killing of cancer cells is

the selection of immunogenic peptide epitopes as the target (19).

Many peptide epitopes have been identified and molecularly

characterized in experiments (12–17). While there are many

options in selecting immunogenic antigens, it is not clear which

selected epitopes can induce the dominant immune system

mediated by T cells. Many clinical studies in cancer vaccines

have been initiated to assess the therapeutic potential of active

immunization or vaccination with peptide epitopes in cancer

patients. However, it is still unclear what the ideal

characteristics of selected peptide epitopes should be and which

could induce stronger anti-tumor responses. Therefore, it remains

highly challenging to design an effective cancer vaccine that can

achieve a meaningful clinical benefit in patients.

There have been many breakthroughs in prior studies that

investigated the optimal conditions for designing a peptide-

based cancer vaccine (20–25). Thomas et al, Zhang et al, and

Liu et al found differences in the therapeutic efficacy of peptide-

based cancer vaccines prepared from different sources of

peptides (26–28). Furthermore, patients with certain HLA

alleles might be more sensitive to respond to cancer vaccines

(29, 30). The same cancer vaccine with different adjuvants might

also have an impact on the outcome of treatment (28, 31). In

addition, different treatment strategies could also affect the

efficacy and side effects of cancer vaccines, such as the dose of

vaccine used, injection interval, number of injections, and
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injection methods (28, 32). However, due to the limited

number of clinical trials available, combined with the

difference in cancer types and patient conditions, it is difficult

to improve a cancer vaccine design by directly referring to the

design of other cancer vaccines. Machine learning (ML) options

such as Random forest (RF) (33)could improve cancer vaccine

design by utilizing large data repositories to identify novel

features and more complex interactions among these features.

In this study, a library of peptide-based cancer vaccines used

in clinical studies from public and private sources was established

from multiple sources, such as PubMed, ClinicalTrials.gov, and

Web of Science, using databases up to January 1, 2022. The

statistical analysis of types of peptides, adjuvants, treatment

regimen, human leukocyte antigen (HLA) alleles of peptides,

and other features in vaccine therapy was obtained from the

results in high clinical response (HCR) and low clinical response

(LCR) in the database to find the associations which influence the

treatment effect of cancer immunotherapy. Finally, we built a

random forest model to help distinguish which kinds of cancer

vaccines in patients are most likely to achieve a high

clinical response.
Material and methods

Data utilized in this study screening
and extraction

We screen and extracted all the peptide-based cancer vaccine

relevant studies, retrieved from the PubMed, ClinicalTrials.gov,

and Web of Science, using databases up to January 1, 2022. All

studies were browsed, searched, prioritized, and filtered by the

investigators based on the keywords: peptide*, vaccine*, cancer/

tumor*, human, HLA, clinical. These extracted studies were then

reviewed according to the inclusion and exclusion criteria. In

cases in which the results obtained were different, the case was

discussed further to obtain consensus. Further details are

provided in the following sections. Finally, A total of 705

peptides resulting from 152 clinical studies containing peptide-

based cancer vaccine features and clinical treatment information

were registered in our library, which has been posted to our web-

accessible library, CancerVaccine (https://peptidecancervaccine.

weebly.com/).
Inclusion criteria

The inclusion criteria were as follows: 1. The study focused

on human cancer research. 2. The study used the peptide as the

vaccine to treat cancer patients. 3. They are not review reports;

there are cancer detail descriptions and treatment information

about the clinical trials.
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Exclusion criteria

The exclusion criteria were as follows: 1. The peptide-based

cancer vaccine was not associated with humans. 2. There was no

associated peptide information. 3. There was no treatment

information for the peptide-based cancer vaccine.
Feature selection procedure

Exploratory data analysis: First, we checked the types of

variables. There were no missing values in the data (Figure S3A).

Next, we created a bar graph for the categorical variables; if the

levels of all categorical variables looked correct, we kept the

original levels for these variables (Figure S3B). Finally, four

features were recommended for the model: injection interval

and injection time, adjuvants, and HLA alleles; the blue dot

represents the optimal solution, as shown in Figure S3C.
Classifier

We use a random forest model (random Forest package in R)

(34) to construct a feature-based classifier. The prediction

performance (estimated by 10-fold cross-validation) is best when

the top4 featureswith themostdifferentiationare included (injection

interval, injection times, adjuvant types, andHLA alleles), indicating

that these 4 features have the greatest differentiation power. Using

these 4 features as predictors, the area under the receiver operating

characteristic (ROC) curve (AUC) was 0.97. The ROC curves were

plotted using the pROC R package.
The area under the precision-recall curve

For computing the AUPRC, we used the function

metrics.precision_recall_curve and metrics.auc from the R package,

ROCR 1.0-11 version (35). We first randomly divided the library

cohort with known high or low clinical response into a training set

(50% randomly selected samples) and a test set (50% randomly

selected samples) basedoncancer type.Then, themerged training set

wasusedas the trainingset and themerged test setwasusedas the test

set. Finally,we logit-transformedAUPRCvaluesbefore testing (using

two-tailedWelch’s t-test).We carried out 1,000 replications of 5-fold

cross-validation; within each replication, across the 5-folds, we

obtained prediction scores for each cancer type from the fold in

which the cancer type was in the test set, enabling us to compute an

overall AUPRC within each replication.
Statistical analysis

The R statistical package was used for all data processing and

statistical analysis (R package: stats v3.6.2). All details of the
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statistical tests are specified in the associated text or figure

legends. For the statistical analyses, P-values were calculated

by using the “Wilcox_test” function from the R package: stats

v3.6.2, which applies the two-sided Wilcoxon rank-sum test and

corrected multiple testing using the Holm–Bonferroni method.

A statistically significant difference was assumed when P ≤ 0.05.
Results

Data filtering and features of selected trials

To investigatewhat classes of peptide-based cancer vaccine can

help achieve satisfactory results from clinical treatment, we

reviewed a total of 302 relevant studies, retrieved from the

PubMed, ClinicalTrials.gov, and Web of Science, using databases

up to January 1, 2022. PubMed.gov is a free search engine that

accesses the MEDLINE database on life sciences and biomedical

topics primarily at the U.S. National Institutes of Health’s National

Library of Medicine. The database of ClinicalTrials.gov is a service

of the U.S. National Institute of Health. After removing duplicates,

we screened 206 potentially relevant articles by scanning the titles

and abstracts.We reviewed the full text and screened the candidate

studies according to the inclusion criteria, and 43 studies were

excluded. Of the remaining 163 studies, 11 were excluded due to

describing the same repeated clinical trials. A total of 705 peptides

resulting from152 clinical studies containing peptide-based cancer

vaccine features and clinical treatment informationwere registered

in our library (12–14, 36–163). Details of the study identification

process can be found in Figure 1A. The final study population

included 6,713 participants. All studies were retrospective studies

published between January 1, 1997 and January 1, 2022, and

involved various tumor types. The details of the library in this

study have been posted to our web-accessible library,

CancerVaccine (https://peptidecancervaccine.weebly.com/).

In order to analyze this library in a comprehensive and in-

depth manner, we mapped the types of cancer and peptide,

adjuvant, HLA allele, and treatment regimen (injection interval

and injection times) landscapes of the library, as shown in

Figures 1B-G, respectively. We found that melanoma, colorectal

cancer, and breast cancer are the most common cancer types

investigated in cancer vaccine therapy (Figure 1B). The peptides

were divided into five categories based on the origin of peptides:

tumor expressed peptides, tumor overexpressed peptides, fusion

peptides, modified peptides, and single-nucleotide variant (SNV)

peptides. For tumor expressed peptides, the genes in which the

peptides were co-expressed are found in both cancer and normal

tissues (144, 164–166). For tumor overexpressed peptides, the

genes in which the peptides were located are found overexpressed

in the tumor tissue only (129, 167, 168). For fusion peptides, the

peptides were derived from gene fusion (57, 122, 130, 136, 155).

For modified peptides, the amino acids (AA) had been artificially

modified (15, 65, 67, 89, 99, 107, 110, 118, 134, 138, 147, 169–171).
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The SNV derived peptides were neoantigen, or a new AA

sequence that forms on cancer cells when somatic mutations

occur in tumor DNA sequences (40, 44, 58, 62, 67, 70, 80, 83, 84,

106, 114, 117, 123, 131, 143, 152, 156, 159, 161, 163, 165).

We found that more than half the peptides (51.4%) used in

cancer vaccine preparation were overexpressed in the targeted

tumor cells (Figure 1C). We also found that Montanide ISA-51

was the most widely used adjuvant in cancer vaccines. IL-2 was

the most widely used cytokine as a vaccine adjuvant in cancer

vaccines (Figure 1D). Interestingly, most clinical phase peptides

are focused on the HLA class I alleles, especially the A02 and

A24, as shown in Figure 1E. In addition, we noted that more

than half of peptide-based cancer vaccines were injected weekly

(53.9%, Figure 1F) and more than half of the patients had greater

than four vaccine injections (Figure 1G).
The prognostic evaluation of anti-tumor
effect in clinical trials

After building this library, we wanted to further explore the

causes which influence the effectiveness of peptide-based cancer

vaccine results. We divided these peptide-based cancer vaccine
Frontiers in Immunology 04
164
results into high clinical response (HCR) and low clinical

response (LCR) results based on their clinical efficacy and

safety (172).

The specific classification criteria and basis of a high clinical

response were presented in the form of an evolutionary tree, as

shown in Figure 2. The prerequisite criteria was whether there

have been any vaccine-related deaths; if there were vaccine-related

deaths, it was excluded from this study. A total of 78 peptides

which involved 673 patients were excluded from this study. We

next examined whether patients in the best objective response

(complete or partial response, according to modified World

Health Organization criteria) had been reported (172–174). Due

to the complex tumor microenvironment and vaccine technology

limitations, it is difficult to achieve a complete response with

vaccine therapy; therefore, the best objective response indicates

that the clinical response of the vaccine therapy is high (175). We

also looked at cases where there were no best objective response

patients, investigating whether more than 50% of patients

achieved stable disease (SD) or progression-free survival (PFS) if

the previous conditions were not met. If more than half of the

patients achieved SD or PFS, we took this as an indication that the

cancer vaccine was effective (174, 176). Finally, we compared

whether the overall survival time was significantly longer in the
A B C

D E

F G

FIGURE 1

Data filtering summary landscape of the library, CancerVaccine (https://peptidecancervaccine.weebly.com/). (A) Data filtering process. (B) The
landscape of cancer types. (C) The landscape of peptide types. (D) The landscape of adjuvants. (E) The landscape of HLA alleles. (F) The
landscape of treatment regimen (injection interval). (G) The landscape of treatment regimen (injection times).
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vaccine group than in the control group; a significantly longer

overall survival time in the vaccine group could also indicate that

the vaccine worked well (177, 178). If none of these progressive

conditions were met, then the clinical result was classified as a low

clinical response result. The clinical efficacy evaluation was

performed using the immune-related response criteria (irRC)

(179) and response evaluation criteria in solid tumors (RECIST

1.1) standard criteria (180). Toxicities were reported using the

World Health Organization grading system (181). In total, 273

high clinical response results (3,233 patients involved) and 354

low clinical response results (2,807 patients involved) were

included in this study (Figure 2).

To further investigate which factors influence the efficacy of

cancer vaccines, we specifically explored the types of peptides,

HLA alleles, adjuvants, and treatment regimens (injection interval
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and injection times) in the high and low clinical response groups.

Further details are provided in the following sections.
Modified and tumor overexpressed
peptides could be suitably selected for
cancer vaccines

Cancer vaccines face a number of challenges, including

finding suitable sources of peptides that work best in vivo. The

peptides were divided into five categories based on the origin of

peptides (182, 183): the tumor expressed peptides, tumor

overexpressed peptides, fusion peptides, modified peptides, and

single-nucleotide variant (SNV) peptides. We summarized their
FIGURE 2

Cancer vaccine criteria and feature comparison. The specific criteria of a clinical treatment response. A total of 78 peptides resulting which
involved 673 patients were excluded. 273 high clinical response results (3,233 patients involved) and 354 low clinical response results (2,807
patients involved) were finally included in this study.
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distribution in the results from high and low clinical responses

(Figure 3). As shown in Figure 3A, most of the peptides in the

library are expressed or overexpressed in cancer. The

overexpressed peptides achieved many of the high clinical

response results (41.3%), especially in colorectal cancer (59.6%

vs. 40.4% in high vs. low clinical response results, Figures 3A, C).

The fusion cancer vaccines were not as efficacious in clinical trials,

as they did not lead to any high clinical responses (Figure 3A).

However, modified peptides, in which the amino acids (AA) were

artificially modified, appeared to be the most suitable method for

cancer vaccine (69.6% of modified peptides achieved high clinical

response results), especially for melanoma immunotherapy

(84.2%, Figures 3B, C). In this study, we also listed the top 8

most frequent peptide gene names and the top 18 most commonly

used peptides, as shown in Figure S1.
HLA class II peptide-based cancer
vaccines could achieve high clinical
response results

The cytotoxic T cell (CTL) epitope peptides were restricted

with HLA alleles when they were prepared as cancer vaccines

(102, 184–186). Previous studies have reported that an accurate
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HLA allele is a key factor in successful cancer vaccinations (186,

187). More than 90% of cancer vaccines in our library are typed

for HLA Class I alleles (Figure 4A), with the most common being

HLA- A02, A24, A3sup, A26, and A01. This is generally

consistent with the proportional rank of these alleles in the

population (188, 189). We noticed that patients with melanoma

achieved more high clinical response results when using peptides

typed for HLA-A01 and HLA Class II. For example, all peptides

with HLA-A01 alleles achieved high clinical response results in

melanoma (13 vs. 0, Figures 4B, C), although this is limited by

the sample size and we may need more data to verify whether a

similar trend exists in other cancer types (Figure S4). The

peptides with HLA Class II alleles also achieved more high

clinical response results (28 vs. 15, P = 0.0049, Figures 4A, B),

especially for melanoma and lung cancer patients (Figure 4C).

HLA Class II alleles are highly associated with the CD4+ T cells;

CD4+ T cells primarily mediate anti-tumor immunity by

providing help for CD8+ CTL and antibody responses, as well

as via secretion of effector cytokines such as interferon-g (IFNg)
and tumor necrosis factor-a (TNFa). Under specific contexts,

they can also mediate anti-tumor immunity via direct

cytotoxicity against tumor cells (190–193). Therefore, peptide

epitopes targeting HLA Class II could be more likely to achieve

high clinical response results.
A B

C

FIGURE 3

Peptide types in high and low clinical response results. (A) Comparison of peptide types between high clinical response (HCR) results and low
clinical response (LCR) results. The distribution of peptide types in HCR and LCR results. (B) The distribution of peptide types in HCR and LCR
results. (C) The distribution of peptide types in HCR and LCR results in melanoma and colorectal cancer, respectively. P-values were calculated
using two-sided Wilcoxon rank-sum tests. NS., not significant.
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Montanide ISA-51 was identified as an
effective adjuvant in the treatment of
cancer vaccines, especially for breast
and colorectal cancers

An adjuvant is an ingredient that can help create a stronger

immune response in patients receiving the vaccine (194, 195). Many

cancer vaccines use adjuvants to enhance therapeutic efficacy.

We found that Montanide ISA-51 and Granulocyte-

macrophage colony-stimulating factor (GM-CSF) were the two

most widely used adjuvants in cancer vaccines (Figure 5A), and

they also appeared most frequently in high clinical response

results (P = 6.83e-19 and 0.045, respectively, Figures 5A, B).

Montanide ISA-51, in particular, was the most frequently used

adjuvant with high clinical response results (59.4%, Figure 5B),

especially in breast cancer and colorectal cancer (92.1% and

95.6%, respectively, Figure 5C). Cytokines in cancer immunity

and immunotherapy, cytokine modulation is necessary for

efficacious treatment of experimental neuropathic pain (196).

IL-2, IL-4, and IL-12 were the most widely used cytokines as

vaccine adjuvants, especially IL-2, which was used as an immune

adjuvant in many kinds of cancer types, such as lung cancer,

colorectal cancer, and melanoma (Figure 5C). However, IL-2, IL-

4, and IL-12 are not very effective when used alone in peptide-

based cancer vaccines (Figures 5B, C).
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Treatment regimens with weekly
intervals and greater than four injections
could be more likely to achieve a better
clinical response

The type of treatment regimen is also one of the major

challenges affecting the effectiveness of cancer vaccine therapy

(32, 197, 198). We evaluated the influences of treatment

regimens on cancer vaccine efficacy.

Our study found a significant difference in the vaccine

injection intervals between the HCR and LCR results

(Figure 6A, left). Treatment regimens with shorter vaccine

injection intervals yielded more high clinical response results.

The number of high clinical response results decreases from 141

to 4 with the increase in vaccine injection intervals, implying that

shorter vaccine injection intervals (weeks) may be more

favorable for patients to achieve high clinical response results,

as shown in Figure 6A. We also found that the number of

vaccine injections associated with high clinical response results

was significantly higher than that of the low clinical response

results (Figure 6A, right). Patients with greater than four

vaccination injections achieved more high clinical response

results (Figure 6C). We also found similar results in main

cancer types, such as breast cancer, melanoma, colorectal

cancer, and lung cancer. The details are shown in the
A

B C

FIGURE 4

HLA alleles in high and low clinical response results. (A) Comparison of HLA alleles between HCR and LCR results. (B) The distribution of HLA
alleles in HCR and LCR results. (C) The distribution of HLA alleles in HCR and LCR results in melanoma and lung cancer, respectively. P-values
were calculated using two-sided Wilcoxon rank-sum tests. NS, not significant.
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FIGURE 5

Adjuvants in high and low clinical response results. (A) Comparison of adjuvants between HCR and LCR results. (B) The distribution of adjuvants
in HCR and LCR results. (C) The distribution of adjuvants in HCR and LCR results in four main cancer types (breast cancer, melanoma, lung
cancer, and colorectal cancer). P-values were calculated using two-sided Wilcoxon rank-sum tests.
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supplement materials [injection interval (Figure S2A) and

injection times (Figure S2B), respectively].
Generation of a random forest model
from clinical responses for cancer
vaccines

Given that some redundant or irrelevant features in the new

data set may exert an influence on the classifying effects of a

machine learning model, the importance value of cancer vaccine

features was first calculated by means of a Random Forest

algorithm, followed by the selection of the optimal features

based on each feature ’s importance (Figure 7A and

Supplemental Figure S3). From the methodological perspective

of feature selection, the random forest is a kind of embedded

feature selector that can automatically produce the relative

importance of features during the model training process. We

investigated the relative importance of multiple features, such as

the peptide types, adjuvant, HLA alleles, tumor stages,

chemotherapy, and treatment regimens, in cancer vaccines. Four

features were chosen for the random forest-based modeling in this
Frontiers in Immunology 09
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study: injection interval, injection times, adjuvant types, and HLA

alleles (Figure 7A).

For the random forest-based modeling, the library cohort

with known high or low clinical response was randomly split

into a training set (50% randomly selected samples) and a test set

(50% randomly selected samples) according to the cancer types.

The merged training set was used as the training set and the

merged test set as the test set. The model was trained on the

training set and tested on the test set, with 1,000 repeated nested

5-fold cross-validation. The model achieved a high area under

the curve (AUC) of 0.97 sensitivity on the test set (Figure 7B,

black curve). The prediction model’s performance was first

assessed in four independent cancer type cohorts (breast

cancer, melanoma, lung cancer, and colorectal cancer) with

the equilibrium of class distribution and balanced data. Our

model also achieved AUCs of 0.87, 0.99, 0.99, and 0.98 for

independent breast cancer, melanoma, lung cancer, and

colorectal cancer datasets, respectively, demonstrating that our

model could predict their vaccine responses from the features we

selected (Figure 7B). In addition, the prediction model was also

evaluated from the perspectives of the average precision score

and precision-recall (AUPRC) (Figure S3D).
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FIGURE 6

Treatment regimens play an important role in cancer immunotherapy. (A) The distribution of treatment regimens (injection interval) in HCR and
LCR results. (B) The distribution of treatment regimens (injection times) in HCR and LCR results. (C) Comparison of treatment regimens
(injection interval and injection times) between HCR and LCR results. P-values were calculated using two-sided Wilcoxon rank-sum tests.
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Random forest yields high discriminative performance in

cancer vaccine clinical response prediction. Thus, the model

could be helpful in identifying cancer vaccines with high

clinical responses.
Discussion

Immunotherapies such as peptide-based cancer vaccines have

proven to be effective in enhancing the immune response in

cancer patients to fight cancer cells. Cancer vaccines that

specifically target high expression of gp100 in melanoma have

already been approved (199). However, one of the key factors

limiting the application of immunotherapy is how to rationally

design a peptide-based cancer vaccine that generates an anti-

tumor immune response leading to the effective killing of tumor

cells (200–202). The goal of our study is to determine the

key criteria for cancer vaccines that may lead to better

clinical outcomes.

We collected T cell epitopes from several databases that had

been applied to clinical studies to construct in silico a library of

peptide-based cancer vaccines. These candidate T cell epitopes

could activate CD8+ or CD4+ T cells to induce cytotoxicity for

tumor cells. The selected peptide epitopes could be used as

cancer vaccines or as target antigens for adoptive cell therapy of

DC, CTL, TCR-T, and CAR-T cells. To find the associations

which influence treatment effectiveness of cancer vaccines,

several critical factors, including types of peptides, HLA alleles,

adjuvants, and treatment regimens, were analyzed in patients

with high and low clinical responses.

We found that studies often chose tumor expressed or

overexpressed peptides to prepare cancer vaccines (Figures 1, 3).
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However, modified peptides in which the amino acids (AAs)

always were artificially modified, could be more suitable for cancer

vaccines, especially for melanoma immunotherapy (65, 67, 79, 99,

110, 118, 147) (Figure 3). The reason modified peptides are more

effective may be because the AAs of modified peptides are altered

and these modified peptides will be treated as exogenous peptides,

which are more easily recognized by T cells and therefore more

immunogenic (12, 203–205). Alternatively, the genes of these

modified peptides are always expressed or overexpressed in tumor

cells (Figure S1), and their comparative wild-type peptides are

usually known to have binding affinities for certain HLA alleles

(206–208). Based on this information, we could make targeted

modifications to the modified peptides, further enhancing the

affinity of modified peptides for pMHC, potentially making

modified peptides more immunogenic and therapeutically

effective. However, it is possible that modified peptides are also

expressed in normal cells, which could lead to uncertain side

effects (205, 208).

Based on our study, Montanide ISA-51, in particular, was the

most frequently used adjuvant with high clinical response results

(59.4%, P = 1.3e-17, Figure 5), especially in breast cancer and

colorectal cancer (92.1% and 95.6%, respectively, as shown in

Figure 5A, C). Montanide ISA-51 can enhance antigen-specific

antibody titers and cytotoxic T-lymphocyte responses. Doorn

et al. reported that a proper mixture of peptide epitopes and

Montanide ISA-51 could help effectively avoid or mitigate adverse

events (209, 210). Because cytokine modulation is necessary for

efficacious treatment of experimental neuropathic pain (196).

Many cytokines, such as IL-2, IL-4, and IL-12, were widely used

cytokines as vaccine adjuvants. IL-2 in particular was used as an

immune adjuvant in many cancer types, such as lung cancer,

colorectal cancer, and melanoma. However, as vaccination
A B

FIGURE 7

Features selection and model. (A) The variable importance for the selected features, such as injection interval, injection times, adjuvant types,
and HLA alleles. (B) Receiver Operating Characteristic (ROC) curve for the total test set (black) and independent breast cancer (green),
melanoma (light blue), lung cancer (blue), and colorectal cancer datasets (red).
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adjuvants, these cytokines are less efficient than Montanide ISA-

51 or GM-CSF (Figure 5). There are several possible explanations

for this. One explanation is that cytokines are susceptible to

degradation due to their short half-life (211, 212). Another

explanation could be that the main role of adjuvants is to

activate the immune system and activate effector T cells (194). If

we use IL-2, IL-4, and IL-12 as the adjuvant in cancer vaccine

therapy, we need them to activate effector T cells. However, IL-2

has a higher affinity and stimulatory effect on regulatory T cells

(Tregs). Therefore, IL-2 will activate Treg cells along with effector

T cells. Tregs are a specialized subpopulation of T cells that act to

suppress the immune response. Thus, it is difficult to achieve a

high clinical response with IL-2 alone. IL-4 is a cytokine that

induces the differentiation of naive helper T cells (Th0 cells) to

Th2 cells, thereby inducing immunosuppression (213). Therefore,

IL-4 generally does not have a good antitumor effect in cancer

vaccines as an adjuvant alone. IL-12 is an interleukin that is

naturally produced by dendritic cells (214). It has a strong anti-

tumor therapeutic effect, but IL-12 is difficult to use in molecular

therapy alone (215). Thus, IL-2, IL-4, and IL-12 are not very

effective when used alone in peptide-based cancer vaccines.

Antigen-specific specificity is important in cancer vaccinations.

However, antigen-specific cytokines do not exist; cytokines can

activate many non-specific or tumor growth promoting pathways,

which is ineffective and unhelpful for the specificity of a cancer

vaccine (216, 217). IL-2, IL-4, and IL-12 may need to be modified

or combined with other adjuvants, such as Montanide ISA-51 or

GM-CSF in peptide-based cancer vaccine therapies to

increase effectiveness.

In addition to these cancer vaccines that utilized various

adjuvants, we also observed that many cases did not use any

adjuvants in cancer vaccine preparation, which could be a factor

leading to the poor clinical outcomes of many peptide

vaccinations in clinical trials (38, 41, 49, 53, 68, 72, 74, 81, 82,

86, 95, 98, 110, 117, 127, 131, 143, 151, 160, 218–221)

The treatment regimen also plays an important role in the

therapeutic efficacy of cancer vaccines. The treatment regimens

with weekly injection intervals and greater than four vaccination

injections were more likely to achieve a high clinical response

(Figure 6). Short vaccine injection intervals and multiple

vaccinations could continually activate the immune system,

ensuring that there are enough cytotoxic T cells to kill tumor

cells, enhancing the tumor-killing effect and making it easier to

get a high clinical response (222). However, many of the

available treatment regimens did not use shorter vaccine

intervals and more frequent injections. This could be because

many of the patients who participated in the cancer vaccine

clinical trials had gone through various conventional treatments,

and many of them also had stage III or stage IV tumors. As a

result, they were already in a weakened condition. Shortened

vaccination intervals and an increased frequency could lead to

stronger side effects that would be difficult for these weaker
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patients to tolerate. Therefore, shorter intervals and more

frequent injections may be more appropriate for patients with

early-stage tumors, while relatively frail patients could have

longer injection intervals, but no less than four injections

are recommended.

Finally, we investigated the correlation between multiple

features, such as the peptide types, adjuvant, HLA alleles, and

treatment regimens, in cancer vaccines, and we built a random

forest model to distinguish the peptide-based cancer vaccines

with high clinical responses (Figures 7, S3). In addition, we also

investigated the effect of the tumor stages and chemotherapy,

which could reflect the patient’s health condition and medical

treatment prior to vaccination on the model prediction. We

summarized their distribution in the results from the high and

low clinical responses (Figures S4A, B). The relative importance

of the tumor stages and chemotherapy are weaker than the

peptide types, adjuvant, HLA alleles, and treatment regimens in

this study (Figure S4C). The prediction accuracy of our model

was also not improved by introducing them (Figure S4D).

Possible causes for this are that many clinical trials included

patients with different tumor stages, and some others omitted

patients’ tumor stages information. There is no significant

difference between the chemotherapy group and the no or

unknown chemotherapy group (Figure S4B). The cause could

be that many of the cancer vaccine trials included patients who

had undergone conventional medical treatments, which

included but are not limited to chemotherapy. Moreover, some

clinical trials excluded patients who had received chemotherapy

(41, 45) or required patients to wait a period of time after

chemotherapy before participating in cancer vaccine therapy to

eliminate and minimize the impact of chemotherapy on vaccine

therapy (49, 64, 74, 133, 220). Therefore, we think that the tumor

stage and chemotherapy may have less impact on the

improvement of prediction accuracy (Figure S4D).

We found a combination of the modified peptides,

Montanide ISA-51, a short interval between vaccine injections,

and multiple vaccinations could be helpful in effectively

activating the immune system to kill tumors, enhancing the

tumor-killing effect, and resulting in high clinical responses.

The severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) virus is prone to specific mutations that alter

viral surface peptide epitopes, making the virus more susceptible

to immune escape (223). Peptide-based tumor vaccine research

has also contributed to the development of COVID-19 vaccines

targeting COVID-19-specific peptide epitopes (224, 225).

There are several limitations noted in this study. First, there

are no prior studies that quantitatively distinguish between high

or low results in cancer vaccine clinical trials; it is possible that

we missed information in classifying a high or low response

result. Next, due to lack of sufficient data for a single tumor type,

we could not directly explore the difference in each cancer type

between the high- and low- clinical response groups.
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In addition, the effect of the tumor mutation burden, the

dose of the cancer vaccine, and the specific method of injection,

such as subcutaneous, intranasal, intravenous, and transdermal,

may also need to be further explored in the future studies. Lastly,

the effect of coupling multiple features on cancer vaccine efficacy

is complex and was not investigated in depth in this study. Thus,

future studies can explore further the effects of coupling multiple

features on cancer vaccine efficacy based on a larger cohort.

Altogether, we presented CancerVaccine, a peptide-based

cancer vaccine library that stored and aggregated the results of

peptide-based cancer vaccines and their clinical attributes.

CancerVaccine can be accessed at https://peptidecancervaccine.

weebly.com/. We demonstrated that CancerVaccine is a versatile

resource that can be used to screen for useful peptides epitopes and

aid in the design of new cancer vaccines. Our study describes a

design strategy in peptide vaccination treatment relating to the

appropriate types of peptides, suitable adjuvants, matched HLA

alleles, and suitable treatment regimens. Furthermore, we

developed a high AUC machine learning model, which could be

helpful in identifying peptide-based cancer vaccines with high

clinical responses. The results of this study could impact future

exploration of vaccine designs, taking into consideration

identifying suitable peptide antigens and treatment conditions for

cancer and personalized immunotherapy.
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Background: Currently, no second-line systemic treatment regimen has been
recommended in advanced biliary tract cancer (BTC). Cumulative clinical evidence
showed that systemic treatment with tyrosine kinase inhibitors (TKIs) in combination
with immunotherapy may shed light on the dim clinical outcome in advanced BTC.

Objective: The aim of this study is to evaluate the anticancer efficacy of lenvatinib plus
programmed cell death protein-1 (PD-1) antibody in patients with BTC who progressed
after first-line cisplatin/gemcitabine (CisGem) chemotherapy.

Methods: Patients with advanced BTCs who progressed after CisGem were recruited. A
combination regimen of lenvatinib (8/12 mg daily) plus PD-1 antibody (200/240 mg
injection every 3 weeks) was prescribed. Clinicopathological information and therapeutic
outcome, including tumor subtypes, biomarkers, treatment duration, adverse events (AE),
progression-free survival (PFS), and overall survival (OS), were recorded and estimated.

Results: A total of 351 patients with BTCs were reviewed and 74 were recruited
eventually: 35 had intrahepatic cholangiocarcinoma (47.3%), 4 had extrahepatic
cholangiocarcinoma (5.4%), and 35 had gallbladder cancer (47.3%). The median
administered cycles of PD-1 antibody were 6.43 (95% CI: 5.83–7.04) cycles, and the
median duration of lenvatinib medication was 21.0 weeks (95% CI: 18.04–23.93).
Twenty-eight patients (37.83%) experienced detectable objective response per
RECIST1.1 within a median follow-up duration of 15.0 months. The objective response
rate (ORR) was 20.27% (95% CI: 10.89%–29.65%), and the disease control rate (DCR)
was 71.62% (95% CI: 61.11%–82.14%). The median PFS and OS were 4.0 months (95%
CI: 3.5–5.0) and 9.50 months (95% CI: 9.0–11.0), respectively. Seventy-three patients
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(98.64%) reported AEs and 39 (52.70%) experienced ≥grade 3 AEs. In subgroup
analyses, tumoral PD-L1 expression ≥50% and tumor mutation burden (TMB) ≥2.5
Muts/Mb were associated with prolonged PFS.

Conclusion: Lenvatinib plus PD-1 antibody treatment shows an active trend towards
improving survival in patients with advanced BTCs after failure with CisGem
chemotherapy. The treatment-related AEs are worthy of attention and are manageable.
Keywords: lenvatinib, PD-1 inhibitor, immunotherapy, target therapy, biliary tract cancer, second-line agents
INTRODUCTION

The incidence of biliary tract cancer (BTC), formerly considered
rare, increased significantly in the last two decades globally (1).
Although increasing types of biological agents and immune-
oncology regimens emerged in hepatocellular carcinoma, there are
limited therapies available in advanced BTC. Cisplatin/gemcitabine
(CisGem)-based chemotherapy is currently recommended as the
standard first-line therapy in advanced BTCs, although both its
efficacy and tolerance are suboptimal (2). In the recent ABC-06
study, FOLFOX (folinic acid, fluoroutacil, and oxaliplatin) was
evaluated as a second-line treatment after progression with
CisGem (3). It demonstrated only a modest 1-month survival
benefit against best supportive care. This frustrating result
prompts novel effective therapeutic strategies to be tested so as to
qualify as a second- or above-line therapy.

Although immunotherapy has revolutionized the treatment
standard of several hematological and solid malignancies, its role
in advanced BTC is still unclear. Monotherapy with immune
checkpoint inhibitors (ICIs) in advanced BTC has presented
conflicting results, suggesting further investigation in agent
combination and deeper insight into subgroup selection.

Lenvatinib is an inhibitor of receptor tyrosine kinases, targeting
vascular endothelial growth factor receptors (VEGFR1–3),
fibroblast growth factor receptors (FGFR1–4), KIT, and RET (4).
Owing to its capability of inhibiting multiple kinases in nanomole
concentration, lenvatinib is now broadly used in the treatment of a
variety of solid cancers, including differentiated thyroid cancer,
hepatocellular carcinoma, and renal cell carcinoma, as a single
agent or in combination with another drug (5). Several
preliminary assessments of lenvatinib monotherapy or
combination therapy with ICIs as first- or non-first-line therapy
were reported, but the results were suboptimal and need further
validation (6–9). Hereby, we reported a single arm of patients with
refractory advanced BTCs, treated with lenvatinib plus
programmed cell death protein-1 (PD-1) antibody as a second-
or above-line systemic therapy.
MATERIALS AND METHODS

Study Design and Patients
This was a single-center retrospective study assessing the efficacy
and safety of TKI lenvatinib associated with PD-1 antibody as a
systemic therapy beyond 1st-line after the failure of CisGem
org 2180
chemotherapy at a hepatobiliary specific referral center (Eastern
Hepatobiliary Surgery Hospital). BTC patients who received
lenvatinib plus PD-1 antibody synchronously or successively as
a second- or above-line systemic therapy from January 1, 2019 to
March 31, 2021 were reviewed. This study was approved by the
Institutional Ethics Committee of Shanghai Eastern Hepatobiliary
Surgery Hospital. The study protocol conformed to the principles
of the Declaration of Helsinki. The statistical analysis was
conducted according to the intention-to-treat principle. All the
data were updated and censored on February 28, 2022.

The patients with advanced BTCs who experienced progression
after CisGem in first-line therapy were permitted to enroll.
Advanced BTC was defined as initially diagnosed unresectable
BTC (pathologically proved by biopsy or surgical specimen,
multiple lesions, extrahepatic metastasis, and less future remnant
liver) or relapses after surgery. Other eligibility criteria included
good physical status with an Eastern Co-operative Oncology Group
(ECOG) performance status score of 0–2, a Child–Pugh score of 5–
6, and no severe comorbidities. The patients previously treated with
other chemotherapy regimens or immunotherapies were excluded.
Detailed information of the clinical protocol was explained to each
patient, and the written informed consent forms were collected.

Treatment Protocol
Patients were prescribed to orally take lenvatinib mesilate
capsules (Patheon Inc.) 12 mg/day for body weight ≥ 60 kg or
8 mg/day for body weight < 60 kg as standard. To avoid acute
intolerable side effects caused by lenvatinib from the start, a
stepwise manner was undertaken. Patients were encouraged to
take a reduced dose from 8 mg/day (≥60 kg) or 4 mg/day
(<60 kg) for a week before reverting to the standard dose on
day 8. Those who developed adverse events (AEs) related to
lenvatinib had their dose reduced, or had their medication
interrupted or discontinued depending on the severity. The
PD-1 antibody was intravenously administered (200 mg of
sintilimab or tislelizumab or 240 mg of nivolumab or
toripalimab) in a 3-week cycle. The medication would not be
halted unless disease progression (PD) or ≥grade 3 treatment-
related adverse event (TRAE) occurred.

Response Assessment
Clinical information and laboratory data prior to initial medication
from eligible patients were collected. Tumor evaluation was
conducted based on computed tomography (CT) or magnetic
resonance imaging (MRI). Response evaluation criteria in solid
July 2022 | Volume 13 | Article 946861
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tumor (RECIST1.1) and immunotherapy-related RECIST
(irRECIST) were utilized to evaluate tumor response (10–12). The
investigators and a panel of independent radiologists evaluated the
images separately. Any discrepancy, mainly regarding lymph node
enlargement-triggered PD and irRECIST-related partial response
(PR)/stable disease (SD), was discussed and combined. The
objective response rate (ORR) was defined as the proportion of
patients with complete response (CR) or PR of total evaluated. The
disease control rate (DCR) was defined as the proportion of patients
with CR, PR, and SD. Overall survival was calculated from the date
of medication initiation until the date of death. Progression-free
survival (PFS) was measured from the date of medication initiation
until the date of disease progression or death.

Safety Evaluation and Quality of Life
Safety was continuously evaluated every 4 weeks by manifestation
and laboratory tests, including hemogram, liver function, thyroid
function, and myocardial enzyme. TRAEs were recorded according
to National Cancer Institute Common Terminology Criteria for
Adverse Events version 5.0 (CTCAE 5.0) (13). The quality of life
(QOL) was assessed with ECOG score (14). A rising score from
baseline to 3 or higher was regarded as a significant disturbance
to QOL.

Histological Biomarker Assessment
PD-L1 expression and tumor mutation burden (TMB) were
invest igated as potential biomarkers in this study.
Immunohistochemistry was performed to determine the
expression of PD-L1 using E1L3N (PD-L1 XP Rabbit mAb,
Cell Signaling Technology, Danvers, USA) on tumor biopsy
samples. Samples with 50% or more tumor cells for PD-L1
exhibiting linear cell membranous staining were considered
positive (15, 16). The TMB was determined using next-
generation sequencing (NGS, Illumina nova seq) (17).
Genomic alterations including base substitutions, insertions,
deletions, gene rearrangement, and fusions were analyzed to
form mutation load according to the megabase (Mb) (Integrated
DNA Technologies, USA).

Statistical Analysis
The continuous and categorical variables were calculated with
the appropriate method including the Student’s t-test, the
Mann–Whitney U-test, the Chi-square test, or Fisher’s exact
test. The Kaplan–Meier method was employed to estimate the
PFS and OS, and to accomplish the survival comparison in
subgroups. The statistical analyses were performed with SPSS
21.0 for Windows (SPSS, Chicago, IL, USA) and R software 4.0.2
(R Foundation for Statistical Computing, Vienna, Austria). A p-
value < 0.05 was considered statistically significant.
RESULTS

Patients’ Baseline Characteristics
A total of 351 patients diagnosed with BTC were reviewed and 74
patients were recruited. All the patients were willing to attend the
systemic therapy. The flowchart of the study and the treatment
Frontiers in Immunology | www.frontiersin.org 3181
protocol is shown in Figure 1. The cohort included 35 (47.3%) with
intrahepat ic cholangiocarcinoma (iCCA), 4 (5.4%)
with extrahepatic cholangiocarcinoma (eCCA), and 35 (47.3%)
with gallbladder cancer (GBC), with a male/female ratio of 1.55
(45/29). The median age was 62.5 years (range: 43–78). In etiology
surveillance, 24 patients (32.43%) had background liver diseases,
which included 23 (31.08%) hepatitis B virus infections. Most
patients had good physical performance except for two patients
who got an ECOG PS score of 2. Twenty-five patients had received
local regional therapy previously, including surgery (11, 14.86%),
radiotherapy (11, 14.86%), and TACE (3, 4.05%). Forty-four
patients (59.46%) had extrahepatic metastases. The baseline
patient demographics and clinical characteristics are summarized
in Table 1.

Treatment
The lenvatinib+PD-1 antibody regimen was administered as the
2nd-line systemic therapy in 54 patients (73.0%), the 3rd-line
therapy in 17 (23.0%), and the 4th-line therapy in 3 (4.1%). The
usage of PD-1 antibody injection included nivolumab (6.8%),
sintilimab (51.4%), toripalimab (24.3%), and tislelizumab
(17.6%). The median administered cycles of PD-1 antibody
were 6.43 cycles (95% CI: 5.83–7.04), and all patients received
at least 2 shots. The median duration of lenvatinib intake was
21.0 weeks (95% CI: 18.04–23.93), and all patients took
lenvatinib for at least 4 weeks. Twenty-two patients were given
reduced lenvatinib dosage in case of intolerable AEs. Sixty-three
patients discontinued treatment owing to tumor progression, 5
FIGURE 1 | The flowchart of the study illustrates the enrollment procedure
and the treatment protocol.
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discontinued due to intolerable AEs, and 6 patients remained
under medication before the cutoff date.

Efficacy
Within a median follow-up duration of 15.0 months (95% CI:
12.874–17.126), 66 (89.19%) patients were available for efficacy
assessment. Twenty-eight patients (37.83%) experienced detectable
objective response per irRECIST, while 38 patients showed
augmentation of measurable tumors. Figure 2 shows the
maximum change of the sum of measurable lesions and the best
overall response.

The ORR following lenvatinib+PD-1 antibody treatment as
the 2nd- and above-line systemic therapy in advanced BTCs was
Frontiers in Immunology | www.frontiersin.org 4182
20.27% (95% CI: 10.89%–29.65%), with 0 CR (0%) and 15
(20.27%) PRs. Thirty-eight patients achieved stable disease,
and DCR was 71.62% (95% CI: 61.11%–82.14%) (Table 2).
The median PFS was 4.0 months (95% CI: 3.5–5.0), and the
PFS rate at 12 weeks was 70.0% (Figure 3A). The median OS was
9.50 months (95% CI: 9.0–11.0) and 1-year OS rate was 23%
(Figure 3B). Table 2 displays the detailed information of the
therapeutic responses. Five patients experienced a deep
regression in tumor size and did not progress until the
censored follow-up date (Figures 4A, B). The ORR in iCCA,
eCCA, and GBC was 20.69% (95% CI: 5.01%–36.4%), 33.33%
(95% CI: −110%–177%), and 23.53% (95% CI: 8.51%–38.6%),
respectively. The DCR in iCCA, eCCA, and GBC was 75.86%
(95% CI: 59.3%–92.4%), 100%, and 82.35% (95% CI: 68.9%–
95.9%), respectively (Table 3).

Tolerability and Safety
In total, 73 patients (98.64%) reported AEs and 39 (52.70%)
experienced ≥grade 3 AEs. The most common AEs were
decreased appetite (81.08%), fatigue (31.08%), elevated
aspartate aminotransferase (27.03%), hypertension (21.62%),
and diarrhea (20.27%). Detailed information of AEs is shown
in Table 4. Most patients were advised to continue taking the
medication through reduced dosage or to have medical support.
Five patients (6.76%) withdrew from treatment due to intolerable
AEs, which included 1 grade 3 diarrhea, 1 grade 3 increased
aspartate aminotransferase, 1 grade 4 immune-associated
pneumonitis (Figures 5A, B), 1 grade 3 immune-related
erythema (Figures 5C, D) and 1 grade 2 immune-associated
myocarditis. Patients with immune related AEs (irAE) were
treated with low-dose corticosteroids and recovered. The
ECOG score increased from 0/1 to 2 in 42 (56.75%) patients
after at least 4 weeks of treatment and caused a disturbance
to QOL.

Biomarkers
The spider diagram illustrated the serum CA19-9 concentration
change in treatment duration (Supplementary Figure 1A). The
change flow was well correlated to the tumor regression and
progression accordingly with an area under the curve of 0.554
(Supplementary Figure 1B).

The genomic profile of PD-L1 expression and TMB was
available in 22 patients. Tumoral PD-L1 staining (Figures 4C, D)
was positive (≥50% cells as cutoff) in 8 patients (36.36%), 6 of whom
(75.0%) achieved objective response and all patients had their
disease controlled. Compared with negative expression, patients
with tumoral PD-L1 expression presented prolonged PFS (5.50
months, 95% CI: 2.035–8.965 vs. 4.00 months, 95% CI: 3.414–4.586;
p = 0.004), but not OS (13.00 months, 95%CI: 9.741–16.259 vs. 8.50
months, 95% CI: 5.778–11.222; p = 0.064) (Figure 6A).

The cutoff value of TMBwas set at 2.5Muts/Mb according to the
average value released on The Cancer Genome Atlas (TCGA)
website. Ten patients had higher TMB (≥2.5 Muts/Mb), and
subgroup survival analysis revealed a prolonged PFS (5.00
months, 95% CI: 2.934–7.066, p = 0.036) in the higher TMB
group, but not OS (12.0 months, 95% CI: 8.964–15.036, p =
0.092) (Figure 6B).
TABLE 1 | Baseline demographics.

Parameters Subjects (N=74)

Gender, n (%)
Male 45 (60.8%)
Female 29 (39.2%)

Age years, (median, range) 62.5 (43–78)
Age group
<60 years 26 (35.1%)
≥60 48 (46.9%)

ECOG performance, n (%)
0 33 (44.6%)
1 39 (52.7%)
2 2 (2.7%)

Tumor subtype, n (%)
Intrahepatic cholangiocarcinoma 35 (47.3%)
Extrahepatic cholangiocarcinoma 4 (5.4%)
Gallbladder cancer 35 (47.3%)

Background liver diseases, n (%) 24 (32.4%)
Hepatitis B virus infection, n (%) 23 (31.1%)
Previous local regional therapy, n (%)
Surgery 11 (14.9%)
Radiation 11 (14.9%)
Transarterial chemo-emblization 3 (4.1%)

Child–Pugh score, n (%)
5 62 (83.8%)
6 20 (13.5%)
7 2 (2.7%)

CA19-9, n (%)
<500 mg/L 27 (36.5%)
≥500 mg/L 47 (63.5%)

Extrahepatic metastasis, n (%)
Yes 30 (40.5%)

Measurable lesions burden, n (%)
<3 54 (73.0%)
≥3 20 (27.0%)

TNM stage
T3N0M0 22 (29.7%)
T1-3N1M0 27 (36.4%)
T4N0-1M0 6 (8.1%)
TanyN2 or anyM0 or 1 19 (25.6%)

White cell counts, (median×109/L, Range) 7.10 (4.09–9.93)
Platelet counts, (median×109/L, Range) 174.5 (57–299)
Prior chemotherapy cycles, n (%)
<6 cycles 43 (58.1%)
≥6 cycles 31 (41.9%)

Line
2nd line, n (%) 54 (73.0%)
3rd line, n (%) 17 (23.0%)
4th line, n (%) 3 (4.1%)
Data were presented as n (%) or median with range as appropriate.
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DISCUSSION

This study evaluated the efficacy and safety of the two-drug
regimen, lenvatinib plus PD-1 inhibitor, as a second- or above-
line systemic therapy in refractory advanced BTCs. The results
showed an ORR of 20.27% (95% CI: 10.89%–29.65%) and a DCR
of 71.62% (95% CI: 61.11%–82.14%), with a median OS of 9.5
months. A total of 98.64% patients developed any-grade AEs and
52.70% developed grade 3/4 AEs. The results were similar to
those of recent studies involving a single agent and combined
Frontiers in Immunology | www.frontiersin.org 5183
regimens treating refractory advanced BTCs (7, 15, 18–21). This
combination regimen prolonged the survival duration in both
second- and above-line systemic therapies, without significant
difference (p = 0.809). Additionally, this study found that 56.75%
of the population got a worse ECOG physical score, which partly
played a negative role in ensuring patients’ compliance.

The long-term survival of patients with BTCs was dismal, with
5-year survival rates of 10%–50% (1, 21). ABC-01 and ABC-02
clinical trials established the standard of CisGem as a first-line
systemic therapy in local advanced andmetastatic BTCs (2, 22). The
TABLE 2 | Treatment summary and therapeutic responds.

Category Outcome

Lenvatinib regimen duration (weeks, median, range) 18.5 (6–69)
PD-1 cycles (n, median, range) 6 (2–14)
Complete response (CR, n, %) 0 (0%)
Partial response (PR, n, %) 15 (20.3%)
Stable disease (SD, n, %) 38 (51.4%)
Progression disease (PD, n, %) 13 (17.6%)
ORR 20.27% (95% CI: 10.89%–29.65%)
DCR 71.62% (95% CI: 61.11%–82.14%)
July
PD-1, programmed cell death protein-1; ORR, objective response rate; DCR, disease control rate.
A B

FIGURE 2 | (A) The maximum of change of the sum of the target lesions; (B) best overall response per RECIST1.1 according to the tumor subtypes. The ORR and
DCR were 22.7% and 71.62%, respectively.
A B

FIGURE 3 | (A) The PFS rate on 12 weeks and 24 weeks were 70% and 18%, respectively, with a median PFS of 4.0 months. (B) The median OS was 9.5 months
(95% CI: 9.0–11.0) and the OS rate of 1 year was 23%.
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FIGURE 4 | A patient with iCCA received lenvatinib+sintilimab as 2nd-line systemic therapy. The CT images before (A) and after (B) nearly 1-year therapy showed a
significant shrinkage of the target lesion, which was mainly located in the left hemi-liver and invaded the left branch of portal vein. (C) Shows the HE staining of the
tumor and (D) displays the photomicrographs of immunohistochemistry staining of PD-L1 expression.
TABLE 3 | Objective response rate/Disease control rate.

Tumor subtype ORR DCR

iCCA 20.69% (95% CI: 5.01%–36.4%) 75.86% (95% CI: 59.3%–92.4%)
eCCA 33.33% (95% CI: −110%–177%) 100%
GBC 23.53% (95% CI: 8.51%–38.6%) 82.35% (95% CI: 68.9%–95.9%)
Frontiers in Immunology | www.frontiersin.org
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ORR, objective response rate; DCR, disease control rate; iCCA, intrahepatic cholangiocarcinoma; eCCA, extrahepatic cholangiocarcinoma; GBC, gallbladder cancer.
TABLE 4 | Adverse events ranking.

Events Any AE (n, %) Grade 1–2 AEs (n, %) ≥Grade 3 AEs (n, %)

Total 73 (98.64%) 60 (81.08%) 39 (52.70%)
Decreased appetite 60 (81.08%) 56 (75.68%) 13 (17.57%)
Fatigue 23 (31.08%) 23 (31.08%) 7 (9.46%)
Elevated aspartate aminotransferase 20 (27.03%) 16 (21.62%) 4 (5.41%)
Hypertension 16 (21.62%) 14 (18.92%) 8 (10.81%)
Diarrhea 15 (20.27%) 10 (13.51%) 5 (6.76%)
Abdominal pain 11 (14.86%) 10 (13.51%) 1 (1.35%)
Nausea 10 (13.51%) 10 (13.51%) -
Palmar plantar erythrodysesthesia syndrome 9 (12.16%) 9 (12.16%) -
Thrombocytopenia 9 (12.16%) 9 (12.16%) -
Anemia 9 (12.16%) 8 (10.81%) 1 (1.35%)
Headache 8 (10.81%) 8 (10.81%) -
Erythema 7 (9.46%) 7 (9.46%) 2 (2.70%)
Proteinuria 6 (8.11%) 6 (8.11%) -
Hypothyroidism 5 (6.76%) 5 (6.76%) -
Myalgia 4 (5.41%) 4 (5.41%) -
Alopecia 3 (4.05%) 3 (4.05%) -
Immune-associated pneumonitis 2 (2.70%) 1 (1.35%) 1 (1.35%)
Immune-associated myocarditis 1 (1.35%) 1 (1.35%) -
22 | Volum
AE, adverse event.
e 13 | Article 946861
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ABC-06 trial explored the effectiveness of the FOLFOX regimen as a
second-line chemotherapy after progression (3). This study reported
a median OS, 6-month survival rate, and 12-month survival of 6.2
months, 50.6%, and 25.9%, respectively, in the FOLFOX plus active
symptom control population, which showed a significant
improvement in survival compared with the active symptom
control group. However, it also reported relatively high AE rates,
with a 52% incidence rate of grade 3–5 AEs. Three patients died due
to chemotherapy-related adverse effects. Considering its limited
survival benefit and high adverse effects, the FOLFOX regimen
Frontiers in Immunology | www.frontiersin.org 7185
might not be an ideal second-line therapy in refractory
advanced BTCs.

Efforts were made to find potential targeted strategies in treating
BTCs, including multiple pathways like angiogenesis, human
epidermal growth factor receptor family, and other actionable
targets (23, 24). Several existing and emerging molecular targeted
agents were tested as second-line therapy. In the REACHIN study,
66 patients diagnosed with BTC who had already progressed to
CisGem chemotherapy were randomized in a phase II study to
receive regorafenib or placebo (25). Although the regorafenib group
FIGURE 5 | One patient experienced a grade 4 immune-related pneumonitis (A) and recovered following corticosteroid injection (B). Another patient developed
severe erythema that affected more than 80% of the skin area (C: back; D: thigh and legs), but the inner environment was not bothered.
A

B

FIGURE 6 | (A) The Kaplan–Meier method estimated the survival length in PD-L1-positive/-negative subgroups and found a marginal superiority for RFS in the PD-
L1 positive group. (B) A significant longer PFS was observed in the higher TMB subgroup.
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showed an improved PFS versus the placebo group (3.0 months,
95% CI: 2.3–4.9 vs. 1.5 months, 95% CI: 1.2–2.0, p = 0.004), no
patients reached objective response and no survival benefit was
found regarding OS. The result showed that the addition of
sorafenib to gemcitabine did not demonstrate improved efficacy
in advanced BTC patients. Recently, the efficacy and safety of
lenvatinib in treating advanced BTC were evaluated in a single-
arm study (18). Forty-one patients with histologically confirmed
BTCs received 8 mg (weight < 60 kg) or 12 mg (weight ≥ 60 kg) of
lenvatinib orally per day. The ORR was 12%, with a median PFS of
3.8 months and an OS of 11.4 months. Up to 95.1% patients in total
experienced TRAEs. In a phase II study of lenvatinib monotherapy
as a 2nd-line treatment, the ORR was 11.5% and the ≥grade 3 AEs
occurred in 80.8% of total patients (20). The median PFS and
median OS were 3.19 months per investigator assessment and 7.35
months, respectively. In another study in China, with
pembrolizumab combined with lenvatinib as a non-first-line
therapy, the ORR and the DCR were 25% and 78.1%,
respectively. The median PFS and median OS were 4.9 months
and 11.0 months, respectively (7). Our results on lenvatinib plus
PD-1 antibody showed a close survival benefit with an mPFS of 4.0
months and an mOS of 9.5 months. This indicated that
accumulated clinical practices would probably pave the way to
expand the usage of targeted agents combined with ICIs in
advanced BTCs. There are several ongoing clinical trials
regarding the lenvatinib plus ICIs combination regimen.
Supplementary Table 1 summarizes the ongoing trials registered
on clinicaltrials.gov.

Among patients who progressed from the first-line CisGem
regimen, their AE experiences in chemotherapy may probably be
an obstacle to achieve good compliance in subsequent
treatments, especially in a TKI/PD-1 antibody combination
regimen. The two-drug pembrolizumab plus lenvatinib
regimen reportedly obtained a 100% and 59.3% rate of any-
grade AEs and ≥grade 3 AEs, respectively (7). In a systematic
review evaluating the safety and efficacy of pembrolizumab plus
lenvatinib in cancers, ≥grade 3 AEs occurred in 68.0% of all
patients (26). Our result showed a 98.64% occurrence rate of
any-grade AEs and a 48.65% occurrence rate of ≥grade 3 AEs,
even under a stepwise manner. The treatment was called off in
five patients due to intolerable AEs. More than half of the
patients (56.75%) reported a decline in QOL related to the
treatment, which should not be neglected.

The prognostic value of the tumoral expression of PD-L1 and
a higher TMB in molecular targeted therapy and
immunotherapy were not validated. Korean researchers
reported a 71% positive (defined as ≥1% cells stained) rate of
PD-L1 in BTCs, and the ORR with pembrolizumab treatment
was improved in the PD-L1 expression ≥ 50% subgroup (16). In
another study, KRAS alteration and chromosomal instability
tumors were associated with resistance to immunotherapy, and
the majority of patients (95.0%) with these resistance factors
showed no clinical benefit to PD-1/PD-L1 blockade and
harbored low TMB (27). Germline or somatic mutations in
DNA damage repair (DDR) genes were found in 63.5% of
patients with BTC and were significantly associated with
Frontiers in Immunology | www.frontiersin.org 8186
longer survival while receiving first-line platinum-containing
chemotherapies (28). Our study, with a limited sample size,
showed a probability of survival benefit regarding PFS in tumoral
PD-L1 expression ≥50% or in TMB ≥2.5 Muts/Mb. Cumulative
research indicated that BTCs held scores of mutational varieties
in genomic profiling. It is still a long way to go in finding
genomic prognostic biomarkers in BTC.

This study has its share of limitations. Firstly, this study
was retrospectively designed with a relatively small sample
size, which might contribute to the sample bias. Secondly, the
contribution of the three different anatomical locations
derived from BTCs was not balanced, and a subtype
analysis was not available due to the limited sample size. A
relatively small proportion of patients with advanced
eCCAs received systemic therapy owing to a constantly
uncompensated liver function caused by biliary tract
obstruction. This might be the reason why only three
patients with eCCA were enrolled in this study. Lastly, a
marginal survival benefit was detected in the PD-L1-positive
or high TMB profile subgroup. Further investigation is
necessary due to the limited sample size.
CONCLUSION

Lenvatinib plus PD-1 blockade played an active role in the
treatment of patients with advanced refractory BTCs who
progressed following CisGem chemotherapy. A moderate
proportion of treatment-related AEs could not be neglected in
practice, though they could be treated with further observation
and care.
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Inhibition of PCSK9 enhances
the antitumor effect of PD-1
inhibitor in colorectal cancer by
promoting the infiltration of
CD8+ T cells and the exclusion
of Treg cells

Rui Wang, Hongchuan Liu, Peng He, Duopeng An,
Xiaohan Guo, Xuyao Zhang* and Meiqing Feng*

Department of Biological Medicines & Shanghai Engineering Research Center of
Immunotherapeutics, Fudan University School of Pharmacy, Shanghai, China
Immunotherapy especially immune checkpoint inhibitors (ICIs) has brought

favorable clinical results for numerous cancer patients. However, the efficacy

of ICIs in colorectal cancer (CRC) is still unsatisfactory due to the poor median

progression-free survival and overall survival. Here, based on the CRC models,

we tried to elucidate novel relapse mechanisms during anti-PD-1 therapy. We

found that PD-1 blockade elicited a mild antitumor effect in these tumor

models with both increased CD8+ T cells and Treg cells. Gene mapping

analysis indicated that proprotein convertase subtilisin/kexin type 9 (PCSK9),

low-density lipoprotein receptor, transforming growth factor-b (TGF-b), and
CD36 were unexpectedly upregulated during PD-1 blockade. To investigate

the critical role of these proteins especially PCSK9 in tumor growth, anti-PCSK9

antibody in combination with anti-PD-1 antibody was employed to block

PCSK9 and PD-1 simultaneously in CRC. Data showed that neutralizing

PCSK9 during anti-PD-1 therapy elicited a synergetic antitumor effect with

increased CD8+ T-cell infiltration and inflammatory cytokine releases.

Moreover, the proportion of Treg cells was significantly reduced by co-

inhibiting PCSK9 and PD-1. Overall, inhibiting PCSK9 can further enhance the

antitumor effect of anti-PD-1 therapy in CRC, indicating that targeting PCSK9

could be a promising approach to potentiate ICI efficacy.
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Introduction

Colorectal cancer (CRC) is the second leading cause of

cancer-related death with an incidence of 10.2% and a

mortality of 9.2% (1, 2). As a promising treatment to modulate

the host’s immune system, immunotherapy such as immune

checkpoint inhibitors (ICIs) shows durable antitumor effects and

revolutionizes the management of various cancers including

melanoma and non-small cell lung cancer (NSCLC) (3, 4).

However, the low response rate and emerging resistance

mechanism still pose limitations to the application of ICIs in

CRC (5). Therefore, studies dedicated to overcoming CRC

resistance to ICIs are in urgent need.

Studies have uncovered that tumor microenvironment

(TME) consisting of various components plays a critical role

during antitumor immunity induced by ICIs. Infiltration of

immune cells and the interaction between immune cells and

tumor cells posed a significant impact on the outcomes of ICI

therapy (6). Furthermore, the nutrient-deficient and hypoxic

microenvironment also force immune cells to undergo

metabolic transformation to immune-tolerant phenotypes.

Metabolic regulation of glucose, lactate, and especially lipid

can refuel immune cells to favor antitumor immunity in TME

(7, 8). Glycolysis induced by autophagy was indispensable for

oncogenic transformation (9). Our previous research also

demonstrated that inhibiting autophagy could enhance

phagocytosis and cytotoxicity of macrophages and further

potentiate the antitumor effect of ICIs (10, 11). Cholesterol

accumulation in TME facilitates the polarization and activity

of tumor-associated macrophages (TAMs) and further impairs

cytokine release of CD8+ T cells (12, 13). These studies indicate

that targeting metabolism in TME could be a potential modality

to potentiate the efficacy of ICIs.

Recently, proprotein convertase subtilisin/kexin type 9

(PCSK9), a lipid metabolism-related protein, has been

reported to be critical for tumorigenesis and progression (14).

PCSK9 is an indispensable element in regulating lipid

metabolism by inducing the degradation of low-density

lipoprotein receptor (LDLR) in lysosome. Inhibitors of PCSK9

have been approved for the treatment of atherosclerotic

cardiovascular diseases associated with hypercholesterolemia

(15, 16). More importantly, PCSK9 has been proven to disrupt

the recycling of MHC I to the cell surface by promoting MHC I

degradation. Inhibiting PCSK9 by small molecular compounds

or monoclonal antibodies increases the expression of MHC I on

the tumor cell surface, promoting intratumoral infiltration of

cytotoxic lymphocytes (17, 18). These data reveal that PCSK9

may be a crucial regulator for cancer immunotherapy. However,

the effects of PCSK9 in CRC under anti-PD-1 therapy are still

unclear. Hence, in this study, two syngeneic CRC models were

constructed to elucidate the crucial role and mechanism of

PCSK9 during anti-PD-1 therapy.
Frontiers in Immunology 02
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Results

PD-1 blockade presented a mild
antitumor effect with increased CD8+

T cells and Treg cells

To examine the effect of PD-1 blockade in CRC, MC38 and

CT26 tumor models were well-constructed and anti-PD-1 antibody

was administered at a dose of 5 mg/kg twice a week. In the MC38

tumor model, results showed that PD-1 blockade exerted a mild

antitumor effect as the tumor growth was delayed 14 days after the

first administration (Figure 1A). However, no antitumor effect of

the anti-PD-1 antibody was observed in the CT26 tumor model

(Figure 1B). In view of the mild efficacy of anti-PD-1 therapy in

CRC, we detected the infiltration of CD8+ T cells in the tumors.

Flow cytometry analysis showed that CD45+CD3+ T lymphocytes

and CD8+ T cells were significantly increased in both CRC models

(Figures 1C, D). However, regulatory T (Treg) cells were also

elevated by PD-1 blockade in these models (Figure 1C).

Furthermore, IHC staining confirmed that PD-1 blockade

increased both CD8+ T lymphocytes and Foxp3+ cells in the

tumors (Figures 1E, F). These results indicated that anti-PD-1

antibody elicited a mild antitumor effect in CRC with increased

infiltration of Tregs and CD8+ T cells.
PD-1 blockade enhanced
PCSK9 expression

To further explore the underlying mechanism leading to the

mild antitumor effect of anti-PD-1 ICI in CRC, several landmark

cytokines of immune cell cytotoxicity including IFN-g, granzyme B,

and TNF-a were evaluated. As shown in Figure 2, IFN-g and

granzyme B in CRC models were upregulated after blocking PD-1

while the level of TNF-a was barely affected (Figures 2A, B). Except

for these inflammation-related cytokines, we found that anti-PD-1

therapy also engaged in the regulation of lipid metabolism-related

proteins including PCSK9 and LDLR (Figures 2C, D). LDLR is a

pivotal receptor in cholesterol regulation, which is targeted by

PCSK9. When binding to LDLR, PCSK9 can promote its

degradation in lysosome (19). Interestingly, the mRNA level of

CD36 was upregulated in CT26 tumors but not inMC38 tumors. In

summary, PD-1 blockade showed a significant influence on the

gene expression of lipid metabolism-related proteins including

PCSK9 in colorectal tumors.
Co-targeting PD-1 and PCSK9 elicited an
enhanced antitumor effect

Considering the enhanced PCSK9 expression during anti-

PD-1 therapy, anti-PCSK9 antibody was employed to detect the
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FIGURE 2

Quantitative real-time PCR (qRT-PCR) analysis of IFN-g, granzyme B, and TNF-a gene expression in MC38 tumors (A) and CT26 tumors
(B). RT-qPCR analysis of PCSK9, LDLR, TGF-b, and CD36 gene expression in tumor of the MC38 tumor model (C) and the CT26 tumor model
(D). "*" means p-value < 0.05 and "**" means p-value < 0.01 while "ns" means not statistically significant.
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FIGURE 1

In vivo antitumor effect of anti-PD-1 antibody. (A) Tumor volume and tumor weight in the MC38 tumor model. Anti-PD-1 mAb administration was 5
mg/kg, n = 4 mice/group. (B) Tumor volume and tumor weight of CT26 tumor model. Anti-PD-1 mAb administration was 5 mg/kg, n = 3 mice/
group. (C, D) Flow cytometry analysis of tumor-infiltrating T cells for mice treated with PBS or anti-PD-1 antibody in MC38 tumor model (C) and in
CT26 tumor model (D). (E, F) IHC staining of CD8a and Foxp3 in CT26 tumors. "*" means p-value < 0.05 and "**" means p-value < 0.01.
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critical role of PCSK9 in CRC. Figure 3A shows that anti-PCSK9

antibody further potentiated the antitumor effect of PD-1

inhibitor in the MC38 tumor model. In the CT26 tumor

model, PD-1 inhibitor in combination with anti-PCSK9

antibody elicited synergetic antitumor effects while PD-1

blockade or anti-PCSK9 alone displayed indiscernible effects

on the tumor growth (Figure 3B). PD-1 ICI in combination with

anti-PCSK9 antibody showed enhanced antitumor effects in

CRC models (Figures 3A, B), but a similar effect was not

observed in a breast cancer model (data not shown). On D10

after administration, tumors were excised to detect the level of

IFN-g, TNF-a, and granzyme B. In MC38 tumors, anti-PD-1

antibody and anti-PCSK9 antibody co-treatment led to

significant increases in granzyme B and IFN-g (Figure 3C,

Supplementary Figure 1A). Then, we analyzed the level of

PCSK9, LDLR, TGF-b, and CD36. Compared to PD-1

inhibitor alone, anti-PCSK9 antibody diminished the increased

expression of PCSK9, LDLR, TGF-b, and CD36 (Figures 3C–H,

Supplementary Figures 1B–E). These data indicated that

targeting PD-1 and PCSK9 elicited a synergetic antitumor

effect in CRC.
Anti-PCSK9 promoted CD8+ T-cell
infiltration induced by PD-1 inhibitor

To explore the synergetic antitumor effect of anti-PD-1 and

anti-PCSK9 antibodies in CRC, tumor-infiltrating CD8+ T cells

were detected. IHC staining showed that PD-1 inhibition led to

the increased tumor-infiltrating CD8+ T cells in MC38 and

CT26 tumor models. Despite no significant elevation of CD8+

T cells induced by PCSK9 blockade alone, PD-1 inhibitor

combined with anti-PCSK9 antibody indeed potentiated the

infiltration of CD8+ T cells (Figures 4A, B). In addition, flow

cytometry analysis showed that the proportion of tumor-

infiltrating CD8+ T cells in the combination therapy was

obviously higher than either monotherapy group (Figure 4C).

These data demonstrated that targeting PCSK9 potentiated the

antitumor effect of PD-1 blockade via promoting the infiltration

of cytotoxic CD8+ T cells.
PCSK9 blockade eliminated the
increased Treg cells induced by
PD-1 inhibitor

Treg cell is a typical suppressive immune cell, promoting

tumor cells to escape from immune surveillance. We next detected

whether anti-PCSK9 antibody affected PD-1 blockade-induced

Treg cells via IHC analysis. Compared with PD-1 blockade, anti-

PCSK9 antibody alone has no obvious effect on Treg cells, while

anti-PCSK9 antibody combined with anti-PD-1 antibody

eliminated the increased Treg cells (Figures 5A, B).
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Furthermore, flow cytometry further confirmed that the PD-1

inhibitor-increased percentage of Treg cell proportion was

decreased by anti-PCSK9 antibody (Figure 5C). Except for

CD8+ T cells and Treg cells, we did not observe significant

influence on innate immune cells including macrophages,

natural killer cells, and dendritic cells by simultaneous

inhibition of PD-1 and PCSK9 (Supplementary Figures 2A, B).

Finally, to verify which lymphocyte subpopulation

contributed to the synergistic antitumor effect of targeting

PD-1 and PCSK9 in CRC, anti-CD4, anti-CD8, anti-NK1.1,

and anti-CSF1R antibody were applied to deplete the

corresponding subset of immune cells, respectively. These

antibodies have been proved to block the cells with relevant

marker in mouse spleen (Supplementary Figure 2C). As shown

in Figures 5D, E, CD8+ T depletion totally eliminated the

antitumor effect of targeting PD-1 and PCSK9. Depletion of

NK cells or macrophages barely affected the tumor burden.

Importantly, CD4+ T cell-depleting antibody presented an

unexpected enhancement on the antitumor effect of anti-PD-1

and anti-PCSK9 cotreatment. Overall, our results indicated that

PCSK9 blockade enhanced the antitumor effect of PD-1

inhibitor through eliminating the increased Treg cells.
Discussion

Since the discovery of ICIs, the therapeutic paradigm of

cancer has been changed remarkably. However, the antitumor

efficacy of ICIs in solid tumor is still unsatisfied although it has

achieved tumor remission in some patients. Compared with

melanoma or NSCLC, the objective response rate of ICI therapy

in CRC patients is much lower (20). Currently, because of the

extensive application of ICIs in clinic, many strategies attempt to

overcome resistance to ICIs. The combination of different ICIs

or ICIs with proinflammatory cytokines has been proposed to

further enhance antitumor immune response. Simultaneous

administration of immune-enhancing agents can indeed

improve antitumor immunity but is accompanied by a higher

risk of immune-related adverse effects (21). Triple combination

therapy, such as anti-PD-L1 antibody, poly-(ADP-ribose)

polymerase inhibitor, and MEK inhibitor, was also applied to

overcome resistance to anti-PD-L1 therapies in KRAS mutant

cancer (22). Agonists targeting STING in combination with

CTLA-4 or PD-1 inhibitor also exerted refreshing efficacy in

the CRCmodel with complete tumor regression and long-lasting

immune memory (23). In this study, we investigated PCSK9

during anti-PD-1 therapy in CRC models, and PD-1 inhibitor

and anti-PCSK9 antibody were administered to confirm the

synergetic antitumor effect of targeting PD-1 and PCSK9

in CRC.

In syngeneic CRC models, PD-1 inhibitor only has a limited

antitumor effect with the infiltration of CD8+ T cells and Tregs.

As a type of immunosuppressive T cell, Treg is indispensable in
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FIGURE 3

Tumor volume and tumor weight in MC38 tumor model (A) and CT26 tumor model (B) treated with anti-PD-1 or anti-PCSK9 antibody. Analysis
of IFN-g, granzyme B and PCSK9 protein level in tumor of MC38 tumor model (C) and CT26 tumor model (E) by ELISA. Quantitative analysis of
LDLR expression on cell membrane in MC38 tumors (D) and CT26 tumors (F) by immunofluorescence. Quantitative RT-PCR analysis of CD36
and TGF-b gene expression in MC38 tumors (G) and in CT26 tumors (H). "*" means p-value < 0.05 and "**" means p-value < 0.01 while "ns"
means not statistically significant.
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maintaining normal tissue homeostasis by restraining excessive

immune responses. However, the immunosuppressive effect of

Tregs also facilitates tumor cells to avoid immune surveillance

(24). Studies have indicated that Tregs performed

immunosuppressive function through multifaceted ways

including repressing the production of CD8+ T cell-derived

IFN-g and converting ATP to adenosine (25, 26). In our

research, we found that PCSK9 blockade could eliminate

increased tumor-infiltrating Tregs induced by PD-1 inhibitor.

As a result, the antitumor effect of PD-1 blockade was

significantly potentiated after Treg exclusion.

TGF-b signaling potentiates the immunosuppressive activity

of Tregs, leading to a poor outcome of PD-L1 blockade, and

TGF-b neutralization could help overcome the resistance to ICIs

(27–29). A previous study uncovered that PCSK9 deficiency

could reduce SMAD2 phosphorylation and further promote

TGFbR1 degradation in lysosome (30), indicating the internal

relation between PCSK9 and TGF-b in TME. Consistent with

these concepts, we observed the upregulation of TGF-b
Frontiers in Immunology 06
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expression during anti-PD-1 therapy, which could be

diminished by the administration of anti-PCSK9 antibody.

Furthermore, studies indicated that expression of CD36, a type

of scavenger receptor, was elevated on tumor-infiltrating Tregs

and CD8+ T cells (31). In Tregs, CD36 could facilitate lipid

uptake and stimulate mitochondrial fitness to maintain cell

survival and proliferation, while CD36 enhanced oxidized low-

density lipoprotein uptake and induced an unfavorable

metabolic reprogramming in CD8+ T cells (32, 33). In this

work, we confirmed that PD-1 blockade induced CD36

expression in CRC tumors and PSCK9 deficiency could

eliminate the increased CD36.

In summary, the efficacy of PD-1 inhibitor was related to the

expression level of PCSK9 in CRC. PCSK9-neutralizing antibody

could enhance the antitumor effect of PD-1 inhibitor with

increased CD8+ T-cell infiltration and Treg exclusion.

Moreover, inhibiting PCSK9 could regulate lipid metabolism

in CRC tumors via the downregulated expression of LDLR and

CD36 to remodel TME to pro-inflammatory circumstance.
B

C

A

FIGURE 4

(A) IHC staining of CD8a in tumor of the MC38 tumor model treated with anti-PD-1 or anti-PCSK9 antibody and quantitative analysis of positive
particles and (B) for the CT26 tumor model. (C) Flow cytometry analysis of CD45+, CD3+, and CD8+ T-cell infiltration in MC38 tumors. "*" means
p-value < 0.05 and "**" means p-value < 0.01.
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FIGURE 5

(A) IHC staining of Foxp3 in MC38 tumors treated with anti-PD-1 or anti-PCSK9 antibody and quantitative analysis of positive particles and (B)
for CT26 tumors. (C) Flow cytometry analysis of CD4+ and Foxp3+ T-cell infiltration in MC38 tumors. (D, E) Tumor volume in the mice under
the treatment of anti-PD-1 and anti-PCSK9 antibody with/without anti-CD8, anti-CD4, anti-NK1.1, and anti-CSF1R antibody. "*" means p-value <
0.05 and "**" means p-value < 0.01 while "ns" means not statistically significant.
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Overall, our research proposed a novel idea to overcome ICI

resistance in CRC by simultaneous inhibition of PD-1

and PCSK9.
Materials and methods

CRC cells and tumor models

Murine CRC cell lines MC38 and CT26 were cultured as

described in previous articles (34, 35). Mice were provided by

Shanghai Slack Laboratory Animal Co., Ltd. (Shanghai, China)

and the animal experiments were approved by the Animal

Ethical Committee of School of Pharmacy Fudan University.

CRC tumor models were also well established according to the

methods in the articles (34, 35). In brief, mice were randomly

divided into the indicated groups. The formula for tumor

volume was ½ × length × width2. Anti-PD-1 antibody

monotherapy for MC38 and CT26 CRC models was injected

(i.p.) twice a week at a dose of 5 mg/kg. Anti-PCSK9 antibody

was injected (i.p.) twice a week at a dose of 10 mg/kg. Anti-

CD8a, anti-CD4, antiNK1.1, and anti-CSF1R antibody was

injected (i.p.) 1 day before antibody treatment at doses of 200

mg, 200 mg, 400 mg, and 300 mg per mouse, respectively.
IHC staining

Tumor was fixed in formalin and then embedded with

paraffin for section preparation. After the sections were dewaxed

and hydrated, tissue antigen was repaired with citrate buffer.

Endogenous peroxidase was deactivated using H2O2 and then

blocked with BSA. The sections were incubated with primary

antibody and HRP-labeled secondary antibodies, respectively.

Then, these sections were counterstained with hematoxylin.

Images were obtained by a microscope for analysis. The

following were the antibodies used: rabbit anti-mouse CD8a

antibody (Servicebio, GB11068), rabbit anti-mouse

Foxp3 antibody (Servicebio, GB112325), rabbit anti-mouse

CSF1R antibody (Servicebio, GB11581), rabbit anti-

mouse NK1.1 antibody (abcam, ab289542), rabbit anti-mouse

CD11b antibody (Servicebio, GB11581), and rabbit anti-

mouse CD4 antibody (Servicebio, GB13064-2). Proportions of

the positive area were counted by ImageJ software.
IF staining

All operations were performed referring to a previous article

(36). Materials used were as follows: DAPI (Servicebio, G1012)

and rabbit anti-mouse LDLR antibody (Servicebio, GB11369).

Proportions of the positive area were counted by ImageJ software.
Frontiers in Immunology 08
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Flow cytometry analysis

Tumors were obtained to prepare single-cell suspension and

then incubated with red blood cells lysis buffer. Cell density was

adjusted to 1×106 per milliliter. Cells were incubated with anti-

CD16/32 antibody to block Fc receptors. After incubating with

antibody targeted cell surface antigen including anti-45, anti-

CD3, anti-CD8, anti-CD4, and anti-CD25 antibodies, cells were

fixed with 1× Foxp3 Fix/Perm buffer and next incubated with 1×

Foxp3 Perm buffer for the detection of intracellular antigen

Foxp3. Finally, cells were incubated with anti-Foxp3 antibody in

the dark at room temperature and analyzed with CytoFlex S

(Beckman). The antibodies used were as follows: anti-CD45

antibody (MultiSciences, Violetflour 450, cat.70-AM04512-100;

BioLegend, APC/Cyanine7, cat.103116), anti-CD3ϵ antibody

(BioLegend, PE/Cyanine7, cat.100320; BioLegend, PerCP/

Cyanine5.5, cat.100328), anti-CD4 antibody (BioLegend, APC,

cat.100412), anti-CD8a antibody (BioLegend, PerCP,

cat.100732; BioLegend, FITC, cat.100706), and anti-Foxp3

antibody (BioLegend, PE, cat.320008).
ELISA

All the operations were carried out according to the

manufacturer’ s instructions. ELISA kits used are as follows:

IFN-g ELISA kit (MultiSciences, cat. EK280/3-96), granzyme B

ELISA kit (MultiSciences, cat. EK2173-96), and PCSK9 ELISA

kit (Solarbio, cat. SEKM-0243).
RT-PCR analysis

All the operations were carried out according to the

manufacturer’ s instructions. Gene expression was normalized

to b-actin and calculated with the formula 2-DDCt. Reagent kits

used are as follows: TRIzol (Vazyme, cat. R401-01), HiScript II Q

RT SuperMix for qPCR kit (Vazyme, cat. R223-01), and ChamQ

Universal SYBR qPCR Master Mix kit (Vazyme, cat. Q711-02/

03). Primers are shown as follows: b-actin (F: AGCCTTCCT

TCTTGGGTATGG; R: CAACGTCACACTTCATGATGG

AAT), pcsk9 (F: GAGACCCAGAGGCTACAGATT; R: AAT

GTACTCCACATGGGGCAA), ifn-g (F: CAACAGCAAG

GCGAAAAAGG; R: CCTGTGGGTTGTTGACCTCAA),

gzmb (F: ATCAAGGATCAGCAGCCTGA; R: TGATGT

CATTGGAGAATGTCT), tnf-a (F: GCCACCACGCTCTT

CTGTCT; R: GGTCTGGGCCATAGAACTGATG), perforin

(F: AGCACAAGTTCGTGCCAGG; R: GCGTCTCTCATTAG

GGAGTTTTT), ldlr (F: CCTCAAGTACCTTGGTATGACGC;

R: GAGGCTGTCGGTCAGGATG), cd36 (F: TCGGAACTGTG

GGCTCATTG; R: CCTCGGGGTCCTGAGTTATATTTTC),

cd8a (F: CCGTTGACCCGCTTTCTGT; R: CGGCGTCCATTT
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TCTTTGGAA), and tgf-b (F: CCGCAACAACGCCATCTATG;

R: CTCTGCACGGGACAGCAAT).
Statistical analysis

Unpaired t-test, one-way ANOVA, or two-way ANOVA was

performed for the comparison between groups. Data are presented

as mean ± standard error. p-value < 0.05 was considered to be

significant ("*" means p-value < 0.05 and "**" means p-value < 0.01

while "ns" means not statistically significant).
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Response to apatinib and
camrelizumab combined
treatment in a radioiodine
refractory differentiated thyroid
cancer patient resistant to prior
anti-angiogenic therapy: A case
report and literature review

Jiayi Li1,2,3†, Xin Zhang1,2,3,4†, Zhuanzhuan Mu1,2,3,4, Di Sun1,2,3,4,
Yuqing Sun1,2,3,4 and Yansong Lin1,2,3*

1Department of Nuclear Medicine, Peking Union Medical College Hospital, Beijing, China, 2Beijing
Key Laboratory of Molecular Targeted Diagnosis and Therapy in Nuclear Medicine, Beijing, China,
3State Key Laboratory of Complex Severe and Rare Diseases, Peking Union Medical College
Hospital, Chinese Academy of Medical Science and Peking Union Medical College, Beijing, China,
4Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, China
Background: Patients with radioactive iodine refractory progressive (RAIR)

differentiated thyroid cancer (DTC) often developed resistance after first-line

therapy. Apatinib plus camrelizumab is a therapy with promising efficacy in

patients with other malignant cancers. Herein, we presented a case of

progressive RAIR DTC treated with apatinib plus camrelizumab.

Case presentation: We reported a 43-year-old man diagnosed as DTC with

metastases in the lungs, the 7th cervical vertebra, and malignant lymph nodes

mainly in the mediastinum. While initially showing disease stabilization after

giving the first-line multitargeted kinase inhibitor (MKI) therapy, the patient

developed progressive disease and was enrolled into a combined therapy with

both apatinib and camrelizumab on November 10, 2020. Upon the first 6

months, the combination therapy showed disease control in terms of both

stable structural lesions and biochemical thyroglobulin (Tg) level. Six months

later, a decrease over the targeted lesions was observed and a partial response

(PR) according to RECIST 1.1 criteria was finally achieved upon 12 months’

assessment, followed by the decline in serum Tg level. The main adverse event

was occasional diarrhea without treatment interruption.
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Conclusion: We reported a case with RAIR DTC that benefited from

combination immunotherapy, apatinib plus camrelizumab, after resistance

from donafenib. We observed a gradually getting better efficacy and a mild

and long duration of this combination therapy and hoped to provide a

therapeutic choice for these patients.
KEYWORDS

radioactive iodine refractory, differentiated thyroid cancer, combination immunotherapy,
multitargeted kinase inhibitors plus PD-1/PD-L1 inhibitors therapy, apatinib plus
camrelizumab treatment
Introduction

The progression in differentiated thyroid cancer (DTC) can

occur in up to approximately 20% after standard therapeutic

approaches in the 10-year follow-up (1). After radioactive iodine

(RAI) therapy, loss of the ability of iodine uptake can occur in

two-thirds of these patients, which are called RAI-refractory,

progressive differentiated thyroid cancer (RAIR-DTC) (2).

Those with RAIR-DTC have a 10-year survival rate less than

10% survival, which greatly reduce clinical dilemma.

Currently, two multitargeted kinase inhibitors (MKI)

sorafenib and lenvatinib have been approved for use in

patients with progressive RAIR DTC by the National Medical

Products Administration (NMPA) as the first-line systemic

therapy based upon their promising antitumor activity (3).

However, most RAIR-DTC patients developed resistance to

MKIs over the following 1 to 2 years (4). In addition, drug-

induced adverse effects were commonly seen with MKI

treatment under standard doses, which may downgrade the

patients’ quality of life and even lead to termination of MKI

therapy (5). Cabozantinib is a recently approved therapy after

first-line resistance (6). However, it is still a MKI therapy and

could not be available in Chinese patients.

Immunotherapy PD-1/PD-L1 inhibitors have also achieved

promising results in many tumor types such as melanoma and

non-small cell lung cancer (7). A non-randomized, phase Ib trial

KEYNOTE-028 estimated response of patients with RAIR-DTC

to PD-1 and observed objective responses in a minority of

patients (8). The influence of PD-1 treatment to RAIR-DTC

must be substantiated in subsequent clinical trials. The

combination of immunotherapy and MKIs is a topic of high

interest in the treatment of advanced malignant tumors.

Lenvatinib plus pembrolizumab showed more potent

antitumor activity compared with either agent alone in mouse

xenograft (9) and human studies (10), showing promising

benefit in RAIR-DTC (11). Apatinib is a domestic MKI which
02
200
showed rapid and significant efficacy in its phase II and phase III

studies conducted in progressive RAIR-DTC (12), and apatinib

plus camrelizumab is a combined therapy which has shown

promising efficacy recently in patients with hepatocellular

carcinoma or neuroendocrine carcinoma (13).

To our knowledge, apatinib combined with camrelizumab therapy

has not been systematically reported in thyroid cancers. We presented

here a case of progressive RAIR-DTC treated with apatinib plus

camrelizumab (ClinicalTrials.gov Identifier: NCT04560127).
Case presentation

A 43-year-old man diagnosed with follicular thyroid cancer

(FTC) with metastases in the lungs, the 7th cervical vertebra, and

malignant lymph nodes mainly in the mediastinum and

resistance to first-line MKI was given a combined therapy of

antiangiogenic MKI apatinib and anti-PD-1 antibody

camrelizumab in October 2020.

In 2015, the patient was diagnosed with DTC (Figures 1A, B)

and received radical thyroidectomy and subsequent RAI

therapy. Mutation analysis was performed, and results were

positive for TERT, BRAF p.L597Q, and VEGF, while negative

for RAS and BRAF p.VAL600. During the regular follow-up

including cervical ultrasound and chest computed tomography

(CT) scanning accompanied by TSH suppression therapy,

recurrences were found in cervical lymph nodes, mediastinal

lymph nodes, lungs, and the 7th cervical vertebra in 2017.

Therefore, he received cervical lymph node dissection and

several subsequent RAI therapies. However, his pulmonary

lesions did not take iodine revealed by whole-body iodine scan

after last RAI therapy in October 2019 (Figure 1C). Thus, he was

identified as RAIR after receiving several surgeries and RAI

therapies with a cumulative dose of 670 mCi. He was then given

a first-line MKI in October 2019. While initially showing disease

stabilization after giving the first-line MKI, the patient developed
frontiersin.org
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progressive disease (PD) and terminated the first-line MKI

therapy on September 10, 2020.

Followed by a 4-week discontinuation, the patient was enrolled

into an exploratory phase II clinical trial combining antiangiogenic

MKI apatinib and anti-PD-1 antibody camrelizumab in November

2020. The therapeutic schedule was given by 250 mg apatinib orally

once daily and 200 mg camrelizumab intravenously once every 2

weeks in a 4-week cycle. The patient was evaluated every cycle in the

first 2 cycles and every 2 cycles thereafter. During the first 6months’

assessment, the combination therapy initially showed disease

control in terms of both stable structural lesions and biochemical

thyroglobulin (Tg) level (Figure 2). Six months later from April

2021, the targeted and non-targeted lesions began to shrink rapidly

followed by a rapid decrease in serum Tg, and a partial response

(PR) according to RECIST 1.1 criteria was finally achieved upon 12

months’ assessment in October 2021 (targeted lesions: 4.7 to

2.9 cm) (Figures 2B, C). Along with this process, the biochemical

Tg level also decreased from 22,481 ng/ml (October 2020) to 5,351

ng/ml (October 2021) (Figure 2D).

During this process, the main adverse event was occasional

diarrhea without treatment interruption. The patient was in the state

of PR at the last assessment and will be followed up in the future.
Discussion

We presented here a case of RAIR DTC with disease

progression that responded to apatinib plus camrelizumab
Frontiers in Immunology 03
201
after resistance to an antiangiogenic drug. To our knowledge,

we believed this was the first case of RAIR DTC with disease

progression treated with apatinib plus camrelizumab. The

patient showed a durable and safe response of nearly 1 year.

In our case, the patient with RAIR DTC got resistant to the first

MKI donafenib. There were no public-approved treatments for

RAIR DTC patients who became resistant to MKI in China. A

number of previous clinical studies have explored the use of

camrelizumab combined with apatinib for hepatocellular

carcinoma, NSCLC, SCLC, cervical cancer, breast cancer,

osteosarcoma, esophageal squamous cell carcinoma, colorectal

carcinoma, gestational trophoblastic neoplasia, biliary tract cancer,

and gastric and esophagogastric junction cancer and showed

promising results (14–25) (Table 1). Another combination

therapy of immunotherapy PD-1 inhibitors and MKIs, lenvatinib

plus pembrolizumab, showed disease control in thyroid cancer.

Luongo et al. (26) showed that patients with paucicellular variant

anaplastic thyroid cancer reached PR 5 months after giving

lenvatinib plus pembrolizumab and PR persisted over 18 months.

Dierks et al. (27) and Iyer et al. (28) showed that disease control

happened in over half of patients with thyroid cancer after

lenvatinib plus pembrolizumab therapy (Table 2). The efficacy of

these studies was consistent with our research. Themechanismmay

be related to that use of MKI could normalize the abnormal tumor

vasculature, thus increasing the infiltration of immune effector cells

like CD4+ and CD8+ T cells into tumors (30–32). Preclinical

experiments also found that apatinib could enhance the efficacy

of PD-1/PD-L1 blockade through alleviating hypoxia, increasing
A C

B

FIGURE 1

(A) Hematoxylin and eosin (H&E) staining showing follicular thyroid cancer cells (magnification ×100). (B) Hematoxylin and eosin (H&E) staining
showing lymph node metastasis from follicular thyroid cancer (magnification ×100). (C) Whole-body iodine scan showed radioactive iodine refractory.
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the infiltration of CD8+ T cells, and reducing tumor-associated

macrophage recruitment and TGFb amounts in both tumor and

serum (33). The selection of dosing is also a question needed to be

resolved. Previous fundamental studies observed a more favorable

microenvironment for immunotherapy in low-dose apatinib

instead of high-dose treatment (33). Therefore, the dose of our

case is 250 mg apatinib in combination with 200 mg camrelizumab,

which was consistent with previous studies (Table 1).

The response pattern of this combined therapy featured as

initial stabilization and delayed tumor reduction was quite

different from the current effect of mono-MKI therapy, which

may suggest the difference between our combined effect and

monotherapy. As we previously mentioned, patients always

showed rapid response to antiangiogenic drugs but progressed

eventually. Previous studies found that in apatinib monotherapy,

the serum Tg level decreased as early as 2 weeks (34), the median

time to objective response was 1.9 months (29), and an expected

time to progression was between 11 and 18 months (33, 35).

Meanwhile, the response to immunotherapy seems to be more

durable. A study found that time to response for patients with

DTC after PD-1 inhibitor therapy who reached PR was 4 to

5 months (11). For our patient, time to PR was much longer than

previous research of apatinib monotherapy. In addition, we did

not find the patient who showed the same response pattern in

apatinib monotherapy. Therefore, the first 6-month response in

this patient may suggest the effect of a low-dose MKI to some
Frontiers in Immunology 04
202
extent, while the subsequent response may suggest the effect of

immunotherapy. The long duration indicated a mild and lasting

therapeutic effect of low-dose apatinib combined with

camrelizumab in thyroid cancer.

During this process, the main adverse event was occasional

diarrhea without treatment interruption. Adverse events

including hand–foot syndrome, hypertension, and proteinuria

are commonly observed in apatinib therapy but did not appear

in this patient (36), which may suggest the safety of a low-dose

schedule. The reactive cutaneous capillary endothelial

proliferation was a common adverse event in camrelizumab

therapy (37). There is a hypothesis that apatinib, a kind of

antiangiogenic drug, would inhibit the proliferation of

endothelial cells and thus would present a counteracting effect

against adverse effects of camrelizumab. Compared with

camrelizumab monotherapy, the skin capillary hyperplasia

symptoms in combined therapy were lower than

before (Table 1).

The change in serum Tg level in our case also suggested the

potential prediction value of serum Tg on target and

immunotherapy. The correlation between ps-Tg and

therapeutic response was proposed in 2015 American Thyroid

Association guidelines, and the relationship between Tg and

apatinib plus camrelizumab therapy needed to be confirmed (2).

Therefore, our results indicated the value of Tg in observing

response to target therapy.
A

C

B

D

FIGURE 2

(A) Timeline of the reported case. (B) Chest computed tomography (CT) scanning showed change of a pulmonary lesion which was located in
the left lower lobe of the lung. (C) Chest CT scanning showed change of a subcarinal lymph node lesion. (D) Change in the serum thyroglobulin
(Tg) level in each assessment.
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TABLE 1 Clinical trials for camrelizumab combined with apatinib for the treatment of other diseases.

Author Disease Interventions Efficacy Adverse event

Jianming
Xu et al.
(15)

Advanced
hepatocellular
carcinoma

Camrelizumab 200 mg (for
bodyweight ≥50 kg) or 3 mg/kg (for
bodyweight <50 kg) every 2 weeks
plus apatinib 250 mg daily

First-line ORR 34.3%, median PFS 5.7
months, 12-month survival rate 74.7%;
second-line ORR 22.5%, median PFS 5.5
months, 12-month survival rate 68.2%

Grade ≥3 AEs 77.4%, most hypertension
34.2%; serious AEs 28.9%, treatment-related
deaths 1.1%

Kuimin
Mei et al.
(14)

Advanced primary
liver cancer

Camrelizumab (3 mg/kg, once every
2 weeks) plus apatinib (125, 250,
375, or 500 mg; once per day)

ORR 10.7%, median PFS 3.7 months, median
OS 13.2 months

grade ≥3 AEs 92.9%

Shengxiang
Ren et al.
(16)

Advanced non-
squamous NSCLC

Camrelizumab 200 mg every 2
weeks plus apatinib 250 mg once
daily

ORR 40.0%, disease control rate 92.0%,
median PFS 9.6 months

Grade ≥3 AEs 80%

Yun Fan
et al. (17)

Extensive-stage SCLC Camrelizumab 200 mg every 2
weeks plus apatinib 375 mg once
daily

ORR 34.0%, median PFS 3.6 months, median
OS 8.4 months

Grade ≥3 AEs 72.9%; discontinued 8.5%

Chunyan
Lan et al.
(18)

Advanced cervical
cancer

Camrelizumab 200 mg every 2
weeks and apatinib 250 mg once per
day

ORR 55.6%, median PFS 8.8 months Grade ≥3 AEs 71.1%, hypertension 24.4%,
anemia 20.0%, fatigue 15.6%

Jieqiong Liu
et al. (19)

Advanced triple-
negative breast cancer

Camrelizumab every 2 weeks with
apatinib 250 mg at either
continuous dosing (d1–d14) or
intermittent dosing (d1–d7)

Continuous cohort: ORR 43.3%, median PFS
3.7 months; intermittent cohort ORR 0,
median PFS 1.9 months

Grade ≥3 AEs 46.7%

Lu Xie
et al. (20)

Advanced
osteosarcoma

Apatinib 500 mg once daily plus
camrelizumab 200 mg by every 2
weeks

ORR 20.9%, Median PFS 6.2 months, median
OS 11.3 months

Grade ≥3 AEs 69.8%

Xiangrui
Meng et al.
(21)

Advanced esophageal
squamous cell
carcinoma

Camrelizumab 200 mg once every 2
weeks plus apatinib 250 mg once
daily

ORR 34.6%, disease control 78.8%, median
PFS 6.8 months, median OS 15·8 months

Grade ≥3 AEs 44%; most increased
aspartate aminotransferase 19%, increased
gamma-glutamyl transferase 19%, increased
alanine aminotransferase 10%

Chao Ren
et al. (22)

Metastatic colorectal
cancer

Camrelizumab 200 mg every 2
weeks and apatinib 250–375 mg
once daily

ORR 0%, disease control rate 22.2%, median
PFS 1.83 months, median OS 7.80 months

Grade 3 AEs 90%, most hypertension 30%

Hongyan
Cheng et al.
(23)

Chemorefractory or
relapsed gestational
trophoblastic neoplasia

Camrelizumab 200 mg every 2
weeks plus apatinib 250 mg once
per day

ORR 55%, complete response 50% Grade 3 AEs 60%

Dongxu
Wang et al.
(24)

Advanced biliary tract
cancer

Apatinib at 250 mg per a day and
camrelizumab intravenously at 200
mg every three weeks

PR 19%, disease control rate 71.4%, median
PFS 4.4 months, median OS 13.1 months

Grade ≥3 AEs 63.6%

Jianming
Xu et al.
(25)

Advanced
hepatocellular
carcinoma, gastric, or
esophagogastric
junction cancer

Camrelizumab 200 mg every 2
weeks and apatinib 125–500 mg
once daily

PR 50.0%, ORR 30.8% Grade ≥3 AEs 60.6%
Frontiers in
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ORR, objective response rate; PFS, progression-free survival; OS, overall survival; AEs, adverse effects; PR, partial response. SD, stable disease; PD, progressive disease.
TABLE 2 Clinical studies for lenvatinib combined with pembrolizumab for the treatment of thyroid cancer.

Author Disease Interventions Efficacy Adverse event

Christine
Dierks
et al. (27)

6 patients with
metastatic ATC and 2
patients with PDTC

Lenvatinib 14–24 mg daily combined with pembrolizumab
200 mg every 3 weeks

Overall PR 6/8, ATCs ORR 66%, median
PFS 17.75 months, median OS 18.5
months

Grade ≥3 AEs
50%

Cristina
Luongo
et al. (26)

One patient with
paucicellular variant
ATC

Lenvatinib (24 mg daily) in combination with pembrolizumab
(200 mg every 21 days)

PR achieved after 5 months, PR of lung
metastasis persisted over 18 months

Grade 3 diarrhea,
vomiting, and
weight loss

Priyanka C
Iyer et al.
(28)

12 patients with ATC 6 patients: pembrolizumab plus dabrafenib and trametinib; 5
patients: pembrolizumab plus lenvatinib; 1 patient:
pembrolizumab plus trametinib

PR 5/12 (42%), SD 4/12 (33%), PD 3/12
(25%), median OS 6.93 months, median
PFS 2.96 months

Fatigue, anemia,
hypertension
ATC, anaplastic thyroid carcinoma; PDTC, poorly differentiated thyroid carcinoma; ORR, objective response rate; PFS, progression-free survival; OS, overall survival; AEs, adverse effects;
PR, partial response; SD, stable disease; PD, progressive disease.
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Nano-Chemotherapy synergize
with immune checkpoint
inhibitor- A better option?

Xinye Qian1,2*†, Wang Hu1,2† and Jun Yan1,2†

1Center of Hepatobiliary Pancreatic Disease, Beijing Tsinghua Changgung Hospital, School of
Clinical Medicine, Tsinghua University, Beijing, China, 2School of Clinical Medicine, Tsinghua
University, Beijing, China
Immune checkpoint inhibitor (ICI) is one of the most important tumor

treatment methods. Although the therapeutic efficiency of immune

checkpoint inhibitor mono-therapy is limited, the combination of

chemotherapy plus immune checkpoint inhibitors has shown great

advantages in cancer treatment. This is mainly due to the fact that tumor

reactive T cells could fully provide their anti-tumor function as chemotherapy

could not only cause immunogenic cell death to increase antigen presentation,

but also improve the immunosuppressive tumor micro-environment to

synergize with immune checkpoint inhibitors. However, traditional

chemotherapy still has shortcomings such as insufficient drug concentration

in tumor region, short drug duration, drug resistance, major adverse events,

etc, which might lead to the failure of the therapy. Nano chemotherapeutic

drugs, which refer to chemotherapeutic drugs loaded in nano-based drug

delivery system, could overcome the above shortcomings of traditional

chemotherapeutic drugs to further improve the therapeutic effect of

immune checkpoint inhibitors on tumors. Therefore, the scheme of nano

chemotherapeutic drugs combined with immune checkpoint inhibitors might

lead to improved outcome of cancer patients compared with the scheme of

traditional chemotherapy combined with immune checkpoint inhibitors.

KEYWORDS

nano-chemotherapy, immune checkpoint inhibitor, treatment efficiency,
tumor, toxicity
Introduction

The development of immune checkpoint inhibitors (ICI) has brought new

opportunities for tumor patients (1). Mainly two kinds of immune checkpoint

inhibitors are currently applied in clinic, including CTLA-4 inhibitors (2) and PD-1/

PD-L1 inhibitors (3). Moreover, novel immune checkpoint inhibitors, like TIGIT

inhibitor (4), are under clinical trials. Its main principle is to restore the anti-tumor
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function of tumor-reactive T cells by blocking immune

regulation (inhibition) pathways (5). However, the

theoretically perfect immune checkpoint inhibitor mono-

therapy has not exceeded traditional cancer treatment in many

tumors like pancreatic cancer, breast cancer, etc (6). To Improve

treatment effect, the combination of immune checkpoint

inhibitors and chemotherapy has been invented. The

combination has already shown improved therapeutic effects

on a number of tumors, including esophageal cancer, lung

cancer, triple-negative breast cancer and so on (7). In this

paper, nano chemotherapeutic drugs are suggested as a better

option for combined immune checkpoint inhibitor therapy to

achieve better therapeutic effect in tumor patients by analyzing

the therapeutic principle behind this combination of immune

checkpoint inhibitor plus chemotherapy, and by comparing the

differences between Nano chemotherapeutic drugs and

traditional chemotherapeutic drugs.
Mechanism to improve the
therapeutic effect of immune
checkpoint inhibitor

The rationale of immune checkpoint inhibitor therapy is

based on the anti-tumor function of tumor reactive T cells

(CD8+ cytotoxic T lymphocytes) (8), which depend not only on

the inhibition of immunosuppressive pathways, but also on

other mechanisms.

First, the immune system must recognize tumor cells, which

depends on presentation of tumour antigens by antigen-

presenting cells (APC) (9). Apoptosis of tumor cells with new

antigens might not start the antigen presentation process (10),

which would lead to the failure of the immune system

recognizing tumor cells. Only when immunogenic cell death

(ICD, a type of cancer cell death involves the activation of the

immune system against cancer in immunocompetent hosts)

were triggered, APC cells would be activated and present the

specific antigens of tumor cells to tumor reactive T cells so that

these T cells could recognize tumor cells and produce anti-tumor

effect (11).

Second, tumor reactive T cells that could recognize tumor

antigens need to contact with tumor cells to provide their anti-

tumor effect. However, tumors develop multiple mechanisms to

escape the “hunt” from tumor reactive T cells. One way is to

exhaust tumor reactive T cells to impair their anti-tumor function,

like expressing immune checkpoint molecules (such as PD-L1) to

induce tumor reactive T cells apoptosis or exhaustion by

activating immunosuppressive pathways (12), or recruiting

immunosuppressive cells such as tumor associated macrophages

(TAM), tumor associated fibroblasts (CAF), regulatory T cells
Frontiers in Immunology 02
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(Tregs) and myelogenous suppressor cells (MDSCs) to suppress

the activity of cytotoxic T lymphocytes (CTLs) (13, 14).

Another way is to reduce the number of tumor reactive

T cells at the tumor site. The failure to attract tumour-reactive

T cells to the tumour could be caused by the lack of appropriate

chemokine secretion from the tumor (e.g. the down regulation of

CXCL9 prevents CD8+ T cell tumor-infiltration. Thus,

impairing anti-PD1 therapy) (15) . The activity of

immunosuppressive cells is also important for suppressing the

infiltration of CTLs into the tumor area; for example, CAF could

release chemokine CXCL12, which could inhibit T cell

infiltration in tumors (16). Also, this immunosuppressive

micro-environment could reduce the recruitment of DC cells

so that tumor antigens cannot be presented, resulting in the

failure of the adaptive immune system to recognize tumor cells

(16). Moreover, CTLs are not generally able to reach the edge

area of some tumors due to trapping within the stroma of tumor

or in the peri-tumoral tissue because of a unique architecture of

tumor immunosuppressive environment (16).

Therefore, if tumor antigen presentation and tumor reactive

T cells infiltration could be ensured, the therapeutic efficiency of

immune checkpoint inhibitors on tumors could be improved as

tumor reactive T cells could fully act its anti-tumor effect.
Mechanism and therapeutic effect of
chemotherapy plus immune
checkpoint inhibitor

Immune checkpoint inhibitor combined with chemotherapy

has been proved to increase the efficiency of tumor treatment in

a variety of clinical studies. For example, nivolumab (PD-1

antibody) plus first-line chemotherapy resulted in significantly

longer overall survival than chemotherapy alone in patients with

advanced esophageal squamous-cell carcinomaincluding

esophageal cancer (13.2 months vs 10.7 month) (17); the

combination of pembrolizumab (PD-1 antibody) with

standard chemotherapy of pemetrexed and a platinum-based

drug resulted in significantly longer overall survival and

progression-free survival than chemotherapy alone in

metastatic non-small cell Lung Cancer (18); Pembrolizumab

plus chemotherapy showed a significant and clinically

meaningful improvement in progression-free survival versus

placebo-chemotherapy among patients with metastatic triple-

negative breast cancer with CPS (combined positive score) of 10

or more (19); etc. The underlying mechanism is that while

immune checkpoint inhibitors block the immunosuppressive

pathways, chemotherapy might improve the presentation of

tumor antigen and the infiltration of tumor reactive T cells.
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On the one hand, traditional chemotherapy could lead to

immunogenic cell death (ICD) of tumor cell (20), which could

promote the presentation of tumor antigens so that the adaptive

immune system could recognize tumor cells. Importantly, the

molecular mechanism by which chemotherapeutic drugs

activate the immune activation pathway does not necessarily

overlap with its cytotoxic mechanism. It is reported that the

DNA-intercalating agents adriamycin and oxaliplatin, mainly

inhibit topoisomerase II at clinically relevant doses, could also

induce eIF2a phosphorylation in enucleated cancer cells. This

means that these chemotherapeutic drugs could act on

cytoplasmic (extra-nuclear) structures to stimulate ICD related

stress pathways (21), suggesting that the traditional

chemotherapy drugs could still promote antigen presentation

of tumor cells even if they fail to cause tumor cell death directly.

Recent studies found that a variety of chemotherapy drugs,

including carboplatin (22) and gemcitabine (23), could

promote the recruitment of DC cells in tumor micro-

environment, further indicating that they could facilitate the

adaptive immune system to recognize tumor cells. The

mechanism might be as follows: the activation of ICD-linked
Frontiers in Immunology 03
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danger signaling; the elevation of cytokine secretion, such as type

I IFNs; the reversal of immunosuppressive micro-environment,

such as the depletion of TAMs, the decreased secretion of

TGFb, etc.
On the other hand, traditional chemotherapy could reverse

the immunosuppressive tumor micro-environment, including the

depletion of immunosuppressive cells, like CD4+CD25+FOXP3+

regulatory T (Treg) cells, myelogenous suppressor cells (MDSCs)

and M2 like tumor associated macrophages (TAMs) (24, 25), and

the activation of immune effector cells, including M1 like TAMs

(26), DCs (27) and CTLs (28). Meanwhile, chemotherapy could

also increase reactive T cell infiltration in tumor areas, which

further ensures the anti-tumor effect of tumor reactive T cells. A

systematic review including 110 studies confirmed that

chemotherapy cou ld regu la te the tumor immune

microenvironment, including increasing infiltration of CD8+

cytotoxic T cells, reduction of FOXP3+ Treg and higher PD-L1

expression (29), proving that traditional chemotherapy could

cooperate with immune checkpoint inhibitors to improve the

anti-tumor ability of tumor reactive T cells by altering tumor

immune micro-environment (Figure 1A). The mechanism of
A

B

FIGURE 1

Mechanism and advantage of nano-chemotherapy. (A) Mechanism of chemotherapy to synergize with immune checkpoint inhibitor; (B)
Advantages of nano-chemotherapy compared with traditional chemotherapy. MHC-I, major histocompatibility complex class I;ERV,
endogenous retrovirus; TAA, tumour associated antigen; TNA, tumour neoantigen; CALR, calreticulin; HSP, heat shock protein;ANXA1, annexin
A1; HMGB1, high mobility group box 1; IFN, interferon; TH1, T helper 1; CTL, cytotoxic T lymphocyte; NK, natural killer cells; MDSC, myeloid-
derived suppressor cell; Treg, regulatory T cells.
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increasing infiltration of CD8+ cytotoxic T cells after

chemotherapy might be that chemotherapy like gemcitabine, 5-

Fluorouracil, etc, might decrease Treg and MDSC numbers and

increase pro-inflammatory cytokines (such as IFN-g, IL-2, IL-6,
etc) in the tumor region, leading to T cell infiltration to the tumor

(24, 25), though further validation is needed.

Based on the above analysis, the combination of

chemotherapy and immune checkpoint inhibitors could be

called a “Golden Combination” as tumor reactive T cells to

fully exert their anti-tumor effects. This is because chemotherapy

could promote tumor antigen presentation and tumor reactive T

cells infiltration while the immune checkpoint inhibitor could

block the immunosuppressive pathway.

However, the disadvantages of traditional chemotherapy

might affect this “Golden Combination”. First of all, traditional

chemotherapy is usually administrated by a single dose at a

regular interval (the interval of chemotherapy is usually over 3

weeks because of its side effects on patients). Drug concentration

at tumor region would rapid decrease after chemotherapy

(within 3 days after chemotherapy), which might reduce the

tumor’s response to chemotherapy (30). Such a drug delivery

method might also produce a drug resistance mechanism in

tumor cells by over-expression of membrane transporters, like

P-glycoproteins on the membrane surface that could expel

chemotherapeutic drugs from cells, causing a decrease in the

total amount of drugs in cells and failure of chemotherapy (31).

These would result in the failure of combination therapy

(immune checkpoint inhibitor plus traditional chemotherapy)

because tumor antigen could not be present and tumor immune

micro-environment could not be improved.

Second, traditional chemotherapy often causes serious side effects

in cancer patients (32). Traditional chemotherapy might suppress the

immune system by causing lymphocyte depletion (33, 34), which

might be detrimental to cancer treatment basing on normal quantity

and function of T cells, such as immune checkpoint inhibitor.

Although the depletion of lymphocytes might restart the immune

system so that the immune system can better fight against tumors

(35), this theory has not been confirmed. In addition, doxorubicin

and gemcitabine have been found to increase circulating MDSC cells

in patients (36), which might worsen the tumor immune micro-

environment. Moreover, traditional chemotherapy would cause

multiple side effects, including gastrointestinal toxicity (loss of

appetite, nausea, vomiting, diarrhea, malabsorption and disorders),

myelosuppression, liver and kidney function damage, etc (37).

Immune checkpoint inhibitor would also cause side effects,

including cardiotoxicity, abnormal liver function, kidney failure, etc

(38). Side effects from both chemotherapy and immune checkpoint

inhibitor would decrease patient’s tolerability, leading to increased

drop out rate or prolonged treatment interval among cancer patients

receiving this combination therapy. As a result, these patients might

not get better treatment results. In addition, many chemotherapeutic
Frontiers in Immunology 04
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drugs, such as paclitaxel (39), have to be administrated with steroids

to reduce their side effects because of their strong toxic effects; but

steroids have immunosuppressive effect in mechanism, which would

harm the anti-tumor function of T cells (40).
Nano chemotherapy

Nano chemotherapeut ic drugs , which re fer to

chemotherapeutic drugs loaded in nano-based drug delivery

system, are developed to overcome the shortcomings of

traditional chemotherapy, including low bio-availability, low

local concentration, short duration, major systemic side effects,

etc. There are mainly two kinds of nano chemotherapeutic drugs

in clinic currently, including Nab-paclitaxel and liposomal

chemotherapeutic drugs (Table 1).

Table 1 Nano-chemotherapeutic Drugs approved in clinic.

Nab-paclitaxel is a 130 nm particle formulation comprising

albumin nanoparticles and paclitaxel with non-covalent bonds,

which could largely reduce the adverse effect of solvent-based

paclitaxel, including bone marrow suppression, allergic

reactions, neurotoxicity and systemic toxicity (52). Food and

Drug Administration (FDA) lists nab-paclitaxel as a vital drug

for the treatment of non-small cell lung cancers, pancreatic

cancers and breast cancers. Patients with relapsed small cell lung

cancer who received nab-paclitaxel had a response rate of 29.4%,

prolonged progression-free survival (48 days), and prolonged

overall survival (134 days) (53). A systematic review including 63

studies has shown that nab-Paclitaxel continues to demonstrate

promising efficacy in breast cancer, including high pathological

complete response rates in early-stage breast cancer, particularly

in triple-negative breast cancer, and encouraging overall survival

in metastatic breast cancer across doses and schedules (54).

Furthermore, nab-paclitaxel plus gemcitabine significantly

improved overall survival, progression-free survival, and

response rate in patients with advanced pancreatic cancer with

acceptable adverse events (55), suggesting nab-paclitaxel could

combine with other chemotherapy or anti-tumor therapy.

Liposomal chemotherapeutic drugs are chemotherapeutic

drugs loaded in liposomes (a revolutionizing nano carrier).

Their success is attributed to stable drug loading, extended

pharmacokinetics, reduced off-target side effects, and enhanced

delivery efficiency to disease targets (56). There are more kinds

of liposomal chemotherapeutic drugs than albumin nanoparticle

based chemotherapeutic drugs as various chemotherapeutic

drugs could be loaded in liposomes (57). Pegylated liposomal

doxorubicin provides comparable efficacy to doxorubicin, with

significantly reduced cardiotoxicity, myelosuppression, vomiting

and alopecia as first-line therapy for patients with metastatic

breast cancer (58). Phase III NAPOLI-1 trial showed that

intravenous administration of liposomal irinotecan + 5-FU/LV
frontiersin.org
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to gemcitabine-pretreated patients with metastatic pancreatic

adenocarcinoma was associated with a prolonged overall

survival compared with 5-FU/LV alone (2 months) (59). All

these founding demonstrated that nano chemotherapeutic drugs

play a vital role in cancer treatment.
Potential combination of nano-
chemotherapy plus immune
checkpoint inhibitor

In the combination therapy of chemotherapy plus immune

checkpoint inhibitor, only local therapeutic effect of

chemotherapy in the tumor region is needed. Jie Mei et al. has

confirmed this concept in patients with hecepocellular

carc inoma (HCC) , which i s normal ly cons idered

chemotherapy insensitive (59). Researchers combined hepatic

arterial infusion chemotherapy (HAIC), a local chemotherapy

technique, with immune checkpoint inhibitor (PD-1 Inhibitor)

and tyrosine kinase inhibitor (Lenvatinib) to treat hepatocellular

carcinoma; This treatment scheme showed higher treatment

efficiency in hepatocellular carcinoma as the objective response

rate (ORR) was 40% with acceptable complications as every

patient in the HAIC group finished the treatment with less major

adverse events (60). This provides a theoretical basis for the

combination of local chemotherapy plus immune checkpoint

inhibitor to treat cancers. Based on the above facts, nano

chemotherapeutic drugs might have great potential in
Frontiers in Immunology 05
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combination therapy with immune checkpoint inhibitors for

cancer patients.

Firstly, concentration of nano chemotherapeutic drugs

in tumor region would be higher than tradit ional

chemotherapeutic drugs, improving the therapeutic effect.

Compared with the traditional doxorubicin, Doxil (liposomal

doxorubicin) showed 4 to 16 times the doxorubicin

concentration in the tumor regions of patients using the drug

(61). Other studies on the tissue distribution of Doxil using mice

models also showed that drug concentration of Doxil in tumor

regions was significantly higher than that of free doxorubicin

(62). Similarly, animal studies have confirmed that nab-

paclitaxel would aggregate in the tumor regions; it also

presents a higher bio-availability than its traditional

counterpart (63). Jiao-Ren Huang et al. have confirmed that

liposomal irinotecan not only increased local drug

concentration, but also lasted significantly longer than

conventional drugs in the tumor region (64). These evidences

showed that nano chemotherapeutic drugs could indeed achieve

higher drug concentration and longer existence in tumor area

than traditional chemotherapeutic drugs, allowing nano

chemotherapy drugs to achieve better clinical therapeutic

effect. The combination therapy of liposome irinotecan and 5-

fu/lv has improve the overall survival of patients with advanced

pancreatic cancer (59); Thus, the treatment schedule is

recommended as the second-line treatment for advanced

pancreatic cancer. Liposomal doxorubicin has also been

recommended by NCCN guidelines for the treatment of

ovarian cancer, non Hodgkin’s lymphoma, multiple myeloma,
TABLE 1 Nano-chemotherapeutic Drugs approved in clinic.

Product name Drug Targeted tumor Main cytokines Immune infiltrate Reference

Doxil/Caelyx Liposomal Doxorubicin Breast cancer;
Kaposi’s sarcoma;
Ovarian cancer

↑IL-1b, IL-12, IFNg ↑DCs, CD8+ CTLs,
CD4+ T cells; ↓MDSCs,
Treg cells

(41)

Myocet Liposomal Doxorubicin Breast cancer (42)

DaunoXome Liposomal Daunorubicin Kaposi’s sarcoma ↑Type I IFNs,
IFNg, IL-17

↑DCs, CD8+ CTLs, NK cells; ↓Treg cells (43)

Lipusu Liposomal Paclitaxel Gastric cancer ↑IL-1b, IL-12, TNF ↑DCs, M1 macrophages;
↓Treg cells

(44)

Abraxane Nab-paclitaxel Breast Cancer;
pancreatic cancer;
Non-small cell lung cancer

(45)

Endo-Tag-1 Cationic liposomal paclitaxel Solid tumors (46)

Marqibo LiposomalVincristine Solid Tumors;
Acute lymphoblastic leukemia

ND ↑DCs (47)

Onivyde LiposomalIrinotecan Pancreatic cancer ND ↑DCs, CD8+ CTLs (48)

CPX-1 LiposomalIrinotecan Colorectal cancer (49)

SPI-077 Liposomal Cis-platin Solid tumors ↑Type I IFNs, IFNg ↑DCs, CD8+ CTLs, NK cells (50)

Lipoplatin Liposomal Cis-platin Ovarian cancer;
Metastatic non-small cell lung cancer;
breast cancer

(51)
fro
IL, interleukin; IFN, interferon; CTL, cytotoxic T lymphocyte; DC, dendritic cell; MDSC, myeloid-derived suppressor cell; NK, natural killer; NKT, natural killer T; ND, not determined;
Treg, regulatory T cell.
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breast cancer, uterine tumor, soft tissue sarcoma and other

malignant tumors (65). Nab-paclitaxel has also been approved

for the first-line treatment of non-small cell lung cancer and the

treatment of advanced pancreatic cancer (53). These evidences

further illustrate the advantages of nano chemotherapeutic drugs

over traditional chemotherapeutic drugs.

Secondly, nano chemotherapy drugs could reduce systemic

toxicity. Almost all the clinical trials of nano chemotherapeutic

drugs have proved this point. In a study comparing traditional

paclitaxel with nab-paclitaxel, although there was no significant

difference in the incidence and degree of side effects between the

two drugs, almost every patient in the traditional paclitaxel

group received steroid treatment; moreover, patients in the

traditional paclitaxel group were more likely to have

granulocytopenia above grade 4 (66). A meta-analysis showed

that liposomal doxorubicin has less cardio- and other- toxicity

than traditional doxorubicin (67). A real-world study found that

liposomal doxorubicin could significantly reduce bone marrow

suppression, nausea, anorexia and cardiotoxicity caused by

traditional chemotherapy (68). These facts not only indicate

that patients’ compliance might be improved using nano

chemotherapeutic drugs, but also indicate that nano

chemotherapeutic drugs could allow more combination

treatments for cancer patients. For example, a combination of

three drugs is used for advanved pancreatic cancer, including

liposomal doxorubicin, PD-1 inhibitor and CXC4 inhibitor; The

low toxicity of nano chemotherapeutic drugs greatly enhanced

the tolerance of the scheme (69). If the study use traditional

doxorubicin instead of liposomal doxorubicin, increasing drop

out rate of patients would be observed. Furthermore, due to the

decrease of systemic drug concentration, the inhibitory effect of

nano chemotherapy drugs on patients’ systemic immune system

is also significantly reduced, which might protect the number

and the function of T cells, which play an important role in

cancer immunotherapy (Figure 1B).

In 2019, nab-paclitaxel combined with PD-L1 inhibitor was

written into the treatment guidelines for metastatic triple

negative breast cancer due to its good therapeutic effect with

an ORR rate of 56%, much higher than historical ORR of nab-

paclitaxel or PD-L1 inhibitor alone (70). In a phase 2 clinical

trial, the authors found the combination of pembrolizumab and

liposomal doxorubicin was manageable, without unexpected

toxicities, and showed preliminary evidence of clinical benefit

in the treatment of platinum resistant ovarian cancer (71). The

ORR (26.1%) of combination therapy in this study was higher

than that of liposomal doxorubicin (ORR 8.3%) or anti-PD-1/

PD-L1 agents (ORR 7.4%) alone in advanced ovarian cancer.

Another study focusing on relapsed/refractory classical Hodgkin

lymphomaon found that the GVD (gemcitabine, vinorelbine,

liposomal doxorubicin)+PD-1 group tended to have a higher CR

rate than GVD group (85.2% vs. 65.8%), and had a better event-

free survival (the toxicity of the GVD+PD-1 regimen was

comparable to the GVD regimen) (72). In addition, in the
Frontiers in Immunology 06
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study of using liposomal irinotecan combined with

pembrolizumab (a PD1 monoclonal antibody) and CXCR4

inhibitor to treat pancreatic cancer, the ORR reached 13.2%

while the DCR reached 63.2% (60 53). More studies focusing on

the combination of nano chemotherapy plus immune

checkpoint inhibitor is going on. The ALICE study is planning

to compare the therapeutic effect between atezolizumab (PD-L1

inhibitor) plus immunogenic chemotherapy (liposomal

doxorubicin + cyclophosphamide) and immunogenic

chemotherapy alone on metastatic triple-negative breast cancer

(73). Although few clinical studies have been completed so far,

these clinical results have already shown that nano

chemotherapy drugs combined with immune checkpoint

inhibitors might be a potential treatment scheme better than

the current traditional chemotherapy plus immune

checkpoint inhibitor.

Although clinical evidence is rare, the effectiveness and

advantages of therapeutic scheme of nano chemotherapeutic

drugs combined with immune checkpoint inhibitors have been

confirmed many times in vivo experiments. Kuai et al.

constructed liposomes loaded with doxorubicin to stimulate

the immune system and enhance the efficiency of

immunotherapy (74). Results showed that the liposomal

doxorubicin ccould trigger a strong CD8+ T cell response

without other off-target side effects. When the drug delivery

system was further combined with anti-PD-1 antibody, more

than 80% of the tumors in mice (both breast and colon cancer

models) were completely resolved (74). Moreover, Na Shen et al.

constructed P-cis, a kind of cisplatin nanoparticles. Vivo study

using tumor mice model showed that P-Cis plus PD1/PD-L1

inhibitors had synergistic and therapeutic advantages compared

with traditional cisplatin plus PD1/PD-L1 inhibitors (75).

These in vivo studies also confirmed that nano

chemotherapeutic drugs could have better local effects, including

causing antigen exposure, promoting antigen presentation, and

improving the tumor immune micro-environment (76), which

would further enhance the anti-tumor function of T cells whose

immunosuppressive pathway could be blocked by immune

checkpoint inhibitors. With these pre-clinical evidence, it could

be expected that more clinical data in the future would be able to

confirm the superiority of this scheme over the existing schemes.

Nano chemotherapy drugs could gather in the tumor region

and increase the local concentration of drugs. The enhanced

permeability and retention (EPR) effect might be the mechanism

for the local aggregation (77). There is a hypothesis that the EPR

effect is caused by the existence of vascular leakage and damage

to the lymphatic system in the tumor. Based on the EPR effect at

the tumor site, nano drugs could “passively” accumulate at the

site where the vascular permeability increases. In addition,

liposomes are not easy to leak into normal tissues with tight

endothelial connections so that the side effects of liposomes are

significantly reduced compared with free drugs. Active targeting

is another way to gather nano chemotherapeutic drugs in the
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tumor region. In order to achieve the active targeting of cancer

sites, a variety of ligands are utilized to exploit any specific

antigens expressed by cancer cells, which exhibited increased

drug delivery to prostate tumor tissue compared to non-

targeting nanoparticles (77). However, there is no active-

targeting nano chemotherapeutic drugs applied in clinic

currently. Because of their better tumor targeting effect, nano

chemotherapeutic drugs with active targeting might be even

better than the current nano chemotherapeutic drugs, with more

local therapeutic effects and less side effects.

At present, there are few choices of nano chemotherapeutic

drugs, which might be due to the limited therapeutic effect of

mono-chemotherapy in many advanced tumors, resulting in the

slow development of new nano chemotherapeutic drugs. The

current treatment scheme of chemotherapy combined with

immune checkpoint inhibitors has given new value to nano

chemotherapeutic drugs. It does not necessarily lie in the direct

anti-tumor effect, but in improving the tumor local immune

micro-environment to enhance cancer treatment. Many nano

chemotherapeutic drugs use nano vehicles that have already

been proved by the FDA, such as liposomes (78). If the treatment

scheme could improve the clinical treatment effect for advanced

tumors, novel nano chemotherapeutic drugs might soon be

developed and put into clinical practice.
Summary and future perspective

Nano chemotherapy drugs combined with immune

checkpoint inhibitors might be a better combination to

improve the efficiency of the current scheme of traditional

chemotherapy plus immune checkpoint inhibitors in the

treatment of tumors. This combination could not only

increase the local therapeutic effect of chemotherapy, including

increasing antigen presentation and improving the immune

micro-environment, thus increasing the therapeutic effect of

immune checkpoint inhibitors, but also reduce T cells

depletion and systemic toxicity of chemotherapy drugs so that

patients would better tolerate this treatment regimen, which

would benefit cancer patients ultimately. Current evidence from

clinical trials are limited; further validation for its safety and

efficiency is needed. Also, novel kinds of nano-chemotherapeutic

drugs with better tumor targetability could be expected to
Frontiers in Immunology 07
212
improve the therapeutic effect of nano-chemotherapy plus

immune checkpoint inhibitors.
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Hallmark-guided subtypes
of hepatocellular carcinoma
for the identification of
immune-related gene
classifiers in the prediction of
prognosis, treatment efficacy,
and drug candidates

Chengbin Guo1†, Yuqin Tang2†, Zhao Yang3,
Gen Li1* and Yongqiang Zhang4*

1Guangzhou Institute of Pediatrics, Guangzhou Women and Children’s Medical Center, Guangzhou
Medical University, Guangzhou, China, 2State Key Laboratory of Southwestern Chinese Medicine
Resources, School of Basic Medical Sciences, Chengdu University of Traditional Chinese Medicine,
Chengdu, China, 3West China School of Medicine, West China Hospital, Sichuan University,
Chengdu, China, 4Wuhan Institute of Virology, Center for Biosafety Mega-Science, Chinese
Academy of Sciences, Wuhan, China
Hepatocellular carcinoma (HCC), accounting for ~90% of all primary

liver cancer, is a prevalent malignancy worldwide. The intratumor

heterogeneity of its causative etiology, histology, molecular landscape, and

immune phenotype makes it difficult to precisely recognize individuals with

high mortality risk or tumor-intrinsic treatment resistance, especially

immunotherapy. Herein, we comprehensively evaluated the activities of

cancer hallmark gene sets and their correlations with the prognosis of HCC

patients using gene set variation analysis (GSVA) and identified two HCC

subtypes with distinct prognostic outcomes. Based on these subtypes, seven

immune-related genes (TMPRSS6, SPP1, S100A9, EPO, BIRC5, PLXNA1, and

CDK4) were used to construct a novel prognostic gene signature [hallmark-

guided subtypes-based immunologic signature (HGSIS)] via multiple statistical

approaches. The HGSIS-integrated nomogram suggested an enhanced

predictive performance. Interestingly, oncogenic hallmark pathways were

significantly enriched in the high-risk group and positively associated with

the risk score. Distinct mutational landscapes and immune profiles were

observed between different risk groups. Moreover, immunophenoscore (IPS)

and tumor immune dysfunction and exclusion (TIDE) analysis showed different

sensitivities of HGSIS risk groups for immune therapy efficacy, and the

pRRophetic algorithm indicated distinguishable responses for targeted/

chemotherapies in different groups. KIF2C was picked out as the key

target concerning HGSIS, and the top 10 small molecules were predicted to

bind to the active site of KIF2C via molecular docking, which might be

further used for candidate drug discovery of HCC. Taken together, our study
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offers novel insights for clinically significant subtype recognition, and the

proposed signature may be a helpful guide for clinicians to improve the

treatment regimens.
KEYWORDS

hepatocellular carcinoma, hallmark gene sets and molecule subtypes, immunotherapy
efficacy, immune infiltration, prognosis, molecular docking
Introduction

Liver cancer is the fourth leading cause of cancer-related

death and hepatocellular carcinoma (HCC) is the most prevalent

type of liver cancer (1). The infection of hepatitis B virus (HBV)

and hepatitis C virus (HCV) is the main etiological risk factors

for HCC, although non-alcoholic steatohepatitis (NASH)

associated with metabolic syndrome or diabetes mellitus is the

fastest-growing cause of HCC, especially in the West (2). HCC is

a highly heterogeneous disease, which arises in a background of

long-time chronic liver diseases in most cases (3). HCC

heterogeneity is constituted by multiple features including

genomic instability, molecular and signal transduction network

disorders, and microenvironment discrepancies, contributing to

the main reason for the ineffectiveness of traditional treatment

(4–6). Likewise, the intralesional, interlesional, and intertumoral

heterogeneity of HCC is challenging the prognostic prediction

and personalized therapy development for HCC patients (7).

Thus, identification of HCC subtypes with clinical significance

and novel prognostic biomarkers or signatures are urgently

needed for improved risk stratification and personalized

treatment in HCC patients.

Exploring molecular alterations and signaling pathways

related to cancer hallmarks is critical for classifying HCC

subtypes to devise personalized treatments. While traditional

experimental approaches that focus on one signaling pathway or

a molecule could provide insight into the understanding of

cancer initiation or progression, they are not suitable to

develop a valid standard of HCC classification for further risk

assessment. Meanwhile, gene set-based approaches have

attracted considerable attention for HCC risk stratification

recently; for example, ferroptosis-related genes, hypoxia-

related genes, and lipid metabolism-related genes have been

investigated to develop prognostic gene signatures in HCC

(8–10). However, systematic exploration of cancer hallmark-

related multiple gene sets to define HCC subtypes with appealing

implications for the prediction of prognosis, treatment

responses, and candidate drugs is still limited.

Recent studies have found that the tumor immune

microenvironment (TIME) has a significant impact on the
02
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occurrence and development of tumors (11, 12). In HCC,

cancer immunotherapy is developing rapidly since

encouraging clinical outcomes have been obtained with

monoclonal antibodies (mAbs), which target immune

checkpoints to reverse the inactivation of T cells to eliminate

tumor cells. Hopefully, for patients with advanced HCC,

nivolumab, the PD1 inhibitor, was approved in the United

States (13). Tremelimumab, an anti-CTLA4 immune

checkpoint inhibitor (ICI), made exciting progress in a clinical

trial (14). The combination of the anti-PD1 antibody

atezol izumab and the VEGF-neutral iz ing antibody

bevacizumab is exceedingly promising as a first-line drug for

the treatment of HCC (15). However, immune cells constitute

the trickiest component of the tumor microenvironment (TME)

in HCC, of which the heterogeneity poses a significant challenge

for the classification of HCC, leading to the uncertainty of

prognosis (16).

Gene set variation analysis (GSVA) is a state-of-the-art

framework to generate sample-level pathway scores in an

unsupervised manner from gene expression profiles, which

represents the starting point to develop pathway-centric

models of biology and provides increased power than other

sample-wise enrichment approaches to evaluate the variation of

pathway activity. Compared with the popular gene set

enrichment analysis (GSEA) method, GSVA is a more

convenient algorithm without having to pre-define the classes

of a given sample population, and it provides greater biological

interpretability (17). In the present study, the GSVA scores of 50

hallmark gene sets from the molecular signature database

(MSigdb) (18, 19) were computed using the TCGA-LIHC

dataset, and robust prognostic hallmark gene sets were

comprehensively screened and used to generate two HCC

subtypes with divergent survival outcomes. Based on the two

subtypes, a seven-gene immunologic signature that was named

HGSIS for predicting the prognosis of HCC was established and

validated with multiple statistical approaches. Distinct TIME

profiles and mutational landscapes regarding HGSIS were

characterized, and the significant association between HGSIS

and immunotherapy efficacy was unraveled. Notably, we

predicted candidate drugs that might bind to the crucial target
frontiersin.org
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of HGSIS with molecular docking. The flowchart of the study is

shown in Figure 1.
Materials and methods

Patient information and
data collection

Gene expression data of HCC patients were downloaded

from The Cancer Genome Atlas (TCGA) and International

Cancer Genome Consortium (ICGC) databases. Those patients

with incomplete overall survival (OS) information and with an

OS time of <30 days were excluded as reported before (20, 21).

The clinicopathological features and other types of survival

outcomes including progression-free survival (PFS), disease-

free survival (DFS), and disease-specific survival (DSS) were

also collected. The transcriptomic stemness index mRNAsi

evaluating the degree of cancer stemness for each of all the

HCC patients from the TCGA dataset was computed with the

OCLR-based algorithm (22). Consequently, 336 samples from

TCGA (the whole TCGA cohort) and 238 samples from the

ICGC (ICGC-LIHC-JP) were included in the study. The whole

TCGA cohort was randomly divided into the training dataset

(n = 222) and validation dataset (n = 114) with an approximate

ratio of 2:1. Moreover, the whole TCGA cohort and the ICGC-

LIHC-JP cohort further served as the internal and external

va l ida t ion se t s . The pa t i en t popu la t i on and the

clinicopathological characteristics are summarized in

Supplementary Table 1. The normalized RNA sequencing

profiles were retrieved and preprocessed as previously

reported (20, 23, 24). For the analysis of somatic mutation

information, we gathered the available mutation annotation
Frontiers in Immunology 03
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format (MAF) file from the TCGA data portal (http://tcga-

data.nci.nih.gov/tcga/) using the “maftools” package (25).

Additionally, 1,118 unique immune-related genes (IRGs)

were achieved from the Immunology Database and Analysis

Portal (ImmPort) database (https://www.immport.org/

home) (26).
Gene set variation analysis and
consensus clustering

The relative enrichment scores of the 50 cancer hallmark

gene sets from Msidb (h.all.v7.1.symbols) (19) for the whole

TCGA cohort, which were used to estimate the activities of these

cancer hallmark pathways, were computed by the GSVA

algorithm using the “GSVA” package (17). Kaplan–Meier

analysis with log-rank test was utilized to examine the

associations between each gene set and the OS. To increase the

robustness of the prognostic gene sets, we adopted the “multi-

split” strategy with 100 randomized subsamples as we reported

before (24), and only those that repeatedly showed significance

in all 100 times were considered as prognostic gene sets

(Supplementary Figure 1). Based on the prognostic gene sets,

unsupervised clustering was applied for all the HCC patients

from TCGA with the “ConsensusClusterPlus” package (27) to

distinguish different molecular patterns with divergent OS

outcomes. This process was performed with 1,000 iterations by

sampling 80% of all the data for each iteration to ensure

clustering stability. The optimal clustering number was

comprehensively determined by the item-consensus plots, the

consensus heatmap, and the change in the area under the

cumulative distribution function (CDF) curves, which was

further confirmed by the proportion of ambiguous clustering
FIGURE 1

Flowchart of the current study.
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(PAC) algorithm (28, 29). Two hallmark-guided subtypes with

distinct OS outcomes were recognized and visualized with

principal component analysis (PCA) plots. Additionally,

Kaplan–Meier plots were depicted to evaluate the prognosis of

patients in different Hallmark-guided subtype groups.
Screening of the immune-related DEGs
(IRDEGs) between HCC subtypes

Differentially expressed genes (DEGs) between the two

hallmark-guided subtypes were screened by the “limma”

package with the criteria of adjusted p-values <0.01 and |

logFC| >1 (30, 31). A volcano plot was drawn to show these

DEGs using the “ggplot2” package (https://cran.r-project.org/

web/packages/ggplot2), followed by the identification of

IRDEGs with a Venn plot. The “pheatmap” package was

utilized to show the IRDEGs’ expression patterns between the

two HCC subtypes. As previously described, Gene Ontology

(GO) enrichment and Kyoto Encyclopedia of Genes and

Genomes (KEGG) analysis for these IRDEGs were conducted

via the “clusterProfiler” package with an adjusted p < 0.05 (20,

23, 32).
Signature establishment
and evaluation

The aforementioned IRDEGs were next subjected to the

comprehensive feature selection, followed by the construction

of the HGSIS signature on the training set, whose effectiveness

and performance were evaluated on the training and validation

datasets. Specifically, Univariate Cox (UniCox) proportional

hazards regression analysis was used to pick out candidate

IRDEGs with prognostic significance according to the criteria

of p < 0.05. The least absolute shrinkage and selection operator

(LASSO) regression algorithm was then applied by the

“glmnet” package to find out the best subset of prognostic

genes (33). We chose the significant IRDEGs that repeatedly

appeared more than 50 times from 100 models to develop the

scoring system HGSIS: Risk score = S(coef (b)*EXPb), where b
stands for each selected IRDEG. All patients were classified

into the high- and low-risk groups using the median risk score

of the training set.

To assess the reliability of HGSIS, Kaplan–Meier curves were

depicted for the TCGA training set, the TCGA validation set, the

whole TCGA cohort, and the external validation set to compare

the OS of different risk groups via the “survival” package. Time-

dependent receiver operating characteristic (tROC) curves were

also drawn to evaluate the predictive performance of HGSIS. In

addition, we compared the area under the curve (AUC) values of

the 3-year and 5-year tROC curves between HGSIS and other
Frontiers in Immunology 04
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published HCC signatures as well as popular biomarkers for

immunotherapy, i.e., a TP53-associated gene signature by Long

et al. (“Long signature”) (34) and two immune-related gene

signatures (“Dai signature” and “Wang signature”) (35, 36),

TMB, and PD1.
Correlation of HGSIS with
clinicopathological features

The relationship between HGSIS and clinicopathological

parameters was examined using nonparametric tests and

visualized by the “ggplot2” package. The correlation between

HGSIS and mRNAsi was measured using the Pearson

correlation test via the “ggstatsplot” package. Stratified survival

analysis was carried out for selected clinicopathological factors

such as age, gender, and BMI to further validate the additional

prognostic value of the HGSIS model. Then, univariate and

multivariate regression analyses were conducted to verify the

independent prognostic value of HGSIS in HCC. Based on the

univariate analysis, an HGSIS-integrated nomogram was created

by the “rms” package to quantitatively predict the OS

probability, whose predictive accuracy was evaluated by

calibration plots. The concordance index was further used to

assess its performance. Moreover, decision curve analysis (DCA)

was used to explore the potential clinical benefit of HGSIS as

described (20). Additionally, Kaplan–Meier analysis with a log-

rank test was applied to the output of the nomogram-based

classifier for the whole TCGA cohort to further compare the

differences in OS, DFS, PFS, and DSS between different

risk classes.
Genomic alterations and hallmark
pathway analysis

Genomic mutations have been reported to be relevant to

immunity and immunotherapy (20, 37–39); thus, we explored

the somatic mutation analysis for the HGSIS high- and low-risk

groups. The “maftools” R package was used to depict the waterfall

plots showing the mutation landscapes of different risk groups of

the whole TCGA cohort. Mutation types and frequencies of the

most commonly mutated genes in each risk group were

manifested. TMB values were computed with non-synonymous

mutations as described previously to reveal the total mutation

numbers of HCC patients (40, 41). Meanwhile, a linear model was

employed to compare the GSVA scores of the 50 cancer hallmark

gene sets between HGSIS risk groups to uncover the relative

activities of these pathways in terms of HGSIS (42). Those with

an adjusted p-value of < 0.01 were defined as significant gene sets

and Kaplan–Meier analysis was then used to verify the prognostic

value of typical oncogenic hallmark pathways.
frontiersin.org
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TIME patterns and immunological targets
of HGSIS

For the estimation of TIME patterns regarding HGSIS,

ssGSEA, a deconvolution algorithm implemented in the GSVA

package (17, 43), was utilized to quantify the compositions of 30

types of TME cells, namely, 28 adaptive and innate immune cell

types (44) and 2 stromal components (fibroblasts and

endothelial cells) (45) based on the transcriptional data of the

whole TCGA cohort. The ssGSEA scores representing the

abundance of these TIME cells were next compared between

different HGSIS risk groups, and the Spearman correlation

analysis was performed to investigate the relationship between

the HGSIS risk score and each TIME cell type. The prognostic

values of these TIME cells were examined by Kaplan–Meier

survival analysis. Furthermore, we contrasted the expression

levels of 50 immunological targets that were classified into

several groups such as receptors, ligands, and co-inhibitors

(20, 46–48) to determine the intrinsic immune escape

regarding HGSIS groups.
Prediction of therapeutic responses

Based on the HCC patients’ data from TCGA, we predicted

the putative sensitivities of HGSIS in immunotherapy and

targeted/chemotherapies. For immunotherapy responses, we

used the immunophenoscore (IPS) (44), which is calculated

via machine learning and could be derived from The Cancer

Immunome Atlas (TCIA) (https://tcia.at/home) to represent

tumor immunogenicity of HCC patients. Moreover, the tumor

immune dysfunction and exclusion (TIDE) score is a framework

that was developed to infer the possible influences on survival

and responses to immunotherapy. Two primary mechanisms

(T-cell exclusion and T-cell dysfunction) of tumor immune

evasion were integrated by the TIDE algorithm (http://tide.

dfci.harvard.edu/) (49) with gene expression profiles of large

cohorts to determine the clinical response to immunotherapy of

HCC patients. The differences of IPS and TIDE scores between

different groups were compared by the Wilcoxon test, and a

lower TIDE score and a higher IPS indicate better sensitivities to

immunotherapy. Furthermore, the half-maximal inhibitory

concentration (IC50) values of 138 drugs were estimated by the

“pRRophetic package” (50) and further normally transformed to

evaluate the predictive capacity of HGSIS for the responses to

targeted/chemotherapies.
PPI network construction and key target
identification

The limma package (31) was adopted to screen the DEGs

between the HGSIS high- and low-risk groups using the whole
Frontiers in Immunology 05
219
TCGA cohort, and an adjusted p-value <0.01 and |logFC| ≥1.5

was set as the cutoff. The DEGs were then uploaded to the

STRING database (version 11.5), an online database for the

investigation of interactive relationships among proteins, to

build a PPI network with a combined confidence score of

≥0.7. The STRING-based PPI network was next imported into

Cytoscape (51) (version 3.8.2) for visualization. Furthermore,

the MCODE plugin (52) was applied for cluster analysis and

seed nodes identification, which were considered the key targets.
Molecular docking

The process of molecular docking was completed with Glide

of Schrodinger as previously reported (20). Specifically, the

crystal structure of the key target of HGSIS was derived from

the RCSB PDB database (www.rcsb.org/), followed by the

recognition of its active site using the DeepSite tool (53) from

the PlayMolecule platform (https://www.playmolecule.com/).

The protein docking structure was prepared by the Protein

Preparation Wizard in the Maestro 11.6 version of the

Schrödinger suite. Additionally, 111,178 compounds ’

structures involved in the in-man subset were downloaded

from the ZINC 15 database (https://zinc15.docking.org). The

virtual screening was conducted with the Glide Virtual Screening

Workflow module integrated in the Schrödinger suite, the three

main steps of which were applied to screen the candidates of

KIF2C active affinity ligands. The first step was the high-

throughput virtual screening (HTVS) mode starting with the

111,178 compounds, and subsequently, compounds with the top

10% of HTVS score were measured by the SP (Standard

Precision) docking method. The third step was XP (Extra

Precision) for the calculation of the top 10% SP docking score

ranked compounds. OPLS-2005 force field was used during

ligand–protein docking analysis to estimate the binding affinity.
Statistical analysis

The R package “survival” was utilized to pick out the

significant hallmark gene sets, IRDEGs, and clinicopathological

factors for OS, together with the hazard ratios (HRs) and 95%

confidence intervals (CIs). Kaplan–Meier analysis with a log-rank

test was used to analyze the differences between two subgroups of

categorical variables for the OS, DFS, PFS, and DSS of HCC

patients. The best cutoff for Kaplan–Meier survival analysis was

determined by using the “survminer” package. Multivariate

analysis was used to identify independent prognostic indicators.

The package “timeROC” was used to depict the tROC curves to

assess the predictive ability of HGSIS for OS. The comparison of

survival rates between different risk groups was completed using

the Pearson Chi-square test. Wilcoxon test was used to compare

the distribution of continuous data for three or more groups and
frontiersin.org
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Kruskal–Wallis test was used to determine the statistical difference

of that for two groups. Correlations between two quantitative

variables were explored by Pearson’s correlation test. All the above

statistical analyses were conducted by the R software (version

3.6.1). Unless otherwise noted, p < 0.05 was considered

statistically significant.
Results

Hallmark-guided
recognition of HCC subtypes with
prognostic significance

Hallmark gene sets from MSigDB are coherently expressed

signatures representing well-defined biological states or processes;

thus, it is reasonable to identify specific hallmark-based HCC

subtypes with distinct prognoses. Motivated by this rationale, we

obtained 336 HCC patients’ mRNA expression matrix with

corresponding clinical information from the TCGA database,

followed by the computation of the enrichment scores for all 50

hallmark gene sets of each sample by GSVA. Next, we screened the

robust hallmark gene sets significantly correlated to the prognosis

of HCC patients with the “multi-split” strategy (Supplementary

Figure 1). As a result, 15 hallmark gene sets were consistently

significant 100 times in 100 subsamples, which were considered as

prognostic hallmark gene sets. Based on the 15 hallmark gene sets,

we performed the unsupervised clustering analysis for subtype

classification. Our results showed that the optimal number of

clusters was 2, which generated the greatest increase in the area

under the CDF curves, and it was further validated by the PAC

algorithm (Figures 2A–C and Supplementary Figure 2). Thus, we

further classified all HCC patients into two distinct subtypes

(Figures 2D, E). Notably, Kaplan–Meier analysis found that the

patients in subtype 2 had a shorter survival time than the patients

in subtype 1 (Figures 2F–I).
Construction of HGSIS

The significant difference in OS outcomes between the two

subtypes prompted us to pick out the DEGs between them.

Using the package “limma”, we detected 881 DEGs between

subtype 1 and subtype 2, which intersected with 1,811 immune-

related genes from the ImmPort database, and 67 overlapping

immune-related DEGs (IRDEGs) were identified (Figures 3A, B

and Supplementary Table 2). The expression heatmap of

IRDEGs in the two subtypes is shown in Figure 3C. GO

enrichment analysis revealed that the most significant terms

enriched by these IRDEGs were the biological process (BP) of

antimicrobial humoral response, cellular component (CC) of

collagen-containing extracellular matrix, and molecular function
Frontiers in Immunology 06
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(MF) of receptor-ligand activity and signaling receptor activator

activity (Figure 3D). For the KEGG analysis, IRDEGs mostly

participated in the pathway of cytokine–cytokine receptor

interaction (Figure 3E). Subsequently, we inputted the IRDEGs

into UniCox regression analysis and found 28 significant

prognostic IRDEGs with a p-value lower than 0.05

(Supplementary Table 3). Next, we conducted LASSO Cox

regression with the 28 genes and acquired seven robust genes

(TMPRSS6, SPP1, S100A9, EPO, BIRC5, PLXNA1, and CDK4)

that were significantly correlated with the OS of HCC patients,

and the selection of the tuning parameter in the LASSO model is

shown in Figure 3F. The seven genes were subsequently

incorporated into an HGSIS model for predicting the

prognosis of HCC. Figures 3G, H showed the UniCox and

MultiCox results of the selected seven genes with the

corresponding hazard ratio (HR) and statistical significance.
Evaluation and validation of HGSIS

Based on the median risk score of HGSIS, HCC patients

from different datasets were classified as high- or low-risk

groups (Figure 4A). According to the corresponding

prognostic data, the high-risk groups of the TCGA training

set, TCGA validation set, whole TCGA cohort, and ICGC-

LIRI-JP cohort all had higher mortality (Figure 4B). Kaplan–

Meier analysis showed that high-risk patients had exceedingly

lower OS rates relative to low-risk patients in different datasets

(Figure 4C). Additionally, the time-dependent receiver

operating characteristic (tROC) curve analysis was applied to

evaluate the accuracy of the HGSIS model. As shown in

Figure 4D, the area under the ROC curve (AUC) was 0.797,

0.710, and 0.721 in 1-year, 3-year, and 5-year survival,

respectively, for the TCGA training set. Interestingly, the

AUC values for all the three validation datasets were even

higher than the training set, suggesting that HGSIS had

excellent performance in predicting the OS of HCC. In

comparison with other published immune-related signatures

and widely used biomarkers of cancer immunotherapy, HGSIS

achieved higher predictive accuracy (Figure 4E). Moreover, to

explore the potential relationship between HGSIS and multiple

clinicopathological traits, correlation analysis was conducted

and it revealed that HCC subtype, tumor grade, stage, and

mRNAsi were significantly correlated with HGSIS (Figure 4F

and Supplementary Figure 3). Stratification analysis for

clinicopathological traits demonstrated the extra predictive

value of HGSIS (Supplementary Figure 4). Additionally, we

examined the potential of HGSIS in predicting the DFS, PFS,

and DSS of HCC patients, and it revealed similar results to that

of OS analysis (Supplementary Figure 5). Taken together, all

these data presented above convincingly indicated the strong

prognostic-prediction capability of HGSIS.
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Establishment of the
HGSIS-integrated nomogram

Accurate and individualized prediction of the postoperative

mortality risk of HCC patients has been a tough challenge in

clinical decision-making. In this case, we considered
Frontiers in Immunology 07
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constructing a novel nomogram combining HGSIS and

multiple clinicopathological traits to provide an accurate and

quantitative prognosis-predictive tool for HCC patients.

Univariate and multivariate Cox analyses on HCC prognosis

with HGSIS and clinicopathological factors were at first carried

out using the whole TCGA cohort. As shown in Figure 5A, the
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A

FIGURE 2

Identification of hallmark-based HCC subtypes. (A) The corresponding relative change in area under the cumulative distribution function
(C, D, F) curves and the optimal number of cluster(k) was 2. (B) Consensus clustering CDF for k = 2 to 9. (C) Heatmap of sample clustering at
consensus k = 2. (D) Heatmap showing the GSVA score of 15 hallmark gene sets, tumor burden, stage, grade BMI, race, gender, and age in two
subtypes of HCC. (E) PCA plot visualizing the two HCC subtypes with 15 hallmark gene sets. (F–I) Kaplan–Meier survival plots of subtype 1 and
subtype 2 for OS, DFS, PFS, and DSS. OS, overall survival. DFS, disease-free survival. PFS, progression-free survival. DSS, disease-specific survival.
PCA, principal component analysis. GSVA, Gene set variation analysis.
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HGSIS risk model, stage, and tumor burden were significantly

high-risk factors for HCC in both univariate and multivariate

Cox analysis, indicating that HGSIS was an independent

prognostic indicator [HR (95% CI) = 2.478 (1.619−3.793), p <

0.001]. By integrating the three parameters, we constructed a

prognostic nomogram to predict the 1-, 3-, and 5-year survival

in HCC patients (Figure 5B). Calibration curves of the

nomogram for the predicted and observed 3- and 5-year OS
Frontiers in Immunology 08
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are shown in Figure 5C, suggesting the good consistency of the

nomogram. Meanwhile, comparing with stage, tumor burden,

and the combination of both, the HGSIS-integrated nomogram

had the highest C-index, representing its best predictive

accuracy (Figure 5D). In 3- and 5-year OS prediction for HCC

patients, the nomogram showed the highest net benefit over

most of the risk thresholds (Figures 5E, F). Furthermore, we

divided HCC patients into high- and low-risk groups based on
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A

FIGURE 3

DEG analysis in the two HCC subtypes and the construction of HGSIS. (A) Volcano plot of 881 DEGs between the two HCC subtypes. (B)
Venn plot showing 67 immune-related DEGs. (C) Heatmap of the IRDEGs in the two subtypes. (D, E) GO and KEGG enrichment analysis for
the 67 IRDEGs. (F) Selection of the tuning parameter (lambda) in the LASSO model by 10-fold cross-validation. (G, H) Hazard ratio with 95%
CI of the seven genes in the HGSIS signature computed by UniCox and MultiCox, respectively. HCC, hepatocellular carcinoma. GO, gene
oncology; KEGG, Kyoto Encyclopedia of Genes and Genomes. HGSIS, hallmark-guided subtypes-based immunologic signature. IRDEGs,
immune-related DEGs.
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the median score of the HGSIS-integrated nomogram, and

remarkably elevated OS, DFS, PFS, and DSS rates were

observed in the low-risk group (Figure 5G). All these findings

indicate that the HGSIS-integrated nomogram can serve as a

powerful and valuable tool for individualized OS survival

prediction in HCC patients.
Frontiers in Immunology 09
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Genomic characteristics and regulatory
mechanisms of the
HGSIS-defined subgroups in HCC

We further analyzed the underlying molecular mechanisms

of HGSIS on the landscape of somatic mutation and hallmark
B
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F

FIGURE 4

Prognostic value of HGSIS for OS in HCC patients. (A) Risk score distribution, survival status, and the expression of seven HGSIS signature genes
for patients in the low- and high-risk groups from four datasets (TCGA training set, TCGA validation set, whole TCGA cohort, and ICGC-LIRI-JP
cohort). (B) Risk score and mortality rates of patients in the low- and high-risk groups from four datasets. (C) Kaplan–Meier survival plots of the
low- and high-risk groups from four datasets for OS. (D) tROC curves of HGSIS in the four datasets. (E) The comparison of AUC values for the
3-year and 5-year survival between HGSIS and other published signatures or common immunotherapeutic biomarkers. (F) Correlation analysis
between HGSIS and multiple clinicopathological traits. **** means p < 0.0001.
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pathway enrichment. We firstly examined the 20 genes with the

highest mutation frequency in the low- and high-risk groups and

the oncoplots showed that the most mutated genes were TP53

(43%) and CTNNB1 (27%) in the two different risk groups,

respectively. Meanwhile, four genes (TP53, TTN, CTNNB1, and

MUC16) simultaneously had high mutation frequencies in both

two groups (Figures 6A, B). The summary of the mutation
Frontiers in Immunology 10
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information is shown in Supplementary Figure 6. Fisher’s exact

test was applied to extract the distinct mutation status between

two groups and the forest plot showed that TP53 mutated more

frequently while HERC2 mutation occurred less in the high-risk

group significantly (Figure 6C). Moreover, considering that

TP53 was the most notable mutated gene, a lollipop chart was

established to reveal the detailed mutation sites of TP53, and
B C D
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A

FIGURE 5

Nomogram construction and assessment. (A) Univariate and multivariate Cox regression analyses of HGSIS and other clinicopathological traits
for OS in HCC patients. (B) Nomogram built by HGSIS, stage, and tumor burden to predict 1-,3- and 5-year OS in HCC patients. (C) Calibration
plot of the nomogram. (D) C-index values of the nomogram and clinicopathological traits. (E, F) Comparison of net benefits of each model for
3-year (E) and 5-year (F) OS. (G) Kaplan–Meier survival analysis of the integrated nomogram for OS, DFS, PFS, and DSS in HCC patients.
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FIGURE 6

Underlying molecular mechanisms of HGSIS. (A, B) Oncoprint analysis of the high-risk (A) and low-risk groups (B). (C) Forest plot showing genes
mutated differentially in patients of the low- and high-risk groups. (D) Lollipop plot of mutation sites of TP53. (E) Interaction effect of 25
mutated genes in the low- and high-risk groups. (F) Distinct hallmark pathways between the two HGSIS risk groups. (G) Correlation analysis
between 11 oncogenic hallmark pathways and HGSIS-based risk score, respectively. * means p < 0.05; *** means p < 0.001.
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more missense mutation was observed in the high-risk group

(Figure 6D). The co-occurrences and mutual exclusions of the

top 25 mutated genes in two risk groups were also shown in

Figure 6E. To unravel the underlying transcriptomic

mechanisms of HGSIS, we calculated the GSVA scores of 50

hallmark pathways in the low- and high-risk groups,

respectively, to identify the key hallmark pathways associated

with HGSIS, the integral landscape of which is shown in

Supplementary Figure 7. Of the 50 hallmark pathways, 28

were found to be of significant difference between two risk

groups, of which 17 hallmark pathways were upregulated

while 11 hallmark pathways were downregulated in the high-

risk group (Figure 6F). Notably, all the 11 oncogenic hallmark

pathways that were upregulated in the HGSIS high-risk group

were positively correlated to the HGSIS model-based risk score

significantly (Figure 6G), indicating the tight linkage between

HGSIS and those well-known oncogenic pathways.
HGSIS was associated
with the immune status in the HCC
tumor microenvironment

To further examine the potential clinical value of HGSIS,

we outlined the immune cells’ infiltration profile of the whole

TCGA cohort by ssGSEA, a reliable and popular algorithm

computing the relative proportion of 28 types of immune cells

and two types of stromal cells in TME. As Figure 7A shows, the

HGSIS risk group was significantly correlated with most

infiltrating immune cell types including activated CD4 T cell,

central memory CD8 T cell, regulatory T cell, effector memory

CD4 T cell, immature B cell, T follicular helper cell, type 2 T

helper cell, central memory CD4 T cell, macrophage, natural

killer T cell, eosinophil, mast cell, activated dendritic cell,

immature dendritic cell, MDSC, and plasmacytoid dendritic

cell. Moreover, we performed correlation analysis on HGSIS

risk score and TME cells, and as the result shows, 19 cell types

were isolated in association with HGSIS (Figure 7B).

Additionally, UniCox analysis found that nine types of TME

cells were significantly associated with the prognosis of HCC

(Supplementary Table 4). Combining the results of differential

analysis, correlation analysis, and survival analysis of the 30

TME cell types, we plotted the Venn diagram exhibiting the

four overlapping cell types (natural killer T cell, eosinophil,

endothelial cells, and immature dendritic cell) (Figure 7C).

Figure 7D exhibits the Kaplan–Meier curves indicating the

significant implications of the four cell types for the OS of HCC

patients. Meanwhile, with great anticipation, we found that the

expression of the vast majority of immune checkpoints in HCC

patients was significantly correlated with HGSIS, suggesting

that HGSIS had the potential to predict the immune

checkpoints’ expression level broadly in HCC (Figure 7E).
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Evaluation of HGSIS in predicting therapy
response potential

The significant correlation between HGSIS and multiple

immune checkpoints was of great interest to us, especially as

immune checkpoint therapy held promise for the clinical

treatment of cancer nowadays. We first explored the

relationship between HGSIS and immunophenoscore (IPS) in

HCC patients. IPS was well-known to be capable of predicting

immune checkpoint therapy response, based on the evaluation

of the pivotal immune-related gene expression. As shown in

Figure 8A, the IPS score was significantly elevated in the low-risk

group, representing higher sensitivity to immunotherapy.

Although the scores of IPS-CTLA4 and PD1/PD-L1/PD-L2

blocker, IPS-CTLA4 blocker, and IPS-PD1/PD-L1/PD-L2

blocker were not statistically associated with HGSIS, the low-

risk group tended to have increased scores than the high-risk

group. We further measured the TIDE scores in HCC patients of

the TCGA training set, the TCGA validation set, the whole

TCGA cohort, and the ICGC-LIRI-JP dataset, and the low-risk

groups all had significantly lower TIDE scores than the high-risk

groups, suggesting that the patients in the low-risk groups were

predicted to have better responses to immunotherapy

(Figure 8B). In addition, we used the “pRRophetic” algorithm

to estimate the IC50 values of 138 drugs for not only

immunotherapy but also chemotherapy and targeted therapy

for HCC patients (Figure 8C). Interestingly, we found that high-

risk patients might be sensitive to more drugs than low-risk

patients (Figure 8C and Supplementary Figure 8).
KIF2C is a key target of HGSIS

To identify the key targets relating to HGSIS, we utilized the

limma package to screen the DEGs between the high- and low-

risk groups of the whole TCGA cohort. Consequently, 85 genes

were significantly downregulated while another 85 genes were

upregulated in the high-risk group (Supplementary Table 5).With

the strict criterion of a combined score of >0.7, we constructed a

PPI network of 95 nodes and 212 edges (Supplementary Figure 9).

Furthermore, the MCODE app identified five clusters (default

parameters) of the network. As shown in Figure 9A, KIF2C, HP,

PKM, MMP9, and CYP2C8 were recognized as the “seed” nodes

of these clusters (red ovals represent “seed” nodes, and blue ovals

represent “clustered” nodes). Interestingly, four clusters were

highly connected by driver oncogenes of HCC or immunologic

genes such as CXCL8, UBE2C, and MMP9. Notably, we observed

the most conspicuous cluster that consisted of several hub genes of

HCC (CCNB1, CDC20, TOP2A, and UBE2C) (23, 24). Thus, the

“seed” node of this cluster, KIF2C, was considered as the key

target of HGSIS, and its crucial role in the discovery of putative

drugs is worth looking into.
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FIGURE 7

Overview of HGSIS-related immune infiltration. (A) Violin plot presenting the relative composition of multiple cell types in the low- and high-risk
groups. (B) Correlation analysis of immune infiltration and HGSIS risk score. (C) Venn diagram revealing the four intersected cell types among
differential analysis (yellow), correlation analysis (blue), and survival analysis (red). (D) Kaplan–Meier survival analysis of the four TME cell types.
(E) Expression levels of common immune checkpoints in two HGSIS risk groups. TME, tumor microenvironment. * means p < 0.05; ** means
p < 0.01; *** means p < 0.001; **** means p < 0.0001; ns, no significance.
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Candidate small
molecule prediction

Molecular docking is an effective computational method

that provides insights into molecular interactions between

candidate drugs and proteins. In the present study, we

further predicted possible small molecules that may bind to

the key target of HGSIS, KIF2C, via in silicomolecular docking.

As shown in Figure 9B, 24 small compounds were successfully

filtered out from a public library that contains a large number

of small molecules from the ZINC 15 database, which includes

10 commercially available molecules that were considered as

potential affinity ligands of KIF2C protein (Supplementary

Table 6). The 3D interaction diagrams of the 10 docking
Frontiers in Immunology 14
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models showing the detailed binding energy are displayed in

Figure 9C and Supplementary Figure 10. The interaction

diagram of lactoyl-ph4 at the binding pocket of KIF2C

suggested the formation of hydrogen bonds with key residues

GLN-475, VAL-547, and ASP-550. Similarly, dihydrobiopterin

also relied on hydrogen bonds between the active site and

several amino acid residues to remain its high affinity

with KIF2C.
Discussions

Like most malignancies (54–57), the classification of

distinct subtypes of HCC has been widely recognized in
B
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FIGURE 8

The potential role of HGSIS in predicting therapeutic sensitivity. (A) The correlation between HGSIS and IPS based on the whole TCGA cohort.
(B) Distribution of TIDE scores in the TCGA training set, TCGA validation set, whole TCGA cohort, and ICGC-LIRI-JP dataset. (C) Estimation of
138 drugs’ normalized IC50 values. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.
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clinical practice (58–60). To date, with the increasing

knowledge of the HCC TME, the exploration of the intra-

tumoral immune ecosystem has been extensively involved in

the study of HCC heterogeneity (61–63). Therefore, the new

classification of biologically meaningful HCC subtypes gained

widespread interest from either researchers or pathologists,

contributing to the development of clinically useful biomarkers

or signatures to predict the prognosis of HCC more precisely

and individually.

In this study, we firstly employed GSVA to compute the

GSVA scores of 50 hallmark gene sets that represent predefined

specific gene signatures with biological significance. Robust

prognostic hallmark gene sets were comprehensively identified

and used to pick out distinct HCC subtypes via consensus

clustering. Based on the hallmark-guided subtypes, we

successfully developed and validated a prognostic gene
Frontiers in Immunology 15
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signature of HCC, i.e., HGSIS. Multivariate analysis confirmed

that HGSIS was an independent factor for the prediction of HCC

patients’ OS survival, and the established nomogram showed

increased accuracy and great potential in clinical practice.

As an advanced computational method, GSVA is one of the

best and most up-to-date algorithms throwing light on the

discovery of subtle pathway activity changes in a given

population by condensing gene expression profiles into

pathways. Herein, we defined two distinct HCC subtypes with

15 prognostic hallmark gene sets, most of which were

metabolism-related and immune-related. For example,

glycolysis gene sets included genes encoding proteins involved

in glycolysis and gluconeogenesis, defined as biological processes

responsible for the regulation of proliferation, immune evasion,

invasion, metastasis, angiogenesis, and drug resistance in HCC

(64). The PI3K/AKT/mTOR pathway was linked to drug
B
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FIGURE 9

Key target identification and candidate small molecule prediction. (A) Five clusters identified by the MCODE app of Cytoscape 3.8.2. Red ovals
represent “seed” nodes and blue ovals represent “clustered” nodes. (B) The docking score (XP and SP score) of the top 24 small compounds that
bind to KIF2C with the lowest total energy score. (C) Structures and docking models of the top four small compounds (lactoyl-ph4,
dihydrobiopterin, 7-biopterin, and mizoribine) and the active site of KIF2C.
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resistance and the occurrence of HCC in a recent clinical study

(65). Based on the hallmark-guided subtypes of HCC, we

focused on the immune-related genes expressed differently

between two subtypes, and 67 IRDEGs were extracted from

881 DEGs. HGSIS construction was carried out with UniCox

and LASSO Cox analysis on 67 IRDEGs, leading to a seven-gene

prognostic signature (TMPRSS6, SPP1, S100A9, EPO, BIRC5,

PLXNA1, and CDK4). TMPRSS6 was reported to express much

lower in HCC cell lines when compared to normal liver samples,

which was consistent with our HGSIS model, presenting a

protective role of TMPRSS6 in HCC (66). Ma et al. found that

SPP1 expression was tightly linked to the TME reprogramming

and tumor progression in response to therapy by single-cell

transcriptomic analysis (67). S100A9, PLXNA1, and EPO were

also reported as candidates for HCC prognostic signatures,

implying their subtle effects on the disease progression of

HCC patients (68–70). Moreover, BIRC5 was also found to be

highly expressed in liver cancer (71). CDK4 was a well-

recognized oncogene, and it was encouraging that Palbociclib,

a CDK4 inhibitor, showed significant benefit in preclinical

models of HCC (72). In summary, HGSIS was a model that

fitted well with HCC. After being validated internally and

externally, HGSIS showed outstanding prediction accuracy for

HCC patients, and the HGSIS high-risk group obviously

presented a worse prognosis.

A growing number of prognostic gene classifiers have been

developed to evaluate the mortality risks of HCC patients,

most of which were based on limited gene sets or DEGs

between tumor and adjacent normal samples. For instance,

Liu et al. discovered a six-gene signature presenting a strong

ability for differentiating HCC tumors and normal tissues

(73). Li et al. constructed an lncRNA signature for

estimating OS of HCC patients (74). However, few previous

studies combined multi-gene sets to recognize HCC subtypes

with distinct survival outcomes, and here, we, for the first

t ime , adopted the hal lmark-guided subtype-based

identification of immunologic gene signatures to predict the

OS of HCC patients. Importantly, the comparison of AUC

values between HGSIS and other reported signatures or

immunotherapeutic targets demonstrated the reliability of

our novel strategy in building a prognostic classifier. Thus,

our study provided a novel perspective for the first time, that

hallmark-gene set-based cancer subtypes could make a firm

basis for clinical classifiers construction. Another strength of

the present study was the integrative and combined strategy

that included GSVA, unsupervised clustering, UniCox, and

LASSO-Cox, which was more effective and reliable than that

where only one or two algorithms were applied. Thirdly,

unlike most studies that did not assess the feasibility of

prognostic signatures for drug prediction, we employed PPI

construction, key genes identification, and molecular docking

to select the most probable small compounds from a large
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number of potential drugs, some of which had been reported

to have an anti-cancer effect in several cancers. Furthermore, it

cannot be denied that, at all levels from molecular alterations

to histopathologic diversity, more comprehensive research

would provide better references for understanding the

mechanisms of drug resistance or treatment inefficiencies in

HCC patients (75).

Tumor mutational burden (TMB) has been confirmed to be

related to the immunotherapy effectiveness and prognosis in

various malignancies; however, its underlying mechanism in

HCC remained unclear (76). Therefore, we used maftools to

evaluate the mutation status in HGSIS low- and high-risk

groups. TP53 showed the highest mutation frequency (43%) in

the high-risk group while CTNNB1 mutated most frequently in

the low-risk group. Consistent with previous reports, TP53 and

CTNNB1 are the most common genetic alterations in HCC (77,

78). Interestingly, by exome sequencing analysis, a remarkable

study found that alcohol-related HCC was significantly

associated with CTNNB1 mutation, and TP53 mutation

frequently occurred in HBV-related HCC (79). Logically, more

alcoholics might be classified into the low-risk group and more

patients infected with HBV might be related to the high-risk

group. Several well-recognized oncogenic signaling pathways

were transcriptionally activated in the high-risk group

including the most researched TP53 pathway, MYC pathway,

Wnt/b-Catenin pathway, PI3K/AKT/mTOR pathway, and

Notch pathway (64, 80–82). Thus, HGSIS was capable of

separating groups of different mutation statuses in HCC.

Given that tumor-infiltrating immune cells constituting the

major component of TME are associated with the prognosis and

immunotherapy efficacy of HCC (83), ssGSEA algorithm was

used to estimate the relative proportion of TME cell types in the

HGSIS low- and high-risk groups. The relative abundance of 17

TME cell types differed significantly between the two subgroups.

A large body of studies has illustrated that regulatory T cells

(Tregs) played an immunosuppressive role in TME and were

associated with a poor prognosis of HCC (84–86).

Unsurprisingly, our study found that more Tregs infiltrated in

TME of patients from the high-risk group. In the past decade,

immunotherapy, especially ICIs, has become a highlight

research direction for the treatment of broad-spectrum

malignancies. Moreover, as HCC usually arises in the context

of virus-related chronic inflammation, immunotherapy is likely

to be an ideal therapeutic option for HCC. In our study,

differential analysis revealed relatively higher levels of immune

checkpoint expression in the HGSIS high-risk group, indicating

that patients in the high-risk group were accompanied by a

worse anti-TIME. For the results of IPS and TIDE analysis, we

found that the low-risk group had higher IPS scores while having

a lower TIDE score, and higher IPS and lower TIDE

corresponded to a better prognosis. On the other hand, we

estimated the sensitivity of 138 drugs included in
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immunotherapy, chemotherapy, and targeted therapy and found

that the high-risk group was sensitive to more drugs. Taken

together, the HGSIS model could potentially serve as a reference

for individualized immunotherapy design.

To screen small molecules used as potential drugs to

reverse the high risk of HCC patients, we analyzed the DEGs

between the two HGSIS risk groups, which were utilized to

build an interactive PPI network. From the network, KIF2C

was identified to be the key node that connected to several hub

oncogenes of HCC. Notably, KIF2C has been revealed as a

prognostic biomarker in endometrial cancer and correlated

with the infiltration level of CD8+ T cells (87). In HCC, Wei

et al. disclosed that KIF2C is associated with a poor prognosis

of HCC and interacts with TBC1D7 to enhance the mTORC1

signal transduction (88). In the present study, using the

structure-based approach, we identified 10 purchasable small

compounds that may bind well to KIF2C from a large number

of small compounds. Among them, mizoribine is a novel and

effective immunosuppressant that inhibits the activity of HCV

RNA replication, and it is also a selective inhibitor of inosine-

5’-monophosphate dehydrogenase (IMPDH) that has been

clinically used throughout Asia. Importantly, mizoribine

exhibits far superior antitumor activity compared with

several FDA-approved IMPDH inhibitors, and mizoribine

treatment shows a more durable antitumor response than

the mTOR inhibitor rapamycin (89) . In addit ion,

mitoxantrone, a firmly established inhibitor of type II

topoisomerase and protein kinase C (PKC), is reported to

exert its anti-cancer effect in lymphomas, leukemias, and

breast, colorectal, and prostate cancers (90–97). Although

more preclinical investigations need to be completed to

validate their anti-cancer activities, the selected small

molecules hold great potential in the future application of

clinical treatment of HCC.

The study’s limitations should be noted. First, real-world

evidence from large clinical cohorts is required to test the utility

and significance of HGSIS for further clinical practice. Second,

more in vitro and in vivo experiments were needed to unveil the

molecular underpinnings in terms of HGSIS, as well as the

effectiveness of the putative drugs for treating HCC.
Conclusion

In conclusion, two hallmark-guided subtypes of HCC were

extensively identified. Based on the HCC subtypes, an

immunological prognostic signature, HGSIS, was developed

and validated, which was associated with tumor immune

phenotypes, distinct genomic landscapes, and therapeutic

responses. Combining HGSIS, PPI network construction, and

structure-based in silico docking, we also predicted candidate

small drugs that may bind to the key target of HGSIS, which act
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as potential drugs for HCC. Therefore, our study provides a

novel perspective to recognizing cancer subtypes with clinical

implications, which serves as an entry point for the construction

of better risk classifiers to design personalized treatment to

prolong patients’ survival.
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According to the difference in temperature, thermotherapy can be divided into

thermal ablation and mild hyperthermia. The main advantage of thermal

ablation is that it can efficiently target tumors in situ, while mild hyperthermia

has a good inhibitory effect on distant metastasis. There are some similarities

and differences between the two therapies with respect to inducing anti-tumor

immune responses, but neither of them results in sustained systemic immunity.

Malignant tumors (such as breast cancer, pancreatic cancer, nasopharyngeal

carcinoma, and brain cancer) are recurrent, highly metastatic, and highly

invasive even after treatment, hence a single therapy rarely resolves the

clinical issues. A more effective and comprehensive treatment strategy using

a combination of hyperthermia and immune checkpoint inhibitor (ICI)

therapies has gained attention. This paper summarizes the relevant

preclinical and clinical studies on hyperthermia combined with ICI therapies

and compares the efficacy of two types of hyperthermia combined with ICIs, in

order to provide a better treatment for the recurrence and metastasis of

clinically malignant tumors.

KEYWORDS

thermal ablation, mild hyperthermia, immune checkpoint inhibitor, malignant tumor,
combined therapy
Introduction

Hyperthermia (HT) appears more and more in the clinical comprehensive treatment

strategy of tumor. There are many clinical benefits of hyperthermia, especially its ability to

regulate immune responses. Immunotherapy has shed light on a new form of tumor therapy.

New immune checkpoint inhibitors (ICIs) have been developed as treatment strategies to
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target the immune evasion characteristics of tumors (1).

Immunotherapy, especially PD-1 and anti-PD-L1 antagonists,

has shown therapeutic effects on many malignant tumors.

However, the response rate of immunotherapy is still not high,

and the most lasting immune response is only observed in a small

number of patients. The activation and maintenance of anti-tumor

immune response depends on immune cells, such as dendritic cell

(DC), natural killer cell (NK), T lymphocytes, B lymphocytes. First,

tumor-associated antigens are recognized by DCs, with the latter

becoming mature and activated; then, mature DCs present

antigens to the initial T cells, which are activated into effector T

cells, especially cytotoxic CD8+T cells, infiltrating distant tumors

and kill the remaining tumor cells (2–4). NK cells are activated in a

manner similar to that of CD8+T cells by releasing cytotoxic

particles containing perforin and granzyme to directly lyse tumor

cells. At the same time, NK cells are important in regulating

adaptive immune response because of their ability to release

interferon-g (IFN–g) and tumor necrosis factor-a (TNF–a) (5–
7). In addition, some studies have shown that the expression of B

cell-related genes, such as MZB1, JCHAIN and IGLL5, is

significantly increased in patients who respond to ICI therapy,

suggesting the potential of B cells in improving anti-tumor

immune response (8). However, Tumor cells evade immunity

through the expression of programmed cell death ligand (pdl-1)

and similar inhibitory gene products, such as indoleamine 2 and 3

dioxygenase (Ido), transforming growth factor-b (TGF-b) and

interleukin-10 (IL-10) (9). One of the important mechanisms of

tumor immune escape is the inactivation or silencing of effector T

cells. the depletion of T cells is closely related to inhibitory

receptors, such as programmedcelldeathprotein-1 (PD-1), TIM-3

(mucin3) and LAG-3 (Lymphocyteactivationgeneprotein-3) (10,

11). Therefore, these receptors and their corresponding ligands

form new immune checkpoints. At present, the treatment strategy

of ICIs is mainly targeted at T cells, but the response rate of patients

to ICIs is often not high. Based on the low response rate of

immunotherapy, combination therapy has been proposed to

provide a lasting systemic anti-tumor immune response. Among

these combined strategies, it is surprising to find that the

combination of HT and ICIs may enhance the anti-tumor

immune response (2). Therefore, at present, the research on the

combination of them in the treatment of malignant tumors is a

hot spot.

In 1927, Wagner-Jauregg won the Nobel Prize in Physiology

and Medicine for the use of hyperthermia. He found that the

high fever associated with malaria hindered the infectious factor

and, through this study, he was able to identify the preliminary

role of hyperthermia. Previously, hyperthermia was defined as a

core body temperature greater than 41 °C for more than 60

minutes (12). Currently, according to the temperature,

hyperthermia therapy can be further divided into two sub

treatments: thermal ablation and mild hyperthermia (13).

Thermal ablation causes direct necrosis in the central area of the

tumor by increasing the temperature in the tumor tomore than 55 °
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C. However, the temperature during mild hyperthermia is relatively

low, and tumor cell damage is often induced in the range of 41 to

45 °C (14). The temperature difference between the two types of

hyperthermia and their different effects often lead to different

therapeutic outcomes. At the same time, thermal ablation is

similar to surgical treatment, mostly disposable treatment; mild

hyperthermia, due to the low energy input, usually requires

repeated, longer heating time (> 30 min) to achieve any effect

(15). Mild hyperthermia presents a more tedious regimen, and the

killing effect on tumor needs to be studied. However, like thermal

ablation, mild hyperthermia also can elicit immune responses, and

several studies demonstrate that the immune responses to thermal

ablation may have been induced by mild hyperthermia. The

connection between the immune responses to thermal ablation

and mild hyperthermia have garnered interest and further

investigation is warranted. Current literature lacks studies on the

intersection and comparison of the two therapies in anti-tumor

treatment; hence, this paper provides a reference for the better use

of the combination of hyperthermia and ICI therapy by comparing

the different immune responses brought by various

hyperthermia methods.

Effects of thermal ablation and
mild hyperthermia on the
immune response

Both thermal ablation and mild hyperthermia use heat to

destroy tumor tissue, but the effects of the two treatments on the

immune response may vary. After thermal ablation, the tumor

tissue can be divided into the central area (> 55 °C), transitional

zone (41 °C-45 °C), and normal tissue area (16). Coagulative

necrosis often occurs in the central area, leading to the release of

new antigens in tumor cells, which is called tumor in situ

vaccination, while the transition zone is easily affected by residual

temperature, resulting in secondary effects such as immune

activation (17). However, the latest research shows that thermal

ablation not only irreversibly denatures the newly released antigens

in the central area of tumor tissues but may also upregulate some

carcinogenic factors (such as interleukin-6(IL-6) and vascular

endothelial growth factor(VEGF)), aggravating the progression of

tumor metastasis (18, 19). However, thermal ablation still has some

positive immunomodulatory effects, such as the release of positive

immunomodulatory factors, initiation of a local inflammatory

response, and recruitment of immune cells (18, 20). Compared

with thermal ablation, the main effect of mild hyperthermia is not

necrosis, but apoptosis, vascular permeability, and immune effect.

Among them, the effect of mild hyperthermia on tumor immune

response is mainly seen via an increase in immunogenicity,

promotion of innate immune cell infiltration, and improvement

in the tumor microenvironment (TME) (21–23).

The above processes involve all aspects of an immune

response. Thermal ablation and mild hyperthermia can
frontiersin.org
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respectively induce a series of immune-related factors to

enhance the immunogenicity and immunoreactivity of ICIs in

the TME (24–26). Next, we will explore the complementary

effects of hyperthermia on ICIs from several angles, namely, the

effects on immunogenicity, on immune cell activation, and on

the immunosuppressive TME.
Effect on immunogenicity

Immunogenicity is the basis of an anti-tumor immune

response, which requires two aspects in order to be initiated:

the existence of antigen library and the occurrence of an

immunogenic reaction (27). According to the consensus

guidelines for immunogenic cell death (ICD), the presence of

antigens alone is not sufficient to initiate an anti-tumor immune

response, which requires the presence of ICD (28).

On the one hand, in many preclinical studies, thermal ablation

has been proved to have the ability to release tumor associated

antigens (TAAs). Ghanamah et al. and Leibovici et al. observed

transient increases in carcinoembryonic antigen (CEA) and prostate

specific antigen (PSA) levels in colorectal cancer and pancreatic

cancer, respectively (29, 30). Among them, 59% of colorectal cancer

patients (10/17) had a rapid increase in CEA levels 1 day after

thermal ablation, suggesting that thermal ablation accelerated the

tumor immune cycle. However, too high of a temperature during

thermal ablation often leads to degeneration of new tumor antigens.

Mild hyperthermia has an advantage in this respect, because a

temperature range of 41 to 45 °C is insufficient to cause antigenic

degeneration. Ruoping et al. reported a method of inducing mild

hyperthermia based on copper sulfide nanoparticles (CuSNPs),

which enhanced the capture of tumor antigens released during

hyperthermia and induced the tumor immunogenic

microenvironment, suggesting the potential of mild hyperthermia

in improving immunogenicity (31).

On the other hand, thermal ablation mainly caused cell

necrosis, while mild hyperthermia mainly caused apoptosis (32,

33). The advantage of inducing apoptosis over direct necrosis is

that more damage-related molecules (DAMPs) are released

during apoptosis to induce ICD (34). Studies have shown that

mild hyperthermia induces ICD in a ROS-dependent manner,

which is evidenced by the occurrence of a key ICD event:

phosphorylation of eIF2 a (35, 36). Currently, there is no

direct evidence of ICD induction by thermal ablation, but the

effects on immune cell activation are clear.
Effect on the activation and action
of immune cells

Previously, it was believed that the efficacy of thermal

ablation primarily depended on its ability to ablate the tumor
Frontiers in Immunology 03
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in situ (37). In fact, thermal ablation has been increasingly used

in the treatment of metastatic tumors depending on its

secondary effects, such as activating anti-tumor immune

responses. Mature dendritic cells (DCs) play a key role before

T cells are recruited, recognize tumor cells, and infiltrate the

tumor site. After thermoablation, DC and natural killer (NK)

cells are recruited to the tumor site, while regulatory T cells

(Tregs) are significantly downregulated (38). Muxin et al.

confirmed that hyperthermia inhibits the progression of

primary and pulmonary metastasis of breast cancer by

activating the macrophage/IL-15/NK cell axis (39). However,

Muxin et al. and other researchers have not observed significant

T cell immune response (40, 41), suggesting that Tregs may play

a key role in the efficacy of thermal ablation, but the role of other

T cells in it is still worthy of attention.

It is well known that mild hyperthermia can improve vascular

permeability, which provides a good platform for the passage of

innate immune cells and lays a foundation for inhibiting distant

metastasis of tumors (42, 43). Yuefei et al. found that mild

hyperthermia not only activated macrophages and DCs in

tumors but also improved the structure of tumor vessels by

reducing the levels of transforming growth factor-b (TGF-b) and
hypoxia-inducible factor-1 a (HIF-1a) and significantly increased

the proportion of CD8+IFN- g + T cells (44). In breast cancer,Wan

et al. found a significant increase and infiltration of DC, NK, B and

CD8+T cells after mild hyperthermia (45), while Muxin et al. did

not observe a significant T cell response induced by hyperthermia

(39). Thus, at least in breast cancer, mild hyperthermia may lead to

more effective immune stimulation and longer-lasting immune

memory than thermal ablation.
Influence on the
immunosuppressive TME

The efficacy of ICIs in the treatment of malignant tumors

depends, to a large extent, on the immune status of the TME (46,

47). According to the immune status of the TME, tumors can be

divided into “cold” and “hot” tumors. The characteristics of “cold”

tumors include less tumor infiltrating T cells (TIL), low expression

of PD-L1, enrichment of immunosuppressive cells, and decrease in

tumormutation, so the response rate to PD-1/PD-L1mAb is usually

low (48). In other words, if thermal ablation or mild hyperthermia

changed some of the characteristics of “cold” tumors, it could

increase the sensitivity of ICIs, which would help improve the

efficacy of this therapy in conjunction with ICIs.

The infiltration of TILs and the reduction of immunosuppressive

cells (such as Tregs) are often considered to be a temperature-

sensitive event. Liping et al. designed a mild hyperthermia method

combined with PD-L1 inhibitors for the “cold” TME of breast

cancer mouse models (4T1 and B16F10). The results showed that

the CD8+T and CD4+T cell populations in the treatment group
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were 11.8 and 8.2 times higher than those in the PBS group,

respectively, promoting the differentiation of immature T cells

(49). More importantly, the infiltration of CD8+T cells was also

significantly increased, and the number of Tregs and the level of

Treg surface markers such as CD4, CD25, and Foxp3 were

significantly decreased. Interestingly, they found that the

expression of PD-L1 on the surface of tumor cells increased

with the increase in temperature in the range of 37–45°C,

suggesting the sensitizing effect of mild hyperthermia on ICIs.

In addition to these, Changdong et al. also found that whole body

hyperthermia (WBH) has a good effect on a4b1 or a4b7 integrin-
mediated T cell adhesion andmigration (50), which may be one of

the mechanisms by which hyperthermia inhibits distant

tumor metastasis.
Magnetic nanoparticles as thermal
effectors and drug carriers

Modified nanoparticles play a key role in the combined

treatment strategy of cancer based on magnetic hyperthermia

(MHT) and immunotherapy. Superparamagnetic iron oxide

nanoparticles (SPIONs) smaller than 20-25 nm have attracted

much attention because of their good superparamagnetism,

chemical stability, high saturation magnetization and proper

biocompatibility (51). Based on the above characteristics, the

coupling of SPION with drugs can better maintain the retention

time of drugs in the blood, control the degradation rate of drugs

and reduce toxicity, suggesting that this coupling is helpful for

better targeted delivery of drugs to tumor sites, and provides the

possibility for the combination of magnetic hyperthermia and

immunotherapy (52). However, it is worth noting that this

targeted transport often depends on monoclonal antibodies to

recognize the receptors overexpressed on the cell surface, in

which SPIONmainly plays the role of a carrier, in other words, it

is difficult to target nanoparticles at low-specific tumor locations.

The combination of magnetic nanoparticles (MNPs) and

alternating magnetic field (AMF) is called MHT, which is

essentially a kind of thermotherapy with magnetic induction

characteristics (53). SPIONs belongs to a kind of MNP, Tetsuya.

After coupling SPION with anti-HER2 antibody trastuzumab, it

was found that anti-HER2SPIONS selectively targeted HER2-

expressing cancer cells and induced apoptosis only in cancer

cells expressing HER2, suggesting the specificity of this coupling

against cancer (53). Not only that, SPION also performs well in

high intensity focused ultrasound (HIFU). Compared with HIFU

therapy alone, Haiyan et al. invented a kind of nanoparticles with

superparamagnetic iron oxide (SPIO,Fe3O4NPs) as shell and poly

(lactide-glycolide) nanoparticles (Fe3O4@PLGA/LANPs) as core,

which showed synergistic inhibitory effect on breast cancer, which

was related to the accumulation and long-term retention of

SPION in tumor site (54). Many MNP are evolved on the basis
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of SPION, other MNP including CoFe2O4@MnFe2O4,

PEGylatedFeNP, etc., can also provide magnetic targeting

efficacy, but compared with SPION, some nanoparticles that are

too large or too small cannot avoid liver uptake (55).

However, some questions about the efficacy of hyperthermia

are also emerging. For example, tumor cells often produce heat

resistance during or after hyperthermia, which is characterized by

resistance and regenerative response to high temperature (51). The

reason behind this phenomenon is closely related to the

enhancement of heat shock protein synthesis (56). Although

HSP70 and many other HSPs have immunostimulatory effects,

there is considerable evidence that some HSPs inhibit the anti-

tumor immune response (57, 58). The targets of SPIONs include

hsp70 and hsp90, which may help to prevent the production of heat

tolerance and restore the anti-tumor immune response.
Role of exosomes as mediators
in the hyperthermia-induced
immune response

Exosome, a small membrane vesicle derived from endocytosis,

mediates cellular communication between tumor cells and

immune cells by wrapping and transmitting signal molecules

such as mRNA, miRNA and other non-coding RNA and

proteins. Among them, HSP has attracted much attention

because of its diverse mechanisms of expression and regulation

of tumorigenesis and development. During hyperthermia, cells

under heat stress enhance immune response by promoting the

release of more exosomes rich in tumor antigens, chemokines

(including CCL2, CCL3, CCL4, CCL5 and CCL20, etc.) and HSP

to APC to identify and destroy tumor cells (59). The contents of

TEX (HS-TEX) under heat stress play an important role in its

function in TME. Compared with apoptotic fragments and HSP-

70 knockout exosomes, HSP-70-rich exosomes recruit more NK

cells and promote the killing of NK cells (60). In addition, recent

studies have found that exosomes extracted from heat-stressed

tumor cells (HS-TEX) can reverse immunosuppressive TME from

the following four aspects, including: ① activation of DCs;② as a

cancer vaccine promotes IL-6;③ secretion by cells to reduce the

proportion of Treg and MDSCs, while increasing the proportion

of Th1 and Th17;④ promote the differentiation of CD8+T cells

(60–62).

However, exosomes can also produce immunosuppressive

activity. Some TEX have been shown to contain ligands such as

FasL and TRAIL, which can induce apoptosis of activated T cells.

Exosomes can also contain NKG2D ligands, which can block

NKG2D receptors and inhibit the cytotoxicity of NK cells and

CD8+T cells. One study also showed that HS-TEX can induce a

bystander effect (BE) in tumor cells and promote the survival of

stress-free cells (63). In addition, PD-L1 can be expressed in TEX

to evade immunity (64).
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It is worth noting that recently, it has been found that

exosomes not only participate in the regulation of immune

response, but also promote the survival of thermostable cells.

The survival of thermostable cells is inseparable from a

mechanism called “Anastasis”, through which cells can recover

from apoptotic lesions and have their previous functional state,

which is closely related to the role of HSP released by TEX in the

fight against apoptosis and lethal stimuli. The increase of Hsp70

and Hsp90, a common feature of thermostable cells, also confirms

this point. A recent study also reported that HSP70, HSP90 and

HSP60 are secreted by cancer cells through exocytosis and may

play a key role in inhibiting the host’s anti-tumor immune

response (65). Moreover, this heat tolerance mediated by TEX

may be achieved by inhibiting apoptosis by HSP, including

inhibition of cascade activation of caspase and splicing of t-BID

fragments, which is antagonistic to apoptosis induced by mild

hyperthermia. However, TEX rich in HSPs can also induce anti-

tumor immunity. For example, studies have suggested that

exosome from heat-treated malignant ascites from gastric cancer

patients are rich in HSP70 and HSP60, which promote DC

maturation and induce tumor-specific CTL response (62).

Generally speaking, the key to find a breakthrough between

immune stimulation and immunosuppression and the

emergence or disappearance of heat tolerance may lie in the

role of exosome contents, especially the complex role of HSPs

remains to be further studied. In summary, the above data suggest

that hyperthermia can be used as an adjuvant therapy for ICIs to

temporarily activate the anti-tumor immune response (66).

Therefore, several studies propose a therapeutic strategy of TILs

infiltration in tumor microenvironment (60), up-regulated

expression of PD-L1 and combined with ICIs after thermal

ablation or mild hyperthermia, to investigate whether these

therapies could elicit stronger and more lasting systemic

immunity in tumor patients to resolve recurrence and distant

metastasis after hyperthermia (Figure 1).
Thermal ablation or mild
hyperthermia combined with ICIs:
A preclinical study

The earlier section was only meant to be a general

introduction to the immune effects of hyperthermia. Here, we

compared the combined effects of each hyperthermia technique

in more detail, in order to investigate which one was more

efficacious. Thermal ablation mainly included microwave

ablation (MWA), radiofrequency ablation (RFA), cryoablation

(CA),high intensity focused ultrasound (HIFU) and laser

ablation (67, 68). Mild hyperthermia therapies were mainly

photothermal therapy (PTT) and magnetothermotherapy

(MHT) (69). PTT uses near infrared (NIR) light in the range

between 700nm and 900nm to generate thermal energy,
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including gold, copper, graphene, polymer nanoparticles and

carbon nanotubes under study (70–74). This characteristic of

near-infrared light determines that PTT can maintain a

penetration depth of approximately 1 cm, therefore PTT is

more suitable for subcutaneous tumors, surgical exposures, or

catheters. MHT uses magnetic nanoparticles (mainly iron oxide

(Fe2O3) nanoparticles and its derivatives) to create alternating

magnetic fields to generate heat. Compared with PTT, MHT is

advantageous because it has excellent tissue penetration for deep

tumors using hyperthermia induced by alternating magnetic

fields. However, this may also lead to nanoparticles not being

located in tumors to unnecessarily heat healthy tissue (75, 76).

Currently, the commonly used immune checkpoint

inhibitors approved by FDA included anti-PD-1/PD-L1

inhibitors and anti-CTLA-4 inhibitors (77). Malignant tumors

often use the inhibitory PD-1/PD-L1 or CTLA-4 pathway to

escape the immune system. The principle of this biological

behavior is that the PD-L1 molecule located on the surface of

tumor cells binds to the transmembrane protein PD-1 expressed

on T cells, B cells and natural killer cells (NK cells), which

depletes T cells and promotes immune escape (78). On the other

hand, CTLA-4 molecules block the binding of B7 ligands to T

cell costimulatory molecules by binding to CD80 and CD86,

thus blocking intracellular signal transmission and ultimately

specifically preventing T cell activation and proliferation.

Therefore, PD-1/PD-L1 blockers and CTLA-4 inhibitors play

different roles by blocking parallel but different pathways on

tumor cells (9). Common PD-1 antagonists include nivolumab

and pembrolizumab, PD-L1 antagonists include atezolizumab

and durvalumab, and CTLA-4 antagonists include ipilimumab,

temlimumab (79, 80). A single antagonist is not frequently used

because of the low patients’ response rate. The combination of

two checkpoint inhibitors, such as CTLA and PD-1, has shown

some efficacy in melanoma, renal cell carcinoma, non-small cell

lung cancer and other malignant tumors. However, treatment of

metastatic tumors, which is the real cause of death in most

clinical tumor patients, is still not effective, so researchers have

shifted their attention from the sequential treatment of single or

multiple ICIs to the combination of ICIs and other treatments

(11). The combination of ICIs and hyperthermia has performed

well in some preclinical studies and may be used as a potential

combination therapy to improve the response rate and survival

rate in the clinical setting. Next, combined with the

characteristics of each tumor, this paper will specifically

describe the combined effect of thermal ablation or mild

hyperthermia and ICIs, especially in the treatment of

metastatic tumors.
Breast cancer

Triple negative breast cancer (TNBC) is a special subtype of

breast cancer, accounting for 15%-20% of all breast cancers. It
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has strong invasive clinical characteristics and an early high

recurrence rate (81). Chemotherapy is the standard treatment

for TNBC, but the overall prognosis is poor, with a median

overall survival time (OS) of only 12-18 months, while

hyperthermia combined with immunotherapy seems to

provide better prognosis in the preclinical model of TNBC

(82). The tumor formed by 4T1 cells in BALB/c mice is highly

similar to the one found in human breast cancer in terms of

growth and metastasis, so it is often used as an animal model for

the study of human stage IV breast cancer. At the same time, it is

also a highly invasive and metastatic model, often with lung,

liver, and lymph node metastasis, in line with the characteristics

of TNBC (83).

The main advantage of thermal ablation is that it has a

strong in situ tumor ablation ability. When HIFU is combined

with anti-PD-1, tumor proliferation-related genes such as

Wnt7b,S100a14 and Erbb2 are significantly downregulated,

and newly released tumor-specific antigens, cytokines, and cell

fragments act as agonists of innate immunity (84). However, the

disadvantage of thermal ablation is that it may enhance the

immunosuppressive effect of distant Tregs (84).
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Compared with thermal ablation, mild hyperthermia showed

a better inhibitory effect on distant metastasis (49, 85). A study by

Hongwei et al. reported that PTT combined with anti-CTLA-4

therapy can effectively inhibit the growth and lung metastasis of

invasive 4T1 tumors, which could not be achieved by using PTT

or anti-CTLA-4 inhibitors alone (86). Interestingly, only one

combination of PTT and sequential PTT alone did not cause

significant inhibitory effect, or even immune rejection, while the

inhibitory effect of sequential PTT combined with anti-CTLA-4

therapy was significant. The reason behind this phenomenon

may be explained by a short treatment window after the second

dose of PTT treatment. Most of the Treg cells were eliminated

and the activated cytotoxic T lymphocytes (CTL) had not

infiltrated the tumor tissue. Combined anti-CTLA-4 therapy

could accelerate this process and produce stronger TAA-

specific CD8+T cells and immune memory than sequential

PTT alone. However, when MHT was added to the

combination of radiotherapy and anti-PD-1 or anti-CTLA-4,

only CD3+T lymphocyte infiltration was observed, which helped

reduce the lung metastasis of 4T1 breast cancer but did not

improve the overall survival time. Moreover, the combination of
FIGURE 1

Partial mechanism diagram of hyperthermia combined with ICIs on tumor microenvironment. Created with BioRender.com.
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MHT and anti-PD-1 or anti-CTLA-4 even showed the possibility

of increasing lung metastasis (83). In summary, PTT could be the

first to show more potent inhibitory effect than MHT in distant

metastasis of breast cancer, suggesting the possibility of a

photothermal vaccine (55).
Pancreatic cancer

Pancreatic cancer is generally considered to be a “cold”

malignant tumor of the digestive tract, mainly due to its

immunosuppressive “cold” TME (87). At the same time, it is

highly metastatic in the early stage because of its incomplete

capsule, rich lymphatic and blood circulation, and highly

invasive capability (88, 89).

The combination of thermal ablation and mild hyperthermia

with ICIs seems to make this “cold” tumor “hot”. PetrosX et al.

developed a pulsed high-intensity focused ultrasound (pHIFU)

technique based on HIFU. Mechanical damage induced by

pHIFU leads to a sustained increase in the level of CD8+ tumor-

infiltrating T cells (TILs) in tumors (90). When pHIFU was used in

combination with anti-PD-1, the immunosuppression of the PD-1/

PD-L1 axis of pancreatic cancer KPC cells was relieved, and the

survival rate of the treatment group was significantly increased. In

addition, one of the key findings of PetrosX et al., who investigated

the combination of thermal ablation and ICIs, was that this

combination of therapies induces a local tumor pro-inflammatory

microenvironment, which is evidenced by the increased infiltration

and proportion of several types of inflammatory cells (CD8+TIL,

CD8+ IFN g + TIL, and CD4+T cells) 48 hours after treatment.

From a cellular structural point of view, the “cold” tumors in

pancreatic cancers comprised of dense connective tissue

stroma and extracellular matrix, which set up barriers that

prevented immune cells from infiltrating to the tumor site (91).

Recently, mild hyperthermia has been shown to alter the dense

structure of tumor tissue (92). Qianwen et al. designed a PTT

therapy based on nanoparticles BMS-202 (a small molecular

inhibitor of PD-1/PD-L1). It was found that PTT can dilate

tumor vascular morphology and enhance tumor vascular

permeability compared to the untreated group, suggesting that

this PTT therapy could be beneficial in reshaping the

immunosuppressive microenvironment in pancreatic cancer (93).

Unsurprisingly, this PTT therapy not only decreased the expression

of HIF-1 a and effectively reduced the hypoxia of TME but also

promoted the maturation of DC in the spleen of tumor-bearing

mice and reactivated the immunosuppressive microenvironment.

When combined with nanoparticles BMS-202, the lung and liver

metastatic nodules of pancreatic cancer were significantly reduced.

In short, when combined with ICIs, thermal ablation and

mild hyperthermia could enhance the therapeutic effect of ICIs

and make pancreatic cancer “hot” again by inducing local tumor

pro-inflammatory microenvironment and activating tumor
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immunosuppressive microenvironment, respectively. It is

worth mentioning that PTT therapy based on nanoparticles

BMS-202 could also inhibit the metastasis of cancer cells

through blood vessels to distant organs.
Nasopharyngeal carcinoma

Nasopharyngeal carcinoma (NPC) is a malignant tumor that

often occurs at the top of the nasopharynx. Although it is

sensitive to radiotherapy, and simultaneous radiotherapy and

chemotherapy are often used in clinics, 30% to 40% of patients

die of local recurrence and metastasis, which may be related to

radiation resistance (94, 95). At the same time, patients often

suffer from many adverse reactions (such as radionecrosis,

dysphagia, and vomiting) (96, 97). Hyperthermia can solve the

problem of radiation resistance and adverse reactions to some

extent, which may be helpful to inhibit the recurrence and

metastasis of nasopharyngeal carcinoma.

Recent studies have found that PTT had a good effect in the

treatment of nasopharyngeal carcinoma. Qinmin et al. invented

a USPIO-PEG-sLex nanoparticle as a photothermal agent for

PTT, which proved that it could effectively inhibit the growth

and promote apoptosis of nasopharyngeal carcinoma in vivo and

in vitro, and there was no metastasis or invasion in the

xenotransplantation model (98). This has also been well

established by Naveen et al., and the role of PTT in inducing

apoptosis could be related to the surge in ROS level (99).

However, after objectively evaluating this method, it might not

be possible to use PTT alone for antineoplastic therapy. Hence,

to address the question of whether a combination of

hyperthermia and other treatments might benefit NPC

patients, a retrospective analysis found that the 5-year overall

survival rate (OS) of patients treated with whole body

hyperthermia (WBH) combined with CRT increased from

65.2% to 80.3% (100) compared with advanced NPC patients

who received only radiotherapy and chemotherapy (CRT). More

importantly, there was no significant toxicity in these patients,

suggesting that WBH helps to improve radiation resistance and

reduce therapeutic toxicity in patients with NPC. The effect of

the combination of WBH and CRT is gratifying, therefore there

are studies on the combination of mild hyperthermia and CRT

plus cetuximab to test the efficacy of this triple therapy. The

results showed that the apoptosis rate of nasopharyngeal

carcinoma CNE induced by triple therapy was further

increased on the basis of mild hyperthermia and CRT, and the

curative effect was stronger than that of other groups. The

mechanism may be related to the synergistic effect of blocking

the binding of EGFR and its ligands and the increase of the Bax/

Bcl-2 ratio (101). At the same time, this triple therapy has been

implemented in pancreatic cancer, and its feasibility has been

confirmed, but its safety has yet to be evaluated.
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Brain cancer

Glioblastoma (GBM) is a highly invasive and destructive brain

tumor characterized by poor prognosis and high recurrence rate

(102). As a result of the tumor microenvironment of restricted

blood-brain barrier (BBB) and GBM immunosuppression,

immunotherapy, such as ICIs, is ineffective in the treatment of

intracranial malignant tumors (103). On the one hand, the lack of

TILs and the formation of immunosuppressive mechanism make

GBM become a kind of “cold” tumor. On the other hand,

monoclonal antibodies are difficult to enter the brain through

BBB because of their largemolecular size and low BBB permeability.

Laser interstitial thermotherapy (LITT) is a common method

for the treatment of recurrent or deep brain tumors. The

combination of LITT and ICIs may hopefully change the “cold”

state of GBM immunosuppression into a “hot” state that is more

sensitive to ICIs. Some studies have generated gold nanoparticles

that have a therapeutic action similar to LITT, amplifying the effect

of light-based photothermal ablation. When combined with anti-

PD-L1, the tumor of GBM model mice reduces in size and the

survival rate increases, showing long-lasting anti-tumor immunity

(104). At the same time, solving effectively the problem of

monoclonal antibody penetrating BBB is the key to improve the

efficacy of monoclonal antibody in the treatment of GBM. Recently,

MHT has shown good potential, with its mechanism potentially

being related to the nanoparticle-encapsulated monoclonal

antibodies passing through BBB. The combination of FeNP-based

MHT with local injection of nano-adjuvants and systemic injection

of anti-CTLA4 can lead to systemic therapeutic responses to inhibit

tumor metastasis (75). In addition, nano-drugs, especially NPs

combined with hyperthermia, are being studied as potential ways

to enhance tumor drug delivery in patients with GBM (105).

In addition to GBM, studies have shown that a common,

refractory pediatric cancer called neuroblastoma is sensitive to a

combination of Prussian blue nanoparticles (PBNP)

photothermotherapy (PTT) and anti-CTLA-4 checkpoint

inhibitors. Compared with the group treated with PTT or anti-

CTLA-4 checkpoint inhibitor alone, mice treated with this

photothermal immunotherapy not only increased the survival

rate by 43% or 55.5%, respectively, but also showed protection

against neuroblastoma re-attack, suggesting the potential of PTT

and ICIs in the treatment of brain tumors (106).
Thermal ablation or mild
hyperthermia combined with ICIs: A
clinical study

It has been established that the immune response mediated by

T cells released by ICIs is non-specific (107), and thermal ablation

may be able to correct this. In a clinical trial to evaluate the efficacy

of RFA, patients with liver metastasis from colorectal cancer
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developed a tumor antigen-specific T cell response after RFA

(108). Although RFA does not ablate tumor cells, it offers the

possibility of therapy involving a combination of hyperthermia

and ICIs. RFA may also make up for the deficiency of nonspecific

T cell response induced by ICI (109). Secondly, ICIs therapy often

causes adverse reactions. For instance, in patients with advanced

melanoma, 96.8% of patients treated with ipilimumab and

nivolumab had immune-related adverse events (irAE), and 59%

of patients developed grade 3 or 4 irAE. A retrospective study of

131 patients with stage IV melanoma found that when combined

with systemic or local hyperthermia, the incidence of grade 3 and

grade 4 irAE in these patients decreased to 6.11% and 2.29%

respectively, suggesting that mild hyperthermia combined with

ICIs is safer (110). This has also been confirmed by a prospective

phase I clinical trial. Guoliang et al. found that HT combined with

adoptive cell therapy (ACT) and anti-PD-1 therapy was safe and

feasible, but this combination of therapies also enriched the TCR

library of clinical immune responders and promoted favorable

changes in serum IL-2, IL-4, TNF- a and IFN- g levels (111).
In short, combined with the current evidence, hyperthermia

has an advantage in providing a tumor antigen-specific T cell

response, while mild hyperthermia combined with ICIs can

ensure safety while having anticancer efficacy, and the safety is

easy to be ignored (Table 1).
Conclusions and future perspectives

Previous studies have mostly focused on the immune effect

of hyperthermia, and the combination therapy of hyperthermia

and ICIs has been a new field of investigation. This paper first

compares the different effects of thermal ablation and mild

hyperthermia on immune response, then summarizes the

recent examples of preclinical and clinical studies of

hyperthermia combined with ICIs, and analyzes the

underlying reasons combined with the mechanism of

hyperthermia, in order to provide theoretical and experimental

basis for research on hyperthermia and ICI combined therapy.

This paper presents some limitations, such as a limited

description of the methods and materials used in hyperthermia,

whereby there is regular, rapid development of this technique. At

the same time, due to the lack of clinical research on the

combination of hyperthermia and ICIs, some key questions

remain unanswered, such as: how can we better induce anti-

tumor immune response with ICIs combined with thermal

ablation or mild hyperthermia; at which temperature range does

the body have the strongest immunity; what the immune-related

factors that affect the efficacy of both are; how safe both techniques

are; and how the combined therapy affects the survival rate of

patients. These issues need to be addressed in order to greatly

improve the outcome of combined therapy with HT and ICIs.

However, combined with the existing evidence, we can still

draw some new key conclusions (1): CD8+T cell group is one of
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the important mechanisms of antitumor immunity in mild

hyperthermia, but it may not be as crucial in thermal ablation

(2); both thermal ablation and mild hyperthermia can partially

improve the immunosuppressive TME and increase the

sensitivity of tumor cells to ICIs (112) (3); mild hyperthermia

showed a better inhibitory effect on the high metastasis of some

tumors, which may be related to the improvement of distant

vascular permeability and the promotion of immune cell

infiltration (113); and (4) thermal ablationcan provide tumor

antigen specific T cell response to ICIs, while mild hyperthermia

combined with ICIs can provide safety. However, there are some

limitations in thermal ablation, mild hyperthermia or ICIs. The

main issue of using thermal ablation or mild hyperthermia itself

is the unnecessary heating of healthy tissue and heat tolerance of
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cells. ICIs has the ability to specifically target cancer cells, which

can help some nanoparticles reach the tumor site during

hyperthermia, accurately identify and kill cancer cells while

protecting normal cells as much as possible. In the clinical

treatment of ICIs, treatment-related irAE events often occur,

including nausea, diarrhea, loss of appetite, weakness, metabolic

abnormalities. Mild hyperthermia reduces the incidence of irAE

events, especially for grade 3-4 irAE reaction, which ensures

safety while enhances their therapeutic effect. For example, in the

clinical application of HIFU, coagulation necrosis caused by

excessive ultrasound energy destroys the structure and blood

vessels of the tumor to a great extent, thus limiting the ability of

immune cells to reach and interact with the tumor. Therefore,

some researchers invented p-HIFU technology to reduce
TABLE 1 Examples of ongoing clinical studies combining ICIs with hyperthermia therapy.

Trail Status Phase Hyperthermia specifications Type of neoplasm Involving meta-
static tumors

Treatment Endpoints

NCT02833233 Active Pilot CA Breast cancer No anti-PD-1+anti-
CTLA-4+CA

Safety

NCT03237572 Recruiting I HIFU, target 50% of the tumor, up to
3 cubic centimeters

Breast cancer Yes anti-PD-1+HIFU Immune
response, Safety

NCT04116320 Recruiting I Focused ultrasound ablation (FUSA) Advanced tumor No anti-PD-1+HIFU Immune
response, Safety

NCT04156087 Recruiting II Minimally Invasive Surgical
Microwave Ablation (MIS-MWA)

PC No anti-PD-1+MWA
+Gemcitabine

PFS

NCT04220944 Recruiting I MWA(covered at least two thirds the
size of the nodules)

HCC No anti-PD-1+MWA/
TACE

PFS, ORR, TTP,
OS, Safety

NCT03864211 Active I/II MWA/RFA under CT or ultrasound
guidance

HCC No anti-PD-1+MWA/
RFA

PFS, OS, Safety

NCT01853618 Completed I/II RFA/TACE/CA HCC No anti-CTLA-4
+RFA/TACE/CA

Safety, feasibility,
RR, TTP, OS

NCT03939975 Completed II MWA/RFA HCC No anti-PD-1+MWA/
RFA

Safety, RR, PFS,
OS

NCT03753659 Recruiting II MWA/RFA under CT or ultrasound
guidance

HCC No anti-PD-1+MWA/
RFA

ORR, OS, Safety

NCT04150744 Recruiting II RFA HCC No anti-PD-1+RFA PFS, ORR, OS,
TTP

NCT03337841 Unknown II RFA HCC No anti-CTLA-4
+RFA/Surgery

PFS, OS, ORR,
Safety

NCT02821754 Active II RFA/CA HCC、BTC No anti-PD-L1+RFA/
TACE/CA

PFS, Safety

NCT02469701 Completed II CA NSCLC Yes anti-PD-1+CA RR

NCT02437071 Active II RFA CRC Yes anti-PD-1+RFA Safety, RR

NCT03101475 Completed II RFA CRLM Yes anti-PD-L1+RFA
+SBRT

Immune
response, OS,
Safety

NCT03393858 Unknown I/II Thermotron RF-8EX,
Hyperthermia for 40 minutes on 42°C
± 0.5°C

MM No anti-PD-1+MH
+DC-CIK

PFS, OS, Safety

NCT03757858 Unknown I/II Thermotron RF-8, Hyperthermia for
40 minutes on 42°C ± 0.5°C

Abdominal and pelvic
malignant tumor

Yes anti-PD-1+MH
+CAR-T

Safety, ORR, PFS
CA, Cryoablation; HIFU, High intensity focused ultrasound; MWA, Microwave ablation; TACE, Transcatheter arterial chemoembolization; RFA, Radiofrequency ablation; SBRT, Systems
Biology Research Tool; MH, Mild hyperthermia; PC, Pancreatic cancer; HCC, Hepatocellular carcinoma; BTC, Biliary Tract Carcinomas; NSCLC, non-small cell lung cancer; CRC,
colorectal cancer; CRLM, colorectal cancer liver metastases; MM,Malignant mesothelioma; PFS, Progression-Free-Survival; ORR, Overall Response Rate; TTP, Time to Progression; OS,
Overall Survival; RR,response rate.
Note: the data in this table is quoted from clinicaltrials.gov.
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ultrasound energy and found that the combination of p-HIFU

and anti-PD-1 can promote immune cells to reach the tumor site

and induce a local tumor pro-inflammatory microenvironment

more effectively. Compared with RFA, MWA and laser, the

release of TAA, cytokines and cell fragments caused by HIFU

combined with anti-PD-1 acts as an agonist of innate immunity

and takes the lead in showing advantages in thermal ablation. At

the same time, more research on the combination of CA and

ICIs is also needed. The opposite extreme temperature of CA can

also cause a stronger immunostimulatory response, which is

characterized by a significant increase in the levels of serum IL-1,

IL-6, nuclear factor-kappa b and tumor necrosis factor-a after

ablation. A preliminary study of patients with breast cancer

receiving CA and anti-CTLA-4mAb has shown promising

efficacy and good tolerance (114).

Therefore, in the future, hyperthermia and ICIs should be

combined as a method to enhance local immune response and

avoid systemic immunotoxicity. The goal of the combination of

hyperthermia and ICIs will not simply transform the patient’s

immunosuppressive state into an activated state but can induce

the body’s own immunity. This is beneficial to the low-dose use

of ICIs to reduce the occurrence of irAE events, as expected by

Edward Jenner (110). In addition, whether hyperthermia and

ICIs can make up for each other’s shortcomings and exert

synergistic effect also depends on a key question-whether a

TME characterized by PD-L1 overexpression and TIL

enrichment can be produced (60). The enrichment of TILs by

hyperthermia has been confirmed (115, 116), but there are

limited studies on the expression of PD-L1 or other immune

checkpoints during hyperthermia. If hyperthermia can

upregulate the expression of PD-1, PD-L1 or CTLA-4, it could

be used as an ICIs sensitizer to bring improved efficacy to clinical

malignant tumor patients while explaining the mechanism

behind it, which is very important.
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therapies for non-small cell
lung cancer
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1Department of Cardiothoracic Surgery, The Affiliated Wuxi People’s Hospital of Nanjing Medical
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It has been widely acknowledged that the use of immune checkpoint inhibitors

(ICI) is an effective therapeutic treatment in many late-stage cancers. However,

not all patients could benefit from ICI therapy. Several biomarkers, such as high

expression of PD-L1, high mutational burden, and higher number of tumor

infiltration lymphocytes have shown to predict clinical benefit from immune

checkpoint therapies. One approach using ICI in combination with other

immunotherapies and targeted therapies is now being investigated to

enhance the efficacy of ICI alone. In this review, we summarized the use of

other promising immunotherapies and targeted therapies in combination with

ICI in treatment of lung cancers. The results from multiple animals and clinical

trials were reviewed. We also briefly discussed the possible outlooks for

future treatment.

KEYWORDS

immunotherapy, PD-1, PD-L1, immune checkpoint inhibitor, lung cancer
Introduction

One mechanism in which cancer weakens the body is through binding of the

programmed death-ligand 1 (PD-L1) expressed on the surface of cancer cells with the

programmed death 1 (PD-1) expressed on the surface of T cells. Over time this affinity

leads to exhaustion of T cells and a weakened immune system through various signaling

pathways due to the inhibitory nature of the PD-L1. So far, several mechanisms have

been elucidated. PD-1/PD-L1 binding complex triggers the immunoreceptor tyrosine‐
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based switch motif (ITSM) found in the intracellular head of the

PD-1 receptor to undergo phosphorylation. Next binding occurs

between the high affinity T cell SHP2 molecule and the

phosphorylated ITSM. This induces proximal T-cell receptor

molecules such as zeta-chain (TCR)-associated protein kinase

(ZAP70) to undergo dephosphorylation (1). ZAP70 binds

directly with the major histocompatibility complex (MHC)

r e c e p t o r and p l a y s a r o l e i n T - c e l l s i g n a l i n g .

Dephosphorylation of ZAP70 leads to inhibition in

downstream PI3K-AKT and RAS-ERK signaling, further

reduces T-cell receptor (TCR)-mediated interleukin-2 (IL-2)

and T cell proliferation, and thus promotes T-cell

immunosuppression (2). Moreover, PD-1/PD-L1 interaction

also leads to downregulation of LCK proto-oncogene (Lck)

activity (3). Downregulation of Lck activity leads to a

reduction of phosphorylated ZAP70 and ultimately to a

downstream inhibition of the PI3K/Akt/mTOR pathway and

the Ras/MEK/ERK pathway. Low Lck levels also leads to a

reduction in phosphorylated CD3z, decreasing intracellular

signaling and TCR surface expression. PKCq is an enzyme

found in the T cell that plays a role in intracellular signaling

and is essential for T cell activation and IL-2 production. A

reduction in Lck activity means less activated PKCq availability

and, therefore, a reduction in essential T-cell functions.

Altogether, these pathways combine to exhaust T cells’ post

PD-1/PD-L1 activation complex. Furthermore, PD-1 activation

complex leads to downregulation of the CK2 molecule which

phosphorylates the PTEN cytoplasmic domain. Higher levels of

dephosphorylated PTEN lead to continued phosphatase activity

and ultimately, inhibition of TCR activation signals. Together,

these responses in T cells are linked to decrease function,

proliferation, and overall, an exhausted phenotype.

PD-1/PD-L1 monoclonal antibodies (mAbs) trigger an

antitumor response by blocking this binding complex between

T cells and tumor cells. These mAbs bind directly to the PD-1 on

T-cell membranes or the PD-L1 on tumor-cell membranes.

Once binding occurs, these mAbs will stop the inhibition of

the T-cell immune surveillance response. Moreover, they can

increase the production of interferon-gamma (IFN-g), IL-2, and
interleukin-7 (IL-7) (4). IFN-g is a cytokine found in T cells that

plays a role in inducing and modulating several immune

responses. IL-2 is another cytokine that has been shown to be

induced via three different signaling pathways, i.e., JAK-STAT,

PI3K/Akt/mTOR, and MAPK/ERK pathways, all of which are

suppressed by PD-1/PD-L1 binding (5). IL-2 plays a role in T-

cell immune regulation by converting T cells into Treg cells to

prevent strong autoimmune response and enhance activation-

induced cell death (AICD). It is also involved in increasing T-cell

differentiation into effector T cells and memory B cells to fight off

pathogens and tumor-associated antigens. IL-7 is an important

cytokine involved in the development and growth of B cells and

T cells. During early T-cell development, IL-7 plays a role as an

important cofactor for V(D)J rearrangement of the T-cell
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receptor beta (TCRB) (6). Through the inhibition of the PD-1/

PD-L1 binding complex and the up-regulation of these cytokines

patients can achieve profound survival benefits including higher

overall survival (OS) and objective response rate (ORR). Briefly,

mAbs targeting the PD-1/PD-L1 axis has shown tremendous

benefit in clinical trials and have been approved as second-line

or first-line therapies for an increasing number of carcinomas,

including lung cancer, melanoma, lymphoma, among others (7).

Currently, FDA-approved drugs for use in PD-1 blockade

include pembrolizumab, nivolumab, avelumab, and in PD-L1

blockade include atezolizumab and durvalumab. These drugs fall

into a class of therapeutics known as checkpoint inhibitor

blockade (ICB). ICB fall into a bigger class known as

immunotherapies, which are considered one of the most

important advancements in cancer treatment.

Since FDA approval of nivolumab and pembrolizumab, two

mAbs targeting PD-1, for the treatment of advanced melanoma

in 2014, countless studies on PD-1/PD-L1 have flooded the

scientific community (8). This review will focus on lung cancers,

specifically non-small cell lung cancer (NSCLC). It has been

revealed that only 30% of NSCLC patients are diagnosed at stage

I, for which the 5-year survival rate is 65%. In contrast, the 5-

year survival rate for stage IV is only 5% (9).. Around 85% of all

lung cancer cases are NSCLC (10). PD-1/PD-L1 drugs have

shown promising benefits and low treatment-related adverse

events (AE) for NSCLC in many clinical trials. A study of 495

NSCLC patients treated with pembrolizumab monotherapy

achieved an ORR of 19.4%, and a median duration of response

of 12.5 months, leading to pembrolizumab was approved as a

single agent for the first-line treatment for NSCLC patient with

PD-L1 TPS ≥1% and without driver gene mutations (11).

Another randomized NSCLC study testing nivolumab in

comparison to docetaxel demonstrated that progression-free

survival (PFS), OS, and ORR were considerably improved with

nivolumab irrespective of PD-L1 expression (12). Based on the

findings, nivolumab was approved as second-line treatment of

non-squamous advanced NSCLC after failure of prior platinum-

based chemotherapy. When the PD-L1 inhibitor durvalumab

wa s g i v en to NSCLC pa t i en t s a f t e r concu r r en t

chemoradiotherapy, investigators saw an increased OS rate

(66.3% in the durvalumab group vs. 55.6% in the control

group), increased PFS (17.2 months for durvalumab group vs.

5.6 months in the control group), and increased median time to

death or distant metastasis (28.3 months in the durvalumab

group vs. 16.2 months in the control group) (13). Based on the

findings, FDA approved durvalumab as the first maintenance

therapy for stage III unresectable NSCLC.

Despite promising clinical benefits, a large percentage

(>50%) of cancer patients still do not respond to the ICB.

Mainly, the reasons for this can be attributed to a decreased

number of tumor-infiltrating lymphocytes (TILs) and a lack of

highly expressed PD-1/PD-L1 axis on all cancer cells. Therefore,

colleagues speculate that patients with PD-L1 overexpressing
frontiersin.org
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tumor may have optimal treatment outcomes (14–16). Another

major concern in ICB is the toxic AE, which are commonly

experienced alongside a new growing list of immune-related

adverse effects. In some instances, these AEs prove more harm

than benefits, and, thus, the treatment must be discontinued.

With these challenges being the major setbacks in ICB, modern

therapeutic approaches are now looking to expand upon PD-1/

PD-L1 inhibition in ways to minimize adverse events, while

increasing treatment efficacy. Accordingly, researchers have

been exploring combination strategies with other types of

cancer therapy, such as chemotherapy, targeted therapy,

radiotherapy, and immunotherapy (17, 18). Unlike

chemotherapy and radiotherapy that damage tumors

indiscriminately, immunotherapy and targeted therapy use

specific protein-targeted approaches that reduce cytotoxicity to

normal cells. This allows for lower rate of AEs in comparison.

For instance, one study compared immunotherapy with the

combination of immunotherapy and chemotherapy. The

investigators found the combinational therapy demonstrated

higher ORR (15.2% vs. 43.5%) and significantly longer PFS

(4.6 vs. 15.5 months) in NSCLC patients (19). In another

study, in comparison with chemotherapy alone, combinational

therapy demonstrated a higher ORR (19.9% and 48.3%) and

longer 2-year PFS (3.4% vs. 22%) in advanced NSCLC (20).

Given immunotherapy is very promising, we particularly

reviewed ICB in combination with other immunotherapy and

targeted therapies in NSCLC, which includes cancer vaccine,

mAb, oncolytic viruses, protein targeted compounds,

immunomodulators, and adoptive cell transfer therapy. Going

forward, we acknowledge that the scope of this research is vast

with far too many significant treatments to cover in one review.

Therefore, we dedicated our focus to combinations of

immunotherapy with high potential for lung cancers.
Combination with cancer vaccine

Neoantigen-based vaccines

Modern vaccinations typically work by introducing a foreign

substance or antigen in small or weakened doses into the body,

which allows the immune system to develop antibodies

specifically programmed to eliminate the antigen. Vaccines are

now also being tested in cancer therapy. In cancer treatment,

vaccinations use the antigens found in tumor cell membranes as

therapeutic targets, which can be recognized and targeted by

immune cells, thus triggering specific immune response against

tumor cells (21, 22). Neoantigen vaccines work by identifying

and targeting antigens found exclusively on the surface of cancer

cells known as tumor-specific antigens (TSA). Every patient has

a unique set of TSA, which requires personalized treatment

typically targeting up to 20 unique neoantigens. Neoantigen-

based vaccines promote neoantigen-specific CD4+ T cells and
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CD8+ T cells against neoantigen expressing cells. Subsequently,

T cells can search, recognize, and kill cells harboring these

antigens, achieving a powerful and specific anti-tumor

response. This boost in the immune system in combination

with ICB can potentially increase treatment efficacy. Indeed, T

cell targeting neoantigens has been associated with anti-tumor

activity and has long been believed to be effective targets for anti-

tumor response (23, 24). In a recent study, neoantigens were

successfully identified as targets through RNA sequencing of

NSCLC tumor and blood samples harvested from patients. The

RNA sequencing data were analyzed to identify mutations,

genetic expression information, and human leukocyte antigen

(HLA) typing in order for several mutated neoantigens

characterized by strong HLA affinity to be chosen and tested

(25). Through in vitro experiments and neoantigen reactive T

cells (NRT)-induced cytotoxicity in vivo evaluation, they

demonstrated NRT had responses against neoantigens with

high HLA affinity. In mice models bearing the NSCLC tumors,

they were able to show that targeted therapy against ACAD8-

T105I, BCAR1-G23V, and PLCG1-M245L led to improved

immune cell response, demonstrating the feasibility of

treatment in vivo. In a stage III/IV NSCLC study with 24

patients, neoantigens-based personalized vaccination was

developed based on predictions using a panel of 508 tumor-

associated genes from tumor biopsies, with peptides also

demonstrating high affinity to HLA class I and II, determined

through HLA typing (26). Researchers were able to demonstrate

OS and median PFS of 8.9 and 6 months, respectively. Five

patients demonstrated vaccine induced CD8+ T cell responses

against epidermal growth factor receptor (EGFR) neoantigen

peptides, showing that personalized neoantigen vaccination is a

feasible and safe method to increase immune response against

tumor cells harboring EGFR mutations. Another study tested

the efficacy of PD-1 inhibitor nivolumab in combination

with personal neoantigen vaccine, NEO-PV-01 (27). This was

the first time ICI was tested in combination with neoantigen

vaccine in NSCLC patients. It was determined that the approach

provided minimal toxic AEs, while specifically activating CD4+

and CD8+, MHC class I, and MHC class II against restricted

neoantigen epitopes. It is noteworthy that only three patients

with NSCLC were treated, and, therefore, further clinical data

are needed to confirm the findings of this study and to

demonstrate the feasibility of this combination approach.
CIMAvax

EGFR and epidermal growth factor (EGF) play critical roles

in healthy cell tissue development and homeostasis (28). EGFR

falls into a receptor class that is heavily involved in a multimodal

signaling cascade responsible for cellular migration,

differentiation, and proliferation (29). Overexpression of EGFR

occurs in ~60% of NSCLC patients and is associated with poor
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differentiation, increased tumor proliferation, higher incidence

of metastases, and lower efficacy (30, 31). The EGFR/EGF

complex has long been viewed as therapeutic targets in

NSCLC. The mode of action behind these treatments involves

inhibition of EGFR, cutting off tumors’ main mechanism to

proliferate and undergo angiogenesis. Another form of

treatment involves binding to the EGF directly to create a

conformational change, decreasing the amount of available

EGF in the bloodstream for cancer cell binding. CIMAvax-

EGF vaccine is a recombinant Neisseria Meningitis B

bacterium-derived outer membrane protein P64K, conjugated

onto human recombinant EGF and using Montanide ISA51 as

an adjuvant, leads to an upregulation of anti-EGF antibodies

(32). Ultimately, the decrease in EGF in the bloodstream starves

cancer cells, directly deregulating critical pathways involved in

tumor growth, signaling, and differentiation. In phase III

randomized study testing CIMAvax-EGF in advanced NSCLC

patients that were previously treated with frontline

chemotherapy, results showed that median OS in vaccinated

and nonvaccinated patients was 12.43 and 9.43 months.

Moreover, long-term survival in vaccinated and nonvaccinated

after 2 years was 37% and 20%, and after 5 years was 23% and

0%, respectively (33). The researchers hypothesized that high

level of EGF (>870 pg/ml) could be used as a predictive

biomarker of CIMAvax efficacy. Interim results from a phase

I/II study using nivolumab in combination with CIMAvax in

advanced NSCLC showed ORR 44% (four out of nine) of

patients with no AE of 3+, except in one patient due to

nivolumab alone (34). Compared to nivolumab monotherapy,

where ORR was reported as 23% (12 out 52). These findings

indicate an improvement in efficacy for this combinational

approach (35). Importantly, three out of the four patients had

PD-L1 expression <1%, demonstrating success in cancer patients

that normally exhibit poor prognosis with anti-PD-L1

treatments. It was determined that four doses of the

GIMAvax-EGF vaccine were optimal, and the only dosing

scheme where >50% of patients achieved sufficient antibody

responders. Results from nivolumab/pembrolizumab in

combination therapy with CIMAvax are awaited as the trial is

still recruiting at the time of this publication (NCT02955290).

Despite promising results, it is important to acknowledge that

there exists a lack of data regarding the possibility of vaccine

neutralization from the patient’s immune system, which should

be further explored. Additionally, it would be interesting to see

how anti-EGFR antibodies compared with CIMAvax-EGF.
TG4010

MU1 is an antigen from a family of mucin. This glycoprotein

plays a role in keeping pathogens out of the body through

binding oligosaccharides to its extracellular domain (36).

Overexpression of MU1 has been associated with lung, colon,
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breast, and pancreatic cancers (37). Additionally, biochemical

differences exist between healthy MU1 expression and tumor

associated MU1 expression. For example, MU1 transcriptional

genes, such as STAT3, NF-kB, p53, and b-catenin are associated

with tumor invasion, proliferation, and angiogenesis (38).

TG4010 vaccine is a modified virus designed to express coding

genes for MU1 and IL-2. This vaccine therapy deregulates

critical pathways for NSCLC cell survival and, therefore,

could prove effective in combination with ICB. In a phase II/

III randomized, double-blind study testing stage IV NSCLC

patients lacking an EGFR mutation while also expressing ≥ 50%

of MUC1 on tumor cell surface, 222 patients received standard

first-line chemotherapy in combination and without

combination of TG4010 vaccine (39). Results showed that

median PFS was 5.1 months in the group without TG4010 and

5.9 months in the group with TG4010. The adverse event was 4%

in the combinational therapy group and 10% in the control

group. Following up on the promising findings, two ongoing

clinical trials are testing the feasibility of nivolumab in

combination with TG4010 (NCT02823990) and triple arm

nivolumab in combination with TG4010 and chemotherapy II

with PD-L1 <50% (NCT03353675).
Cell-based vaccines

Antigen-presenting cells (APC) such as mature dendritic

cells (mDC) are now being utilized in cancer vaccine therapies.

Normally, APCs function as a surveillance system in the body

continuously monitoring the extracellular environment for

antigens. Once an antigen is identified, they return to the

lymph nodes and bind to T cells through MHC I and MHC II,

which cause activation against the antigen. In cancer therapy,

one approach requires the use of neoantigens or TSA found in

the patients to transfect mDC in vitro creating APCs that

promote targeting to specific neoantigens or TSA.

Subsequently, once educated mDCs are transplanted into the

patient, these mDCs can simulate CD4+ and CD8+ T cells

against tumor cells. However, this approach has proven to be

impractical and time-consuming. A new approach is using the

patient’s intratumor as the neoantigen and creating vaccine

response in vivo. This approach creates antitumor-specific

CD8+ T cells by acting more of a primer releasing pro-

inflammatory chemokines including CCL4, CCL5, CXCL10,

and cytokines at the time of intra-tumoral administration,

rather than an antigen-presenting platform helping induce the

recruitment of immune cells, including T cells to the injection

site (40, 41). T-cell activation can potentially demonstrate a key

agonist that can help improve PD-1/PD-L1 treatments. Current

ongoing clinical trials of combination mDC vaccine and PD-1/

PD-L1 inhibitors include pembrolizumab in NSCLC

(NCT03546361) , pembro l i zumab in so l id tumors
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(NCT03735290), and Pembrolizumab in plasmacytoid dendritic

cells (PDC) derived from NY-ESO-1 antigens (NCT03970746).

The ongoing clinical trials testing vaccine-based therapeutics

with ICI were listed in Table 1.
Combination with mAb

Anti-EGFR antibody

Overexpression of EGFR is commonly found in a variety of

cancers including NSCLC. Gene mutations at the EGFR are

responsible for continuous autophosphorylation and a

continuous activated state, which, ultimately, leads to

carcinogenesis. Currently, there are two common approaches

by which targeted treatment to this complex occurs. One is

through an anti-EGFR mAb binding directly to the extracellular

domain of EGFR, which will be primarily covered here. The

other is via small-molecule EGFR tyrosine kinase inhibitors

(TKI), binding competitively with adenosine 5′ triphosphate to
the intracellular catalytic head of EGFR, covered more in depth

in the next section (42). The binding of both therapeutics

downregulates continuous phosphorylation and activation

pathways involved in oncogenic mutations. Additionally, one

anti-EGFR mAb known as cetuximab suggests that inhibition of
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this receptor-ligand axis also leads to immune stimulation and is

associated with counterregulatory mechanisms. Cetuximab is

also thought to be linked in immune suppression feedback loops

that include an increase in the expression level of immune

checkpoint receptors like PD-L1 in cancer cells (43). These

results suggest an additive effect that is ideal for increasing

treatment efficacy for ICB by increasing levels of PD-1/PD-L1.

A stage IV NSCLC phase Ib dose-escalating trial of

necitumumab, an anti-EGFR mAb, combined with

pembrolizumab demonstrated ORR of 23.4%, PFS of 4.1

months regardless of PD-L1 status (44). The OS of patients at

6 months was 74.7%. It is noteworthy that patients with PD-L1

expression of ≥1% had improved ORR and medium PFS when

compared to PD-L1 negative patients. It was concluded that the

approach was tolerable with no dose-limiting toxicities reported

and provided better efficacy than treatment in monotherapy,

particularly in tumors of <50% PD-L1 expression. In a phase II

trial for NSCLC testing avelumab in combination with

cetuximab and chemotherapy results from 43 patients

demonstrated ORR of 30.2%, OS of 10 months, and medium

PFS of 6.1 months (45). No significant toxic AEs occurred

compared either Avelumab or Cetuximab alone. However,

anti-EGFR mAb and anti-PD-1/PD-L1 combination approach

is still in the early stage of testing, and, therefore, due to lack of

data, these findings are hard to validate.
TABLE 1 Ongoing clinical trials testing vaccine-based therapeutics with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer
Type

Setting Phase VaccineAgent Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT03639714 Advanced Solid
Tumors

Personalize Neoantigen cancer vaccine I/II GRT-C901/GRT-
R902

nivolumab/
ipilimumab

AE, SAE, DLT,
ORR, RP2D

214

NCT04266730 Squamous
NSCLC

Personalized and Adaptive Neoantigen, Dose-
Adjusted vaccine

I PANDA-VAC pembrolizumab AE 6

NCT03953235 NSCLC Personalized Vaccine targeting shared
Neoantigens

I/II GRT-C903/
GRT-R904

nivolumab/
ipilimumab

AE, SAE, DLT,
ORR, RP2D

144

NCT04998474 NSCLC Personalized Vaccine II FRAME-001 pembrolizumab Antigen-specific
immune response

15

NCT03380871 Advanced or
Metastatic non-
squamous
NSCLC.

Neo-PV-01 plus pembrolizumab Plus
Chemotherapy

I NEO-PV-01 pembrolizumab AE 38

NCT02897765 NSCLC NEO-PV-01 + Adjuvant With nivolumab I NEO-PV-01 nivolumab SAE, AE, 34

NCT02955290 NSCLC,
Metastatic and
Unresectable
NSCLC

CIMAvax + pembrolizumab/nivolumab I/II CIMAvax pembrolizumab,
nivolumab

DLT, AE, OS 42

NCT02823990 NSCLC TG4010 + nivolumab II TG4010 nivolumab ORR 13

NCT03353675 NSCLC TG4010 + chemotherapy + nivolumab II TG4010 nivolumab ORR 39

NCT03970746 NSCLC PDC*Lung01 + injectable pembrolizumab/
pemetrexed

I/II PDC*lung01 pembrolizumab DLT 64

NCT03546361 NSCLC Autologous Dendritic Cell-Adenovirus CCL21
Vaccine + pembrolizumab

I CCL21 Vaccine pembrolizumab MTD/MAD, ORR 24

NCT03735290 NSCLC ilixadencel + pembrolizumab I/II ilixadencel pembrolizumab AE, SAE, DLT, ORR 150

NCT03847519 NSCLC ADXS-503 + pembrolizumab I/II ADXS-503 pembrolizumab AE, DLT, anti-
tumor activity

74
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Anti-VEGF/VEGFR mAb

Vascular endothelial growth factor (VEGF) is a protein that

promotes angiogenesis. In the cases of malignant cells, VEGF/

VEGFR is commonly overexpressed leading to rapid

proliferation and expansion of tumor tissue. Inhibition of this

receptor-protein complex acts as an angiogenesis antagonist,

leading to a decrease in cancer metastases and proliferation.

Results from Bevacizumab, an anti-VEGFA mAb, in

combination with atezolizumab demonstrated ORR of 64%

and medium duration of response of 10.4 months as a first-

line chemo-free therapy in NSCLC with PD-L1 expression >50%

(46). However, despite promising results, prolonged exposure to

VEGF/VEGFR mAb can lead to adaptive resistance by tumors

and create a path for new expansion mechanisms. Ongoing

clinical trials with anti-VEGF/VEGFR mAb are summarized in

Table 2 with more results awaited to provide relevant

information on the combination approach.
Combination with targeted therapies

Targeting tyrosine kinase

In addition to anti-EGFR mAb, a different approach exists

targeting the EGF/EGFR complex, using TKIs instead.

Activation of the oncogenic EGFR pathway in preclinical

studies has shown enhancements in the susceptibility of lung

tumors to anti PD-1 inhibitors in mice models, suggesting that

EGRF TKIs in combination ICI may be a promising therapeutic

approach, especially in EGFR mutated NSCLC (47). However,

clinical trial data have been inconclusive with some reports

finding AEs outweighing efficacy. In an EGFR mutation-

positive NSCLC clinical trial, nivolumab in combination with

Erlotinib (EGFR TKI) resulted in tolerable safety profile with an

ORR of 19%, and durable response was observed in four out of
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20 patients (48). A previously untreated stage IIIb/IV EGFR-

mutant NSCLC study combining pembrolizumab and erlotinib

reached an ORR rate of 41.7% with similar toxicities as

pembrolizumab monotherapy (49). When comparing to a

pembrolizumab monotherapy, where ORR was reported as

44 .8%, no improvement in ORR was present for

pembrolizumab alone (50). However, when compared to

erlotinib monotherapy, which showed ORR of 22.7%, results

do show a significant increase in ORR (51). This suggests that

the combination approach has an increase in ORR when

compared to EGF inhibitor alone, but no noticeable increase

when compared to pembrolizumab alone. Importantly, different

EGFR mutations can lead to different treatment outcomes.

EGFR exon 18 G719, exon 19 K757R, exon 20 S768I, exon 21

G836S, and E746G mutations have been correlated to successful

treatment outcomes in NSCLC patients, whereas tumors

exhibiting exon 18 S720I mutation demonstrated poor clinical

outcomes to erlotinib (52). It’s worth mentioning most anti-

EGFR treated patients build an adaptive resistance to treatment,

raising speculation on the viability of this combination

approach. Nonetheless, further data are awaited with Table 3

capturing the ongoing clinical trials of combination ICI with

anti-EGF/EGFR therapeutics. In addition, anlotinib is a small

molecule that acts as a receptor tyrosine kinase (RTK) inhibitor

with multi-RTKs inhibition pathways including VEGFR-2 and

VEGFR-3, fibroblast growth factor receptor (FGFR), stem cell-

factor receptor (c-Kit), and platelet-derived growth factor

receptor (PDGFR) (53). This agent may both inhibit

angiogenesis and downregulate tumor expansion. Clinical

trials have indicated that anlotinib significantly prolonged OS

(9.3 vs. 6.3 months) and PFS (4.8 vs. 1.2 months) of patients with

advanced NSCLC (54). Evidence shows that a combination

approach can reverse PD-1/PD-L1 resistance when combined

with nivolumab. In a phase Ib study of sintilimab in combination

with anlotinib as first-line therapy, out of the 22 NSCLC patients

enrolled in the study, 16 demonstrated an ORR of 72.7% and the

12-month PFS was 71.4% (55).
TABLE 2 Ongoing clinical trials testing VEGF targeted antibodies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention Phase VEGFAgent Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT03786692 Stage IV NSCLC carboplatin, + pemetrexed, + bevacizumab,
+/- atezolizumab

II bevacizumab atezolizumab PFS 117

NCT04124731 Advanced NSCLC sintilimab plus anlotinib II anlotinib sintilimab ORR 98

NCT04471428 Metastatic NSCLC cabozantinib + atezolizumab III cabozantinib atezolizumab OS 366

NCT03386929 Metastatic/Stage III
NSCLC

avelumab + axitinib + palbociclib I/II axitinib avelumab DLT, AE, RR, DR,
PFS, OS, SIM

130

NCT05078931 NSCLC pembrolizumab + lenvatinib II lenvatinib pembrolizumab PFS 35

NCT04147351 NSCLC Stage III-IV atezolizumab; bevacizumab II bevacizumab atezolizumab ORR 22

NCT04459663 NSCLC toripalimab injection combined with axitinib II axitinib toripalimab Antitumor activity,
ORR

50

NCT03971474 Recurrent NSCLC ramucirumab + pembrolizumab II ramucirumab pembrolizumab OS 166
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Targeting KRAS

KRAS mutant genes, the most frequent altered gene in

NSCLC for years has been sought after as a therapeutic target

with little success partly due to its high affinity for GTP and

complex down streaming pathways (56). Recent FDA approval

of KRAS G12C inhibitor, sotorasib has opened light on this

treatment approach. Current dose exploration and dose

expansion c l inical tr ia l combining sotoras ib with

pembrolizumab (NCT04185883) is undergoing, which

included participants with KRAS p.G12C advanced non-small

cell lung cancer. Upon completing the dose exploration, dose

expansion may also proceed consisting of participants with

KRAS p.G12C mutant advanced NSCLC. In addition, another

trial on sotorasib in combination with pembrolizumab

(NCT03785249) is also undergoing, which is a phase 1

evaluation of the safety, tolerability, and clinical activity in

patients with KRAS G12C mutant unresectable or

metastatic NSCLC.
Targeting IDO1

Indoleamine 2,3-Dioxygenase 1 (IDO1) is an enzyme

expressed by the IDO1 gene, which is responsible for

catalyzing tryptophan into kynurenine via the tryptophan-

kynurenine-aryl hydrocarbon receptor (Trp-Kyn-AhR)

pathway. Tryptophan is associated with healthy T-cell function

(57). Depletion of tryptophan inhibits mTORC1 signaling

pathway, which leads to T-cell autophagy and the release of

GCN2-mediated phosphorylation of eIF-2. Finally, the ripple

effects induce cell-cycle arrest and death in T cells (58).

Therefore, upregulation of the IDO1 gene is associated with

increased immunosuppression due to T-cell apoptosis and

i n c r e a s e d m e t a b o l i t e s o f I DO1 i n t h e t umo r

microenvironment (TME) (59). Furthermore, IDO1

overexpression has been observed after ICB in NSCLC

patients, suggesting a possible role in the process of acquired

resistance and has been hypothesized to negatively affect post-

treatment prognosis (60). Clinical studies indicated that IDO1
Frontiers in Oncology 07
254
inhibition combined with ICB may have added antitumor effects

and heightened immune response. In a phase I/II trial, IDO-1

inhibitor epacadostat, in combination with pembrolizumab for

pretreated advanced NSCLC, demonstrated ORR of 35% with

generally good tolerability. Signs of toxicity were present as 11%

of patients had to discontinue treatment due to AEs (61).

However, a phase III trial of the same treatment demonstrated

no advantage from the combination approach in comparison

with pembrolizumab alone (median PFS of 4.7 vs. 4.9 months;

ORR of 34% vs. 32%) (62). In a phase I study to explore the

combination of navoximod (another IDO1 inhibitor) with

atezolizumab for the first time as treatment for patients with

advanced cancer, navoximod combined with atezolizumab

demonstrated good tolerability and acceptable safety (63). In

the dose escalation stage, six of 66 (9%) patients achieved PR,

and 11 (17%) patients achieved SD, and the rate of treatment-

related Grade ≥ 3 adverse event increases with increasing doses

of navoximod (63). However, there was no clear evidence of

benefit from the combination approach in comparison with

atezolizumab alone. The mixed results from these trials indicated

that IDO1 inhibition alone might not sufficiently induce T-cell

activation. More clinical trials are underway to better understand

IDO1 inhibition and its potential in combination with

ICI (Table 4).
Combination with oncolytic virus

Oncolytic virus and TME

Oncolytic viruses (OV) are typically engineered from

existing virus models and repurposed to target cancer cells. A

promising therapeutic PD-1/PD-L1 combination approach

involves the use of OV. To promote immunogenic cell death

(ICD), the virus first must replicate exclusively in cancer cells

and then promote antitumor responses via activation of mDC

and T cells. Secretion of damage-associated molecular patterns

such as adenosine triphosphate (ATP) and high-mobility group

box protein 1 (HMGB1) are usually a characteristics of such

responses (64, 65). Many virus models have been explored as

potential therapies. Some of the more studied models include
TABLE 3 Ongoing clinical trials testing EGF/EGFR TKI and targeted antibodies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention Phase EGF/
EGFRAgent

Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT02924233 NSCLC Sym004 + nivolumab I/II Sym004 nivolumab DLT, RP2D 0

NCT04042701 NSCLC DS-8201a + pembrolizumab I DS-8201a pembrolizumab DLT, ORR 115

NCT04976647 Squamous NSCLC HLX07 + HLX10 II HLX07 HLX10 ORR, PFS 156

NCT04646330 NSCLC AK104+anlotinib I/II anlotinib AK104 ORR 120

NCT02013219 NSCLC erlotinib + atezolizumab I erlotinib atezolizumab DLT, RP2D, 52

NCT02947386 Recurrent NSCLC, Stage III-IV
NSCLC

nimotuzumab + nivolumab I/II nimotuzumab nnivolumab DLT, ORR 48
fro
ntiersin.org

https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Mussafi et al. 10.3389/fonc.2022.948405
measles virus, retroviruses, herpes simplex viruses, adenovirus,

bovine papillomavirus, among others. As stated, a major

limitation of PD-1/PD-L1 inhibitors is the lack of patients

responding to treatment. To effectively increase the rate of

successful treatment outcomes, better understanding of the

TME is needed. Benefits of ICI appear most successful with

tumors categorized by high PD-L1 expression, increased

mutational burden, and high level of TILs. These tumor types

are classified as treatment-receptive tumors otherwise known as

immunologically “hot” (66, 67). On the other hand, tumors

classified as immunologically “cold” tumors demonstrate

reduced therapeutic benefit. These tumors, express low or no

TSAs, have decreased TILs density, and a low rate of suppressive

immune-cell subtypes infiltrating deep tumor regions including

myeloid-derived suppressor cells, regulatory T cells, NK cells,

neutrophils, or macrophages. Additionally, they demonstrate

low expression of immune-suppressive molecules such as

(including IL-10, IDO, CD73, PD-L1, and prostaglandin E2)

(68–72). A promising approach for combination ICB would

ideally alter these “cold” tumors into “hot” tumors. OV therapy

can heat up immunologically “cold” tumors by enabling ICB and

converting immunosuppressive cells to a pro-inflammatory

phenotype to effectively break the immune tolerance of the

TME (73). Recently, breakthroughs and discoveries have

allowed for better understanding of the mechanism behind

OV therapy. It is now understood that the clinical efficacy of

OVs is highly dependent on the vaccine’s ability to transform

tumors into biological “vaccine factories”. OVs can promote the

recruitment and activation of lymphocytes, upregulate the

expression of PD-1/PD-L1 effectively increasing efficacy and

downregulating resistance of ICI, as well as alter components of

the antitumor immune response including small, e.g., uric acid)

(74), ATP, protein mediators such as HMGB1 and IFN signaling

(75, 76). The mechanisms inducing these benefits involve tumor

lysis, TME alteration, TIL activation, and recruitment, triggering

of immune responses mediated by innate immune cells and CB8

+ T cells through antigen binding, as well as inhibition of tumor

angiogenesis, neovascularization, and other such vascular

modifications (77, 78). Through these responses, OV
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treatment can lead to increased neoantigen spreading and

tumor antigen presentation, infiltration of NK cells and T cells

into the TME, and increase T-cell effector function leading to a

phenomenon known as the “bystander effect” both at proximal

and distal sites of tumors (79). The results from one study of

intra-tumoral mJX-594 treatment targeting granulocyte-

macrophage colony-stimulating factor (GM-CSF) gene showed

a highly altered TME, while promoting suppressed growth of

tumors treated with ICB (80). These promising results led to an

increase response to immunotherapy treatment. Furthermore,

the combination of anti-PD-1 mAb and mJX-594 reduced tumor

growth by 70%, whereas anti-PD-1 and mJX-594 monotherapy

delayed tumor growth by 23% and 44%. The combination of

TME alteration with PD-1 therapy is a promising approach to

increasing PD-L1 expression and tumor-associated antigens,

therefore, improving efficacy and the percentage of patients

affected by anti-PD-1 inhibitors alone.
Coxsackievirus A21

Coxsackievirus A21 is another OV targeting ICAM-1 on

tumor cells. A phase Ib KEYNOTE-200 trial of coxsackievirus

A21 in combination with Pembrolizumab demonstrated good

tolerability with no dose-limiting toxicities and no grade 4/5 AEs

(81). Currently, the available data show medium OS of 9.5

months, ORR of 23%, and 33% for patients with ALK-negative

and EGFR-negative NSCLC. The final results of the study are

awaited. Notable increases in PD-L1 tumor levels were observed

indicating combination OV with ICI could have additive effects.

Current findings indicate that a combination of anit-PD-1 mAb

with an optimal dose of OV does not significantly increase

toxicity and, in most cases, is tolerated with grade ≥3 AEs.

However, a major setback is acquired resistance that arises after

multiple therapies, and, generally, therapy becomes ineffective

after the third dose of treatment. Nonetheless, the ongoing

clinical trials testing OV in combination with ICB in NSCLC

are highly anticipated and summarized in Table 5.
TABLE 4 Ongoing clinical trials testing IDO1 targeted antibodies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention Phase IDO1Agent Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT03322540 Metastatic NSCLC epacadostat + pembrolizumab, epacadostat +
placebo

II epacadostat pembrolizumab ORR 154

NCT03322566 Metastatic NSCLC epacadostat + pembrolizumab, +/-
chemotherapy

II epacadostat pembrolizumab ORR 23

NCT03347123 Advanced or
Metastatic solid
tumors

epacadostat + nivolumab, + ipilimumab
/lirilumab

I/II epacadostat nivolumab TEAE, ORR 11

NCT05077709 Metastatic NSCLC IO102-IO103 + pembrolizumab II IO102-IO103 pembrolizumab ORR, PFS 90

NCT03343613 Solid tumors LY3381916 + LY3300054 I LY3381916 LY3300054 DLT 60

NCT03562871 NSCLC IO102 + pembrolizumab I/II IO102 pembrolizumab DLT, ORR 108
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Combination with
immune modulators

CTLA4

Cytotoxic T-lymphocyte–associated protein 4 (CTLA-4) a

member of the immunoglobulin superfamily and encodes a

protein, which transmits an inhibitory signal to T cells (82).

Ipilimumab is an immune-checkpoint inhibitor targeting

CTLA-4, which is first approved for use as monotherapy in

metastatic melanoma (83). Previous research revealed that the

combination of ipilimumab with nivolumab has demonstrated

superior efficacy compared with nivolumab alone in patients

with advanced melanoma (84, 85). Similarly, phase 1 and 2

studies in patients with untreated advanced NSCLC showed

promising early results with nivolumab plus ipilimumab, and

recent phase 3 trials in this population demonstrated superiority

of the combination either alone or with chemotherapy compared

with chemotherapy alone (86–89). Nivolumab plus ipilimumab

combined with chemotherapy (2 cycles) have been approved as

first-line treatment for patients with metastatic or recurrent

NSCLC, with no EGFR, or ALK genomic tumor aberrations in

many countries (90). However, in this phase 3 randomized
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clinical trial, ipilimumab plus nivolumab did not improve

outcomes in patients with advanced, pretreated, immune-

checkpoint inhibitor-naive lung squamous cancer (91). Several

studies suggested ipilimumab plus pembrolizumab do not

improve efficacy and are associated with greater toxicity as

first-line and second-line or later therapy treatment for

NSCLC, suggesting ipilimumab plus pembrolizumab may not

be a well choice (92, 93). In a phase 1b trial, preliminary efficacy

of atezolizumab, a PD-L1 inhibitor, plus ipilimumab were

observed in metastatic NSCLC, and the combination had

manageable toxicity, with a safety profile consistent with those

of the individual agents (94). Overall, anti-PD-1/PD-L1 therapy

plus anti-CTLA-4 therapy could be promising for advanced

NSCLC, but the proper combination strategy is still needed to be

explored. The ongoing clinical trials testing the combination of

anti-PD-1/PD-L1 and anti-CTLA-4 therapy in NSCLC are

summarized in Table 6.
LAG-3

Lymphocyte activation gene-3 (LAG-3) is a cell surface

receptor expressed on activated NK cells, B cells, and T cells.

Its high binding affinity to the MHC-II triggers important T-cell
TABLE 5 Ongoing clinical trials testing oncolytic virus in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer
Type

Intervention Phase Oncolytic Virus
Vector

Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT02879760 NSCLC Ad-MAGEA3 injection + MG1-MAGEA3 infusion +
pembrolizumab infusion

I/II MG1-MAGEA3 pembrolizumab AE, ORR 16

NCT03004183 Metastatic
NSCLC

ADV/HSV-tk + valacyclovir + radiation +
pembrolizumab

II ADV/HSV-tk pembrolizumab ORR 57

NCT02824965 Advanced
NSCLC

CVA21 + pembrolizumab I CVA21 pembrolizumab TEAE 11

NCT03767348 NSCLC RP1 + nivolumab II RP1 nivolumab AE, SAE, DLT,
ORR, MTD

300

NCT04725331 NSCLC BT-001 + pembrolizumab I/II BT-001 pembrolizumab AE, RDPB,
ORR, DCR

48

NCT04355806 NSCLC Inactivated trivalent influenza vaccine + nivoluamb
/pembrozliumab /atezolizumab, durvalumab

I Inactivated trivalent
influenza vaccine

Inactivated trivalent
influenza vaccine

ADCC, irAE,
PFS, OS

160
fron
TABLE 6 Ongoing clinical trials testing anti-CTLA-4 inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention Phase CTLA-4
Agent

Anti-PD-1/PD-L1 Primary
Outcomes

N.
Patients

NCT04140526 NSCLC, Solid
Tumors

ONC-392, +/- pembrolizumab IA/IB/
II

ONC-392 pembrolizumab DLT, MTD, AE, RP2D 468

NCT04043195 NSCLC nivolumab + oxaliplatin +
ipilimumab

I/II ipilimumab nivolumab ORR 30

NCT05187338 NSCLC, Solid
Tumors

ipilimumab + pembrolizumab +
durvalumab

I/II ipilimumab pembrolizumab +
durvalumab

AE, PFS, DCR, DOR 100

NCT04606472 NSCLC, Solid
Tumors

SI-B003 I SI-B003 SI-B003 DLT, MTD, MAD, AE,
RP2D

159

NCT03377023 NSCLC ipilimumab + nivolumab
+nintedanib

I/II iipilimumab nivolumab MTD, ORR 68
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functions including T-cell proliferation, activation, cytolytic

activity, cytokine production, and other functions (95). In

cancer therapy binding between LAG-3/MCH-II triggers anti-

immune response including tumor escape, decreased production

of cytokines, and a reduction in CD8+ T cells response (96).

However, the exact mechanism at which this immune escape

occurs is unclear. Overexpression of LAG-3 has been associated

with exhaustion of the immune system and is emerging as a new

checkpoint inhibitor target. Furthermore, targeting LAG-3

alongside PD-1 has been shown to strengthen immune

response (97). A recent study tested 20 NSCLC tumor tissue

samples for identification of potential biomarkers. They found

that TILs in the tumor region had increased levels of both LAG-3

and PD-1 suggesting the apparent synergy and benefit of dual

checkpoint blockade therapy in NSCLC (98). In a phase I/II trial

testing LAG525, an anti-LAG-3 agent, in combination with

PDR001, an experimental anti-PD-1 agent showed conversion

of immune cold to immune-activated TME and durable

response in 12 patients (11 partial response and one complete

response). It was noted that LAG525 alone and LAG525 in

combination with PDR001 demonstrated high progressive

disease of 79% and 67%, respectively (99). A follow up study

was recently completed (NCT02460224). However, statistic data

were not fully disclosed. In a phase I/II testing relatlimab, an

experimental anti-LAG-3 agent in combination with nivolumab

showed ORR 11.5% and disease control rate (DCR) of 49% with

acceptable AEs (grade ≥ 3 in 10% of patients) (100).

Additionally, FDA approval of Opdualag for melanoma, a

fixed-dose combination of relatlimab and nivolumab

demonstrated increased PFS of 10.1 months for Opdualag

compared to 4.6 months for the nivolumab monotherapy

(NCT03470922). Although not approved for NSCLC, this first

ever phase III trial of a LAG-3 antibodies demonstrates the

validity of the methodology behind treatment. Promising

combination approaches for NSCLC are now being tested in

several ongoing clinical trials including phase I/II studies of

neoadjuvant nivolumab in combination with relatlimab,

eftilagimod alpha in combination with pembrolizumab

(NCT03625323) (101), BMS-986,016 in combination with
Frontiers in Oncology 10
257
nivolumab (NCT01968109), and more which are summarized

in Table 7.
OX-40

OX-40 is a type 1 transmembrane glycoprotein found on the

surface of activated CD8+ and CD4+ T cell and part of the

tumor necrosis factor receptor family. Activation of the OX-40/

OX-40L axis acts as a costimulatory signal triggering T cell

survival and division for both effector and memory cell

populations against target antigens (102). Additionally, OX-40

activation suppresses proliferation and functionality of Tregs,

preventing the TGF-b–mediated conversion of CD4+ T cells

into Tregs, further increasing immune activity (103). Therefore,

activation of OX-40 has been sought out as a therapeutic target

for cancer immunotherapy. OX-40 inhibitors have shown to be

effective in immunogenic tumors on some cancer cells lines

including MCA303 (sarcoma tumors), SM1 (breast cancer), and

CT26 (colon carcinoma tumors) (104). However, in

immunogenic cold tumors, data were less promising.

Considering the variability of immunogenicity in tumors from

patient to patient and cancer type to cancer type (105),

enhancing OX-40 efficacy via combination approaches has

been explored. Some studies have demonstrated that the

combination of anti-PD-1 ICI in combination with OX-40

inhibitors is feasible. Evidence from an OX-40 antagonist trial

demonstrated synergic effects on different types of murine

models with sequential combination of anti-PD-1 ICI showing

40% survival rate at day 100, compared to 0% survival rate with

no treatment (106). A recent biomarker analysis study with 139

NSCLC patients showed that high PD-1 expression is negatively

correlated with TILs OX-40 and OX-40L expression (0.250 and

0.386), according to linear regression models (107). This

indicates that some patients with low PD-1 expression may

have higher OX-40 and OX-40L expressions, suggesting OX-40

inhibitors have potential to be effective in patients at lower

chances of benefiting from anti-PD-1 inhibitors monotherapy.

In a phase I trial of anti-OX-40 mAb, GSK3174998 administered
TABLE 7 Ongoing clinical trials testing anti-LAG-3 inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention Phase LAG-3
Agent

Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT03625323 NSCLCHNSCC eftilagimod alpha + pembrolizumab II eftilagimod
alpha

pembrolizumab ORR 189

NCT01968109 NSCLC BMS-986213, +/- nivolumab I/IIa BMS-986016 nivolumab AE, SAE, ORR, DCR,
DOR

1499

NCT02460224 Advanced Solid
Tumors

LAG525, +/- PDR001 I/II LAG525 PDR001 DLT, ORR 490

NCT04140500 NSCLC, Solid
Tumors

RO7247669 I RO7247669 RO7247669 DLT, AE, ORR, DOR,
PFS

320

NCT03849469 NSCLC XmAb®22841, + pembrolizumab I XmAb®22841 pembrolizumab AE 242
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as monotherapy or combined with pembrolizumab

demonstrated no dose-limiting toxicities, indicating feasibility

in solid and NSCLC cancer models (108). A phase I trial results

testing MEDI0562, a humanized IgG1k OX-40 mAb in

combination with durvalumab or tremelimumab, an anti-

CLTA-4 inhibitor, for patients with late-stage solid tumors

demonstrated OS of 17.4 and 11.9 months, respectively (109).

A different triple combination approach testing BMS-986178, an

OX-40 agonist, with ipilimumab with/without nivolumab in

phase I/II demonstrated grade 3–4 AEs in six out 79 patients

(8%) in anti-OX-40 with nivolumab. However, no clear efficacy

benefit was observed when compared to nivolumab

monotherapy (110). Further ongoing clinical trials are awaited

to get a better understanding of the mechanism behind this

novel combination approach and are summarized in Table 8.
TIGIT

A target for immunotherapy in NK-cells that has been

grabbing a lot of attention is the poliovirus receptor (CD155).

The binding of this protein in the body can lead to either

improve immune response or increased immune suppression

in cancer patients (111, 112). CD155 acts as a ligand and binds

three ways in cancer patients triggering three distinct responses

(113, 114). One of its binding domains is a glycoprotein called

DNAM-1. DNAM-1 is commonly expressed on NK and CD8+

T cells and binding with CD155 leads to an increased anti-tumor

response by activation of immune cells. The second binding

domain is the TIGIT immunoreceptor for which CD155 has a

higher affinity than DNAM-1. However, binding leads to an

immunosuppressive response. TIGIT is quickly becoming a new
Frontiers in Oncology 11
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immune checkpoint target in combination with PD-1/PD-L1.

One study showed that high TIGIT/DNAM-1 ratio in Treg cells

found in tumor tissue demonstrated a correlation to poor clinical

outcomes after treatment with anti–PD-1 ICB (115).

Furthermore, combination of anti-TIGIT with other therapies,

mainly PD-1/PD-L1 ICB, have shown to overcome the limited

efficacy of anti-TIGIT mAb alone in subcutaneous mouse

tumors (116, 117). In a randomized phase II study of

advanced NSCLC patients treated with tiragolumab, an anti-

TIGIT antibody, combined with atezolizumab results showed

that compared to a control group there was significant increase

in PFS (5.6 vs. 3.9 months) and ORR (37.3% vs. 20.6%) and after

10.9 months follow up (118). Following these results, the FDA

granted approval of tiragolumab in combination with

atezolizumab for first line treatment in metastatic NSCLC

categorized with high PD-L1 expression. Currently, ongoing

clinical trials are testing anti-TIGIT mAb in combination with

PD-1/PD-L1 therapy, including locally advanced or metastatic

NSCLC (NCT03563716), advanced or metastatic solid cancers

(NCT02913313), untreated locally advanced unresectable or

metastatic NSCLC (NCT04294810), and more with a full list

summarized in Table 9. The third type of binding occurs with

CD96, and while less data are available regarding its interaction

with CD155 in humans, mice models suggest that the binding

promotes tumor escape from the immune system (119, 120).

These mechanisms, however, are more complex and have more

than one ligand/receptor combination. Recently, TIGIT and

DNAM-1 have been found to bind to a ligand called CD112,

which also binds to the immune-cell receptor CD112R (PVRIG)

causing DNAM-1 and TIGIT to compete for the binding of

CD112 (121–123). The DNAM-1/TIGIT/CD96 pathways offer

new ways to improve immune-cell anti-tumor response.
TABLE 8 Ongoing clinical trials testing anti-OX-40 inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention Phase OX40
Agent

Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT02528357 Neoplasms GSK3174998, +/- pembrolizumab I GSK3174998 pembrolizumab SAE, DLT, 141

NCT02410512 Neoplasms MOXR0916 + atezolizumab I MOXR0916 atezolizumab DLT, AE 610

NCT02554812 Advanced Cancer avelumab, + PF-04518600, +/-
utomilumab

II avelumab utomilumab DLT, ORR 398

NCT02221960 Recurrent or Metastatic Solid
Tumors

MEDI6383, +/- durvalumab I MEDI6383 durvalumab AE, SAE 39

NCT03241173 Advanced or metastatic
NSCLC

INCAGN01949 + nivolumab I/II INCAGN01949 nivolumab TEAE, ORR 52

NCT04198766 Advanced or Metastatic
NSCLC

INBRX-106, +/- pembrolizumab I INBRX-106 pembrolizumab AE, SAE, MTD, RP2D 150

NCT03758001 Advanced Solid Tumors IBI101, +/- sintilimab I IBI101 sintilimab AE 38

NCT04215978 Advanced Soldi Tumors BGB-A445, +/- tislelizumab I BGB-A445 tislelizumab AE, SAE, MTD,
RP2D, ORR

68

NCT02705482 Advanced Solid Tumors MEDI0562 I MEDI0562 durvalumab AE 58

NCT02737475 Advanced Cancer BMS-986178, +/- nivolumab,
+/ipilimumab

I/II BMS-986178 nivolumab AE, SAE, 171
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However, their mechanism in cancer therapy is not fully

understood yet.

IL-2

IL-2 is a cytokine that plays multiple roles in the activation

and stimulation of the immune system. Binding occurs between

the IL-2 ligand and IL-2 receptor (IL-2R) which is widely

expressed on the surface of many immune cells types, including

Foxp3+ regulatory T cells, CD4+ and CD8+ T cells, B cells, and

NK cells (124). Upon activation, CD8+ and CD4+ T cells secrete

large amounts of IL-2 in autocrine and paracrine pathways to

recruit neighboring IL-2R+ cells. These circulating IL-2 molecules

also bind to interleukin 2 receptor a-chain (IL-2Ra; CD25)
expressed on Treg cells, which restrain immune responses to

self and foreign antigens. There exist varying binding affinities of

the IL-2/IL-2R pathway. IL-2R is composed of different subunits,

IL-2Ra, IL-2Rb (CD122), and IL-2Rg (CD132), which are found

at varying concentrations on the surface of different species of

immune cells (125–127). In the body, low concentrations of IL-2

bind to the high-affinity receptors found on Treg cells leading to

an immunosuppressive response. Only in higher concentrations

can IL-2 bind to the lower affinity IL-2R found on CD8+ T-cells

and NK-cells. These mechanisms are believed to help regulate

immune response and prevent T-cell overstimulation from IL-2

signals and consistent TCR stimulation from tumor and self-

antigens, which have shown to lead to T cell exhaustion or Fas

(CD95)-mediated apoptosis (5). To overcome these regulatory

mechanisms in cancer therapy, one approach is utilizing a

combination strategy with PD-1/PD-L1 ICI. A study using

TCB2, a newly engineered IL-2 antibody to specifically target
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the receptor of T cells and NK cells has been tested on mice

models. Noticeably, it was shown that when a suboptimal dosage

of anti-PD-1 mAb was used in combination with hIL-2/TCB2c, all

seven mice models were tumor free after 19 days of treatment

(128). A single-arm, phase I-dose escalation trial testing

nivolumab combined with NKTR-214, a CD122-preferential IL2

pathway agonist, demonstrated ORR at 59.5% (22/37) and

complete response at 18.9% (seven out of 37) for solid tumors

patients including NSCLC. Additionally, analysis of tumor

biopsies on a genetic and cellular level showed increased

numbers of activated CD8+ T cells, without Treg cell activation

(129). An ongoing dose-expansion phase II trial with optimal

doses of 0.006 mg/kg and 360 mg every 3 weeks of NKTR-214

with nivolumab, respectively, demonstrated acceptable toxicity,

while also promoting treatment efficacy regardless of PD-L1 levels

(NCT02983045). It was reported that eight patients (21%) had

grade 3/4 AEs with no cases of deaths from treatment. Total ORR

for the various tumor types (melanoma, renal cell carcinoma, and

NCSLC) and dose cohorts were 59.5% (22 out of 37), with

complete response in seven patients (18.9%). Gene and cellular

expression analysis of tumor samples demonstrated increased

cytotoxicity, activation, and infiltration of CD8+ T cells without

triggering Treg cell activation. Another ongoing clinical trial

including NKT-214 with pembrolizumab in solid tumors

(NCT03138889), IL-2 in combination with nivolumab for

advanced NSCLC (NCT03215810). On a final note, high IL-2

circulating levels have been correlated with improved OS and

response to PD-1/PD-L1 blockade in NSCLC demonstrating a

potential for improved treatment outcomes in patient groups with

higher risk of poor prognosis to anti-PD-1/PD-L1

inhibitors (130).
TABLE 9 Ongoing clinical trials testing anti-TIGIT inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention Phase Anti-TIGIT
Agent

Anti-PD-1/
PD-L1

Primary
Outcomes

N.
Patients

NCT05014815 NSCLC ociperlimab, +/- tislelizumab, +
chemotherapy/placebo

II ociperlimab tislelizumab PFS 200

NCT04294810 NSCLC tiragolumab, + atezolizumab/placebo III tiragolumab atezolizumab PFS, OS 635

NCT03563716 NSCLC tiragolumab, + atezolizumab/placebo II tiragolumab atezolizumab ORR, PFS 135

NCT04513925 NSCLC tiragolumab, +/- atezolizumab III tiragolumab atezolizumab PFS, 800

NCT03628677 Solid Tumors domvanalimab, +/- zimberelimab I domvanalimab zimberelimab TEAE 74

NCT04262856 NSCLC zimberelimab, +/- domvanalimab, +/-
etrumadenant

II domvanalimab zimberelimab ORR, PFS 150

NCT02964013 Neoplasms vibostolimab, +/pembrolizumab, +/-
chemotherapy

I vibostolimab pembrolizumab DLT, AE 492

NCT04165070 NSCLC vibostolimab, +/- pembrolizumab, +/-
chemotherapy

II vibostolimab pembrolizumab ORR 270

NCT02913313 Solid Tumor BMS-986207, +/- nivolumab, +/-
ipilimumab

I/II BMS-986207 nivolumab AE, SAE, ORR,
mDOR, PFS

130

NCT03260322 Solid Tumors ASP8374, +/- pembrolizumab I ASP8374 pembrolizumab DLT, AE, irAE 169

NCT03119428 Advanced or Metastatic
Solid Tumors

OMP-313M32, +/- nivolumab I OMP-313M32 nivolumab DLT, AE 33
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Combination adoptive cell transfer

CAR T cell

In recent years, T cell therapy has been gaining momentum

as a new immunotherapy approach. Perhaps, the most popular

model, chimeric antigen receptors (CAR) T cell treatment

utilizes the patient’s own T cells and genetically modifies them

to target cancer cells. Briefly, CAR were expressed on the

patient’s T cells surface typically using an unarmed virus.

Finally, they are injected back into the patient with hopes of

giving a lasting antitumor response. In 2017, CD19 CAR T cell

became the first FDA approve adoptive T cell transfer therapy

after remarkable therapeutic effects in large B cell lymphoma or

acute lymphoblastic leukemia (131, 132). Recently, reports have

shown that the potential of CAR T cell immunotherapy in

NSCLC (133). For NSCLC the most common TSA targets

include EGFR, mesothelin, MUC1, CD80/CD86, PD-L1,

inactive tyrosine-protein kinase transmembrane receptor

(ROR1), carcinoembryonic antigen (CEA), among others

(134). One CAR T cell study targeting EGFR in advanced

NSCLC (NCT01869166) had reported preliminary results

showing 45.5% (five out of 11) of patients achieved stable

disease, and 18.2% (2/11) achieved partial response (135).

CAR T cells targeting these antigens have been promising.

However, some key challenges relating to CAR T cells include

manufacturing concerns, restricted trafficking, infiltration and

activation within tumors, severe toxicities, insufficient

persistence in vivo, heterogeneity, and antigen escape (136).. In

efforts to increase efficacy, some studies have attempted

combining anti-PD-1 inhibitors with CAR T cell therapy. In a

study testing CAR T cell combined with anti-PD-1 mAb, results

showed significantly increased growth and survival inhibition of

two different HER2+ transgenic mouse tumor models when

compared to either treatment in monotherapy (137). A study for

anti-MUC1 CAR T cells in combination with engineered PD-1

deficient T cells in NSCLC patients demonstrated 33% (two out

of six) patients had significant shrunken tumors after 4 weeks of

treatment (138). A clinical trial testing PD-1 knockout (KO)

CAR T cells in NSCLC proved to be safe and well-tolerated by all

patients, demonstrating stable disease in 55% (11 out of 20)

patients (139). It is important to note that the combination of

PD-1/PD-L1 targeted pathways and the CAR T cell treatment in

clinical trials are still in early development, and there is a lack of

necessary data to draw valid conclusions (140). Nonetheless,

new promising methodologies are being awaited with CAR T cell

therapy including CRISPER CAS-9 PD-1-knockout–modified

CAR T cells and engineered CAR T cells with the capabilities of

secreting PD-1-blocking single-chain variable fragments (scFv)

(141, 142). With new innovations in genetic engineering, CAR T

cell therapy may utilize PD-1/PD-L1 ICI or genetic alterations to

improve efficacy in combination treatment.
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NK cell

NK cells are another rising form of immunotherapy found in

combination with PD-1– based inhibitor drugs. They are natural

cytotoxic cells found in the body and require no stimulation to

activate. They work by binding to receptors or antibodies present

on abnormal cells such as cancer cells or TME. Cancer therapy has

explored the use of autologous or allogeneic NK cell-based

therapy, transplanting different subsets of NK cell populations

into a cancer patient to achieve an anti-tumor response.

Moreover, some studies demonstrate the benefit of combining

NK cell therapy with ICI. One study suggests that PD-L1mAb can

directly upregulate and activate the cytotoxic effector functions of

NK cells without any correlation to PD-L1 tumor status (143).

Furthermore, via the AKT signaling pathway, PD-L1 mAbs were

found to enhance NK cell function and prevent cell exhaustion,

through upregulation of PD-L1 expression on NK cell surface.

Recent study demonstrated that the combination of mHsp-70

targeting autologous NK cells therapy with nivolumab and

radiochemotherapy was well tolerated with tumor progression

or metastases not detectable 33 months post-diagnosis for one

NSCLC patient (144). A study testing pembrolizumab in

combination with allogeneic NK cells in comparison with

pembrolizumab monotherapy in advanced NSCLC results

demonstrated higher PFS (6.5 months vs. 4.3 months)

and higher median OS (5.5 months vs. 13.3 months) (145).

Several courses of NK cell injection demonstrated better

OS (18.5 months) compared to single-course infusion (13.5

months), notably with the combination approach having

much higher median OS and PFS in PD-L1 tumor portion

score (TPS) ≥50%. One purpose mechanism for this increased

efficacy involves the mechanism at which expanded NK cells

engage with the TME. Through a contact-independent

mechanism, NK cells promote endogenous TILs and

upregulation of PD-L1 TPS (146). The difference between

expanded NK cells and NK cells, which found naturally in the

body, is that they are less susceptible to tumor suppression,

therefore allowing them to upregulate immune response

through binding with PD-L1 tumors. NK cells therapy can

potentially turn nonresponding tumors into more susceptible to

PD-1/PD-L1 treatment. Currently, an ongoing phase I clinical

trial is testing the combination of PD-1/PD-L1, chemotherapy,

and FT538 allogeneic NK cell therapy in advanced solid cancer

(NCT05069935). These studies demonstrate a correlation between

NK cell function and PD-1/PD-L1 inhibition; however, there lacks

a mechanistic in vivo studies explaining these responses (147).

Another issue with the use of autologous NK cell transfer is that

the procedure is often expensive as each treatment is personalized

and based on cells from the patient or donor. Lastly, the

personalized process is time-consuming and due to the nature

of the disease might prove inapplicable in some cases. NKG2A is

an inhibitory signaling receptor found on the surface of NK cells.
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Similar to the NKG2D ligand, efforts have been focused on

increasing the efficacy of NK cell transfer treatment by targeting

this axis. A popular anti-NKG2A antibody, known as

monalizumab, is now being tested with anti-PD-1 blockade.

One clinical trial testing these agents demonstrated the

feasibility of combination treatment with ORR of 8% and a

DCR at 16 weeks of 31% (148). In vitro and in vivo blocking on

mice models demonstrated that when NKG2A and PD-1 blockers

were combined, results showed a significant increase in the rate of

tumor regression and anti-tumor immunity (149, 150). The

NKG2A/NKG2D axis offers a viable way to increase the efficacy

of PD-1 treatment by improving NK cell function and

homeostasis in the body. In addition, combination

immunotherapy with anti-PD-1/anti-PD-L1 and anti-NKG2 to

improve efficacy of previously less effective anti-PD-1 treatments

characterized by high levels of circulating sMIC should

be explored.
Modified NK cell

To get around these issues, new forms of genetically

engineered NK cells are now being brought into the market

and sold as “off-the-shelf” universal treatment. A common type

uses CAR NK cells, which are engineered to present antibodies

on their surface and bind to antigens on the surface of cancer

cells. CAR NK cell therapy does not require matching HLA

donors unlike allogeneic NK cells or CAR T cell transplants and

has a higher safety profile in this sense. This allows for large-

scale commercial treatments to be manufactured. NK cells prove

more challenging to extract and isolate than T cells. However, a

line of NK-92 cells has been found to expand easily in vitro and

engineered to present CAR on their surface. In theory, this CAR-

NK cell line would be comparable to a universal CAR T cell

treatment but, simply adding CAR receptors to NK cells is

proving to be insufficient. Most CAR models are engineered

based on T-cell structure and functionality. For example, CAR

models containing co-stimulatory CD28 domains intended for T

cells are commonly used in NK cells despite having no effect or

activating NK cells (151). Currently, the latest advances in NK

cell therapy are working to increase the efficacy of treatment

through a better understanding of the NK cell activation

mechanism and newly modified NK cell treatments. One

clinical trial underway is testing the use of iPSC-derived NK

cells combined with pembrolizumab, nivolumab, and

atezolizumab in late-stage solid tumors, including NSCLC

(NCT03841110). Another approach, derived from several

studies, utilizes the NKG2D ligand, which plays a critical role

in NK cell activation. The most common molecules released

from the NKG2D ligand family in tumors are MICA and MICB,

otherwise, referred to as sMIC. In a study targeting tumor-

derived soluble NKG2D MIC molecules, simultaneously

targeting sMIC with a PD-1/PD-L1 inhibitor resulted in
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enhanced infiltration, intrinsic function, and proliferation of

CD8+ T cells with a TILs score recorded at 32.5% compared to

21% TILs of anti-PD-L1 monotherapy (152).. This study

suggests through these antibodies targeting sMIC can increase

the efficacy of T cell therapy in combination with ICB.

Furthermore, the NKG2D ligand is either not induced or

induced in low levels under normal conditions and that it is

overexpressed only on the oncogenic cell surface or in the TME

(153–159). This allows specific ligand to act not only as a target

receptor for elimination of cancer cells but also as an indicator of

such abnormalities [133]. However, this approach is not fully

proven. Elevated levels of circulating NKG2D are correlated with

poor outcomes in anti-PD-1/PD-L1 clinical trials (160). This is,

in part, due to a process of proteolytic shedding (161–164), in

which the tumor releases the ligands from its cell surface leading

to powerful immune-suppressive responses and disturbing NK

cells homeostatic maintenance and function (165, 166). A new

strategy for the creation of universal super NK cell therapy has

been proposed. This new strategy involves the use of aptamer-

equipped NK cells engineered via metabolic glycan biosynthesis

and, thus, avoids the use of genetic alteration (167). This

approach allows for specific tumor targeting therapies via

modified receptors on the NK cell surface. Furthermore, to

enhance immunotherapy, PD-L1 targeting aptamers were also

modified on the NK cell surface to regulate PD-1/PD-L1

signaling. This lead substantial upregulation of PD-L1

expression in HepG2 cells improving ICB. Although the

mechanism remains unclear, it is known that increased levels

of PD-L1 expression have been correlated with higher success

from immunotherapies (168). Additionally, imaging of intravital

tumor sites showed high levels of modified NK cells in deep

tumor regions, indicating better infiltration and therapeutic

efficacy for solid tumors. This approach of increasing

infiltration in solid tumors via chemical engineering and has

several benefits. First, the engineering strategy is simple and

efficient and does not require genetic modification that reduces

the risk for side effects in clinical applications. Secondly, the NK

cells are biodegradable biocompatible, and no signs of toxicity

was detected on mice models in the study. Third, the strategy is

universal and by simply changing the target aptamer, different

types of solid tumors can be targeted. This is made possible by

systematically increasing ligands through exponential

enrichment technology, while screening for aptamers from

various cancer cell types giving a dataset of aptamers/cancer

compatible combinations (169–173). Fourth and perhaps the

most remarkable benefit, the study found aptamer-equipped NK

cells to upregulate PD-L1 expression. This directly targets one of

the major issues lying in targeting this axis, which was the lack of

PD-L1 expression on cancer cells. For these reasons and, in

particular, the upregulation of PD-L1, this new strategy of

chemically modified NK cells needs further testing and to test

the feasibility of combination with PD-1/PD-L1 inhibitors.

Aptamer-equipped glycan biosynthesis NK cells may
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potentially be the first step in providing successful universal NK

cell transplants. CAR NK cells and iPSC NK cells also provide a

pathway to universal treatment, however, face issues with

functionally. Additionally, autologous NK cells have shown

promising cl inical tr ia l data when combined with

pembrolizumab and nivolumab. These promising results,

notably, are preliminary mechanistic studies that show

potential for NK cells in combination with PD-1/PD-L1

inhibitors. More clinical trial data are highly anticipated with

these ongoing combination approaches summarized in Table 10.
Probody therapeutics

Finally, a new approach to improve PD-1/PD-L1 inhibitors

efficacy is using a masked peptide linker to inhibit the binding of

therapeutics to normal cells, while becoming unmasked and

activated in the TME exclusively. Probody therapeutics are a

next generation antibody using a masked peptide to cover the fab

region. Once in the TME, the fab region gets cleaved off by

tumor-associated proteases exposing the PD-L1 substrate

domain. One study using extracted tumor samples from

cancer patients demonstrated over 90% of cancer patients had

sufficient protease activity to activate treatment in vivo (174).

Initial in vitro results showed that the masked Pb-TCB reduced

cytotoxicity by 100,000-fold, whereas the unmasked molecule

proved potent in tumor killing at proper dosing schemes (175).

From the concluded preclinical and preliminary clinical studies,

one Probody PD-L1 targeting compound called CX-072 has

demonstrated potential to optimize cancer treatment, while

minimizing toxicity (176). CX-072 is a next generation of

cancer immunotherapy that offers a new way to increase the

percentage of patients affected by PD-L1 targeted treatments,

while potentially reducing the rate of AEs associated with PD-1/

PD-L1 blockade by overlooking normal tissue (176). In a dosing-

finding clinical trial (NCT03013491), CX-072 was tolerated with

indications of antitumor activity in patients without high levels
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of PD-L1 (177). As to our current knowledge, this treatment has

not been tested in NSCLC. However, it offers a new approach to

increase the percentage of NSCLC patients benefiting from PD-

1/PD-L1 by increasing the precision of targeted treatment

consequently decreasing required minimum dose and,

therefore, rates of toxic adverse effects.
Discussion

For the past decade, ICI inhibitors and particularly PD-1/

PDL-1 ICB have revolutionized NSCLC therapy. However, over

50% of patients do not respond to PD-1/PDL-1 inhibitor-based

monotherapy due to low expression of PD-L1 in lung cancer

patients, low numbers of TILs, and low mutational burden (178–

180). Targeting specific characteristics of cancer patients

alongside incorporating combination approaches based on

tumor genomics and immunology data is the future of

treatment. Ideally, a successful combination approach would

stimulate one of the abovementioned factors associated with

poor prognosis of PD-1 therapy alone. Vaccine therapy offers the

potential to do just do that based on the biological mechanisms

of how vaccines work. Alteration of the immune system to

express certain receptors, activation of T cells against those

receptors, and release of antibodies all pose the capability of

producing additive antitumor response when used in

combination with PD-1/PD-L1 ICI for patients who are prone

to poor prognosis. However, neutralization is currently a key

setback, especially with multiple doses and future emphasis

should focus on exploring the immune mechanisms leading

to this.

Another issue that lies with PD-1 therapies arises from

NSCLC resistance to ICB. Treatment outcomes are not yet

universal, but one theory shows that this might be mediated

through carcinoma-associated fibroblasts (CAF), which also

influence the CXCR4/CXCL12 axis (181). While the

mechanism is not yet fully understood, it is hypothesized that
TABLE 10 Ongoing clinical trials testing cell-based therapies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer
Type

Intervention Phase Cell Therapy Anti-PD-1/PD-L1 Primary
Outcomes

N.
Patients

NCT03525782 NSCLC CAR-T Cell, +/- PD-1 knockout T-cell I/II CAR-T Cell, PD-1
knockout T-cell

pembrolizumab AE, DLT 60

NCT04556669 Solid Tumor,
NSCLC

Autologous aPD-L1 armored CD22-
targeting CAR T cells

I Autologous aPD-L1
armored CD22-targeting
CAR T cells

Autologous aPD-L1 irAE 30

NCT05069935 Solid Tumor FT538, +/- avelumab, +/-
atezolizumab, +/- nivolumab,
+/-pembrolizumab

I FT538 allogeneic NK-Cell
immunotherapy

avelumab, atezolizumab,
nivolumab,
pembrolizumab,

RP2D, AE 189

NCT03841110 NSCLC,
Advanced Solid
Tumors

FT500, +/- nivolumab, +/-
pembrolizumab, +/- atezolizumab, +/-
chemotherapy

I FT500, an allogeneic, iPSC-
derived Natural Killer (NK)

nivolumab,
pembrolizumab,
atezolizumab

DLT 37
fron
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CXCR4/CXCL12 axis and CAFmay be responsible for resistance

to ICB (182). For example, one ovarian mouse model with dual

blockade CXCR4/CXL12 using AMD3100 and PD-1/PDL-1

showed increased effector T cell infiltration, function, and

memory in tumors (183). Future advances on therapeutics

targeting this axis should focus on optimal dosing and

minimizing toxicity . VEGFR is another commonly

overexpressed receptor found on NSCLC that can be used to

overcome immune resistance to PD-1/PD-L1 drugs. A

combination approach using anlotinib showed promising

results in NSCLC clinical trials with significant improvements

in OS and PFS. A targeted EGF TKI Erlotinib demonstrated

additive effects with PD-1 drugs with a 19% ORR (48). However,

a follow-up phase I/II study concluded no significant

improvements in ORR between pembrolizumab monotherapy

and the combination approach using Erlotinib (49). The early

nature of these studies makes it difficult to conclude any solid

findings. Furthermore, VEGF and EGF TKIs are prone to

adaptive resistance to treatment by NSCLC, which could prove

treatment in multiple doses to be ineffective or even create a

more difficult disease to treat. These treatments may prove only

beneficial in early-stage NSCLC since the larger the tumor gets,

the harder it would be to clear it completely. If the tumor is

harder to clear, more treatment dosages would be needed and,

therefore, a higher likelihood for adaptive resistance to occur is

present. Further data from phase I/II clinical trials found in

Table 2 are waited for better understanding of this

combination approach.

A universal challenge in cancer treatment lies in tumor

evasion from immune detection. ICB has the potential to

down regulate immune escape mechanism as they can directly

suppress or stimulate the immune system. LAG-3/MHC-II

binding complex has shown to play key roles in cancer

immune escape. Anti-PD-1 combined with anti-LAG-3,

therefore, poses promising synergy benefits and data from

various clinical trials showed promising effects from dual block

therapy in NSCLC (99–101). OX-40 has been shown to

downregulate Treg function, while acting as a costimulatory

cytokine for CD4+ and CD8+ T cells, with both functionalities

corresponding to improve immune function. This combination

approach demonstrates potential to increase immune response

and infiltration of T cell into tumor region, a key setback of PD-

1/PD-L1 monotherapy. However, in a phase I/II of BMS-986178,

an OX-40 inhibitor combined with nivolumab/ipilimumab

showed no clear benefit (110). It is unclear how exactly these

two therapeutic agents work together; however, due to the boost

in immune response, OX-40 does have the potential to improve

NSCLC treatment efficacy and should be explored further.

Another approach covered used an anti-TIGIT in combination

with PD-1/PD-L1. CD155 is an upcoming immunotherapy with

three distinct methods of binding that could lead to three

different outcomes. The highest affinity TIGIT molecule

showed promising result when combined with anti-PD-L1 in a
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phase II study testing tiragolumab in combination with

atezolizumab. IL-2 is a circulating cytokine with multiple

mechanisms of action in immune response via the JAK-STAT,

PI3K/Akt/mTOR, and MAPK/ERK pathways . Low

concentration of IL-2 led to increased immune suppression by

binding to Treg, while increased levels led to immune activation

by binding/activating NK and CD8+ T cells and were correlated

with improved OS and better response to PD-1/PD-L1 blockade

in NSCLC. Therefore, this cytokine can be used in combination

approach as both as a therapeutic target and biomarker.

However, it also important to note that combination of

immunomodulators and PD-1/PD-L1 inhibitors led to a high

number of AEs in some clinical trials. Additionally, BMS-986178

and OX-40 phase I/II clinical studies showed no increased

benefits. It is possible that these combination regimes might

only be effective for a specific patient group, categorizes by

tumor receptor expression level, TME antigen concentration and

stage of disease. Nonetheless, immunomodulators combined

with PD-1/PD-L1 are promising and require further review for

a be t t e r under s t and ing o f the complex immune

activation mechanisms.

NK cells have been gaining a lot of momentum in recent

years. Many variations of the NK cell type have been tested. NK

cells have showed promising results via autologous

transplantation. However, the procedure is expensive and

time-consuming. Modified CAR-NK cells conceptually seemed

like a promising approach. However, CAR models designed for

T cells did not activate NK cells as they would in T cells. A

promising approach used a metabolic glycan biosynthesis and

click reaction to chemically bind dual aptamers to target cancers

and regulate PD-1/PD-L1 signaling (167). Its interchangeable

aptamers pose a way to effectively target a wide variety of

NSCLC mutations and regulation of the PD-1/PD-L1 axis may

increase the efficacy of PD-1 inhibitor drugs. It is important to

note that this therapy is in very early stages and more studies are

needed to validate these findings to begin entering this

combination approach into clinical trials.

Another combination approach that led to increased

immune activation was OV therapy. OV therapy can be used

to activate TILs, suppress tumor growth, and alter the TME.

These responses pose synergy effects to patients who do not

respond to PD-1/PD-L1 inhibitors well and making this

combination promising. Currently, six clinical trials are

ongoing of PD-1/PD-L1 combined with OV therapy, and we

await the data from these trials to gain a better understanding of

an optimal combination approaches. A downside of the

treatment is that extensive use of OV therapy arising from

repeat administrations can lead to progressively weakened

response and spread of viral infection due to rapid

neutralization by the immune system (184). Hosts with

normal immunity have shown decreased reduced anti-tumor

activity, viral clearance, and oncolytic viral replication in various

pre-clinical and phase I clinical studies (185–192). OV therapy,
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which attempts to overcome these challenges, lies brought on by

neutralization of the immune system through cell encapsulation

(193), immunomodulators (194), and DNA aptamers (195, 196).

The future of OV therapy needs to focus on optimal

combination approaches, while minimizing neutralization

and toxicity.

It is important to note that these combination strategies are

the latest advances in the field of NSCLC treatment. Our current

understanding of immunotherapy suggests that these treatments

are promising. However, they might not be ideal for everyone.

As these trials are still in early stages, results should still be

treated with caution. Additionally, although not primarily

focused on in this paper, chemotherapy and radiotherapy are

effective cancer treatments with over 60% of patient’s diagnosis

at stage III/IV receiving a dose of one or other (197). The future

of ICI therapy involves understanding of tumor immunology.

Tumors continuously evolve throughout the disease causing a

high level of spatial and temporal heterogeneity. In addition,

intra- and inter-tumor regions also express heterogeneity

throughout the different stages. This heterogeneity is a key

hurdle in the way of predicting treatment outcomes accurately.

To mainstream cancer treatment, it now understood that

analyzing tumor genomics and immunomodulating activities

are critical for increasing success rates. This “new-revolution” of

cancer therapy directly relies on the use of the TME and tumor

immunology as predictive biomarkers for the development of

optimal combination approaches. These approaches can be

achieved to directly target overexpression and suppressed

immune pathways. It is known that each tumor demonstrates

different levels of biologic expressions, and this varies greatly

from person to person. The near future of the field will orientate

more towards a personalized approach to first screen tumors for

key antigens in the TME and expression levels of important

receptors on NSCLC, such as PD-L1 and CT-L4. Ideally, a

biopsy of the tumor will also be used to perform DNA assays

and determine tumor mutations. Finally, early diagnosis has

proven to be a key factor in lowering the mortality rate.

Awareness needs to be spread to encourage periodic testing to

those higher risk groups such as those exposed to cigarette

smoke. As more data will be released, it will be necessary to

create a system to gather, manipulate, and utilize the findings

from combination PD-1/PD-L1 in clinical trials. Using data and
Frontiers in Oncology 17
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machine learning models to diagnosis, creating treatment

combinations and dosage regimes is the future of cancer

therapy and, ultimately, is a feasible method to universally

treat NSCLC, while bypassing the need for a universal treatment.
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Cuproptosis status affects
treatment options about
immunotherapy and targeted
therapy for patients with kidney
renal clear cell carcinoma

Ganghua Zhang †, Xinyu Chen †, Jianing Fang, Panpan Tai,
Aiyan Chen and Ke Cao*

Department of Oncology, Third Xiangya Hospital, Central South University, Changsha, China
The development of immunotherapy has changed the treatment landscape of

advanced kidney renal clear cell carcinoma (KIRC), offering patients more

treatment options. Cuproptosis, a novel cell death mode dependent on

copper ions and mitochondrial respiration has not yet been studied in KIRC.

We assembled a comprehensive cohort of The Cancer Genome Atlas (TCGA)-

KIRC and GSE29609, performed cluster analysis for typing twice using seven

cuproptosis-promoting genes (CPGs) as a starting point, and assessed the

differences in biological and clinicopathological characteristics between

different subtypes. Furthermore, we explored the tumor immune infiltration

landscape in KIRC using ESTIMATE and single-sample gene set enrichment

analysis (ssGSEA) and the potential molecular mechanisms of cuproptosis in

KIRC using enrichment analysis. We constructed a cuproptosis score (CUS)

using the Boruta algorithm combined with principal component analysis. We

evaluated the impact of CUS on prognosis, targeted therapy, and

immunotherapy in patients with KIRC using survival analysis, the predictions

from the Cancer Immunome Atlas database, and targeted drug susceptibility

analysis. We found that patients with high CUS levels show poor prognosis and

efficacy against all four immune checkpoint inhibitors, and their

immunosuppression may depend on TGFB1. However, the high-CUS group

showed higher sensitivity to sunitinib, axitinib, and elesclomol. Sunitinib

monotherapy may reverse the poor prognosis and result in higher

progression free survival. Then, we identified two potential CPGs and verified

their differential expression between the KIRC and the normal samples. Finally,

we explored the effect of the key gene FDX1 on the proliferation of KIRC cells

and confirmed the presence of cuproptosis in KIRC cells. We developed a

targeted therapy and immunotherapy strategy for advanced KIRC based on

CUS. Our findings provide new insights into the relationship among

cuproptosis, metabolism, and immunity in KIRC.

KEYWORDS

kidney renal clear cell carcinoma, cuproptosis, immune cell infiltration, immunotherapy,

targeted therapy, prognosis
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Introduction

Renal cell carcinoma (RCC) is one of the most common

malignancies of the urinary system, and its most common

subtype is kidney renal clear cell carcinoma (KIRC), which

accounts for approximately 75% of all RCC cases (1).

Currently, early resection is considered the basic treatment for

patients with KIRC (2); however, up to 40% of patients develop

metastases after primary surgical treatment for local RCC,

resulting in poor prognosis (3). Furthermore, randomized

controlled clinical studies have shown that postoperative

adjuvant cytokine therapy, radiotherapy and chemotherapy

have little impact on reducing recurrence and metastasis rates

(4, 5). Therefore, once KIRC is metastatic or unresectable, the

treatment options become very limited.

The rapid development of targeted therapy and immunotherapy

has been a turning point in treating patients with metastatic or

unresectable KIRC. These two treatments and their combinations

have become the required options for these patients. Initially,

targeted therapy was shown to substantially prolong survival in

advanced KIRC (6, 7). Multitarget drugs, such as sunitinib and

sorafenib, have become the first choice for patients withmetastatic

or unresectable KIRC (8). In recent years, researchers have found

that targeted therapy combined with immunotherapy has

beneficial treatment effects and good prospects in patients with

advanced KIRC, and has shown a trend of gradually replacing

targeted therapy alone (9). However, many patients do not benefit

from the combined therapy because of the overlapping drug

toxicity that affects their quality of life (10). Therefore, new

molecular phenotypes should be established to divide the

population more finely for the individualized selection of

effective immunotherapy drugs or targeted drugs for patients

with advanced or unresectable KIRC.

Copper (Cu) ion is a double-edged sword in the life activities

of cells: on the one hand, Cu ions are key co-factors for many

enzymes, such as cytochrome c oxidase, which relies on Cu ions

to complete cellular respiration (11). On the other hand, excess

Cu ions induce cuproptosis in cells (12). Cuproptosis is an

emerging form of programmed cell death, dependent on
Abbreviations: CNV, copy number variation; CPG, cuproptosis-promoting

gene; CSRG, cuproptosis subtypes related gene; CUS, cuproptosis score; Cu,

Copper; CCK8, Cell Counting Kit-8; DEG, differentially expressed gene; EdU,

Ethynyl-2’-deoxyuridine; GEO, Gene Expression Omnibus; GEPIA, Gene

Expression Profiling Interactive Analysis; GSCA, Gene Set Cancer Analysis;

HPA, Human Protein Atlas; IC50, half maximal inhibitory concentration;

ICI, immune checkpoint inhibitor; IPS, Immunophenoscore; KEGG, Kyoto

Encyclopedia of Genes and Genomes; KIRC, kidney renal clear cell

carcinoma; OS, overall survival; PCA, principal component analysis; qRT-

PCR, quantitative reverse transcription polymerase chain reaction; SNV,

single nucleotide variation; ssGSEA, single sample gene set enrichment

analysis; TCA, tricarboxylic acid cycle; TCGA, The Cancer Genome Atlas;

TCIA, The Cancer Immunome Atlas.
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intracellular copper accumulation, which is distinct from the

known forms of cell death, such as ferroptosis, pyroptosis, and

apoptosis. Human mitochondrial ferredoxin 1 (FDX1) positively

regulates lipoylated enzymes, and Cu ions directly bind to

lipoylated components in the tricarboxylic acid cycle (TCA)

pathway, resulting in abnormal aggregation of lipoylated

proteins and loss of iron-sulfur cluster proteins and

proteotoxic stress response. This eventually leads to

cuproptosis of cells (13). Cu ions, protein lipoylation, and

mitochondrial respiration are important determinants of

cuproptosis. Therefore, in cancers that express a large number

of lipoylated mitochondrial proteins and have a high degree of

respiration, the use of metal carriers to transport Cu ions and

activate cuproptosis can kill cancer cells with this metabolic

feature. This approach could potentially become a new cancer

treatment (14). KIRC cells show the classic Warburg effect as the

main metabolic feature (15). Since they do not participate in the

mitochondrial respiratory pathway, we hypothesized that

cuproptosis would be inhibited in KIRC; thus, it is important

to promote cuproptosis in KIRC. In addition, intratumoral

copper levels affect the expression of programmed death

ligand 1 (PD-L1) in cancer cells, and Cu regulates a key

signaling pathway that mediates PD-L1-driven cancer immune

evasion (16). However, no reports have suggested a correlation

between cuproptosis and immunotherapy, and no studies are

available on the effect of cuproptosis on KIRC.

In this study, we selected seven genes that promote

cuproptosis as starting points for typing. We comprehensively

used the KIRC cohort of The Cancer Genome Atlas (TCGA) and

Gene Expression Omnibus (GEO) databases to establish novel

molecular typing and explored the intratumoral immune

infiltration landscape of KIRC using ESTIMATE and single-

sample gene set enrichment analysis (ssGSEA) algorithms. We

used a novel scoring model, the cuproptosis score (CUS), to

predict the prognosis and the efficacy of targeted therapy and

immunotherapy in patients with KIRC and explored specific

targets and drugs. Our results provide a new and detailed strategy

for individualized targeted therapy and immunotherapy in

patients with advanced or unresectable KIRC.
Materials and methods

Exploration of the genetics and
biological significance of cuproptosis-
promoting genes in KIRC

P. Tsvetkov et al. identified seven cuproptosis-promoting

genes (CPGs): FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1 and

PDHB (13). The Gene Set Cancer Analysis (GSCA) database

(http://bioinfo.life.hust.edu.cn/GSCA/#/) was used to analyze

differential mRNA expression, single nucleotide variation

(SNV), copy number variation (CNV), and methylation of
frontiersin.org
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seven CPGs (17). A network of seven CPGs was drawn using the

“igraph” R package. Attributes in the network were determined

using intergene correlations and univariate Cox regression analysis.
Data collection and processing of KIRC
comprehensive cohort

The TCGA-KIRC cohort containing 534 KIRC samples

from the TCGA database (https://tcga-data.nci.nih.gov/tcga/)

and the GSE29609 cohort (platform GPL1708) containing 39

KIRC samples from the GEO database (http://www.ncbi.nlm.

nih.gov/geo/) were used for data merging. Normalized matrix

files and clinical data were downloaded from the GEO database;

RNA sequencing data (fragments per kilobase million, FPKM

values) of gene expression and clinical data were obtained from

TCGA. The FPKM values were then converted to transcripts per

kilobase million (TPM) values for further analysis, “ComBat”

from the “SVA” R package was used to eliminate the batch

effects (18), and principal component analysis (PCA) was used

to eliminate the batch effects. Samples without complete survival

data were excluded. Finally, we obtained a comprehensive KIRC

cohort containing 537 samples and 14074 genes.
First unsupervised clustering based on
seven CPGs

We used the “ConsensusClusterPlus” R package for

unsupervised clustering and classification based on seven

CPGs (19), using agglomerative pam clustering with the

Euclidean distance and resampling 80% of the samples for 50

repetitions. We then used survival analysis to compare the

differences in overall survival (OS) between different subtypes,

box plots to compare the expression of seven CPGs between

different subtypes, and used the “pheatmap” R package to draw a

cluster heatmap to show the relationship between the expression

of seven CPGs, clinicopathological features, and classification.
Gene set variation analysis

We downloaded the data of the HALLMARK pathway, the

Kyoto Encyclopedia of Genes andGenomes (KEGG) pathway, and

the Reactome pathway from the Molecular Signatures Database

(MsigDB, http://software.broadinstitute.org/gsea/msigdb/), and

acquired “h.all.v7.5.1. symbols.gmt,” “c2.cp.kegg.v7.5.1.

symbols.gmt,” and “c2.cp.reactome.v7.5.1. symbols.gmt” as

reference gene sets (20). Then, we used the “GSVA” R package

to perform Gene Set Variation Analysis (GSVA) for different

subtypes and drew a heatmap to display the analysis results.
Frontiers in Immunology 03
272
Construction of KIRC immune infiltration
landscape

The “ESTIMATE” R package was used to calculate

StromalScore, ImmuneScore, and ESTIMATEScore. StromalScore

and ImmuneScore represent the abundance of stromal and

immune components, respectively, whereas ESTIMATEScore is

the sum of StromalScore and ImmuneScore, which is negatively

correlated with tumor purity (21). The “GSVA” R package was

then used for ssGSEA to calculate the enrichment score that

represents the relative infiltrating abundance of each immune

cell (22).
Screening of differentially expressed
genes (DEGs) and enrichment analysis

The “limma” R package (23) was used to screen for

differentially expressed genes (DEGs) between different subtypes

with |logFoldChange| >1 and p <0.05. KEGG and Gene Ontology

(GO) functional enrichment analyses were implemented using the

“clusterProfiler” R package (24), and adjusted p-value <0.05

represented statistically significant results.
Secondary unsupervised clustering based
on cuproptosis subtypes related genes

We screened the DEGs with p <0.05 using univariate Cox

regression analysis and named them cuproptosis subtype-related

genes (CSRGs). The “forestplot” R package was used to draw a

forest plot of the results. Then, secondary unsupervised

clustering classification was performed based on CSRGs, with

the same specific clustering parameters. Subsequently, we used

survival analysis to compare the differences in OS between

different subtypes, used box plots to compare CSRGs

expressions between different subtypes, and drew a cluster

heatmap to show the relationship among CSRGs expression,

clinicopathological features, and classification.
Calculation of cuproptosis score (CUS)

According to the positive and negative relationships between

the CSRGs and the cluster signature, the CSRGs were divided

into two groups, namely sigC1 and sigC2. Then, the

“clusterProfiler” R package was used for gene annotation. We

then used the Boruta algorithm (25)combined with PCA to

reduce the dimensionality of the CSRGs subgroups and

calculated the CUS for each sample. The KIRC comprehensive

cohort was divided into the high- and low-CUS groups based on
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https://tcga-data.nci.nih.gov/tcga/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://software.broadinstitute.org/gsea/msigdb/
https://doi.org/10.3389/fimmu.2022.954440
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.954440
the optimal cutoff value. The CUS of each KIRC sample was

calculated using the following formula:

CUS =oPsigC1 −oPsigC2
Prognosis and immune exploration
based on CUS grouping

We used the “survival” and “survminer” R packages to

perform survival analysis to compare the differences in OS

between the high- and low-CUS groups, and used the

“ggalluvial” R package to draw Sankey diagrams to visualize

the correspondence among CUS groups, different subtypes, and

prognosis. Box plots were used to compare the differences in the

CUS of different subtypes. ssGSEA was used to quantify the

infiltration abundance of immune cells, and the relationship

between CUS and immune cell infiltration levels was displayed

using a correlation heat map.
Clinical subgroup analysis based on CUS
grouping

We selected “survival status,” “histological grade,” “T stage,”

“N stage,” “M stage” and “clinical stage” as clinical subgroup

characteristics, and drew box plots to show the differences in the

CUS between different clinical characteristics. A stacked

histogram was drawn to show the proportion of each clinical

characteristic in the high- and low-CUS groups.
Comparison of immune targets and
prediction of immunotherapy efficacy

We used the “limma” R package to compare the differences in

the gene expression of several common immune targets. Next, we

downloaded the immunophenoscore (IPS) data of the TCGA-KIRC

cohort from The Cancer Immunome Atlas (TCIA) database to

explore the differences in the efficacy of the four immune

checkpoint inhibitors (ICIs) between the high- and low-CUS

groups (26), including ctla4_pos_pd1_pos, ctla4_neg_pd1_pos,

ctla4_pos_pd1_neg, and ctla4_neg_pd1_neg.
Analysis of targeted therapy based on
CUS grouping

We estimated the half maximal inhibitory concentration

(IC50) using the “pRRophetic” R package to predict the

sensitivity of the high- and low-CUS groups to 138 targeted

drugs. We selected eight commonly used targeted drugs for
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advanced KIRC (sunitinib, axitinib, sorafenib, erlotinib,

lapatinib, gefitinib, pazopanib, and temsirolimus) and a

cuproptosis-targeting drug (elesclomol) for key observation

(27). Subsequently, we downloaded the gene expression profile

and clinical data of the sunitinib monotherapy cohort in the

NCT02684006 clinical trial from the supplementary material of

PMID:32895571 (28). We used differential analysis to explore

the relationship between CUS groups and progression and

compared the differences in progression-free survival (PFS)

between the high- and low-CUS groups via survival analysis.

The significance of the difference in comparing the progression

rates of different CUS groups was achieved by the chi-

square test.
Mining seven CPGs-related targeted
drugs

We calculated the correlation between the mRNA expression

of seven CPGs and drug IC50 values via Pearson’s correlation

analysis of the “GDSC drug” and “CTRP drug” modules in the

GSCA database. The p-value was adjusted using the false

discovery rates (FDR).
Screening and validation of potential
CPGs and FDX1

Hazard ratio (HR) and p values of univariate COX regression

analysis were used to identify potential CPGs. Potential CPGs were

screened using p < 0.001 and 1-HR > 0.4 as the inclusion criteria.

Then, a comprehensive analysis was performed integrating TCGA

and the Genotype Tissue Expression (GTEx) (https://commonfund.

nih.gov/GTEx/) databases (29) through the “Expression DIY”

module of the Gene Expression Profiling Interactive Analysis

(GEPIA, http://gepia.cancer-pku.cn/) website (30). |Log2FC| > 1

and p <0.01 were set as the cutoff values. Additionally,

immunohistochemical (IHC) staining results of the three genes

between normal renal tubular epithelial and KIRC tissues at the

protein level were obtained from Human Protein Atlas (HPA,

https://www.proteinatlas.org/) database.
Cell culture and transfection

Human renal tubular epithelial cells (HK-2) and KIRC cells

(Caki-1 and 786-O) were obtained from the American Type

Culture Collection (ATCC, Manassas, VA, USA). All cells were

cultured in RPMI 1640 medium (Hyclone, Logan, UT, USA)

supplemented with 15% fetal bovine serum (Gibco, Grand

Island, NY, USA) and 1% penicillin-streptomycin (Hyclone).

Small interfering RNAs (siRNAs) targeting FDX1 were

synthesized by GenePharma (Shanghai, China). siRNA-FDX1
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and siRNA-control were cotransfected into Caki-1 cells using

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The

primer sequences of siRNAs are listed in Supplementary Table 2.
Quantitative reverse transcription
polymerase chain reaction

Total RNA from the cultured cells was extracted using a

Faster reagent (Invitrogen). The PrimeScript RT Reagent Kit

(TaKaRa, Shiga, Japan) was used to reverse transcribe 1µg total

RNA into cDNA, and the SYBR Green PCR Master Mix was

used for quantitative reverse transcription polymerase chain

reaction (qRT-PCR). Relative gene expression was calculated

using equation 2–DDCT, with GAPDH as an internal loading

control. Visualization of qRT-PCR results and two samples

unpaired t-test was performed using GraphPad Prism version

9.0.1 (GraphPad Software, San Diego, California USA, www.

graphpad.com). All the primers used for qRT–PCR were

synthesized by Tsingke Biotech (Tsingke, China). The primer

sequences used are listed in Supplementary Table 2.
Western blotting

The total protein in human renal tubular epithelial cells

(HK-2) and KIRC cells (Caki-1 and 786-O) were extracted using

radioimmunoprecipitation assay (RIPA) buffer (Beyotime,

Shanghai, China), Protease Inhibitor Cocktail (Cwbio,

CW2200) and Phosphatase Inhibitor Cocktail (Cwbio,

CW2383) for 20 min at 4°C. Protein concentration was

determined using a BCA protein assay kit (Beyotime,

Shanghai, China). The protein samples were separated on an

SDS-PAGE Loading Buffer (Cwbio, CW0027), and transferred

onto polyvinylidene difluoride (PVDF) membranes (Millipore,

IPVH00010). Subsequently, the membrane was blocked in Tris-

buffered saline plus tween-20 (TBST; Servicebio, G0001)

containing 5% nonfat powdered milk (Sangon Biotech,

A600669) for 1 h. Anti-FDX1 (1:1000, A20895; Abclonal),

anti-ACAT1 (1:1000; 16215-1-AP, Proteintech), Beta Tubulin

(1:1000; 10094-1-AP, Proteintech) and GAPDH (1:1000;

R24404, Zen-Bioscience) were used as primary antibodies, and

the membrane was submerged in primary antibodies overnight

at 4°C. Then, the membrane was washed with TBST 3 times and

incubated with Goat Anti-Rabbit IgG-Horseradish Peroxidase

(1:5000; Elabscience, E-AB-1003) for 1 h at room temperature.

Immunoassay was performed by an enhanced chemiluminescence

detection system (ECL; Biosharp, BL520A) combined with a

Western blot system (Auragene). The expression of the target

band relative to the loading control was quantified with integrated

density by ImageJ software.
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Cell Counting Kit-8 (CCK-8) assay

The transfected Caki-1 cells were adjusted to 2000 cells/well

(100 mL medium) in 96-well plates and cultured for the indicated

days. Then, 10 mL of CCK-8 (BS350A, Biosharp Life Sciences)

was added to the cells, and the cells were cultured at 37°C for 1.5

hours. Optical density was measured at 450 nm (OD450nm) using

a microplate reader.

Caki-1 cells were transferred into 96-well plates at a density

of 2500 cells/well (100 mL medium). After 24 h the cells were

divided into 8 groups (n=3 per group), incubated with 100mL of

fresh medium containing CuCl2 (100nM; RHAWN, R019783),

Elesclomol (100nM; MedChemExpress, HY-12040), CuCl2
(100nM)& Elesclomol (100nM), CuCl2 (200nM), Elesclomol

(200nM), CuCl2 (200nM)& Elesclomol (200nM) or control

agents for indicated days. Briefly, 10 mL of CCK-8 was added

and OD450nm was measured.
Ethynyl-2’-deoxyuridine (EdU) assay

Caki-1 cells were stained using BeyoClick™ EdU-555 Cell

Proliferation Kit (Beyotime, Shanghai, China). To be specific,

Caki-1 cells (1.0×105 cells/well) were seeded in a 6-well plate,

transfected with NC or si-FDX1, and cultured in an incubator at

37°C for 72 h. Then, Caki-1 cells were incubated with EdU for

2 h, fixed with 1 mL paraformaldehyde (4%) for 15 min, and

permeabilized with 0.3% Triton X-100 (Beyotime) for 15 min.

After that, the Caki-1 cells were incubated with 500µL of the

click reaction mixture for 30 min in the dark, washed three times

with PBS containing 3% BSA, and incubated with Hoechst 33342

for another 10 min. Finally, fluorescence microscopy was used

for detection.
Colony formation assay

The transfected cells were cultured up to the logarithmic

growth phase and then counted and adjusted to 500 cells/well in

6-well plates. Cells were incubated for 2 weeks at 37°C, 5% CO2.

After being washed with PBS twice, the cells were fixed with

paraformaldehyde (4%) for 15 min and stained with crystal

violet buffer (Solarbio, Beijing, China) for 30 min. The clone was

counted if the number of cells in the clone was at least 50 under

a microscope.
Statistical analysis

All analyses were performed using R version 4.1.1. Unless

otherwise specified, Pearson’s correlation coefficient was used for
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correlation analysis in this study. For comparison between the

two groups in the bioinformatics analysis section, the Wilcoxon

test was used for difference analysis. For comparison between the

two groups in the experimental section, the Students’ t-test was

used for difference analysis. Two-way ANOVA was used for

difference comparison in CCK8 assay. For comparisons between

more than two groups, the Kruskal-Wallis test was used for the

difference analysis. Kaplan-Meier survival analysis and log-rank

tests were used to compare the survival of the different groups of

patients. For all statistical analyses, a two-tailed p <0.05 was

considered statistically significant.
Results

Genetic, transcriptional and post-
transcriptional alterations of CPGs
in KIRC

The workflow of this study is illustrated in Figure 1. We

performed different levels of analysis of the seven CPGs using the

GSCA database. At the mRNA level, DLAT, DLD, FDX1, PDHB,

and PDHA1 showed low expression in KIRC compared to the

normal samples (FDR <0.05, Supplementary Figure 1A). The SNV

frequencies of the six CPGs are shown in the form of a heat map

(no data are available for FDX1), with DLD having the highest

SNV frequency (Supplementary Figure 1B). Seven CPGs showed

large differences in CNV types (including heterozygous

amplification, homozygous amplification, heterozygous deletion,

and homozygous deletion) and proportions, and PDHB had a very

large proportion of heterozygous deletions, whereasDLD had only

heterozygous amplification (Supplementary Figure 1C). The CNV

of CPGs was positively correlated with their mRNA expression,
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especially that of PDHB (Supplementary Figure 1D). Conversely,

methylation levels of CPGs were negatively correlated with

mRNA expression (Supplementary Figure 1E). However, the

methylation of CPGs was not significantly different between

KIRC and normal samples (no data available for FDX1,

Supplementary Figure 1F).
Construction of comprehensive KIRC
cohort and CPGs network

We merged the TCGA-KIRC and GSE29609 datasets and

removed the batch effects to obtain a comprehensive cohort of

537 samples and 14,074 genes. PCA showed that batch effects

were effectively eliminated (Figure 2A). The baseline data on the

clinical characteristics of the comprehensive cohort are

presented in Table 1. The network of seven CPGs showed the

results of the correlation analysis and Cox regression analysis;

seven CPGs had significant positive correlations (p <0.0001) and

were protective factors for KIRC (HR < 1, Figure 2B). Finally, the

Kaplan-Meier survival analysis suggested that six CPGs

significantly affected the prognosis of patients with KIRC

(p <0.05, Figure 2C).
Identification and evaluation of subtypes
based on seven CPGs

We performed unsupervised clustering and classification based

on seven CPGs. The best classification effect could be obtained

when the patients were divided into Clusters A and B (Figure 3A).

The clustering results are shown in Supplementary Figures 2A–C.

There was a significant difference in OS between the two subtypes,
FIGURE 1

The flowchat of this study.
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with cluster A having a better prognosis than cluster B (p <0.001,

Figure 3B). Seven CPGs showed higher expression levels in cluster

A (p <0.001, Figure 3C).We showed the clinicopathological features

of the two subtypes and the expression distribution of the seven

CPGs using a heat map (Figure 3D). We used GSVA to compare

the enrichment pathways of the two subtypes from the three sets of

the HALLMARK pathway (Supplementary Figure 3A), KEGG

pathway (Supplementary Figure 3B), and Reactome pathway

(Supplementary Figure 3C), and detected significant differences

between the two subtypes, mainly in multiple metabolic pathways.

Patients in different clusters showed feature distinguishability

based on PCA (Figure 4A). Next, we used ESTIMATE to quantify

the infiltration characteristics of the tumor microenvironment in

patients with KIRC and observed that Cluster B had higher

StromalScore, ImmuneScore, and ESTIMATEScore than Cluster

A (p <0.001, Figure 4B). We used ssGSEA to quantify the

infiltrating abundance of 23 immune cells and explored the

differential patterns of the immune-infiltrating landscape of the

two subtypes. The infiltration levels of activated B cells, CD4 T

cells, CD8 T cells, dendritic cells, CD56dim structural killer cells,

gamma delta T cells, myeloid-derived suppressor cells (MDSC),

macrophages, mast cells, monocytes, natural killer T cells, natural

killer cells, type 1 T helper cells, and type 2 T helper cells were

significantly higher in cluster B than in cluster A (p <0.05,

Figure 4C). These results suggest that Cluster B has a higher

level of stromal and immune cell infiltration than Cluster A.
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Identification of CSRGs and the
secondary clustering

To further explore the potential biological behavior of each

cuproptosis subtype, we performed a differential analysis of the

two cuproptosis subtypes. The DEGs are shown using volcano

plots (p <0.05, Figure 5A). We then screened DEGs with |

logFoldChange| >1 and p <0.05, and identified 31 cuproptosis-

related DEGs. KEGG (Figure 5C) and GO (Figure 5D)

enrichment analyses were performed on these DEGs, and the

top five pathways based on the adjusted p-value in KEGG

analysis and their relationship networks with related genes

were displayed (p <0.05, Figure 5B). Several pathways were

related to mitochondrial metabolism, including the

peroxisome proliferator-activated receptor (PPAR) signaling

pathway, carbon metabolism, citrate cycle (TCA cycle), fatty

acid degradation, and the PI3K-Akt signaling pathway.

To identify cuproptosis-related genes with prognostic

significance for KIRC, we performed a univariate Cox

regression analysis on 31 cuproptosis-related DEGs; the results

are shown in Supplementary Table 1. All 31 DEGs had

prognostic significance and were identified as CSRGs (p <0.05,

Figure 6A). Based on 31 CSRGs, we performed secondary

clustering and identified two subtypes: gene clusters C1 and

C2 (Figure 6C). The clustering results are shown in

Supplementary Figures 2D–F. The plots of the Kaplan-Meier
A

B

C

FIGURE 2

Correlation analysis and survival analysis of CPGs in KIRC. (A) Fusion of TCGA-KIRC and GSE29609 cohort data and removal of batch effects.
The left plot shows PCA before removing batch effects, and the right plot shows PCA post removing batch effects. (B) Correlation network of
seven CPGs. The line represents a correlation between genes, the sphere represents the COX test of each gene. (C) Kaplan-Meier survival
analysis of CPGs in KIRC (OS, Log-rank test, p < 0.05). CPG, cuproptosis-promoting gene.
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survival curves of C1 and C2 showed that C2 had a better

prognosis than C1 (p <0.001, Figure 6B). The 31 CSRGs were

significantly differentially expressed between C1 and C2 (p

<0.001, Supplementary Figure 4A). We used a heatmap to

show the clinicopathological characteristics of the two

subtypes and the expression distribution of the 31 CSRGs

(Supplementary Figure 4B). According to the positive and

negative relationships between DEGs and cluster features,

CSRGs were divided into two groups: sigC1 and sigC2. The

genes in the sigC1 group were highly expressed in C2 and lowly

expressed in C1, whereas the opposite was true for the genes in

the sigC2 group.
Calculation of CUS and classification of
patients with KIRC

To quantify the cuproptosis status to predict the clinical

characteristics and treatment outcomes of the patients, we

calculated the CUS for each sample using the Boruta

algorithm combined with PCA based on two gene sets, sigC1

and sigC2. According to the best cutoff value “-0.4318927,” the

samples of the comprehensive cohort were divided into the high-

and low-CUS groups. The results of the Kaplan-Meier survival

analysis revealed that patients in the high-CUS group had a

poorer prognosis (Figure 7A). The Sankey diagram shows the
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corresponding relationship among the CUS, classification, and

prognosis (Figure 7B). Patients with KIRC in cluster B had a

higher probability of corresponding to genecluster C1, with a

higher CUS and poorer prognosis. The different box plots also

verify this conclusion (p <2.22e-16, Figures 7D, E). We created a

correlation heatmap to explore the relationship between the

CUS and immune cell infiltration (Figure 7C) and observed a

negative but weak correlation between the CUS and most

immune cells (p <0.05, except natural killer cells).
CUS-related clinical subgroup analysis

To further explore the correlation between the CUS,

prognosis, and clinical characteristics, we used box plots to

show the differences in the CUS between different clinical

characteristics and stacked histograms to show the proportion

of each clinical characteristic in the high- and low-CUS groups.

Patients who died had a higher CUS than those alive (p =2.4e-09,

Supplementary Figure 5A); patients with histological grade G4

had a higher CUS than those with histological grade G1, G2 and

G3 (p <0.1, Supplementary Figure 5B); patients with T4 had a

higher CUS, while patients with T1 had a lower CUS (p <0.05,

Supplementary Figure 5C); CUS did not show a significant

difference in lymph node metastasis (Supplementary

Figure 5D); patients with distant metastasis had a higher CUS

than those without distant metastasis (p =0.009, Supplementary

Figure 5E), and patients with clinical stage I had a lower CUS

than those with clinical stage II, III and IV (p <0.05,

Supplementary Figure 5F).
Exploration of immunotherapy targets
and efficacy based on CUS

To explore the potential relationship between CUS and

immunotherapy, we compared the expression levels of several

common immune-related targets in the high- and low-CUS

groups. In the high-CUS group, the TGFB1 expression level was

higher (p =4.8e-05, Figure 8D), whereas CD274 expression was

lower (p =0.012, Figure 8C) than that in the low-CUS group. There

were no significant differences in PDCD1 (Figure 8A) and CTLA4

(Figure 8B) expression levels between the high- and low-CUS

groups. In addition, we downloaded the IPS of the TCGA-KIRC

cohort from the TCIA database to explore differences in the efficacy

of immunotherapy between the high- and low-CUS groups. The

IPS of ctla4_pos_pd1_pos (Figure 8E), ctla4_neg_pd1_pos

(Figure 8F) , ct la4_pos_pd1_neg (Figure 8G), and

ctla4_neg_pd1_neg (Figure 8H) was lower in the high-CUS

group (p <0.05) than in the low-CUS group.
TABLE 1 Baseline Data Sheet for the Comprehensive Cohort of
TCGA-KIRC and GSE29609.

Characteristic levels N (%)

Age >60 years old 291 (50.8%)

≤60 years old 282 (49.2%)

Grade G1 15 (2.7%)

G2 243 (43%)

G3 217 (38.4%)

G4 90 (15.9%)

T_stage T1 285 (49.7%)

T2 75 (13.1%)

T3 201 (35.1%)

T4 12 (2.1%)

N_stage N0 271 (91.9%)

N1 21 (7.1%)

N2 3 (1%)

M_stage M0 449 (83%)

M1 92 (17%)

Stage I 268 (50.5%)

II 58 (10.9%)

III 123 (23.2%)

IV 82 (15.4%)
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Sensitivity analysis and efficacy
prediction of targeted drugs

To explore the impact of the CUS on targeted therapy, we

first calculated the IC50 values of a variety of commonly used

targeted drugs for advanced KIRC using the pRRophetic package

and then predicted the sensitivity of targeted drugs. For
Frontiers in Immunology 09
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sunitinib, axitinib, and elesclomol, the IC50 values of the high-

CUS group were lower and showed higher sensitivity (p <0.05,

Figures 9D–F). For sorafenib, erlotinib, and lapatinib, the high-

CUS group had higher IC50 values and lower sensitivity

(p <0.0001, Figures 9A–C). However, the IC50 values of

gefitinib, pazopanib, and temsirolimus were not significantly

different between the high- and low-CUS groups (Figures 9G–I).
A B

D

C

FIGURE 3

Construction of CPG subtypes and exploration about clinical and biological features of subtypes. (A) consensus matrix that divides all KIRC
samples into two clusters (k=2). (B) Kaplan–Meier curves for the two subtypes of KIRC patients (OS, Log-rank test, p < 0.001). (C) Expression
differences of seven CPGs between the two subtypes. (D) Heatmap of the distribution of clinicopathological features and CPG expression
between two different subtypes. CPG, cuproptosis-promoting gene; ***p < 0.001.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.954440
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.954440
Furthermore, we downloaded the cohort data from

NCT02684006 using sunitinib-targeted therapy for prognostic

analysis. The proportion of patients with progression in the

high-CUS group was lower than that in the low-CUS group

(42% vs. 59%, Figure 9J), and the patients who progressed had

lower CUS than those who did not (p <0.05, Figure 9K). The

results of the Kaplan-Meier survival analysis showed that the

high-CUS group had a longer PFS than the low-CUS group

(p =0.0087, Figure 9L).

Additionally, we systematically mined the targeted drugs

associated with the seven CPGs using the GSCA database. Using

the GDSC (Supplementary Figure 6A) and CTRP data sources

(Supplementary Figure 6B), the top 30 targeted drugs whose

sensitivity was most strongly correlated with the mRNA

expression of the seven CPGs were determined.
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Identification and multi-level expression
validation of potential CPGs

We identified two potential CPGs, ACADM and ACAT1,

based on 31 CSRGs. We then performed differential expression

validation of these two potential CPGs and seven identified

CPGs (FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1 and PDHB).

The GEPIA database showed that the expression of FDX1

(Figure 10A), ACADM (Figure 10D) and ACAT1 (Figure 10G)

in KIRC was lower than that in the normal kidney tissue

(p <0.05). The immunohistochemical results of FDX1

(Figure 10B), ACADM (Figure 10E) and ACAT1 (Figure 10H)

in the HPA database showed that the protein expression of these

genes significantly decreased in KIRC tissues compared to that

in normal renal tubular epithelial tissues. In addition, we
A B

C

FIGURE 4

Tumor immune microenvironment analysis of two CPG subtypes. (A) PCA shows a significant difference in transcriptomes between the two subtypes.
(B) Correlations between the two CPG subtypes and TME score. (C) The abundance of 23 kinds of infiltrating immune cells was evaluated by ssGSEA in
the two CPG subtypes. CPG, cuproptosis-promoting gene; ns, no significant difference, *p < 0.05; **p < 0.01; and ***p < 0.001.
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detected the expression differences of FDX1 (Figure 10C),

ACADM (Figure 10F), ACAT1 (Figure 10I), PDHA1

(Figure 10K), PDHB (Figure 10L), DLAT (Figure 10M), DLD

(Figure 10N), LIAS (Figure 10O) and LIPT1 (Figure 10P)

between renal tubular epithelial cells (HK-2) and KIRC cells

(Caki-1 and 786-O) using qRT-PCR. The expression of these

genes was significantly down-regulated in Caki-1 cells compared

to that in HK-2 cells (p <0.05). Finally, western blot results

indicated that FDX1 and ACAT1 expression was higher in HK-2

cells than in Caki-1 cells, but there was no significant difference

between 786-O and HK-2 cells (Figure 10J).
Proliferation functional validation of
FDX1 and validation of cuproptosis in
KIRC cells

To further investigate the function of FDX1, a key

cuproptosis gene, in KIRC, we silenced FDX1 to detect its
Frontiers in Immunology 11
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effect on Caki-1 cells’ proliferation. Subsequently, si-FDX1#1

and si-FDX1#2 were determined for further study because they

showed higher silencing efficacy compared to NC-transfected

cells (Figure 11A). CCK8 and EdU assays showed that FDX1

depletion promoted KIRC cell growth (Figures 11B, C), and the

clone formation assay demonstrated that FDX1 improves the

proliferative capacity of KIRC cells (Figure 11D). To figure out

the relationship between FDX1 and two potential CPGs, we

detected the expression of ACADM and ACAT1 in transfected

Caki-1 cells. However, no significant expression difference was

found (Figure 11E).

Elesclomol has recently been found to be a potent copper

ionophore. We performed the CCK8 assay of elesclomol and

CuCl2 to test whether there is cuproptosis in Caki-1 cells.

Compared with the negative control group, the CuCl2 group

showed slight cytotoxicity, but was not very significant, the

elesclomol group showed certain cytotoxicity, while CuCl2&

elesclomol group had a significantly enhanced cytotoxicity on

Caki-1 cells (Figure 11F).
A B

DC

FIGURE 5

Screening and enrichment analysis of DEGs between the two CPG subtypes. (A) Volcano plot about Difference analysis between the two CPG
subtypes. (B) The network diagram shows the correspondence between the KEGG top five pathways and related genes. (C) KEGG enrichment
analysis of DEGs among two CPG subtypes. (D) GO enrichment analysis of DEGs among two CPG subtypes. DEG, differentially expressed gene;
CPG, cuproptosis-promoting gene.
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Discussion

KIRC is insensitive to both radiotherapy and chemotherapy

(5), and targeted therapy has been the mainstay of treatment of

advanced KIRC. In recent years, the development of ICIs has

changed the treatment landscape of advanced KIRC and ICIs

have become the first-line treatment option (31). Single-agent

pembrolizumab has shown antitumor activity in the first-line
Frontiers in Immunology 12
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treatment of patients with advanced KIRC according to the

phase II KEYNOTE-427 study (32). In the phase III CheckMate

214 clinical trial, nivolumab combined with ipilimumab

improved OS in patients with intermediate- or low-risk

previously untreated advanced KIRC (33). Targeted therapy

combined with immunotherapy has become the first-line

treatment for metastatic or unresectable KIRC and tends to

gradually replace targeted therapy alone (9). However, there is
A

B

C

FIGURE 6

Construction of CSRG gene subtypes and prognostic analysis. (A) Univariate COX regression analysis of 31 DEGs to screen CSRGs. (B) Kaplan–
Meier curves for the two gene subtypes (OS, Log-rank test, p < 0.001). (C) consensus matrix that divides all samples into two geneclusters (k=2).
CSRG, cuproptosis subtypes related gene; DEG, differentially expressed gene.
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still a lack of effective targets to help patients with metastatic or

unresectable KIRC more precisely and to individually select

therapeutic drugs.

Cuproptosis is an emerging cell death mechanism, which is

closely related to mitochondrial metabolism and the TCA cycle,

which is different from other death modes such as ferroptosis,

necroptosis, and pyroptosis. It is precise because of the unique

metabolic characteristics of cuproptosis that KIRC is considered

to be more closely related to cuproptosis than to several other

cell death modes. These previously discovered cell death modes

have been found to have many predictive models and molecular

typing constructed in KIRC (34–36), and cuproptosis still has

great research prospects for KIRC typing. FDX1, a key gene that

promotes cuproptosis, functions as an upstream regulator of

protein lipoylation. The lipoylated component of the TCA cycle

directly binds to Cu ions to activate cuproptosis (13). Therefore,

both Cu ions and mitochondrial respiration are key factors in

cuproptosis. KIRC has a unique metabolic profile that exhibits

the classic Warburg effect in vivo (37). This means that KIRC
Frontiers in Immunology 13
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exhibits marked inhibition of glucose oxidation and activation of

aerobic glycolysis (38). Based on the correlation between

worsening prognosis and metabolic shifts in patients with

KIRC, including decreased TCA cycle activity, increased

dependence on pentose phosphate shunt, decreased AMP-

activated protein kinase, increased glutamine transport, and

fatty acid production (39), we hypothesized that cuproptosis

may be suppressed in KIRC. Differential analysis verified our

conjecture, and seven CPGs displayed varying degrees of low

expression in KIRC. This result suggests an association between

cuproptosis and the gene map of KIRC.

First, we selected seven CPGs with similar functions and

strong correlations and identified two clusters with different

biological and clinical characteristics in the comprehensive

cohort of TCGA-KIRC and GSE29609. Cluster B showed a

poorer prognosis and a higher level of immune infiltration

than cluster A, which includes immune-promoting cells, such

as CD4+ T cells, CD8+ T cells, and immune-suppressing cells,

such as MDSCs and macrophages. Next, we performed a
A B

D
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C

FIGURE 7

Construction of CUS and grouping based on score. (A) Kaplan–Meier survival analysis between the high- and low-CUS groups (OS, Log-rank
test, p < 0.001). (B) Sankey diagram of subtype distributions in groups with different CUSs and survival outcomes. (C) The correlation matrix of
cuproptosis and all 22 infiltrating immune cells. Red means positive correlation, whereas blue means negative correlation. p < 0.05 was the cut-
off. (D) Differences in CUS levels between the two CPG subtypes. (E) Differences in CUS levels between the two CSRG gene subtypes. CUS,
cuproptosis score; CPG, cuproptosis-promoting gene; CSRG, cuproptosis subtypes related gene; *p < 0.05.
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differential analysis of the two subtypes and identified 31 DEGs.

Enrichment analysis revealed that DEGs were associated with

various metabolic pathways, including the PPAR signaling

pathway, carbon metabolism, TCA cycle, fatty acid

degradation, and the PI3K-Akt signaling pathway. The PPAR

signaling pathway is related to mitochondrial metabolism, fatty

acylation of proteins involves the attachment of fatty acids to

peptide chains in the form of fatty acyl groups, and lipoylation of

key proteins in the mitochondrial TCA cycle is the core

mechanism of cuproptosis. The downstream target of PI3K/

Akt is a mammalian target of rapamycin (mTOR), which is key

to the treatment of advanced KIRC. This finding also provided

us with more potential molecular mechanisms of cuproptosis

in KIRC.

Using univariate Cox regression analysis, we selected all 31

DEGs for CSRGs. We further constructed two new clusters

based on the 31 CSRGs. Among them, geneclusterC1 had the

poorest prognosis. To quantify the status of cuproptosis, predict

the prognosis of KIRC more accurately, and guide clinical

decision-making, we constructed the CUS using the Boruta

algorithm combined with PCA. The patients in the high-CUS

group had a poorer prognosis. The expression of immune-

related targets showed that patients in the high-CUS group

had significantly higher expression of TGFB1, which is one of

the ligands of the TGFB pathway and is the most prevalent

isoform expressed in many human tumors. Regulatory T cells

(Tregs) exert a contact-dependent inhibitory effect on immune

cells by producing TGFB1. On the surface of Tregs, TGFB1
Frontiers in Immunology 14
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binds to the membrane protein GARP in its inactive form.

Monoclonal antibodies against the GARP/TGFB1 complex alone

or in combination with antibodies targeting the CTLA4 or PD1/

PD-L1 pathways can improve the efficacy of immunotherapy

(40). In addition, selective inhibition of TGFB1 may alter

resistance to anti-PD-1 therapy by altering the tumor immune

environment (41). Galunisertib is a novel inhibitor of TGF-b
receptor 1. Phase 1 studies have demonstrated the safety of

galunisertib and its antitumor activity in patients with glioma

(42). In addition, combination therapy with TGFB and ICIs is in

the clinical drug development stage for hepatocellular

carcinoma, non-small cell lung cancer, and pancreatic cancer

(NCT02423343; NCT02734160) (43). We then used TCIA data

to predict the efficacy of immunotherapy and observed that the

patients in the high-CUS group showed poorer results for all

four ICIs. This finding suggests that the effect of different CUS

values on the efficacy of immunotherapy is not dependent on

PD1 and CTLA4, but may be dependent on TGFB1. This finding

is consistent with the results of our study. Therefore, our

findings suggest that the combination of TGFB1 inhibitors and

immunotherapy may improve the efficacy of immunotherapy for

patients in the high-CUS group.

Next, we explored targeted therapy. The results of the IC50

drug susceptibility analysis suggested that the patients in the

high-CUS group were more likely to develop resistance to

sorafenib, erlotinib, and lapatinib, but they were more

sensitive to sunitinib and axitinib. Thus, although patients in

the high-CUS group have poorer prognosis and immunotherapy
A B D

E F G H

C

FIGURE 8

Exploratory analysis of immunotherapy based on CUS grouping. (A–D) The expression levels of immune target genes in different CUS groups:
PDCD1 (A), CTLA4 (B), CD274 (C) and TGFB1 (D). (E–H) The efficacy of 4 ICIs was predicted by IPS scores from the TCGA-KIRC cohort in TCIA
database: ctla4_pos_pd1_pos (E), ctla4_neg_pd1_pos (F), ctla4_pos_pd1_neg (G) and ctla4_neg_pd1_neg (H). CUS, cuproptosis score; ICI:
immune checkpoint inhibitor; IPS, immune cell proportion score; pos, positive; neg, negative.
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efficacy, sunitinib and axitinib may bring clinical benefits.

Sunitinib monotherapy is the classic first-line therapy for

advanced KIRC (7, 44). We further performed prognostic

validation in a cohort of patients with sunitinib-treated

advanced KIRC in NCT02684006. After sunitinib treatment,

the high-CUS group showed slower progression and even
Frontiers in Immunology 15
284
reversed the original poor prognosis in the PFS curve. This

suggests that sunitinib may be one of the few treatment options

for patients with high CUS.

Drug susceptibility analysis also revealed that the patients in

the high-CUS group were more sensitive to elesclomol. Cancer

cells with high mitochondrial respiration are more prone to
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FIGURE 9

Drug susceptibility analysis of common targeted drugs and validation of targeted therapy cohort in KIRC. Based on cuproptosis grouping, drug sensitivity
of Sunitinib(A), Axitinib (B), Elesclomol (C), Sorafenib (D), Lapatinib (E), Erlotinib (F), Gefitinib (G), Pazopanib (H) and Temsirolimus (I) is conducted. (J)
Obtaining data from the KIRC cohort using Sunitinib in NCT02684006. Proportional distribution of progression status in the high- and low-CUS groups.
(K) Comparison of CUS levels between progression group and non-progression group. (L) Kaplan–Meier survival analysis between the high- and low-
CUS groups (PFS, Log-rank test, p < 0.001). CUS, cuproptosis score; PFS: progression free survival; *p < 0.05.
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cuproptosis, and copper ionophores represented by elesclomol

may present a new cancer therapy (13). Current clinical trials of

elesclomol have not achieved satisfactory results (14, 45),

however, we expect to discover new ways to activate cuproptosis.
Frontiers in Immunology 16
285
The distinct metabolic profile of KIRC suggests that activation of

cuproptosis may require a combination of elesclomol and aerobic

glycolysis inhibitors. Studies have shown a relationship between

metabolic and immune activity in KIRC (46), whereas TGFB was
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FIGURE 10

Differential expression validation of 7 CPGs and 2 potential CPGs between KIRC and normal samples. GEPIA database was used to compare the
expression differences of FDX1 (A), ACADM (D) and ACAT1 (G) between KIRC and normal kidney tissues. The HPA database showed the
expression of FDX1 (B), ACADM (E) and ACAT1(H) at the tissue protein level by immunohistochemistry. Western Blot was used to compare the
protein levels of FDX1 and ACAT1 in KIRC cells (Caki-1 and 786-0) and normal renal tubular epithelial cells (HK-2), and the results were semi-
quantified by integrated density (J). qRT-PCR was used to compare mRNA levels of FDX1 (C), ACADM (F), ACAT1 (I), PDHA1 (K), PDHB (L), DLAT
(M), DLD (N), LIAS (O) and LIPT1 (P) in KIRC cells (Caki-1, 786-0) and normal renal tubular epithelial cells (HK-2). CPG, cuproptosis-promoting
gene; N, normal; T,tumor; ns, no significant difference, *p < 0.05, **p < 0.01, and ****p < 0.0001. Western Blot data are means ± SD, with n = 3;
qRT-PCR data are means ± SD, with n = 4.
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found to promote aerobic glycolysis in renal fibroblasts (47).

TGFB1 may play a role in this relation; therefore, combination

therapy may benefit from TGFB1 inhibitors.

Finally, we identified two potential CPGs from 31 CSRGs:

ACADM and ACAT1. We verified that these two genes were

weakly expressed in KIRC compared to the normal samples

through three levels of validation in the GEPIA database, HPA

database, and qRT-PCR results. The main function of ACADM

is to catalyze the initial step of the mitochondrial fatty acid b-
Frontiers in Immunology 17
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oxidation pathway. Inhibition of ACADM can promote

dysregulation of fatty acid oxidation, leading to hepatocellular

carcinoma progression (48). ACAT1 is a key enzyme that

catalyzes the production of mitochondrial ketone bodies.

Combination therapy with an ACAT1 inhibitor and anti-PD-1

antibody showed better efficacy than immunotherapy alone in

controlling tumor progression (49). Previous studies show that

ACADM and ACAT1 are protective tumor suppressors of KIRC,

which is consistent with our findings (50, 51).
A

B

D

E F

C

FIGURE 11

Proliferation functional validation of FDX1 and validation of cuproptosis in KIRC cells. (A) Silencing efficiency of FDX1 by qRT-PCR. CCK8 assay
(B), EDU assay (C) and Colony formation assay (D) show the effect of FDX1 knockdown on the proliferation of Caki-1 cells. * is for si-F1#1, + is
for si-F1#2. (E) Changes in ACADM and ACAT1 mRNA expression levels after knockdown of FDX1 by qRT-PCR. (F) The effects of elesclomol and
CuCl2 on Caki-1 cell death were explored by CCK8 assay. si-F1#1, si-FDX1#1; si-F1#2, si-FDX1#2; ns, no significant difference, *p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001; ++p < 0.01 and +++ p < 0.001; CCK8 assay and Colony formation assay data are means ± SD, with n = 3;
qRT-PCR data are means ± SD, with n = 4.
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In summary, we performed cluster analysis for typing based

on CPGs and constructed a score that quantifies the cuproptosis

status. The CUS can effectively predict the prognosis and efficacy

of targeted therapy and immunotherapy. In conjunction with

the 2021 National Comprehensive Cancer Network (NCCN)

guidelines (52), we developed a detailed treatment strategy for

treatment options for patients with metastatic or unresectable

KIRC. For patients in the low-CUS group, conventional targeted

therapy combined with immunotherapy strategies recommended

by the guidelines can be used as the first-line treatment. Note that

among the targeted therapy drugs, axitinib and sunitinib can be

avoided if possible. For the first-line treatment of patients in the

high-CUS group, we recommend a triple-drug combination of

axitinib, pembrolizumab, and a TGFB1 inhibitor. Sunitinib

monotherapy is also a feasible treatment option. Axitinib

monotherapy can be used as a second-line therapy.

To further explore the relationship between the cuproptosis

gene and KIRC, we first verified the differential expression of the

CPGs at mRNA and protein levels. Next, we silenced FDX1 in

Caki-1 cells and found that the proliferation of Caki-1 cells was

significantly promoted. Finally, to provide preliminary evidence

that Cuproptosis may be present in KIRC, we designed CCK8

assays with reference to the research of Tsvetkov P et al. (53). We

found that when copper was added to elesclomol at a molar ratio

of 1:1, it significantly reduced the activity of KIRC cells. These

results suggest that the delivery of large amounts of copper ions

into cells by elesclomol may trigger cuproptosis in KIRC.

The study has some limitations. First, more cohorts of

immunotherapy and targeted therapy are needed to validate

and optimize the conclusions and improve the predictive

power of the scoring system. Second, TGFB1 inhibitors,

elesclomol, and aerobic glycolysis inhibitors are new

therapeutic agents based on cuproptosis. Further basic

clinical trials are required to explore the efficacy of

these agents.
Conclusion

In this study, a scoring system for cuproptosis—CUS was

constructed, which developed a novel and precise strategy for the

selection of targeted therapy and immunotherapy in patients

with advanced KIRC, and also provided new insights into the

relationship among cuproptosis, metabolism and immunity

in KIRC.
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SUPPLEMENTARY FIGURE 1

Genetic, transcriptional and post-transcriptional alterations of CPGs in

KIRC in GSCA database. (A) Expression level of seven CPGs. (B)
Frequencies of SNV among CPGs. (C) Percentage of various types of

CNV in CPGs. (D) Spearman correlation between mRNA expression and
CNV levels of CPGs. (E) Spearman correlation between mRNA expression

and methylation levels of CPGs. (F) Differences in methylation levels of
CPGs. CPG: cuproptosis-promoting gene.

SUPPLEMENTARY FIGURE 2

Detailed results of consensus clustering. (A–C) Detailed Results of
consensus clustering to construct CPGs subtypes: cumulative

distribution curve (A), area under the cumulative distribution curve (B)
and tracking plot (C). (D–F) Detailed Results of consensus clustering to
construct CSRGs gene subtypes: cumulative distribution curve (D), area
under the cumulative distribution curve (E) and tracking plot (F). CPG,
cuproptosis-promoting gene; CSRG, cuproptosis subtypes related gene.
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SUPPLEMENTARY FIGURE 3

Difference comparison of enriched pathways of two different CPG
subtypes by GSVA. (A–C) Heatmaps comparing GSVA pathway scores

for two CPG subtypes from three items: HALLMARK (A), KEGG (B), and
Reactome (C). CPG, cuproptosis-promoting gene.

SUPPLEMENTARY FIGURE 4

Differences in clinicopathological and biological features between two
gene subtypes. (A) Expression differences of 31 CSRGs between the two

gene subtypes. (B) Heatmap of the distribution of clinicopathological
features and CSRG expression between two different gene subtypes.

CSRG, cuproptosis subtypes related gene; ***p < 0.001.

SUPPLEMENTARY FIGURE 5

Clinical subgroup analysis of CUS in KIRC. (A–G) Finding the relationship
between six clinical features and CUS by difference comparison and ratio

distribution: fustat (A), Grade (B), T_stage (C), N_stage (D), M_stage (E)
and Stage (F). CUS, cuproptosis score.

SUPPLEMENTARY FIGURE 6

Observation of the sensitivity of CPGs to targeted drugs using the GSCA

database. (A) Correlation between GDSC drug sensitivity and CPGs mRNA
expression. (B) Correlation between CTRP drug sensitivity and CPGs

mRNA expression. CPG, cuproptosis-promoting gene.
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The interaction between cancer-associated fibroblasts (CAFs) and the tumor

microenvironment (TME) is a key factor for promoting tumor progression. In

lung cancer, the crosstalk between CAFs and malignant and immune cells is

expected to provide new directions for the development of immunotherapy. In

this study, we have systematically analyzed a single-cell dataset and identified

interacting genes between CAFs and other cells. Subsequently, a robust

fibroblast-related score (FRS) was developed. Kaplan-Meier (KM) and ROC

analyses showed its good predictive power for patient prognoses in the

training set comprising of specimens from the cancer genome atlas (TCGA)

and in three external validation sets from the Gene Expression Omnibus (GEO).

Univariate and multivariate Cox regression analyses suggested that FRS was a

significant prognostic factor independent of multiple clinical characteristics.

Functional enrichment and ssGSEA analyses indicated that patients with a high

FRS developed “cold” tumors with active tumor proliferation and

immunosuppression capacities. In contrast, those with a low FRS developed

“hot” tumors with active immune function and cell killing abilities. Genomic

variation analysis showed that the patients with a high FRS possessed a higher

somatic mutation burden and copy number alterations and were more

sensitive to chemotherapy; patients with a low FRS were more sensitive to

immunotherapy, particularly anti-PD1 therapy. Overall, these findings advance

the understanding of CAFs in tumor progression and we generated a reliable

FRS-based model to assess patient prognoses and guide clinical

decision-making.

KEYWORDS

lung adenocarcinoma, cancer-associated fibroblasts, tumor microenvironment,
scoring model, prognosis
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Introduction

Lung cancer has the highest incidence among all cancer

types and is the leading cause of cancer-related deaths (1); lung

adenocarcinoma (LUAD) is its most common histological type.

Several epidemiological investigations and experimental studies

have attributed the onset and progression of LUAD primarily to

environmental factors and genetic alterations (2–4). Given a

large number of non-smokers with LUAD, previous theories

based solely on environmental factors have been disproven and

research attention has been re-focused on profound alterations

in the genetic content. To date, there are two main genetic

factor-related treatment strategies, namely, targeted therapy and

immunotherapy (5). However, most patients who receive

targeted therapy are prone to resistance, and only a minority

of them may benefit from immunotherapy. Therefore, it is

crucial to develop robust tools for prognostic prediction and

assessment of treatment responses to further facilitate accurate

diagnoses and devise individualized treatment strategies.

Tumor microenvironment (TME) is defined as the

environment surrounding the tumor, including the

extracellular matrix, immune cells, and stromal cells, all of

which are closely associated with tumor progression and

treatment outcomes (6). Accumulating evidence elucidate the

role of TME infiltration in immune therapeutic responses and

resistance against different cancer types; these studies have also

investigated their impact on patient prognoses (7, 8). Previous

studies have focused more on immune cells. However, several

findings have now highlighted the importance of stromal cells in

tumor progression (9, 10). Cancer-associated fibroblasts

(CAFs), a representative component of stromal cells, play

crucial roles in cancer genesis, progression, and invasion (11,

12). Recently, the interaction between CAFs and the tumor

immune microenvironment (TIME) has been identified as a key

factor in promoting tumor progression (13, 14). CAFs interact

with immune cells and other immune components within the

TIME through various secreted cytokines, growth factors, and

chemokines, resulting in an immunosuppressive TME that

allows cancer cells to evade the surveillance mechanisms of

the immune system (14, 15). Therefore, further investigation

into the crosstalk between CAFs and TME is expected to

provide new strategies for LUAD treatment, in particular

for immunotherapy.

In this study, we used the single-cell dataset, GSE131907, to

evaluate the crosstalk between CAFs and other cells. In addition,

receptor-ligand pairs were systematically identified for

interactions of CAFs with other cells. Based on these receptor-

ligand genes, we generated the fibroblast-associated score (FRS)

using the LASSO algorithm in the TCGA-LUAD cohort and the

GEO meta-cohort to predict patient prognoses and estimate

their sensitivity to chemotherapy and immunotherapy.

Additionally, the associations among FRS, biological functions,

TIME, and genomic alterations were systematically assessed. In
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summary, our findings are expected to advance the

understanding of CAF functions in cancer as we have

constructed and described here a robust scoring system to

accurately predict patient prognoses and guide clinical

decision-making.
Material and methods

Data extraction from online databases

The single-cell transcriptome dataset, GSE131907, was

extracted from the GEO database (https://www.ncbi.nlm.nih.

gov/geo/), consisting of data of 58 sequences from 44 patients.

Next, these data were processed using the 10x Genomics

method. Of these, we selected 29 normal lung tissues and

early, advanced, and brain-metastasized lung tissues for

further analyses. Detailed data processing procedures and

ethical approval have been described previously (16).

The data of transcriptome RNA sequencing, Mutect2

mutation, HumanMethylation450 array, copy number

variations (CNVs), and the corresponding clinical information

were downloaded from TCGA database (https://cancergenome.

nih.gov/) using the GDC API. A total of 492 LUAD samples

were collected after the exclusion of patients with missed visits

and incomplete clinical information. The raw FPKM sequencing

data were normalized by TPM and used as the training cohort.

Three mature LUAD cohorts were collected from GEO,

including dataset GSE30219 from the Affymetrix HG-U133

Plus 2.0 Array platform, dataset GSE72094 from the

Rosetta/Merck Human RSTA Custom Affymetrix 2.0 platform,

and dataset GSE42127 from the Illumina HumanWG-6 v3.0

expression bead chip. To prevent batch effects on these chips, we

merged the three GEO datasets and normalized the data by the

log2 transformation using the combat function of the “sva”

package (17). Subsequently, LUAD meta-data containing the

complete clinical information of 615 individuals were used as the

validation cohort. Additionally, we collected the publicly

available immunotherapy cohorts with complete clinical

information and transcriptomic data. Finally, the information

of a cohort of advanced uroepithelial carcinoma treated with

anti-PD-L1 immunotherapy (Imvigor210) consisting of 298

patients (8) and a cohort of non-small cell lung cancer

(NSCLC) of 27 patients treated with PD1 (GSE135222)

was collected.
Single-cell data analysis

The R package, “Seurat”, was used to process the scRNA-seq

data. In addition, cells with “min.cells < 3” and “min.features <

200” were excluded. After filtering out the cells with > 60%

mitochondrial sequencing count and nFeature_RNA > 7000, a
frontiersin.org
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total of 47822 cells were retained for subsequent analyses. The

dataset was then normalized using the NormalizeData and

ScaleData functions in Seurat. Cell types were identified

according to the cell annotations provided in the original article.

To unravel the changes in the cell clusters during tumor

progression, we used the R package, ‘monocle’, for the analysis of

the single-cel l trajectory. Subsequently , s ingle-cel l

developmental trajectories were identified using the top 1500

variable genes (18). The Python package, “CellphoneDB”, was

used to identify receptor-ligand exchanges between cell clusters;

the receptor-ligand interactions between eight-cell clusters were

thus identified at the molecular level (19). Receptor-ligand pairs

with p-values < 0.05 were screened to assess the molecular

interact ion network among CAFs and other cel ls .

Corresponding interacting genes were identified as fibroblast-

related genes (FRGs). Finally, the GGplot2 package was used to

visualize these results.
Construction and validation of the
FRS model

LUAD-TCGA cohort was used to train the model.

Specifically, independent prognostic factors among FRGs were

first screened by univariate Cox regression, and genes with P <

0.05 were included for further analysis. Subsequently, a Cox

proportional risk model with LASSO penalties was used to

identify the best prognostic model. To prevent overfitting, a

five-fold cross-validation process was set up. Considering

random sampling for cross-validation, 300 iterations were

performed to identify the most stable prognostic model. The

model with the highest frequency of occurrence in the 300

iterations served as the final prognostic model. Finally, FRS

was calculated according to the following equation:

FRS =oi Coefficient mRNAið Þ � Expression mRNAið Þ

To assess the predictive power of the risk scores in the training

and validation sets, the consistency index (C-index) was

calculated using the “survcomp” R package, with a larger C-

index indicating a more accurate predictive power of model (20).

Patients were classified into high- and low-risk groups based on

the median FRS. Furthermore, the prognostic value of the risk

model was systematically assessed using the Kaplan Meir (KM)

survival curves, univariate and multivariate Cox regression

analyses, and time-dependent ROC curves.
Functional enrichment and immune
infiltration analyses

We performed a single-sample gene set enrichment analysis

(ssGSEA) based on the previously published molecular markers
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using the R package, “gsva”, to assess the activities of the biological

pathways for the samples, including angiogenesis, epithelial-

mesenchymal transition (EMT), myeloid inflammation, and

molecular markers for other immune-related pathways (21–24).

Molecular markers for hypoxia were collected from Msigdb (25).

Detailed pathway-related gene markers are shown in Table S1.

Additionally, GSEA was performed between high- and low-FRS

groups, and the significant KEGG pathways were screened using the

set threshold of P < 0.05. Moreover, functional enrichment of genes

was obtained using the Metascape (www.metascape.org/) database.

The abundances of immune cell infiltrate in tumor samples

were estimated using the R package, “CIBERSORT”, to evaluate

the degree of infiltration of 22 immune cell types (26). The

immune activity and tumor purity of the samples were assessed

using the Estimate algorithm (27). The immunophenoscores

(IPS) of the samples were calculated based on a previous study,

with a higher IPS indicating a stronger immune activity of the

sample (28). In short, IPS is calculated on a scale of 0-10 based

on the transcriptome of the representative genes of the

immunophenotype. Samplewise Z scores were positively

weighted according to effective immune cells, negatively

weighted according to inhibitive immune cells, and then

averaged. Z score ≥ 3 is defined as IPS10, and Z score ≤ 0 is

defined as IPS0.

Finally, homologous recombination deficiency (HRD)

scores, indel neoantigens, and SNV neoantigens of the samples

were obtained from Thorsson et al. (29).
Comparison of genomic variation
landscapes between two groups

To compare the differences in mutation burdens between the

two groups, the mutation data were processed using the ‘maftools’

package in R. The total number of mutations in the samples was

first calculated, and genes with a minimum number of mutations >

30 were identified. The differences in mutation frequencies between

the high- and low-FRS groups were then compared using a chi-

square test and visualized using maftools (30). CNV data were

processed using the GISTIC 2.0 webtool in Genepattern.

Subsequently, significantly amplified and missing chromosomal

segments were identified and differences in CNVs on the

chromosomal arms were assessed. Finally, these CNV results

were visualized using the R package, “ggplot2”.
Clinical significance of the risk model

The five most commonly used first-line drugs, including

cisplatin, docetaxel, gemcitabine, paclitaxel, and vinorelbine,

were selected for the treatment of LUAD. Ridge regression was

used to calculate the half-maximal inhibitory concentration

(IC50) for each sample, which was then used to assess the
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sensitivities of patients to chemotherapy in the high- and low-

risk groups. Moreover, the accuracy of these predictions was

assessed by a 10-fold cross-validation process (31). Furthermore,

differentially expressed genes between the two groups were

considered as potential therapeutic targets. The CMap

database (https://clue.io/) was used to obtain the potential

compounds targeting these genes. This database can not only

predict drugs based on the gene expression profiles but also

elucidate the mode of action (MoA) of these compounds

targeting the corresponding molecular pathways. To assess the

patient responses to immunotherapy, the TIDE online tool

(http://tide.dfci.harvard.edu) was used (32). In addition, the

unsupervised subclass mapping algorithm (https://cloud.

genepattern.org/gp/) was used to assess the patient responses

to anti-PD1 and anti-CTLA-4 immunotherapeutic regimens.

Finally, we validated the predictive efficacy of FRS in the

immunotherapy cohorts, Imvigor210 and GSE135222.
Clinical specimens

We obtained 50 tissue specimens from patients who received

surgical resection of primary LUAD in Shanghai Pulmonary

Hospital from September 2015 to April 2016, including 27 males

and 23 females, with a mean age of (66.24 ± 7.3) years. And all

patients were followed up every three months for five years.

Inclusion criteria: 1, all were diagnosed as lung adenocarcinoma

by postoperative pathological examination; 2, all did not receive

radiotherapy or chemotherapy before surgery; 3, clinical data

were complete. Exclusion criteria: 1, combined with chronic

systemic diseases; 2, combined with other malignant tumors.

Written informed consents of all patients were obtained before

the study. The study was approved by Shanghai Pulmonary

Hospital Ethics Committee (ethical lot number: K21-111Y).
Immunohistochemistry staining

After obtaining the tumor tissue, the tissue was routinely

paraffin-embedded and preserved. In the experiment, tissue

sections were dewaxed and rehydrated, and antigen repair was

performed by incubating the slides in 10 mmol/L sodium citrate

buffer and microwave treating the samples for 20 min. After

being closed with 3% H2O2 and 10% normal goat serum (NGS),

the slides were incubated with primary antibody at 4°C

overnight. The paraffin-embedded LUAD sections were

incubated with anti-TNFSF14 (ab115544, ABCAM), anti-

JAM2 (ab156586, ABCAM), anti- LIFR (ab202847,

ABCAM)、anti-SPN(ab101533, ABCAM)、anti- HGF

(ab118871, ABCAM). The slides were then incubated with

biotin-coupled anti-rabbit secondary antibody (1:1000,

ab205718, Abcam, UK) for 2h at 37°C using the ABC kit from

Vector Laboratories (Burlingame, CA, USA).
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The sections were then incubated with polymeric HRP

reagent and peroxidase activity was observed with

diaminobenzidine tetrahydroxyl chloride solution (Vector

Laboratories), and the sections were re-stained with

hematoxylin. Ouant center is the analysis software of

Pannoramic viewer. When the images of the tissue

microarrays are scanned, the TMA software in Ouant center

sets the numbers that correspond to the arrangement of the

tissue sections. Thereafter, the densito quantification software in

Quant center automatically identifies all dark brown dots in the

microarray tissue as strongly positive, tan dots as moderately

positive, light yellow dots as weakly positive, and blue cell nuclei

only as negative, and analyzes the percentage of each stained

(strong, moderate, weak, and negative) area in pixels, and finally

performs an H-Score score.
Bioinformatic and statistical analyses

All statistical analyses and graph plotting were performed

using the R software (version: 4.04). Comparisons between the

two groups were made using theWilcoxon test and differences in

proportions were compared using the chi-square test. The KM

plotter was used to generate the survival curves and statistically

significant differences were assessed using the log-rank test.

Time-dependent ROC curves (tROC) were plotted using the R

package ‘survivalROC’. Univariate and multivariate COX

regression analyses were performed using the R package,

“survival”. Additionally, ‘rms’ was used to plot nomograms

and calibration curves, and decision curve analysis (DCA) was

performed using the “DCA” package (33). Unless specified

otherwise, two-tailed P < 0.05 denoted statistical significance.
Results

CAF clustering and identification of FRGs

In order to explore the cross-talk between CAF and other

cells and identifying the FRGs. We first analyzed the dataset,

GSE131907, at single-cell resolution and identified a total of

eight-cell clusters according to their original annotation

(Figure 1A). The pseudo-time analysis suggested that CAFs

were mainly aligned at the beginning of the trajectory

(Figure 1B). Subsequently, the communication network

between the eight-cell clusters was analyzed (Figure 1C).

Specifically, CAFs were found to communicate the most with

endothelial cells, followed by myeloid cells (Figure 1D).

Significant receptor-ligand pairs were obtained as FRGs for

subsequent analysis based on a set threshold of P < 0.05. The

Dot plot was used to visualize the top five receptor-ligand pairs

between CAFs and other cells (Figure 1E). Detailed results were

shown in Table S2.
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We then focused on FRGs with independent prognostic

values. Univariate Cox analysis showed 33 independent

prognostic factors in 127 FRGs. The loop graph in Figure 2A

shows the correlation network and hazard ratios (HRs) for these

33 FRGs. Figure 2B displays the mutational landscape of the 37

FRGs. EGFR and COL5A2 were the top two genes with the

highest mutation frequencies. The most common mutation was

the missense mutation, whereas single nucleotide point

mutation was the most common type of mutation, with the
Frontiers in Oncology 05
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most frequently occurring change being from cytosine to

adenine. The waterfall plot in Figure 2C shows the mutational

landscape of 16 FRGs in patients. The bar chart displays the

CNV profile of the 37 FRGs in TCGA-LUAD. Furthermore,

FRGs underwent extensive CNV events. LAMC1 and TNFSF14

were the genes that experienced the most amplification and

deletion events, respectively (Figure 2D). The loop graph was

plotted to visualize the overall CNV profile of the 37 FRGs on the

chromosomes (Figure 2E).
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FIGURE 1

The single-cell profile of CAFs. (A) Eight cell clusters identified by cell clustering; (B) Pseudo-time analysis of the eight-cell clusters. Upper panel:
cell cluster distribution, lower panel: pseudo-time distribution; (C) Communication network of the eight-cell clusters; (D) Communication network
of CAFs with other cells, wherein the numbers represent the number of receptor-ligand pairs; (E) The top 5 receptor-ligand pairs of CAFs
communicating with other cell types.
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Construction of an FRG-related
risk model

An FRG-related risk model was constructed using the 37

FRGs with a prognostic value, on which 300 iterations of LASSO

regression were performed. Of all the five combinations, the

model containing seven genes was found to be the most stable

and showed good accuracy in both the training and validation

cohorts (TCGA: 0.715; GEO: 0.667) (Figure 3A). This LASSO

model was constructed based on the optimal l value of 0.01608,

and FRS was calculated based on the following equation:
Frontiers in Oncology 06
295
FRS =oi Coefficient mRNAið Þ � Expression mRNAið Þ

Figure 3B shows the LASSO coefficients for the model genes,

detailed coefficients of 27 FRGs can be found in Table S3.

Patients at high- and low-risk were distinguished based on the

median FRS. Survival analysis suggested that patients in the

high-risk group had significantly lower survival rates relative to

those in the low-risk group (Figure 3C; P < 0.0001). Figure 3D

shows the distribution of FRS in TCGA cohort and the

transcriptional profiles of the model genes. 1, 3, 5, and 8-year

AUC values for the model were 0.66, 0.67, 0.68, and 0.70
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FIGURE 2

Genomic profile of FRGs in LUAD. (A) Correlation network of FRGs; (B) Summary of mutational events for FRGs in TCGA-LUAD; (C) Oncoplot
showing the mutational mapping of FRGs; (D) Summary of CNV events for FRGs in TCGA-LUAD; (E) A loop graph showing CNV events for FRGs
on chromosomes.
frontiersin.org

https://doi.org/10.3389/fonc.2022.905212
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wei et al. 10.3389/fonc.2022.905212
respectively (Figure 3E). The tROC analysis suggested that FRS

and TNM staging were the best predictors (Figure 3F).

Subsequently, the predictive efficacy of the model was also

assessed in the validation set. The survival analysis suggested

that patients in the high-FRS group showed significantly worse

survival (Figure S1A; P < 0.0001). The ROC analysis suggested

that the model had satisfactory predictive power in the external

validation set, with 1, 3, 5, and 8-year AUC values of 0.68, 0.69,

0.69, and 0.71 respectively (Figure S1B). Figure S1C shows the

distribution of FRS and model gene expression in the

GEO cohort.
Frontiers in Oncology 07
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Predictive independence of the
risk model

We then validate the prognosis value of the FRS model in the

TCGA cohort and GEO meta cohort. The relationship between

the risk scores and the clinical characteristics of the patients and

their prognoses were analyzed using the univariate and

multivariate Cox regression analyses. The results of the

univariate Cox regression analysis suggested that FRS was an

independent prognostic indicator in both the training and

validation cohorts (P < 0.0001) (Figure 4A). The results of the
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FIGURE 3

Construction of the FRG-related risk model. (A) Screening for the best LASSO model. Left panel: frequency of different gene combinations in
the LASSO Cox regression model; Right panel: C-index of the best model in both TCGA and GEO cohorts; (B) LASSO coefficients for the 27
model genes; (C) KM survival curves for the high-FRS and low-FRS groups in the TCGA cohort; (D) Survival status and FRS of patients in TCGA
cohort; (E) 1-, 3-, 5-, and 8-year ROC curves for FRS in TCGA cohort; (F) tROC curves for FRS and clinical characteristics in TCGA cohort.
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multivariate Cox regression analysis showed that FRS remained

an independent prognostic factor for overall survival (OS) in

both the training and validation cohorts after correcting for

other clinical characteristics (P < 0.0001) (Figure 4B).

Furthermore, subgroup analysis indicated that FRS remained a

reliable prognostic factor in different clinical groups (Figure S2).

Therefore, risk scores could serve as a reliable prognostic marker

for predicting OS in patients with LUAD. Subsequently, the

nomogram was constructed to better assess the risk of patients

with LUAD (Figure 4C). The correction curves for the

nomogram showed a good 1-, 3-, and 5-year stability and

accuracy of the nomogram model (Figure 4D). tROC analysis

suggested that the nomogram model was a better predictor

relative to the clinical characteristics (Figure 4E). Additionally,

a DCA was conducted to assess the decision benefit of the
Frontiers in Oncology 08
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nomogram model. The results showed that this nomogram

model was suitable for 1-, 3-, and 5-year risk assessments of

patients with LUAD (Figure 4F).
Functional enrichment analysis of FRS

We tried to explain the potential biological logic of the

differences in clinical outcomes among high- and low-FRS

groups. Therefore, we assessed the correlation between FRS

and some typical biological pathways. The heat map was

plotted to illustrate the relationship among FRS, biological

pathway activities, and clinical characteristics (Figure 5A), and

the correlational analysis between FRS and biological pathways

is shown on the right panel (Figure 5B). Angiogenesis, myeloid
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FIGURE 4

Validation of the FRG-related risk model. (A) Univariate Cox regression analysis of OS in TCGA and GEO cohorts; (B) Multivariate Cox regression
analysis of OS in TCGA and GEO cohorts. (C) FRS-based nomogram; (D) Calibration curves for the nomogram; (E) tROC curves for the
nomogram and clinical characteristics; (F) 1-, 3-, and 5-year DCA curves for the nomogram.
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inflammation, and hypoxia were significantly positively

correlated with FRS and their levels were markedly higher in

the high-FRS group. GO analysis showed that the upregulated

genes in the high-FRS group were mainly associated with the cell

cycle, mitosis, and cytoskeleton (Figure 5C), whereas those in the

low-FRS group were mainly related to antigen presentation and

the complement system (Figure 5E). Further, GSEA showed that

the cell cycle-related pathways such as the P53 signaling cascade,

spliceosome, and DNA repair were significantly enriched in the

high-risk group (Figure 5D), whereas antigen presentation,

hematopoietic cell lineage, and the JAK-STAT signaling

cascade were significantly enriched in the low-risk group

(Figure 5F). Thus, these results suggested that tumor
Frontiers in Oncology 09
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angiogenesis and DNA replication were active in the high-FRS

group, whereas immune activity and immune cell differentiation

were active in the low-FRS group.
Immune landscape in the risk model

TME plays a dual role in the tumorigenesis and progression

of tumor and anti-tumor response. The correlation between FRS

and the immune landscape was assessed in further detail. The

heat map in Figure 6A demonstrates the relationship of FRS with

the Estimate scores, abundances of immune-infiltrating cells,

typical immune checkpoints (including CD274, CTLA4,
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FIGURE 5

Functional analysis for FRS. (A) Heat map showing the correlation between FRS, biological pathway activities, and clinical characteristics; (B)
Correlational analysis of FRS and biological pathways; (C) Functional enrichment analysis of the upregulated genes in the high group; (D) GSEA
enrichment plot showing the five pathways of interest in the high group; (E) Functional enrichment analysis of the upregulated genes in the low
group; (F) GSEA enrichment plot showing the five pathways of interest in the low group.
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HAVCR2, IDO1, LAG3, and PDCD1), immune active features

(including CD8A, CXCL10, CXCL9, GZMA, GZMB, IFNG,

PRF1, TBX2, and TNF), and clinical characteristics of the

patients. The corresponding correlational analysis is shown on

the right side of the heat map (Figure 6B). Tumor purity, M0

macrophages, and T regs were significantly positively correlated

with FRS and these levels were significantly elevated in the high-

FRS groups. In contrast, the Estimate score, immune score, DC

cells, B cells, and monocytes were negatively correlated with FRS

and these levels were significantly lowered in the low-FRS

groups. Furthermore, the activities of CXCL9, GZMA, IFNG,

PRF1, CD8A, CTLA4, TNF, and HAVCR2 were negatively

correlated with FRS and enhanced in the low-FRS group.

Subsequently, we focused on the four indicators related to

tumor-specific antigens, including HRD score (Figure 6C),

indel neoantigens (Figure 6D), IP S(Figure 6E), and SNV

neoantigens (Figure 6F). The results showed that FRS was

negatively correlated with the HRD score, IPS, and SNV

neoantigens, and their levels were significantly elevated in the

low-FRS group. These results suggested that patients in the low-

FRS group experienced more chromosomal instability and had

more tumor neoantigens, thereby contributing to a stronger
Frontiers in Oncology 10
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immune system activity. Thus, we inferred that the patients with

a low FRS may stand to gain more benefits from immunotherapy

(34–36).
Correlation between FRS and
somatic variations

Several recent studies indicate that TMB is associated with

patient responses to immunotherapy, whereby more somatic

mutations may generate more potential mutation-derived

antigens that can be recognized by the immune system.

Further, the recognition of these antigens with mutant

peptides by the immune system can activate immune

functions and enhance anti-tumor immunity (37–39).

Considering the clinical significance of TMB, we examined the

correlation between TMB and FRS. The forest plot showed that

the mutational frequencies of ZFHX4, ADAMTS12, TP53,

KRAS, TTN, XIRP2, LRP1B, and CSMD3 were significantly

greater in the high FRS-group (Figure 7A). The results of the

mutation co-occurrence analysis suggested that the mutations in

all the eight genes were highly co-occurring (Figure 7B).
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FIGURE 6

Immune infiltration analysis for FRS. (A) Heat map showing the correlation of FRS with the Estimate score, immune cell infiltration abundances, immune
checkpoint expression, and clinical characteristics; (B) From top to bottom: correlational analysis of FRS with the Estimate score, immune cell infiltration
abundances, and immune checkpoint expression. Scatter plot and box plot show the correlation of FRS with (C) HRD score; (D) Indel neoantigens; (E)
IPS, and (F) SNV neoantigens.”Red name with * represents upregulated in high-risk score group, and blue name with * represents upregulated in low-
risk score group; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001.
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Correlation analysis showed that all mutation burdens and the

non-synonymous mutation burden were significantly positively

correlated with FRS and markedly increased in the high-FRS

group (Figures 7C, D). Figure 7E details the mutational

landscape of the high-frequency mutated genes in patients

with LUAD. CNVs cause chromosomal variations differently.

Thus, we further evaluated the correlation between FRS and

CNV and found an increased frequency of amplifications and

deletions in the low-FRS group at the level of the chromosome

arm (Figure 7F). The box plots in Figures 7G, H show a

significant increase in the chromosomal deletion events and an

upward trend in amplification events in the high-FRS group.
FRS-related guidance for clinical
decision-making

Previous results suggested that patients in different FRS

groups have interesting differences in biological function,

TME, and genomic variation, which may lead to different

responses to chemotherapy and immunotherapy. Differences

in patient sensitivities towards chemotherapeutic agents for

LUAD were assessed and the results showed that patients in

the high-FRS group in TCGA cohort were more sensitive to the

commonly used five first-line agents (Figure 8A). The same

results were observed in the validation cohort (Figure S1D).

Overall, patients in the high-FRS group were more sensitive to

chemotherapy. Based on the value of |log2 FC|, the top 300

differential expression genes between the high and low FRS

groups were uploaded to the CMap database to search the

underlying small molecular drugs. As shown in Figure S3, a

total of 47 potential small molecular drugs were identified to

target 35 biological process. Differences in the immune

landscape and genomic alterations between the two groups

suggested that FRS may be associated with immunotherapeutic

efficacy. Therefore, we assessed the patient response rates to

immunotherapy using the TIDE algorithm. The results showed a

higher response rate to immunotherapy in the low-FRS group in

TCGA cohort (Figure 8B; P = < 0.001). In the validation cohort,

patients in the low-FRS group also responded substantially more

to immunotherapy (Figure S1E; P < 0.001). The results of

subclass mapping suggested that the patients in the low-FRS

group were more sensitive to anti-PD1 therapy in both TCGA

and GEO cohorts (TCGA: FDR = 0.011; GEO: FDR = 0.027)

(Figure 8C; Figure S1F). Subsequently, we evaluated the

prognostic performances of FRS in an immunotherapy cohort

of NSCLC. The results showed that patients in the high-FRS

group had a worse survival (Figure 8D; P = 0.078). Finally, we

evaluated the utility of FRS in a large immunotherapy cohort,

which also suggested that the patients in the high-FRS group had

a significantly worse survival (Figure 8E; P = 0.00038),. Overall,

these results demonstrated that the risk model constructed in
Frontiers in Oncology 12
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this study was a powerful tool to guide decisions related to

chemotherapy and immunotherapy for the treatment of LUAD.
Validation of key FRGs in the
clinical samples

We extracted the most representative top 5 genes according

to lasso coefficient for external validation. The staining intensity

of TNFSF14, JAM2, HGF, SPN, and LIFR in the tumors of 50

lung adenocarcinoma patients was first analyzed by

immunohistochemistry and quantified according to H-scores.

Subsequently, they were defined as the high expression group (H

scores > median value) and low expression group (H scores <

median value) according to the median value of H-scores,

respectively. Subsequently, we performed a prognostic analysis

of their Kaplan-Meier according to staining intensity, and we

found that patients with higher staining intensity in TNFSF14

had a significantly worse prognosis and had shorter survival

cycles (Figure 9A). However, patients with higher staining

intensity for JAM2, HGF, and LIFR had significantly higher

survival cycles than those with lower staining intensity for lung

adenocarcinoma (Figures 9B, D, E), but for SPN, there was no

significant correlation between their staining intensity and

patients’ survival cycles (Figure 9C).
Discussion

Considering the complexity of TME in LUAD patients,

previous research attention was focused more on the immune

cells, however, the crosstalk between CAFs and other cells

remains far less understood. In this study, we used single-cell

RNA sequencing data to assess the communication between

CAFs and other cells and identified the interacting molecules.

Subsequently, FRS was constructed from bulk sequencing data

based on interacting genes and its significance in prognostic and

therapeutic decision-making was determined. Functional

enrichment analysis was employed to understand FRS-related

biological functions. Additionally, CIBERSORT, ssGSEA, and

ESTIMATE algorithms were used to map the TIME landscape

and assess the associations between FRS and TIME by analyzing

the LUAD-related genomic information. Finally, the intrinsic

associations between FRS and genomic alterations were assessed

in terms of tumor mutation burden and CNV effects.

CAF is a pro-tumor stromal cell component in most solid

tumors. The interaction between CAFs and various cellular

components in TME regulates tumor progression and invasion

(13, 14, 40) . In this study, we first examined the

intercommunication between CAFs and other cells. The

pseudotime analysis showed that the distribution of CAFs was

mainly at the beginning of cell sorting trajectories, thus

suggesting that CAFs were involved in the formation of
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stromal components in the early stages of cancer progression.

Cellular communication analysis revealed additional

interactions of CAFs with endothelial, malignant, and myeloid

cells. These findings demonstrated that CAFs were not only

involved in stromal formation and regulation of tumor

progression but also interacted extensively with immune cells.

Receptor-ligand analysis suggested that the CAFs could regulate

immune cells mainly through the TNF signaling pathway.

Subsequently, the significant receptor-ligand pairs were

identified as FRGs and an FRG-based FRS model was

generated using the LASSO algorithm. This model showed

excellent predictive performances in both the training and the

external validation cohorts and suggested a significant

deterioration in survival among the high-risk patients.

Patients with LUAD have a high tumor mutation burden

and show strong immunogenicity. Therefore, LUAD is an ideal

indication for immunotherapy (41). However, the overall

response rate of patients towards immunotherapy is low and

only a certain proportion of patients benefit from it (42).

Therefore, identifying “hot” tumors in LUAD is expected to

enhance the decision and selection of those who would benefit
Frontiers in Oncology 13
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from immunotherapy. In the present study, functional

enrichment analysis suggested that a high FRS was associated

with hypoxia, angiogenesis, and myeloid immunity; among

them, hypoxia is often considered a limiting factor for TME

and can lead to treatment resistance (43). Angiogenesis is

essential for tumor growth and metastases, and both

angiogenesis and myeloid immunity are inhibitors of the

immune system functions (44–47). The activities of most anti-

tumor immune and antigen-presentation pathways were

markedly increased in patients with a low FRS. The interaction

between TIME and immune cells is closely related to

immunotherapy and patient prognoses (48–50). We further

analyzed the abundances of immune infiltrates in TME and

the findings suggested that a high FRS was associated with a

higher tumor purity and an elevated Treg level, ultimately

leading to immunosuppression (51). In contrast, patients in

the low FRS group had higher immune scores, an increased

proportion of DC cells, and enhanced immune checkpoint

activities. Further, the immunophenotype scores were found to

be negatively correlated with FRS and were markedly high in the

low-FRS group. These results suggested a low FRS-activated
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FIGURE 8

Role of the FRS-related risk model in guiding clinical treatment decisions. (A) Box plots showing the predicted IC50 values for the five most
commonly used drugs in high- and low-FRS groups; (B) Predicted responses to immunotherapy for patients in the high- and low-FRS groups
using the TIDE algorithm; (C) Sensitivity of patients in the high- and low-FRS groups to PD1 and CTLA4 treatment regimens predicted by
subclass mapping; (D) KM survival curves for patients in the high- and low-FRS groups in GSE135222 cohort; (E) KM survival curves for patients
in the high- and low-FRS groups in IMvigor210 cohort.
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immunophenotype (29, 52), consistent with the better survival

of the patients in the low-FRS group and the resultant

deve lopmen t o f “ho t ” t umors s ens i t i v e towards

immunotherapy. Additionally, HRD scores, indel neoantigens,

and SNV neoantigens were elevated in the low-FRS group. These
Frontiers in Oncology 14
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findings suggested that more tumor-specific neoantigens may be

present in patients in the low-FRS group and they may be more

likely to benefit from immunotherapy (53–55).

A recent study shows that genomic alterations are closely

related to neoantigen formation and immunotherapeutic
C

B

D

E

A

FIGURE 9

Immunohistochemical analysis of the key FRGs in the FRS model. High TNFSF14 expression, low JAM2, HGF, and SPN expression were
associated with poor prognosis in patients with LUAD. (A) Immunohistochemical analysis of the intensity of TNFSF14 staining in tumors from 50
patients with lung adenocarcinoma and Kaplan-Meier analysis of the correlation between H-scores of immunohistochemistry for TNFSF14 and
the survival cycle of patients with LUAD; (B) Immunohistochemical analysis of the intensity of HGF staining in tumors from 50 patients with lung
adenocarcinoma and Kaplan-Meier analysis of the correlation between H-scores of immunohistochemistry for HGF and the survival cycle of
patients with LUAD. (C) Immunohistochemical analysis of LFR staining intensity in tumors from 50 lung adenocarcinoma patients, Kaplan-Meier
analysis of H-scores of immunohistochemistry for LFR correlated with the survival cycle of LUAD patients; (D) Immunohistochemical analysis of
JAM2 staining intensity in tumors from 50 lung adenocarcinoma patients, Kaplan-Meier analysis of JAM2 H-scores of immunohistochemistry
correlated with the survival cycle of LUAD patients; (E) immunohistochemistry analyzed the intensity of SPN staining in the tumors of 50 lung
adenocarcinoma patients, and Kaplan-Meier analyzed the correlation of H-scores of immunohistochemistry of SPN with the survival cycle of
LUAD patients.
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responses (56). However, the results of this study suggest that

patients in the low-FRS group experience less TMB and that the

high-frequency mutated genes were mutated more frequently in

the high-FRS group. To elucidate this phenomenon, the

mutational co-occurrence of the high-frequency mutated genes

was examined. As these were all highly co-mutated genes, patients

in the high-FRS group showed a higher TMB frequency.

Furthermore, patients in the low-FRS group experienced a

higher frequency of CNVs in the chromosomal arms but fewer

CNV events in total. These results suggested that FRS could better

reflect the immune status of the tumor and predict the patient

responses to immunotherapy relative to TMB and CNV.

In summary, low FRS resulted in “hot” tumors with an

immune-activating phenotype and possibly the production of

more tumor neoantigenic peptides. We then systematically

evaluated the patient responses to chemotherapy and

immunotherapy. Patients with a high FRS were more sensitive

to chemotherapy. Previous functional enrichment results

suggested that the cell cycle-related pathways, as targets for

chemotherapy, were active in patients with a high FRS, thereby

leading to better chemotherapeutic benefits. Subsequently, the

TIDE and subclass mapping algorithms predicted a higher

patient sensitivity towards anti-PD1 therapy in those with a

low FRS, consistent with our previous findings. Moreover, we

observed better survival in patients with a low FRS in both the

external NSCLC immunotherapy and the large immunotherapy

cohorts. Overall, these results demonstrated that the FRS model

is a powerful tool that can guide the treatment-decision making

for patients with LUAD. Patients with a high FRS are better

suited for chemotherapy, whereas those with a low FRS are more

likely to benefit from immunotherapy.

However, the present study has some limitations. First, the

similarity of expression profiles of CAFs and vascular cells may

confound our analysis due to the lack of finer cell classification.

Second, bulk sequencing only reflects inter-patient heterogeneity

and not intra-tumoral heterogeneity. Third, although we have

employed several algorithms to assess the accuracy of this FRS

model for predicting patient sensitivity towards chemotherapy

and immunotherapy, further validation of these findings by

prospective cohort studies and clinical data is required. Finally,

additional in vivo and in vitro experiments should be performed

to confirm the specific mechanisms underlying the crosstalk of

FRGs with other cells in CAFs, which are expected to contribute

to the further understanding of the functions of these CAFs.

In summary, this study contributed towards the

understanding of cellular interactions in CAFs and TME, and

we developed a novel, FRS-based model. This model allowed for

the systematic quantification of “cold” and “hot” tumor patterns

from multiple perspectives, including function, immune

infiltration, and genomic alterations. Moreover, it can also

facilitate the quantitative estimation of patient prognoses and

guide the clinical decision-making for chemotherapy

and immunotherapy.
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SUPPLEMENTARY FIGURE 1

External validation of FRS (A) KM survival curves for patients in the high-

and low-FRS groups in the GEO cohort; (B) 1-, 3-, 5-, and 8-year ROC
curves for FRS in the GEO cohort; (C) Survival status and FRS of patients in

the GEO cohort; (D) Box plots showing the predicted IC50 values of the
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five most commonly used drugs in high- and low- FRS groups in the GEO
cohort; (E) Immunotherapeutic responses of patients in the high- and

low-FRS groups in the GEO cohort predicted using the TIDE algorithm; (F)
Sensitivity of the patients in the high- and low-FRS groups to PD1 and

CTLA4 treatment regimens in the GEO cohort predicted using the
subclass mapping algorithm.

SUPPLEMENTARY FIGURE 2

Subgroup Cox analysis of FRS Subgroup Cox regression analysis of FRS in

TCGA (A) and GEO (B) cohorts.

SUPPLEMENTARY FIGURE 3

Prediction of FRS-related small molecule compounds.
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MMKP: A mind mapping
knowledgebase prototyping tool
for precision medicine

Siliang Liang, Yun Li, Qingling Dong and Xin Chen*

Institute of Pharmaceutical Biotechnology and the First Affiliated Hospital Department of Radiation
Oncology, Zhejiang University School of Medicine, Hangzhou, China
Background: With significant advancements in the area of precision medicine,

the breadth and complexity of the relevant knowledge in the field has increased

significantly. However, the difficulty associated with dynamic modelling and

the disorganization of such knowledge hinders its rapid development potential.

Results: To overcome the difficulty in using the relational database model for

dynamic modelling, and to aid in the organization of precision medicine

knowledge, we developed the Mind Mapping Knowledgebase Prototyping

(MMKP) tool. The MMKP implements a novel design that we call a

“polymorphic foreign key”, which allows the establishment of a logical

linkage between a single table field and a record from any table. This design

has advantages in supporting dynamic changes to the structural relationships in

precision medicine knowledge. Knowledge stored in MMKP is presented as a

mindmap to facilitate human interaction. When using this tool, medical experts

may curate the structure and content of the precision knowledge in a flow that

is similar to the human thinking process.

Conclusions: The design of polymorphic foreign keys natively supports

knowledge modelling in the form of mind mapping, which avoids the hard-

coding of medical logic into a rigid database schema and significantly reduces

the workload that is required for adapting a relational data model to future

changes to the medical logic. The MMKP tool provides a graphical user

interface for both data management and knowledgebase prototyping. It

supports the flexible customization of the data field constraints and

annotations. MMKP is available as open-source code on GitHub: https://

github.com/ZjuLiangsl/mmkp.

KEYWORDS

precision medicine, knowledgebase, polymorphic foreign key, mind map,
prototyping tool
Abbreviations: MMKP, Mind Mapping Knowledgebase Prototyping; RDBMS, relational database

management system; CPIC, The Clinical Pharmacogenetics Implementation Consortium; CDS, clinical

decision support; 6-MP, 6-Mercaptopurine; TPMT, Thiopurine methyltransferase; ITPA, inosine

triphosphate pyrophosphatase.

frontiersin.org01
307

https://www.frontiersin.org/articles/10.3389/fimmu.2022.923528/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.923528/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.923528/full
https://github.com/ZjuLiangsl/mmkp
https://github.com/ZjuLiangsl/mmkp
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.923528&domain=pdf&date_stamp=2022-08-25
mailto:xinchen@zju.edu.cn
https://doi.org/10.3389/fimmu.2022.923528
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.923528
https://www.frontiersin.org/journals/immunology


Liang et al. 10.3389/fimmu.2022.923528
Background

Precision medicine is a domain that was built on the border

between medicine, genetics and information technology that led

to the development of modern medical sciences and

technologies (1). A core objective of precision medicine is to

build a comprehensive knowledge network that illustrates the

molecular mechanisms of individual diseases through

integration and analysis of a large scale of samples and

massive amounts of data (2). This allows prevention and

treatment to be personalized according to an individual’s

characteristics, such as their genomic traits (3). Through the

years, precision medicine has guided numerous genetic traits as

medical indicators into clinical practice. A series of evolving

theories on the effective usages of these indicators are associated

with these indicators (4–6). The modelling, organization and

management of such precision medicine knowledge is a

challenge because of its dynamic nature. Existing database

solutions presently need to manage large amounts of data with

nonvolatile relationships (7–9).

The state-of-the-art knowledgebase management solutions,

including knowledgebases that manage precision medicine

knowledge, mostly use the relational database management

system (RDBMS) model. RDBMS supports recursive query

and is able to query the transfer relationship in a general data

model (10). While RDBMS is convenient for storing and

querying a large amount of data with a stable relational

structure, making changes to the data structure in an RDBMS

is difficult. It was argued that RDBMS is incompetent for the

management of fast-evolving precision medicine knowledge

(11). Precision medicine knowledge is typically made of a large

number of different categories of information, where the pieces

of information in each category are not as abundant as compared

to other domains of database applications. The structural

complexity of the precision medicine knowledgebase built by

RDBMS adds to the complexity when the relational structure of

the database needs to be changed to reflect the addition of a new

type of knowledge (12, 13). An example is shown in a later

section to illustrate this deficiency.

More recently, researchers have also tried non-RDBMS

technologies for building precision medicine knowledgebases.

Examples include semantic networks (12), distributed file

systems (13) and graph databases (14, 15). Semantic networks

describe knowledge in the form of triplets, which have a limited

expression power (16) and are difficult to use when modelling

natural language-based precision medicine knowledge. The

distributed file system and graph database, also known as the

NoSQL database, are relatively new and still lack a medical

expert-friendly integrated development environment and a

globally-accepted standard (17). In this regard, RDBMS-based

relational modelling and data management are still competitive

approaches; it exhibits good semantic capturing abilities and
Frontiers in Immunology 02
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technical stability. RDBMS is still the first choice when a new

precision medicine knowledgebase is being developed.

This work presents MMKP, a fast-prototyping tool for

precision medicine knowledgebase systems that uses RDBMS

as a backend. MMKP supports the modelling of precision

medicine knowledge with a new design pattern that we call a

polymorphic foreign key, which significantly improves the

capability of the resulting knowledgebase to adapt to changes

in knowledge structures. This tool also supports the visualized

curation of a knowledgebase schema and knowledge content in

the form of a mind map, which is a human-friendly way to

model and express medical knowledge (18, 19). In addition,

users may alternatively revise knowledge structures and

knowledge content, which simulates the flow of a human

expert learning new knowledge.
Results

The schematic design of the MMKP

In the area of knowledge representation, scientists have

discovered that a semantic unit may be abstracted as a

category or an entity. A knowledge entity is an object or a

phenomenon recognized by an individual, while a knowledge

category is the cognition acquired by abstracting a class of

entities of which the commonalities are shared. Traditionally,

when implementing a relational data model, it is necessary to

first go through the domain knowledge and extract all the

categories (20). Database tables are then established with fields

corresponding to these categories of knowledge. Foreign key

relationships are established to constrain a table filed to be

associated with the record of another table. This procedure

adapts well to the domains of knowledge modelling where the

knowledge structure remains stable. However, in the area of

precision medicine, new types of principles, theories or

mechanisms are frequently proposed and integrated into

practice (21, 22). Consequently, there is a frequent need to add

new knowledge categories into the existing knowledgebases. It is

virtually impossible for a knowledgebase designer to know a

priori the complete list of categories that modelling certain

precision knowledge would require. Instead, additional

categories of knowledge must be continuously integrated with

the existing system. Therefore, a tool that supports interactive

knowledge structures and knowledge content development, i.e.,

a tool that supports alternative curation and revision of the

knowledge structure and knowledge content, would be desirable.

Such a tool will require a nontraditional design to enable its

capability to model dynamic knowledge structures.

MMKP implements a new design to represent knowledge

linkages instead of using the foreign key constraint. This design

is called a polymorphic foreign key. A polymorphic foreign key
frontiersin.org
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can be intuitively understood as a pair of identifiers, one of

which identifies a table, and the other of which identifies a record

that can be connected in this tables. In contrast to the foreign key

constraint, a polymorphic foreign key enables one table field to

connect with a record that may be stored in multiple potential

tables. This design enables efficient revision of the knowledge

structure, where new types of knowledge (tables) may be easily

wired into the existing knowledge system. For example, the

practice of disease diagnosis may be modelled as a flow of action

steps. Each step has a “next step”. However, it is difficult for us to

know a priori all possible types of diagnostic actions (e.g., do

some tests, prepare a room, etc.) and design their tables

accordingly. We expect new types of diagnostics (new tables)

to be integrated into the knowledgebase constantly. In MMKP,

we create a field called the “next step” with its data type set to a

polymorphic foreign key (which is denoted “reference” for short

in the MMKP interface). This field may store an identifier to link

the current step (the current record) to any type of next step (a

record in another table). New types of diagnostic steps can

therefore be easily integrated into the knowledge system by

adding new tables, and existing knowledge can link with

new knowledge through the polymorphic foreign key field. A

more detailed discussion is given later in the section with

an example.
Knowledge modelling of a precision
medicine guide using the polymorphic
foreign key

The Clinical Pharmacogenetics Implementation Consortium

(CPIC) is a source of well-established pharmacogenetic dosing

guidelines. The organizations of precision medicine knowledge in

CPIC are generalizable examples for evaluating whether a

knowledge modelling tool can effectively process precision

medicine knowledge. We illustrate the usage of MMKP

modelling a point-of-care clinical decision support (CDS) in the

CPIC Guideline for one of the thiopurines, 6-Mercaptopurine (6-

MP), with the Thiopurine methyltransferase (TPMT) and

NUDT15 genotypes. Detailed information can be found

in Table 1.
Frontiers in Immunology 03
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This CDS document presents precision medicine knowledge

as a decision flow, which connects different diagnostic states to

different next steps according to the decision criteria in the flow.

Three categories of actions may be taken for a patient in a

specific diagnostic state. These categories of actions include

judgement, drug order suggestion and test alert suggestion. In

the CDS document, judgement is represented by a rhomboid box

with a criterion on a patient’s measurement. Drug order

suggestions and test alert suggestions are represented by

rectangular boxes with white and blue backgrounds,

respectively (Figure 1A).

In MMKP modelling of the CDS, the judgement table

contains a criterion based on which patients in a specific

diagnostic state may be directed to the next step. The next

step may be a judgement, a drug order suggestion or a test alert

suggestion. The linkages between the “next step” field of the

judgement table and the actual next step description (stored as

records in the judgement table, drug order suggestion table and

test alert suggestion table) are implemented by polymorphic

foreign keys (Figure 1B). With this approach, the entire CDS is

therefore stored in three tables by the MMKP. As in this

example, it is expected that more types of actions that are

defined by different specifications and require the storing of

different tables need to be integrated into the current CDS when

knowledge advances. Because the design of polymorphic foreign

keys allows the dynamic addition of new types of table records

into the possibilities that a field may link to, the addition of new

types of actions is natively supported by an MMKP

knowledgebase, which, in contrast, would require a complex

effort in a traditionally designed knowledgebase. A hypothetical

example is given later.
The MMKP tool

The current version of the MMKP tool provides a mind

mapping interface for designing table structures and the linkages

between tables. An example showing the process of modelling 6-

MP usage within patients with the TPMT and NUDT15

genotypes, the CDS, is illustrated in Figure 2. In this example,

the table “Judgement” is logically linked to the “Judgement” table
TABLE 1 Web locations of CPIC information.

Description Location

CPIC Guideline for Thiopurines and TPMT and
NUDT15

https://cpicpgx.org/guidelines/guideline-for-thiopurines-and-tpmt/

Most recent guideline publication https://files.cpicpgx.org/data/guideline/publication/thiopurines/2018/30447069-supplement.pdf

TPMT consult and implementation workflow https://files.cpicpgx.org/data/report/current/gene_cds/TPMT_CDS.xlsx

Mercaptopurine pre- and post-test alerts https://files.cpicpgx.org/data/guideline/publication/thiopurines/mercaptopurine_Pre_and_Post_Test_Alerts_and_
Flow_Chart.xlsx

Thioguanine pre- and post-test alerts https://files.cpicpgx.org/data/guideline/publication/thiopurines/thioguanine_Pre_and_Post_Test_Alerts_and_Flow_
Chart.xlsx
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itself, to the “DrugOrder” table and to the “CDSTestAlert” table

through the field “Next” with the data type “polymorphic

foreign key”.

After the knowledge structure is modelled, the MMKP

provides an interface for knowledge entry. As in a typical
Frontiers in Immunology 04
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clinical decision-making flow, each decision leads to a “next

step”. When entering one step (table record), the user is allowed

to leave the “next step” field blank at first. After the next step

description has been recorded in its own table, the user can link

this record back to the “next step” field of the record
FIGURE 2

Interface of the MMKP schema design. Three knowledge tables abstracted from the decision flow are shown, of which the cells from left to
right refer to the field name, field type, manual annotation and polymorphic foreign key controller. The Type ‘Reference’ indicates that field
‘Next’ is a polymorphic foreign key. The Controller button from left to right adds the polymorphic foreign key link to its main table, to a new
table, or shows the already-linked tables in the working canvas.
A

B

FIGURE 1

Decision flow in the CDS and its modelling. (A) The decision flow in dosing guidelines. (B) MMKP modelling of the decision flow using a
polymorphic foreign key.
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representing its previous step. All records are shown on a

graphical canvas, and the linkages can be created and modified

by drag and drop. This design facilitates knowledge entry by

intuitively showing the logical relationship between logically

connected records that spread over multiple tables (Figure 3).

The MMKP tool ensures the constraint that a polymorphic

foreign key field links only to one record in a table. This method

of knowledge entry simulates the method of human thinking

and is therefore more user-friendly than existing database

management tools that rely on the traditional relation

data model.

In addition to knowledge modelling, the current version of

the MMKP tool supports a range of auxiliary functions, such as

metadata management and data dictionaries, as well as a flexible

tool to specify table field constraints. The MMKP tool is

implemented with Java. It uses an open source Vue-based

mind map module as an interface and uses the Springboot

framework for project management.

Internally, the MMKP tool uses a meta-database and an

entity base for data organization and data buffer management.

This design ensures the stability of the data source by making it

relatively isolated from user activities. Knowledge structures and

knowledge entries created by MMKP may be exported and

stored in a variety of backend database management systems

for subsequent development. The source code for MMKP is

available at https://github.com/ZjuLiangsl/mmkp.
Frontiers in Immunology 05
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Discussion

A polymorphic foreign key is an efficient
design for modelling dynamic knowledge

In the above example, knowledge modelling by the MMKP is

achieved by three tables, corresponding to the three types of

knowledge that logically require their own table to store. The

logical links between these tables are stored in a polymorphic

foreign key field, which avoids stereotyping known medical logic

into a materialized database schema and allows for future

extension. In the MMKP, the polymorphic foreign key field

actually models a higher-level concept of the human mind (the

“next step” concept in this example). The MMKP approach may

therefore be regarded as a higher-level abstraction of a

knowledge structure. This higher-level abstraction can remain

stable when a lower-level abstraction (data fields that make up a

table) changes. This pattern of higher-level abstraction is

frequently found in natural human thinking. MMKP is a tool

that is capable of such higher-level modelling of knowledge.

This higher-level abstraction of knowledge bestows the

advantage of a more stable knowledgebase schema, with new

types of knowledge (data tables) easily being incorporated into

the existing system. Below, we show an example. Assume that

new evidence emerges that new genotype test result of inosine

triphosphate pyrophosphatase (ITPA) and its new therapy have
FIGURE 3

Interface of MMKP knowledge entry. Each cell frame represents a judgement or a decision in the decision flow. (A) Each frame is identified by its
table name and primary key, which is quoted by the polymorphic foreign key. (B) Only tables with a single unique key can be linked by
polymorphic foreign keys. The MMKP tool will automatically create a unique self-incrementing key for each table record, and this key is marked
in green. (C) The value of the polymorphic foreign key is definite and unique and is marked blue. Users can drag and drop to make connections
between a polymorphic foreign key field and a table record. (D) Users can choose to display or hide the downstream tables as necessary by
expanding the controller.
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become available for patients. Subsequently, the decision flow

needs to be modified as shown in Figure 4. In the MMKP, the

necessary changes include, first, adding a new table to store the

therapy specification and then rewiring the polymorphic foreign

key links accordingly. There is no modification of the existing

table structure or table constraint needed. This process is

intuitive and safe and alleviates the subsequent need to modify

knowledgebase application codes to accommodate the

new change.

In contrast, the traditional way of designing a relational

database follows the database schema design norms (17). A

typical design is shown in Figure 5, which includes three tables:

“Condition”, “Decision”, and “Judgement”. The “Condition” table

stores a patient’s measurements for decision-making, which are

stored in different fields that correspond to whether the patient

has “TPMT_result_on_file”, “NUDT15_result_on_file”, etc. The

“Decision” table stores a collection of outcomes of the decision-

making flow, which includes the fields of “alert_type” and
Frontiers in Immunology 06
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“drug_order_description”. The “Judgement” table stores the

correspondence between the condition table and the decision

table. To accommodate the change that new genotype test result

and therapy for patients becomes available, a number of changes,

including data structure changes, are needed. New fields

‘ITPA_result_on_file’ and ‘priority_result_ITPA’ must be added

into table “Condition”, which leads to the necessary action to

modify all existing records in the condition table. In addition, a

detailed description of the new therapy needs to be recorded. A

new field ‘new_therapy_description’ needs to be added to table

“Decision”, which also requires modification of all records in this

table. Compared to the MMKP process, implementing this

process requires a careful plan, is nonintuitive, and leads to

extensive downstream work updating the database access codes

for the knowledgebase application.

Outside the domain of database management, the action of

linking one object to multiple objects of different types is also

needed. For example, when building a web application, one
A

B

C

FIGURE 4

Change of decision flow modelled by MMKP. (A) Addition of a new genotype test result ITPA and its new therapy for patients. (B) Knowledge
content reflecting the new decision flow in MMKP. (C) Knowledge content entry in MMKP, with the updated content in a red dashed box.
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content item is frequently needed to be linked to multiple other

content items of different types. The Django web framework

provides a Java based programming model to implement such

links from one instance of a specific content type class to

multiple instances of other content type classes. By this means,

the Django web framework supports the development of

reusable web applications, web sites and web tools. In the

Django web framework, such technology is called “generic

foreign keys”. Comparing to the generic foreign keys

technology, our polymorphic foreign key technology provides

a database management system-based solution to the need of
Frontiers in Immunology 07
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complex links, which manages information instead of web

components, and provides a method for data curators to

model higher-level abstract concepts in scientific information.
Precision medicine knowledge requires a
dynamic modelling tool

As discussed previously, the traditional database design

norm requires medical researchers to fully collect all categories

and entities in a knowledge domain to compose a schema.
A

B

FIGURE 5

Modelling of CDS and its change with the traditional approach. (A) The traditional approach requires complex modifications to accommodate a
new data table. (B) The knowledge content in the traditionally modelled knowledgebase. Table records need to be modified when a new data
table is to be integrated into the knowledgebase.
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Because of the lack of flexibility of the foreign key constraint,

connection from a high-level concept (e.g., “next step”) to its real

meaning (a record in a table) typically requires multiple foreign

key fields if this high-level concept can refer to things that belong

to different knowledge categories. Each foreign key field links to

one category. Later, an addition to the schema would be complex

and error prone and requires substantial downstream work. This

approach is not sufficient to meets the needs of precision

medicine knowledge management that deals with highly

complex data and rapidly evolving knowledge categories.

Moreover, it is difficult to train medical experts and

computer experts with expertise from each other (23, 24). The

traditional model of knowledgebase design requires well-trained

computer experts who understand medical knowledge to create

a database schema (25). Due to the complexity and dynamic

nature of medical knowledge, this process is often of very low

efficiency, prone to misunderstanding and lasts for multiple

cycles. The MMKP tool facilitates this process by allowing

medical experts to express their knowledge using high-level

concepts, leading to a more stable schema, as well as allowing

for incomplete collection of knowledge categories at the initial

stage, and permitting integration of new knowledge categories

into the existing system with low costs.

With the efficient polymorphic foreign key design, the

MMKP tool supports a data modelling process that simulates

human thinking. MMKP allows alternative curation of the data

schema and data content, i.e., users may create and modify

knowledge structures and knowledge content in any order that is

intuitive to the user. The curation of data content in the middle

of a process curating a knowledge structure may also serve as a

validation step to check whether the knowledge structure is

correct and comprehensive (Figure 6).

With these features, MMKP demonstrates advantages over

traditional database design tools such as ‘Sequel Pro’ (26) and

‘MySQL Workbench’ (27, 28) in modelling precision medicine

knowledge, which are more suitable for precision medicine

knowledgebase prototyping.

Currently, knowledge management for precision medicine

faces multiple challenges including expert training,

knowledgebase curation, and maintenance. MMKP provides a

user-friendly mind mapping interface for domain experts to

curate knowledgebases, which may facilitate the training of

curation experts. When adopted widely, MMKP is expected to

notably reduce the amount of time and effort that is necessary

for domain expects to curate data. In addition, because that the

data structure used by MMKP follows the thinking model of

domain expects instead of programming specialists, knowledge

stored in such structure is easy to understand and extend, which

also facilitates the collaboration between different data curation

teams to connect their knowledgebases. After a knowledgebase is

initially created with MMKP, as illustrated before, extending it to

include the latest discoveries is also simpler than

knowledgebases created by other tools.
Frontiers in Immunology 08
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Limitations and future of the MMKP

Precision medicine is a rapidly developing area, yet its

translation to clinically proven patient benefits is still difficult.

One of the bottlenecks is the information management

efficiency. There are a greater number of precise indicators

that may lead to different optimal decisions than those that a

medical practitioner can remember and recall. However,

the creation of a knowledgebase with the traditional data

modelling approach is hindered by the fast-evolving

knowledge structures in this field. The MMKP provides a

solution for the efficient modelling and organization of

precision medicine knowledge; however, this knowledge is still

static. MMKP is not a tool that can help medical practitioners

use this knowledge.

Medical artificial intelligence that supports clinical decision-

making holds promise in breaking through this bottleneck.

However, the development of such medical artificial

intelligence is also hindered by the lack of a stable approach to

represent medical knowledge, without which efficient reasoning

algorithms are impossible to develop. In this regard, MMKP

provides a way of representing precision medicine knowledge

with higher-level concepts, leading to a more stable table
FIGURE 6

The schematic design of MMKP. MMKP applies a cyclic schema
to model the precision knowledge and enter content, which
supports alternative curation and revision of the knowledge
structures and knowledge content. MMKP stores models and
entities in the inner meta-database and entity base, keeping user
operations independent of the data source before exporting.
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schema. This advantage may also facilitate the development of

efficient medical artificial intelligence applications on top of the

MMKP data schema.
Conclusions

In this paper, we introduce a precision medicine

knowledgebase fast prototyping tool, MMKP. It uses a

polymorphic foreign key to associate a higher-level

concept with knowledge pieces from multiple knowledge

categories, allowing alternative creation and modification of

knowledge structures and knowledge content. It provides a

web interface capable of knowledge modelling, knowledge

content entry and exportation of curated knowledgebase

prototypes to a series of database system backends. It provides

a web interface that is graphical and was inspired by the form of

a mind map. The MMKP tool is open source and available

in GitHub.
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Cryoablation reshapes the
immune microenvironment in
the distal tumor and enhances
the anti-tumor immunity

Ying Wu1,2,3†, Fei Cao1,2†, Danyang Zhou4†, Shuanggang Chen5†,
Han Qi1,2, Tao Huang1,2, Hongtong Tan1,2, Lujun Shen1,2*

and Weijun Fan1,2*

1Department of Minimally Invasive Interventional Therapy, Sun Yat-sen University Cancer Center,
Guangzhou, China, 2State Key Laboratory of Oncology in South China, Collaborative Innovation
Center of Cancer Medicine, Sun Yat-sen University, Guangzhou, China, 3Department of
Interventional Therapy, Shenzhen Second People’s Hospital, The First Affiliated Hospital of
Shenzhen University, Shenzhen, China, 4Department of Oncology, Peking University Shenzhen
Hospital, Shenzhen, China, 5Department of Oncology, Yuebei People’s Hospital, Shantou University
Medical College, Shaoguan, China
As one of the local treatments, cryoablation plays an increasingly important role

in the comprehensive treatment of malignant tumors with its advantages of less

trauma, high reproducibility, and minimally invasive. Activation of anti-tumor

immunity, another characteristic of cryoablation, has attracted more and more

attention with the extensive application of immunotherapy. Unfortunately, the

mechanism by which cryoablation enhances anti-tumor immunity is still

unclear. In this study, we applied a multi-omics approach to investigate the

effects of local cryoablation in the distal tumor microenvironment. The results

revealed that large amounts of tumor antigens were released post-

cryoablation, leading to a sterile inflammatory response in distant tumors.

During this period, activated lysosome-related pathways result in over-

expression of SNAP23 (Synaptosome associated protein 23) and STXBP2

(Syntaxin binding protein 2), activation of immune effector cells, suppression

of the release of immunosuppressive factors, and finally enhancement of anti-

tumor immunity, which shows a broad prospect in combined immunotherapy.
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Introduction

Cryoablation has a long history and was first used in the

1840s to treat breast and uterine cancers (1). Cryoablation is a

local treatment method with minimally invasive and practical,

with fewer complications, short hospital stays, and repeatable

operations (2). With the development of cryoablation

technology, cryoablation has been used to treat various solid

tumors, including skin, liver, lung, breast, and bone tumors (3).

With the wide application of cryoablation in clinical

practice, its minimally invasive nature has been recognized,

and the immune response post cryoablation has attracted

more and more attention. Tumor cells are damaged by

repeated freeze-thaw cycles, accompanied by the release of cell

contents. Therefore, these released cell contents retain their

original properties, leading to another anti-tumor mechanism

after cryoablation: stimulated immunological targeting of tumor

cells (1, 3–8). Previous studies have reported spontaneous

resolution of distant metastases during cryoablation of prostate

cancer (9, 10). Besides, other studies have shown that

cryoablation reduces tumor metastasis and that the T

lymphocyte in tumor-draining lymph nodes (TDLN) secrete

higher levels of interferon-gamma (IFN-g) than surgery (5).

Moreover, tumors that remain in situ after cryoablation could

protect against subsequent tumor rechallenge (11, 12).

Unfortunately, the mechanism by which cryoablation

enhances anti-tumor immunity is still unclear. Previous

studies reported that cell contents released by cryoablation

contain “danger signals” such as pro-inflammatory cytokine,

heat shock protein, DNA, and RNA recognized by toll-like

receptors, which activate the natural immune response (1, 3, 4,

7, 13–15). With the wide application of the new generation of

immunotherapy represented by immune-checkpoint inhibitors,

cryoablation combined with immunotherapy has shown more

and more broad prospects, and several clinical trials are

currently exploring combination therapies (16–22). However,

the timing and sequence of cryoablation, the extent of

cryoablation, and the choice of target tumor are still unclear,

which requires further understanding of the mechanism of

cryoablation enhancing anti-tumor immunity.

In this study, we applied a multi-omics approach to

investigate the effects of local cryoablation on the distal tumor

microenvironment, providing a theoretical basis for cryoablation

in combination with other immunotherapy regimens.
Methods

Cell culture and primary mouse

Mouse colon cancer MC38 was purchased from Guangzhou

Saifei Trading Co., Ltd. (Jennie biological technology). Cells

were regularly tested for Mycoplasma contamination by
Frontiers in Immunology 02
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quantitative PCR. All of these cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco)

supplemented with 10% fetal bovine serum (FBS; Gibco); and

100 mg/ml Penicillin/Streptomycin (Gibco).
Primary mouse and mouse models

C57BL/6J mice were purchased from Guangdong medical

laboratory animal center. Mouse xenografts were generated in 6-

8-week-old C57BL/6J mice by subcutaneous implantation of

0.5×106 cells (both sides). Animals were randomized into two

groups (control VS cryoablation) for collection and analysis. On

the 7th day, the subcutaneous tumor of the mice grew to about 5-

6 mm in diameter. After anesthesia, one side of the tumor was

subjected to cryoablation. The cryoablation was performed using

Visual-ICE™ System (Galil Medical, Israel). The cryoprobe was

inserted into the targeted lesions, and two 40-sec freezing cycles,

separated by a 20-sec freezing and an active 20-sec thawing

session, were performed. The subcutaneous tumor achieved

complete ablation. On the contralateral tumor, two orthogonal

diameters were measured every 2-3 days (control vs.

cryoablation). Tumor volume was calculated as V = p/6 × L ×

W × H, where L, W, and H represent the length, width, and

height, respectively. All experiments with mice were performed

by protocols approved by the Sun Yat-sen University Cancer

Center (SYSUCC). The experiments were repeated at least

two times.
Immune profiling by flow cytometry

Implants of the indicated MC38 cell populations in D1, D3,

D5, D7, D9 and were measured for total weight. Biopsies were

then minced using scalpels and digested with 500 U/ml

Collagenase IV (Sigma–Aldrich) and 0.02 mg/ml DNAse I

(Coolaber) and 300 mg/ml-Hyaluronidase (Solarbio) per 0.3 g

tumor weight for 30-50 min at 37°C. After digestion, the cell

suspension was passed through a 40 mm cell strainer to remove

large pieces of undigested tissue. Erythrocytes were lysed using

Red Blood Cell Lysis Solution (TIANGEN; RT122-02).

In terms of cell surface stain, 1×106 cells were incubated with

an anti-Fc receptor blocking antibody and stained with the

indicated antibodies in stain buffer (BD) for 30 min on ice.

Viability was assessed by staining with Fixable Viability Stain

620 (BD). For intracellular staining of Foxp3, cells were first

fixed and permeabilized using a Fixation/Permeabilization

Solution Kit (BD). All flow cytometry was performed on a

CytoFLEX LX (Beckman Coulter). The flow cytometry data

was analyzed using FlowJo V10.6.2 (BD). Flow cytometry

antibodies were used as follows (all from BD): Anti-CD45

FITC (Clone 30-f11), Anti- CD8a APC-H7 (Clone 53-6.7),

Anti- CD4 BV510 (Clone RM4-5), Anti- CD279 BB700 (Clone
frontiersin.org
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J43), Anti- IFN-Gma PE-Cy7 (Clone XMG 1.2), Anti- Foxp3

Alexa 647 (Clone MF23), Anti- LY-6G BV786 (Clone 1A8),

Anti- CD11b BV605 (Clone M1/70), Anti- CD16/CD32 Pure

(Clone 2.4G2). The experiments were repeated at least two times.

After gating single cell types and excluding non-viable cells

by staining with Fixable Viability Stain 620 and excluding debris

with side scatter area and forward scatter area, the cells are

identified using the following combination of cell markers: CD4+

T cell: CD45+CD4+; CD8+ T cell: CD45+CD8+; Treg

cell: CD45+CD4+Foxp3+.
Bulk RNA-seq and data analysis

Extract mRNA with a magnetic bead adsorption method and

cut it into a small fragment to synthesize cDNA. The RNA

samples were sequenced by the Shanghai Personalbio Company.

The library preparations were sequenced on a NovaSeq platform

after cluster generation. Differential expression analysis was

performed using the edgeR R package (3.18.1). The P values

were adjusted using the Benjamini & Hochberg method, and the

absolute foldchange of 1 and P-value of 0.05 were set as the

threshold for identification of differentially expressed genes.

STRING database was used for Protein-protein interaction

network analysis (PPI) analysis. CIBERSORT was used for

calculating immune cell infiltration in the tumor.
Quantitative proteomics and data
analysis

Pre- (3 samples) and post-cryoablation (4 samples) samples

were obtained from advanced melanoma patients who had

progressed after a series of therapies, including chemotherapy,

targeted therapy, and immunotherapy. We obtained tumor

tissue from the same distal tumor (without cryoablation) by

fine-needle aspiration biopsy before and three weeks after

cryoablation. The patients and Ethics Committee have

approved all procedures. No related complications occurred in

all patients. The samples were frozen in liquid nitrogen and

ground with a pestle and mortar. The protein samples were

sequenced in Shanghai Genechem Co., LTD (4D Label-free).

The MS data were analyzed using MaxQuant software version

1.6.14.0. Samples were analyzed on a nanoElute (Bruker,

Bremen, Germany) coupled to a timsTOF Pro (Bruker,

Bremen, Germany) equipped with a CaptiveSpray source, and

the timsTOF Pro (Bruker, Bremen, Germany) was operated in

PASEF mode. The global false discovery rate (FDR) cutoff for

peptide and protein identification was set to 0.01. Proteins which

Fold change>2 or <0.5 and p-value (Student’s t-test) <0.05 were

considered to be differentially expressed proteins. We applied

the SangerBox tool to further bioinformatics analysis of

DEGs (sangerbox.com).
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Statistical Analysis

For categorical variables versus categorical variables, Fisher’s

exact test was used; for categorical variables versus continuous

variables, the Kruskal-Wallis test was used to test if any of the

differences between the subgroups were statistically significant.

Tumor growth curves were analyzed by one- and two-way

analysis of variance (ANOVA). All statistical tests were two-

sided, and statistical significance was considered when

p value <0.05 unless otherwise indicated. All the analyses of

clinical data were performed in R (version 4.1.1). R software,

with limma, ggplot2, dplyr, reshape2, RColorBrewer

packages, etc.
Result

Cryoablation could prolong the survival
of mice without a significant effect on
the distant tumor volume control

On the D7 day, the subcutaneous tumor of the mice grew to

about 5-6mm in diameter. After anesthesia, one side of the

tumor was subjected to cryoablation (Figure 1A). The

cryoprobes were inserted into the targeted lesions, and two 40-

sec freezing cycles, separated by a 20-sec freezing and an active

20-sec thawing session, were performed. The histopathology

examination at D14 day after cryoablation showed complete

ablation of the subcutaneous tumor (Figure 1B). Post-

cryoablation, the tumor appeared to have coagulative necrosis

with mang inflammatory cell infiltration.

Two orthogonal diameters were measured on the

contralateral tumor every 2-3 days. There was no significant

difference in tumor volume between the cryoablation group and

the control group (Figures 2A–D). However, the survival time of

mice in the cryoablation group was significantly prolonged post

cryoablation (Figure 2B).
Cryoablation increased the number and
infiltration of immune effector cells in
distant tumors

To further study the changes in immune microenvironment

in distant tumors of mice, the distant tumors and peripheral

blood mononuclear cell (PBMC) of mice were detected by flow

cytometry on days D1, D3, D5, D7, and D9 post cryoablation.

The results indicated that the changes in immune cells, including

CD4, CD8, and Treg cells in the PBMC of mice, were not

significant post cryoablation (Figures 3A, C).

However, the immune cells isolated from the distant

tumor post cryoablation varied significantly over time. In

distant tumors, CD4+ T cells in the cryoablation group were
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B

A

FIGURE 1

Animal model of cryoablation in vivo. (A) Mouse xenografts were generated in 6-8-week-old C57BL/6J mice by subcutaneous implantation of
0.5×106 MC38 cells (both sides). On the 7th day, one side of the tumor was subjected to cryoablation; (B) The histopathology examination at
D14 days after cryoablation showed complete ablation of the subcutaneous tumor (20x).
B

C D

A

FIGURE 2

(A) There was no significant difference in tumor volume between the cryoablation (5 mice) and the control group (5 mice); (B) The survival time
of mice in the cryoablation group was significantly prolonged than control group post cryoablation; (C,D) There was no significant difference in
tumor volume between the control (10 mice) and the cryoablation (8 mice) group on the D5 day after cryoablation. The experiments were
repeated at least two times. ns, not statistically significant.
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significantly higher than those in the control group on the

first-day post cryoablation. There was no difference between

the two groups on D3-D5 days, but there was a significant

increase after D5 days in the cryoablation group. CD8+ T cells

increased significantly on the D5-D7 days post cryoablation,

but there was no significant difference between the two

groups on the D9 day. Treg cells decreased substantially

on the D3-D6 days post cryoablation, but there was no

significant difference between the two groups on the D7 day

(Figures 3B, D).

The immunohistochemical results showed that most of the

immune cells in the distant tumor were located in the periphery

of the tumor, and few could infiltrate into the tumor (Figure S1).

The results of immunohistochemical were primarily consistent

with those of flow cytometry. CD8+ T cells in the cryoablation

group were more than those in the control group on D5-D7 days

and infiltrated more into the tumor.
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Bulk RNA-seq results indicated that
cryoablation could reverse the
immunosuppressive environment of
distal tumors and enhance the anti-
tumor immune

To further study the molecular mechanism of the

enhancement of anti-tumor immunity by cryoablation, the

mice were sacrificed on the 5th day after cryoablation. Then

the contralateral tumors (non-cryoablation tumors) were frozen

in liquid nitrogen for 15 min and stored at -80°C, parallel bulk

RNA sequencing. D5 day was chosen because there were more

CD8+ T cells in the distal tumors and fewer immunosuppressive

Treg cells.

Through linear transformation, Principal Components

Analysis (PCA) reduces high-dimensional data to two-

dimensional or three-dimensional while maintaining the
B

C

D

A

FIGURE 3

(A, B) Flow chart of CD4+ T cells, CD8+ T cells, Treg cells in PBMC, and distal tumor on day 5. The distant tumors and peripheral blood
mononuclear cells (PBMC) of mice were detected by flow cytometry on days D1, D3, D5, D7, and D9 post cryoablation. (C) Changes in the
proportion of CD4+ T cells, CD8+ T cells, and Treg cells in peripheral blood (PBMC); (D) Changes in the proportion of CD4+ T cells, CD8+ T
cells, and Treg cells in the distant tumor (non-cryoablation tumors). *: p<0.05, **: p<0.01, ***: p<0.001, ns: not statistically significant. The
experiments were repeated at least two times.
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characteristics of the most significant contribution of variance,

reducing data complexity. PCA analysis of the RNA-seq in the

cryoablation group (9 samples) and the control group (8

samples) showed no significant clustering between the two

groups (Figure 4A). The differentially expressed genes were

analyzed by DESeq, and the conditions of the differentially

expressed genes were: multiple of expression |log2foldchange|

> 1, significant p-value < 0.05 (Table S1). The results revealed

that 46 genes were up-regulated, and 42 were down-regulated

(Control vs. Cryo) (Figure 4B).

We used topGO for GO enrichment analysis to determine the

GO term in which the differentially expressed genes (DEGs) were

significantly enriched compared with the whole genome background
Frontiers in Immunology 06
322
and to determine the main biological functions of the DEGs (Table

S2). Among the DEGs, we found a significant enrichment of

biological processes (BP) about the “Oxygen transport,” “Response

to external stimulus,” “Response to stimulus,” and the “Neutrophil

aggregation”; Cellular component (CC) pertaining to the

“Hemoglobin complex related” and the “Extracellular related”;

Molecular function pertaining to the “Haptoglobin binding”

(Figure 4C). Besides, we use ClusterProfiler for KEGG enrichment

analysis (Table S3). Some of the pathways are related to the

organismal systems, environmental information processing, and

cellular processes, including “IL-17 signaling pathway”, “Th1 and

Th2 cell differentiation”, “Cytokine-cytokine receptor interaction,”

“TNF signaling pathway,” and “Autophagy” so on (Figure 4D).
B

C D

E

A

FIGURE 4

The results of bulk RNA-seq. (A) PCA analysis of the RNA-seq in the cryoablation group (9 samples) and the control group (8 samples) showed
no significant clustering between the two groups; (B) The Volcano plot revealed that 42 genes were up-regulated and 42 genes were down-
regulated (Control vs Cryo); (C,D) GO and KEGG enrichment analysis results; (E) The PPI results showed that the major interacting DEGs were
Hba-a1, Hba-a2, Hbb-bs, Hbb-bt, S100A8, and S100A9 (Control vs Cryo down-regulated).
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Protein-protein interaction network analysis (PPI) is an analysis

that reveals the interaction between genes. Analyze the prediction of

the interaction relationship of DEGs using the STRING database.

The results showed that the significant interacting DEGs were Hba-

a1, Hba-a2, Hbb-bs, Hbb-bt, S100A8, and S100A9 (Control vs.

Cryo down-regulated) (Figure 4E).
Cryoablation enhanced anti-tumor effect
through the lysosome-related pathway

To further analyze the effect of cryoablation on the

microenvironment of distant tumors at the protein level, we

collected tumor samples from patients with advanced melanoma

pre- (3 samples) and post-cryoablation (4 samples).
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The cluster analysis results showed significant differences in

protein grouping between pre-and post-cryoablation (Figure S2B).

The results of differential proteins showed that there were 31 up-

regulated proteins and 50 down-regulated proteins (pre- vs. post-

cryoablation) (Figure S2A) (Table S4). Further analysis of

differential proteins’ subcellular localization revealed that 28%

were located in the nucleus, 28% in the cytosol, 20% in the

plasma membrane, 15% in the mitochondria, and 9% in the

extracellular (Figure 5A). The analysis of the domain of

differential proteins showed that it was mainly related to “Sorbin

and SH3 domain-containing protein,” “SoHo domain,” “C3HC4

Zinc finger,” and “Pleckstrin homology domain,” “MHC class II-

beta chain-N terminal” and so on (Figure S2C). However, there is

no overlap between the differentially expressed proteins of the

protein spectrum and the DEGs of the bulk RNA-seq (Figure S2D).
B

C D

A

FIGURE 5

The results of quantitative proteomics (4D Label-free) of pre- (3 samples) and post-cryoablation (4 samples). (A) The differential proteins’
subcellular localization; (B,C) GO and KEGG enrichment analysis results; (D) The PPI results showed that the major interacting differentially
expressed proteins were KCNAB2, LAIR1, HVCN1, SNAP23, STXBP2, VPS33A, VPS11, VPS16, and VPS18.
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Among the differential proteins, we found a significant GO

enrichment of pathways pertaining to the “lysosomal related,”

“membrane related,” and “MHC-II related” (Figure 5C) (Table S5).

Besides, we also found a significant KEGG enrichment of pathways

pertaining to autophagy, non-alcoholic fatty liver disease, basal cell

carcinoma, Hippo signaling pathway, and so on (Figure 5B) (Table

S6). PPI analysis used the STRING database to predict interactions

between differential proteins. The results showed that the significant

interacting differentially expressed proteins were KCNAB2, LAIR1,

HVCN1, SNAP23, STXBP2, VPS33A, VPS11, VPS16, and VPS18

(Figure 5D). Among these proteins, proteins associated with the

lysosomal pathway found in GO enrichment analysis were SNAP23,

STXBP2, VPS33A, VPS11, and VPS18. Moreover, the expression of

SNAP23 and STXBP2 proteins increased significantly in distant

tumors post cryoablation (Figures 6A, C).

Further to investigate the relationship between SNAP23 and

STXBP2 and patient survival, we further analyzed the pan-cancer

data in TCGA. The results showed that high expression of SNAP23

was a protective factor in SKCM (Skin Cutaneous Melanoma) and

KIRC (Kidney renal clear cell carcinoma). In contrast, high
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expression of STXBP2 was a protective factor in BLCA (Bladder

Urothelial Carcinoma), SARC (Sarcoma), SKCM, THYM

(Thymoma), and CHOL (Cholangiocarcinoma) (Figure S3). High

expression of protein SNAP23 (HR: 0.73, 95%CI:0.62-0.85,

P=0.00064) (Figure 6B) and STXBP2 (HR: 0.88, 95%CI:0.79-0.99,

P=0.016) (Figure 6D) are associated with better prognosis in SKCM.

Moreover, tumor tissue does not simply contain tumor cells.

It comprises various types of cells, including stromal cells,

fibroblasts cells, immunocytes, etc., which constitute the tumor

microenvironment (TME). CIBERSORT is a commonly used

method for calculating immune cell infiltration. We analyzed the

impact of SNAP23 and STXBP2 genes on the immune micro-

environment in SKCM tumors through CIBERSORT

(Figure 7C). The results showed that the expression of

SNAP23 was positively correlated with the number of M1 cells

and negatively correlated with the number of Treg cells

(Figure 7A). The expression of STXBP2 was positively

correlated with the expression of M1 cells, CD8 cells, and NK-

activated cells, but negatively correlated with the expression of

M2 cells (Figure 7B).
B

C D

A

FIGURE 6

The expression of SNAP23 and STXBP2 proteins increased significantly in distant tumors post cryoablation (A,C); High expression of protein
SNAP23 (HR: 0.73, 95%CI:0.62-0.85, P=0.00064) (B) and STXBP2 (HR: 0.88, 95%CI:0.79-0.99, P=0.016) (D) are associated with better prognosis
in TCGA-SKCM (N=452).
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Discussion

As one of the local treatments, cryoablation plays an

increasingly important role in the comprehensive treatment of

malignant tumors with its advantages of less trauma, high

reproducibility, and minimally invasive (23). With the

development of cryoablation technology, cryoablation has been

used to treat various solid tumors, including skin tumors, liver

cancer (24), lung cancer (25), breast cancer (26), and other

tumors (22, 23, 27, 28).

Since the 1970s, cryoablation has been reported to

stimulate humoral immunity and induce the disappearance

of metastatic tumors (29, 30). Compared with partial

hepatectomy, partial liver cryoablation has been reported to

cause a systemic inflammatory response associated with

distant organ injury and NF-kb-dependent cytokine

overproduction (31–33). Current research suggests that due

to the previously shielded tumor antigens being continuously

exposed to the immune system, the unique function of

ablation provides a therapeutic opportunity for immune

stimulation (3). However, the inner mechanism of the

enhancement of ant i- tumor immunity induced by

cryoablation is still unclear. Current studies suggest that

tumor antigens, previously blocked, are continuously

exposed to the immune system post cryoablation, providing

therapeutic opportunities for immune stimulation.
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In this study, we applied a multi-omics approach to

investigate the effects of local cryoablation on the distal tumor

microenvironment. In vivo, we demonstrated that cryoablation

altered the immune microenvironment of distant tumors,

resulting in an increase in immune effector cells and a decrease

in immunosuppressive Treg cells, M2macrophages cells, and thus

prolonged mouse survival. A large amount of cell debris and

contents were released post cryoablation, so we analyzed the

proteomics of the samples pre- and post-cryoablation. The

results revealed that the lysosome- and MHC-II-related

pathways were activated after cryopreservation, and the

expression of SNAP23 and STXBP2 increased significantly after

cryopreservation. Further analysis of TCGA pan-cancer data

revealed that both SNAP23 and STXBP2 overexpression were

associated with a better prognosis of SKCM. Moreover, the

analysis of the tumor microenvironment of SKCM in TCGA

showed that the expression of SNAP23 was positively correlated

with the number of immunes enhancing M1 cells while negatively

correlated with the number of immunosuppressive immune Treg

cells. The expression of STXBP2 was positively correlated with the

number of immune-enhancingM1 and CD8 cells while negatively

correlated with the number of immunosuppressive immune

M2 cells.

Gazzaniga, S et al. found that extensive edema and

proliferation of fibroblasts first appeared in the tumor ablation

region post-cryoablation, followed by collagen accumulation.
B

C

A

FIGURE 7

CIBERSORT analysis of the effect of SNAP23 (A) and STXBP2 (B) genes on TCGA-SKCM (N=452) tumor immune microenvironment (C)..
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During this period, a large number of neutrophil cells began to

accumulate around the tumor post-cryoablation at 1-3 days, and

a large number of macrophages at 3-7 days, and then both

gradually decreased (34). The reaction in and around the tumor

was intense for about seven days and then gradually reduced to

about two weeks. During this period, many tumors interact with

immune cells and may affect the microenvironment of distant

tumors (34). In this study, we found an increase in immune

effector cells and a decrease in immunosuppressive Treg cells in

distant tumors post-cryoablation. Since the effect did not last

long and only about a week, it did not control the tumor volume

immediately, but it significantly prolonged the survival of the

mice. In the analysis of the immune microenvironment of Bulk

RNA-seq, it was also found that cryoablation could change the

immune microenvironment of distant tumors, increase effector

cells and decrease immunosuppressive cells. Activation of

response to stimulus, neutrophil aggregation, IL-17 signaling,

and TNF signaling pathway post-cryoablation may be the reason

for changes in the distal tumors’ immune microenvironment.

S100A8/A9 protein belongs to the Ca2 + combined with the

S100 protein family (35). S100A8/A9 is mainly secreted from

activated neutrophils and monocytes. Moreover, S100A8/A9 is

important in regulating the inflammatory process by stimulating

leukocyte aggregation and inducing cytokine secretion (36–38).

In this study, S100A8/A9 was significantly enriched post-

cryoablation in PPI analysis. This indicated that cryoablation

promotes inflammation in distant tumors, leading to enhanced

anti-tumor immunity.

Cryoablation destroys the tumor cell membrane at a low

temperature and releases a large number of cell structures and

cell contents, which can well maintain the original structure of

cell contents and expose to a large number of effective tumor

antigens (39). Previous studies reported that cell contents

released by cryoablation contain “danger signals” such as pro-

inflammatory cytokine, heat shock protein, DNA, and RNA

recognized by toll-like receptors, which activate the natural

immune response (1, 13, 40). Further analysis of the changes

in protein in distant tumors pre- and post-cryoablation revealed

that the significant activation pathways were the lysosomal-

related, membrane-related, and MHC-II-related pathways.

Therefore, it is demonstrated that cryoablation could induce

the release of tumor-associated antigens and activate the anti-

tumor immune function of distal tumors.

Synaptosome associated protein 23 (SNAP23) is an essential

component of membrane insertion machinery (41). Its related

pathways are “Class I MHC mediated antigen processing and

presentation” and “Vesicle-mediated transport.” SNAP23 and its

partner SNAREs mediate the fusion of the plasma membrane

with intracellular organelles or vesicles to form phagosomes, as

well as the fusion of phagosomes with endosomes or lysosomes

to induce phagosome maturation, characterized by reactive

oxygen species production and acidification (42). Syntaxin

binding protein 2 (STXBP2) is involved in intracellular
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trafficking, control of SNARE (soluble NSF attachment protein

receptor) complex assembly, and the release of cytotoxic

granules by natural killer cells (43–45). In this study, we found

that SNPA23 and STXBP2 expression increased post-

cryoablation significantly.

Further analysis of TCGA data showed that both SNAP23 and

STXBP2 were positively correlated with the number of SKCM

immune effector cells but negatively correlated with the number of

immunosuppressive cells. Furthermore, high expression of

SNAP23 and STXBP2 was associated with a better prognosis of

SKCM. Notch1 (Notch Receptor 1) is critical in modulating

melanoma tumor cell growth and survival (46). Besides, Notch1

inhibition improves tumor responses to immune checkpoint

inhibitors. Notch1 contributes to an immune-suppressive tumor

microenvironment by inhibiting the expression of SNAP23 and

overexpression of IL-6, IL-8, and CCL5 downstream of the

pathway, thus affecting the efficacy of immune-checkpoint

inhibitors (47). This provides a possible internal mechanism for

the expression of SNAP23 to increase post-cryoablation, change

the immune microenvironment in distant tumors, and

improve prognosis.

In summary, this study applied a multi-omics approach to

investigate the effects of local cryoablation on the distal tumor

microenvironment. Those results proved that large amounts of

tumor antigens are released post-cryoablation, leading to a

sterile inflammatory response in distant tumors. During this

period, lysosome-related pathways are activated, resulting in

overexpression of SNAP23 and STXBP2, activation of immune

effector cells, suppression of the release of immunosuppressive

factors, and finally, enhancement of anti-tumor immunity.

Despite the great potential of immune-checkpoint

inhibitors, many cancer patients still do not respond well to

treatment (The efficacy of the single drug is only 20-40%),

mainly due to the lack of tumor antigens, lymphocytes, and

immunosuppressive tumor microenvironment (48). Combined

with immune-checkpoint inhibitors, cryoablation can release

many original, undenatured tumor-associated antigens,

producing a more potent anti-tumor immune effect (3, 8, 49).

In our previous studies, it has been demonstrated that

cryoablation combined with Pembrolizumab (CATAP) could

significantly improve the objective response rate in patients with

liver metastases from melanoma with minimal side effects (22).

Even one patient with diffuse liver metastasis achieved

complete remission (CR). At the same time, cryoablation

combined with the immune adjuvant, cell therapy, immune-

checkpoint inhibitors, and other treatment methods is also

being explored.
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SUPPLEMENTARY FIGURE 1

The immunohistochemical results showed that most of the immune cells
in the distant tumor were located in the periphery of the tumor and few

could infiltrate into the tumor. Red arrow: CD8+ T cells in the cryoablation

group were more than those in the control group on D5-D7 days and
infiltrated more into the tumor.

SUPPLEMENTARY FIGURE 2

(A) The results of differential proteins showed that there were 31 up-
regulated proteins and 50 down-regulated proteins (pre- vs. post-

cryoablation); (B) The cluster analysis results showed significant

differences in protein grouping between pre-and post-cryoablation; (C)
The analysis results of the domain of differential proteins; (D) There is no

overlap between the differentially expressed proteins of the protein
spectrum and the DEGs of the bulk RNA-seq.
References
1. Sabel MS. Cryo-immunology: a review of the literature and proposed
mechanisms for stimulatory versus suppressive immune responses. Cryobiology
(2009) 58:1–11. doi: 10.1016/j.cryobiol.2008.10.126

2. Liu Y, Huang T, Shen L, Wu Y, Chen S, Fan W. Research progress on anti-
tumor immune effect of cryoablation. Chin J Acad Radiol (2022) 5:74–81.
doi: 10.1007/s42058-022-00092-8

3. Chu KF, Dupuy DE. Thermal ablation of tumours: Biological mechanisms
and advances in therapy. Nat Rev Cancer (2014) 14:199–208. doi: 10.1038/nrc3672

4. Sidana A. Cancer immunotherapy using tumor cryoablation. Immunotherapy
(2014) 6:85–93. doi: 10.2217/imt.13.151

5. Sabel MS, Nehs MA, Su G, Lowler KP, Ferrara JLM, Chang AE. Immunologic
response to cryoablation of breast cancer. Breast Cancer Res Treat (2005) 90:97–
104. doi: 10.1007/s10549-004-3289-1

6. Xu H, Wang Q, Lin C, Yin Z, He X, Pan J, et al. Synergism between
cryoablation and GM-CSF: enhanced immune function of splenic dendritic cells in
mice with gl ioma. Neuroreport (2015) 26 :346–53. doi : 10 .1097/
WNR.0000000000000351

7. Baust JG, Gage AA, Bjerklund Johansen TE, Baust JM. Mechanisms of
cryoablation: clinical consequences on malignant tumors. Cryobiology (2014)
68:1–11. doi: 10.1016/j.cryobiol.2013.11.001

8. Yakkala C, Denys A, Kandalaft L, Duran R. Cryoablation and
immunotherapy of cancer. Curr Opin Biotechnol (2020) 65:60–4. doi: 10.1016/
j.copbio.2020.01.006

9. Soanes WA, Ablin RJ, Gonder MJ. Remission of metastatic lesions following
cryosurgery in prostatic cancer: immunologic considerations. J Urol (1970)
104:154–9. doi: 10.1016/s0022-5347(17)61690-2

10. Alblin RJ, Soanes WA, Gonder MJ. Prospects for cryo-immunotherapy in
cases of metastasizing carcinoma of the prostate. Cryobiology (1971) 8:271–9.
doi: 10.1016/0011-2240(71)90050-2
11. den Brok MHMGM, Sutmuller RPM, Nierkens S, Bennink EJ, Toonen LWJ,
Figdor CG, et al. Synergy between in situ cryoablation and TLR9 stimulation results
in a highly effective in vivo dendritic cell vaccine. Cancer Res (2006) 66:7285–92.
doi: 10.1158/0008-5472.CAN-06-0206

12. Peng P, Hu H, Liu P, Xu LX. Neoantigen-specific CD4 T-cell response is
critical for the therapeutic efficacy of cryo-thermal therapy. J Immunother Cancer
(2020) 8:e000421. doi: 10.1136/jitc-2019-000421
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Cancer immunotherapy has emerged as a novel anti-tumor treatment. Despite

significant breakthroughs, cancer immunotherapy remains focused on several

types of tumors that are sensitive to the immune system. Therefore, effective

strategies to expand its indications and improve its efficacy become key factors

for the further development of cancer immunotherapy. In recent decades, the

anticancer activities of natural products are reported to have this effect on

cancer immunotherapy. And the mechanism is largely attributed to the

remodeling of the tumor immunosuppressive microenvironment. The

compelling data highlight that natural products offer an alternative method

option to improve immune function in the tumor microenvironment (TME).

Currently, more attention is being paid to the discovery of new potential

modulators of tumor immunotherapy from natural products. In this review,

we describe current advances in employing natural products and natural small-

molecule drugs targeting immune cells to avoid tumor immune escape, which

may bring some insight for guiding tumor treatment.

KEYWORDS

tumor immunotherapy, immune cells, natural products, active chemicals,
tumor microenvironment
Introduction

The immune system is a sophisticated integrated network consisted of various

immune cells, organs, and soluble mediators that developed to protect the biosome

against outside assault which threatens the integrity of biosome (1). The immune

system’s critical role in host defense is best seen when things go wrong; underactivity
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leads to severe infections and tumors, while abnormal activity

leads to allergy and autoimmune illnesses, especially tumor

escape. Immune cells are an important part of the immune

system, including lymphocytes, dendritic cells (DCs),

monocytes/macrophages, natural killer (NK) cells, and so on

(2). It is now clear that in addition to cancer cells, the tumor

microenvironment (TME) contains a repertoire of endothelial

cells, stromal cells and immune cells (3). In contrast to

traditional chemotherapy, immunotherapy focuses on the

specific recognition and attack of cancer cells using immune

cells inside and outside of TME (4). Thus, immunotherapy

approaches are theoretically shown to have higher specificity

and lower side effects.

Cancer immunotherapy is defined that regulates

immunological response through activating the organism’s

immune defense system to suppress and prevent tumor

growth (5). Now, a variety of cancer vaccines, immune-

checkpo in t inh ib i to r s and adopt ive immune-ce l l

immunotherapies for anti-cancer treatments are approved by

the US Food and Drug Administration (FDA) (6–8). Despite

significant breakthroughs, cancer immunotherapy remains

focused on several types of tumors that are sensitive to the

immune system. The main reason for this limitation is the

immunosuppressive microenvironment within the tumor site,

which effectively blunts cancer immunotherapy (9). Therefore,
Frontiers in Immunology 02
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effective strategies that can reverse and reshape the complex

immunosuppressive microenvironment within tumors are a key

factor in expanding the indications for cancer immunotherapy.

Natural products used to treat human diseases can date back

over 3000 years and contain several active components found in

medicinal plants. Furthermore, mangy natural products were

verified and documented in several publications in ancient

China. Numerous studies currently have demonstrated that

natural products play an important role in the development of

new anti-cancer drugs and lead compounds due to their wide range

of sources, low cost, structural diversity, diverse biological activities

and low adverse effects (10, 11). Several well-known natural

products, including polysaccharides (e.g., astragalus

polysaccharides, shiitake polysaccharides), alkaloids (e.g., matrine,

berberine), saponins (e.g., ginsenoside, total saponin of

acanthopanax bark), flavonoids (e.g., baicalin, apigenin), and

terpenoids (e.g., artemisinin, paclitaxel) have potential anti-tumor

immunomodulatory effects (12) (Table 1). In addition, natural

products have achieved great success in effectively expanding the

indications and improving the efficacy of various types of cancer

immunotherapy, such as immune checkpoint inhibitors, cancer

vaccines, and adoptive immune cell transfer therapy (13–15). In

this paper, we describe the immunomodulatory effects of natural

products, as well as the underlying processes of the immune

response activation in TME (16–18).
TABLE 1 Representative natural products with immuno-tumor therapeutic effects.

Category Natural
product

Source Mechanism

Polysaccharides Ascophyllan Ascophyllum nodosum Increasing MHC I, MHC II and pro-inflammatory levels of cytokines; ultimately inducing activation
of DCs and antigen-specific immune responses

Ganodema
polysaccharides

Ganodema Down-regulate the expression of PD-1 and PD-L1 through STAT3 pathway

CMPB90-1 Cordyceps militaris Down-regulate the expression of PD-L1 through NF-kB pathway

Fucoidan Ascophyllum nodosum Promotes the growth of human peripheral blood DC

Alkaloids Chloroquine Cinchona bar Increasing the lysosomal pH of TAM, mediating Ca2+ release and activating TFEB

Tryptanthrin-5c Polygonum tinctorium and
Isatis tinctoria

nhibits the activity of IDO and treg accumulation

5-Br-brassinin Cruciferous sp. Inhibiting the activity of IDO1 and mediating tumor regression when combined with
chemotherapeutic drugs in MMTV-Neu mice

Saponins QS-21 Quillaja saponaria
Molin

Enhance the anti-cancer effect of cancer vaccines

Sapogenin Panax ginseng Down-regulation of PD-1 and PD-L1 expression through the STAT3 pathway

Diosgenin Acacia concinna Enhancing the anti-cancer effects of anti-PD-1 antibodies

Flavonoids Hesperidin Orange peel Downregulation of PD-L1 expression via NF-kB pathway

Baicalein Scutellaria Downregulation of PD-L1 expression via JAKSTAT pathway

Procyanidin Fruits Enhancing the anti-cancer effects of cancer peptide vaccines

Terpenoids Artemisinin Artemisia annua Inhibiting the proliferation of MDSCs and Tregs, and promoting the proliferation of CD4 + T and
CD8 + T cells

Ginsenoside Rk1 Black ginseng Downregulation of PD-L1 by inhibiting NF-kB signaling

Ingenol-3,20-
dibenzoate

Euphorbia esula L Activating PKC, promoting IFN-g secretion and degranulation, and ultimately increasing NK cell
cytotoxicity
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Immune modulation of natural
products to immune cells

In general, the immune cells that have an effect on tumors

can be divided into two types: tumor-promoting and tumor-

antagonizing immune cells. These two types of cells play various

roles at different stages of tumor progression (3, 19). The tumor-

antagonizing immune cells mainly consist of NK cells, effector T

cells (including effector CD4+ T cells and CD8+ cytotoxic T

cells), M1-polarized macrophages and DCs. Except for the

tumor-antagonizing immune cells, there are a plenty of tumor-

promoting immune cells mainly consisting of regulatory T cells

(Tregs) (4) (Figure 1). Natural products can activate specific

intrinsic immune cells to kill tumor cells by enhancing antigen

presentation or cellular immune processes. They can also inhibit

the formation of blood vessels in the TME and the metastasis of

tumors by suppressing certain intrinsic immune cells (Figure 2).
Effects of natural products on
monocytes and macrophages

Monocytes/macrophages are derived from bone marrow

stem cells, which can enter the bloodstream and be distributed

in various organ tissues after developing into monocytes.

In the process of participating in innate immunity,

monocytes/macrophages can identify pathogen-associated

molecular patterns (PAMP) and play an important role in

innate immunity. On the other hand, monocytes/macrophages

also can mediate and promote inflammatory responses and

implement immunity killing, and antigen presentation (20, 21).
Frontiers in Immunology 03
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Tumor associated macrophages (TAM) are traditionally classified

into two kinds, termed as polarization: the immunosuppressive/

anabolic M2 phenotype and the classical inflammatory M1

phenotype. M1 macrophages are the main effector cells for host

destruction of pathogens and M2 macrophages have anti-

inflammatory and angiogenic functions in tumors (22, 23). M1

can produce pro-inflammatory cytokines and reactive oxygen/

nitrogen species, which are essential for host defense and tumor

cell killing and are therefore considered to be ‘good’

macrophages (24).

Natural products can inhibit the M2-like polarization of

TAM and block tumor growth and migration. Emodin

attenuated tumor growth by inhibiting IRF4, STAT6, and C/

EBPb signaling and M2-like polarization (25). Astragalus has

been demonstrated to have anti-inflammatory and anti-fibrotic

properties. Astragalus can inhibit the aggregation and activation

of monocytes/macrophages, and reduce the production of TGF-

b1 at the peritoneal site (26). Phenylpropanoid is the main active

ingredient in ginger, which can directly inhibit cytoplasmic

phospholipase 2 (cPLA2) and IL-1b in macrophage expression

(27). Inonotus sanghuang, a medicinal plant rich in quercetin,

isorhamnetin, quercitrin, rutin and chlorogenic acid, has been

demonstrated to decrease inflammation via altering the

interaction of macrophages and fat cells. It has been proposed

that doing so may improve insulin resistance and the metabolic

syndrome (28). Additionally, Garlic water-soluble extract has

been shown to elevate intracellular thiol and glutathione

concentrations in human primary monocytes. These results

suggest that the extract of Garlic can regulate the differentiation

of monocytes into macrophages, thereby playing a protective role

(29). Macrophages are critical players in the development of

nonalcoholic steatohepatitis (NASH) and hepatocarcinoma.
FIGURE 1

The immune cells in TME. The tumor-associated immune cells can be divided into two types: tumor-antagonizing and tumor-promoting
immune cells.
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Natural products have crucial roles in modulating macrophage

activation, recruitment, and polarization, making them

promising treatment possibilities for hepatocarcinoma

(Figure 3) (30). Angiogenesis in the tumor microenvironment

not only nourishes tumor cells and promotes their growth, but is

also closely associated with tumor metastasis. Lentinan is a

bioactive compound extracted from Lentinus edodes, which

promotes the expression of the angiogenesis inhibitory factor

IFN-g, thereby inhibiting tumor angiogenesis (31).
Effects of natural products on
dendritic cells

DCs are the most powerful antigen-presenting cells, acting

to condition the adaptive immune system to identify foreign

antigens and serving as a link between the innate and adaptive

immune responses (32). Different subsets of DCs can induce
Frontiers in Immunology 04
332
naïve CD4+ T cells to develop into Th1, Th2, Th17 and Treg

cells, thereby modulating T cell-mediated immune response

types that act as effector cells in the innate immune response

(33, 34). DCs can exert their ability to induce, regulate and

control T cell responses (35). Infiltration of mature, active DCs

into the tumor increases immune activation and recruitment of

immune effector cells.

Natural products can enhance anti-tumor immunity by

promot ing DCs matura t ion . Ganoderma luc idum

polysaccharides, the main biologically active ingredient of

Ganoderma lucidum, efficiently stimulate the activation and

maturation of human monocyte-derived DCs. Ganoderma

lucidum polysaccharides can also increase the expression of

CD80, CD86, CD83, CD40, CD54, and human leukocyte

antigen DR on the DC surface (36). Lycium barbarum

polysaccharide (LBP), the main active ingredient in lycium

barbarum, upregulates CD11c expression and induces DCs

maturation through the TLR2/TLR4-mediated NF-kB
FIGURE 3

Natural products targeting macrophages in the treatment of liver cancer.
FIGURE 2

Immunomodulatory effects of natural products on immune cells within TME.
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pathway. LBP-treated DCs are more effective in promoting

lymphocyte activation and proliferation, enhancing the

immune response (37). Recently, there is increasing evidence

that components of natural products can modulate the immune

system by targeting DCs, including flavonoids, polysaccharides,

phenolic compounds, saponins, and so on (38).
Effects of natural products on
natural killer cells

NK cells are also produced from bone marrow stem cells,

which are mostly found in peripheral circulation and serve as the

body’s first line of defense. At the same time, it can also

participate in the cellular immune response and play an

important role in tumor diseases in vivo (39). NK cells have a

powerful cytolytic activity and play an important role in immune

control (40). NK cells mediate the tumor killing response mainly

by releasing perforin and granzyme to induce apoptosis in target

cells (41). In addition, NK cells secrete chemokines and pro-

inflammatory cytokines to promote anti-tumor activity (42).

Besides, the NK cells may promote the formation and response

of tumor-specific CD4+ and CD8+T cells (43).

The production of IL-2 and IFN- by CD4+ T cells can

activate NK cells (44). When activated, NK cells release

perforin and granzyme B, which cause apoptosis and necrosis

in target cells. Numerous studies have revealed that resveratrol

can activate and enhance the killing ability of NK cells. The low

concentration of resveratrol can increase the expression of

NKG2D and IFN-g in NK cells (45). The resveratrol treatment

group can upregulate its anti-tumor and anti-infective abilities

by enhancing the activity of NK cells (46). In animal models,

green tea catechin metabolitesincrease NK cell cytotoxicity,

while quercetin increases NK cell lytic activity (47, 48). Berries

high in flavonoids and pro-anthocyanidins not only prevent the

progress of cancer but also play a role in the modulation of NK

cell (49). After taking garlic extract for 90 days, NKG2D was

found to be up-regulated in NK cells. It proves that garlic extract

can improve the activity of NK cells and enhance immunity (50).

When vitamin A, B, C, D, and E are applied to NK cells, they

have stimulatory properties. Although the precise mechanism

remains unknown in the majority of cases, components appear

to be promising candidates for NK cell-stimulating drugs in

tumors (51).
Effects of natural products on
regulatory T cells

Regulatory T (Treg) cells are a subtype of T cells with

immunomodulatory functions that are closely related to the

pathological processes of a variety of human tumors (52). When
Frontiers in Immunology 05
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the suppressive function of Treg cells is compromised, the

activity of helper T cells (Th) and killer T cells can induce

autoimmune disorders, such as rheumatoid arthritis, multiple

sclerosis, and systemic lupus erythematosus (53, 54). On the

contrary, the immunosuppressive function of Treg cells is too

strong to cause tumor immune escape, such as tumorigenesis

(55, 56). Similar to M2 macrophages, Treg cells can inhibit the

release of cytokines from Th1 cells and promote angiogenesis in

the tumor microenvironment (57).

Kaempferol enhanced Treg cell immunosuppressive activity

by inhibiting the activity of proto-oncogene serine/threonine

kinase (PIM1) (58). The compound triptolide isolated from

Triptolide obviously inhibited the Th2, Th1, and Th17 cell-

mediated inflammatory responses and up-regulated the

expression of FOXP3 (59). Evidence has demonstrated that

lentinan decreased tumor vascular function in a non-T-cell

dependent manner by increasing IFNg production, and

showed anti-tumor effect in LAP0297 lung tumor model (31).

Lentinan significantly inhibited anti-inflammatory IL-10 and

TGF-b 1, and increased the expression of pro-inflammatory

chemokines/cytokines (IFN-g and TNF-a) and IL-12, and

decreased immunosuppressive Treg cells. The downregulation

of Treg cells is associated with the over-induction of IFN-g and
TNF-a in non-small cell lung cancer (NSCLC), and the

inflammatory state of Lentinoglycan treated NSCLC patients

can change from Th2 to Th1 (60).
Effects of natural products on
effector T cells

Effector T cells include CD8+ cytotoxic T cells (CTLs) and

effector CD4+ T cells. In the “activated” state, CTL can induce

target cancer cells killing through granule cytokinesis and Fas

ligand (FasL)-mediated apoptosis (61). CD4+ T cells are helper

T cells that aid in the activation and regulation of immune cells.

CD4+ T cells can directly help CD8+ T cell activation and

proliferation (62–65). Furthermore, they can also help to shape

CD8+ T cells into memory CTLs (66). When the T cell receptor

(TCR) is activated, CD4+ T cells differentiate into Th1 or Th2

cells. The balance of Th1 and Th2 plays vital roles in the progress

of cancers. With further study of T cells, researchers discovered a

new T cell subpopulation called Th17 cells (67, 68). Th17 cells

produce IL-17, IL-22, and chemokine ligands 20 (CCL20)

(69, 70).

Ginsenosides are the active ingredients of ginseng. Studies

have confirmed that ginsenoside Rg1 has a direct effect on the

activity of Th and the development of the Th1/Th2 system (71).

In addition, ginsenoside Rg1 can selectively enhance the

expression of germline transcription products (GLTs), increase

the production of IgA antibodies and promote humoral

immunity (72). In a mouse model of melanoma, ginsenoside
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Rh2 induced a large number of CD4+ and CD8a+T lymphocytes

to infiltrate into the tumor tissue, indicating an enhanced

immune response and enhanced cytotoxicity of lymphocytes

to melanoma cells B16-F10 (73). In mice, polyphenols, such as

apigenin and chrysin inhibit ovalbumin immunization-induced

serum IgE by downregulating Th2 responses (74). Likewise, tea

polyphenols, such as EGCG, diminish Th1 differentiation and

the numbers of Th17 and Th9 cells (61), while resveratrol

reduces Th17 cell counts (75). Resveratrol dramatically

reduced the fraction of CD4+CD25+ cells among CD4+ T

cells in both in vitro and in vivo tests, demonstrating a dose-

dependent mechanism (76).
Natural products effectively
expanding indications of various
types cancer immunotherapy

Recent studies have shown that natural products can

enhance the therapeutic effect of cancer vaccines and immune

checkpoints inhibitors. Next, we focus on how natural products

can improve both treatments through multi-cellular and multi-

pathway modulation.
Effects of natural products on the
immune checkpoints inhibitors

Immune checkpoint molecules can regulate the immune

state by activating or inhibiting immune signaling pathways.

Overexpression of some of these molecules in TME leads to T

cell dysfunction and ultimately promotes immune escape and

tumor survival. Some immune checkpoint antibodies have been

used in clinical anti-tumor therapy (77).

The PD-1/PD-L1 pathway, which promotes T cell functional

failure, apoptosis and anergy, has stood out among

immunological checkpoints due to the outstanding treatment

outcomes in many studies (78). However, the presence of an

immunosuppressive microenvironment in tumors limits the use

of anti-PD-1/PD-L1 antibodies. Natural products have been

reported to be key screening targets for PD-1/PD-L1 small

molecule inhibitors and reversal of immunosuppression.

Besides the ability to regulate the expression of PD-1 and PD-

L1, the combination of natural products with anti-PD-1/PD-L1

antibodies has also shown excellent therapeutic efficacy.

The triterpenoid saponin isolated from Anemone flaccida

inhibits the growth of hepatocellular carcinoma cells by

downregulating the STAT3 signaling pathway to block the

activation of PD-1 and PD-L1 (79). Ganoderma lucidum

polysaccharide combined with paclitaxel (PTX) preserves the

exhausted state of tumor-infiltrating lymphocytes (TILs) by
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downregulating PD-1 expression (80). Resveratrol can

downregulate PD-L1 expression by activating HDAC3/p300/

NF-kB signaling pathway in colorectal and breast cancer cells

(81). Liu et al. find that combination of andrographolide isolated

from Andrographis paniculata and anti-PD-1 antibody is more

effective than monotherapy in the treatment of CT26 colon

cancer (82). Diosgenin isolated from Acacia concinna in

combination with anti-PD-1 antibody can effectively promote

necrosis and apoptosis of melanoma cells. Furthermore, their

findings suggest that the mechanism of diosgenin sensitivity to

anti-PD-1 antibodies mainly contributes to the regulatory

function of gut microbiota (83). Therefore, natural products

have their unique advantages in immune checkpoints therapy.
Effects of natural products on the
cancer vaccines

Cancer vaccines, including cancer treatment vaccines and

cancer prevention vaccines, are one of cancer-specific active

immunotherapies. The effectiveness of cancer vaccines depends

on the optimal combination of adjuvant, antigen, vaccination

route and vector. Natural products can improve the immune-

stimulate effect of cancer vaccines as adjuvants. QS-21 isolated

from Quillaja Saponaria Molina can promote the antigen

presentation process and remodel the immunosuppression by

regulating Th1 cytokines. Meanwhile a series of Phase I-III

clinical trials (leukemia, carcinoma,prostate, ovary, or lung)

have investigated the effect of QS-21 as an immune adjuvant

in cancer vaccines designed (84). Curcumin has the potential to

improve the therapeutic outcome of Bacillus Calmette-Guerin

and significantly enhance the efficacy of TRP2 peptide vaccine

against melanoma. In addition, curcumin has been reported to

inhibit IDO expression by blocking the JAK-STAT1 signaling

pathway and to sensitize melanoma FAPac vaccine by this

mechanism (85).

In addition to the effective activation of CD8+ cytotoxic T

lymphocytes, cancer vaccines must also face a challenge: poor

immunogenicity. It is reported that natural products can

enhance tumor immunogenicity by inducing immunogenic cell

death (ICD) effects. The pathway of ICD-induced tumour cell

death relies on damage-associated molecular patterns (DAMPs)

such as heat shock proteins (HSPs), high mobility group box 1

(HMGB1) and calreticulin (CRT), making tumour cells a

“therapeutic vaccine” that can induce anti-tumour immunity

(86). Capsaicin has been reported to trigger ICD effects in

primary effusion lymphoma (PEL) cells by inducing exposure

to DAMPs (87). Ginsenoside Rg3 isolated from ginseng can

induce ICD and enhance interferon g (IFN-g) secretion to

inhibit tumor growth (88). oreover, shikonin can improve the

expressions of MHC II and CD86, and enhance tumor-

immunogenicity of tumor vaccines via ICD (89).
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Discussion

Given the multi-pharmacological activity and chemical

diversity, natural products have been described as a non-

substitutable source of clinical therapeutics for human tumors.

Natural products can mediate multiple immune responses and

reduce the tumor escape. They enhance the interaction of immune

cells while decreasing the expression of pro-inflammatory

cytokines. Previous studies have shown that natural products

can exert anticancer activity through immune regulation in vivo

and in vitro. Unlike traditional chemoimmunotherapy in tumor,

natural products display many advantages, such as wide sources,

less toxic and side effects, as well as diverse immunomodulatory

activities, suggesting that natural products have an attractive

prospect in the research of novel tumor immunotherapy. The

combination of natural products and chemotherapeutic drugs

may exert stronger therapeutic effect than chemotherapeutic

drugs alone in tumors, which has synergistic and reducing toxic

and side effects.

Although natural products have made encouraging appear

promising and progress in various studies as modulators of

tumor immunotherapy. For natural products to be better used in

cancer immunotherapy, a number of issues still need to be

addressed. First of all, natural products will face the problem

of individual patient differences, TME differences, tumor

heterogeneity. Secondly, a deeper and more comprehensive

exploration of the signalling pathways of the immune system

relevant to tumor immunotherapy is needed to help select more

effective natural products. Thirdly, most natural products have a

wide range of pharmacological effects, but their targets and

molecular mechanisms relevant to tumour immunity have not

been fully elucidated.

Above all, the emerging role of natural products in tumor

immunotherapy still has greater potential and deserves

attention. Future research can screen natural products for

targeted anti tumor immune drugs using advanced

technologies, such as metabolomics, single-cell sequencing,
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novel drug delivery technologies, and computer-aided

design techniques.
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Ling Wang, Shixu Li , Jun Mei and Lin Ye*

Shenzhen Eye Hospital, Jinan University, Shenzhen Eye Institute, Shenzhen, China
Retinoblastoma is the most common intraocular tumor in children. Patients

can be cured by enucleation, but it can lead to vision loss. Chemotherapy is the

main method of treatment for RB currently. Unfortunately, chemoresistant and

tumor metastasis often happen, resulting in a relatively poor prognosis.

Therefore, immunotherapy becomes one of the optimal choices. Targeting

not only tumor cells but also the active tumor microenvironment is a novel

strategy for RB treatment. Here, we conclude several potential targets for RB

immunotherapy, including gangliosides GD2, PD-1 and PD-L1, B7H3, EpCAM

and SYK. We also review the techniques for CART, bispecific antibodies and

genetically modified Dendritic cells according to the characteristics of different

targets and discuss the feasibility of immunotherapy with different targets.

KEYWORDS

retinoblastoma, immunotherapy, CART, bispecific antibody, monoclonal antibody
Introduction

Retinoblastoma has significant morbidity in young children and is one of the most

common ocular tumors in children. Virtually all cases of retinoblastoma occur because of

germline cancer susceptibility (1). Patients with this predisposition were also more likely

to develop bilateral retinoblastoma. In children with this inherited disorder,

retinoblastoma affects both eyes (bilateral) in 80% of cases and intracranial tumors

(trilaterally) in 5%. Enucleation can cure children with unilateral intraocular

retinoblastoma without any further treatment and subsequent vision loss. In localized

tumor cases, and where appropriate, it can also be treated by laser application of

cryotherapy or brachytherapy and/or local intra-arterial chemotherapy to save vision and

preserve the eye. At present, the most common treatment for retinoblastoma remains

systemic, subconjunctival, intraarterial, or intravitreal chemotherapy (2). It is also the

current standard of care for managing orbital exenteration cases. The tumor
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unresponsiveness and recurrence are the most significant

concern after chemo reduction. For larger tumors, systemic

chemotherapy can achieve an initial decrease in tumor size,

allowing for subsequent local treatment options. For

unresponsive extraocular and/or metastatic disease, reserve

high-dose systemic chemotherapy with stem cell rescue (3, 4).

Despite high overall survival rates (> 95%) in Western countries,

long-term survival is reduced in children treated with eye-

preserving radiotherapy and/or chemotherapy compared with

enucleation alone because of the higher incidence of secondary

malignancies (5, 6). Retinoblastoma can be transmitted to the

central nervous system via the optic nerve and to distant

metastatic sites in lymph nodes, bone, bone marrow, and liver

via the sclera via lymphatic or blood circulation to orbital bones.

High-dose chemotherapy is often unsuccessful in rescuing in

these cases, and because of its very aggressive nature, high-dose

may cause lifelong sequelae to the patient (2, 7–9). As a local

treatment modality, ophthalmic artery chemosurgery

significantly reduced the rate of enucleation in unilateral and

bilateral retinoblastoma, saving the majority of affected eyes

without compromising survival. Although treatment outcomes

are excellent in developed countries because of early diagnosis,

patients with both metastatic and recurrent disease are common

in developing countries, resulting in relatively poor prognosis.

Therefore, it is essential to find new treatment strategies that are

more effective and tolerable to effectively control retinoblastoma

and protect eyeball and children’s vision, especially with

minimal short- and long-term side effects.

Paradigm advances in cancer therapy have been made in the

past decades, targeting not only tumor cells but also the active

tumor microenvironment (TME) (10). The changes in the tumor

microenvironment and protein communication between

primary retinoblastoma and chemo-reduced retinoblastoma

have not been reported. Therefore, it is important to

understand the contribution of immune checkpoint markers in

the microenvironment of retinoblastoma tumors. The TME

comprises malignant and non-malignant cells such as

cytokine, growth factors, extracellular proteins, endothelial

cells, fibroblasts, and inflammatory cells (7). Targeting the

tumor microenvironment has great potential because new

immunotherapy strategies may be involved in tumor

progression and metastasis (10). Despite the evolving nature of

chemotherapeutic agents and the delivery of the agents, the

development of novel targeted treatments requires a better

understanding of the pathophysiology of retinoblastoma (9).

Targeting the tumor microenvironment is less likely to cause

adaptive mutations and metastasis because non-malignant cells

are genetically more stable than tumor cells (11). Exploring

functional changes in TME may provide essential considerations

for ongoing studies of primary and chemo-reduced

retinoblastoma. The use of immune checkpoint inhibitors has

improved overall survival rates in treating many different

solid tumors.
Frontiers in Oncology 02
339
In the present review, we described the latest innovations in

retinoblastoma immunotherapy targeting GD2, PD-1, B7H3,

EpCAM and SYK.
GD2

GD2, a disialoganglioside highly expressed in cancer cells (12),

is involved in many signaling cascade pathways, such as MAPK,

PI3K/Akt, and FAK/paxillin (13–15), in which cells can accelerate

proliferation, migration, and stemness chemoresistance. Previous

studies have focused on the diagnostic study of GD2 in some

disseminated diseases such as bone marrow and cerebrospinal

fluid. Since 1993, researchers have begun to examine the

expression of GD2 and GD2 synthase in retinoblastoma (16).

The most significant proportion of GD2 staining was studied in

non-white populations. GD2 was expressed primarily on the

membranes of retinoblastoma cells, and the positive rate of the

assay was 37%, which suggests that GD2 has the capacity to be a

potential therapeutic target for RB (17, 18). The heterogeneous

expression of GD2 in positively stained samples further

demonstrates a multifocal origin and distinct cytogenetic clones

within a tumor (19). The relationship between GD2 expression

and tumor stage and proliferation index suggests that GD2

expression is associated with poor patient prognosis (20). GD2

is widely expressed in retinoblastoma, and MYCN amplification

in pretreated chemo-refractory cases, suggesting that for

treatment of RB, anti-GD2 monoclonal antibodies may be

effective (21, 22). Anti-GD2 mAbs have three proposed

mechanisms of action against GD2-expressing tumor cells. First,

GD2 mAbs initiate the phagocytosis by macrophages (Figure 1A)

destruction of tumor cells by natural killer cells and the

cytotoxicity of granulocytes mediated by killing tumor cells.

Second, GD2 mAbs mediate the lysis of tumor cells via

complement-dependent cytotoxicity (Figure 1B). Third, GD2

mAbs direct induction of cell death due to the specific binding

of anti-GD2 mAbs to GD2 (Figure 1C) (23). In Michelle’s study

(24), intending to improve survival in high-risk neuroblastoma,

researchers used an anti-GD2-based monoclonal antibody

(dinutuximab) in the maintenance phase of treatment. COG-

ANBL0032 protocol comparing the ch14.18 antibody

(dinutuximab) in combination with isotretinoin and alternating

GM-CSF and IL-2 to single-agent isotretinoin in the maintenance

phase of treatment. There were 20% and 11% increases in event-

free survival (EFS) and 11% and 16% increases in overall survival

(OS) after 2 and 5 years, respectively.

Improved early response and outcome of GD2 monoclonal

antibody (hu14.18K322A) in children with newly diagnosed

high-risk neuroblastoma by six cycles of concurrent induction

chemotherapy with hu14.18K322A, GM-CSF, and low-dose IL-2

was evaluated by another group. After the first two cycles of

chemoimmunotherapy, 42 of 63 evaluable patients had partial

responses (PRs) or better. At the end of induction, partial
frontiersin.org
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responses or better were seen in 60 of 62 patients (97%). No

patient developed progressive disease throughout the induction

period (25).After being tested in clinical trials, anti-GD2

monoclonal antibodies proved their safety and efficacy

suggesting that GD2 could be an essential immune target for

the treatment of RB (21).

T lymphocytes isolated from patients were designed to

express CD19-specific chimeric antigen receptors (CARs) and

showed significant antitumor effects against acute B-cell

leukemia and non-Hodgkin’s lymphoma. CAR-T has two

distinguishing features: substantial toxicity of cytotoxic T

lymphocytes and specific antigen-binding of monoclonal

antibodies. It led to the creation of a GD2-specific chimeric

antigen receptor (CAR)-modified T-cell therapy for

retinoblastoma (Figure 1D) Sujjitjoon et al. developed a novel

4SCAR-GD2 T for the treatment of retinoblastoma (26). The

intracellular domain of 4SCAR-GD2 T contains CD28, 41BB,

and CD3z, and its scFv fragment derived from the monoclonal

antibody hu3F8, recognizes human GD2 (Figure 1E) In vitro

studies using Y79RB cells found that this 4SCAR-GD2 T had

high cytotoxicity. To mimic the high tumor burden in vivo, the

investigators increased the number of Y79RB cells by 3-fold after

the first round of killing and prolonged the co-culture time of

4SCAR-GD2 with Y79RB. After 6 days of co-culture, some

Y79RB cells survived with reduced expression of GD2 on their

cell surface compared to before (from 93.2% to 65.5%).

Typically, immune checkpoint blockade is the main reason for

tumor cell escape. Therefore, further detection was carried out

and revealed that there was no PD-L1 expression on the surface

of parental Y79RB cells. After co-culture with 4SCAR-GD2 T,

the expression of PD-L1 on the surface of Y79RB cells was up-
Frontiers in Oncology 03
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regulated, and the expression of PD-1 on the surface of 4SCAR-

GD2 T in the co-culture system was also up-regulated. This

result indicates that PD1: PD-L1 is involved in the immune

escape of tumor cells and suppresses the function of CAR T cells

after repeated antigen exposure.
PD-1

Programmed cell death 1 (PD-1), programmed cell death

ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated

antigen-4 (CTLA-4), have been the focus of research in

immunotherapy fields (Figure 2). Promising results regarding

their efficacy in fighting tumors in patients with advanced tumors

continue to emerge (27). An indication of cancer, as noted in

numerous publications, is the absence of immune control (28).

Closely associated with tumorigenesis and progression and

playing a key role in tumor immune escape and TME

formation is PD-1 and its ligand PD-L1 (29). PD-1 is

commonly expressed on the surface of activated immune cells,

such as T cells, B cells, and bone marrow cells. These two ligands,

PD-L1 (B7-H1) and PD-L2 (B7-DC), expressed mainly in the

placenta, tonsil, and retina, both belong to the B7 family of cell

surface glycoproteins (30).PD-L1 is expressed in non-

hematopoietic cells such as endothelial, epithelial, and tumor

cells and appears in dendritic cells, myeloid cells, T and B cells,

and other hematopoietic cells (31). A widely accepted method to

assess PD-1/PD-L1 expression in cancer biology is

immunohistochemistry. The most widely used practice for

predictive biomarker detection of anti-PD-1/PD-L1 and CTLA-

4 therapies in tumors is IHC for PD-L1 protein expression (32).
A B D

E

C

FIGURE 1

Immunotherapy strategy targeting GD2. (A) Macrophage phagocytosis combined with retinoblastoma cells mediated by anti-GD2 Fc receptors.
(B) Complement activation on GD2-expressing retinoblastoma. (C) AntiGD2 monoclonal antibody is used for high-risk retinoblastoma. (D) CAR-
T cells recognize retinoblastoma cells via their specific T cell receptors against GD2. (E) Bispecific antibody of GD2 and CD3, redirecting T cells
and accessory immune cells (via their functioning Fc-fragment) toward retinoblastoma cells.
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The role of PD-1 in cancer immune evasion has been

demonstrated because, as a ligand for PD-1, PD-L1 is highly

expressed in some cancers (33). PD-L1 expression is not difficult

to find in many tumor types, such as melanoma and

glioblastoma, lung, kidney, head and neck, gastric, colon,

pancreatic, breast, cervical, uterine, and ovarian cancers (34).

PD-L1 is also expressed in hematological malignancies, such as

multiple myeloma, lymphoma, and various leukemia types, and is

associated with a worsening prognosis (35). However, the altered

pattern of tumor microenvironment in primary and

chemotherapeutic tumors has been documented in previous

studies. However, the differences in histopathological findings

and expression of immune markers in cases of primary

retinoblastoma (group I) and chemotherapeutic retinoblastoma

(group II) have remained to be studied to date. In Singh’s study,

the expression patterns of PD-1, PD-L1, and CTLA-4 proteins

differed in both groups of retinoblastomas. There was increased

expression of PD-L1 (46/144) and decreased expression of PD-1

(29/144) in primary retinoblastoma. A statistically significant

overall survival rate was observed in PD-L1-expressing tumors

(89.13%; P value = 0.015) compared to PD-1 expression (93.10%;

P value = 0.394). In chemically induced retinoblastoma, on the

other hand, the opposite pattern was observed, with increased

expression of PD-1 (48/118) and decreased expression of PD-L1

(22/118). PD-1 expression was statistically found to correlate

with overall survival in chemically induced patients (63.28%; P

value = 0.003). While no clear correlation was found with patient

outcomes, CTLA-4 protein expression revealed a similar pattern

in both primary and chemically induced retinoblastoma. While

evidence suggests that intrinsic expression of PD-1 promotes

tumor growth independent of adaptive immunity in a variety of

factors involving gene copy number alterations, epigenetic

modifications, and the tumor microenvironment in tumor cell
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lines, the exact mechanism by which PD-1 may be expressed

within tumor cells has not been clarified (32, 36–38).
B7H3

PD-L1 and PD-1, members of the B7 family, have been

evaluated in many studies for both expressions in RB (39, 40).

Researchers previously subjected primary retinoblastoma and

retinal tissue to a membrane proteomics study (41). The study

compared their expression of immunotherapeutic molecules,

and one of the B7 family checkpoint molecules, B7-H3

(CD276), was overexpressed in RB tumors compared to retinal

tissue. Many studies have shown that overexpression of B7H3 in

some malignancies can cause metastasis or severe complications

of cancer (42–47). B7H3 expression is highly heterogeneous.

Interestingly, when B7H3 levels are high in the lobules, they are

deficient in the blood vessels in the areas adjacent to the lobules

and vice versa. Several studies have reported the expression of

B7H3 in tumor vessels and tumor cells (48). In different diseases,

B7H3 is differentially expressed in the stroma and tumor cells;

for example, in colorectal and pancreatic cancers, a higher

percentage of B7H3 was positive in stroma than in tumor

cells, whereas in prostate cancer, B7H3 expression was higher

in tumor cells than in stroma; in RB tumors, B7H3 was observed

in mutually exclusive expression in tumors and blood vessels,

which has not been reported in other cancer types. This result

needs to be further investigated and examined whether it is

related to cells in the vasculature, such as endothelial cells, or

stromal cells surrounding the vasculature, such as pericytes and

fibroblasts, or whether it is related to differences between pre-

existing and newly generated vessels. Since the clinical

importance of any target molecule in RB tumors depends on
FIGURE 2

Immunotherapy anti PD-1 and PD-L1. PD-1 is expressed on the surface of CAR-T cells as an inhibitory receptor, while its ligands PD-L1 is mainly
expressed in antigen-presenting cells and tumor cells.
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certain histopathological features, the expression of B7H3 in

terms of differentiation status, site of invasion, and degree of

asexual reproduction of the tumor which is closely related to the

prognosis of the disease were investigated. Among these, in

terms of differentiation status, B7H3 is highly expressed in

poorly differentiated RB and less expressed in moderately or

well-differentiated RB tumors. A retrospective study of 326

primary RB tumors, showed that poorly differentiated tumors

were significantly associated with more than three high-risk

symptoms, particularly massive choroidal invasion (49). The

high expression of B7H3 in such tumors is beneficial for

targeted therapy.

The common metastatic areas of RB tumors are the central

nervous system (CNS), regional lymph nodes, bone marrow, and

bone (50). Its invasive status determines the areas where it

metastasizes. The invasion sites are classified as neurological

and non-neurological, depending on their prognosis and the

area of metastasis. Neurological invasion leads mainly to CNS

metastasis, whereas non-neurological invasion tends to

metastasize more to other systemic sites (51). Among them,

CNS metastasis has a poorer prognosis, probably because

chemotherapeutic agents cannot cross the blood-brain

barrier19, in which case adjuvant intrathecal or intracerebral

chemotherapy is required (52, 53). Compared with neural tissue,

B7H3 expression in invading non-neural tissue of RB tumors

showed a significant increase (54). B7H3 expression may be

suppressed when the tumor invades the optic nerve (40).

However, we could not find any support from the published

literature. One limitation is the number of samples that could be

analyzed for this correlation; however, if built with a larger

cohort, this finding may have clinical implications for the use of

B7H3 as a therapeutic approach.

There is a significant anti-tumor activity demonstrated by

B7-H3-targeted CAR-T cells against AML and melanoma for

both in vitro and xenograft mouse models. In clinical trials,

multiple therapeutic agents targeting B7-H3 have been

conducted. As an Fc-optimized monoclonal antibody (mAb)

against B7-H3, Enoblituzumab has been evaluated together with

an anti-programmed death 1 (PD-1) monoclonal antibody in

patients with B7-H3-expressing solid tumors during phase I

clinical study (Figure 3A). Another B7-H3-targeting antibody

for the treatment of brain and central nervous system tumors,

neuroblastoma, and carcinoma, radiolabeled 8H9, was also

evaluated in a phase I trial. (ClinicalTrials.gov: NCT00089245).

MGD009 is a bispecific antibody developed by MacroGenics

against B7-H3 and CD3, while the FDA partially shelved the two

clinical studies on MGD009 due to hepatotoxic events in

monotherapy trials, such as reversible transaminase level

increases with or without concomitant bilirubin level increases

(55) (Figure 3B).

The presence of B7H3 in RB tumors opens the way for

developing targeted therapeutic and immunotherapeutic

approaches. Furthermore, it is interesting to observe that the
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expression of B7H3 is reduced when the tumor enters the optic

nerve, so the next step should focus on the presence of molecules

that reduce B7H3 in the optic nerve bundle and their

implications for clinical treatment. Clinical data with 1 to 4

years of follow-up did not show any significant correlation

between patient survival and B7H3 expression. One with long-

term follow-up data is needed further to understand the

correlation between B7H3 expression and RB prognosis.
EpCAM

Epithelial cell adhesion molecule (EpCAM) was earlier

considered as a marker for adult liver stem/progenitor cells and

oval cells (56, 57), which is an epithelial cell adhesion molecule with

all the characteristics of tumor stem cells (CSCs). EpCAM is highly

expressed in aggressive tumors compared to RB, a non-invasive

tumor. Damages to the EpCAM gene may result in a substantial

decrease in cell proliferative capacity (58). Bispecific antibodies

(bsAb) are artificial molecules with dual specificity for two separate

antigens. The most common bsAb antigen on lymphocytes is an

invariant CD3 signaling complex that induces the activation of

polyclonal T cells. A number of anti-EpCAMbsAb and single-chain

antibodies have been produced and tested as immunotherapeutics

(Figure 4) (56, 59–62). The host antitumor immunity has a

significant contribution to preventing the development of

malignant tumors. However, when tumor cells lack tumor-

associated antigens or various co-stimulatory or major

histocompatibility complex molecules, the host mononuclear cells

may become dysfunctional. Aggressive RB primary tumors express

low levels of human leukocyte antigen (HLA) class I and II antigens,

which may be an advantage for tumor cells to escape t-cell or

natural killer (NK) cell-mediated attack (63). In this context, the

potential of a novel therapeutic modality using the bispecific

antibody-directed T-cell attack on tumor cells may become a

promising treatment for retinoblastoma. The bispecific antibody

can effectively induce lysis of tumor cells in vitro, thus reducing the

production of malignant ascites in patients with advanced ovarian

cancer (64). Mitra et al. studied the role and expression of EpCAM

in the development of retinoblastoma (65). The study found that

EpCAM+Y79 cells have strong proliferation and invasion ability

and neurosphere formation ability. Using fresh retinoblastoma

tissue, the co-expression of EpCAM and three other putative

tumor stem cell markers CD44, CD24 and ABCG2 was

examined. The results showed that not every tumor tissue

expressed CD44, CD24 or ABCG2, but the expression of EpCAM

could be detected. The use of preactivated PBMC and bispecific

antibodies to EpCAM × CD3 can promote lysis of RB cells.

Therefore, targeting CSC combined with conventional

chemotherapy should be the basic therapeutic strategy for

eradicating tumors. EpCAM is an attractive target for bsAb and

bispecific single-chain antibodies for antitumor therapy (66–68).
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Moreover, EpCAM×CD3 activity is dose-dependent and

increases within 24 h. This effect was consistently observed in

all five tumor types examined. The production of effector

cytokines was raised in the supernatant of cultures containing

EpCAM+ cells and pre-activated PBMC as well as EpCAM×CD3,

as demonstrated by our ELISA assay. In summary, EpCAM×CD3

potently stimulates the secretion of effector cytokines by pre-

activated lymphocytes in the presence of EpCAM-expressing

tumor cells. Activated T cells secreting TNF-a, IFN-g, and
Frontiers in Oncology 06
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chemokines may increase efficacy by enhancing immune cell

attraction and stimulation. It has been proven that high levels of

IL-10 in the tumormicroenvironment facilitate tumor rejection by

potentiating the cytotoxicity of T lymphocytes (69). TGF-b
functions as a tumor cell suppressor (70), suggesting that a

bispecific antibody-mediated immunotherapeutic approach may

potentially help manage the proliferation of RB tumor cells. A

high percentage of cells in retinoblastoma express EpCAM, and

especially tumors with optic nerve/choroidal invasion
A B

FIGURE 3

Immunotherapy strategy targeting B7H3. (A) Omburtamab is a radionuclide iodine-131-labeled monoclonal antibody targeting B7H3 cells in
various solid tumors, including retinoblastoma. It binds to the FG cyclically dependent conformation, a key region of the biological function of
the B7-H3 molecule. (B) Bispecific antibody of B7H3 and CD3, redirecting T cells and accessory immune cells.
FIGURE 4

T-cell-mediated immunotherapy of EpCAM. EpCAM and CD3 bispecific antibodies redirect T lymphocytes to attack retinoblastoma cells.
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demonstrate increased EpCAM expression (63). Therefore, the

invasive retinoblastoma is an attractive tumor for therapeutic

targeting using a bispecific antibody (EpCAM × CD3). In

summary, EpCAM + RB cells behave in vitro similarly to tumor

stem cells. In the presence of EpCAM expressing RB tumor cells,

EpCAM×CD3 has potent anti-tumor activation in vitro via

induction of interleukin and cytokine secretion by pre-

activated lymphocytes.
SYK

The spleen tyrosine kinase (SYK) is one of the most

dramatically upregulated kinase genes in RB cells (71). It is

involved in signaling the inflammatory cell B-cell receptor

complex in the inflammatory response and has also been

associated with hematopoietic malignancies (72–74). There are

two SYK isoforms in tumor cells, the full-length SYK (SYK-L)

and the variable splice SYK transcript (SYK-S). Among them,

SYK-L can enter the nucleus and prevent cancer cell invasion. At

the same time, SYK-S is only found in the cytoplasm, where it

can promote tumor development and is a proto-oncogene

involved in the survival of RB cells. However, SYK is not

expressed in retinal progenitor cells or neurons, and no

function has been found in the developing visual system.

ChIP-on-chip analysis revealed increased histone activation

modifications (H3K4me3 and K3K9/14Ac) at the SYK

promoter, whereas the histone repression marker (H3k9me3)

was unchanged in human retinoblastoma in situ xenografts and

cell lines (71). There was also an increase in RNA polymerase II

bound to the SYK promoter. ChIP-on-chip results confirmed

increased expression of the SYK gene. SYK protein was found at

higher levels in human retinoblastoma in situ xenografts and cell

lines than in human fetal retina. Retinoblastoma tissue

microarrays (TMA) or whole eye sections were subjected to

immunohistochemistry. The results indicated that SYK was

heavily expressed (3+) in all tumor cells (82/82), while normal

retinas had no expression of SYK. The kinase activity of SYK is

regulated by autophosphorylation of the Tyr525/526 residues

within its catalytic domain. In retinoblastoma cells, the sites are

phosphorylated and reversed.

Although SYK was consistently immunonegative in non-

neoplastic lesions and pseudo retinoblastoma eyes,

conversely, it was histologically immunopositive in any RB

eyes (75). Strong immunostaining of SYK is found in RB eyes

- the nucleus and cytoplasm of RB cells. While SYK is silenced

in benign retinas, it is activated in RB. In differentiating

malignant tumors from benign diseases in the retina, SYK is

also a good marker. SYK, an important promoter of

tumorigenesis in RB, showed a more significant negative

correlation between its expression and tumor necrosis.

However, pseudo retinoblastoma is usually undetectable by

clinical and diagnostic imaging techniques because its
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symptoms and clinical findings are comparable to those of

RB. The above results suggest that SYK can be used in a

protein-based or genetic approach to differentiate these

disease possibilities and so is a useful clinical marker.

Since SYK expression is required for retinoblastoma growth

and survival, X Chen et al. (76) synthesized SYK shRNA and

cloned it into the lentivirus vector Lenti-SYK-9. In addition to

accelerating apoptosis of retinoblastoma cells, Lenti-SYK-9

effectively removed SYK from retinoblastoma cell lines.

Further to the previous efforts, the researchers used lentivirus

to genetically modify dendritic cells (DC) to make cytotoxic T

lymphocytes (CTL) express SYK antigens in vitro. SYK-negative

cell lines (MDA-MB-231, MCF-10A, hTERT-RPE1) and SYK-

positive cell lines (MCF-7 and RB-Y79) were used to assess the

specificity and cytotoxicity of DCs expressing CTLs. The CTL

toxicity triggered by SYK-high expression in DCs Figure 5 (SYK-

DC-CTLs) elevated the killing effect on SYK-positive cells by

more than three times compared to SYK-negative cells. SYK-

modified DCS had a CTL cytotoxic effect on SYK-positive cell

lines, but no killing effect on SYK-negative cell lines. Although

SYK-silenced RB-Y79 cells potently bypassed the cytotoxic

attack of SYK-DC-CTL, SYK-DC-CTLs were overexpressed in

hTERT-RPE 1 cells, suggesting that SYK is a specific antigen for

Rb. In addition, SYK-DC-CTL had specific cytotoxic effects on

carboplatin-resistant RB-Y79 cells in vitro.

Exposure of Y79 cells to different doses of lymphocyte-

derived microparticles (LMPs) was studied by Qian Q et al.

(77). The results revealed that SYK mRNA was significantly

diminished with 20 mg/ml of LMPs. For 24 h, treatment of

human retinoblastoma cells with 20mg/ml LMPs was carried out

and the expression of SYK protein was analyzed byWestern blot.

The results also showed that LMPs significantly inhibited the

expression of SYK protein. LMPs can downregulate SYK and

induce retinoblastoma cell death, as further supported by the

immunohistochemical results of SYK expression.

These findings suggest that this gene may contribute to RB

tumor development (71), and therefore SYK may be a potential

target for RB therapy.
Discussion

The World Health Organization (WHO) has selected

Retinoblastoma as a high-priority tumor for the Global Initiative

for Childhood Cancer. The initial cure rate is high, yet it is

potentially lethal when not treated promptly. Ocular palliative

approaches have made great strides during the last few decades,

making it the most treatable pediatric cancer for intraocular

retinoblastoma in a high-income country. There have been

developments in delivery methods locally enabling chemotherapy

to maximize exposure in the retinal, subretinal, and vitreous spaces,

i.e., improved techniques for safe ophthalmic artery chemosurgery

(OAC) and intravitreous chemotherapy (IVi) injections which have
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led to the maintenance of ocular and visual acuity at levels never

seen before. Critically, these new local therapies provide the retina

and optic nerve access to chemotherapy at very high intensities, as

seen in preclinical models, thus capable of blocking the spread of

tumors to the central nervous system. After more than a decade of

consistent access in major clinical centers worldwide and over 200

publications related to this field, the OAC and IVi have proven safe

and reliable without increasing the risk of metastatic dissemination.

By eliminating EBRT and systemic chemotherapy, long-term

survival is improved with these therapies by reducing the

incidence of treatment-related severe toxicities, the risk of

secondary malignancies, and associated mortality.

Unfortunately, children suffering from disseminated

retinoblastoma have virtually no options for treatment. New

therapeutic strategies are expected to be highly effective for both

intraocular and extraocular diseases, provided that the risk of

toxicity is lower. In addition, the availability of more new non-

chemotherapy therapies gives patients more options, such as

targeted therapies, immunotherapy, and lysing viruses.
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FIGURE 5

SYK-targeted dendritic cell-mediated CAR-T cells. Dendritic cells (DCs) which expressing and presenting the SYK peptide antigen are modified
to cytotoxic T lymphocytes (CTL). SYK-overexpressing DCs induce the cytotoxicity of CTL.
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Tumor cells escape anti-tumor immune responses in various ways, including

functionally shaping the microenvironment through the secretion of various

chemokines and, cytokines. Adenosine is a powerful immunosuppressive

metabolite, that is frequently elevated in the extracellular tumor

microenvironment (TME). Thus, it has recently been proposed as a novel

antitumor immunoassay for targeting adenosine- generating enzymes, such

as CD39, CD73, and adenosine receptors. In recent years, the discovery of the

immune checkpoints, such as programmed cell death 1(PD-1) and cytotoxic T

lymphocyte antigen 4 (CTLA-4), has also greatly changed treatment methods

and ideas for malignant tumors. Malignant tumor immunotherapy has been

developed from point-to-point therapy targeting immune checkpoints,

combining different points of different pathways to create a therapy based on

the macroscopic immune regulatory system network. This article reviews the

theoretical basis of the adenosine energy axis and immune checkpoint

combined therapy for malignant tumors and the latest advances in

malignant tumors.

KEYWORDS

adenosine, CD39, CD73, adenosine receptor 2A, PD-1, CTLA- 4
Adenosinergic axis and tumor immunology

Adenosine is an important regulator of metabolism and a key immune checkpoint

regulator associated with tumors evading the host immune system (1–4). Extracellular

adenosine (eADO) inhibits immune function. One of the major mechanisms of tumor

immune evasion is the production of high eADO levels via the overexpression of

ectonucleotidases (5–7). An effective immunosuppressive microenvironment is
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sustained when ADO functions synergistically or in

combination with other immunosuppressive mechanisms (8).

In 2006, high extracellular adenosine levels in tumors were

discovered to play a key role in evading antitumor immune

responses (9), and an environment rich in adenosine in the

tumor may induce incompetent T cells (1, 10–12). The

adenosine pathway is currently considered important for the

effectiveness of immunotherapy and has become an important

target for cancer therapy (1, 13).Endogenous ATP (eATP) can be

released in large quantities through cell necrosis, apoptosis and

mechanical damage (14), and can also be actively secreted by

tumor cells, immunocytes, and other histocytes in the TME,

triggered by various cell damage factors such as hypoxia, chronic

inflammation, and cytotoxic drugs (2). The main source of

eADO is the continuous degradation of eATP, which involves

many different extracellular enzymes, including NTPDase1/

CD39 and CD73 (2, 13, 14). CD39 is highly expressed in the

tumor endothelium of the TME and on most immunocytes

(including macrophages, myeloid cells, and FOXP3+ regulatory

T cells (Treg) (3). The CD39 topological domain consists of two

transmembrane domains, including short cytoplasmic N-and C-

terminal segments and a large extracellular hydrophobic domain

containing the active site (15).The extracellular domain contains

five conserved propyrylase regions from ACR1 to ACR5, among

which the amino acid sequences of ACR1 and ACR5 contain

phosphate-binding motifs, which are believed to be critical for

stabilizing the interaction between the enzyme and its nucleotide

substrate during phosphate cleavage (4). CD39 can stabilize

FOXP3+Tregs, contribute to their immunosuppressive

function (16), promote type I Treg differentiation, produce IL-

10, and restrict the activation of NLRP3 inflammatory bodies in

dendritic cells (DCs) (2, 13, 14). CD73 can be found in different

kinds of tissues, which includes the colon, liver, kidney, brain,

lungs, and heart; leukocytes and endothelial cells of peripheral

blood, lymph nodes, spleen and bone marrow (3). CD73 is now

known as glycosyl phosphatidyl inositol (GPI)-anchored protein

(17), which is a homodimeric disulfide linker protein of 548

amino acids, of which the N-terminus provides a binding site for

two catalytic divalent metal ions and the C-terminus is a binding

site for AMP (18). The expression and function of CD73 are

elevated in the presence of hypoxia and inflammatory mediators

(TGF- B, IFNs, TNF-a, IL-1B, PGE2, etc.), and the expression of

CD73 is also increased in several tumor tissues, suggesting that

CD73 is involved in tumor genesis and development (2, 13, 14,

19), eATP is decomposed into eADO through the sequence of

CD39 and CD73, which bind to adenosine receptors on the cell

membrane surface (2, 13, 14). Among several known adenosine

receptors, adenosine receptor A2a (A2aR) is the predominant

subtype and is mainly expressed in immunocytes (20). A2aR

stimulation usually provides immunosuppressive signals that

inhibit T cell proliferation, cytotoxicity, cytokine production,

NK cell cytotoxicity, NKT cell cytokine production, CD40L
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upregulation, macrophage/DC antigen presentation, etc. (1,

19) (Figure 1). Based on the above background analysis, when

we want to antagonize the immunosuppressive effect of eADO in

the TME, we can start from the following three aspects: 1. It

reduces the expression of CD39 in tumor cells and inhibits the

conversion of eATP to AMP; 2. It reduces the expression of

CD73 molecules on tumor cells and blocks the conversion of

AMP into eADO, thereby reducing the binding of eADO to

A2aR receptors on immune cells; 3. It reduces the expression of

A2aR in immune cells, making them unable to combine with

eADO to maintain their normal immune function.
Immune checkpoint

The immune system consists of innate and acquired

immunity, which, once activated, clears infectious pathogens

and tumor cells. Inhibitory pathways in antimicrobial or

antitumor immune responses normally maintain auto-

tolerance to avoid excessive damage and limit associated tissue

damage (21, 22). This receptor and ligand inhibitory pathways

are known as “Immune Checkpoint” and are used by tumor cells

to avoid Immune attack. The development of monoclonal

antibodies to inhibit these checkpoints, thereby removing the

Inhibition of immunocytes and enabling them to recognize and

kill tumor cells, is called “Immune Checkpoint Inhibition”.

These drugs are called “ immune checkpoint inhibitors” (ICI)

(23, 24). FDA-approved anti-CTLA-4 and anti-PD-1 antibodies

for cancer treatment, which led to the belief that immunotherapy

for cancer was realistic and further encouraged the development

of other new ICIs (25–27). Immunotherapy is becoming an

important treatment for cancer patients (1, 13). Immune

checkpoint blocking (ICB) based on monoclonal antibody

(mAb) has also proven to be a safe and effective treatment for

hematologic malignancies in the past decade (22, 27). In

oncology, checkpoints currently targeted by inhibitors to

amplify the reactivity of T cells, NK cells and bone marrow

cells include CTLA-4 (28), PD-1, PD-L1 (PD1 ligand 1/CD274),

LAG-3 (CD223), TIM3 (T cell immunoglobulin-3), TIGIT(T cell

immunoglobulin and ITIM domain) (29), VISTA (V-domain

immunoglobulin suppressor of T cell activation) (30), B7/H3

(CD276), KIR (killer cell immunoglobulin-like receptors),

NKG2A, A2AR, CD39, CD73, CSF1R, and CD47 (22, 31,

32) (Figure 2).

Each member of the adenosine signaling pathway constitutes

a different drug target, meaning that it is possible for combined

therapy with more than one drug to target this or

complementary signaling pathway (33). Many of these

combinations are currently in preclinical and clinical trials,

such as anti-CD73 and anti-A2aR combinations, anti-CD73

and anti-PD-1 combinations, and anti-A2aR and anti-TIGIT

antibody combinations (21, 31, 34–36) (Table 1).
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FIGURE 1

The immune effects of adenosine axis in TME. (A) The eATP can be released in large quantities during cell necrosis, apoptosis and mechanical
damage, and can be actively secreted by tumor cells and other cells in the TME, which is triggered by hypoxia, chronic inflammation, nutrient
deprivation, or cytotoxic drugs. Extracellular ATP is broken down by CD39 to AMP, then CD73 to adenosine. Extracellular adenosine binds to
A2AR on immunocytes such as T cells, NK cells and DC cells, inhibiting their immune function. (B) Role of monoclonal antibodies in adenosine
axis. CD39 mAb prevents eATP from binding to CD39 to reduce AMP production; CD73 mAb prevents AMP from binding to CD73 to reduce
ADO production. A2AR mAb prevents ADO from binding to A2AR and inhibits its immunosuppressive effect.
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Combination of CD39 with
immune checkpoints

The rapid development of flow cytometry in recent years has

further confirmed the expression of CD39 in tumor cells,

part icularly in melanoma, lymphoma, and chronic

lymphocytic leukemia (CLL) cell lines (13, 14). In melanoma

B16F10 mouse model and colorectal cancer Mc-38 mouse

model, CD39-defective mice were resistant to tumor metastasis

(31, 56). It has been documented that all cells expressing CD39

exhibit strong ATPase activity, which can be counterbalanced by

CD39 inhibitors, such as ARL-67156 and POM-1, by measuring

the degradation of eATP or releasing free phosphate from the

cell culture supernatant. Treatment with BY40, a CD39 blocking

antibody currently under preclinical development, reduces the

inhibition of CD4+ and CD8+T cell proliferation, which is

induced by tumor tissue and increases cytotoxicity mediated

by cytotoxic T lymphocytes (CTL) and NK cells (16). At present,

many studies have shown that human CD39+CD8+ T cells

exhibited draining dysfunction or phenotype gene signature of T

cells, including highly expressed inhibitory receptors, PD-1 and

CTLA-4 (57). Thus targeted therapy of CD39 combined with
Frontiers in Immunology 04
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other immune binding sites has great significance in the therapy

of tumors. Currently, the main CD39 mAb used in clinical

research is IPH5201, which blocks the hydrolysis of ATP by a

membrane and soluble CD39, thus promoting DC maturation

and macrophage activation (11); BY40 has been reported to

block membrane-associated, but insoluble, human CD39

enzyme activity, but its clinical efficacy has not been evaluated

(11, 58); POM1 is mainly used for experimental studies on mice

and cell lines (11).
CD39 mAb combined with PD-1 mAb

PD-1 encodes immunoglobulin superfamily proteins and is

focused on sustaining immune tolerance to autoantigens and

preventing autoimmune diseases. PD-L1 is a PD-1 ligand

blocking the interaction between the tumor cells expressing

PD-L1 and tumor-specific T cells expressing PD-1 using PD-1

or PD-L1 antibodies enhance the cytolytic activity of T cells (25).

It has strong therapeutic value and significance in solid tumors

and hematologic malignancies (33, 59). However, during

immunotherapy, many tumors show resistance to PD-1/PD-

L1. The exhibition of resistance by patients might be due to the
FIGURE 2

Immune checkpoints in current studies. i) The PD-1 is expressed on activated T cells in the early-stage lymph node as well as late-stage tumor
tissues in the TME. In the early stage and late stage, PD-1 sustains immune homeostasis by decreasing activated T cells function. Tumors might
become resistant to this suppression signaling, increasing the survival potential of the tumor cells. ii) The CTLA-4 is expressed on T cells that are
activated by DCs in the lymph node. By MHC interaction with T cell receptor and B7 signal interaction with CD28 on T cells. In order to sustain
immune homeostasis, CTLA-4 downregulates the function of activated T cells through the interaction of B7 signaling with CTLA-4 on T cells.
Tumors may develop toleration to this inhibitory signal, thus improving the survival potential of tumor cells. iii) TIGIT is expressed both on NK
cells and T cells, which includes CD4+ T cells, CD8+ T cells and Tregs. TIGIT has three ligands, CD155, CD112 and CD113, and the main ligand
for TIGIT is CD155. The main effect of TIGIT is downregulating the function of NK cells and T cells.
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immunosuppressive TME, where ROS or nitrogen oxides (NO)

released by bone marrow-derived suppressor cells (MDSC) tire

T cells and no longer recognize tumor cells. PD1 resistance and

poor prognosis in hepatocellular carcinoma (HCC) patients are

associated with the upregulation of CD39 expression in

macrophages, and CD39 can be used as a marker of

unfavorable prognosis in HCC patients (37). This significantly

improved through combination therapy with CD39 mAb. It has

been reported that the therapy combining anti-CD39 and anti-

PD1 mAbs can further slow tumor growth and that the

inhibition of CD39 enzyme function can make the tumor

model with inherent drug resistance sensitive to PD1 antibody

(11, 38).This may be because CD39 mAb and PD-1 mAb can

recover the ability of CD8+T cells to produce cytokines. CD39

mAb combined with PD-1 mAb has become one of the targets of

many tumor therapies (37).
CD39 mAb combined with CTLA-4 mAb

CTLA-4 is a molecule belonging to the immunoglobulin

superfamily. It was first discovered in the cDNA libraries of

CTLs and expressed in activated T cells, Tregs, and acute

myeloid leukemia cells (28, 33). Although CTLA-4 and its

homologue CD28 bind to ligand B7 on B cells and APCs,

stimulation of CTLA-4 does not result in T cell activation, but
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rather in T-cell-mediated antibodies that inhibit and prevent

allograft rejection (23, 25). Blocking the CTLA-4-B7 interaction

with anti-CTLA-4 mAb results in an enhanced alloantigen

response that inhibits negative signaling to T cells (32).

However, anti-CTLA-4 is rarely effective as a single drug for

highly oncogenic and immunogenic tumors. Targeting CD39

with POM-1 has a synergistic effect on anti-CTLA-4 checkpoint

blockade. Specifically, blocking CD39 with POM-1 significantly

increased the antitumor activation of CTLA-4 mAb in a mouse

model of lung metastasis, and showed better efficacy in a CD39-

deficient mouse model of tumor transplanted with B16F10 (39).

Recent research also showed that the expression of CTLA-4 and

CD39 may be potential target molecules that inhibit Treg activity

in situ (40). Although there is limited literature on the

combination of CD39 mAb with CTLA-4 mAb, according to

the current study, the combination of the two mAbs has great

potential in tumor therapy, especially in the treatment of

tumor metastasis.
CD39 mAb combined with TIGIT mAb

TIGIT is an inhibitory receptor expressed on lymphocytes

that has recently attracted attention as the latest target for tumor

immunotherapy. This shows the interplay between TIGHT and

CD155, which is expressed on APCs or tumor cells, reducing T
TABLE 1 Application of different targets on adenosinergic axis combined with various immune checkpoints in tumor therapy.

Adenosine axis ICIs Disease Experimental subjects Mechanism References

CD39 PD-1/PD-L1 Melanoma
Fibrosarcoma
HCC
NSCLC

Mouse model
Human tissue, Mouse model
Human tissue

Restored T cell proliferation
Enhance CD8+T cells’ activation
Co-expression was detected

(11)
(37)
(38)

CTLA-4 Melanoma
HNSCC

Mouse model
Human tissue

Enhance NK cells’ activation
Co-expression was detected

(39)
(40)

TIGIT AML Human tissue Enhance T/NK cells’ activation (41, 42)

CD73 PD-1/PD-L1 Breast cancer
Colon carcinoma
Prostate carcinoma
Fibrosarcoma
Rectal cancer

Mouse model
Human tissue
Mouse model.
Cell line
Cell line
Cell line
Cell line
Mouse model

Enhance T/NK cells’ activation
Enhance levels of secreted IFNg and TNFa
Enhance CD8+T cells’ activation
Enhance CD8+T cells’ activation
Enhance CD8+T cells’ activation

(43, 44)
(24, 45)
(24)
(24)
(46)

CTLA-4 Colon carcinoma
Prostate carcinoma
Melanoma

Cell line
Cell line
Mouse model

Enhance CD8+T cells’ activation
Enhance CD8+T cells’ activation
Enhance T cells’ activation and levels of secreted IFNg

(24)
(24)
(47)

A2aR PD-1/PD-L1 Melanoma
RCC
Breast cancer

Human T cell
Mouse model
Human tissue
Clinical trial
Cell line and mouse model

Restore T cell activation; enhance T cell activation
Associated with tumor prognosis
Enhance CAR T cell efficacy and enhance the IFNg production

(10, 48, 49)
(50, 51)

(49, 52, 53)

CTLA-4 Colon carcinoma Cell line and mouse model Enhance survival, proliferation of T cells (54)

TIGIT AML
OAC

Human tissue
Human tissue

Enhance T/NK cells’ activation
As evaluation standard of chemotherapy regimen

(42)
(55)
fro
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and NK cell function. TIGIT, a significant inhibitor of antitumor

responses, blocks the tumor immune cycle in multiple steps (60–

62). Several studies have shown that blocking TIGIT can prevent

various solid and hematologic malignancies. In AML, inhibition

of CD39 combined with TIGIT can increase AML cell lysis in 2/3

cell lines, and the combined inhibition of TIGIT and CD39

significantly improved NK cell killing activity in vitro, thus

further enhancing the NK cell killing effect on AML cells (41,

42, 63). Owing to the difference in the expression of the TIGIT/

PVRIG axis and CD39 in different NK cell subsets, joint blocking

of these pathways may enhance the cytotoxic function of

different NK cell subsets in vivo. In addition, it has been

preliminarily reported that RORg agonists can simultaneously

reduce the expression of CD39, TIGIT, and other immune

checkpoints on lymphocytes, and integrate multiple antitumor

mechanisms into one therapy. This enhances immune activity

and reduces immunosuppression, thus effectively inhibiting

tumor growth (64).
Association of CD73 with
immune checkpoints

CD73 is expressed in various types of cancer and is known to

promote tumor growth, metastasis, and drug tolerance in

glioblastoma, melanoma, leukemia, colon, breast, ovarian, and

bladder cancers (13, 19, 65). In human breast cancer cells, high

expression of CD73 is related to low response and high

resistance to anthracyclines (44, 46, 66). High levels of CD73

are associated with immunosuppression and tumor progression.

The overexpression of CD73 in tumors not only leads to

metastasis of tumor cells and anthracycline resistance but also

leads to immune escape because of excess adenosine production

(67, 68). Therefore, inhibitors of CD73 are currently used in

combination with existing cancer therapies for cancer

immunotherapy, including anti-PD-1/PD-L1 and anti-CTLA-4

therapies (44, 46, 67). Although blocking CD73 alone does not

result in a cure, the inhibition of CD73 increases the antitumor

effect of immune checkpoint therapies, including anti-CTLA-4

and anti-PD-1 (19, 24, 67). The synergistic effects of combined

CTLA-4 mAb with CD73 mAb and combined PD-1 mAb with

CD73 mAb immunotherapy have been observed in preclinical

models of both breast cancer and colon cancer (24, 45, 68).

Currently, MEDI9447(AstrazenecaMedimmune), a human

IgG1CD73 mAb (46), can selectively inhibit the activity of

CD73ECN and cross-react with mouse and human CD73.

MEDI9447 internalized the desetting of CD73 from the cell

surface, thereby inhibiting the conversion of AMP to adenosine

and removing the inhibition of T cell proliferation mediated by

AMP. In an immunoactive mouse tumor model, MEDI9447

reduces immunosuppressive effects and promotes antineoplastic

function (45); BMS986179, a high affinity antibody, inhibits the
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activity of CD73 and mediates the internalization of CD73 (19,

69); CPI-006 (also known as CPX006) acts mainly by inhibiting

CD73 activity and/or inducing CD73 downregulation; IPH5301,

which blocks AMP from degrading to the immunosuppressant

adenosine. At present, these antibodies are undergoing early-

stage clinical trials (11, 70).
CD73 mAb combined with
PD-1/PD-L1 mAb

As mentioned above, CD73-derived adenosine strongly

mediates tumor immune status and metastasis, and weak

patient response to PD-1 antibodies may also be associated

with elevated intratomatous adenosine levels. In this context,

the combination of CD73, mAb, and PD-1 mAb may be

particularly effective in tumor immunotherapy. Currently,

various studies have focused on the clinical effects of

combining CD73 inhibition with PD-1 blockade. In

melanoma, breast cancer, colon cancer, non-small cell lung

cancer (NSCLC), prostate cancer, and other malignant tumors

(24, 43, 45), combining the CD73 mAb with the PD-1 mAb has

shown a more significant effect than these drugs alone. The high

expression of CD73 on the surface of tumor cells shows a weaker

effect of immunotherapy with a PD-1 antibody, and the

combined use of PD-1 mAb and CD73 mAb prominently

inhibited tumor growth (46), and increased gene expression

related to inflammation and T cell function, causing an increase

in the number and activity of tumor-infiltrating CD8+T cells

and the production of IFN-g and TNF-a (20, 46). It has also

been reported that MEDI9447 when combined with anti-PD-1

antibodies, can produce a better antitumor effect, which is

supported by multiple phases I/II trials based on MEDI9447.

Preliminary phase I data for MEDI9447(NCT02503774) have

recently been reported (24).The safety of MEDI9447 and

duvacizumAb (anti-PD-L1) treatment is controllable, and PD-

1 is consistent with its mechanism of function. BMS-986179 was

also found to enhance the antineoplastic activity of anti-PD-

1mAb in preclinical animal models (19, 71). Notably, the

combination of A2aR antagonist and PD-1 antibody also

showed an antimetastatic effect. However, the combination

therapy with A2aR antagonists was effective only when tumors

expressed high CD73 levels, suggesting that CD73 can also be

used as a potential tumor indicator to assess the benefit of

combination therapy (13, 19, 44).
CD73 mAb combined with CTLA-4 mAb

The combination of CD73 mAb and PD-1 mAb was more

effective against both subcutaneous and metastatic tumors than

that of CD73mAb and CTLA-4mAb (24). This may be due to the
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stronger antineoplastic activity of PD-1 mAb itself than that of

CTLA-4 mAb or the synergistic effect of CD73 mAb and PD-1

mAb on Tregs. However, CD73 mAb combined with

CTLA-4 mAb still has clinical significance and cannot be

ignored. CD73 mAb combined with CTLA-4 mAb significantly

improved the median survival in a tumor metastasis mouse model

(71). In melanoma, the efficacy of anti-CTLA-4 therapy can be

enhanced by targeting various immunosuppressive mechanisms

in tumor tissues, including CD73. CD73 antibody combined with

CTLA-4 mAb significantly inhibited melanoma growth. In a

mouse melanoma model, the percentage of infiltrated CD8+T

and CD4+T cells significantly increased after the combination of

the two antibodies, and the proportion of Tregs was also increased

compared with that of the two antibodies alone, which may be due

to the increase in CD4+T cells after the combination of the two

monoclonal antibodies. At the same time, IFN-g levels increased
in melanoma tissues of mice treated with CD73 antibody in

combination with CTLA-4 antibody (47). CTLA-4 mAb is also

of great clinical significance in hematologic malignancies such as

AML and MDS (22) and has great potential in combination with

CD73 antibody in the treatment of malignant diseases of

the blood.
Association of A2AR with
immune checkpoints

The A2a receptor (A2aR) in the adenosinergic pathway is an

important immune checkpoint. Adenosine levels in the

extracellular fluid are increased in the TME because of the

special metabolism of tumor cells, which contributes to tumor

immune escape. Therefore, A2aR inhibitors are being

investigated to enhance the effect of immunotherapy (2, 13).

Several A2aR antagonists have been developed and tested in

multiple preclinical studies. At least four drugs, CPI-444 (10)

PBF-509 (Novartis/Pablobiofarma), MK-3814 (Merck), and

AZD4635 (AstraZeneca/Heptares), are currently in phase I

clinical trials (13). CPI-444 intensifies antineoplastic immunity

and enhances anti-PD-L1 mAb activity in mice. CPI-444 has

also been shown to intensify the antitumor effect of adoptive

metastases of HER2-specific CD8+T cells in tumor-bearing mice

treated with cyclophosphamide and a novel gene-expressed

whole-cell vaccine (GVAX) (10). Vipatant (REDOX/Juno

therapy) and Etradine (Kyowa Hakko Kirin) are other

promising oral A2a antagonists that have previously gone

through clinical trials for Parkinson’s disease and may be

effective in cancer patients. Recent research has shown that

A2aR inhibits T cell proliferation and cytokine secretion and

increases the expression of PD-1 and CTLA-4 on the surface (72,

73). Currently, combination therapy with A2aR and other

immune checkpoints is also attracting attention (10, 13).
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A2aR mAb combined with
PD-1/PD-L1 mAb

As the expression of A2a is increased in antigen-activated T

cells and PD-1 is involved in inhibiting T cell function, the

combination of targeted blocking of these two molecules is

considered a new direction in tumor therapy. Recent clinical

studies have shown that in renal cell cancer (RCC) patients,

A2aR and PD-L1 expression in the primary tumors may foresee

the consequences of therapy with anti-VEGF agents and ICIs

(51), and the A2aR antagonist ciforadenant showed

monotherapy activity in patients who were resistant to or

intractable to previous anti-PD-L1 therapy. Although this trial

did not deliberately compare the effects of monotherapy with

those of combination therapy, treatment with an A2aR

antagonist plus anti-PD-L1 appeared to improve efficacy (50).

Studies have shown that blocking A2aR with CPI-444 reduces

the expression of checkpoints of various pathways in T-effs and

Tregs, including PD-1 and LAG-3. By reducing the expression of

immune checkpoints on these T cells, the threshold for anti-PD-

1 treatment is lowered. In other words, there is a synergistic

reaction with the combination of CPI-444 and PD-1 mAb (10,

48). Moreover, A2aR blockers significantly reduced the

expression of PD-1 and LAG-3 in the draining lymph nodes

of tumor-bearing mice (53). Another group successfully

combined A2aR blockers with anti-PD-1 inhibitors in an anti-

tumor regimen in a mouse model (35). Mittal et al. (49) also

reported that combining SCH58261, the A2aR inhibitor, with

anti-PD-1 therapy significantly reduced the burden of metastasis

compared with either monotherapy alone. Uniting therapy with

PD-1 mAbs and CPI-444 showed significant improvement in

tumor regression and survival in CT26 and MC38 tumor models

(more significant in CT26 tumor models) (48). In NSCLCmouse

models, A2a receptor inhibition overcomes the resistance of

tumor cells to PD-1/PD-L1 blocking treatment. Meanwhile,

A2aR and CD73 were upregulated in mice treated with PD-1

or PD-L1 mAbs (52, 53). In mouse models of breast, colon, and

hepatocellular carcinomas, drug resistance of tumor cells to PD-

1/PD-L1 can be prevented through dual blocking of PD-1 and

A2aR. Blocking A2aR after a viral attack also reduced the

expression of PD-1, LAG-3, and TIM-3 on CD8+T cells and

Tregs. These abundant in vivo and in vitro experiments suggest

that the combination of A2aR blockers and PD-1/PD-L1

antibodies is of great significance in the clinical treatment of

tumors (34, 71).
A2aR mAb combined with CTLA-4 mAb

Combining A2aR mAb CPI-444 with anti-CTLA-4 therapy

eliminated tumors in up to 90% of the treated mice, including
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restoring an immune response in a model against an incomplete

response to CTLA-4 monotherapy. Moreover, tumor cells

remained suppressed after re-inoculation of mice with tumor

cells, suggesting that CPI-444 induces systemic antineoplastic

immune memory and that the combination of CPI-444 with

CTLA-4 mAb increases the presence of CD8+T cells and IFNg
and Gzm B levels in tumors (71). In a mouse melanoma model,

inhibition of both CD73 and A2aR increased CTLA-4 the

therapeutic effect. Blocking A2aR plays an important role in

regulating T-cell function and significantly reduces melanoma

growth (47). Most importantly, the combination of A2aR

antagonists and anti-CTLA-4 therapy significantly restricts

tumor growth and enhances the antitumor immune response

(10, 71). Additionally, other studies have shown that the

concomitant blocking of A2aR and CTLA-4 in T cells can

synergist ical ly enhance the antitumor response by

downregulating PKA, SHP2, and PP2Aa signaling pathways,

providing a theoretical basis for A2aR mAb combined with

CTLA-4 mAb as a new treatment regimen for tumors (54).
A2aR mAb combined with TIGIT mAb

The frequency of TIGIT + NK cells in the blood of patients

was negatively correlated with AML prognosis. Compared with

healthy subjects, AML patients had abnormal NK cell

populations in the peripheral blood (PB) and bone marrow

(BM), which showed an increased frequency of TIGIT+, PVRIG

+, CD39+, and CD69+NK cells. Thus, TIGIT is a potential target

for AML treatment (42). The purinergic pathway also regulates

NK cell functions. Proliferation and hypoxia of tumor cells

increase the utilization of ATP and activate cancer-related

CD39 and CD73 , which ca ta lyze the cont inuous

dephosphorylation of ATP to AMP and then to eADO.

Extracellular adenosine accumulation interacts with adenosine

receptors expressed on the surface of NK cells and inhibits

signaling through A2aR; therefore, A2aR antibodies are also

important targets for tumor therapy (55). It has been

demonstrated that the combined blocking of TIGIT and A2aR

enhances NK-92 cell-mediated cytotoxicity in AML (42). In

other tumors, the combination of TIGIT and A2aR mAbs is still

being explored (55).
Comparison of the efficacy of CD39,
CD73, A2AR and immune
checkpoint inhibitors in
clinical treatment

Studies have shown that A2AR mAb, Ciforadenant (CPI-144)

has a good effect onRCC, and its combinationwith atezolizumabhas

a better effect than Ciforadenant alone (74). Taminadenant, another
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A2AR antagonist, has shown promising efficacy in NSCLC, either

alone or in combination with the PD-1 mAb, Spartalizumab (75).

There does not appear to be a significant difference in the efficacy of

A2aR antagonists alone or in combinationwith immune checkpoint

inhibitors formalignancy, but thenumberof clinical trials in this area

is small, and the results of these two trials are not representative. The

combinationofA2aRantagonists and immunecheckpoint inhibitors

has been seriously considered in clinical practice and needs to be

explored and validated in more clinical trials.

Although there are no cases of CD39 mAb used alone in

clinical treatment, clinical studies have shown that the

expression of CD39 in chronic lymphocytic leukemia patients

is closely related to the stage of disease, the time of first

treatment, and the prognosis of patients (76, 77). Similar

results have been found in immune-related diseases, such as

Crohn’s disease and multiple sclerosis (78, 79). Due to various

limitations, treatment with CD39 mAb combined with immune

checkpoints such as PD-1, CTLA-4, and TIGIT has been limited

to mouse models, cell lines, and human tissues. However, this

combination therapy has been proved to have high clinical

potential and value by a large number of in vitro experiments

(11, 37–42).

CD73 is currently mainly used as a prognostic indicator for

clinical tumors, including breast and rectal cancers (23, 24, 43–

47). Few trials have applied the CD73 mAb in the clinical

treatment of tumors. Recent in vitro experiments have

confirmed that the CD73 mAb can enhance the efficacy of

immune checkpoint inhibitors and reduce the formation of

resistance. Its combination with immune checkpoint inhibitors

is far more effective than either of them alone (23, 24, 43–47).

The efficacy of antagonists of CD39 and CD73, A2aR targets

on the adenosinergic axis alone and in combination has been

discussed in a study on multiple myeloma (80). In vitro

experiments confirmed that the inhibitory effect of the three

target antagonists alone on myeloma was not as good as that of

the two target antagonists combined, while the combined use of

three target antagonists, CD39, CD73, and A2aR, had the best

inhibitory effect on myeloma.
Conclusion

In recent years, therapeutic advances in cancer immunotherapy

(CIT) have emerged rapidly, reflecting the importance of human

immune system interactions with cancer, as well as the complex and

highly regulated nature of the immune system (81, 82). In the

context of complex immune networks, point-to-point therapy has

been unable to achieve satisfactory tumor treatment effects;

therefore, combining various targeting axes or immune

checkpoints will become a new direction of tumor treatment.

The role of the adenosine axis in the tumor microenvironment

is mainly induced by hypoxia; therefore, some studies have also

called this the hypoxia–adenosine axis. Extracellular adenosine
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increases under hypoxic conditions, and simultaneously, the

expression of CD39 and CD73 improves (8). Antihypoxia-

adenosine therapy is synergistic with other immune checkpoint

inhibitors such as CTLA-4 and PD-1 mAbs. The combination of

anti-hypoxia-adenosine strategies may enhance the clinical

response to other immunotherapies, chemotherapy, and

radiotherapy (71). With advances in the treatment of tumors with

immune checkpoint blockers such as CTLA-4 and PD-1/PDL1,

more therapeutic targets have been sought, including but not

limited to the immune targets in the adenosine energy axis

mentioned above, to overcome the problems of incomplete tumor

regression or recurrence after treatment (3). Immune checkpoint

suppressor molecules are emerging as new potential targets for

tumor therapy. In the TME, these molecular mechanisms may

operate and may be supplementary to approved immunotherapies

(26, 83, 84). When the immune escape of tumor cells makes the

control of tumors difficult (85), the use of immune checkpoint

inhibitors can offset the immune escape of tumor cells to a certain

extent and further improve the response rate. Without increasing or

even decreasing the adverse events related to excessive tissue

damage, autoimmunity, and other immune-associated side

reactions associated with the use of immune checkpoint

inhibitors alone (22, 86–88). In the future, the treatment trend of

malignant tumors will be developed from point-to-point therapy

targeting individual immune checkpoints to a combination of

immune networks composed of various signaling pathways, such

as the adenosine axis. Non-traditional immunotherapies can induce

or enhance antitumor immunity. Consequently, they may force

tumors to upregulate immune checkpoints, which can be blocked as

part of a combined strategy (87, 89–92).
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cancer immunotherapy: Awakening new opportunities. Trends Cancer (2016) 2
(2):95–109. doi: 10.1016/j.trecan.2016.01.003

68. Roh M, Wainwright DA, Wu JD, Wan Y, Zhang B. Targeting CD73 to
augment cancer immunotherapy. Curr Opin Pharmacol (2020) 53:66–76. doi:
10.1016/j.coph.2020.07.001

69. Siu LL, Burris H, Le DT, Hollebecque A, Steeghs N, Delord JP, et al.
Preliminary phase 1 profile of BMS-986179, an anti-CD73 antibody, in
combination with nivolumab in patients with advanced solid tumors. Cancer Res
(2018) 78(13). doi: 10.1158/1538-7445

70. Barnhart BC, Sega E, Yamniuk A, Hatcher S, Lei M, Ghermazien H, et al. A
therapeutic antibody that inhibits CD73 activity by dual mechanisms. Cancer Res
(2016) 76. doi: 10.1158/1538-7445.Am2016-1476.

71. Vigano S, Alatzoglou D, Irving M, Ménétrier-Caux C, Caux C, Romero P,
et al. Targeting adenosine in cancer immunotherapy to enhance T-cell function.
Front Immunol (2019) 10:925. doi: 10.3389/fimmu.2019.00925

72. Ohta A, Ohta Akiko, Madasu M, Kini R, Subramanian M, Goel N, et al. A2A
adenosine receptor may allow expansion of T cells lacking effector functions in
extracellular adenosine-rich microenvironments. J Immunol (2009) 183(9):5487–
93. doi: 10.4049/jimmunol.0901247

73. Sevigny CP, Li L, Awad AS, Huang L, McDuffie M, Linden J, et al. Activation
of adenosine 2A receptors attenuates allograft rejection and alloantigen
recognition. J Immunol (2007) 178(7):4240–9. doi: 10.4049/jimmunol.178.7.4240

74. Fong L, Hotson A, Powderly JD, Sznol M, Heist RS, Choueiri TK, et al.
Adenosine 2A receptor blockade as an immunotherapy for treatment-refractory
renal cell cancer. Cancer Discov (2020) 10(1):40–53. doi: 10.1158/2159-8290.CD-
19-0980
Frontiers in Immunology 11
358
75. Chiappori AA, Creelan B, Tanvetyanon T, Gray JE, Haura EB, Thapa R,
et al. Phase I study of taminadenant (PBF509/NIR178), an adenosine 2A receptor
antagonist, with or without spartalizumab (PDR001), in patients with advanced
non-small cell lung cancer. Clin Cancer Res (2022) 28(11):2313–20. doi: 10.1158/
1078-0432.CCR-21-2742

76. Zaki EM, Zahran AM, Metwaly AA, Hafez R, Hussein S, Mohammed AE,
et al. Impact of CD39 expression on CD4+ T lymphocytes and 6q deletion on
outcome of patients with chronic lymphocytic leukemia. Hematol Oncol Stem Cell
Ther (2019) 12(1):26–31. doi: 10.1016/j.hemonc.2018.09.002

77. Perry C, Hazan-Halevy I, Kay S, Cipok M, Grisaru D, Deutsch V, et al.
Increased CD39 expression on CD4(+) T lymphocytes has clinical and prognostic
significance in chronic lymphocytic leukemia. Ann Hematol (2012) 91(8):1271–9.
doi: 10.1007/s00277-012-1425-2

78. Bai A, Moss A, Kokkotou E, Usheva A, Sun X, Cheifetz A, et al. CD39 and
CD161 modulate Th17 responses in crohn’s disease. J Immunol (2014) 193
(7):3366–77. doi: 10.4049/jimmunol.1400346

79. Visweswaran M, Hendrawan K, Massey JC, Khoo ML, Ford CD, Zaunders
JJ, et al. Sustained immunotolerance in multiple sclerosis after stem cell transplant.
Ann Clin Transl Neurol (2022) 9(2):206–20. doi: 10.1002/acn3.51510

80. Yang R, Elsaadi S, Misund K, Abdollahi P, Vandsemb EN, Moen SH, et al.
Conversion of ATP to adenosine by CD39 and CD73 in multiple myeloma can be
successfully targeted together with adenosine receptor A2A blockade. J
Immunother Cancer (2020) 8(1). doi: 10.1136/jitc-2020-000610

81. Hegde PS, Chen DS. Top 10 challenges in cancer immunotherapy.
Immunity (2020) 52(1):17–35. doi: 10.1016/j.immuni.2019.12.011

82. Galon J, Bruni D. Approaches to treat immune hot, altered and cold
tumours with combination immunotherapies. Nat Rev Drug Discov (2019) 18
(3):197–218. doi: 10.1038/s41573-018-0007-y

83. Johnson DE, O’Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3
signalling axis in cancer. Nat Rev Clin Oncol (2018) 15(4):234–48. doi: 10.1038/
nrclinonc.2018.8

84. Llovet JM, Montal R, Sia D, Finn RS. Molecular therapies and precision
medicine for hepatocellular carcinoma. Nat Rev Clin Oncol (2018) 15(10):599–616.
doi: 10.1038/s41571-018-0073-4

85. Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates
cancer progression. Cancer Res (2019) 79(18):4557–66. doi: 10.1158/0008-
5472.CAN-18-3962

86. Zhang Y, Zheng J. Functions of immune checkpoint molecules beyond
immune evasion. Adv Exp Med Biol 2020 (1248) p:201–26.

87. Yap TA, Parkes EE, Peng W, Moyers JT, Curran MA, Tawbi HA, et al.
Development of immunotherapy combination strategies in cancer. Cancer Discov
(2021) 11(6):1368–97. doi: 10.1158/2159-8290.CD-20-1209

88. Eschweiler S, Clarke J, Ramı́ rez-Suástegui C, Panwar B, Madrigal A, Chee SJ,
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Background: Tumor immunological heterogeneity potentially influences the

prognostic disparities among patients with clear cell renal cell carcinoma

(ccRCC); however, there is a lack of macroscopic imaging tools that can be

used to predict immune-related gene expression in ccRCC.

Methods: A novel non-invasive radiogenomics biomarker was constructed for

immune-related gene expression in ccRCC. First, 520 ccRCC transcriptomic

datasets from The Cancer Genome Atlas (TCGA) were analyzed using a non-

negative matrix decomposition (NMF) clustering to identify immune-related

molecular subtypes. Immune-related prognostic genes were analyzed through

Cox regression and Gene Set Enrichment Analysis (GSEA). We then built a risk

model based on an immune-related gene subset to predict prognosis in patients

with ccRCC. CT images corresponding to the ccRCC patients in The Cancer

Imaging Archive (TCIA) database were used to extract radiomic features. To

stratify immune-related gene expression levels, extracted radiogenomics

features were identified according to standard consecutive steps. A nomogram

was built to combine radiogenomics and clinicopathological information

through multivariate logistic regression to further enhance the radiogenomics

model. Mann–Whitney U test and ROC curves were used to assess the

effectiveness of the radiogenomics marker.

Results: NMF methods successfully clustered patients into diverse subtypes

according to gene expression levels in the tumor microenvironment (TME). The

relative abundance of 10 immune cell populations in each tissue was also

analyzed. The immune-related genomic signature (consisting of eight genes)

of the tumor was shown to be significantly associated with survival in patients

with ccRCC in TCGA database. The immune-related genomic signature was

delineated by grouping the signature expression as either low- or high-risk.

Using TCIA database, we constructed a radiogenomics biomarker consisting of

11 radiomic features that were optimal predictors of immune-related gene
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signature expression levels, which demonstrated AUC (area under the ROC

curve) values of 0.76 and 0.72 in the training and validation groups, respectively.

The nomogram built by combining radiomics and clinical pathological

information could further improve the predictive efficacy of the

radiogenomics model (AUC = 0.81, 074).

Conclusions: The novel prognostic radiogenomics biomarker achieved

excellent correlation with the immune-related gene expression status of

patients with ccRCC and could successfully stratify the survival status of

patients in TCGA database. It is anticipated that this work will assist in

selecting precise clinical treatment strategies. This study may also lead to

precise theranostics for patients with ccRCC in the future.
KEYWORDS

clear cell renal cell carcinoma, radiogenomics, tumor heterogeneity, immune
microenvironment (IME), contrast-enhanced computed tomography (CECT)
Introduction

Kidney cancer is one of the most common urological

tumors, with the number of new patients with renal cancer

reaching up to 90,0000 each year (1, 2). Clear cell renal cell

carcinoma (ccRCC) is the most common pathological subtype of

kidney cancer, accounting for 70%–80% (3, 4) of renal cancers.

Early surgical intervention is currently the primary treatment for

ccRCC (5, 6). Most patients who undergo early resection have an

overall 5-year survival rate of >90%. Some patients with ccRCC

have extremely high rates of recurrence and metastasis, which

severely affects postoperative survival (7, 8). Some targeted

therapies have shown decent treatment effects in ccRCC

patients, including sorafenib and axitinib (9, 10). However, the

indications for the application of targeted drugs remain highly

controversial (11, 12). Therefore, there is an urgent need for

non-invasive indicators to effectively diagnose ccRCC patients

with different therapeutic reactions, thus enabling rational

selection of clinical ccRCC treatment strategies.

Tumor heterogeneity is closely associated with the significant

prognostic variability of current tumor therapies in ccRCC patients

(13, 14). The synergy between tumor cells and the

microenvironment is an important factor in tumor heterogeneity

(15, 16). Immune and stromal cells, which represent important

components of the TME, are considered to be closely related to the

aggressiveness and the developmental potential of ccRCC. The

heterogeneous expression of immune-related genes is thought to

correlate with ccRCC prognosis (17, 18). Therefore, the

exploitation of immune-related prognostic markers is considered

an important tool to improve the diagnosis and treatment of
02
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ccRCC. Radiogenomics combines gene expression information

with medical imaging features, thus enabling an in-depth

understanding of tumor biology and capture of internal tumor

heterogeneity information (19, 20). Traditional genetic analysis of

the tumor based on invasive biopsy is costly and cannot fully reflect

the heterogeneity of tumor microenvironment (TME) (21).

Radiogenomics has the potential to become a promising non-

invasive diagnostic method that can reflect gene expression

information (22).

In this study, we constructed a novel radiogenomics method

based on TME-related gene profiles. The immune-related gene

expression risk score was calculated and predicted using the

radiogenomics approach to build molecular markers for the

non-invasive prognosis evaluation of ccRCC. Such a strategy

may assist in making precise clinical treatment decisions and

achieving precise theranostics for ccRCC.
Materials and methods

Data processing

Transcriptomic data and relevant clinical and pathological

information were extracted from The Cancer Genomics Atlas

(TCGA) for ccRCC patients, with a total of 539 samples. To obtain

reliable conclusions, samples with a <30-day survival rate were

excluded, leaving 520 ccRCC samples enrolled in the downstream

analysis. In addition, immune-related (IR) gene symbol names were

obtained from the Immunology Database and Analysis Portal

(ImmPort). The corresponding enhanced CT digital images were
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acquired from The Cancer Imaging Archive (TCIA) database.

Initially, we collected 267 digital images, and some CT images were

excluded based on set criteria for image collection (poor image quality

or failure to identify the area of the lesion by the imaging physicians).
Identification of ccRCC subtypes

The obtained TME-related genes were used for non-negative

matrix decomposition (NMF) clustering to identify ccRCC

molecular subtypes, and the optimal cluster number K value

was determined to be 2. Non-negative matrix factorization

(NMF) is an unsupervised learning algorithm that extracts

available features. NMF works similar to the principal

component analysis and can be employed for dimensionality

reduction. Principal component analysis (PCA) was performed

to determine the robustness and reliability of ccRCC

molecular subtypes.
Investigation of immune cell
nfiltration status

To evaluate the status of immune cell infiltration in the

TME, the R package “MCPcounter” was used to manage the

relative abundance of 10 immune cell populations in each

tissue according to the transcriptome data. The cell types

included T cells, CD8+ T cells, cytotoxic lymphocytes, B

lineage cells, NK cells, monocytic lineage cells, myeloid

dendritic cells, neutrophils, endothelial cells, and fibroblasts.

Wilcoxon rank-sum test analysis was performed to assess the

differences in immune cell infiltration among the distinct

molecular subtypes.
Construction and validation of the
risk model

To quantify immune-related correlation patterns for

individual tumors, we divided the patients into training and

validation groups in a ratio of 7:3, and univariate Cox

proportional hazard regression was conducted to identify

immune-related prognostic markers. We further applied

significant factors to Least Absolute Shrinkage and Selective

Operator (LASSO) and univariate Cox proportional hazard

regression analyses to construct the risk model. The risk score

was calculated based on the coefficients of the candidate

genes. According to the median risk score, patients were

divided into low- and high-risk groups. To improve the

accuracy and practicability of the clinical predictive model,

we constructed a nomogram model that included the

following parameters: risk score, clinical stage, TNM stage,

age, and sex. A calibration curve of the nomogram model was
Frontiers in Immunology 03
361
established to assess the consistency between the predicted

and observed results.

Gene Set Enrichment Analysis (GSEA) used predefined gene

sets (gmt files C2 and C5) to rank genes according to their

differential expression levels in the two risk groups using the

clusterProfiler R package. Only items with a P-value < 0.05 were

considered. GSEA was conducted to normalize the gene

expression profile and to excavate GO and KEGG pathways.
Imaging protocol

In the radiogenomics section, the study initially included 245

patients, all of whom underwent preoperative abdominal CT or

MRI, with ccRCC from TCGA-KIRC database. The patients

underwent standard three-phase scans, including the cortical

phase (25–30 s after contrast injection), parenchymal phase (60–

70 s after contrast injection), and secretory phase (2–3 min after

contrast injection). Iodine contrast injection standards were

obtained from TCIA database for each hospital reference

standard. The inclusion criteria were as follows: (1)

confirmation of ccRCC with TNM staging obtained based on

postoperative pathology; (2) preoperative contrast-enhanced CT

(CECT) scan imaging data were complete, and a standard kidney

CT triple enhancement scan protocol was used; and (3)

recognizable mass lesions that could be detected in the kidney

by parenchymal images with CE-CT scans. Exclusion criteria

included the following: (1) a dissatisfactory quality of the CE-CT

scans or the presence of large artifacts influencing the judgment

of the lesion area; (2) radiomic features that cannot be

successfully extracted through CECT scans. The detailed

procedures of our study are shown in Figure S1.
Image preprocessing and region-of-
interest acquisition

Based on previous studies on kidney-associated radiomics,

we selected the parenchymal phase in CECT scans to extract the

radiomics features most associated with immune heterogeneity

(23, 24). In the process of image sketching, an imaging physician

(with 15 years of work experience in diagnostic urologic CT

imaging) identified and fragmented the lesion contours on each

slice within the sequence using the 3D Slicer software (version

4.11.2; Boston, MA, USA). Features were then established using

the radiomics extraction software Pyradiomics (3.0.0; https://

github.com/Radiomics/pyradiomics). Following this, we

processed the obtained feature data by utilizing the min–

max approach.

Intra-class and inter-class correlation coefficients (ICC) were

used to assess the stability of the acquired features. Fifty patients

were randomly selected for repeat region-of-interest (ROI)

fragmentation by both the previous radiologist and a new
frontiersin.org
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radiologist (with 8 years of experience in urologic CT imaging)

30 days after the initial segmentation. Both physicians were

unaware of the history of kidney disease and pathological

diagnosis of the patients.
Preliminary construction of the
radiogenomics biomarker

In TCGA-KIRC database, radiogenomics features extracted

from CECT images were filtered, and radiogenomics models

were constructed according to the following sequential steps.

Firstly, features with both intra-class and inter-class correlation

coefficients greater than 0.75 were allowed as components of the

potential immune-related radiogenomics model. The minimum

redundancy-maximum relevance (mRMR) method was used for

further feature dimensionality reduction with sufficient stability.

LASSO analysis was then used for the selection of optimal

radiogenomics features. The selected optimal features were

linearly combined with pass-through coefficients to construct

radiogenomics labels associated with immune-related gene

expression levels, also known as RADscores. Evaluation of the

novel radiogenomics biomarker was performed using the

Mann–Whitney U test, mainly to classify patients into high-

or low-risk groups based on immune-related gene expression.

ROC curves were calculated to assess the predictive efficacy of

the preliminary radiogenomics model.
Nomogram construction based on the
radiogenomics model

To further increase the credibility of the model, clinical and

pathological information from the TCIA-KIRC database was

combined in the radiogenomics model. Univariate analysis was

performed to screen for elements associated with altered genetic

subsets in the tumor microenvironment. In the training cohort,

variables with P < 0.1 in the univariate regression were

subsequently assigned to the multivariate logistic regression. A

clinical model was constructed to include factors with P < 0.1 in

the previous step of the multivariate analysis; backward stepwise

selection was performed using the likelihood ratio test. We

also compared the predictive power of the preliminary

radiogenomics marker with clinical models for tumor

immune-related gene risk model stratification. Finally, a

combined multivariate logistic model was constructed using

the RADscores and the selected clinicopathological factors.

Variance inflation factor (VIF) analysis was performed on the

combined model to further reduce the probability of overfitting.

A nomogram was developed to visualize the final radiogenomics

model, specifically to score each patient and quantify the levels of

immune-related gene expression.
Frontiers in Immunology 04
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Radiogenomics biomarker validation

The combined model was evaluated in the patient cohort,

including the training and testing groups. ROC curves and AUC

values were adopted to assess the predictive recognition

capability of the immune microenvironment in the combined

model. Calibration curves and Hosmer–Lemeshow tests were

used to estimate the agreement between the predicted outcomes

and the expected probabilities in the radiogenomics model.

We also used decision curve analysis (DCA) to analyze the

clinical potential of the radiogenomics biomarker and calculated

the net benefit of the model for different threshold probabilities.
Statistical analysis

All statistical analyses were performed using the R software

(version 3.6.3). The “survivalROC” package was employed to

calculate the area under curve (AUC) of the ROC curve to assess

the clinical utility of the prognostic model for clinical outcome.

Kaplan–Meier (KM) analysis was conducted to assess survival

differences among subtypes, with overall survival (OS) as the

primary outcome. Disease-specific survival (DSS) and

progression-free survival (PFS) were calculated as secondary

outcomes. Continuous data were evaluated using the Wilcoxon

rank-sum test. In addition, Fisher’s exact test was used to

calculate differences in categorical data. Statistical significance

was set at P value < 0.1.
Results

Identification of molecular subtypes

To investigate the molecular subtypes of ccRCC,

transcriptomic data of ccRCC patients from TCGA database

were retrieved. The expression information of tumor

microenvironment-related genes was extracted. The heatmap

displayed a different distribution of TME-related genes between

tumor tissues and normal tissues in ccRCC (Figure 1A). The

NMF algorithm was used to cluster patients into diverse

subtypes according to TME gene expression levels. To ensure

robust clustering results, the cophenetic correlation coefficient

was used to determine the optimal number of clusters, and K = 2

was selected as the optimal cluster number after comprehensive

consideration (Figure 1B). When k = 2, we observed that the two

subtypes (C1 and C2) had clear boundaries, indicating that the

ccRCC samples had stable and reliable clustering (Figure 1C).

The survival curve (Figures 1D, E) showed that the overall

survival of cluster 1 was significantly better than that of cluster

2 (P < 0.001). In addition, C1 had a significant advantage in

progression-free survival compared to C2 (P < 0.001).
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Relationship between molecular
subtypes and the tumor
microenvironment

To determine immune-related gene expression in the tumor

microenvironment, we explored immune cell infiltration in the

two ccRCC subtypes using the MCPcount algorithm. The degree

of invasion of the 10 immune cell populations in each ccRCC

patient was evaluated, as shown in Figure 2. Ten immune cell

groups were variable between the two subtypes. The levels of T

cells, myeloid dendritic cells, monocyte lineage cells, fibroblasts,

and cytotoxic lymphocytes were significantly increased in cluster

2. In contrast, the numbers of endothelial cells and neutrophils

were decreased in cluster 1. For each type of immune cell

expression data, the FDR values (q-values) for statistical

differences between the two groups are available in the

supplementary material.
Identification of prognostic features in
renal clear cell carcinoma

To further investigate the quantification of TME indicators

for individual ccRCC patients, we performed in-group validation

using TCGA datasets. The patients were divided into training

and validation groups on a 7:3 scale. Univariate Cox regression
Frontiers in Immunology 05
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analysis was performed to select genes with prognostic

significance; 245 significant prognostic genes were retained.

LASSO and Cox regression analyses were then performed to

reduce redundancy. Fourteen genes were identified. Finally, in

the prognostic model constructed by the multivariate regression

method, a total of eight risk genes were selected, including

PIMREG, CXCL5, UCN, KRBA1 PABPC1L RNASE2 IL4I1,

and ABCB4. We then constructed a risk score formula based

on the expression of specific genes and the coefficients calculated

by multivariate Cox regression as follows: risk score =

0.461*PIMREG+0.11*CXCL5+0.526*UCN-0.465*KRBA1

+0.200*PABPC1L+0.254*RNASE2+0.261*IL4I1-0.595*ABCB4.

We further investigated the clinical outcomes of high-risk

and low-risk patients using a risk prognostic model. Kaplan–

Meier curves exhibited lower overall survival (OS) in the high-

risk group in the training, validation, and TCGA datasets (P <

0.001, Figures 3A–C). We further investigated the clinical

outcomes of patients with high or low expression of these

eight risk genes alone as genomic markers through Kaplan–

Meier analysis of OS, and the specific results are presented in the

supplementary material. It should be noted that, although

individual genes also have good survival prediction, the

immune-related genetic risk model we constructed was able to

significantly improve the predictive efficacy of survival

stratification. We also adopted other survival times (including

DSS and PFS) as the survival evaluation method, demonstrating
B C

D E

A

FIGURE 1

Two distinct TME-related molecular subtypes were identified by NMF analysis for ccRCC (A) The heatmap displays the expression patterns of
TME-related genes in the tumors and normal tissues. N is equal to normal tissues, T is equal to tumor tissues. (B) Factorization rank for k = 2–
10. (C) The heatmap of the consensus matrix when the consensus clustering k = 2. The value range is 0–1. The columns and rows are sorted
through hierarchical clustering according to the Euclidean distance of the average link. (D) Kaplan–Meier OS curves and (E) PFS curve for the
two clusters in TCGA-ccRCC dataset. The assessment of difference was achieved by log-rank test.
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the predictive value of our immune-related genetic risk model

for the clinical prognosis of ccRCC patients.
Validation of prognostic features
in ccRCC

To evaluate the clinical applicability of the risk prognostic

model as a tool to predict the survival probability of patients with

renal clear cell carcinoma, receiver operating characteristic curve

(ROC) analysis was performed. The area under the curve (AUC)

values of the 1-year OS in the training, validation, and TCGA

datasets were 0.804, 0.731, and 0.784, respectively. The AUC
Frontiers in Immunology 06
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values of 3-year OS were 0.765, 0.738, and 0.757, respectively.

The AUC values of 5-year OS were 0.782, 0.772, and 0.777,

respectively (Figures 3E–G). Then, univariate Cox regression

and multivariate Cox regression analyses demonstrated that the

risk prognostic model was an independent predictive biomarker

(Figures 3D, H). In addition, to improve the clinical applicability

of the risk prognostic model, we constructed a nomogram,

including TNM stage, sex, age, and clinical stage (Figure 4A).

The calibration diagram shows a fair agreement between

the prediction results and the actual observation results of the

nomogram model (Figure 4B). In addition, we compared the

advantages and disadvantages of the TME prognostic risk model

and other reported prognostic risk models, including models
B C

D E F

G H I

J

A

FIGURE 2

Differences of immune infiltrating cells in the immune microenvironment of two ccRCC molecular subtypes. (A-I) Levels of immune cell
infiltration in the two subtypes. (A) B lineage, (B) endothelial cells, (C) NK cells, (D) T cells, (E) myeloid cells, (F) monocytic lineage, (G)
fibroblasts, (H) neutrophils, (I) CD 8+T cells, (J) cytotoxic lymphocytes.
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constructed in previous studies. The AUC values of 5-year OS

were all higher than those of other known risk models (25–28)

(Figures 5A–E). The K-M curve indicated that our immune-

related prognostic risk model had the highest differentiation for

patients’ clinical outcomes (Figures 5F–J).
Comparison of clinicopathological
features in high- and low-risk groups

We investigated the clinicopathological features of

patients in the high-risk and low-risk groups, including T

stage, N stage, lymphatic metastasis, and distant metastasis.

The higher the clinical stage and T stage (Figures 4C, D), the

more extensive the tumor lesion, and the higher the risk score

(P < 0.05). In addition, there was a positive correlation

between clinical stage and risk score (P < 0.05). Patients

with lymphatic or distant metastasis had a higher risk factor

(P < 0.1) (Figures 4E, F).
Preliminary radiogenomics biomarker
construction and evaluation

The CT images of 193 patients corresponding to the above

transcriptomic data were included based on defined criteria for

image collection (poor image quality or failure to identify the

area of lesion by the imaging physicians) in TCIA-KIRC

database (Figure 6A). From the enhanced CT scans of all
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patients, 1,218 features were extracted separately. After ICC

evaluation, a minimum criterion of 0.75 for intra- or inter-ICC

values was applied, leaving 821 features for initial feature

screening. The most influential 30 features were then retained

using the mRMR algorithm. Thirteen radiomics features were

selected using LASSO regression (Figure 6B) to construct a

preliminary radiogenomics model; the specific features are

shown in Figure 6C. The formula for RADscores is shown in

Supplementary Material II.

From the Mann–Whitney U test (Figure 6D), there was a

significant difference in expression between the subsets of tumor

microenvironment gene composition in the training cohort (P <

0.01), which was confirmed in the independent validation cohort

(P < 0.05). The AUC values of the preliminary radiogenomics

model were 0.76 in the training cohort and 0.72 in the validation

cohort (Figure 6E).
Nomogram construction based on the
radiogenomics model

In the univariate analysis of the clinical model building, only

grade was significantly associated with tumor microenvironment

gene subset grouping (P < 0.1). It retained statistical significance

in the multivariate logistic regression analysis (P < 0.1) and

therefore constituted the clinical model. The combined model

was constructed by combining RADScore and Grade. Finally, we

visualized this ultimate radiogenomics marker in the form of a

nomogram, as shown in Figure 6F.
B C D

E F G H

A

FIGURE 3

Development of eight risk genes for ccRCC. (A-C) Kaplan–Meier OS curve for high- and low-risk groups. (A) Training group, (B) validation
group, and (C) TCGA dataset. (D) Forest plots displayed the univariate Cox regression analysis results of the risk score and clinical factors with
OS. (E-G) Receiver operating characteristic curves (ROC curves) for the 1-, 3- and 5-year OS periods. (E) Training group, (F) validation group,
and (G) TCGA dataset. (H) Forest plots display the multivariate Cox regression analyses results of the risk score and clinical factors with OS.
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Final radiogenomics model validation
and clinical use evaluation

The radiogenomics biomarker based on the subset of

tumor immune-related gene expression showed good

predictive performance (AUC of 0.81 and 0.74 in the

training and validation cohorts, respectively) in reflecting
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tumor immune-related gene expression alterat ions

(Figure 6G). The Delong test showed a statistically

significant difference in AUC values between the combined

nomogram and the clinical model (P < 0.01). The calibration

curves (Figure 6H) showed good agreement between the

p red i c t ed and the obs e rved probab i l i t i e s o f the

combined nomograms.
B C

D E F

A

FIGURE 4

Validation of prognostic features in ccRCC. (A) Construction of a nomogram combining the risk prognostic signature and clinical features for
prediction of OS. (B) Calibration plots display the actual and nomogram-predicted probability of the 1-, 3- and 5-year OS periods. (C-F) The box
plot depicts the relationship between risk score and clinicopathology. (C) N stage, (D) M stage, (E) clinical stage, and (F) T stage. *P < 0.05; **P <
0.01; ***P < 0.001.
B C D E

F G H I J

A

FIGURE 5

Comparison between prognostic models. (A–E) Receiver operating characteristic curves (ROC curves) for the 1-, 3-, and 5-year OS periods. (A)
TME-related risk prognostic model, (B) Dai signature, (C) Guan signature, (D) Liu signature, and (E) Shao signature. (F–J) Kaplan–Meier OS curve
for high- and low-risk groups. (F) TME-related risk prognostic model, (G) Dai signature, (H) Guan signature, (I) Liu signature, and (J) Shao
signature.
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Decision curve analysis showed that the radiogenomics

nomogram provided a net benefit compared to the “treat all”

or “no treatment” strategy with a threshold probability of

more than 10% for the clinical model (Figure 6I). This

indicates that the radiogenomics nomogram has an

excellent clinical utility.
Discussion

In this study, a novel radiogenomics biomarker was

constructed to predict the prognosis of patients with ccRCC.

Such a biomarker was built on its close relationship with

immune-related gene expression detected by transcriptomic

analysis in patients with ccRCC. Survival statistics

demonstrated that it could effectively stratify the prognosis of

ccRCC patients. We aim to improve the process of precise tumor

diagnosis and treatment through radiogenomics and to promote

the deep investigation and mining of genetic information by

imaging methods.
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As solid tumors exhibit completely different drug

therapeutic efficacies and disease progression in different

patients, the tumor microenvironment is increasingly

becoming a scientific hotspot for research on therapeutic

resistance of tumors as well as target selection. In clear cell

renal cell carcinoma, large-scale genomic studies have identified

somatic mutations that affect tumor progression and the

response to immune checkpoint blockade therapy (29–31).

Unfortunately, despite the large number of genetic markers

currently constructed for the tumor microenvironment of

kidney cancer and the good results they have achieved in

prognosis prediction, their reliability and practical clinical

application remain unconvincing; there are still major

obstacles facing the use of multiple genetic markers in

practical clinical application. Therefore, it is extremely

important to identify the infiltration of TME and immune-

related gene expression in ccRCC patients using non-invasive

diagnostic methods.

Radiomics is different from the conventional perspective of

image information interpretation, which uses high-level
B C

D E F

G H I

A

FIGURE 6

(A) CT image phase selection and ROI segmentation. (B) LASSO regression applied in the radiomics feature screening process. (C) The radiomics
features finally screened for building the radiogenomics model. (D) M-W test showing that the radiomics model can effectively distinguish
between the established gene subsets in both the training and validation groups. (E) ROC curves of the predictive power of the pure radiomics
model for gene subsets in both the training and validation groups. (F) Nomogram built by combining radiomics as well as clinical and
pathological information. (G) Predictive performance of the nomogram in both training and validation groups. (H) Calibration curves showing
excellent fitting ability of the established radiogenomics model. (I) DCA curves of the established radiogenomics nomogram compared with the
clinical model.
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algorithms and advanced image processors (32–34). The

fundamental problems facing radiomics toward clinical

applications, such as the poor interpretability of extracted

features and the inability of more advanced deep learning

methods to explain them in a completely “black box,” have

not received much attention from researchers. In our study, we

found that a radiogenomics marker based on genetic

information from the TME can reflect profound alterations in

immune-related gene expression. Their expression levels are

closely correlated with a variety of immune cells, such as T

cells, myeloid dendritic cells, and fibroblasts. In addition, there

were significant correlations between the alterations and

pathways such as tumor fibrosis and microvascular infiltration.

This suggests that the novel radiogenomics marker we

constructed could adequately reflect the various profound

modifications of the TME. Few previous studies have reported

the application of radiogenomics approaches for the non-

invasive monitoring of TME. This gives our study a unique

advantage, although this research approach needs to be

supported by further experimental data. However, it also

provides a fresh and dynamic methodological guide for the

optimal combination of imaging and genomic data. However,

it must also be acknowledged that a direct association between

the immune microenvironment of ccRCC and the clinical

prognosis of patients has not been confirmed by large-scale

clinical data. Therefore, our study was based on transcriptomic

data, and it aimed to assess immune-related gene expression in

tumors in a non-invasive manner. This way, prognostic

differences in tumors can be explained from an immunological

perspective. Notably, some ccRCC patients often suffer from a

coexisting disease with abnormal autoimmune system function,

which may have a confounding effect on the ultimate predictive

efficacy of immune-based prediction models. We therefore

recommend that immune-related clinical treatment decisions

and predictive models be considered with caution in such

patients. In our work, we have incorporated some valid clinical

and pathological factors in addition to immune-related genes in

the hope of diluting the adverse effects on model prediction in

this subset of patients. However, specific predictive efficacy

requires future clinical validation of transcriptomic data and

imaging for this subset of immune abnormal ccRCC patients.

Some limitations exist in this study: (1) the images in the

study were obtained from TCIA database, utilizing different

imaging machines and image acquisition protocols. Although

strict inclusion and exclusion criteria were used, the results

need to be validated in future clinical trials in more centers. (2)

Robust data on radiogenomics and specific phenotypes of the

tumor microenvironment are still lacking, and we hope to

deepen our understanding of this in the future by combining

conventional methods with radiogenomics-based methods. (3)

Concerning the comprehensiveness of clinical information in

TCGA database, only select clinical and pathological factors
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were included in the radiogenomics model, and more factors,

such as conventional markers, may be needed in the future to

improve the predictive power and reliability of the model. (4)

Radiomics analysis was based on the ROI of the entire tumor,

while the biopsy was tumor-specific. Owing to the spatial

resolution of the CT image and the unavailability of tumor

sampling location information, it has not yet been possible to

achieve a more accurate prediction between the two

correspondences. We hope to make further breakthroughs on

this problem in future work.

In conclusion, this study constructed a novel non-invasive

radiogenomics marker for the prognostic stratification of ccRCC.

Based on the contrast-enhanced CT scans and radiogenomics

features in ccRCC patients, this biomarker achieved convergent

prediction of immune-related gene risk model stratification and

pathway alterations. Such a novel imaging-based approach, used

to reveal tumor microenvironment alterations, may have great

clinical value for future immunotherapy efficacy and

individualized tumor treatment.
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A novel cuproptosis-related
prognostic lncRNA signature for
predicting immune and drug
therapy response in
hepatocellular carcinoma

Shujia Chen1, Peiyan Liu1, Lili Zhao2, Ping Han2, Jie Liu2,
Hang Yang1 and Jia Li2*

1Clinical School of the Second People’s Hospital, Tianjin Medical University, Tianjin, China,
2Department of Hepatology, Tianjin Second People’s Hospital, Tianjin, China
Intratumoral copper levels are closely associated with immune escape from

diverse cancers. Cuproptosis-related lncRNAs (CRLs), however, have an

unclear relationship with hepatocellular carcinoma (HCC). Gene expression

data from 51 normal tissues and 373 liver cancer tissues from the Cancer

Genome Atlas (TCGA) database were collected and analyzed. To identify CRLs,

we employed differentially expressed protein-coding genes (DE-PCGs)/

lncRNAs (DE-lncRNAs) analysis, Kaplan–Meier (K-M) analysis, and univariate

regression. By univariate and Lasso Cox regression analyses, we screened 10

prognosis-related lncRNAs. Subsequently, five CRLs were identified by

multivariable Cox regression analysis to construct the prognosis model. This

feature is an independent prognostic indicator to forecast overall survival.

According to Gene Set Variation Analysis (GSVA) and Gene Ontology (GO),

both immune-related biological processes (BPS) and pathways have CRL

participation. In addition, we found that the characteristics of CRLs were

associated with the expression of the tumor microenvironment (TME) and

crucial immune checkpoints. CRLs could predict the clinical response to

immunotherapy based on the studies of tumor immune dysfunction and

rejection (TIDE) analysis. Additionally, it was verified that tumor mutational

burden survival and prognosis were greatly different between high-risk and

low-risk groups. Finally, we screened potential sensitive drugs for HCC. In

conclusion, this study provides insight into the TME status in patients with HCC

and lays a basis for immunotherapy and the selection of sensitive drugs.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most frequent

malignancies worldwide and is the second dominant cause of

cancer-related deaths (1, 2). More than 700,000 people die of

liver cancer globally, with approximately 500,000 new cases

annually (1). Hepatitis C virus (HCV) infection, chronic

hepatitis B virus (HBV), non-alcoholic fatty liver disease, and

alcoholic liver disease all contribute to HCC (2). Current therapy

options for early-stage HCC include radiofrequency ablation

surgery and liver transplantation (3–6). Recurrence, or the

occurrence of distant metastases, occurs in most patients after

surgery (7). Unfortunately, the diagnosis is advanced in more

than 70% of patients. As a result, only restricted therapeutic help

is available for a small number of patients. Thus, it is important

to elucidate the molecular mechanism of HCC progression and

set novel molecular goals for HCC diagnosis and treatment.

One of the fundamental mineral nutrients for all living

things is copper (Cu), which is the foundation for many

biological activities containing antioxidant/detoxification

activities and mitochondrial respiration (8). Recently,

cuproptosis has been considered as a copper-triggered mode of

mitochondrial cell death (9). Moreover, many links between the

disease status and Cu have been observed, and several studies

have reported higher copper levels in cancer malignancies than

in normal tissues. There is a relationship between copper

accumulation and cell propagation, as well as angiogenesis. It

can be seen that in cancer, copper imbalance exerts a dominant

function. In particular, it has been found that there were great

variations in the serum and tumor tissue levels of Cu in patients

with diverse cancers such as ovarian cancer, pancreatic cancer,

prostate cancer, cervical cancer, breast cancer, gastric cancer,

lung cancer, and thyroid cancer (7, 10–18).

Long non-coding RNAs, or lncRNAs, are a family of

transcripts of non-coding molecules over 200 nucleotides in

length that are thought to exert important functions in diverse

diseases (19, 20). Abnormal lncRNA presentation was greatly

associated with tumor malignancy, including HCC (21–25).

For example, according to previous reports, the lncRNA Miat

family promotes the proliferation, invasion, and migration of

HCC cells by sponging miR-214 (21); hepatoma cell

propagation, migration, and chemoresistance could be

virtually suppressed by lncRNA SNHG16 upregulation by

functional cavernous hsa-mir-93 (22). Moreover, lncRNA

HULC could cause autophagy. For instance, it has been

reported that stabilizing SIRT1 lowered the sensitivity of

HCC cells to chemotherapeutic drugs (23). However, the role

of CRL imbalance in tumor progression is not well defined. Not

much research had paid attention to the regulatory relationship

between CRLs and HCC. Exploring the relationship between

CRLs and HCC development could be useful for recognizing

underlying indicators as therapeutic goals.
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This paper performed a prognostic feature of lncRNAs

related to cuproptosis (LINC01515, AC105020.5, AC019069.1,

HCG15, AC079209.1). It is an independent prognostic indicator

with high accuracy in forecasting overall survival (OS). This

study shows that the characteristic is related to immune-related

functional pathways, which exerted crucial function in HCC

tumorigenesis, and is closely associated with the tumor

microenvironment (TME), immunotherapy, and chemical

drug response. Our study constructed a new prognosis model

based on CRLs, which provides possible value in the prognosis of

HCC patients and provides benefits in guiding individualized

immune and drug therapy.
Materials and methods

Data sets and patients

From The Cancer Genome Atlas-Liver hepatocellular

carcinoma (TCGA-LIHC) database (https://portal.gdc.cancer.

gov/) RNA-seq, we collected transcriptome data from 373 HCC

samples and 51 normal samples. In addition, we obtained the

matching clinical and pathological characteristics, covering tumor

grade, age, follow-up time, sex, Tumor, Node, Metastasis (TNM)

phrase, and survival condition. We combined profiles from

replicate samples from the same patient into an average. We

further differentiated the transcriptomic data of TCGA-LIHC

from mRNA and lncRNA and collected 19,323 mRNAs and

13,162 lncRNAs in HCC. We used TCGA-LIHC in the

University of California Santa Cruz (UCSC) Xena (https://xena.

ucsc.edu/) database to extract the copy number variation

information of LIHC. As a public database, each case involved

in TCGA has gained ethical agreement and is approved by TCGA.

Individual researchers analyzed the database. Open-source data

were the foundation of this work. We blinded related identifying

data for all included cases, making the study plan ethical. We

proceeded and reported this study based on the Declaration of

Helsinki. Supplementary Figure 1 shows the data analysis process.
Identification of cuproptosis-related
lncRNAs with prognostic significance in
hepatocellular carcinoma

We first reviewed the literature and summarized the

cuproptosis-related genes, and obtained a total of 19 genes (see

Table S1). Next, the expression of cuproptosis-related genes was

obtained by the R “limma” package (26). According to the

correlation coefficient > 0.3, P< 0.05, 53 CRLs and their

expression were identified. Finally, the coexpression of

cuproptosis-related genes and CRLs were analyzed using the

“ggplot2” and “ggalluvial” R package (27) to observe the interaction.
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Construction of the risk score model
based on prognostic cuproptosis-related
lncRNAs in hepatocellular carcinoma

We collected 10 lncRNAs associated with cuproptosis by

univariate Cox analysis. We employed Lasso Cox regression and

applied the R package “glmnet” to remove highly correlated

lncRNAs (28). Finally, this study recognized only five CRLs and

entered into a fresh risk-scoring model. According to the

prediction model, the CRLs of each HCC patient can be

derived from the formula below:

CI (cuproptosisindex) = SExpi * bi

(bi stands for each lncRNA coefficient, and Expi stands for each

lncRNA presentation).

Next, we randomly divided all patients into two sets (184 in

the training group and 182 in the testing group). Patients were

split into high-risk and low-risk groups based on risk scores

within each cohort. We contrasted CRL median cutoff values

and split patients into high-CRL and low-CRL groups. We used

the R package “survival” (29) to perform a Kaplan–Meier (K-M)

analysis of OS on the high- and low-CRL groups of the three

data sets and evaluated model feasibility (30). Furthermore,

through K-M analysis, there was no progression-free survival

(PFS) in the training group between the high-CRL group and the

low-CRL group.
A comprehensive evaluation of
cuproptosis-related index and clinical
parameters in patients with
hepatocellular carcinoma

To further clarify the clinical practicality of CRLs, PCA

analysis was carried out to prove whether the lncRNA involved

in the model construction can distinguish these two groups of

patients. In addition, through hierarchical analysis, the

correlation between this formed model and many clinical

markers containing the grade, gender, age, stage, and T

was determined.
Development and evaluation of clinical
pathological nomogram related
to cuproptosis

We determined whether CRLs were independent

prognostic HCC indicators by using univariate and

multivariate Cox regression analyses. The mentioned

findings showed “RMS” and the “regplot” R package, and a

clinicopathological nomogram related to cuproptosis was
Frontiers in Immunology 03
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exploited (31). We described the decision curve analysis

(DCA) of HCC patients and the calibration curve (32) to

verify that the nomogram prediction and recognition

outcomes were content.
Functional enrichment analysis of
differentially expressed genes
related to cuproptosis

We deciphered the majorly enriched signaling pathways and

biological roles between the high- and low-CRL groups in the

training sets through GO and GSVA (33). P< 0.05, with |NES| >

1.5 and FDR q-value< 0.1, was statistically significant.
Tumor somatic mutation and differential
tumor mutational burden and
survival analysis

We utilized the “maftools” package (34) to assess and

contrast the gene mutation frequencies between the two

groups using the tumor somatic mutation waterfall method

established in the high-risk and low-risk scores. For mutation

type analysis, we selected the first few genes with high

mutation frequencies. Secondly, we applied “limma” and

“ggpubr” packages (26) to show the different analyses of

survival analysis and tumor mutational burden (TMB) and

then compared the prognosis and tumor mutation of the

two groups.
The potential significance of
immunotherapy based on characteristics
and tumor immune microenvironment
landscape estimation

Immunotherapy and targeted therapy techniques for HCC

patients in recent years have been continuously improved.

Consequently, this study evaluated the correlation between

five lncRNAs and immune checkpoints (35) by using the

Wilcoxon test and verified its accuracy with the Shapiro–

Wilk normality test. We applied the single-sample gene set

enrichment analysis (ssGSEA) method to calculate the four

tumor immune-infiltrating cells’ enrichment in the gene

expression matrix of the TCGA-LIHC cohort in high-CRL

and low-CRL HCC samples. The outcomes of immunoassays

were represented by scatter plots, and P< 0.05 was regarded

statistically significant by Spearman’s test. The characteristics

of CRLs in HCC and the differences in immune function,

immune escape, and immunotherapy were analyzed, and the
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effect of immunotherapy in high- and low-risk patients

was evaluated.
Screening potential drugs for
hepatocellular carcinoma

The “limma” and “ggpubr” packages (26) are used to predict

which high-risk and low-risk groups have different

susceptibilities to the drug. The filtration condition was P<

0.05. The lower the IC50 value, the more sensitive it is to

drugs, to guide patients’ clinical medication.
Statistical analysis

We used R software (version 4.0.2, http://www.R-project.

org) to analyze all statistics. We used the log-rank test and

compared each K-M curve included. Then, we utilized the

Wilcoxon test to examine CRL expression levels in normal

and HCC tissues in low- and high-CRL groups. In addition,

we stratified the differences in the adjusted CRLs values for each

clinicopathological parameter. Additionally, we screened CRLs

and OS for independent prognostic indicators associated with

OS by univariate and multivariate Cox regression analyses. The

Spearman correlation test represented the correlation matrix.

P< 0.05 was considered statistically significant, and the P-value

was two sided.
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Results

Identification and construction of
cuproptosis-related lncRNAs

By comparing 373 HCC tumors and 51 normal tissues, we

analyzed differentially expressed cuproptosis-related genes

(Supplementary Table 1) in HCC and the expression of 53

CRLs (Figure 1A). We detected cuproptosis-related genes

through the Human Protein Atlas (HPA) database

(Supplementary Figure 2). Then, 10 CRLs with significant

differential expression were obtained by univariate regression

analysis (Figure 1B), Lasso Cox regression (Figures 1C, D), and

multivariate Cox regression analysis. Five candidate OS-related

CRLs were identified in the TCGA-LIHC cohort to find the best

CRLs for establishing prognostic characteristics. Finally, the five

key CRLs were extracted to construct the signature, which

include LINC01515 and AC105020.5, AC019069.1, HCG15,

and AC079209.1 (Figure 1E) showing the coexpression of

cuproptosis-related genes (Figure 1F). Furthermore, we

presented the box plots of expression levels (Figure 1G) and

K-M curves of OS (Figure 1H) in the training set to study the

expression levels and independent prognostic power of each

characteristic CRLs. From the results, we found that the

expression levels of LINC01515, HCG15, and AC079209.1

were significantly increased, while the expression levels of

AC105020.5 and AC019069.1 were not significantly different

between normal samples and HCC samples. In the separation K-
B C D
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F

G

H

A

FIGURE 1

Construction of cuproptosis-related characteristics m TCGA-LIHC cohort (A) Co-expression analysis of cuproptosis related locRNAs, (B)
Univariate Cox regression analysis (C, D) Lasso Cox regression analysis (lasso Lambda and lasso Cvfit), (E) Multivariate Cox regression analysis (F)
Correlation between IncRNAs involved in model construction and cuproptosis-related genes (G) Expression level of five CDIs contained in
signature (H) Kaplan-Meier (K-M) analyses OS based on the expression level of five CDIs TCGA, The Cancer Genome Atlas, CRLs, Cuproptosis
related IncRNAs, OS overall survival. **Means P<0.01, ***means P<0.001, ns means no significance.
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M analysis of OS, AC105020.5, AC019069.1, HCG15, and

AC079209.1 high-risk and low-risk groups’ survival had a

s ign ificant d i ff e rence , whi l e LINC01515 was not

statistically significant.
Construct the prognostic characteristics
of cuproptosis in patients with
hepatocellular carcinoma

Based on patient traits, we calculated the CI for each patient

below: CI = expression of LINC01515 * 1.516676 − expression of

AC1050205 * 0.967179 + AC0190691 expression * 0.927628 +

HCG15 expression * 0.900299 + AC079209.1 * 0.427597. In

addition, based on the CI median value, HCC patients in the

training set can be separated into the high-CI group and low-CI

group. The CI can be adjusted to make the data more direct

(Figure 2A). In the TCGA-LIHC data set and compared to the

low-CI group, the high-CI group patients had a higher rate of

death (Figure 2B). To assess the prognostic feasibility of CI, a K-

M analysis was performed to decipher that it can be seen that the
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high-CI group had a significantly lower OS than the low-CI

group (Figure 2C). It was the same as the evaluation of PFS in the

testing, training, and TCGA data set (Figure 2D).
PCA analysis and comprehensive
evaluation of clinical parameters of
cuproptosis-related lncRNA model in
patients with hepatocellular carcinoma

PCA analysis was carried out on all genes, cuproptosis-

related genes, cuproptosis-related lncRNAs, and risk lncRNAs of

the model (Figures 3A–D), and the CRLs’ clinical availability

was further clarified. The lncRNAs involved in the model

construction can effectively distinguish high-risk group

patients and low-risk patients, proving the model’s accuracy.

The correlation between CI and clinical traits was further

established, and the CI validity in predicting other clinical

parameters was improved. Different levels of different clinical

parameters (including age, sex, clinical stage, clinical grade, and

pathological T) of the training set had remarkable deviations in
B

C

D

A

FIGURE 2

Evaluation and validation of the utility of CRLs in TCGA, training, and testing sets (A) Distribution of the patients normalized CRL scores (B)
Patients’ overall survival (OS) time along with their CRL score (C) K M analyses of OS between high- and low-CRL groups (D) K-M analyses of
PFS between high- and low CRI. groups in the training set. C1 cuproptosis index, CRL suproptons related lncRNAs, K M Kaplan-Meier, OS overall
survival PFS, progression-free survival.
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adjusted CI (P< 0.05). Higher CI may be related to late clinical-

stage, stage, and pathological T stage (Figures 3E–N), thus

proving that our model department is used to distinguish

patients with different clinical–pathological characteristics.
Development and evaluation of
cuproptosis-related clinicopathological
nomogram

Whether it was an independent prognostic indicator

explored by conducting univariate and multivariate Cox

regression analyses in the training set (Figures 4A, B). It was

found that the age, risk score, and OS of HCC patients were

markedly related in univariate and multivariate Cox analyses.

The clinical ROC curve assessed the accuracy with an AUC value

of 0.695 (Figure 4C). The result of the c-index curve is the same

as the former (Figure 4D). In addition, the ROC curve had good

results in evaluating the 1-, 3- and 5-year survival of patients

(Figure 4E). Based on the above results, individual 1-, 3-, and 5-

year OS was predicted by clinicopathological nomogram

advance (Figure 4F). We performed survival descriptions on

the calibration plots to confirm that the nomogram predictions

were identified as satisfactory and the predictions were great

(Figure 4G). In conclusion, multiple aspects illustrated the

validity of prognostic maps.
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Gene ontology function of risk
differential genes and gene set variation
analysis pathway analysis

First, we analyzed the difference of genes in high-risk and low-

risk groups and found that the risk difference genes are based on

their mean value in high-risk and low-risk groups (Supplementary

Table 2). We then used the “clusterprofiler” software package to

conduct enrichment analysis on differentially expressed genes

(DEGs) to explore their biological characteristics (30). Biological

process (BP) terminology indicates that DEGs are rich in the

“emphasizing-activating MAPK cascade,” “toxin metabolic

process,” and “cyclooxygenase P450 pathway.” In terms of cell

composition (CC), “glycoprotein complex” “astral microtubule”

and “cytoplasmic microtubule” are significantly abundant.

Therefore, we hypothesized that DEGs mainly play a role in the

extracellular matrix. The main enrichment molecular function

(MF) terms of DEGs are “oxidoreductase activity” “heme binding”

and “sulfur compounds” (Figure 5A).

In addition, this study utilized the “clusterprofiler” software

package for GSVA path enrichment analysis (30) for studying

further roles of DEGs. According to the results, the following

pathways were significantly enriched in DEGs: “cell cycle”, “fatty

acid metabolism” and “drug metabolism cytochrome P450”

(Figure 5B). In conclusion, the results confirm that these central

genes are involved in cellular metabolic processes.
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FIGURE 3

PCA analysis and systematic evaluation of CRLs and clinical parameters in HCC patients. (A) allGene PCA analysis; (B) cuproptosisLncRNA PCA
analysis; (C) cuproptosisGene PCA analysis; (D) riskLnc PCA analysis; (E–N) Survival analyses of the risk score in different subgroups of various
clinical factors: age (≤/>65years), pathological grade (1–2/3–4), sex (female/male),clinical stage (I–II/III–IV) and pathological T(T1-2/3-4).
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Landscape of the hepatocellular
carcinoma mutation profiles and survival
analysis

In total, this study explored the somatic mutation spectrum of

371 HCC patients in a VCF format through the “maftools”

software package (29) and selected the 20 genes with the highest

mutation frequency for visualization. The waterfall plot showed

that the first three mutated genes were TP53, CTNNB1, and TTN

mutations in HCC samples. We not only counted the number of

variants in each sample but also marked the HCC mutation kinds

in box plots in different colors. Compared with the low-risk group,

most high-risk group genes had higher mutation frequencies

(Figures 6A, B). For TP53 and CTNNB1 with high mutation

frequency, we found that the wild-type frequency in the high-risk

and low-risk groups was higher than that of the mutant, and the

difference was statistically significant (Figures 6C, D). In addition,

we assessed TMB in both groups, meanwhile. We found that the
Frontiers in Immunology 07
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high-risk group's TMB was not greatly different from that of the

low-risk group (P = 0.89) (Figure 6E). Between the high and low

mutation burden groups, however, there was a big difference in

patient survival (P = 0.010). Compared with the high mutational

burden group, patients in the low mutational burden group had a

better prognosis (Figures 6F). Combining TMB with the risk score

of patients, the survival rate of the four groups was also

significantly different (P < 0.001) (Figures 6G).
Potential significance of immunotherapy
based on characteristics and tumor
immune microenvironment landscape
estimation

We assessed the association of five CRLs with immune

checkpoints (35) using the Wilcoxon test (Figure 7A) and

found that they were significantly associated with PD1
B

C D E

F G

A

FIGURE 4

Establishment of cuproptosis-related clinicopathologic nomogram (A) Univariate Cox regression analysts of the signature CRLs and clinical
parameters (B) Multivariate Cox regression analysis of the signature CRLs and clinical parameters (C) Development of a prognostic nomogram to
predict 1-, 3- and 5-year OS in the HCC patients of the training set. (D) Clinical data c-index ROC curve (E) Characteristic CRLs to predict 1-, 3- and
5-OS of HCC patients in the traming set. (F) A prognostic nomogram was developed to predict the 1-, 3- and 5-year OS of HCC patients in the
training set. (G) Prognostic nomogram predicted OS time, CRLs, cuproptosis-related lncRNAs; OS overall survival, HCC, hepatocellular carcinoma.
*Means P<0.05, **Means P<0.01, ***means P<0.001.
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(PDCD1), PDL1 (CD274), CTLA4, and other common

immune checkpoints. This is consistent with the Shapiro–

Wilk Normality test (Supplementary Figure 3). In addition, we

measured the content of four tumor immune-infiltrating cells

(T cells, macrophages, NK cells, and CD8 T cells) in the gene

expression matrix in the TCGA-LIHC cohort of HCC samples

by using ssGSEA analysis. The scatter diagram was used to

reveal the results of the immunoanalysis. Most of the results

were statist ically significant (P< 0.05) (Figure 7B).

Additionally, we discussed the relationship between CRL

characteristics and immune function in HCC. According to

the heat map, some parameters were significantly different

be tween h igh- r i sk and low- r i sk g roups , such a s

APC_co_Stimulation, Type_I_IFN_Response, MHC_class_I,

Type_II_IFN_Response, and CCR (Figure 7C). Finally, the

effect of immunotherapy in high-risk and low-risk patients

was assessed by assessing differences in immune escape and

immunotherapy in high-risk and low-risk groups (Figure 7D).

It was found that low-risk group TIDE (tumor immune

dysfunction and exclusion) was higher, indicating that the

greater the potential of immune escape, the worse the effect of

immunotherapy (P< 0.001).
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Screening potential drugs for
hepatocellular carcinoma

We circulated the drugs and observed which drugs had

different sensitivities between the two groups. The lower the

IC50 value, the higher the sensitivity to the drugs. Finally, we

screened five drugs with great differences in drug sensitivity

between two groups, including sorafenib (Figures 8A, B),

imatinib (Figures 8C, D), and saracatinib (Figures 8E, F),

bortezomib (Figures 8G, H), and crizotinib (Figures 8I, J).

In conclusion, this provides a great reference for

clinical medication.
Discussion

HCC has a high recurrence rate and is one of the leading

causes of tumor-related deaths. The prognosis of patients is

seriously affected by the high recurrence rate, and there is

currently no effective preventive method. With the rapid

development of systemic therapy, after sorafenib treatment,

more and more drugs are available but survival-enhancing
BA

FIGURE 5

The result of GO and GSVA pathway enrichment analyses. The result of GO and GSVA pathway enrichment analyses (A) Biological process, cellular
component, molecular function GO terms for risk DEGs (B) GSVA pathways for DEGs The top 10 sorted by the GeneRatio of GO terms and the top
20 sorted by GSVA pathways are shown. GO, Gene Ontology; GSVA, gene set variation analysis; DEGs, differentially expressed genes.
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FIGURE 6

Tumor somatic mutation and differential tumor mutational burden (TMB) and survival analysis. The waterfall plot of tumor somatic mutation was
established by those with high-risk scores (A) and low-risk scores (B). (C) TP53 mutation, (D) CTNMBI mutation (E) Analysis of the difference of
TMB; (F)TMB survival analysis; (G) Combined survival analysis of TMB and patient risk; Each column represented individual patients. The upper
barplot showed TMB. The number on the right indicated the mutation frequency in each gene The right barplot showed the proportion of each
variant type. TMB tumor mutational burden.
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FIGURE 7

Analysis of immune function, escape, and immunotherapy. (A) Correlation analysis between CRLs and the immune checkpoint; (B) Correlation
analysis between CRLs and immune cells (T cells, macrophage cells, NK cells and CD8 T cells); (C) Analysis of correlation and difference
between high-risk and low-risk groups and immune function; (D) TIDE between high and low-risk groups; TIDE, tumor immune dysfunction
and exclusion. *Means P<0.05, **Means P<0.01, ***means P<0.001.
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treatments remain unsatisfactory (36). Moreover, HCC

treatments in recent years utilized the immunotherapy of

immune checkpoints (32), but the therapeutic effect is not

very ideal. Therefore, it is urgent to explore the occurrence,

development, recurrence, migration, and HCC immunotherapy

mechanism. Xing et al. have reported the diagnostic and

prognostic value of genes related to the focal degeneration of

HCC (37). In this way, key regulatory pathways or networks in

HCC are further revealed, and the development and

improvement of related therapeutic approaches are facilitated.

Recently, cuproptosis has been considered as a copper-

triggered mode of mitochondrial cell death (9). In the case of

the growth and severity of cancer, it was reported that Cu might

exert an important function (33, 34). Related research supported

this hypothesis. For instance, liver cancer in patients with

Wilson’s disease had an increased incidence. The relation

between staging and Cu levels in colorectal cancer and breast

cancer, Cu exposure, and the relation between pancreatic cancer

and prostate cancer have also been observed (37–40). Studies

have shown that the demand for NET (neutrophil extracellular

trap) formation by different trace elements varies greatly; unlike

zinc, low or negligible copper levels will not interfere with the

NET formation and may even enhance NET formation. In

contrast, high copper concentrations inhibit net release, but

this was mainly due to cytotoxicity to neutrophils (41). Several

mechanisms of copper-dependent tumor growth and

development have been studied in recent years (8, 42, 43).

Tsvetkov P et al. showed that the mechanism of copper-

dependent regulation of cell death is different from the known

death mechanism and depends on mitochondrial respiration.

Copper-dependent death occurs through the direct combination

of copper and the fatty acylation component of the tricarboxylic

acid (TCA) cycle. This leads to the aggregation of acylated
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proteins and the subsequent loss of iron–sulfur cluster

proteins, which lead to protein toxic stress and eventually cell

death. These findings can explain the necessity of the steady-

state mechanism of ancient copper (44). In addition, Cu can also

promote angiogenesis, which is very important in tumor

metastasis. In particular, more and more lines of evidence

showed that several angiogenic factors could be stimulated by

copper, including the vascular endothelial growth factor

(VEGF), angiopoietin (hAng), and interleukin-1 (IL-1) (42, 45,

46). Additionally, Yang et al. found that the COMMD 10-

inhibited HIF1a/CP loop can enhance the iron wire disease

and radiosensitivity by destroying the Cu-Fe homeostasis in

HCC. This work provided a new target and treatment strategy

for overcoming the radioresistance of HCC (47). Our results

were mostly consistent with most of the DEGs in their research.

We, however, collected more DEGs because we registered more

lncRNAs related to cuproptosis by reviewing the latest literature.

It was found that cuproptosis studies are developing rapidly, and

more and more discoveries are being revealed.

Based on the key role of cuproptosis in cancer and the close

interaction between cuproptosis and lncRNA, we used TCGA

transcriptome data to study the potential mechanism and

prognostic value of CRLs in HCC. We identified five key CRLs

(LINC01515, AC105020.5, AC019069.1, HCG15, AC079209.1).

They were applied to develop a risk-scoring model. In this way, a

patient’s prognosis could be differentiated. Importantly, an

independent prognostic HCC factor was the risk model. A

prognostic nomogram with high precision was next

established to provide 1-, 3-, and 5-year HCC OS prediction.

This greatly improved the feasibility of CRLs in judging the

prognosis of patients. Moreover, there was a significant

correlation between CRLs and the immune-related function,

immune escape, and immunotherapy of HCC. Given the
B
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FIGURE 8

Screening potential drugs for HCC. Five drugs with great differences in drug sensitivity between two groups: sorafenib (A-B), imatinib (C-D),
saracatinib (E-F), bortezomib (G-H) and crizotinib (I-J).
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essential role of the TME in tumorigenesis and development, the

interaction between cancer cells and immune cells regulates all

links to tumor development. As a result, CRL-mediated

variations may affect tumor progression (48) through

immune-related mechanisms. In this study, we investigated

that the expression of the immune checkpoint, containing PD-

L1, PD-1, and CTLA-4, and five CRLs were significantly

correlated with the above immune checkpoints. These findings

suggest the potential role of CRLs in regulating immune

checkpoint expression in the TME. In addition, differences

between high- and low-risk groups in immune escape and

immunotherapy were also assessed, and the influence of

immunotherapy on high- and low-risk patients was then

assessed. The results showed that the TIDE of the low-risk

group was higher, and the greater the potential of immune

escape in the low-risk group, the worse the effect of immune

treatment. Based on this, we also screened the model-based

sensitivity analysis of patients to chemotherapy drugs. Five drugs

with significant expression differences were extracted, namely

sorafenib, imatinib, saracatinib, bortezomib, and crizotinib,

which provided a reliable choice for clinical medication.

A large number of studies have shown that lncRNA plays a

very important role in the TME. For instance, Huang et al.

showed that lncRNA can stimulate the differentiation of T

regulatory cells, promote the immune escape of HCC cells,

and can be used as a diagnostic biomarker of HCC (49). As

for the five key CRLs, numerous studies explored the LINC01515

function and HCG15 function in cancer. Liu (50) et al. found

that the expression of LINC01515 was increased in

nasopharyngeal carcinoma, and the higher the expression of

LINC01515, the worse its prognosis. This agreed with the

findings of this study. In addition, earlier research (51)

suggested that LINC01515 exerted a key function in the drug

resistance of leukemia cells. However, in our study, LINC01515

was identified as the CRLs of HCC, while Liu reported lncRNA-

related immunity. It was found in tumors that lncRNA had a

complicated role. Yan (52) et al. found that HCG15 is a hypoxia-

reactive lncRNA that improved HCC cell propagation and

aggression by enhancing ZNF641 transcription. In addition, in

the regulation of glioma formation, the PABPC5/HCG15/

ZNF331 feedback loop involving HCG15 exerted a significant

function, giving a novel target for glioma therapy (53).

Additionally, the prognostic model involved in HCG15 is

conducive to discovering the new mechanism of ivermectin-

inhibiting ovarian cancer cells and the benefits of ivermectin-

related molecular combination changes on its prediction in

ovarian cancer, personalized drug treatment, and the

prognostic evaluation of preventive and personalized drugs

(PPPM) (54). Therefore, additional research on these newly

discovered lncRNAs is essential.

There are some limitations on this study. First, the

findings need to be further verified experimentally because
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the data and results of this study were based on TCGA

transcriptomic, mutational, and clinical data. Then, the

training and testing group were randomly grouped from the

TCGA queue, which needs to be further verified by

other databases.
Conclusion

In conclusion, a new model based on CRLs has been

developed, which has an important potential to forecast HCC

prognosis. This study is expected to give a novel perspective on

the underlying mechanisms of CRLs in regulating the immune

microenvironment and immunotherapy.
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Immune checkpoint blockade (ICB) has rapidly transformed the treatment

paradigm for various cancer types. Multiple single or combinations of ICB

treatments have been approved by the US Food and Drug Administration,

providing more options for patients with advanced cancer. However, most

patients could not benefit from these immunotherapies due to primary and

acquired drug resistance. Thus, a better understanding of the mechanisms of

ICB resistance is urgently needed to improve clinical outcomes. Here, we focused

on the changes in the biological functions of CD8+ T cells to elucidate the

underlying resistance mechanisms of ICB therapies and summarized the

advanced coping strategies to increase ICB efficacy. Combinational ICB

approaches and individualized immunotherapies require further in-depth

investigation to facilitate longer-lasting efficacy and a more excellent safety of

ICB in a broader range of patients.
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Introduction

The emergence of immune checkpoint blockade (ICB) has brought the oncology field to a

new stage, offering renewed hope for patients with advanced cancer. Over the past decades,

ICB, as one of the representative cancer immunotherapies, has produced the broadest impact

on cancer treatment (1). ICB, including programmed cell death protein 1 (PD-1),

programmed cell death ligand 1 (PD-L1), and cytotoxic T lymphocyte antigen 4 (CTLA-4)

monoclonal antibodies, have shown antitumor efficacies in multiple advanced solid tumors

since the initial approval of CTLA-4 inhibitors for metastatic melanoma in 2011 by the US
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Food and Drug Administration (FDA) (2). There are currently

three main classes of ICB approved by the FDA in the treatment of

various solid tumors, including six drugs targeting the programmed

cell death protein 1 (PD-1)/programmed cell death ligand 1 (PD-

L1) checkpoint (nivolumab, pembrolizumab, cemiplimab,

avelumab, durvalumab, atezolizumab), anti-CTLA-4 checkpoint

(ipilimumab), and recently approved anti-LAG-3 (relatlimab) (3).

Unfortunately, most patients suffer primary resistance and do

not respond to anti-PD-1/PD-L1 treatments. The limited efficacy

of anti-PD1/PDL1 may be attributed to a range of mechanisms

involving the whole immune response process. The most

straightforward reasons for primary resistance are insufficient

tumor immunogenicity, poor CD8+ T-cell infiltration, and

irreversible T-cell exhaustion. Moreover, some patients with the

initial response develop resistance or relapse eventually, which is

called acquired resistance (2, 4). The mechanisms accounting for

either form of resistance are intricate and complex, which have

not been fully cleared up yet. Golnaz Morad et al. systematically

divided the factors that affect ICB response into host-intrinsic

factors, including tumor cells, non-tumor cells, age, gender,

obesity, and gut microbiota, and host-extrinsic factors such as

environmental exposures, social pressure, and unhealthy lifestyles.

According to their discussion, the role of host systemic and

environmental factors should be noted in the study of ICB

response (5). Similarly, Aldea et al. overviewed the tumor cell–

intrinsic mechanisms and stromal mechanisms. Of note, the

different locations of metastasis can lead to an opposite

response to ICB (6). Bagchi et al. reviewed the mechanism of

ICB resistance from primary and acquired resistance perspectives.

Most cancer cell–intrinsic factors contribute to the primary

resistance, for instance, the expression intensity of ICB

biomarkers, tumor mutation burden, and epigenetic variations.

However, the mechanisms of acquired resistance are not well

understood, and some common mechanisms may be shared by

both types of resistance (7). Genetic mutations are common

during the process of tumor progression. Kobayashi et al.

summarized six signaling pathways related to ICB resistance.

Understanding these could provide potential combinational

options for immunotherapy and molecular-targeted therapies.

In addition, as a consequence of activating oncogenic drivers or

in response to external stimuli, alteration in phenotype plasticity is

another integral approach exploited by tumor cells to avoid

immune surveillance, thus getting resistance to immunotherapy

(8, 9). Based on the analysis of a panel of syngeneic melanoma

mouse models, a melanocytic plasticity signature was uncovered

to predict the response to ICB and the outcome of patients,

implicating the core of plasticity in ICB resistance (10). Novel

strategies targeting tumor cell plasticity could be beneficial for

patients receiving immunotherapy (11).

A mounting number of preclinical and clinical studies are

ongoing to reveal the mechanisms underlying immune
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checkpoint inhibitor resistance and offer abundant clues for

potential combined therapeutic strategies (12, 13). Combination

strategies, promising to solve the restrictions of anti-PD-1/PD-

L1 treatment, include a combination with traditional

chemotherapy and radiotherapy, other immune checkpoint

inhibitors, CAR T therapy agonists of the costimulatory

molecule, antiangiogenic agents, oncogenic pathway–targeted

therapy, microbiota-centered interventions, and metabolic and

epigenetic regulation (14–19). Overall, the higher response rates

elicited by combination regimens are associated with boosting

multiple phases in the cancer-immunity cycle.

This review will discuss the mechanisms underlying ICB

resistance, focusing on the changes in the biological function of

CD8+ T cells. We then highlight existing and emerging strategies

to overcome resistance to ICB and boost immunotherapy in

preclinical and clinical studies.
Mechanisms of immune checkpoint
blockade resistance from the
perspective of immune
response process

As is well known, CD8+ cytotoxic T lymphocytes (CTLs)

play a significant role in antitumor immunotherapy because they

are directly lethal to cancer cells. The central theme of ICB

immunotherapy lies in the generation or reactivation of this

population of cells (20). Antitumor immunity can be described

briefly as antigen presentation cells (APCs), such as dendritic

cells (DCs), internalize and process tumor-associated antigens

(TAAs) in peripheral tissue; then, DCs migrate to lymph nodes

and present tumor-peptide-major histocompatibility complexes

to naïve CD8+ T cells (21). Meanwhile, mature DCs provide the

second signal to naïve CD8+ T cells by upregulating CD80 and

CD86. Upon these efficient stimulations, naïve CD8+ T cells

differentiate into CTLs. Eventually, CTLs infiltrate lesion sites

and kill cancer cells (22). Effective immunotherapy depends

mainly on CD8+ T cells as well as their successful activation (23).

Therefore, we focused on the immune response procedures,

especially changes in the biological function of CD8+ T cells, for

a deeper understanding of the mechanisms of immunotherapy

resistance in ICB.

Drug resistance occurs in blocking the different phases of a

cancer immunity cycle, from tumor-specific antigen recognition

to presentation, from T-cell activation to recruitment. Overall, the

mechanisms of resistance to ICB (Figure 1) can be summarized as

the (1) failure of antigen recognition; (2) deficiency of antigen

presentation; (3) poor CD8+ T-cell infiltration; (4) inhibited

activity of CD8+ T cells; (5) exhaustion of CD8+ T cells; and

(6) insensitivity to CTL mediated killing.
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Failure of antigen recognition

The immune recognition of tumor cells depends on the HLA-

presented antigenic peptide. During cancer progression, gene

mutation occurs within cancer cells, resulting in the

accumulation of mutated peptides. These neo-peptides are also

termed neoantigens because they are different from self-antigens

and can be immunogenic most of the time (24). Thus, increased

expression of neoantigens within the tumor site can enhance

antitumor immunity.

The concept of tumor mutation burden (TMB) has been

introduced and utilized as a critical indicator to define tumor

antigenicity and evaluate the clinical response to ICB (25). A

considerable positive correlation was observed between TMB and

the objective remission rate, with a correlation coefficient of 0.7

(26). Non-small lung cancer and melanoma have shown higher

TMB and a better response to PD-1 inhibition. Conversely,

sarcoma, prostate cancer, and ovarian cancer display lower

TMB as well as primary resistance to PD-1inhibition (26, 27).

Patients with high TMB (defined as “greater than or equal to

10mut/mb”) were shown to have dramatically higher objective

remission rates when treated with pembrolizumab (29%) than
Frontiers in Immunology 03
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patients with low TMB treated with pembrolizumab (6%) in a

clinical trial (NCT02628067) (28). On the other hand, tumors

with microsatellite instability (MSI) phenotypes, or those with

genetic defects in DNA repair enzymes, which is also called DNA

mismatch repair deficiency (dMMR), display high mutation loads

and more significant response to checkpoint inhibition

immunotherapy (29). TMB alone is not a specific determinant

of treatment efficacy. Differences in analytical methods, such as

different sequencing coverage and depth, lead to differences in

sensitivity and specificity when estimating TMB (30, 31). In fact,

the durable efficacy of pembrolizumab was still obtained in

patients with malignant rhabdoid tumors whose TMB was very

low (31). Although high TMB plays a significant role in tumor

response to ICB, the prediction of ICB response is far more than

TMB estimation.

High intratumor heterogeneity (ITH) can also result in the

ineffective recognition of tumor-specific neoantigen and

decrease T-cell response to different subclones of tumor cells

(32). Pan-cancer analysis indicated that a higher ITH level of

tumors was associated with worse survival (33). Wolff et al.

demonstrated that low intratumor heterogeneity was a

prognosticator of overall survival (OS; p = 0.046) but not TMB
B

C
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FIGURE 1

Mechanisms of ICB resistance from the perspective of immune response process. The success of ICB immunotherapy lies in the generation
and/or reactivation of the population of CTL cells, which are also the central theme of immunotherapy. The left part of the picture depicts the
normal immune response procedure which involves antigen processing and presentation, CD8+T cell priming, and the efficient killing of tumor
cells by CTLs. Failure of immunotherapy occurs when the different phases of the cancer immunity cycle are compromised and blocked. There
are numerous factors that decrease the effect of the antitumor immunity during the fight between tumor cells and immune cells. Regardless of
the complexity of the immunotherapy resistance mechanisms, the consequence of these factors can be summarized as (A) failure of antigen
recognition; (B) deficiency of antigen presentation; (C) poor CD8+ T cells infiltration and inhibited activity of CD8+ T cells; and (D) exhaustion of
CD8+ T cells. Therefore, we focused on the immune response procedures, especially changes in biological function of CD8+T cells, with an aim
to better understand the resistance mechanisms of ICB. The picture was created with BioRender.com. APC, antigen presentation cell; TAP,
transporters associated with neoantigen presentation; ER, endoplasmic reticulum; MHC I, major histocompatibility complex class I; TCR, T cell
receptor; CTL, cytotoxic T lymphocytes; TMB, tumor mutation burden; ITH, intra-tumor heterogeneity; DC, dendritic cell; TAM, tumor
associated macrophages; CAF, cancer associated fibroblasts; TAN, tumor associated neutrophil; CTLA-4, cytotoxic T-lymphocyte antigen 4;
VISTA, V-domain Ig suppressor of T cell activation; LAG-3, lymphocyte activation gene‐3; PD-1, programmed cell death protein -1; TIM-3, T-
cell immunoglobulin mucin-3.
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(p = 0.16), which suggested that tumors with high ITH were able

to escape the immune system despite having high neoantigens

(34). McGranahan et al. studied the impact of neoantigen load

and neoantigen intratumor heterogeneity on OS in patients who

were diagnosed with lung adenocarcinoma (LUAD) and lung

squamous cell carcinoma (LUSC). No significant correlation

between neoantigen load and neoantigen intratumor

heterogeneity with OS in LUSC was discovered, even though

the neoantigen burden of LUSC was equally high as LUAD,

suggesting the importance of ITH (35).

The loss of neoantigens disturbs the recognition of tumor

cells by T cells and causes resistance to ICB. Anagnostou et al.

analyzed the data of NSCLC patients who developed required

drug resistance after initial response. They discovered 7–18

assumed neoantigens in the resistant tumors. The mechanism

of neoantigen loss lies in the deletion of chromosomal regions

and the abolition of tumor subclones. The loss of neoantigens

was correlated with changes in T-cell receptor clonality (36).

In summary, low TMB and/or high ITH, as well as

neoantigen loss, can impact the antigen recognition by CTLs,

causing primary or secondary drug resistance to ICBs. In

general, tumors with elevated neoantigen expression at the

onset of malignant cell cloning will respond better to ICB (37).
Deficiency of antigen presentation

The activation of CD8+ T cells depends on the combination of

the T-cell receptor (TCR) and major histocompatibility complex

class I (MHC I) molecules (38). MHC I molecule–related

neoantigen presentation is modulated by multiple proteins. Beta-

2 microglobulin (b2M) is responsible for stabilizing MHC I

molecules and promoting antigenic peptide loading (39). The

mutations of b2M have been found in patients who have

acquired resistance to ICBs. For example, in relapse melanoma

patients with acquired resistance to pembrolizumab, it was found

that a truncating mutation of b2M exists in biopsy analysis, leading

to the loss of MHC I molecule expression (40). Point mutation,

deletion, and the loss of heterozygosity (LOH) were also detected in

metastatic melanoma tissues. The degree of b2M LOH was tripled

in non-responders (approximately 30%) when compared with

responders (approximately 10%) and was correlated with inferior

OS (41). Apart from melanoma, the links between b2M alteration

and acquired resistance have been reported in lung cancer (42),

gastrointestinal adenocarcinoma (43), and colorectal cancer with a

microsatellite instability–high (MSI-H) phenotype (44).

Reduced human leukocyte antigen (HLA) class I gene

expression may lead to decreased antigen presentation, thus

promoting immune evasion (45). There are up to six different

HLA class I alleles in the genome. Highly polymorphic HLA class I

genes, including HLA-A, HLA-B, and HLA-C, are responsible for

encodingMHC Imolecules (46). Eric et al. presented that resistance

to KRASG12D–specific T cell transfer therapy occurred in a patient
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with metastatic colorectal carcinoma after 9 months. The

mechanism of this immunotherapy resistance lies in the deletion

of chromosome HLA-C*08:02 in the resistant lesions. Since the

existence of the HLA-C*08:02 allele was necessary for KRAS G12D

neoantigen presentation and recognition by T cells, its loss directly

caused immune evasion (47).

Transporters associated with neoantigen presentation (TAP)

are critical players in the MHC I antigen presentation pathway.

TAP is a heterodimer consisting of TAP1 and TAP2, both of

which are required for peptide translocation (48). The loss or

downregulation of TAP in cancers may result in immune evasion

and is often associated with an unfavorable prognosis (49, 50).

Zhang et al. reported that TAP deficiency resulted in resistance to

anti-PD-1, while the efficacy was enhanced in patients lacking

both TAP and the non-classical MHC I molecule Qa-1b. The

results suggested that the immune microenvironment can be

altered by inhibiting Qa-1b, especially in the case of defective

antigen processing (51). The accumulation of presentation defects

may, in turn, lead to a reduced recognition of malignant cells by

tumor-specific T cells.

The interruption of IFN-g signaling, which facilitates MHC I

molecule expression on the cell surface in normal conditions,

influences neoantigen presentation. Specifically, IFN-g is an

essential signaling molecule for immune-proteasome formation

during the degradation of intracellular proteins (52). The loss of

IFN-g signal causes reduced antigen presentation through

compromising the coordinated upregulation of the antigen

processing procedure (53). Decreased expression of elements in

the MHC I antigen presentation pathway can usually be reversed

by IFN-g treatment (53, 54).

The dysfunction of DCs, the most potent antigen-presenting

cells, plays a critical role in ICB resistance (55). The deletion of

atypical chemokine receptor 4 (ACKR4) in colorectal tumor cells

but not stromal cells inhibited the migration of DCs to tumor-

draining lymph nodes and impaired antigen presentation. In

addition, the knockdown of ACKR4 reduced tumor cells’

sensitivity to ICB (56). High enrichment of myeloid dendritic

cells in lung cancer tissues shows an immune activation state, and

those patients may benefit from ICB treatment (57). Cytotoxic T-

lymphocyte antigen 4 (CTLA4) has a higher affinity to CD80/86

than CD28. CTLA4-positive Treg cells impair the maturation of

DCs by binding to CD80/86 and inhibit costimulatory signals

(58). Antigen presentation by immature DC or CD80/86 low-

expressed DC was unable to stimulate CD8+ T cells potently,

resulting in CD8+ T cells being anergic with low proliferation and

insufficient to produce cytokines (59).
Poor CD8+ T-cell infiltration

Different tumor types exhibit various tumor-associated T-

cell infiltration densities. The immune landscape of tumors can

be divided into three types (1): hot tumor. It is characterized by
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the enrichment of T cells and their infiltration into tumor

tissues, such as lung cancer and melanoma (60) (2). Cold

tumor, such as prostate cancer (61) and brain cancer (62),

features fewer T cells in the tumor parenchyma or stroma

(63). (3) “Immune excluded” tumor. Immune cells do not

infiltrate the parenchyma of these tumors, even though there

is an abundance of immune cells (64). Compared to hot tumors,

the la t ter two phenotypes rare ly respond to ICB

immunotherapy, which results in primary drug resistance (65).

The infiltration of CD8+ T cells into the tumor tissues can be

considered a good prognostic parameter for lung cancer and is

associated with lymphocyte motility (66).

Genetic alterations within tumor cells have unfavorable

effects on T-cell infiltration. PTEN loss was associated with

reduced T-cell density, lower T-cell expansion, and poor

response to PD-1 inhibited therapy in melanoma.

Mechanically, the absence of PTEN in tumor cells enhances

the level of immunosuppressive cytokines, including CCL2 and

VEGF, causing less T-cell infiltration and inhibiting autophagy

as well, thereby impairing CTL-mediated cell killing (67). BRAF

mutations are common in melanoma (50%) (68), thyroid

papillary cancers (approximately 35%) (69), and colorectal

cancers (5%–10%) (70). The biopsy analysis of metastatic

melanoma patients showed that selectively inhibiting BRAF

with PLX4720 or GSK2118436 induced abundant CD8+ T cells

in tumors, which provided powerful support for combining

BRAF inhibitors with immunotherapy (71). Skoulidis and

colleagues showed that STK11/LKB1 mutation is associated

with less expression of PD-L1 and decreased infiltrative CTL

density, resulting in primary resistance to PD-1-based

immunotherapies in both human and murine STK11/LKB1-

deficient lung adenocarcinoma (72). Additionally, the loss of

TET2, which encodes ten-eleven translocation (TET) DNA

dioxygenase, is correlated with reduced Th1-type chemokine

generation, including CXCL9, CXCL10, and CXCL11, with the

downregulated expression of PD-L1 and impaired T-cell

attraction to tumor tissues, leading to immune escape and

resistance to anti-PD-L1 therapy in the B16-OVA melanoma

tumor model (73). NSCLC patients with EGFR mutations

demonstrated an inadequate response to anti-PD-1 therapy

than those with the EGFR wild type. EGFR mutation is

associated with a reduction in PD-L1 expression, a deficiency

in T-cell infiltration, and a decrease in TMB (74).

The elevated vascular endothelial growth factor (VEGF)

within the tumor and the consequent aberrant vascular system

with high interstitial pressure impair the recruitment of immune

cells, correlated with decreased penetration of immune

checkpoint inhibitors and increased drug resistance. VEGF

inhibits T lymphocyte infiltration within the tumor

microenvironment (TME) by suppressing NF-kB signals (75).

Tumor-intrinsic STING signaling facilitates BRCA-1 mutated

ovarian cancer cells’ resistance to both PD-L1 and CTLA-4

therapies by upregulating VEGF-A (76). In addition to VEGF,
Frontiers in Immunology 05
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increased C-Cmotif chemokine ligand 2 (CCL2) was found to be

correlated with primary resistance to ICB. CCL2 contributes to

insensitivity to ICB by recruiting monocytes and reducing CD8+

T-cell infiltration in pancreatic tumors. The poor efficacy of anti-

PD-1 therapy can be reversed by CCL2 inhibition or monocyte

neutralization (77). Meanwhile, transforming growth factor-beta

(TGF-b) produced by cancer-associated fibroblasts (CAFs) was

capable of preventing T cells from entering tumor tissue (78).

The results from the transcriptional analysis of 298 metastatic

urothelial carcinoma samples suggested that the enhanced TGF-

b in CAFs was related to poor CD8+ T-cell infiltration within

tumor parenchyma and weak response to atezolizumab (79).

Aside from CAFs, tumor-associated macrophages (TAMs) play

an essential role in excluding T-cell infiltration from tumor sites.

Interactions between CD8+ T cells and TAMs are durable (at

least 20 min), resulting in slowed CD8+ T-cell motility (66).
Inhibited activity of CD8+ T cells

The TME is infiltrated by diverse innate and adaptive

immune cells. The complex crosstalk between immune cells

and tumor cells determines the immune status and the

implementation of T-cell function, thus facilitating or

inhibiting the tumor response to ICB (Figure 2). With the

progression of tumors, the TME becomes progressively

immunosuppressive. Immunosuppressive cells as well as their

products facilitate tumor immune evasion and inevitable

resistance to checkpoint inhibitors.

Tumor-associated neutrophils (TANs) are one of the critical

characteristics of ICB resistance. Immunosuppressive

neutrophils from blood and tumors are commonly named

granulocyte–myeloid-derived suppressor cells (G-MDSCs) or

polymorphonuclear MDSC (PMN-MDSC) (80). Neutrophil-

enriched breast tumors display a required resistance to ICB,

suggesting a direct suppressive effect on CTLs mediated by

TANs (81). In colorectal cancer, the non-response group

shows increased levels of MDSC infiltration than the response

group treated with anti-PD-1 (82). Consistent with this, a

smaller amount of MDSC was found to be linked with a more

robust response to ipilimumab in melanoma patients (83). TANs

can attenuate the activity of CD8+ T cells by secreting various

mediators. One of the essential pathways participating in the

immunosuppressive activity of MDSCs is STAT-1-dependent

signaling. IFNg-mediated signals generated by activated T cells

can stimulate STAT-1, which subsequently induces the increased

expression of immunosuppressive cytokines in MDSCs, such as

arginase 1 (Arg-1) (84). Arg-1 results in the downregulation of

the CD3z chain of T cells by L-arginine exhaustion, suppressing

T-cell proliferation and function (85). In addition, the

overexpression of fatty acid transporter protein 2 (FATP2)

mediated by STAT5 signaling was associated with the

enhanced uptake of arachidonic acid and the release of
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prostaglandin E2 (PGE2) in MDSCs (86). The interaction

between tumor cells and MDSCs also plays a critical role in

modulating the function of MDSCs. It is reported that MC38

cells secrete the granulocyte–macrophage colony-stimulating

factor (GM-CSF) that binds with GM-CSF-R on MDSCs. The

combination activates the STAT3 signal within MDSCs, which

increases the immunosuppressive effect of MDSC by

upregulating indoleamine 2,3-dioxygenase (IDO) and PD-L1,

as well as FATP2 (87, 88). The combination of ICB and FATP2

inhibitors delays tumor progression and decreases the

expression of PD-L1 on CD8+ T cells (86, 88).

TAMs also significantly contribute to ICB resistance by

inducing immunosuppressive interactions within the TME.

Notably, TAMs are one of the most enriched immune cells in

TME and are involved in both immune stimulation and

immunosuppression (89). There are two distinct functional

groups of the TAM population, M1 cells (the antitumor

macrophages) and M2 cells (the pro-tumor macrophages)

(90). Phenotypes can be reversed dynamically between M1 and

M2 mediated by cytokines and signals, which is called

polarization (91). Firstly, TAMs attenuate T-cell activity by

capturing ICB antibodies (mainly of the IgG1 subclass)

through Fc-g receptors, leading to ICB resistance. By using an

in vivo image to monitor the activity of anti-PD-1 in real time,

Arlauckas et al. proved that the anti-PD-1 monoclonal antibody
Frontiers in Immunology 06
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(mAbs) could efficiently bind PD-1+ tumor-infiltrating CD8+ T

cells initially after treatment. Nevertheless, this combination is

transient because anti-PD-1 monoclonal antibody are removed

by PD-1- TAMs from the T-cell surface within minutes.

Measures to block Fc/FcgR binding inhibit the transfer of anti-

PD-1 mAbs from CD8+ T cells to macrophages in vivo, thereby

strengthening the therapeutic effect of anti-PD-1 (92). Secondly,

TAM reduces ICI efficacy by directly impeding the antitumor

capacity of CD8+ T cells. It was found that TAMs directly or

indirectly suppress CD8+ T cells by secreting IL-10 (93). IL-10

inhibits CD8+ T cells primarily by increasing N-glycan

branching, thus upregulating the antigenic threshold needed

for T-cell activation (94). Thirdly, TAM suppresses T-cell

activity by expressing alternative immune checkpoints against

ICI efficacy. On one hand, the majority of PD-L1+ TAMs are

M2 cells, constituting the major TAM population in

advanced tumors (95). Thus, high expression of the

inhibitory checkpoint on TAMs is inherently a crucial

immunosuppressive factor in the TME. On the other hand,

PD-L1 expression on TAMs plays a regulatory role during the

interplay of TAMs presenting antigenic peptides to homologous

effector T cells, which may restrict T-cell superactivation (96).

Under normal conditions, fibroblasts have a low proliferative

capacity andmetabolic state and are present in a relatively quiescent

state in most tissues (97). However, within the TME, tumor cells
FIGURE 2

The crosstalk between CD8+T cells and the other suppressive cells within tumor microenvironment (TME). TME is infiltrated by different types of
innate and adaptive immune cells. The complex crosstalk between these immune cells and tumor cells determines the immune status and the
implementation of T cell function, thus to facilitate or inhibit the tumor response to ICBs. With the progression of malignant cells, immune cells
within TME, for example, macrophages and neutrophils, are educated into pro-tumor cells. As such, TME becomes progressively
immunosuppressive. Immunosuppressive cells inhibit the activity of T cells by upregulating immune checkpoints, capturing anti-PD-1 antibodies
and secreting pro-tumor soluble factors such as arg-1, IL-10, TGF-b, promoting tumor immune evasion and resulting in resistance to
checkpoint inhibitors. The picture was created with BioRender.com. CAF, cancer associated fibroblasts; TAN, Tumor associated neutrophil; TAM,
Tumor associated macrophage; MDSC, myeloid-derived suppressor cell; PGE2, prostaglandin E2; GM-CSF, granulocyte-macrophages colony-
stimulating factor; IDO, indoleamine 2,3-dioxygenase; TFR, follicle-regulating T cell.
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can promote fibroblast activation by secreting growth factors such

as TGFb, platelet-derived growth factor (PDGF), and fibroblast

growth factor (FGF) (98, 99). The CAF-mediated inhibition of T-

cell cytotoxic function can be achieved by the upregulation of

immune checkpoint molecules. CAFs from melanoma patient

biopsies showed the elevated expression of PD-L1 and PD-L2,

which directly abrogated CD8+ T-cell function (100). It is suggested

that enhanced expression of PD-L2 in CAFs results in antigen-

specific T-cell death through PD-L2 and Fas ligand engagement,

protecting tumor cells from immune destruction (101).

Interestingly, some CAFs also participate in antigen presentation

and thus can directly kill activated CD8+ T cells via the involvement

of PD-L2 and Fas ligands (101). PD-L1 and PD-L2 were

simultaneously upregulated in CAFs in pancreatic cancer patients.

Meanwhile, the CAFs facilitate inhibitory immune checkpoint

receptor expression in proliferating T cells. However, the

underlying mechanism is not fully understood (102). Apart from

upregulating the immune checkpoint directly, CAFs can also

indirectly increase the level of immune checkpoint molecules on

malignant cells and other cells within the TME. Hepatocellular

carcinoma– derived CAFs were demonstrated to recruit neutrophils

by secreting SDF1a and facilitating neutrophils’ activation via IL-6-

JAK-STAT3 signaling. Then, the activated neutrophils upregulated

the expression of PD-L1 and exerted a suppressive effect on T-cell

immunity (103). CAF-derived CXCL5 is a potent cytokine, which

mediates the upregulation of PD-L1 in a PI3K/AKT-dependent

pathway within tumor cell lines, including B16, CT26, A375, and

HCT116 (104). As such, it is essential to notice that the CAF-

mediated dysfunction of CD8+ T cells is not limited to a direct

interplay of these two cell types.

Regulatory T lymphocytes (Tregs) are of vital importance in

tumor progression and their resistance to immunotherapy. Increased

infiltration of Tregs has been generally perceived as a biomarker of

poor clinical outcomes such as high death hazards and decreased

survival (105, 106). Tregs were initially identified as CD4+ T cells with

increased expression of CD25 (a chain for the IL-2 receptor). FoxP3

was then characterized as a specific marker and major regulator for

the maintenance of the immunosuppressive functions of Treg cells

(107, 108). Once activated, T cells begin to produce IL-2, which is

essential for the sustained proliferation and activation of T cells (109).

CD25 has a high affinity to IL-2. Tregs consume IL-2 by upregulating

CD25, limiting the sustained activation and proliferation of effector T

cells (110). Ren et al. reported that impaired T-cell immunity caused

by IL-2 signaling obstruction could be restored by using a low-affinity

IL-2 conjugated with anti-PD-1 (PD-1-laIL-2). PD-1-laIL-2, with a

higher affinity to PD-1+CD8+ T cells than to peripheral Treg cells,

was able to amplify the dysfunctional tumor-specific CD8+ T cells

potently, thus overcoming tumor resistance to ICB (111). Moreover,

Tregs suppress T-cell activity by upregulating the expression level of

immune checkpoints. Activated Tregs can express lymphocyte

activation gene‐3 (LAG-3). CD4+CD25highFoxp3+LAG-3+ T cells

possess robust inhibitory activity by releasing cytokines, including
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IL-10 and TGF-b1, without IL-2 (112). It has been proven that Tregs
can differentiate into follicle-regulating T (TFR) cells with PD-1

expression, which inhibit the germinal center response (113). TFR

cells are distinguished by the coexpression of CXCR5 and GITR2,5 or

the transcription factors FOXP3 and BCL-6 (114, 115). TFR cells

show advantageous suppressive capacity and in vivo persistence

compared to conventional regulatory T cells, reducing the effect of

an-PD-1 (116). Interestingly, Zappasodi et al. explored the role of a

non-conventional subset of CD4+FOXP3-PD-1high T cells and found

that this population of cells expresses a TFR-like phenotype and could

limit the functions of the T-cell effector. However, in contrast to

regulatory T cells, CD4+FOXP3-PD-1high T cells were helpful for B-

cell activation (117).
T-cell exhaustion

T-cell exhaustion is characterized by an impaired tumor cell–

killing function, the persistent and upregulated expression of

inhibitory receptors, and the diverse transcriptional states of

normal effector T cells or memory T cells. It is a status of T-cell

dysfunction (118). Increased expression of immune checkpoints

was reported to be associated with acquired resistance to ICB.Ntrk1

has been proven to induce the upregulation of PD-L1 in

mesenchymal Kras/p53 mutant lung cancer cells by stimulating

Jak/Stat signaling, leading to the exhaustion of CD8+ T cells within

the TME (119). Enhanced expression of T-cell immunoglobulin

mucin-3 (Tim-3) was observed in lung cancer patients who

progressed after initially responding to anti-PD-1 therapy (120).

The coexpression of PD-1 and Tim-3 in T cells was linked with an

exhausted phenotype in head and neck squamous cell carcinoma

(HNSCC) patients. Mechanically, the upregulated expression level

of Tim-3 in T lymphocytes is dependent on the activation of the

PI3K/Akt signaling pathway (121). Several checkpoints were

coexpressed in TILs isolated from an ovarian tumor mouse

model, including PD-1, CTLA-4, and lymphocyte activation

gene-3 (LAG-3). The efficacy of single-agent blockade can be

impaired by the compensatory enhancement of the other

checkpoint molecules, resulting in poor response and resistance

(122). With early PD-1 expression and late LAG-3/B- and T-cell

lymphocyte attenuator (BTLA) expression, T cells gradually acquire

the coexpression of these checkpoint receptors (123). The V-

domain Ig suppressor of T-cell activation (VISTA) is another

checkpoint of T cells. In melanoma patients with the initial

response to anti-PD-1, the density of VISTA-positive T cells was

significantly upregulated after treatment, which led to disease

progression (124). Increased expression of these inhibitory

coreceptors is associated with TCR signaling dysfunction and

represents the initiation of negative regulatory signaling, leading

to T-cell exhaustion and dysfunction (125). However, exhaustion

does not mean the end of T cells’ fate, and their function can be

restored by blocking those overexpressed signals mentioned above.
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Insensitivity to cytotoxic T lymphocyte–
mediated killing

It is a consensus that CTLs kill tumor cells through two

major pathways: granzymes A and B–mediated granule

exocytosis and Fas/FasL conjugation–mediated apoptosis

induction. Moreover, activated CTLs also secrete cytotoxic

cytokines, including interferon-g (IFN-g) and tumor necrosis

factor-a (TNF-a), to elicit cytotoxicity in tumor cells (126).

From this perspective, the sensitive response of tumor cells to

cytotoxic factors released by CTLs is vital in preventing immune

evasion (127). On one hand, IFN-g is quite essential for T cells’

penetration into tumors. The effects of antigen-specific

immunotherapy depend, to some extent, on tumor sensitivity

to IFN-g (128). The IFN-g receptor (IFNGR) consists of two

subunits, IFNGR1 and IFNGR2. The binding of IFN-g to its

receptor results in the activation of JAK1 and JAK2, which

subsequently phosphorylates and dimerizes transcription factor

STAT1. STAT1 homodimers then enter the nucleus, binding to

specific promoters and initiating the transcription of IFN-g-
regulated genes (129). On the other hand, the release of IFN-g
also mediates the expression of PD-L1 and MHC class I

molecules, which may be beneficial for anti-PD-L1

therapy (130).

The dysfunction of the IFN-g signaling pathway was

associated with the primary resistance to ipilimumab therapy

in melanoma patients (131). The mutation of JAK1/JAK2 results

in PD-L1 depletion and insensitivity to IFN-g, ultimately causing

the primary resistance to anti-PD-1 treatment in melanoma and

colorectal cancer patients (40, 132). The depletion of the

IFNGR1 gene in B16 tumor cells suppressed IFN-g mediated

apoptosis and decreased the antitumor effects of anti-CTLA-4

therapy in a mouse model (131). However, the impact of

additional IFN-g pathway genomic alterations other than JAK1

and JAK2 on acquired drug resistance to ICB needs to be further

investigated. Of note, the correlations between TNF mutations

and survival were not discovered in any type of cancer by Cancer

Genome Atlas (TCGA) analysis, indicating that although TNF

acts as another cytotoxic factor, its effect is not as sufficient as

IFN-g (133).
Strategies in overcoming resistance
to immune checkpoint blockade:
Insights from preclinical
cancer models

In accordance with the aforementioned proposed biological

mechanisms of non-response to ICB, studies on potential

therapeutic strategies addressing resistance mechanisms would

be ideal for providing specific insights to improve clinical

outcomes. Basically, strategies to reverse ICB tolerance are
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currently being explored (Table 1), which can be outlined as

(1) releasing tumor antigens; (2) enhancing antigen

presentation; (3) promoting T-cell infiltration; (4) reversing T-

cell exhaustion; and (5) CD8+ T-cell stimulation.
Releasing tumor antigens

Low TMB and weak or unresponsive neoantigens contribute to

the failure of antigen recognition, resulting in ICB resistance. Thus,

elevating the release of tumor antigens appears to be a potentially

effective approach to reversing ICB resistance (Figure 3).

Radiotherapy, as one of the most effective cytotoxic

treatments, especially for localized solid cancers, has been

considered to cause antitumor immune response apart from

causing DNA damage to irradiated cancer cells (15). The

abscopal response, originally described in 1953, referring to the

shrinkage of tumors outside the irradiated area, has long been

thought to involve the mechanisms of the immune response (162).

Interestingly, this infrequently occurring abscopal effect could be

strengthened by the addition of immunotherapy, which is, in turn,

enhanced by radiotherapy (163). Increasing preclinical studies on

radiotherapy combined with immunomodulators support the

potential role of radiotherapy as an effective immune adjuvant

(164). Mechanistically, radiation promotes the release of

immunogenic neoantigens, known as TAAs, which play a vital

role in in situ vaccination (134). Both in vitro and in vivo studies

revealed that the irradiation effectively upregulates cancer testis

antigens in the background of necrotic and apoptotic tumor cells

and debris, followed with the promotion of the immunological

recognition of the tumor (165).

Chemotherapy agents are the conventional treatment for

various malignancies. As is known, cytotoxic chemotherapy

primarily exerts an antitumor effect by blocking cell division

(166). Apart from tumor debulking, chemotherapeutic agents

have been demonstrated to promote immunogenic cell death

(ICD), which is featured by the exposure of endoplasmic

reticulum (ER) chaperones; lysosomal-secreting ATP; the

aberrant accumulation of nucleic acids; the release of

cytoplasmic and nuclear proteins such as high-mobility group

box 1 (HMGB1), annexin A1; and the release of specific damage-

associated molecular patterns (DAMPs) (14). Overall, this

increasing antigenicity leads to on-target immunostimulatory

effects in cancer (167). Recently, a bioresponsive doxorubicin

(DOX)-based nanogel has been engineered to directionally

release the loaded drugs after being internalized into the TME.

These chemoimmunotherapies are promising to conquer the

challenges of current ICB-based immunotherapy and provide a

paradigm for developing immunomodulatory nanomedicines

(168). Data from 12 NSCLC patients suggested that multiple

non-mutated neoantigens released from cisplatin-induced

apoptotic tumor cells elicited CD8+ or CD4+ Teff cell

responses, which could notably be promoted by anti-PD-1
frontiersin.org

https://doi.org/10.3389/fimmu.2022.915094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhou et al. 10.3389/fimmu.2022.915094
therapy, correlating with OS (167). Recent trial data on

chemotherapy combined with PD-1/L1 inhibitors demonstrate

the clinical benefit in patients with NSCLC, triple-negative

breast cancer, gastric cancer, and HCC (166, 169, 170).

Oncolytic viruses (OVs) are another selective approach to

promoting the release of antigens (171). Similarly, OVs induce

tumor ICD and “in situ” vaccination. Subsequently, these soluble

TAAs from dying tumor cells facilitate both innate and adaptive

antitumor immune responses. Researchers found that in a model

of disseminated lung cancer resistant to PD-1 immunotherapy,

intratumoral virotherapy elicits CD8+ T-cell responses against a

set of cancer-specific neoepitopes, overcoming systemic
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resistance to PD-1 immunotherapy (135). However, different

OVs are not capable of inducing ICD equally (172). Thus,

incorporating ICD-related DAMP genes seems to be a further

attractive option to enhance immunogenicity. In this way, OVs

function as engineering platforms for combination

immunotherapy. Still, challenges exist in allowing OVs to

arrive at the directed primary and metastatic tumor position

to perform systematic therapeutic effects (173).

Hopefully, many novel strategies for promoting tumor

antigen release are under study. Minimally invasive thermal

ablation treatments such as microwave ablation, cryoablation,

radiofrequency ablation, or highintensity focused ultrasound
TABLE 1 Potential combination strategies to improve the antitumor effect of programmed cell death protein 1 (PD-1)/programmed cell death
ligand 1 blockade.

Targeted process Strategy Mechanisms Reference

Releasing tumor antigens Radiotherapy Promoting the release of immunogenic neoantigens (134)

Chemotherapy Inducing the ICD (14)

Oncolytic viruses Promoting tumor ICD and “in situ” vaccination (135)

Enhancing antigen
presentation

Histone deacetylase inhibitors Epigenetically modulating the upregulation of the MHC pathway (136)

DNMTi Elevating the expression of several antigen-presenting molecules (137)

STING agonists Activating cGAS-STING to reverse MHC-I downregulation (138)

Polyinosinic:polycytidylic acid
(poly I:C)

Inducing MHC I expression via NF-kB (139)

TLR9 agonists Augmenting conventional DC (cDC) infiltration to increase antigen delivery (140)

Flt3L-poly I:C combined injection Upregulating the expression levels of CD86, CD40, and MHC II of tumor-infiltrating
CD103+ DC

(141)

Promoting T-cell
infiltration

PI3K-AKT pathway inhibitors Promoting T-cell infiltration in PTEN loss melanoma (142)

Reversing T-cell
exhaustion

PORCN inhibitors CGX-1321 Suppressing Wnt/b-catenin signaling to improve CD8+ T-cell levels (143)

MEK inhibitors Inhibiting the MAPK signaling pathway to increase T-cell infiltration (144)

CDK4/6 inhibitor abemaciclib Increasing T-cell recruitment with elevated levels of TH1 cytokines/chemokines (145)

TGF-b inhibitors Inducing potent and durable cytotoxic T-cell responses (146)

Antiangiogenic therapies Elevating the expression of adhesion molecules, facilitating the adhesion and
extravasation of T cells

(147)

Low-dose radiotherapy Reprogramming the TME and inducing T-cell infiltration (148)

Mesoporous silica nanoparticle Eliciting T-cell-recruitment chemokine production and driving CTL infiltration (149)

CAR T therapy Directly providing antigen-sensitive immune infiltration (150)

Dual checkpoint inhibitors Blocking the alternative immune checkpoints to reverse T-cell exhaustion (151)

Costimulatory agonists Reversing T-cell exhaustion and inducing the increase of effector CD8+ T cells (152)

Targeting transcriptional regulator
TOX

Downregulating TOX to ameliorate the exhaustion state of CD8+ T cells (153)

DNMTi Epigenetically inducing the rejuvenation of exhausted CD8+ T cells (154)

Metabolic modulation Instructing T-cell metabolic programming (155)

CD8+ T-cell stimulation Targeting TGF-b Reducing tumor-infiltrating Tregs (156)

CSF1R inhibitors Inhibiting the differentiation and accumulation of M2-like TAMs (157)

Carflzomib Reprogramming M2 macrophages into the M1-like population through IRE1a-TRAF2-
NF-kB signaling

(158)

NOX4 inhibitors Reversing TGF-b1-mediated CAF activation (159)

Radiotherapy Increasing CD8+ T cells with the reduction of MDSCs and Tregs (160)

Microbiota-centered interventions Regulating the collaboration of microbiota with the TME to promote antitumor T-cell
responses

(161)
fro
ICD, immunogenic cell death; MAPK, mitogen-activated protein kinase; DNMTi, DNA methyltransferase inhibitors; NOX4, NADPH oxidase-4.
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treatment are the common selective therapies for patients with

inoperable tumors. Interestingly, these local applications of

extreme temperatures lead to the release of antigens from the

necrotic tumor lesion, enhancing the activation of the tumor-

specific immune response. However, the effect of single thermal

ablation is too limited, and appropriate immunomodulators are

required for promoting an effective therapeutical systemic

antitumor immune response (174–176). Recently, a novel

tumor microenvironment ROS/GSH dual-responsive

nanoplatform consisting of chemophotodynamic therapy and

synergistical control-release PTX has been designed to induce

the release of DAMPs after tumor cell pyroptosis, boosting the

curative effect of anti-PD-1 treatment in a CT26 tumor

model (177).
Enhancing antigen presentation

The deficiency of antigen presentation represents another

major challenge in ICB therapy, which is caused by multiple

factors as stated above, including MHC I defects, b2M/HLA

gene loss, deficient IFN signaling, and dysfunctional DCs (178).
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Aiming at these abnormalities is a promising strategy to improve

the responsiveness to ICB regimens (Figure 3).

The epigenetic control of immune resistance has been

implicated as associated with an overall loss of antigen

presentation via the loss of antigen expression or downregulation

of MHC I (179). Histone deacetylases (HDACs) are one class of

epigenetic regulators, comprising four families (class I, IIa, IIb, and

IV). HDACs appear to have crucial roles in both innate and

adaptive immune responses. HDAC1 and HDAC2 have been

reported to negatively mediate antigen presentation by inhibiting

the main transcriptional regulator of MHC class II genes (180).

Accordingly, histone deacetylase inhibitors (HDACis) can

epigenetically modulate the upregulation of the MHC pathway,

facilitating the immune targeting of cancer cells (136). Four

HDACis (e.g., romidepsin, belinostat, vorinostat, and

panobinostat) have been approved by the FDA for lymphoma

and/or multiple myeloma treatment. In both colon and ovarian

cancer cell lines, HDACi treatment promoted increased antigen

processing and antigen presentation (181). The efficacy of

combining HDACi with PD-1 inhibitors has been evaluated in

multiple preclinical cancer models, including melanoma, ovarian

cancer, breast cancer, and lung cancer, showing great promise (136,
BA

FIGURE 3

Strategies reversing PD-1/PDL1 blockade by releasing tumor antigens (A) and enhancing antigen presentation (B). A.Chemotherapy, radiotherapy
and oncolytic viruses could promote the immunogenic cell death (ICD), enhancing the liberation of immunogenic neoantigens, thus increasing
the antigenicity in tumors resistant to ICB due to the failure of antigen recognition. In addition, some minimally invasive thermal ablation
treatments lead to antigens release as well. (B) DNMTi, HDACi, HMTi epigenetically modulate the upregulation of MHC pathway. Stabilization of
NF-kB, restoration of IFN signaling and induction of stimulator of interferon genes (STING) also reverse MHC-I downregulation. Besides,
stimulation factors including cytokines such as FLT3L (FMS-like tyrosine kinase 3 ligand) and GM-CSF (granulocyte–macrophage colony-
stimulating factor), Toll-like receptor (TLR2/TLR4, TLR3, TLR7/TLR8, TLR9) agonists, IDO inhibitors and STAT3 inhibitors could augment the
infiltration, activation, and effector function of conventional DCs (cDCs), thus increasing antigen delivery. DC vaccines are also important tools
boosting antigen presentation. The picture was created with BioRender.com. ICD, immunogenic cell death; STING, stimulator of interferon
genes; FLT3L, FMS-like tyrosine kinase 3 ligand; GM-CSF, granulocyte–macrophage colony-stimulating factor; TLR, Toll-like receptor; IDO,
indoleamine- (2,3)-dioxygenase; DC, dendritic cell.
frontiersin.org

https://BioRender.com
https://doi.org/10.3389/fimmu.2022.915094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhou et al. 10.3389/fimmu.2022.915094
182, 183). Other epigenetic agents such as DNA methyltransferase

inhibitors (DNMTis) as well as histone methyltransferase inhibitors

(HMTis) have also been indicated to improve antigen presentation

by elevating the expression of several antigen-presenting molecules,

thus enhancing the recognition and activation of immune cells

(137). Based on these exciting preclinical results, a combination of

DNMTi or/and HDACi with ICB has undergone clinical trials in

advanced colorectal cancer (NCT02512172), non-small cell lung

cancer (NCT01928576, NCT00387465), head and neck cancer

(NCT03019003), and gastrointestinal cancers (NCT03812796) (184).

Apart from the epigenetic modification of MHC I antigen

presentation, targeting pathways associated with MHC I expression

has been described to reverse MHC I downregulation and boost

immunotherapy efficacy. Potential therapeutic strategies include the

stabilization of NF-kB, restoration of IFN signaling, and induction

of stimulator of interferon genes (STING) (138, 139). Notably, the

effects of NF-kB and IFNs are pro- or antitumorigenic in different

stages and types of tumors. Accordingly, both negative and positive

regulators of NF-kB and IFNs have been reported to upregulate

MHC I expression (185).

Several strategies to augment conventional DC (cDC)

infiltration, activation, or effective function have been

proposed to increase antigen delivery and enhance the efficacy

of ICB. The stimulation factors include Toll-like receptor (TLR2/

TLR4, TLR3, TLR7/TLR8, TLR9) agonists, IDO (indoleamine-

(2, 3)-dioxygenase) inhibitors, and STAT3 inhibitor cytokines

such as GM-CSF, and FLT3L (FMS-like tyrosine kinase 3 ligand)

(186). For example, combining pembrolizumab with a synthetic

CpG oligonucleotide TLR9 agonist, SD-101, exhibited greater

clinical efficacy than PD-1 blockade alone in a phase Ib trial,

which was associated with elevated tumor-infiltrating DC

characteristics (140). Similarly, Flt3L-poly I:C combined

injection significantly induced the upregulating expression

levels of CD86, CD40, and MHC II of tumor-infiltrating

CD103+ DC and promoted DC immunogenic function,

eventually enhancing antitumor responses synergized with

anti-PD-L1 Ab treatment in BRAF-mutant and B16 melanoma

mouse models (141). Nanomaterials have recently been applied

in facilitating the tumor antigen presentation of DCs. A cationic

nanoscale metal–organic framework (nMOF) was designed to

exert the effects of local immunogenic photodynamic therapy

treatment and CpG stimulation, enhancing antigen presentation

and synergizing with ICB to induce tumor regression in a breast

cancer model (187). Moreover, “next-generation” DC vaccines,

essential tools for anticancer therapy, have been suggested to be a

desirable combinatorial counterpart for ICB, especially in

tumors with low mutational burden (188).
Promoting T-cell infiltration

As a robust prognostic biomarker, tumor-infiltrating

lymphocytes are influenced by multiple mechanisms, including
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genetic alterations within tumor cells, aberrant vasculature, and

elevated immunosuppressive factors like TGF-b (12, 146, 189,

190). Low lymphocyte infiltration mainly accounts for the

limited efficacy of ICB in many tumors, especially in the

immune-infiltrated and -excluded phenotypes (191). Hence,

promoting T-cell infiltration via targeting these factors

provides an outlook on the future for improving ICB

effectiveness (Figure 4).

mRNA nanoparticles reactivating the tumor suppressor

PTEN have been proven to significantly elicit antitumor

immune responses and restore the therapeutic effect of ICB in

PTEN-null prostate cancer and a PTEN-mutated melanoma

model by promoting CD8+ T-cell infiltration (190).

Furthermore, a drug candidate D18 could suppress the

downregulation of PTEN expression by increasing KDM5A

abundance, which also potentialized the efficacy of various ICBs

in multiple tumor models (192). Moreover, targeting the PI3K-

AKT pathway downstream of PTEN is a selective approach to

elevate tumor-infiltrating T cells. For example, the PI3Kb

inhibitor GSK2636771 sensitized PTEN-null melanomas to both

CTLA-4 and PD-1 inhibitors and promoted T-cell infiltration to

enhance the antitumor activity in vivo (142). Wnt/b-catenin
signaling is another tumor-intrinsic pathway associated with

poor spontaneous T-cell infiltration. Many inhibitors targeting

WNT signaling have been developed to restore T-cell infiltration

and reestablish anticancer immunity with ICB. In ovarian cancers,

a typical “cold” immune phenotype, PORCN inhibitors CGX-

1321 suppressing Wnt/b-catenin signaling, has been confirmed to

improve CD8+ T-cell levels in the omentum TME (143). Other

Wnt signaling inhibitors such as the anti-FZD7 antibody, b-
catenin inhibitor DCR-BCAT, DKK1 inhibitor, and WNT

inhibitor have been suggested to exert immunomodulatory

effects as well (193). Furthermore, clinical trials combining Wnt

inhibitor and ICB are ongoing, including DKN-01 (DKK1

antibody) plus pembrolizumab (NCT02013154) and PORCN

inhib i tor WNT974 combined wi th spar ta l i zumab

(NCT01351103) (194, 195).

The mitogen-activated protein kinase (MAPK) signaling

pathway, another oncogenic signaling pathway associated with

shaping tumor immunogenicity, has been proposed to be a

promising target combined with ICB therapies (12). In a

preclinical model of BRAF(V600)-mutated metastatic

melanoma, antiPD1 therapy in combination with BRAF and

MEK inhibitors contributed to complete tumor regression with

increasing T-cell infiltration into tumors (144). Similarly, it has

been reported in colon cancer (the CT26 model) that MEK

inhibition promotes the accumulation of TIL by preventing the

death of CD8+ T cells triggered by chronic TCR stimulation (196).

Clinical studies of MAPK signaling inhibitors plus ICB have

shown encouraging results. In BRAF V600–mutated melanoma

patients, treatment with the combination of atezolizumab (anti-

PD-L1) plus vemurafenib (BRAF inhibitor) + cobimetinib (MEK

inhibitor) promoted 71.8% objective responses (a complete
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response rate of 20%). Meanwhile, the run-in of cobimetinib and

vemurafenib contributed to the increase of circulating

proliferating CD4+ T-helper cells (197).

Cyclin-dependent kinases 4 and 6 (CDK4/6) inhibition has

been highlighted to exert antitumor immune response via

promoting antigen presentation and enhancing CD8+ T-cell

infiltration (145). The FDA-approved CDK4/6 inhibitor

abemaciclib has shown preclinical synergistic antitumor effects

with PD-1 inhibitor in breast cancer mouse models, the ID8

murine ovarian cancer model, and the colon adenocarcinoma

murine model, which depends on increased T-cell recruitment

with elevated levels of TH1 cytokines/chemokines (198–200).

Immunosuppressive cytokine TGFb has received growing

attention in cancer immunotherapy for its ability to block the

antitumor immune response by limiting T- cell infiltration

(201). Preclinical models suggested that coinhibiting TGF-b
and PD-L1 induced potent and durable cytotoxic T-cell

responses, transforming tumors from an excluded to an

inflamed phenotype (146, 202). Strategies targeting TGF-b are
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under development, including the TGF-bRI kinase inhibitor

galunisertib, neutralizing antibodies against the mature TGF-b
cytokines, antibodies against TGF-bRII, and soluble TGF-b
receptor traps, some of which are undergoing clinical trials in

combination with anti-PD1 antibodies (203, 204).

As previously described, VEGF-induced immunosuppression

inhibits T lymphocyte infiltration in the TME, hampering the

therapeutic effect of ICB. In several earlier preclinical studies,

vascular-normalization therapies have been proven to facilitate

the transformation of the immunosuppressive TME toward an

immune-supportive phenotype (205), which manifests as the

aggregation of antitumor T cells and DC maturation inside

tumors (206). In addition, the process of increased T

lymphocyte infiltration induced by antiangiogenic therapies was

partly associated with the elevated expression of adhesion

molecules (intercellular adhesion molecule–1, vascular cell

adhesion molecule-1), which facilitated the adhesion and

extravasation of T cells (147). In preclinical mouse models and

clinical trials, antiangiogenic agents significantly improved
B

C

A

FIGURE 4

Strategies overcoming resistance to PD-1/PDL1 by promoting T-cell infiltration (A), reversing T cell exhaustion (B), and CD8+ T cell stimulation
(C). (A) methods promoting T-cell infiltration include targeted therapy, vascular-normalization therapies, CAR T therapy and low-dose radiotherapy;
(B) treatment options to reinvigorate of T cell exhaustion include blocking the alternative immune checkpoints, targeting co-stimulatory receptors,
inhibiting soluble immune suppressive mediators and epigenetically coordinating exhausted CD8+ T (Tex) cells. (C) strategies targeting immune-
suppressive cells in TME such as TAM, Treg and CAF to stimulate T cells. In addition, radiotherapy and microbiota-centered interventions also
reprogram the immunosuppressive TME, promoting antitumor T-cell responses. The picture was created with BioRender.com. CAR, chimeric
antigen receptor, Treg, regulatory T lymphocytes; DC, dendritic cell; TAM, tumor associated macrophages; CAF, cancer associated fibroblasts;
MARCO, macrophage receptor with collagenous structure; HRH1, histamine and histamine receptor H1.
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immunotherapy outcomes (205, 207). The various antiangiogenic

therapeutic agents mainly consist of anti-VEGFA monoclonal

antibodies such as bevacizumab, inhibitors of angiopoietin-2, and

VEGFR tyrosine kinase inhibitors (TKIs) such as sorafenib (207).

Some of them are presently undergoing clinical trials combining

with ICB, receiving more significant clinical benefits than

monotherapy in some early data (19).

In addition to the combination of targeted therapies

mentioned above, low-dose radiotherapy has been reported to

reprogram the TME and induce T-cell infiltration in mouse

models of immune-desert tumors (148). Meanwhile, in

“inflamed” human tumors, the preexistent intratumoral T cells

not only survived radiotherapy but also acquired improved

antitumor effects with the increasing production of IFN-g (208).
It is also noteworthy that biomaterials at the nanoscale have

been explored to establish a T-cell-inflamed TME and overcome

resistance to ICB. Mesoporous silica nanoparticles were reported

to elicit T-cell-recruitment chemokine production and drive

CTL infiltration in multiple tumor models resistant to PD-1

antibodies (149). A supramolecular gold nanorod has been

reported to reprogram the TME and improve TILs,

significantly augmenting ICB therapy, which depends on the

hyperthermal activation of ICD and genome editing of PD-

L1 (209).

Moreover, chimeric antigen receptor (CAR) T cells may be a

direct approach to provide antigen-sensitive immune infiltrates,

implying a new opportunity for patients with less immunogenic or

“noninflamed” tumors. CAR-T therapy could target T cells

directly to tumor cells by genetically modifying T cells (210).

Since the initial proposition of CAR-T in 1989, its antitumor

efficacy and persistence have been improved due to altering the

construction in the advanced generations of CAR-T. Based on

these remarkable clinical responses, the FDA has approved four

anti-CD19 CAR T-cell products and one anti-BCMA CAR T-cell

therapy in different hematological cancers (211). However, the

clinical efficacy of CAR T cells in the solid tumor has shown much

less satisfactory results. One of the major obstacles includes the

fact that PD-1-mediated immunosuppression leads to the poor

persistence and dysfunctions of CAR T cells (150). Therefore, ICB

and CAR T-cell combination therapy holds promise to refresh the

immune system and enhance therapeutic efficacy. A synergy effect

has been reported in the combination of PD-1 blockade and CAR-

T cell therapy (212). In a transgenic Her-2 recipient mice model,

anti-PD-1 antibody combined with CAR T cells showed the

enhanced activation and proliferation of anti-Her-2 T cells, with

the significant regression of established tumor (213). Other

preclinical studies have shown the synergistic antitumor activity

of combination therapies in thyroid cancers (214) and pleural

mesothelioma (215). Some encouraging clinical results suggested

the safety, low toxicity, and clinical responses of combinatorial

treatment. One case report demonstrated five patients with diffuse
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large B-cell lymphoma who endured progression/relapse post-

CART19/20 therapy received anti-PD-1 treatment (sintilimab or

camrelizumab). Three of five patients had objective responses,

including two complete responses and one partial response (216).

Similarly, E. A. Chong et al. reported that in 12 B-cell lymphoma

patients who were relapsing after or refractory to CD19-directed

CAR T-cell therapy, anti-PD1 ICB (pembrolizumab) treatment

showed safety and clinical responses (217). Based on these

promising preclinical results, a series of one-half of clinical trials

exploring the combination immunotherapy of CAR T cells and

PD-1 blockade agents for multiple malignancies are under

investigation, including relapsed/refractory Hodgkin lymphoma

(NCT04134325), classical Hodgkin lymphoma (NCT05352828),

relapsed/refractory B-cell lymphoma (NCT04539444), HER2-

positive sarcoma (NCT04995003), and glioblastoma

(NCT03726515). Some early results of clinical trials suggested

the safety and promising efficacy of this combination in patients

with malignant pleural disease (218), relapsed/refractory (r/r)

diffuse large B-cell lymphoma (219), and relapsed/refractory

aggressive B-cell non-Hodgkin lymphoma (220). However,

minimal response with no meaningful durability has also been

reported in two relapsed, refractory (R/R) B-cell non-Hodgkin

lymphoma patients receiving the combination therapy of

bispecific CAR T cells and PD-1 inhibitors (221). Therefore,

further research is needed to confirm the therapeutic efficacy

and optimal administration method of this combination treatment.
Reversing T-cell exhaustion

As stated above, T-cell exhaustion is characterized by the

increased expression of suppressive cytokines and inhibitory

receptors, including PD-1, CTLA, LAG-3, TIM-3, VISTA and

ITIM domain (TIGIT), hierarchical decreased cytokine

production (IL-2, TNF, IFNg), and reduced proliferative

capacity, with underlying distinct epigenetic states (222, 223).

Accordingly, upcoming treatment options to overcome ICB

resistance by the reinvigoration of T-cell exhaustion (Figure 4)

include blocking the alternative immune checkpoints, targeting

costimulatory receptors, inhibiting soluble immune- suppressive

mediators, and epigenetically coordinating exhausted CD8+ T

(Tex) cells (224–226).

Combining blockade treatments against multiple inhibitory

receptors or combining checkpoint inhibitors with costimulatory

agonists is a promising way to reinvigorate exhausted CD8+ T

cells. Desirable therapeutic outcomes have been indicated in the

preclinical and clinical studies of many tumors (227). Alternative

targeting IRs include anti-TIM-3(MBG453), anti-LAG-3

(LAG525), anti-TIGIT (etigilimab), anti-VISTA (JNJ-

61,610,588), and anti-B7-H3 (enoblituzumab) (228–231).

Accordingly, a wide range of combination strategies are
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undergoing research in various malignancies both preclinically

and clinically. For instance, ipilimumab (anti-CTLA-4) plus

nivolumab (anti-PD-1) is the most well-studied immuno-

oncology (IO) combination showing comparatively better

efficacy in multiple advanced tumors. It has become the earliest

dual ICB treatment that received FDA approval in September

2015 for the first-line therapy of metastatic melanoma. Currently,

this combination has been approved for the treatment of

advanced renal cell carcinoma (RCC), metastatic colorectal

cancer with MMR/MSI-H aberrations, PD-L1-positive (≥1%)

metastatic NSCLC, and HCC as well. Noteworthily, the

increasing incidence and intensity of the adverse events have

been reported in the combining blockade, which suggest the

importance of further studies (151). Costimulatory agonists are

another good choice for reversing T-cell exhaustion in treating

ICB. For example, the anti-CD137 agonist utomilumab has been

shown to induce the increase of effector CD8+ T cells and improve

survival in synergy with ICB in an ovarian cancer model (232).

Recently, a growing number of agonist antibodies targeting

immune costimulatory receptors are in clinical development for

cancer indications, such as CD27 agonist varlilumab (CDX−1127)

and CD40 agonist CDX−1140, OX40 agonist tavolimab

(MEDI0562). Although none have been approved to date,

combination approaches are still full of therapeutic

potential (152).

Pauken et al. demonstrated that PD-1 blockade alone

minimally remodeled the Tex epigenetic landscape. Hence,

epigenetic modifiers, or T-cell epigenomic engineering with

checkpoint blockade, may help reacquire durable immune

memory against tumors (233). The transcriptional regulator

TOX has recently been highlighted to be involved in

programming CD8+ T-cell exhaustion transcriptionally and

epigenetically, which is associated with plenty of transcription-

factor networks downstream of TCR signaling (225). The

knockdown of TOX ameliorated the exhaustion state of CD8+

T cells, enhancing the response to ICB treatment in an HCC

mouse model (234), suggesting a new strategy to maximize

immunotherapeutic efficacy by the downregulation of TOX

expression. Interestingly, coblocking PD-1 and TIGIT could

reinvigorate TOX-expressing PD-1highCD8+ TILs with better

therapeutic outcomes in bladder cancer patients (153). Other

modulators of the epigenetic landscape stated above, such as

DNMTi, have also been found to induce the rejuvenation of

exhausted CD8+ T cells, synergizing with a PD-1 inhibitor in a

prostate adenocarcinoma mouse model (154).

Metabolic insufficiency play a crucial function in modulating

T-cell exhaustion, implicating that metabolic modulation is a

selective way to rejuvenate exhausted T cells, eliciting superior

antitumor immunity (17, 155). In addition, ICB has been

demonstrated to exert an inhibitory effect on immune cells’

metabolism and suppress glycolysis while increasing FAO and
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lipolysis. Therefore, the combinations of ICB with metabolic

interventions appear to be ideal opportunities to improve

antitumor effects via reversing immune metabolic dysfunctions

(235). Many metabolic interventions have been exploited, such

as enhancing mitochondrial fitness, enforcing fatty acid

oxidation, and ameliorating ER stress (236). For example, in a

B16 melanoma mouse model, metformin combined with anti-

PD-1 therapy promoted increasing tumor clearance with an

elevated intratumoral T-cell function. In addition, this

reinvigoration of T cells mediated by metformin is associated

with modulating the oxygen tension of the TME (237).
CD8+ T-cell stimulation

Various elements of the TME, including TANs, TAMs,

CAFs, and Tregs, play critical immune-suppressive roles in

mediating resistance to ICB. Correspondingly, therapies

combined with ICB and strategies targeting these immune-

suppressive cells appear to overcome resistance and improve

clinical outcomes (Figure 4).

As is known, Tregs mediate tumor resistance against ICB in

multiple ways, including upregulating the expression of other

immune checkpoints including LAG-3, TIM-3, GITR, TIGIT,

and VISTA; secreting high levels of TGF-b; and increasing the

activation of the PI3K signaling pathway (238, 239). In

glioblastoma, a typical immunologically ‘cold’ tumor, the

suppressive Treg cells were converted toward CD4 effector T

cells by an agonistic antibody (aGITR), which promoted the

cure rates in GBM models combined with PD1 antibodies (240).

Similar results have been reported in the coblockade of PD-1 and

other immune checkpoints (241, 242). Importantly, this

combined immunotherapy needs to be adapted to the specific

immune environment for each tumor type. Targeting TGF-b is

another appealing approach to reducing tumor-infiltrating Tregs

and improving response to ICB treatment. R. Ravi et al. invented

bifunctional antibody–ligand traps (Y-traps), simultaneously

inhibiting the TGF-b pathway and CTLA-4 or PD-L1. This

engineered antibody (a-CTLA4TGFbRIIecd and a-PDL1-

TGFbRIIecd) significantly counteracted Tregs and restored

beneficial TH1 cells in the TME, exhibiting superior antitumor

efficacy than either the CTLA-4 antibody or PD-L1 antibodies in

human melanoma (A375)–bearing NSG mice (156). Other

strategies such as daclizumab, targeting the surface molecules

CD25 of Treg, have been experimented both preclinically and

clinically. Daclizumab administration reprogrammed Tregs.

However, it also diminished activated Teff, showing no

augmentation of T-cell responses in metastatic melanoma

patients (243). Obviously, Treg-silencing strategies coupled

with ICB require a deeper investigation of the crosstalk

between the TME and Tregs.
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As a vital source of PD-1, TAM has been demonstrated to

hinder ICB efficacy by capturing ICB antibodies, secreting

inhibitory cytokines, and expressing coinhibitory molecules.

TAM-centered strategies are promising treatments to improve

the efficacy of ICB agents (244, 245). CSF1R inhibitors enhanced

the therapeutic efficacy of PD1 blockade by inhibiting the

differentiation and accumulation of M2-like TAMs in

melanoma models (157). Another monoclonal antibody

targeting MARCO (macrophage receptor with collagenous

structure) has also been reported to switch the TAM

phenotype and boost checkpoint therapy effectively in

melanoma tumor–bearing mice, which notably was induced by

activating NK-cell-mediated killing other than T- cell-directed

immunotherapy (246). Carfilzomib, a proteasome inhibitor

approved by the FDA to treat relapsed/refractory multiple

myeloma patients, has been supported to reprogram M2

macrophages into an M1-like population through IRE1a-

TRAF2-NF-kB signaling and synergize with PD-1 inhibitors to

reduce tumor growth in an autochthonous lung cancer model

(158). Intriguingly, a recent study revealed that the high

expression of histamine and histamine receptor H1 (HRH1)

attenuated response to immunotherapies via polarizing TAMs

toward an M2-like immunosuppressive phenotype. Hence, the

HRH1 knockout or inhibition of HRH1 on macrophages with

antihistamines reshaped the transcriptomic landscape of

immune cells and blocked immune resistance when combined

with anti-PD-1 treatment in mammary tumor and colon cancer

mice models. In agreement with these results, the clinical data

suggested that preexisting allergy or high histamine levels

contributed to the inadequate immunotherapy responses in

cancer patients (247). The similar antitumor properties of

histamine dihydrochloride have been proven in MC-38 colon

carcinoma and EL-4 lymphoma mouse model (248). However,

in the murine cholangiocarcinoma (CAA) model, TAM

blockade by anti-CSF1R failed to reduce CCA growth due to

the compensatory infiltration of G-MDSCs. Meanwhile, the dual

inhibition of TAMs and G-MDSCs was sufficient to enhance the

efficiency of the PD-1 inhibitor in the orthotopic mouse model

of CCA. Notably, the response rate to the ICB monotherapy of

CAA patients is only 5.8% (249). Thus, targeting these

immunosuppressive elements, particularly TAMs, is significant

in potentiating PD-1 blockade.

Targeting CAF in the suppressive TME would be another

valuable option to improve immunotherapy efficacy. Specifically,

the targeted strategies include depleting CAF, interrupting their

tumor-promoting ability, blocking CAF activation, and reverting

CAF to a quiescent state (250). The inhibition of fibroblast

activation protein (FAP)–positive CAF has disappointing results

in metastatic colorectal cancer patients, possibly due to off-target
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effects (251). In recent years, single-cell RNA sequencing has

characterized the heterogeneity of CAF in multiple tumor types,

which suggests that targeting the subtype of CAF therapy may

require a more nuanced approach (252). Blocking CAF-derived

factors such as IL-6 and CXCL12 has been demonstrated to

increase the accumulation of T cells and boost response to ICB

in the models of multiple cancers (253). The ROS-producing

enzyme NADPH oxidase-4 (NOX4) inhibition has been

demonstrated as a well-studied approach to reversing TGF-b1-
mediated CAF activation and promoting the transformation into

a quiescent fibroblast-like phenotype (254). Using the NOX

inhibitor GKT137831 (setanaxib) with immunotherapy can

improve clinical outcomes in CAF-rich solid tumor models,

indicating that reversing myofibroblastic CAFs to ‘normalized’

by setanaxib may be a considerable way to resensitize CAF-rich

tumors to ICB, such as head and neck, colorectal, esophageal,

and pancreatic cancers (255).

Apart from aiming at a specific group of cells or cytokines,

radiotherapy is an appealing approach to shifting the

immunosuppressive TME in the presence of immunotherapy.

Combinatorial therapy has been shown to significantly increase

CD8+ T cells by reducing MDSCs and Tregs, compared with RT

or immunotherapy alone (160, 256). However, the

immunosuppression effect of RT was known as well. Those

irradiated cells that died of apoptosis could release anti-

inflammatory cytokines such as TGF-b and adenosine to

reduce tumor tolerance (257). Therefore, the definition of the

optimum dose, appropriate fraction, and suitable target site of

RT is fundamental (258).

Microbiota-centered interventions have recently gained

growing attention for the engagement of the gut microbiome in

primary and acquired resistance to ICB in different tumors such as

melanoma, RCC, NSCLC, pancreatic ductal adenocarcinoma, and

colon cancer (18, 259). Studies have proposed that regulating the

collaboration of microbiota with the TME could contribute to

metabolic changes, promoting antitumor T-cell responses and

ameliorating anti-PD-1 blockade resistance (161). B. Routy et al.

revealed that Akkermansia muciniphila and Enterococcus hirae are

the primary factors in eliciting immunological changes, increasing

CCR9+CXCR3+CD4+ T lymphocytes, which rely on interleukin-12

(18). Deep mechanisms accounting for the immunomodulatory

effects of the gut microbiome remain to be explored. Nevertheless,

manipulating the gut ecosystem is a profitable strategy to facilitate a

better immune response (260). The specific interventions include

supplementation with probiotics, the transfer of the fecal microbial

content, microbiome-basedmetabolite therapy, and the depletion of

the unfavorable bacterial taxa by proper oral antibiotics as well as

dietary interventions, some of which have been evaluated in early

phase clinical studies (261, 262). Intriguingly, researchers found that
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orally supplementing camu-camu, a polyphenol-rich berry, could

circumvent anti-PD-1 resistance by reprogramming the TME in a

microbiome-dependent way (263).
Therapeutic trials to validate
resistance mechanisms

Combining anti− programmed cell
death protein 1 (PD-1)/programmed
cell death ligand 1 with conventional
cytotoxic chemotherapy

Based on the importance of chemotherapy in traditional cancer

treatment and the beneficial immunomodulating effects of

chemotherapy in the map of PD1/PDL1 therapy, chemotherapy

has been the most widely used combination strategy approved in

various indications so far and chemoimmunotherapy has become a

standard of treatment for some cancer patients. The FDA granted

pembrolizumab plus chemotherapy (pemetrexed and platinum) as

the first-line therapy for advanced non-squamous NSCLC based on

the clinical trial KEYNOTE-021 in 2017. Later in 2018,

pembrolizumab plus carboplatin and either paclitaxel or nab-

paclitaxel were approved as the first-line treatment of metastatic

squamous NSCLC based on the results of KEYNOTE-407. On the

strength of a series of successes in clinical trials, the approval of

pembrolizumab plus chemotherapy covers more tumors, including

gastroesophageal junction cancer (KEYNOTE-811), advanced

triple-negative breast cancer (KEYNOTE-355), and esophageal

cancer (KEYNOTE-590) (264–266). Meanwhile, anti-PD-L1-

based chemoimmunotherapy such as atezolizumab plus

chemotherapy and durvalumab combined with platinum plus

etoposide treatment, has also received approval from the FDA in

different tumors (170, 267). There is currently a rapidly growing

number of clinical trials assessing chemoimmunotherapeutic

regimens with the PD-1/PD-L1 inhibitor in clinical development

but have not yet been approved by the FDA (166). The dose and

sequence of administration require further evaluation to maximize

the benefits of immunogenic chemotherapy.
Combining anti− programmed cell death
protein 1 (PD-1)/programmed cell death
ligand 1 with radiotherapy

Based on the above-mentioned preclinical data suggesting the

potential synergistic effect of combining radiotherapy with anti

−PD−1/PD−L1, a mounting number of translations into clinical

trials are ongoing, most of which are still in phase I or II. In

addition, the majority of radioimmunotherapy regimens are based

on stereotactic body radiotherapy (SBRT). For instance, in

PEMBRO-RT, a multicenter randomized phase 2 study of 92
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patients with advanced NSCLC, patients who received SBRT

(three doses of 8 Gy) before pembrolizumab showed improved

trends in OS, progression-free survival (PFS), and objective

response rate (ORR) compared with the non-irradiated group

(268). However, in a single-center, randomized, phase II trial

(NCT02684253) for patients with metastatic or recurrent

HNSCC, nivolumab plus SBRT showed no improvement in

response compared with nivolumab single arm (269). Further

research is needed to explore the best radioimmunotherapy

options, including the dose, volume, fractionation, and sequence.
Dual immune checkpoint blockade

The combination of ipilimumab (anti-CTLA-4) and nivolumab

(anti-PD-1) is the first FDA-approved dual ICB treatment based on

the results of CheckMate-067, CheckMate-069, and CheckMate-

142 (151, 270). This combination is currently applied for the

treatment of melanoma, RCC, HCC, PD-L1-positive NSCLC,

MSI-H/dMMR colorectal cancer, and malignant pleural

mesothelioma (3). Moreover, the FDA recently approved the first

fixed-dose combination of nivolumab (Opdivo) and relatlimab

(LAG-3 inhibitor) for unresectable or metastatic melanoma

patients based on an appealing result from the phase-II/III

RELATIVITY-047 trial. This trial demonstrated that the

relatlimab–nivolumab combination yielded a progression-free

survival rate of 10.1 months compared with 4.6 months in

nivolumab monotherapy without new safety problems (271).

Combinations of PD-1/PD-L1 blockers with other ICB are still in

clinical trials. For instance, another CTLA-4 targeted monoclonal

antibody, tremelimumab plus durvalumab, has entered phase 3

clinical trials in various malignancies, including small-cell lung

cancer, high-risk urothelial carcinoma, advanced colorectal

cancer, and advanced gastric and gastroesophageal junction

adenocarcinoma, some of which received unsatisfactory results.

No additional benefit was shown in combination (272–275). The

severity and incidence of immune-related adverse events (irAEs),

including colitis, thyroiditis, pneumonitis, and hypophysitis, have

also been reported in the coblockade of PD-1/PD-L1 and CTLA-4

patients (276). In the primary analysis of the phase 2 CITYSCAPE

trial, the TIGIT inhibitor tiragolumab plus atezolizumab (anti-PD-

L1) showed improvement in PFS (stratified HR, 0.58; 95% CI, 0.38–

0.89) in PD-L1-positive NSCLC patients (277).
Combining immune checkpoint
blockade with targeted therapies in
cancer treatment

Preclinical and clinical studies have verified the synergetic effect

of the angiogenesis inhibitor with anti−PD−1/PD−L1. Based on

studies 309/KEYNOTE-775 (NCT03517449) and KEYNOTE581

(NCT02811861), lenvatinib plus pembrolizumab has been
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approved by the FDA in the treatment of advanced endometrial

carcinoma and advanced RCC (278). The KEYNOTE-426 study

revealed that patients receiving pembrolizumab plus axitinib gained

statistically significant PFS, OS, and ORR improvement compared

with sunitinib monotherapy, which promoted the approval of

pembrolizumab plus axitinib as the first-line therapy for

advanced RCC (279). In 2018, based on the IMpower150 trial

(NCT02366143), atezolizumab with chemotherapy and

bevacizumab was approved for the first-line treatment of

metastatic non-squamous NSCLC (280). Additionally,

atezolizumab combined with bevacizumab was approved in 2020

for unresectable hepatocellular carcinoma on the basis of the

IMbrave150 trial (NCT03434379) (281). Moreover, the FDA

approved axitinib plus avelumab (based on JAVELIN Renal 101)

and cabozantinib plus nivolumab (based on CheckMate-9ER) for

RCC initial-line treatment as well (282, 283).

Noteworthily, plenty of clinical trials are exploring the

combination strategies of angiogenesis inhibitors and anti-PD-1/

PD-L1 at present. The preliminary data of some combinations

demonstrated favorable therapeutic effects such as camrelizumab

plus apatinib in advanced triple-negative breast cancer

(NCT03394287), advanced cervical cancer (NCT03816553), and

advanced HCC (NCT03463876) and sintilimab plus anlotinib in

advanced NSCLC (NCT03628521) and PD-L1-positive recurrent or

metastatic cervical cancer (284). Subsequent phase 3 trials are

necessary to confirm the effectiveness of these combination regimens.

Apart from angiogenesis inhibitors, various targeted

therapies combined with anti-PD-1/PD-L1 are undergoing

clinical trials, such as nivolumab plus erlotinib (EGFR) in

NSCLC patients (NCT01454102), tislelizumab plus pamiparib

(PARP) in solid tumor patients (NCT02660034), cobimetinib
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(MEK) plus atezolizumab in colorectal cancer patients

(NCT02788279), nivolumab plus copanlisib (PI3K) in

lymphoma and solid tumor patients (NCT03502733), and

pembrolizumab plus abemaciclib (CDK4/6) in NSCLC and

breast cancer patients (NCT02779751). Altogether, most

clinical trials are still in phase I or II. Further research is

needed to explore the efficacy of anti-PD-1/PD-L1-based

combined strategies in phase 3 trials.
Concluding remarks

ICB has revolutionized the field of cancer treatment. However,

the initial wave of success on ICB is challenged by primary and

acquired resistance. The number of patients benefiting from ICB

is limited. Thus, a more detailed map of resistant mechanisms is

reasonably necessary to develop coping strategies to improve

clinical outcomes. Firstly, in this context, we primarily focus on

the changes in the biological functions of CD8+ T cells to elucidate

the underlying resistance mechanisms of ICB therapies. Based on

the mechanical studies of both tumoral and systemic changes in

the immune system, dozens of combinational regimens have been

proposed, some of which exhibit potent antitumor activities in

preclinical and clinical studies. Secondly, chemotherapy, VEGF/

VEGFR-targeted therapy, and CTLA4-targeted treatment have

been shown to be the most promising combinational options with

anti-PD-1/PD-L1 therapy. They have great potential to improve

the efficacy of ICB treatment in the condition of drug resistance.

Nevertheless, only a tiny number of combinational strategies have

been approved by the FDA, including anti-PD-1/PD-L1 plus

chemotherapy, angiogenesis inhibitor, anti-CTLA-4, and anti-
TABLE 2 Approved combination strategies with the PD-1/PDL1 inhibitor.

Combined strategy anti−PD−1/PD
−L1

Cancer type Clinical trial Approval
time

Chemotherapy Pembrolizumab Metastatic non-squamous NSCLC KEYNOTE-189 (NCT02578680) 08/20/2018

Metastatic squamous NSCLC KEYNOTE-407 (NCT02775435) 10/30/2018

Metastatic TNBC KEYNOTE-355 (NCT02819518) 11/13/2020

Esophageal or GEJ carcinoma KEYNOTE-590 (NCT03189719) 03/22/2021

Cervical cancer KEYNOTE-826 (NCT03635567) 10/13/2021

Nivolumab Metastatic gastric cancer and esophageal adenocarcinoma CHECKMATE-649
(NCT02872116)

04/16/2021

Atezolizumab PD-L1 positive unresectable locally advanced or metastatic
TNBC

IMpassion130 (NCT02425891) 03/18/2019

ES-SCLC IMpower133 (NCT02763579) 03/18/2019

Metastatic NSCLC without EGFR/ALK aberrations IMpower130 (NCT02367781) 12/03/2019

Durvalumab ES-SCLC NCT03043872 03/27/2020

Axitinib Pembrolizumab Advanced RCC KEYNOTE−426 (NCT02853331) 04/19/2019

Avelumab RCC JAVELIN Renal 101
(NCT02684006)

05/14/2019

(Continued)
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LAG-3 (Table 2). Overall, with a more profound elucidation of

ICB resistance mechanisms, more novel clues of combinational

strategies will emerge. Additional effort is needed to overcome

barriers, including the occurrence of irAEs, the assessment of

predictive biomarkers, and the definition of administration

regimens such as dosage, timing, and sequence.
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Immune landscape and
risk prediction based on
pyroptosis-related molecular
subtypes in triple-negative
breast cancer

Lixi Luo*, Qun Wei, Chenpu Xu, Minjun Dong
and Wenhe Zhao

Department of Surgical Oncology, Sir Run Run Shaw Hospital, Zhejiang University School of
Medicine, Hangzhou, China
The survival outcome of triple-negative breast cancer (TNBC) remains poor,

with difficulties still existing in prognosis assessment and patient stratification.

Pyroptosis, a newly discovered form of programmed cell death, is involved in

cancer pathogenesis and progression. The role of pyroptosis in the tumor

microenvironment (TME) of TNBC has not been fully elucidated. In this study,

we disclosed global alterations in 58 pyroptosis-related genes at somatic

mutation and transcriptional levels in TNBC samples collected from The

Cancer Genome Atlas and Gene Expression Omnibus databases. Based on

the expression patterns of genes related to pyroptosis, we identified two

molecular subtypes that harbored different TME characteristics and survival

outcomes. Then, based on differentially expressed genes between two

subtypes, we established a 12-gene score with robust efficacy in predicting

short- and long-term overall survival of TNBC. Patients at low risk exhibited a

significantly better prognosis, more antitumor immune cell infiltration, and

higher expression of immune checkpoints including PD-1, PD-L1, CTLA-4, and

LAG3. The comprehensive analysis of the immune landscape in TNBC indicated

that alterations in pyroptosis-related genes were closely related to the

formation of the immune microenvironment and the intensity of the

anticancer response. The 12-gene score provided new information on

the risk stratification and immunotherapy strategy for highly heterogeneous

patients with TNBC.

KEYWORDS

pyroptosis, tumor microenvironment, triple-negative breast cancer, prognosis,
immune checkpoints
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Introduction

Breast cancer (BC) is the leading cause of cancer death among

women. Triple-negative breast cancer (TNBC), marked by negative

expression of estrogen receptor (ER), progesterone receptor (PR),

and human epidermal growth factor receptor-2 (HER2), is the most

challenging subtype of BC due to its high heterogeneity and lack of

effective target therapies (1). Tumor mutation burden (TMB) is

higher in TNBC than in other subtypes, suggesting a higher

probability of benefits from treatment with immune checkpoint

inhibitors (ICIs) (2). Several clinical trials have investigated the

feasibility of adding ICIs to chemotherapy in TNBC, and most of

these studies focus on inhibitors of the PD-1/PD-L1 pathway.

Pembrolizumab, an anti-PD-1 agent, has been demonstrated to

be helpful in improving the survival of both metastatic and early

stage TNBCs (3, 4). Meanwhile, the anti-PD-L1 agent atezolizumab

shows discrepant efficacy in advanced TNBC when combined with

paclitaxel or nab-paclitaxel (5, 6). Overexpression of CTLA-4,

another immune checkpoint molecule, is observed in breast

tumors (7). A single-arm pilot study suggested treatment

responses to combined anti-CTLA-4 antibody tremelimumab and

anti-PD-L1 durvalumab in three of the total of seven TNBC cases

investigated (8). However, the study was terminated due to the low

overall response rate that did not meet the required criteria.

Currently, randomized trials exploring anti-CTLA-4 treatment in

TNBC are ongoing, while no positive results have been reported (9,

10). It is worth mentioning that, compared to other cancers, the

TMB or microsatellite instability (MSI) in BC is still notably low

(11, 12), resulting in a less dramatic response to immunotherapy.

The narrow therapeutic window and ultimate drug resistance also

remain to be problems that need to be resolved.

Pyroptosis is a cytolytic and inflammatory form of

programmed cell death mediated by proteins from the

gasdermin family (13). It is characterized by pore formation and

cell swelling, followed by rupture of the plasma membrane and

release of cytokines, which trigger inflammatory responses

and cell death (14). Increasing evidence reveals various roles for

pyroptosis in cancer pathogenesis and progression (15).

Pyroptosis that occurs in only a fraction of tumor cells can

induce robust antitumor immunity and synergizes with anti-

PD-1 blockade (16). Gasdermin E (GSDME) expression is

inhibited in many types of cancer, including BC, and tumor

GSDME can activate pyroptosis, improving tumor suppression

through killer cytotoxic lymphocytes (17). The GSDME promoter

was found to be methylated in primary BC tissues with high

frequency, and the GSDME methylation status could increase the

risk of lymph node metastasis in BC patients (18). In contrast,

gasdermin B (GSDMB) is upregulated in breast carcinoma and is

correlated with increased tumor cell invasiveness and poor

survival in patients (19). Anti-GSDMB antibody loaded onto

nanocapsules efficiently reduces the aggressiveness of HER2-

positive BC (20).
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There are emerging studies suggesting the crosstalk between

pyroptosis and the tumor microenvironment (TME) (21). The

expression of gasdermin D (GSDMD), accompanied by the

upstream components of the NLRP3 inflammasome, is related to

the activation of the inflammasome in the tumor. NLRP3 signaling

in macrophages drives the establishment of an immune-suppressive

TME in pancreatic ductal adenocarcinoma (22). GSDME

expression suppresses tumor growth by enhancing the

functionality of tumor-infiltrating natural-killer (NK) and CD8+

T lymphocytes (17). Currently, few studies have elucidated the

collaborative effects of combined pyroptosis-related genes (PRG) on

BC pathogenesis. Given the complex roles of PRGs in cancer, a

comprehensive understanding of PGR-mediated TME alterations

in TNBC is needed to provide new insights into patients’ risk

prediction and treatment decision.

This study disclosed the global characteristics of PRG

alterations in TNBC and defined two distinct molecular

subtypes based on 58 PRGs. Using differentially expressed

genes (DEGs) between pyroptosis subtypes, we constructed a

12-gene-based risk score capable of predicting long-term overall

survival (OS). A comprehensive characterization of the immune

landscape in TNBC was performed based on the risk

stratification system, paving the way for the identification of

optimal candidates and potential regimens for efficient

immunotherapy in TNBC.
Materials and methods

Data sources

Supplementary Figure S1 shows the workflow of this study. BC

samples were obtained from The Cancer Genome Atlas (TCGA)

(https://portal.gdc.cancer.gov/) and Gene Expression Omnibus

(GEO) (https://www.ncbi.nlm.nih.gov/geo/) databases. A total of

1,366 samples were involved in this study (including 113 normal

tissues and 1,253 primary BC tumors). The transcriptome profiling

of 542 TNBC samples was collected from three cohorts, including

162 samples from the TCGA-BRCA program, 273 from the

GSE96058 dataset, and 107 from the GSE58812 dataset. Of these,

cases from TCGA-BRCA and GSE96058 were used as the

development cohort for differential analysis, risk model

establishment, and internal validation, while the GSE58812

dataset acted as an independent external validation cohort. The

fragments per kilobase million (FPKM) values in the RNA

sequencing data were transformed into transcripts per kilobase

million (TPM). Gene expression data derived from both RNA

sequencing and microarray were combined, with batch effects

removed using the “ComBat” function in R. Clinicopathological

information was collected, including patient phenotype (age,

menopausal status, stage, and tumor grade) and survival

endpoints (vital status, days to the last follow-up, and days to
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death). Masked somatic mutation data of 144 TNBC samples and

986 all BC samples were retrieved from the TCGA-BRCA database.
Mutation analysis of PRGs

Fifty-eight PRGs were collected from the “REACTOME_

PYROPTOSIS” gene set of the GSEA/MSigDB Team (http://

www.broad.mit.edu/gsea/msigdb/) and published papers (23–

25), as shown in Supplementary Table S1. The somatic

mutations of the 58 PRGs were visualized using the “maftools”

and “RCircos” packages in R software.
Identification of differentially expressed
PRGs and prognostic PRGs

Package “limma” was used to identify differentially

expressed PRGs between normal and TNBC samples. The

correlations between PRG expression and OS of the patients

were drawn using Kaplan–Meier curves using the “survival” and

“survminer” packages.
Consensus clustering of PRGs and
functional enrichment

To build a classification of molecular subtypes for TNBC,

consensus clustering was performed based on patient PRG

expression patterns using the package “ConsensusClusterPlus.”

The maximum number of clusters, K, was defined as 9 to draw

the heatmaps from the consensus matrix. The optimal K was then

determined from 2 to 9 according to the consensus matrix heatmap

and the cumulative distribution function (CDF) curves. Principal

component analysis (PCA) was performed to verify the disparity in

pyroptosis transcription profiles among distinct subtypes.

Differences in PRG expression levels, clinicopathological

characteristics, and OS among different subtypes were compared.

The expression of PD-1 and PD-L1 was also analyzed. The Kyoto

Encyclopedia of Genes and Genomes (KEGG) signaling pathways

in which different subtypes were involved were investigated by gene

set variation analysis (GSVA) using the MSigDB curated gene set

“c2.cp.kegg.v7.4.” The abundance of immune cells infiltrating the

TNBC TME was assessed by single-sample gene set enrichment

analysis (ssGSEA).
Determination of DEGs among
pyroptosis subtypes

DEGs among different pyroptosis subtypes were determined

using a “limma” package with a log2-fold change > 1.5 and an

adjusted p-value < 0.05. Functional enrichment of these subtype-
Frontiers in Immunology 03
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relatedDEGswas performed usingGeneOntology (GO) annotation

and KEGG pathway analysis with the “clusterProfiler” package.
Development of a DEG-based risk score
and determination of prognostic
predictors

Univariate Cox regression was conducted to identify OS-related

genes from subtype-based DEGs. Consensus clustering, according

to the expression of these prognostic DEGs, was conducted to

categorize tumors into distinct gene subtypes. Relations between the

OS of the patients and the gene subtypes were revealed by Kaplan–

Meier curves. The expression patterns of prognostic DEGs among

patients with different gene subtypes or different clinicopathological

characteristics were visualized using a heatmap. The differential

expression of PRGs between gene subtypes was also evaluated. We

then randomly partitioned the TNBC samples from the

development cohort into a training set (n=218) and a validation

set (n=217) to build a risk model for OS of patients, based on the

expression of prognostic DEGs related to pyroptosis. To improve

the accuracy of the prediction and resolve the problem of

overfitting, LASSO regression was used using the “glmnet”

package in R. A 10-fold cross-validation for parameter selection

of the LASSOmodel was performed with the minimum criteria (the

value of lambda that gives a minimummean cross-validated error).

The candidate genes were finally selected by a multivariate Cox

model regression analysis to generate a risk score in the training set.

The OS-related risk score was calculated as:

Risk   Score =o
n

i=1
bi*Expi

bi and Expi represented the coefficients and expression levels of

each candidate gene. Using the median score as a cutoff value,

patients were divided into high- and low-risk subgroups. Kaplan–

Meier curves were plotted to analyze survival differences between

two groups. Receiver operating characteristic (ROC) curves were

generated to assess the model efficacy for 2-, 3-, 5-, 7-, or 10-year

OS. Both Kaplan–Meier curves and ROC curves were reanalyzed in

the validation set and in the whole development set. Comparisons

of risk scores between pyroptosis subtypes and gene subtypes are

shown in boxplots. Differentially expressed PRGs were analyzed

between high- and low-risk groups. Furthermore, 107 TNBC cases

from the GSE58812 dataset were used as an independent external

validation cohort to test the risk score model.
Tumor immunity analysis based on risk
score stratification

CIBERSORT was used with the LM22 signature to assess the

abundance of 22 immune cell types in the TME of TNBC

between the high- and low-risk groups according to the gene
frontiersin.org
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expression data (https://cibersort.stanford.edu/). Correlations

between the risk score and the fractions of 22 immune cells

infiltrating the tumor were analyzed separately. The

“ESTIMATE” package was used to calculate the scores for

tumor purity, the level of stromal cells, and the level of

immune cells present in tumor tissues (https://bioinformatics.

mdanderson.org/estimate/). The expression of 58 immune

checkpoints was evaluated between two risk groups in all

sample sets.
Somatic mutation and drug sensitivity
analysis between risk groups

The somatic mutation information of the high- and low-risk

groups was analyzed using the “maftools” package based on the

TNBC cases from TCGA-BRCA dataset. TMB and MSI were

compared. The MSI was calculated using the scoring system

described in the study from Kautto et al., named Microsatellite

Analysis for Normal Tumor InStability (MANTIS), which

displayed superior performance compared to the previously

published computational tools for MSI detection (26). Using

the RNA-based stemness score (RNAss) signature from the

UCSC XENA browser, we also investigated the relation

between cancer stem cells and the risk score (https://xena.ucsc.

edu/). To predict the chemotherapeutic response in TNBC

patients of different risk groups, we compared the half

maximum inhibitory concentration (IC50) of commonly used

chemotherapy drugs through the “pRRophetic” package in R.
Statistical analysis

A two-sided probability value of p<0.05 was considered

statistically significant. Data processing and data visualization

were performed in RStudio (version 2021.09.1 + 372, https://

www.rstudio.com/).
Results

Somatic mutation analysis of PRGs

The somatic mutation frequencies of 58 investigated PRGs

were significantly higher in patients with TNBC (84.03%) than

in all BC cohorts (40.67%) (Figures 1A, B). TP53 was the most

frequently mutated PRG, which was seen in 82.64% of TNBC

patients (119/144 samples) and in 34.18% of all BC patients

(337/986 samples). CASP8 with somatic mutation was found in

2% of TNBC samples.

Copy number variations (CNVs) were detected in all 58 PRGs

in both the TNBC set (Figure 1C) and the entire BC set (Figure 1D).

Among patients with TNBC, AIM2 showed the highest frequency
Frontiers in Immunology 04
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of increase in copy number (with 36.48% of the TNBC samples

showing a higher copy number), followed by NLRP3 (32.08%),

CHMP6 (32.08%), GSDMC (28.93%), and GSDMD (23.90%).

Copy number loss was discovered more frequently in CASP9

(35.22%), ELANE (30.82%), GPX4 (30.19%), NLRP6 (18.24%),

and TIRAP (17.61%). Different patterns of CNV were observed

in all BC patients, among which GSDMC, CHMP6, GSDMD,

NLRP3, and GSDMB exhibited the highest incidence of increased

CNV, while CASP9, IL18, TIRAP, GPX4, and ELANE represented

PRGs with the most frequent decrease in CNV. Copy number

alteration loci of PRGs on chromosomes in TNBC patients are

plotted in Figure 1E.
Identification of differentially expressed
PRGs and OS-related PRGs

RNA sequencing data of 162 TNBC samples and 113 normal

tissues from TCGA-BRCA were used to investigate differentially

expressed PRGs. Different expression levels between cancer and

normal samples were detected in 44 of the 58 PRGs (Figure 2A).

PRGs showing significant CNV gain, including AIM2, GSDMC,

and GSDMD, were significantly upregulated in TNBC samples.

Similarly, PRGs with high CNV loss frequency, such as CASP9,

ELANE, GPX4, and TIRAP, were also markedly downregulated

in TNBC. However, there were other PRGs that showed a

discrepancy between copy number alterations and mRNA

expression (such as NLRP3 and TP63), indicating that CNV

could contribute to the regulation of PRG mRNA levels in

TNBC, but was not the only factor involved.

A total of 435 individuals with TNBC from the development

cohort (162 cases of TCGA-BRCA and 273 of GSE96058) were

included in the subsequent survival analysis. The differential

expression of 31 PRGs was significantly associated with OS in

these patients (Figures 2B–M, Supplementary Figure S2),

suggesting the vital role of pyroptosis in the development of

TNBC. The interactive network and the prognostic value of

PRGs in TNBC are visualized in Figure 2N.
Classification of pyroptosis subtypes in
TNBC

The PRG expression profile of 435 TNBC samples from the

development cohort was recovered for consensus clustering

analysis. Fifty-six PRGs, detected in both TCGA-BRCA and

GSE96058 datasets, were included in the subtype clustering

(Supplementary Table S2). The heatmap of the consensus

matrix and the CDF curves identified k=2 as the optimal

group number, which classified the TNBC samples into group

A (n=211) and group B (n=224) (Figure 3A, Supplementary

Figure S3). PCA verified the distinct features of the pyroptosis

transcriptomes between two groups (Figure 3B). Furthermore,
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Kaplan–Meier curves revealed markedly better OS in patients of

subtype A than those of subtype B (p=0.003) (Figure 3C). The

heatmap in Figure 3D also displayed disparate PRG expression

patterns between two pyroptosis subtypes. The clinico

pathological characteristics of different subtypes were further

compared. The comparative proportions of T1, T2, and T3–T4

tumors between subtypes A and B were 50.98% vs. 39.64%,

41.67% vs. 50.45%, and 7.35% vs. 9.91%, respectively (p=0.040),

suggesting that tumors of subtype A tended to have a lower T

stage (Figure 3D).
Frontiers in Immunology 05
412
TME characterization of pyroptosis
subtypes

GSVA analysis of the canonical pathway of 435 TNBC

samples distinguished subtype A as the subtype with

dramatically higher enrichment in activated immune pathways,

including NOD-like receptor signaling, cytosolic DNA sensing

pathway, JAK-STAT signaling pathway, chemokine signaling

pathway, cytokine–cytokine receptor interaction, antigen

processing and presentation, T-cell receptor signaling, and B-cell
B

C

D E

A

FIGURE 1

Somatic mutation analysis of PRGs. (A, B) Mutation frequencies of 58 PRGs in TNBC samples and all BC samples. (C, D) Copy number variations
of 58 PRGs in TNBC samples and all BC samples. (E) Copy number alteration loci of PRGs on 23 chromosomes in TNBC patients.
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receptor signaling pathway (Figure 3E). ssGSEA showed that 27 of

the total 28 immune cell types investigated had markedly higher

infiltration levels in the TME of subtype A compared to that of

subtype B (Figure 3F). Furthermore, the expression of both PD-1
Frontiers in Immunology 06
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and PD-L1 was also remarkably elevated in subtype A samples

compared to those of subtype B (Figures 3G, H). These results

suggested a stronger immunogenicity and antitumor response in

patients with TNBC of subtype A.
B C D E

F G H I

J K

L M

N

A

FIGURE 2

Identification of differentially expressed PRGs and OS-related PRGs in TNBC. (A) Differential expression was detected in 44 PRGs between
cancer and normal samples. (B–M) PRGs significantly associated with overall survival of TNBC patients. Twelve OS-related PRGs showed
statistical significance in both survival curves and Cox regression analyses. The other 19 OS-related PRGs with p<0.05 in Kaplan–Meier curves
are illustrated in Supplementary Figure S1. (N) Interactive network and prognostic value of PRGs in TNBC. The thickness of green and pink lines
represent the strength of interactive correlation between different PRGs. * p < 0.05, ** p < 0.01, *** p < 0.001.
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FIGURE 3

Classification and TME features of pyroptosis subtypes in TNBC. (A) Two pyroptosis-related subtypes and their correlation area defined by
consensus matrix heatmap. Fifty-six PRGs listed in Supplementary Table S2 are included in the subtype clustering analyses. (B) PCA analysis
verified the remarkable differences in pyroptosis transcription profiles between two subtypes. (C) TNBC patients defined as PRG subtype A
exhibited significantly better OS compared to those from PRG subtype (B, D) Comparisons of PRG expression and clinicopathological features
between two PRG subtypes. (E) GSVA canonical pathway analysis discovered PRG subtype A samples with dramatically higher enrichment in
multiple immune-related pathways. (F) Twenty-seven immune cell types showed distinctly higher infiltration levels in the microenvironment of
subtype (A, G, H) Expressions of PD-1 and PD-L1 were remarkably elevated in subtype A. ** p < 0.01, *** p < 0.001.
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Identification of DEGs among pyroptosis
subtypes and development of DEG-
based gene subtypes

To disclose the biological differences related to different

subtypes of pyroptosis, we identified 844 DEGs between

subtype A and B tumors (Supplementary Table S3). The GO

annotations of DEGs in terms of their biological process (BP),

cellular component (CC), and molecular function (MF) are

summarized in Figure 4A. The top-ranked GO terms were

mostly related to hemopoietic cells and immunological

processes, such as T-cell activation, leukocyte-mediated
Frontiers in Immunology 08
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immunity, external side of the plasma membrane, immune

receptor activity, and cytokine receptor activity. The pathway

in which most DEGs were involved was the cytokine–cytokine

receptor interaction, followed by multiple immune-related

pathways including cell adhesion molecules and the

chemokine signaling pathway (Figure 4B). The results of

functional enrichment highlighted the potential role of

pyroptosis in the immune response of TNBC.

To further differentiate TNBC patients with varied DEG

patterns, we screened 346 genes that were significantly

associated with OS from the 844 DEGs related to pyroptosis

by univariate Cox regression (Supplementary Table S4). Among
B C

D

E

A

F

FIGURE 4

Development of gene subtypes based on differentially expressed genes between PRG subtypes. (A, B) GO and KEGG enrichment of DEGs identified
between two PRG subtypes. (C) Consensus matrix heatmap defined two gene subtypes based on 346 prognostic DEGs. (D) Thirty-eight PRGs were
differentially expressed between two gene subtypes. (E) TNBC patients defined as gene subtype I showed significantly better OS. (F) Comparison of
gene expression and phenotype features between two gene subtypes. * p < 0.05, ** p < 0.01, *** p < 0.001.
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them, 337 genes were favorable predictors, while 9 genes were

risk factors. According to the 346 prognostic DEGs, we classified

patients into two gene subtypes using the consensus clustering

algorithm (Figure 4C; Supplementary Figure S4). Gene subtype I

included 211 patients, while the other 224 cases were defined as

gene subtype II. Consistent with the pyroptosis-based

classification, differential expression of PRG was observed

between gene subtypes (Figure 4D). Furthermore, survival

analysis showed a worse OS in patients with gene subtype II

tumors compared to those with gene cluster I tumors (p<0.001)

(Figure 4E). The comparison of gene expression and phenotype

characteristics between two gene subtypes is illustrated in

Figure 4F. The pyroptosis subtypes and the gene subtypes

exhibited high concordance in the patient distribution. In gene

subtype I, 90.05% of the samples were from pyroptosis subtype

A, while 90.63% of the samples from gene subtype II were from

pyroptosis subtype B. As shown in the heatmap, a large

proportion of DEGs, most of which were favorable predictors

of OS, showed particularly higher expression in gene subtype I

(consistent with the better survival outcome in subtype I

patients). Similarly, subtype I samples had lower T

stage (p=0.028).
Construction of a risk score based on
pyroptosis-related prognostic DEGs

Four hundred thirty-five cases from the development cohort

(composed of TCGA-BRCA and GSE96058) were included in

the risk model exploration. The alluvial diagram in Figure 5A

shows the patients’ distribution between different subtypes, risk

groups, and vital status. The patients were randomly partitioned

into a training set (n=218) and an internal validation set

(n=217). Based on the survival outcomes of the patients and

the expression of 346 prognostic DEGs related to pyroptosis, we

selected 12 candidate genes by LASSO regression and cross-

validation (Figure 5B; Supplementary Figure S5). Using

multivariate Cox regression analysis, we finally used the 12

DEGs (CCL13, CELF2, EFNA3, EGFL6, EMILIN3, FAM20A,

FCGR2B, LGALS2, MCOLN2, RARRES1, SERPING1, and

SNX10) and established the risk score with their coefficients

and expression levels. Nine DEGs (CCL13, CELF2, EGFL6,

FAM20A, LGALS2, MCOLN2, RARRES1, SERPING1, and

SNX10) were favorable predictors, while the other three were

high-risk factors (EFNA3, EMILIN3, and FCGR2B)

(Supplementary Table S5). The expression heatmap of the 12

DEGs between the two risk groups is illustrated in Figure 5C.

A median score of −3.898 in the training set was defined as

the cutoff value to distinguish high- and low-risk patients

(Figure 5D). The vital status plot revealed that patients in the

high-risk group had a higher death rate than those in the low-

risk group (Figure 5E). The Kaplan–Meier curves confirmed

significantly worse OS in high-risk individuals (Figure 5F):
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comparison of the 2-year OS rates between the high- and low-

risk groups was 82.71% vs. 96.92%, while the 5-year OS rates

were 53.72% vs. 85.45% (p<0.001). In ROC curve analysis, the

areas under the curve (AUCs) for the prediction of 2-, 3-, 5-, and

7-yea r OS were 0 . 855 , 0 . 834 , 0 . 800 , and 0 .879 ,

respectively (Figure 5G).

Risk stratification was repeated in the internal validation set

using the median score of the training set (Supplementary Figure

S6). Vital status and Kaplan–Meier curves verified favorable

survival outcomes in the low-risk group with p-value <0.001

(Supplementary Figures S7, 8). The AUCs for the 2-, 3-, 5-, and

10-year OS prediction were 0.644, 0.719, 0.736, and 0.757,

respectively, in the internal validation set (Supplementary

Figure S9). Furthermore, differential expression of 32 PRGs

was detected between high- and low-risk groups among all

patients in the development cohort (Figure 5H). Among the

435 individuals in the entire development cohort, patients from

both pyroptosis subtype A and gene subtype I, which

represented activated cancer immunity and better OS, had a

markedly lower risk score compared to subtype B and subtype II,

respectively (p<0.001 in both tests) (Figures 5I, J), suggesting

that the lower risk score could be associated with upregulated

immune defense in the microenvironment of TNBC.

To further validate the prognostic value of the risk model, we

performed the risk score calculation in an independent external

validation cohort (GSE58812). A better long-term OS was

observed in low-risk cases (p=0.025, Supplementary Figure

S10), who had a significantly higher 5- and 10-year OS rate

compared to high-risk patients (81.26% vs. 69.47 at 5 years,

78.80% vs. 59.47% at 10 years). The AUC for the prediction of

OS at 3, 5, 7, and 10 years were 0.714, 0.766, 0.721, and 0.725,

respectively (Supplementary Figure S11), demonstrating good

performance of the 12-DEG-based risk score in the prediction of

long-term prognosis for patients with TNBC.
Evaluation of tumor immune
microenvironment based on risk
stratification

To explore tumor immunity and the microenvironment in

TNBC from different risk groups, we analyzed the correlation

between risk score and immune cell abundance using the

CIBERSORT algorithm. The risk score was positively related

to the fraction of three non-activated or pro-tumorigenic cell

types (resting CD4+ memory T cells, M0 macrophages, and M2

macrophages) and was negatively correlated with seven types of

antitumor immune cell types (CD8+ T cells, gamma delta T

cells, follicular helper T cells, activated CD4+ memory T cells,

memory B cells, M1 macrophages, and activated dendritic cells)

(Figure 6A). The 22 immune cell types analyzed exhibited a

statistically significant correlation with at least one of the 12

DEGs of the scoring model (Figure 6B). The results of low-risk
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score samples with high abundance of antitumor immune cells

were consistent with the finding that low-risk patients were more

likely to exist in immune-activated subtypes.

The “ESTIMATE” package was utilized to calculate the TME

score, containing a stromal score (capturing the presence of

stromal cells in tumor tissue), an immune score (representing

the infiltration of immune cells), and an ESTIMATE score (a

combination of stromal and immune scores that inferred tumor

purity). TNBC patients from the low-risk group scored higher in

all three fields (Figure 6C), indicating a lower tumor purity with

higher infiltration of both stromal cells and immune cells.

Furthermore, the expression of immune checkpoints between

different risk groups was compared. Thirty-three immune

checkpoints, including PD-1 (PDCD1), PD-L1 (CD274),

CTLA-4, and LAG3, showed markedly upregulated levels in
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low-risk samples (Figure 6D), implying better response to

immunotherapy for low-risk patients with TNBC.
MSI and mutation analysis

The MSI status was investigated between the risk groups.

More than 95% of patients with TNBC were defined as

microsatellite stable (MSS) regardless of risk stratification

(Figure 7A), consistent with previous reports that MSI

incidence was rarely observed in BC compared to other types

of cancer (12, 27). The MSI score values did not have statistical

correlation with the pyroptosis-related risk scores (Figure 7B,

p=0.33), and no difference in the distribution of the risk score

was observed between the MSI and MSS cases (Supplementary
B C

D

E

F G

H I J

A

FIGURE 5

Establishment of a risk score based on pyroptosis-related prognostic DEGs. (A) Alluvial diagram of patients’ distribution between different subtypes, risk
groups, and vital status. (B) OS-related DEGs identified by univariate Cox analysis were screened by LASSO regression. (C) Expression heatmap of the 12 hub
DEGs between two risk groups. (D) Risk score distribution in patients from training set. A median score of −3.898 was defined as the cutoff value. (E) Vital
status plot showed higher death rate in patients from high-risk group in training set. (F) TNBC patients from high-risk group had markedly worse OS than
low-risk patients. (G) AUC of ROC curves showed good performance of the 12-gene-based risk score in predicting 2-, 3-, 5-, and 7-year OS for patients in
training set. (H) Differential expression of 32 PRGs between high- and low-risk groups. (I, J) Patients from both pyroptosis subtype A and gene subtype I,
which represented activated anti-tumor immunity and better OS, had significantly lower risk score compared to subtype B and subtype II. * p < 0.05,
** p < 0.01, *** p < 0.001.
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Figure S12). A trend of higher RNAss was observed with

increasing risk score, while no statistical significance was

observed (Figure 7C).

The TMB level was low in patients with TNBC and in all

patients with BC (Supplementary Figure S13). No differences in

TMB were observed between the two groups (Figure 7D). The
Frontiers in Immunology 11
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waterfall graphs (Figures 7E, F) represented the characteristics of

the somatic mutation between high- and low-risk individuals

from the development cohort. A total of 143 patients with

mutational data from TCGA-BRCA program were involved in

the analysis. TP53, TTN, PIK3CA, PTEN, KMT2D, MUC16,

MUC4, FAT3, CSMD3, and MUC17 ranked the top 10 most
B C

D

A

FIGURE 6

Evaluation of TME features based on the 12-DEG risk score. (A) Correlation between immune cell infiltrating fractions and the 12-DEG-based
risk scores in TNBC samples. (B) Correlation between the 12 DEGs from the scoring system and the abundance of 22 analyzed immune cell
types. (C) TNBC samples from low-risk patients showed higher stromal, immune, and ESTIMATE scores, indicating lower tumor purity with more
stromal cells and immune cells in TME. (D) A total of 33 immune checkpoints were upregulated in low-risk TNBC patients. * p < 0.05,
** p < 0.01, *** p<0.001.
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frequently mutated genes in both groups. Among them, a higher

mutation rate of TTN, PIK3CA, KMT2D, MUC4, and MUC17

was observed in high-risk patients.
Drug sensitivity analysis

To select the optimal treatment for patients with TNBC, we

evaluated the susceptibility of commonly used chemotherapy
Frontiers in Immunology 12
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drugs among high- and low-risk cases. Patients at high risk

were more sensitive to the AKT inhibitor VIII, bicalutamide,

imatinib, and sorafenib, while low-risk patients in low-risk

groups had lower IC50 for bleomycin, doxorubicin,

gemcitabine, gefit inib, methotrexate, and paclitaxel

(Figure 7G). The drug susceptibility results implied that the

classic regimen of chemotherapy based on taxane or

anthracycline for BC could be avoided in patients with high-

risk TNBC.
B C D

E F

G

A

FIGURE 7

Analyses of microsatellite instability, somatic mutation, and drug susceptibility based on risk stratification. (A) Distribution of MSI incidence
among high- and low-risk patients. (B) Correlation between MSI score and risk score of TNBC samples. (C) Correlation between RNA stemness
score and risk score. (D) Comparison of TMB between risk groups. (E, F) Somatic mutation frequencies in high- and low-risk TNBC tumors.
(G) Drug susceptibility analyses (IC50) of commonly used chemotherapy reagents between high- and low-risk patients.
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Discussion

Recent studies have unraveled the crucial role of genes

associated with pyroptosis in breast tumor immunity, most of

which elucidate the pro- or antitumor mechanism of a single PRG

(28–30). Few studies have focused on the collaborative effects of

multiple PRGs on the immune microenvironment specifically in

TNBC. In the present study, we disclosed genetic alterations and

expression patterns of more than 50 PRGs in patients with TNBC.

It is worth mentioning that TP53 gene, mutated in over half of all

human malignancies (31), showed frequent mutation (82.64%) in

TNBC in this study, which was concordant with previous research

results that TNBC had the highest prevalence of TP53 mutation

among all breast cancers (32). However, the somatic mutation of

TP53 did not cause its alteration in measured expression levels in

TNBC compared to normal tissues (as shown in Figure 2A, TP53

was not among the differentially expressed PRGs). The role of

TP53 in pyroptosis has not been fully studied. Expression of

GSDME could be induced by p53, a tumor suppressor protein

encoded by TP53 (33). Zhang et al. also discovered that the

upregulation of p53 in non-small-cell lung cancer could prompt

pyroptosis and produce antitumor effects (34). Further studies are

needed to explore the association between TP53 mutation and

pyroptosis in TNBC.

Based on PRG expression profiling, we identified two

pyroptosis subtypes that harbored distinct characteristics of the

TME and survival outcomes. Patients with pyroptosis subtype A

had a lower T stage and notably better OS compared to patients

with subtype B tumors. Additionally, subtype A TNBC samples

exhibited fully activated immune microenvironments, with

significantly higher infiltration levels of 27 types of immune cells,

including B cells, CD4+ and CD8+ T cells, gamma delta T cells, and

macrophages. Activation of multiple immune-related pathways was

also detected in subtype A tumors, including NOD-like receptor

signaling, chemokine signaling pathway, cytokine–cytokine

receptor interaction, antigen processing and presentation, T-cell

receptor signaling, and B-cell receptor signaling pathway.

Furthermore, transcriptome profiling differed dramatically

between pyroptosis subtypes, and DEGs identified between two

subtypes were involved in immunological processes such as T-cell

activation and immune receptor activity. Using the expression of

DEGs associated with survival, we further classified TNBC patients

into two gene subtypes. More than 97% of OS-related DEGs were

survival benefiting, and most were distinctively elevated in gene

subtype I. Furthermore, gene subtype I showed a high concordance

in patient distribution with pyroptosis subtype A and a longer OS

compared to subtype II. The above findings revealed that PRG

alterations were closely related to the activation of the cancer

immune microenvironment and the intensity of the antitumor

response, which could lead to significant changes in OS of

TNBC patients.

We utilized the pyroptosis-related prognostic DEGs and

constructed a 12-gene-based score with reliable performance
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and robust efficacy in risk prediction. Remarkable differences

were observed between high- and low-risk patients with respect

to short- and long-term prognosis, TME characteristics, immune

checkpoint expression, somatic mutation patterns, MSI scores,

and susceptibility to chemotherapy.

Innate and adaptive immune cells in the TME modulate

cancer progression and the therapeutic response (35). Evidence

has shown the vital role of pyroptosis in maintaining the

diversity and complexity of TME in breast tumors (36).

Meanwhile, cytotoxic T cells and helper T cells are required

for pyroptosis-induced tumor regression (16). In this study,

TNBC samples from different pyroptosis subtypes and risk

groups differed distinctly in the degree of immune cell

infiltration. The presence of tumor-infiltrating lymphocytes

(TILs) is predictive of a better response to immunotherapy

and a favorable prognosis in BC (37–40). CD8+ T-cell

infiltration in BC is independently associated with a reduced

relative risk of cancer-related death (41), while TNBCs with CD8

positivity have greater possibilities to benefit from

immunotherapy (42). These findings correspond to our results

of more CD8+ T cells in the TME of pyroptosis subtype A and

low-risk group that had higher expression of PD-1 and PD-L1

and better OS. Functional follicular helper T cells (Tfh) oriented

by T-helper 1 (Th1) cells can promote humoral and cytotoxic

immune responses in human breast cancer (43), and the

presence of CXCL13-producing Tfh cells in tertiary lymphoid

structures (TLS) of breast tumors robustly predicts positive

clinical outcomes (44). Gamma delta T cells target tumor cells

in TNBC (45), and their numbers in TME are positively related

to the immunotherapy response of patients with advanced BC

(46). Activated CD4+ memory T cells are also related to better

survival in different cancer types (47–49). In this study, the

above three types of T cells showed higher infiltration in subtype

A patients and patients with low scores, indicating the potential

of our pyroptosis-related risk score to identify TNBCs with

greater sensitivity to immunotherapy. Tumor-infiltrating B cells

(TIL-B) are another key component of TILs. TIL-B functions in

anti-BC responses through antibody production, Th1 responses,

and antigen presentation (50). CXCL13-producing Tfh cells can

promote memory B-cell differentiation, thus facilitating humoral

immune defense in BC (51). Hu et al. reported that memory B-

cell transcription signatures were associated with improved

overall and disease-free survival in patients with BC (52).

Furthermore, memory B cells within TLS are associated with

an improved response to immune checkpoint blockade (53). The

sustained presence of memory B cells in TNBC is required for

the control of myeloid-derived suppressor cells and for the

durable efficacy of ICI treatment (54). Consistent with existing

evidence, we observed a higher proportion of memory B cells

within subtype A tumors and low-score samples, suggesting the

role of memory B cells as an indicator of prognosis and ICI

response in TNBC. Subpopulations of macrophage exhibit

different functions in TME. Macrophages of the M1
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phenotype, reprogrammed with the D2 dopamine receptor, can

induce pyroptosis of GSDME-executed breast tumor cells (55).

In our study, patients in the low-risk group, who had increased

expression of nearly 30 PRGs compared to high-risk patients,

showed a higher abundance of M1 macrophages in TME,

suggesting the crosstalk between pyroptosis and macrophage-

mediated cancer immunity. In contrast, M2 macrophages, the

other polarized phenotype, are immunosuppressive and pro-

tumorigenic. Zhang et al. revealed that TNBC cells induced an

elevation of YAP expression in macrophages, which polarized

macrophages to the M2 phenotype and increased the pro-

metastatic potential of cancer cells via MCP-1/CCR2 pathway

(56). In line with previous studies, we discovered a positive

correlation between the increase in the risk score and the

p ropo r t i on o f M2 mac rophage s in the immune

microenvironment of TNBC, while the presence of M1

macrophages was negatively associated with the value of the

risk score in patients. Dendritic cells, which are critical for T-cell

activation and immunosurveillance in BC (57), also showed a

lower infiltration rate as the risk score increased according to our

findings. The correlation between immune cell abundance and

pyroptosis-related risk stratification in our study implied the

pivotal role of pyroptosis in shaping an activated antitumor

microenvironment in TNBC.

BC has been defined as immunologically “cold” due to low

T-cell infiltration and inefficient T-cell priming compared to

other malignancies (58, 59). Non-synonymous DNA mutations,

capable of increasing the presence of neoantigens and inducing

the immune cell response, are also found with relatively low

burden in breast tumors (60, 61). Despite the non-immunogenic

nature, the magnitude of TILs varies within and between BC

subtypes (37, 62). Increasing evidence has revealed that TNBC

patients, previously termed the most aggressive subtype with a

poor prognosis, have a higher abundance of TIL than non-

TNBC patients, which could contribute to better survival after

ICI treatment (37, 63, 64). However, extensive heterogeneity of

the TME and biological behavior still exists within the TNBC cell

population. In the present study, we identified individuals with

“hot” immune status from TNBC patients based on the

clustering of pyroptosis-related subtypes and stratification of

risk scores. In addition to increased infiltration of tumor

suppressor immune cells in TME, lower tumor purity

calculated by the ESTIMATE algorithm was also observed in

low-risk patients. A favorable OS has been found in patients with

a high stromal score and an immune score in other cancer types

(65). Similarly, our findings showed that TNBCs with low-risk

score presented a higher immune score and lower tumor purity

than high-risk cases. Hou et al. has discovered that PD-L1 can

mediate GSDMC expression and trigger pyroptosis in BC cells

(66). Beyond that, little is known about the interaction between

pyroptosis and PD-1/PD-L1 function. In this study, we
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demonstrated higher expression of PD-1 and PD-L1 in both

the pyroptosis subtype A and low-risk group. In addition, there

were an additional 31 immune checkpoints showing a

significantly higher level in low-risk-score TNBC, suggesting

the ability of the pyroptosis-related risk score to predict the

response of ICI therapy in TNBC. The results also provided a

potential strategy of blocking other immune checkpoints for

early-stage TNBC, including anti-CTLA-4 reagents, which are

currently being used in mouse experiments and clinical trials for

advanced BC (10, 67, 68). TMB and MSI predict a stronger

response to ICI and prolonged survival in colorectal cancer, non-

small cell lung cancer, and melanoma (69–72). However, no

differences in TMB or MSI were detected between two risk

groups, possibly due to the rare incidence of non-synonymous

mutations and mismatch repair in BC patients (11, 12, 27). In

line with existing research, the low-TMB/low-MSI nature of BC

discovered in our study suggested that better predictive

biomarkers for response to immunotherapy are needed for

TNBC patients. Our findings also indicated the capacity of our

scoring model to identify immune “hot” cases among the low-

TMB/low-MSI TNBC population.

The major limitation of this study was that the data used for

the analyses were derived from public databases, and some

clinicopathological information, including patients’ history of

systemic treatment, was unavailable. Prospective studies and

exploratory experiments are needed to further validate the

efficacy of this pyroptosis-based risk stratification model.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Author contributions

LL and WZ designed and organized the study. LL, QW, and

CX carried out bioinformatics analyses and drew figures. LL

drafted the manuscript. QW and MD participated in the

manuscript editing. All authors contributed to the article and

approved the submitted version.
Funding

This work was supported by Zhejiang Provincial Natural

Science Foundation of China (No. LQ19H160034) and Medical

Health Science and Technology Project of Zhejiang Provincial

Health Commission, China (No. 2018KY485).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.933703
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Luo et al. 10.3389/fimmu.2022.933703
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Immunology 15
422
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.933703/full#supplementary-material
References
1. Bianchini G, De Angelis C, Licata L, Gianni L. Treatment landscape of triple-
negative breast cancer - expanded options, evolving needs. Nat Rev Clin Oncol
(2022) 19(2):91–113. doi: 10.1038/s41571-021-00565-2

2. Barroso-Sousa R, Jain E, Cohen O, Kim D, Buendia-Buendia J, Winer E, et al.
Prevalence and mutational determinants of high tumor mutation burden in breast
cancer. Ann Oncol (2020) 31(3):387–94. doi: 10.1016/j.annonc.2019.11.010

3. Cortes J, Cescon DW, Rugo HS, Nowecki Z, Im SA, Yusof MM, et al.
Pembrolizumab plus chemotherapy versus placebo plus chemotherapy for
previously untreated locally recurrent inoperable or metastatic triple-negative
breast cancer (Keynote-355): A randomised, placebo-controlled, double-blind,
phase 3 clinical trial. Lancet (2020) 396(10265):1817–28. doi: 10.1016/s0140-
6736(20)32531-9

4. Schmid P, Cortes J, Pusztai L, McArthur H, Kummel S, Bergh J, et al.
Pembrolizumab for early triple-negative breast cancer. N Engl J Med (2020) 382
(9):810–21. doi: 10.1056/NEJMoa1910549

5. Miles D, Gligorov J, Andre F, Cameron D, Schneeweiss A, Barrios C, et al.
Primary results from Impassion131, a double-blind, placebo-controlled,
randomised phase iii trial of first-line paclitaxel with or without atezolizumab for
unresectable locally Advanced/Metastatic triple-negative breast cancer. Ann Oncol
(2021) 32(8):994–1004. doi: 10.1016/j.annonc.2021.05.801

6. Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.
Atezolizumab and nab-paclitaxel in advanced triple-negative breast cancer. N Engl
J Med (2018) 379(22):2108–21. doi: 10.1056/NEJMoa1809615

7. Kassardjian A, Shintaku PI, Moatamed NA. Expression of immune
checkpoint regulators, cytotoxic T lymphocyte antigen 4 (Ctla-4) and
programmed death-ligand 1 (Pd-L1), in female breast carcinomas. PloS One
(2018) 13(4):e0195958. doi: 10.1371/journal.pone.0195958

8. Santa-Maria CA, Kato T, Park JH, Kiyotani K, Rademaker A, Shah AN, et al.
A pilot study of durvalumab and tremelimumab and immunogenomic dynamics in
metastatic breast cancer. Oncotarget (2018) 9(27):18985–96. doi: 10.18632/
oncotarget.24867

9. McArthur HL, Comen EA, Bryce Y, Solomon SB, Leal JHS, Abaya CD, et al.
A single-arm, phase 2 study of perioperative ipilimumab, nivolumab, and
cryoablation in women with hormone receptor-negative, Her2-negative, early-
Stage/Resectable breast cancer. J Clin Oncol (2022) 40(16_suppl):TPS617–TPS.
doi: 10.1200/JCO.2022.40.16_suppl.TPS617

10. Kyte JA, Andresen NK, Russnes HG, Fretland SØ, Falk RS, Lingjærde OC, et al.
Icon: A randomized phase iib study evaluating immunogenic chemotherapy combined
with ipilimumab and nivolumab in patients with metastatic hormone receptor positive
breast cancer. J Transl Med (2020) 18(1):269. doi: 10.1186/s12967-020-02421-w

11. Ding H, Zhao J, Zhang Y, Wang G, Cai S, Qiu F. Tumor mutational burden
and prognosis across pan-cancers. Ann Oncol (2018) 29:viii16–viii7. doi: 10.1093/
annonc/mdy269.055

12. Ding L, Bailey MH, Porta-Pardo E, Thorsson V, Colaprico A, Bertrand D,
et al. Perspective on oncogenic processes at the end of the beginning of cancer
genomics. Cell (2018) 173(2):305–20.e10. doi: 10.1016/j.cell.2018.03.033

13. Broz P, Pelegrin P, Shao F. The gasdermins, a protein family executing cell
death and inflammation. Nat Rev Immunol (2020) 20(3):143–57. doi: 10.1038/
s41577-019-0228-2

14. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin d causes pyroptosis by forming membrane pores. Nature
(2016) 535(7610):153–8. doi: 10.1038/nature18629
15. Xia X, Wang X, Cheng Z, Qin W, Lei L, Jiang J, et al. The role of pyroptosis
in cancer: Pro-cancer or pro-"Host"? Cell Death Dis (2019) 10(9):650. doi: 10.1038/
s41419-019-1883-8

16. Wang Q, Wang Y, Ding J, Wang C, Zhou X, Gao W, et al. A bioorthogonal
system reveals antitumour immune function of pyroptosis. Nature (2020) 579
(7799):421–6. doi: 10.1038/s41586-020-2079-1

17. Zhang Z, Zhang Y, Xia S, Kong Q, Li S, Liu X, et al. Gasdermin e suppresses
tumour growth by activating anti-tumour immunity. Nature (2020) 579
(7799):415–20. doi: 10.1038/s41586-020-2071-9

18. Kim MS, Lebron C, Nagpal JK, Chae YK, Chang X, Huang Y, et al. Methylation
of the Dfna5 increases risk of lymph node metastasis in human breast cancer. Biochem
Biophys Res Commun (2008) 370(1):38–43. doi: 10.1016/j.bbrc.2008.03.026

19. Hergueta-Redondo M, Sarrio D, Molina-Crespo A, Megias D, Mota A,
Rojo-Sebastian A, et al. Gasdermin-b promotes invasion and metastasis in breast
cancer cells. PLoS One (2014) 9(3):e90099. doi: 10.1371/journal.pone.0090099

20. Molina-Crespo A, Cadete A, Sarrio D, Gamez-Chiachio M, Martinez L,
Chao K, et al. Intracellular delivery of an antibody targeting gasdermin-b reduces
Her2 breast cancer aggressiveness. Clin Cancer Res (2019) 25(15):4846–58.
doi: 10.1158/1078-0432.CCR-18-2381

21. Scarpitta A, Hacker UT, Buning H, Boyer O, Adriouch S. Pyroptotic and
necroptotic cell death in the tumor microenvironment and their potential to
stimulate anti-tumor immune responses. Front Oncol (2021) 11:731598.
doi: 10.3389/fonc.2021.731598

22. Daley D, Mani VR, Mohan N, Akkad N, Pandian G, Savadkar S, et al. Nlrp3
signaling drives macrophage-induced adaptive immune suppression in pancreatic
carcinoma. J Exp Med (2017) 214(6):1711–24. doi: 10.1084/jem.20161707

23. Li X-Y, Zhang L-Y, Li X-Y, Yang X-T, Su L-X. A pyroptosis-related gene
signature for predicting survival in glioblastoma. Front Oncol (2021) 11:697198.
doi: 10.3389/fonc.2021.697198

24. Chen W, Zhang W, Zhou T, Cai J, Yu Z, Wu Z. A newly defined pyroptosis-
related gene signature for the prognosis of bladder cancer. Int J Gen Med (2021)
14:8109–20. doi: 10.2147/IJGM.S337735

25. Xu D, Ji Z, Qiang L. Molecular characteristics, clinical implication, and
cancer immunity interactions of pyroptosis-related genes in breast cancer. Front
Med (Lausanne) (2021) 8:702638. doi: 10.3389/fmed.2021.702638

26. Kautto EA, Bonneville R, Miya J, Yu L, Krook MA, Reeser JW, et al.
Performance evaluation for rapid detection of pan-cancer microsatellite instability
with mantis. Oncotarget (2017) 8(5):7452–63. doi: 10.18632/oncotarget.13918

27. Wen YH, Brogi E, Zeng Z, Akram M, Catalano J, Paty PB, et al. DNA
Mismatch repair deficiency in breast carcinoma: A pilot study of triple-negative
and non-Triple-Negative tumors. Am J Surg Pathol (2012) 36(11):1700–8.
doi: 10.1097/PAS.0b013e3182627787

28. Faria SS, Costantini S, de Lima VCC, de Andrade VP, Rialland M, Cedric R,
et al. Nlrp3 inflammasome-mediated cytokine production and pyroptosis cell death
in breast cancer. J BioMed Sci (2021) 28(1):26. doi: 10.1186/s12929-021-00724-8

29. An H, Heo JS, Kim P, Lian Z, Lee S, Park J, et al. Tetraarsenic hexoxide
enhances generation of mitochondrial ros to promote pyroptosis by inducing the
activation of caspase-3/Gsdme in triple-negative breast cancer cells. Cell Death Dis
(2021) 12(2):159. doi: 10.1038/s41419-021-03454-9

30. Tamura Y, Morikawa M, Tanabe R, Miyazono K, Koinuma D. Anti-
pyroptotic function of tgf-beta is suppressed by a synthetic dsrna analogue in
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.933703/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.933703/full#supplementary-material
https://doi.org/10.1038/s41571-021-00565-2
https://doi.org/10.1016/j.annonc.2019.11.010
https://doi.org/10.1016/s0140-6736(20)32531-9
https://doi.org/10.1016/s0140-6736(20)32531-9
https://doi.org/10.1056/NEJMoa1910549
https://doi.org/10.1016/j.annonc.2021.05.801
https://doi.org/10.1056/NEJMoa1809615
https://doi.org/10.1371/journal.pone.0195958
https://doi.org/10.18632/oncotarget.24867
https://doi.org/10.18632/oncotarget.24867
https://doi.org/10.1200/JCO.2022.40.16_suppl.TPS617
https://doi.org/10.1186/s12967-020-02421-w
https://doi.org/10.1093/annonc/mdy269.055
https://doi.org/10.1093/annonc/mdy269.055
https://doi.org/10.1016/j.cell.2018.03.033
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1038/nature18629
https://doi.org/10.1038/s41419-019-1883-8
https://doi.org/10.1038/s41419-019-1883-8
https://doi.org/10.1038/s41586-020-2079-1
https://doi.org/10.1038/s41586-020-2071-9
https://doi.org/10.1016/j.bbrc.2008.03.026
https://doi.org/10.1371/journal.pone.0090099
https://doi.org/10.1158/1078-0432.CCR-18-2381
https://doi.org/10.3389/fonc.2021.731598
https://doi.org/10.1084/jem.20161707
https://doi.org/10.3389/fonc.2021.697198
https://doi.org/10.2147/IJGM.S337735
https://doi.org/10.3389/fmed.2021.702638
https://doi.org/10.18632/oncotarget.13918
https://doi.org/10.1097/PAS.0b013e3182627787
https://doi.org/10.1186/s12929-021-00724-8
https://doi.org/10.1038/s41419-021-03454-9
https://doi.org/10.3389/fimmu.2022.933703
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Luo et al. 10.3389/fimmu.2022.933703
triple negative breast cancer cells. Mol Oncol (2021) 15(5):1289–307. doi: 10.1002/
1878-0261.12890

31. Marei HE, Althani A, Afifi N, Hasan A, Caceci T, Pozzoli G, et al. P53
signaling in cancer progression and therapy. Cancer Cell Int (2021) 21(1):703.
doi: 10.1186/s12935-021-02396-8

32. Shi Y, Jin J, JiW, Guan X. Therapeutic landscape inmutational triple negative
breast cancer. Mol Cancer (2018) 17(1):99. doi: 10.1186/s12943-018-0850-9

33. Masuda Y, Futamura M, Kamino H, Nakamura Y, Kitamura N, Ohnishi S,
et al. The potential role of Dfna5, a hearing impairment gene, in P53-mediated
cellular response to DNA damage. J Hum Genet (2006) 51(8):652–64. doi: 10.1007/
s10038-006-0004-6

34. Zhang T, Li Y, Zhu R, Song P, Wei Y, Liang T, et al. Transcription factor P53
suppresses tumor growth by prompting pyroptosis in non-Small-Cell lung cancer.
Oxid Med Cell Longev (2019) 2019:8746895. doi: 10.1155/2019/8746895

35. Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates
cancer progression. Cancer Res (2019) 79(18):4557–66. doi: 10.1158/0008-
5472.CAN-18-3962

36. Wu J, Zhu Y, Luo M, Li L. Comprehensive analysis of pyroptosis-related
genes and tumor microenvironment infiltration characterization in breast cancer.
Front Immunol (2021) 12:748221. doi: 10.3389/fimmu.2021.748221

37. Stanton SE, Adams S, Disis ML. Variation in the incidence and magnitude
of tumor-infiltrating lymphocytes in breast cancer subtypes: A systematic review.
JAMA Oncol (2016) 2(10):1354–60. doi: 10.1001/jamaoncol.2016.1061

38. Dieci MV, Radosevic-Robin N, Fineberg S, van den Eynden G, Ternes N,
Penault-Llorca F, et al. Update on tumor-infiltrating lymphocytes (Tils) in breast
cancer, including recommendations to assess tils in residual disease after
neoadjuvant therapy and in carcinoma in situ: A report of the international
immuno-oncology biomarker working group on breast cancer. Semin Cancer
Biol (2018) 52(Pt 2):16–25. doi: 10.1016/j.semcancer.2017.10.003

39. Yam C, Yen EY, Chang JT, Bassett RL, Alatrash G, Garber H, et al. Immune
phenotype and response to neoadjuvant therapy in triple-negative breast cancer.
Clin Cancer Res (2021) 27(19):5365–75. doi: 10.1158/1078-0432.CCR-21-0144

40. Adams S, Gray RJ, Demaria S, Goldstein L, Perez EA, Shulman LN, et al.
Prognostic value of tumor-infiltrating lymphocytes in triple-negative breast cancers
from two phase iii randomized adjuvant breast cancer trials: Ecog 2197 and ecog
1199. J Clin Oncol (2014) 32(27):2959–66. doi: 10.1200/JCO.2013.55.0491

41. Ali HR, Provenzano E, Dawson SJ, Blows FM, Liu B, Shah M, et al.
Association between Cd8+ T-cell infiltration and breast cancer survival in 12,439
patients. Ann Oncol (2014) 25(8):1536–43. doi: 10.1093/annonc/mdu191

42. Wu SY, Xu Y, Chen L, Fan L, Ma XY, Zhao S, et al. Combined angiogenesis
and pd-1 inhibition for immunomodulatory tnbc: Concept exploration and
biomarker analysis in the future-C-Plus trial. Mol Cancer (2022) 21(1):84.
doi: 10.1186/s12943-022-01536-6

43. Noel G, Fontsa ML, Garaud S, De Silva P, de Wind A, Van den Eynden GG,
et al. Functional Th1-oriented T follicular helper cells that infiltrate human breast
cancer promote effective adaptive immunity. J Clin Invest (2021) 131(19):e139905.
doi: 10.1172/JCI139905

44. Gu-Trantien C, Loi S, Garaud S, Equeter C, Libin M, de Wind A, et al. Cd4
(+) follicular helper T cell infiltration predicts breast cancer survival. J Clin Invest
(2013) 123(7):2873–92. doi: 10.1172/JCI67428

45. Siegers GM, Dutta I, Kang EY, Huang J, Kobel M, Postovit LM. Aberrantly
expressed embryonic protein nodal alters breast cancer cell susceptibility to
gammadelta T cell cytotoxicity. Front Immunol (2020) 11:1287. doi: 10.3389/
fimmu.2020.01287

46. Meraviglia S, Eberl M, Vermijlen D, Todaro M, Buccheri S, Cicero G, et al.
In vivo manipulation of Vgamma9vdelta2 T cells with zoledronate and low-dose
interleukin-2 for immunotherapy of advanced breast cancer patients. Clin Exp
Immunol (2010) 161(2):290–7. doi: 10.1111/j.1365-2249.2010.04167.x

47. JuM, Qi A, Bi J, Zhao L, Jiang L, Zhang Q, et al. A five-mrna signature associated
with post-translational modifications can better predict recurrence and survival in
cervical cancer. J Cell Mol Med (2020) 24(11):6283–97. doi: 10.1111/jcmm.15270

48. Ning ZK, Hu CG, Huang C, Liu J, Zhou TC, Zong Z. Molecular subtypes
and Cd4(+) memory T cell-based signature associated with clinical outcomes in
gastric cancer. Front Oncol (2020) 10:626912. doi: 10.3389/fonc.2020.626912

49. Liu D, Vadgama J, Wu Y. Basal-like breast cancer with low tgfbeta and high
tnfalpha pathway activity is rich in activated memory Cd4 T cells and has a good
prognosis. Int J Biol Sci (2021) 17(3):670–82. doi: 10.7150/ijbs.56128

50. Garaud S, Buisseret L, Solinas C, Gu-Trantien C, deWind A, Van den Eynden G,
et al. Tumor infiltrating b-cells signal functional humoral immune responses in breast
cancer. JCI Insight (2019) 5:e129641. doi: 10.1172/jci.insight.129641

51. Gu-Trantien C, Migliori E, Buisseret L, deWind A, Brohee S, Garaud S, et al.
Cxcl13-producing tfh cells link immune suppression and adaptive memory in
human breast cancer. JCI Insight (2017) 2(11):e91487. doi: 10.1172/
jci.insight.91487
Frontiers in Immunology 16
423
52. Hu Q, Hong Y, Qi P, Lu G, Mai X, Xu S, et al. Atlas of breast cancer infiltrated
b-lymphocytes revealed by paired single-cell rna-sequencing and antigen receptor
profiling. Nat Commun (2021) 12(1):2186. doi: 10.1038/s41467-021-22300-2

53. Helmink BA, Reddy SM, Gao J, Zhang S, Basar R, Thakur R, et al. B cells and
tertiary lymphoid structures promote immunotherapy response. Nature (2020) 577
(7791):549–55. doi: 10.1038/s41586-019-1922-8

54. Vito A, Salem O, El-Sayes N, MacFawn IP, Portillo AL, Milne K, et al.
Immune checkpoint blockade in triple negative breast cancer influenced by b cells
through myeloid-derived suppressor cells. Commun Biol (2021) 4(1):859.
doi: 10.1038/s42003-021-02375-9

55. Tan Y, Sun R, Liu L, Yang D, Xiang Q, Li L, et al. Tumor suppressor Drd2
facilitates M1 macrophages and restricts nf-kappab signaling to trigger pyroptosis
in breast cancer. Theranostics (2021) 11(11):5214–31. doi: 10.7150/thno.58322

56. Zhang Y, Fan Y, Jing X, Zhao L, Liu T, Wang L, et al. Otud5-mediated
deubiquitination of yap in macrophage promotes M2 phenotype polarization and
favors triple-negative breast cancer progression. Cancer Lett (2021) 504:104–15.
doi: 10.1016/j.canlet.2021.02.003

57. Mattiuz R, Brousse C, Ambrosini M, Cancel JC, Bessou G, Mussard J, et al.
Type 1 conventional dendritic cells and interferons are required for spontaneous
Cd4(+) and Cd8(+) T-cell protective responses to breast cancer. Clin Transl
Immunol (2021) 10(7):e1305. doi: 10.1002/cti2.1305

58. Bates JP, Derakhshandeh R, Jones L,Webb TJ. Mechanisms of immune evasion
in breast cancer. BMC Cancer (2018) 18(1):556. doi: 10.1186/s12885-018-4441-3

59. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al.
The immune landscape of cancer. Immunity (2018) 48(4):812–30.e14. doi: 10.1016/
j.immuni.2018.03.023

60. Luen S, Virassamy B, Savas P, Salgado R, Loi S. The genomic landscape of
breast cancer and its interaction with host immunity. Breast (2016) 29:241–50.
doi: 10.1016/j.breast.2016.07.015

61. Stephens PJ, Tarpey PS, Davies H, Van Loo P, Greenman C, Wedge DC,
et al. The landscape of cancer genes and mutational processes in breast cancer.
Nature (2012) 486(7403):400–4. doi: 10.1038/nature11017

62. Tekpli X, Lien T, Rossevold AH, Nebdal D, Borgen E, Ohnstad HO, et al. An
independent poor-prognosis subtype of breast cancer defined by a distinct tumor
immune microenvironment. Nat Commun (2019) 10(1):5499. doi: 10.1038/
s41467-019-13329-5

63. Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner BI,
Weber KE, et al. Tumour-infiltrating lymphocytes and prognosis in different
subtypes of breast cancer: A pooled analysis of 3771 patients treated with
neoadjuvant therapy. Lancet Oncol (2018) 19(1):40–50. doi: 10.1016/S1470-2045
(17)30904-X

64. Loi S, Michiels S, Salgado R, Sirtaine N, Jose V, Fumagalli D, et al. Tumor
infiltrating lymphocytes are prognostic in triple negative breast cancer and
predictive for trastuzumab benefit in early breast cancer: Results from the finher
trial. Ann Oncol (2014) 25(8):1544–50. doi: 10.1093/annonc/mdu112

65. Wang H, Wu X, Chen Y. Stromal-immune score-based gene signature: A
prognosis stratification tool in gastric cancer. Front Oncol (2019) 9:1212.
doi: 10.3389/fonc.2019.01212

66. Hou J, Zhao R, Xia W, Chang CW, You Y, Hsu JM, et al. Pd-L1-Mediated
gasdermin c expression switches apoptosis to pyroptosis in cancer cells and
facilitates tumour necrosis. Nat Cell Biol (2020) 22(10):1264–75. doi: 10.1038/
s41556-020-0575-z

67. Vonderheide RH, LoRusso PM, Khalil M, Gartner EM, Khaira D, Soulieres
D, et al. Tremelimumab in combination with exemestane in patients with advanced
breast cancer and treatment-associated modulation of inducible costimulator
expression on patient T cells. Clin Cancer Res (2010) 16(13):3485–94.
doi: 10.1158/1078-0432.CCR-10-0505

68. Dongre A, Rashidian M, Eaton EN, Reinhardt F, Thiru P, Zagorulya M, et al.
Direct and indirect regulators of epithelial-mesenchymal transition-mediated
immunosuppression in breast carcinomas. Cancer Discovery (2021) 11(5):1286–
305. doi: 10.1158/2159-8290.CD-20-0603

69. Popat S, Hubner R, Houlston RS. Systematic review of microsatellite
instability and colorectal cancer prognosis. J Clin Oncol (2005) 23(3):609–18.
doi: 10.1200/JCO.2005.01.086

70. Deng H, Zhao Y, Cai X, Chen H, Cheng B, Zhong R, et al. Pd-L1 expression
and tumor mutation burden as pathological response biomarkers of neoadjuvant
immunotherapy for early-stage non-small cell lung cancer: A systematic review and
meta-analysis. Crit Rev Oncol Hematol (2022) 170:103582. doi: 10.1016/
j.critrevonc.2022.103582

71. Ning B, Liu Y, Wang M, Li Y, Xu T, Wei Y. The predictive value of tumor
mutation burden on clinical efficacy of immune checkpoint inhibitors in
melanoma: A systematic review and meta-analysis. Front Pharmacol (2022)
13:748674. doi: 10.3389/fphar.2022.748674

72. Baretti M, Le DT. DNA mismatch repair in cancer. Pharmacol Ther (2018)
189:45–62. doi: 10.1016/j.pharmthera.2018.04.004
frontiersin.org

https://doi.org/10.1002/1878-0261.12890
https://doi.org/10.1002/1878-0261.12890
https://doi.org/10.1186/s12935-021-02396-8
https://doi.org/10.1186/s12943-018-0850-9
https://doi.org/10.1007/s10038-006-0004-6
https://doi.org/10.1007/s10038-006-0004-6
https://doi.org/10.1155/2019/8746895
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.3389/fimmu.2021.748221
https://doi.org/10.1001/jamaoncol.2016.1061
https://doi.org/10.1016/j.semcancer.2017.10.003
https://doi.org/10.1158/1078-0432.CCR-21-0144
https://doi.org/10.1200/JCO.2013.55.0491
https://doi.org/10.1093/annonc/mdu191
https://doi.org/10.1186/s12943-022-01536-6
https://doi.org/10.1172/JCI139905
https://doi.org/10.1172/JCI67428
https://doi.org/10.3389/fimmu.2020.01287
https://doi.org/10.3389/fimmu.2020.01287
https://doi.org/10.1111/j.1365-2249.2010.04167.x
https://doi.org/10.1111/jcmm.15270
https://doi.org/10.3389/fonc.2020.626912
https://doi.org/10.7150/ijbs.56128
https://doi.org/10.1172/jci.insight.129641
https://doi.org/10.1172/jci.insight.91487
https://doi.org/10.1172/jci.insight.91487
https://doi.org/10.1038/s41467-021-22300-2
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.1038/s42003-021-02375-9
https://doi.org/10.7150/thno.58322
https://doi.org/10.1016/j.canlet.2021.02.003
https://doi.org/10.1002/cti2.1305
https://doi.org/10.1186/s12885-018-4441-3
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.breast.2016.07.015
https://doi.org/10.1038/nature11017
https://doi.org/10.1038/s41467-019-13329-5
https://doi.org/10.1038/s41467-019-13329-5
https://doi.org/10.1016/S1470-2045(17)30904-X
https://doi.org/10.1016/S1470-2045(17)30904-X
https://doi.org/10.1093/annonc/mdu112
https://doi.org/10.3389/fonc.2019.01212
https://doi.org/10.1038/s41556-020-0575-z
https://doi.org/10.1038/s41556-020-0575-z
https://doi.org/10.1158/1078-0432.CCR-10-0505
https://doi.org/10.1158/2159-8290.CD-20-0603
https://doi.org/10.1200/JCO.2005.01.086
https://doi.org/10.1016/j.critrevonc.2022.103582
https://doi.org/10.1016/j.critrevonc.2022.103582
https://doi.org/10.3389/fphar.2022.748674
https://doi.org/10.1016/j.pharmthera.2018.04.004
https://doi.org/10.3389/fimmu.2022.933703
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Xuyao Zhang,
Fudan University, China

REVIEWED BY

Xin Han,
Zhejiang University, China
Shuai Wang,
Harvard Medical School, United States

*CORRESPONDENCE

Qi-Bing Liu
qibing.liu@hainmc.edu.cn
Kun-Feng Chen
chenkunfeng1972@126.com

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Cancer Immunity
and Immunotherapy,
a section of the journal
Frontiers in Immunology

RECEIVED 22 June 2022
ACCEPTED 29 August 2022

PUBLISHED 16 September 2022

CITATION

Wang Y-T, Ji W-D, Jiao H-M, Lu A,
Chen K-F and Liu Q-B (2022)
Targeting 4-1BB for tumor
immunotherapy from
bench to bedside.
Front. Immunol. 13:975926.
doi: 10.3389/fimmu.2022.975926

COPYRIGHT

© 2022 Wang, Ji, Jiao, Lu, Chen and
Liu. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Review
PUBLISHED 16 September 2022

DOI 10.3389/fimmu.2022.975926
Targeting 4-1BB for tumor
immunotherapy from bench
to bedside

Ya-Tao Wang1†, Wei-Dong Ji1†, Hong-Mei Jiao1, Ang Lu1,
Kun-Feng Chen1* and Qi-Bing Liu2,3*
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the First Affiliated Hospital of Hainan Medical University, Haikou, China, 3Department of
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Immune dysfunction has been proposed as a factor that may contribute to

disease progression. Emerging evidence suggests that immunotherapy aims to

abolish cancer progression by modulating the balance of the tumor

microenvironment. 4-1BB (also known as CD137 and TNFRS9), a member of

tumor necrosis factor receptor superfamily, has been validated as an extremely

attractive and promising target for immunotherapy due to the upregulated

expression in the tumor environment and its involvement in tumor progression.

More importantly, 4-1BB-based immunotherapy approaches have manifested

powerful antitumor effects in clinical trials targeting 4-1BB alone or in

combination with other immune checkpoints. In this review, we will

summarize the structure and expression of 4-1BB and its ligand, discuss the

role of 4-1BB in the microenvironment and tumor progression, and update the

development of drugs targeting 4-1BB. The purpose of the review is to furnish a

comprehensive overview of the potential of 4-1BB as an immunotherapeutic

target and to discuss recent advances and prospects for 4-1BB in

cancer therapy.

KEYWORDS

4-1BB, immunotherapy, cancer, immune checkpoint inhibitor, clinical trials
Introduction

Tumor immunotherapy exerts antitumor efficacy through the interaction of the host

immune system with tumor-associated antigens (1). It can restore or enhance the body’s

immune system’s natural defenses against tumors, which typically targets specific

biomolecules on the surface of cancer cells, exemplified by tumor-associated antigens

(2). Immunotherapy including immune checkpoint inhibitor (ICI) and CAR-T therapy
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has made breakthroughs in tumor treatment, but the overall

response rate is not high, and many patients cannot benefit from

it (3–6). Therefore, the development of new immune

checkpoints and biomarkers and expansion of the beneficiary

population from immunotherapy are urgent problems to

be solved.

Neoantigen epitopes generated by somatic mutations in

cancer cells play an important role in T-cell immune

responses, which have become an important driver of immune

checkpoint discovery in immunotherapy. 4-1BB, also termed 4-

1BB and TNFRSF9, was identified in 1989 and originally

described as an inducible gene, which was expressed in T

lymphocytes (7). 4-1BB exhibited an important effect in

various cells and participated in the activation of multiple

immune cells, such as CD8 T cells and cytotoxic T

lymphocytes (CTL) (8). Emerging evidence has demonstrated

that targeting 4-1BB is a uniquely attractive strategy for tumor

immunotherapy (9–13). In this review, we discuss the recent

advances and prospects of the cancer immunotherapy

checkpoint 4-1BB from the aspects of structure, expression,

role in tumor microenvironment, development of clinical

drugs targeting 4-1BB, and their combination with traditional

treatment methods.
Structure of 4-1BB and its ligand

4-1BB, a glycosylated type I membrane protein, contains

four cysteine-rich pseudo repeats, which contribute to the

formation of a cytoplasmic signaling domain, extracellular

domain, and short helical transmembrane domain (7). An

elongated structure was generally formed by the extracellular

domain of TNFR (variation range: 1 to 4 CRDs). Based on this,

antibodies can bind to these molecules through many modalities.

Efficient binding of 4-1BB L to 4-1BB results in rapid receptor

activation in response to antigenic stimulation. 4-1BBL

(TNFSF9), a type II membrane protein of the TNF ligand

superfamily, is the binding partner of 4-1BB (14, 15). TNFSF

members, typically expressed on the cell membrane, exist in a

homotrimeric complex (16–18), which can be divided into three

parts: (a) LTa, TNF, RANKL, LIGHT, Apo2L/TRAIL, and

CD40L (19, 20); (b) BAFF, APRIL, and EDA; and (c) GITRL,

4-1BBL, and OX40L, among which OX40L and GITRL exhibit a

flatter conformation (19, 21). The sequences of 4-1BBL were

poorly conserved in human and mouse.

As a member of the tumor necrosis factor superfamily, 4-

1BB is mostly expressed on the surface of activated T cells but

also on B cells, NK cells, and DC cells (22, 23). 4-1BB is widely

distributed on various tumor cells (such as lung tumor cells, and

leukemia cells) and has been identified in tissues (such as liver

cancer tissue, and tumor vessel walls). Alfaro et al. found that 4-

1BB is also expressed in tonsil and lymph node follicular
Frontiers in Immunology 02
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structures. Thence, a comprehensive analysis of its distribution

helps uncover potential roles and functions.
Role of 4-1BB in the tumor
microenvironment

As shown in Figure 1, both IL-15 and IL-2 can promote the

expression of 4-1BB on NK cells, which stimulates the

proliferation of NK cells and produces IFN-g, thus leading to

the activation of T cells (24). 4-1BB facilitates the proliferation of

CD8+ T cells to produce memory T (Tm) cells (25, 26).

Stimulation by 4-1BB will upregulate the expression IL-2 and

IFN-g in CD4+ and CD8+ T cells. However, 4-1BB expresses a

controversial effect in T regulatory cells (Treg), which leads to

Treg proliferation but alters Treg for cytotoxic or helper effects

(27, 28). 4-1BBL inhibits the conversion of CD4+FOXP3- cells to

CD4+FOXP+ (29). 4-1BB is also expressed in monocytes, and it

promotes upregulation of IL-8 and TNF-a but downregulation

of IL-10. The differentiation of monocytes into dendritic cells

can be promoted by 4-1BB, and dendritic cells then secrete IL-6

and IL-12 (30). However, 4-1BB stimulation differentiates

monocytes into M2 macrophages and accelerates B-cell

apoptosis, which also promotes the expression of TNF-a/b in

B cells (31).
4-1BB in cancer progression

Through the PI3K/AKT/mTOR pathway, expression of 4-

1BB was induced by EBV protein LMP1 to facilitate immune

evasion in Hodgkin and Reed–Sternberg cells (32). Low levels of

the soluble form of 4-1BBL in patients with AML were

associated with better prognosis, especially longer disease-free

survival (33). 4-1BB L and 4-1BB were abnormally expressed in

tumor cells in hematopoietic malignancies, and their interaction

promotes tumor growth in cutaneous T-cell lymphoma (34).

Overexpression of 4-1BB on leukemic cells was significantly

related to poor prognosis (35). Antitumor activity was enhanced

in 4-1BB-knockout mice (36). Similarly, the tumor growth was

seriously blocked in 4-1BB knockout mice subcutaneously

injected with CT26 cells (37). The findings further proved the

critical role of 4-1BB-4-1BBL in tumor development.
4-1BB-targeted drug development

The efficacy of the 4-1BB antibody in preventing cancer in

animals has prompted clinical development. The use of

monoclonal antibodies to treat cancer has achieved great

success over the past few decades, many of which have been

under evaluation in different clinical trials, as shown in Table 1.
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Urelumab (BMS-663513), the first 4-1BB-targeted therapy

to enter clinical trials developed by Bristol–Myers Squibb, is a

human IgG4 human monoclonal antibody, which will not

inhibit the interaction between 4-1BB with its ligand (38).

Preliminary clinical results in phase 1/2 disclosed in 2008

showed encouraging efficacy, but further development was

hindered by liver toxicity (39). Urelumab reentered clinical

trials in 2012, which was combined with nivolumab,

cetuximab, rituximab, and elotuzumab, respectively (12).

However, hepatotoxicity of the antibody emerged shortly

thereafter, causing the urelumab development program to be

shelved. Currently, urelumab, a potent agonist mAb, is still

under different clinical trials (Table 1), and strategies to avoid

hepatotoxicity and achieve appropriate drug exposure levels are

worth investigating. Utomilumab (PF-05082566) is a 4-1BB-

humanized IgG2 monoclonal antibody developed by Pfizer (40).

Compared with urelumab, it has a higher safety profile and is

currently undergoing multiple clinical trials (41).

To reduce the hepatotoxicity of systemic 4-1BB agonists, the

development of bispecific antibodies against 4-1BB has been

recognized as a viable strategy, and some bispecific antibodies,

including GEN1046 (PD-L1/4-1BB) and PRS343 (HER2/4-

1BB), are currently being evaluated in different clinical trials

(Table 1) (42, 43). ES101 (INBRX-105), a first-in-class

tetravalent bispecific antibody targeting PD-L1/4-1BB,

originally developed by Inhibrx, was introduced into its

Greater China rights by Kewan Pharmaceuticals (44). It

contains four domains, and two of them target PD-L1 while
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the other two target 4-1BB, which can alleviate PD-1/PD-L1-

mediated immune checkpoint inhibition. The 4-1BB-binding

domain may drive the aggregation of 4-1BB molecules on the

surface of T cells, so that 4-1BB-mediated immune activation

can be concentrated on T cells near the tumor, effectively

reducing the potential off-target toxicity.

In addition to double-antibody drugs, the development of 4-

1BB targets has been extended to tertiary and tetraspecific

antibodies. NM21-1480 is a monovalent trispecific antibody

fragment molecule against PD-L1, 4-1BB, and human serum

protein (HSA) (45). NM21-1480 exerts a synergistic effect of 4-

1BB agonism and PD-L1 blockade and shows an extended half-

life by binding to HSA, thereby reducing the frequency of

dosing. GNC-035 is a four-antibody drug targeting PD-L1/

CD3/4-1BB/ROR1 while GNC-039 targets PD-L1/4-1BB/CD3/

EGFR. In terms of design, both GNC-035 and GNC-039 build

symmetrical tetraspecific antibodies based on IgG with three

scFvs in series. Among them, PD-L1, 4-1BB, and CD3 are

immunoregulatory functions, and the fourth target is tumor

antigen. Both drugs are undergoing evaluation in different

clinical trials (Table 1).
Future directions

Immunotherapy is known as the fourth cancer treatment

after surgery, radiotherapy, and chemotherapy, which has

changed the treatment patterns of patients with advanced
FIGURE 1

Role of 4-1BB in the tumor microenvironment.
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TABLE 1 4-1BB modulators in clinical trials.

Drug Study Title ClinicalTrials Phase Status

EU 101 A Study to Evaluate Safety, Efficacy, and Pharmacokinetics in Participants With Advanced Solid
Tumors

NCT04903873 Phase 1
Phase 2

Recruiting

Expanded Access Program Using IMM-101 for Patients With Advanced Pancreatic Cancer NCT04137822 Unknown No longer
available

A Study of Belinostat + Carboplatin or Paclitaxel or Both in Patients With Ovarian Cancer in Need of
Relapse Treatment

NCT00421889 Phase 1
Phase 2

Completed

Study of Lanreotide in Metastatic or Recurrent Grade I-II Hindgut NET NCT03083210 Phase 4 Unknown

Urelumab Urelumab (4-1BB mAb) With Rituximab for Relapsed, Refractory or High-risk Untreated Chronic
Lymphocytic Leukemia (CLL) Patients

NCT02420938 Phase 2 Withdrawn

Combination Study of Urelumab and Rituximab in Patients With B-cell Non-Hodgkins Lymphoma NCT01775631 Phase 1 Completed

Phase I-II Study of Intratumoral Urelumab Combined With Nivolumab in Patients With Solid Tumors NCT03792724 Phase 1
Phase 2

Not yet
recruiting

Combination Study of Urelumab and Cetuximab in Patients With Advanced/Metastatic Colorectal
Cancer or Advanced/Metastatic Head and Neck Cancer

NCT02110082 Phase 1 Completed

Neoadjuvant Nivolumab With and Without Urelumab in Cisplatin-Ineligible or Chemotherapy-
refusing Patients With Muscle-Invasive Urothelial Carcinoma of the Bladder

NCT02845323 Phase 2 Recruiting

An Investigational Immuno-therapy Study to Determine the Safety of Urelumab Given in Combination
With Nivolumab in Solid Tumors and B-cell Non-Hodgkin’s Lymphoma

NCT02253992 Phase 1
Phase 2

Terminated

A Phase I Open Label Study of the Safety and Tolerability of Elotuzumab (BMS-901608)
Administered in Combination With Either Lirilumab (BMS-986015) or Urelumab (BMS-663513) in
Subjects With Multiple Myeloma

NCT02252263 Phase 1 Completed

Safety, Tolerability, Pharmacokinetics, and Immunoregulatory Study of Urelumab (BMS-663513) in
Subjects With Advanced and/or Metastatic Solid Tumors and Relapsed/Refractory B-cell Non-Hodgkin’s
Lymphoma

NCT01471210 Phase 1 Completed

Study of Urelumab in Subjects With Advanced and/or Metastatic Malignant Tumors NCT02534506 Phase 1 Completed

A Study of BMS-663513 Administered in Combination With Chemotherapy to Subjects With Advanced
Solid Malignancies

NCT00351325 Phase 1 Terminated

A Study of BMS-663513 in Combination With Chemoradiation in Subjects With Non Small Cell Lung
Carcinoma (NSCLC)

NCT00461110 Phase 1 Terminated

Study of BMS-663513 in Patients With Advanced Cancer NCT00309023 Phase 1
Phase 2

Terminated

Stereotactic Body Radiotherapy (SBRT) Plus Immunotherapy for Cancer NCT03431948 Phase 1 Active, not
recruiting

Anti-LAG-3 Alone and in Combination w/Nivolumab Treating Patients w/Recurrent GBM (Anti-4-1BB
Arm Closed 10/16/18)

NCT02658981 Phase 1 Active, not
recruiting

Phase II, 2nd Line Melanoma - RAND Monotherapy NCT00612664 Phase 2 Completed

Combination of Anti-4-1BB and Ipilimumab in Patients With Melanoma NCT00803374 Phase 1 Withdrawn

Platform Study of Neoadjuvant and Adjuvant Immunotherapy for Patients With Resectable
Adenocarcinoma of the Pancreas

NCT02451982 Phase 2 Recruiting

Combining PD-1 Blockade, 4-1BB Agonism and Adoptive Cell Therapy for Metastatic Melanoma NCT02652455 Early
Phase 1

Active, not
recruiting

Sytalizumab The Safety and Efficacy of TWP-101 in Patients With Advanced Solid Tumor NCT04871347 Phase 1 Not yet
recruiting

Safety, Tolerability and Pharmacokinetics of TWP-101 in Patients With Advanced Melanoma and
Urothelial Carcinoma

NCT04871334 Phase 1 Recruiting

LVGN-6051 A Study of LVGN6051 Combined With Anlotinib in Patient With Soft Tissue Sarcoma NCT05301764 Phase 1
Phase 2

Recruiting

Phase 1 Trial of LVGN6051 as Single Agent and in Combination With Keytruda (MK-3475-A31/
KEYNOTE-A31) in Advanced or Metastatic Malignancy

NCT04130542 Phase 1 Recruiting

Study of LVGN6051 (4-1BB Agonist Antibody) in Advanced or Metastatic Malignancy NCT04694781 Phase 1 Recruiting

Study of LVGN3616 and LVGN6051 ± LVGN7409 in Combination With Nab-Paclitaxel or
Bevacizumab and Cyclophosphamide in Metastatic Solid Tumors

NCT05075993 Phase 1 Recruiting

Phase 1 Trial of LVGN7409 (CD40 Agonist Antibody) as Single Agent and Combination Therapies in
Advanced or Metastatic Malignancy

NCT04635995 Phase 1 Recruiting
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TABLE 1 Continued

Drug Study Title ClinicalTrials Phase Status

YH-004 Study of YH004 (4-1BB Agonist Antibody) in Advanced or Metastatic Malignancy NCT05040932 Phase 1 Recruiting

GEN1046 GEN1046 Safety and PK in Subjects With Advanced Solid Malignancies NCT04937153 Phase 1 Recruiting

Safety and Efficacy Study of GEN1046 as a Single Agent or in Combination With Another Anti-cancer
Therapy for Treatment of Recurrent (Non-small Cell) Lung Cancer

NCT05117242 Phase 2 Recruiting

GEN1046 Safety Trial in Patients With Malignant Solid Tumors NCT03917381 Phase 1
Phase 2

Recruiting

PRS343 PRS-343 in HER2-Positive Solid Tumors NCT03330561 Phase 1 Completed

PRS-343 in Combination With Atezolizumab in HER2-Positive Solid Tumors NCT03650348 Phase 1 Active, not
recruiting

Cinrebafusp Alfa in Combination With Ramucirumab and Paclitaxel in HER2-High Gastric or GEJ
Adenocarcinoma and in Combination With Tucatinib in HER2-Low Gastric or GEJ Andenocarinoma

NCT05190445 Phase 2 Recruiting

ES101 A Study of ES101 (PD-L1x4-1BB Bispecific Antibody) in Patients With Advanced Malignant Thoracic
Tumors

NCT04841538 Phase 1
Phase 2

Withdrawn

A Study of ES101 (PD-L1x4-1BB Bispecific Antibody) in Patients With Advanced Solid Tumors NCT04009460 Phase 1 Terminated

Ankle - Brachial Index Measurement in Atrial Fibrillation NCT02986282 Not
applicable

Completed

Cinrebafusp alfa Cinrebafusp Alfa in Combination With Ramucirumab and Paclitaxel in HER2-High Gastric or GEJ
Adenocarcinoma and in Combination With Tucatinib in HER2-Low Gastric or GEJ Andenocarinoma

NCT05190445 Phase 2 Recruiting

HLX-35 HLX35(EGFR×4-1BB Bispecific) in Patients With Advanced or Metastatic Solid Tumors NCT05360381 Phase 1 Not yet
recruiting

IBI319 Study of the Efficacy and Safety of IBI319 in Patients With Advanced Malignant Tumors NCT04708210 Phase 1 Recruiting

TJ-033721 Study of TJ033721 in Subjects With Advanced or Metastatic Solid Tumors NCT04900818 Phase 1 Recruiting

ATG 101 A Study of Evaluating the Safety and Efficacy of ATG-101 in Patients With Metastatic/Advanced Solid
Tumors and Mature B-cell Non-Hodgkin Lymphomas

NCT04986865 Phase 1 Recruiting

Study of ASC-101 in Patients With Hematologic Malignancies Who Receive Dual-cord Umbilical Cord
Blood Transplantation

NCT01983761 Phase 1
Phase 2

Recruiting

Safety and Efficacy of Two Doses of ATIR101, a T-lymphocyte Enriched Leukocyte Preparation Depleted
of Host Alloreactive T-cells, in Patients With a Hematologic Malignancy Who Received a Hematopoietic
Stem Cell Transplantation From a Haploidentical Donor

NCT02500550 Phase 2 Completed

Antithymocyte Globulin and Cyclosporine in Preventing Graft-Versus-Host Disease in Patients
Undergoing Chemotherapy With or Without Radiation Therapy Followed By Donor Stem Cell
Transplant for Acute Lymphoblastic Leukemia or Acute Myeloid Leukemia

NCT00093587 Not
applicable

Unknown

Thymoglobulin to Prevent Acute Graft vs. Host Disease (GvHD) in Patients With Acute Lymphocytic
Leukemia (ALL) or Acute Myelogenous Leukemia (AML) Receiving a Stem Cell Transplant

NCT00088543 Not
applicable

Completed

LBL-024 A Phase I/II Clinical Study of LBL-024 in Patients With Advanced Malignant Tumors NCT05170958 Phase 1
Phase 2

Recruiting

MCLA-145 A Study of Bispecific Antibody MCLA-145 in Patients With Advanced or Metastatic Malignancies NCT03922204 Phase 1 Recruiting

ABL-503 This is a Study to Evaluate the Safety and Tolerability of ABL503, and to Determine the Maximum
Tolerated Dose (MTD) and Recommended Phase 2 Dose (RP2D) of ABL503 in Subjects With Any
Progressive Locally Advanced or Metastatic Solid Tumors

NCT04762641 Phase 1 Recruiting

PM 1032 A Study of Ramucirumab (IMC-1121B) and Paclitaxel in Participants With Solid Tumors NCT01515306 Phase 2 Completed

QLF-31907 A Phase Ia Clinical Study of QLF31907 Injection in Patients With Advanced Malignant Tumors NCT05150405 Phase 1 Recruiting

FS-120 FS120 First in Human Study in Patients With Advanced Malignancies NCT04648202 Phase 1 Recruiting

RO-7227166 A Study to Evaluate the Safety, Pharmacokinetics and Preliminary Anti-Tumor Activity of RO7227166
in Combination With Obinutuzumab and in Combination With Glofitamab Following a Pre-Treatment
Dose of Obinutuzumab Administered in Participants With Relapsed/Refractory B-Cell Non-Hodgkin’s
Lymphoma

NCT04077723 Phase 1 Recruiting

HBM-7008 HBM7008 -Study on Subjects With Advanced Solid Tumors NCT05306444 Phase 1 Recruiting

ND-021 A Study of NM21-1480 in Adult Patients With Advanced Solid Tumors NCT04442126 Phase 1
Phase 2

Recruiting

GNC-035 A Study of GNC-035, a Tetra-specific Antibody, in Participants With Locally Advanced or Metastatic
Breast Cancer

NCT05160545 Phase 1 Recruiting

A Study of GNC-035, a Tetra-specific Antibody, in Participants With Locally Advanced or Metastatic
Solid Tumors

NCT05039931 Phase 1 Recruiting

(Continued)
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TABLE 1 Continued

Drug Study Title ClinicalTrials Phase Status

A Study of GNC-035, a Tetra-specific Antibody, in Participants With Relapsed/Refractory
Hematologic Malignancy

NCT05104775 Phase 1 Recruiting

GNC-038 A Study of GNC-038, a Tetra-specific Antibody, in Participants With R/R Diffuse Large B-cell
Lymphoma (DLBCL)

NCT05192486 Phase 1
Phase 2

Recruiting

A Study of GNC-038, a Tetra-specific Antibody, in Participants With R/R Non-Hodgkin Lymphoma NCT04606433 Phase 1 Recruiting

Mechanism of Resistance to GNC-038 in Relapsed and Refractory Diffuse Large B-cell Lymphoma NCT05189782 Unknown Recruiting

GNC-039 A Study of GNC-039, a Tetra-specific Antibody, in Participants With Relapsed/Refractory or
Metastatic Solid Tumors

NCT04794972 Phase 1 Recruiting

ADG-106 A Study to Evaluate the Combination of Nivolumab With ADG106 in Metastatic NSCLC NCT05236608 Phase 1
Phase 2

Recruiting

Study of ADG106 In Combination With PD-1 Antibody In Advanced or Metastatic Solid Tumors
and/or Non Hodgkin Lymphoma

NCT04775680 Phase 1
Phase 2

Recruiting

A Phase Ib Safety lead-in, Followed by Phase II Trial of ADG106 in Combination With Neoadjuvant
Chemotherapy in HER2 Negative Breast Cancer

NCT05275777 Phase 1
Phase 2

Recruiting

Study of ADG106 With Advanced or Metastatic Solid Tumors and/or Non-Hodgkin Lymphoma NCT03802955 Phase 1 Active, not
recruiting

Study of 4-1BB Agonist ADG106 With Advanced or Metastatic Solid Tumors and/or Non-Hodgkin
Lymphoma

NCT03707093 Phase 1 Active, not
recruiting

ADG126, ADG126 in Combination With Anti PD1 Antibody, and ADG126 in Combination With
ADG106 in Advanced/Metastatic Solid Tumors

NCT04645069 Phase 1 Recruiting

A Phase 1b Study of ADG116, ADG116 Combined With Anti-PD-1 Antibody or Anti-4-1BB
Antibody in Solid Tumors Patients

NCT04501276 Phase 1 Recruiting

Utomilumab Utomilumab and ISA101b Vaccination in Patients With HPV-16-Positive Incurable Oropharyngeal
Cancer

NCT03258008 Phase 2 Completed

T-Cell Infusion, Aldesleukin, and Utomilumab in Treating Patients With Recurrent Ovarian Cancer NCT03318900 Phase 1 Active, not
recruiting

Safety and Efficacy of Axicabtagene Ciloleucel in Combination With Utomilumab in Adults With
Refractory Large B-cell Lymphoma

NCT03704298 Phase 1 Active, not
recruiting

Avelumab, Utomilumab, Rituximab, Ibrutinib, and Combination Chemotherapy in Treating Patients
With Relapsed or Refractory Diffuse Large B-Cell Lymphoma or Mantle Cell Lymphoma

NCT03440567 Phase 1 Active, not
recruiting

The AVIATOR Study: Trastuzumab and Vinorelbine With Avelumab OR Avelumab and Utomilumab
in Advanced HER2+ Breast Cancer

NCT03414658 Phase 2 Recruiting

4-1BB Agonist Monoclonal Antibody PF-05082566 With Trastuzumab Emtansine or Trastuzumab in
Treating Patients With Advanced HER2-Positive Breast Cancer

NCT03364348 Phase 1 Active,
not
recruiting

Utomilumab, Cetuximab, and Irinotecan Hydrochloride in Treating Patients With Metastatic Colorectal
Cancer

NCT03290937 Phase 1 Active,
not
recruiting

Avelumab, Utomilumab, Anti-OX40 Antibody PF-04518600, and Radiation Therapy in Treating Patients
With Advanced Malignancies

NCT03217747 Phase 1
Phase 2

Active,
not
recruiting

RITUXIMAB + IMMUNOTHERAPY IN FOLLICULAR LYMPHOMA NCT03636503 Phase 1 Active,
not
recruiting

A Study Of Avelumab In Combination With Other Cancer Immunotherapies In Advanced Malignancies
(JAVELIN Medley)

NCT02554812 Phase 2 Active,
not
recruiting

Avelumab In Combination Regimens That Include An Immune Agonist, Epigenetic Modulator, CD20
Antagonist and/or Conventional Chemotherapy in Patients With Relapsed or Refractory Diffuse Large
B-cell Lymphoma (R/R DLBCL)

NCT02951156 Phase 3 Terminated

Avelumab With Binimetinib, Sacituzumab Govitecan, or Liposomal Doxorubicin in Treating Patients
With Stage IV or Unresectable, Recurrent Triple Negative Breast Cancer

NCT03971409 Phase 2 Recruiting

Continued Access Study for Participants Deriving Benefit in Pfizer-Sponsored Avelumab Parent
Studies That Are Closing

NCT05059522 Phase 3 Recruiting

Study Of OX40 Agonist PF-04518600 Alone And In Combination With 4-1BB Agonist PF-05082566 NCT02315066 Phase 1 Completed

(Continued)
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tumors (46). However, only a minority of cancer patients can

benefit from it. Treatment methods such as surgery,

chemotherapy, radiotherapy, and targeted therapy can

synergize with immunotherapy to enhance the curative effect.

Guillerey et al. found that anti-4-1BB mAb combined with

chemotherapy could prevent MM relapse and prolong survival

in MM mice (47). A study undertaken by Newcomb et al.
Frontiers in Immunology 07
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demonstrated that radiation could synergistically enhance the

antitumor effect of anti-4-1BB therapy in a mouse glioma model

(48). Moreover, anti-4-1BB mAbs could enhance the efficacy of

other antitumor Abs (such as cetuximab, rituximab, and

trastuzumab) and exert synergistic effects. Taken together,

combination therapy for tumors may also be the future

direction of tumor therapy.
TABLE 1 Continued

Drug Study Title ClinicalTrials Phase Status

ATOR-1017 ATOR-1017 First-in-human Study NCT04144842 Phase 1 Recruiting

AGEN-2373 Anti-4-1BB and Anti-CTLA-4 Monoclonal Antibody in Patient With Advanced Cancer NCT04121676 Phase 1 Recruiting

CTX-471 Study of CTX-471 in Patients Post PD-1/PD-L1 Inhibitors in Metastatic or Locally Advanced
Malignancies

NCT03881488 Phase 1 Recruiting

PRS-344 A Study of PRS-344/S095012 (PD-L1x4-1BB Bispecific Antibody-Anticalin Fusion) in Patients With
Solid Tumors

NCT05159388 Phase 1
Phase 2

Recruiting

RO-7122290 Study To Evaluate Safety, Pharmacokinetics, Pharmacodynamics, And Preliminary Anti-Tumor Activity
Of RO7122290 In Combination With Cibisatamab With Obinutuzumab Pre-Treatment

NCT04826003 Phase 1
Phase 2

Recruiting

Study Evaluating the Efficacy and Safety of Multiple Immunotherapy-Based Treatments and
Combinations in Patients With Urothelial Carcinoma (MORPHEUS-UC)

NCT03869190 Phase 1
Phase 2

Recruiting

Anti BCMA
CART cell
therapy

Anti-BCMA or/and Anti-CD19 CART Cells Treatment of Relapsed Multiple Myeloma NCT03767725 Phase 1 Unknown

BCMA Chimeric Antigen Receptor Expressing T Cells Therapy for Relapsed/Refractory Multiple
Myeloma

NCT03943472 Early
Phase 1

Recruiting

Master Protocol for the Phase 1 Study of Cell Therapies in Multiple Myeloma NCT04155749 Phase 1 Recruiting

Study of T Cells Targeting CD19/BCMA (CART-19/BCMA) for High Risk Multiple Myeloma
Followed With Auto-HSCT

NCT03455972 Phase 1
Phase 2

Recruiting

A Study of BCMA-directed CAR-T Cells Treatment in Subjects With r/r Multiple Myeloma NCT03751293 Phase 1 Unknown

Clinical Trial Using Humanized CART Directed Against BCMA (ARI0002h) in Patients With
Relapsed/Refractory Multiple Myeloma to Proteasome Inhibitors, Immunomodulators and Anti-CD38
Antibody.

NCT04309981 Phase 1
Phase 2

Recruiting

A Study of BCMA-directed CAR-T Cells Treatment in Subjects With r/r Multiple Myeloma NCT04322292 Phase 1 Unknown

BCMA-directed CAR-T Cell Therapy in Adult Patients With Relapsed and/or Refractory Multiple
Myeloma

NCT04318327 Phase 1 Recruiting

Autologous CD8+ T-cells Expressing an Anti-BCMA CAR in Patients With Myeloma NCT03448978 Phase 1
Phase 2

Completed

CART-BCMA Cells for Multiple Myeloma NCT02546167 Phase 1 Completed

Humanized CAR-T Cells of Anti-BCAM and Anti-CD19 Against Relapsed and Refractory Multiple
Myeloma

NCT04194931 Phase 1 Unknown

BCMA Chimeric Antigen Receptor Expressing T Cells in Multiple Myeloma NCT03093168 Phase 1 Unknown

Safety and Efficacy Evaluation of BCMA-CART for Treating Multiple Myeloma NCT03492268 Not
applicable

Withdrawn

Efficacy and Safety Evaluation of BCMA-UCART NCT03752541 Not
applicable

Suspended

HOT-1030 A Study of HOT1030 in Patients With Advanced Solid Tumors NCT05060263 Phase 1 Recruiting

Delolimogene
mupadenorepvec

A Phase I/II Trial Investigating LOAd703 in Combination With Atezolizumab in Malignant Melanoma NCT04123470 Phase 1
Phase 2

Recruiting

A Study Evaluating the Efficacy and Safety of Multiple Immunotherapy-Based Treatment Combinations
in Patients With Metastatic Colorectal Cancer (Morpheus-CRC)

NCT03555149 Phase 1
Phase 2

Recruiting

LOAd703 Oncolytic Virus Therapy for Pancreatic Cancer NCT02705196 Phase 1
Phase 2

Recruiting

BT 7480 Study BT7480-100 in Patients With Advanced Malignancies Associated With Nectin-4 Expression NCT05163041 Phase 1
Phase 2

Recruiting
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Conclusion

To summarize, existing studies support immunotherapies

targeting the 4-1BB pathway for the treatment of cancer. In the

study, we have summarized the structure of 4-1BB and its

ligand as well as the expression in various immune cells

and tumor cells. More importantly, we discuss the role of

4-1BB in the microenvironment and tumor progression.

Furthermore, the development of drug-targeted 4-1BB was

summarized and updated, which exhibited tremendous

potential in clinical trials. Although the anti-4-1BB therapy

provides hope for cancer treatment, the effectiveness of drugs

targeting 4-1BB in clinical antitumor therapy alone or in

combination with other antitumor therapies still needs to be

investigated in the future.
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Pathological complete response
in MMR-deficient/MSI-high and
KRAS-mutant patient with
locally advanced rectal cancer
after neoadjuvant
chemoradiation with
immunotherapy: A case report

Mai Zhang1†, Hua Yang1†, Ling Chen2, Kunli Du3, Lina Zhao1*

and Lichun Wei1*

1Department of Radiation Oncology, The First Affiliated Hospital, Air Force Medical University,
Xi an, China, 2Department of Pathology, The First Affiliated Hospital, Air Force Medical University,
Xi an, China, 3Department of Gastrointestinal Surgery, The First Affiliated Hospital, Air Force Medical
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To date, preoperative chemoradiation (CRT) is the standard of care for patients

with locally advanced rectal cancer (LARC) regardless of status of mismatch

repair. Immunotherapy showed promising results in the neoadjuvant treatment

trials in patients with mismatch repair-deficient (dMMR) or high microsatellite

instability (MSI-H) LARC. The efficacy of CRT plus programmed death 1 (PD-1)

inhibitor in these patients with complex gene mutation remains unclear.

Additionally, very few studies reported on whether such combination could

induce abscopal effect. We report a case of dMMR and MSI-H LARC with KRAS

mutation that achieved pathological complete response of primary lesion and

liver metastases after neoadjuvant short-course radiotherapy followed by four

cycles chemotherapy of XELOX plus PD-1 inhibitor tislelizumab and a

subsequent total mesorectal excision. This case indicates that this combined

treatment strategy has remarkable clinical response both in locoregional and

distant diseases, which potentially leads to reduction in the risk of distant

metastases and better locoregional control for this subgroup of population.

KEYWORDS

locally advanced rectal cancer, neoadjuvant chemoradiation, immunotherapy,
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Introduction

Preoperative chemoradiation (CRT) is the standard of care for

patients with locally advanced rectal cancer (LARC). CRT before

surgery could downstage tumors and increase local control rate,

with a pCR rate of 30% in the RAPIDO trial. However, distant

metastatic rate remains high, which was 20% at 3 years in the

RAPIDO trial (1–3). The mismatch repair-deficient (dMMR) or

high microsatellite instability (MSI-H) phenotype, accounting for

approximately <10% of all rectal cancer, was considered to be

sensitive to immunotherapy (4, 5). The NICHE trial showed a

pathological complete response (pCR) rate of 60% in dMMR/MSI-

H patients after surgery, with neoadjuvant immunotherapy of

ipilimumab and nivolumab (6). The latter phase II trial

investigated the efficacy of neoadjuvant programmed cell death

protein 1 (PD-1) inhibitor with celecoxib and found that the pCR

rate was 88% in dMMR/MSI-H colorectal cancer (7). These

findings indicated that neoadjuvant immunotherapy could

achieve a remarkable clinical response in downstaging tumors in

dMMR/MSI-H rectal cancer. KRAS mutation occurred in

approximately 40% of all colorectal cancer (8). For mCRC

patients with KRAS mutations, the standard treatment is

chemotherapy with or without bevacizumab. Meanwhile,

chemoradiotherapy followed by surgery is the standard of care

for patients with LARC irrespective of KRAS status. A previous

study has revealed that MSI-H/dMMR metastatic colorectal cancer

(mCRC) with KRAS or NRAS mutations could not benefit from

single PD-1 inhibitor compared with chemotherapy in overall

survival (9). Furthermore, whether the occurrence of locoregional

recurrence and distant metastases could decrease with neoadjuvant

immunotherapy remains unclear due to the immaturity of the data.

The clinical efficacy of CRT plus PD-1 inhibitor in dMMR/

MSI-H LARC with KRAS mutation was rare, especially whether

such combination could induce abscopal effect. Here, we present

a LARC case with dMMR/MSI-H status and KRAS mutation

who received short-course radiotherapy, followed by four cycles

chemotherapy of XELOX plus PD-1 inhibitor tislelizumab and

subsequently by a total mesorectal excision with pCR in primary

tumor. Interestingly, during the treatment, a lesion was noted in

the liver by imaging, and metastasis was rendered clinically;

however, no tumor cells were identified by biopsy and

pathological evaluation. To the best of our knowledge, this

phenomenon has not been reported.
Case report

A 53-year-old man was diagnosed as having locally advanced

rectal cancer in April 2021, which was 5.5 cm to the anal verge and

staged as cT3N2 by magnetic resonance imaging (MRI) (Figure 1).

Mesorectal fascia (MRF) was negative, and extramural vascular

invasion (EMVI) was categorized as grade 3. Histopathologically, it

was a moderately to poorly differentiated adenocarcinoma. The
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immunohistochemistry for protein of mismatch repair gene showed

a deficiency of MLH1 and PMS2, which meant that it was

mismatch repair gene deficient (dMMR) (Figures 2A–D).

Multiplex PCR-microsatellite analysis also confirmed the MSI-H

status in all markers, and the combined positive score of

programmed cell death protein ligand 1 expression was grade 2

(Figure 2E). A next-generation sequencing (NGS) panel spanning

952 cancer-related genes was performed, and FBXW7, ERBB2,

ERBB3, MLH1, APC, CDK12, PIK3CA, and KRAS mutations were

observed. The tumor mutation burden was 52.94 mutations/

megabase (the methods and the identified mutations can be seen

in the Supplementary Material).

Therefore, the tumor was classified as MSI-H/dMMR rectal

cancer. No evidence of liver or other distant metastases was found

at initial diagnosis through contrast-enhanced computed

tomography of the chest and abdomen and abdominal

ultrasound examination. Reported data of LARC showed a higher

likelihood of pCR rate with neoadjuvant immunotherapy in

patients with dMMR/MSI-H tumor. Owing to the patient’s

persistent request for immunotherapy, and his dMMR/MSI-H

LARC, we therefore decided within our multidisciplinary team to

apply combined treatment strategy with PD-1 inhibitor

tislelizumab and neoadjuvant chemoradiotherapy to enhance the

efficacy of the anti-tumor therapy for his KRAS mutation. Short-

course radiotherapy (5x5Gy) was performed at the beginning, and

the patient then underwent four cycles of XELOX (capecitabine and

oxaliplatin) with tislelizumab. Four weeks after completion of the

treatment, restaging MRI showed a partial response of the rectal

lesion (Figure 1). Biopsy pathology of the rectal lesion was negative.

Unfortunately, a liver lesion was detected on abdominal

ultrasound examination and then clinically diagnosed as liver

metastases (M1a) by dynamic-enhanced MRI and contrast-

enhanced ultrasonography within our multidisciplinary team.

The lesion size was 1.5 cm × 1.3 cm in MRI (Figures 3A, B). A

reexamination of the baseline computed tomography of

abdomen was performed and a nearly invisible, obscure lesion

was detected at the corresponding location, which could

represent the early stage of metastases (classified as suspicious

metastases—Mx) (Figure 3C). Examination of fine-needle

aspiration biopsy showed hepatic lobular structure with many

lymphocyte infiltration, especially CD8-positive T cells

(Figure 3D). No tumor cells were observed (Figure 3E).

We speculated that the possible reason of the new lesion in

the liver was immunotherapy-related pseudoprogression.

Meanwhile, radiofrequency ablation was delivered to the liver

lesion for security purposes. One week later, total mesorectal

excision was performed, the pathological result showed a

complete response (Figure 1). Immunohistochemical analysis

of the rectal tumor tissue after surgery showed that the tumor

microenvironment was enriched with CD8+ T cells

(Figures 2F, G). The timeline of this case is shown in Figure 4.

PD-1 inhibitor plus chemoradiation was tolerable in this

patient, without significant toxicities except for grade 2 thyroid-
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stimulating hormone increase. The surgery was delivered as

scheduled without delay. Owing to the revised clinical stage, our

multidisciplinary team planned to deliver adjuvant

immunotherapy with single-agent tislelizumab for 6 months.

The patient had finished adjuvant treatment. By the time of

writing, this case has been followed up for 11 months and no

evidence of disease recurrence was observed through regular re-

examination (chest, abdominal, and pelvic computed

tomography every 3 months, MRI of the rectum every 3

months, and CEA every 3 months).
Discussion

Increasing data on immunotherapy is challenging standard

preoperative therapy of LARC patients with dMMR/MSI-H (6,
Frontiers in Oncology 03
435
7, 10). The care regime could become even more complicated

when KRAS mutation was identified in these patients. The

experience in this case suggests that the novel combined

strategy of CRT with immunotherapy could significantly

downstage tumors. Meanwhile, it had the capacity to control

distant metastases. There will be a significant trend for

decision-making of neoadjuvant treatment in LARC stratified

by mismatch repair or microsatellite instability and

KRAS status.

A recent publication showed that single-agent PD-1 inhibitor

has achieved remarkable efficacy in 12 LARC patients with dMMR/

MSI-H. After neoadjuvant treatment with dostarlimab for 6

months, all patients in the trial had a clinical complete response

(cCR), without subsequent chemoradiotherapy or surgery (10).

However, the sustainability of disease remission needs to be

verified via the follow-up. Regrettably, KRAS status and its
FIGURE 1

Magnetic resonance imaging and histological findings before and after treatment. In the upper row, Magnetic resonance imaging-T2 scans at
diagnosis and before surgery showed partial response of the tumor. In the lower row, representative sections of tumor specimens before
neoadjuvant treatment (left) and after the treatment (right) (hematoxylin and eosin staining × 200). This patient had pathological complete
response of the primary tumor.
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potential implications for immunotherapy were not mentioned in

the article. In the KEYNOTE-177 trial, which compared

pembrolizumab versus chemotherapy dMMR/MSI-H metastatic

colorectal cancer (mCRC), the forest plot of subgroup analysis

revealed that no significant difference was seen in the survival

benefit between PD-1 inhibitor versus chemotherapy in patients

with KRAS or NRAS mutations (HR 0.92 [95% CI 0.48–1.75]) (9).

The CheckMate 142 study showed that dMMR/MSI-H mCRC

patients with KRAS mutation might benefit more from dual

immunotherapy (11). In a pooled retrospective analysis of non-

small cell lung cancer (NSCLC) patients (n = 1,430), NSCLC

patients with KRAS mutation derived the greatest benefit from

chemotherapy plus immunotherapy compared with either

immunotherapy alone or chemotherapy alone (12). It could be

seen that single PD-1 inhibitor might be insufficient, and a

combined treatment would be needed for dMMR/MSI-H mCRC

with KRAS mutation. In the future, it would be worth comparing

the efficacy and long-term survival benefit of combined

immunotherapy such as CRT plus PD-1 blockade versus single-
Frontiers in Oncology 04
436
agent immunotherapy, especially for patients with complicated

gene status.

For patients with LARC after neoadjuvant therapy, organ

preservation was an alternative to operation in patients who

achieved cCR. Because the patient did not achieve cCR, organ

preservation and subsequent watch-and-wait strategy might not

be appropriate for this patient. Whether such combined

treatment could improve the cCR rate and lead to subsequent

organ preservation in patients with KRAS mutation still warrant

further investigation. Besides, the relationship between clinical

and pathological response was not equivalent. In patients who

achieved cCR after neoadjuvant treatments, 74.3% of the

patients were identified as pCR with local excision as reported

(13). Although it still needs to be refined, such as consensus

criteria of clinical assessment of cCR and management of tumor

regrowth, the wait-and-see strategy still provided another option

for LARC.

Radiation could remodulate the tumor microenvironment

including the distant sites and enhance immune-cell recognition
FIGURE 2

Immunohistochemical findings of primary tumor (A–H): Immunohistochemistry of the protein MLH1 (A), MSH2 (B), MSH6 (C), and PMS2 (D).
MSH2 and MSH6 were positively expressed, whereas MLH1 and PMS2 were lacking (200×). (E) The combined positive score of programmed cell
death protein ligand 1 (PD-L1) expression in rectal tumor before treatment was grade 2 (200×). Immunohistochemical analysis of the rectal
tumor microenvironment before treatment (F) and the tumor microenvironment was enriched with CD8+ T cells in primary tumor (G) after
completion of treatment (200×).
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and antigen release, which might lead to abscopal effect (14). The

post-treatment specimen contained enriched CD8 + T cells,

which was consistent with change in the immune

microenvironment resulting from chemoradiotherapy. Neo-

adjuvant CRT has been shown to upregulate PD-L1 expression

in rectal cancer (15). The clinical efficacy of such combination

had also been confirmed. Luke et al. found that stereotactic body

radiation therapy to metastatic lesions followed by

pembrolizumab resulted in an abscopal response rate of 26.9%

in a single-arm trial (16). Welsh et al. found that 42% of patients
Frontiers in Oncology 05
437
with lung metastases had abscopal responses in non-irradiated

lesions treated with ipilimumab and sequential radiotherapy

(17). Theelen et al. confirmed abscopal effect in metastatic

NSCLC with a statistically significant difference. The incidence

of abscopal response rate of radiotherapy with PD-1 inhibitor

was significantly higher than that of single-agent PD-1 inhibitor

(41.7% vs. 19.7%, p=0.0039) (18). Therefore, immunotherapy

could synergize with CRT and had a potential to reduce the risk

of distant metastasis. The surprising observation of the liver

lesion in this case was perhaps attributed to the abscopal effect
FIGURE 3

Clinical diagnosis and histological results of liver metastases (A–E). (A, B) Dynamic-enhanced magnetic resonance imaging shows liver
metastasis after neoadjuvant treatment and confirmed by contrast-enhanced ultrasonography. (C) Contrast-enhanced computed tomography
shows no definite liver metastases before neoadjuvant treatment. (D) The tumor microenvironment was enriched with CD8+ T cells in liver
metastases after completion of treatment (200×). (E) Post-treatment liver biopsy shows hepatic lobular structure with normal architecture, and
no tumor cells were observed (200×).
FIGURE 4

Timeline of disease status and corresponding treatment regimens. XELOX, capecitabine and oxaliplatin; TME, total mesorectal excision; pCR,
pathological complete response.
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enhanced by CRT-combined PD-1 inhibitor. However, the

optimal pattern of dose fraction to efficiently induce an anti-

tumor immune response or abscopal effect in rectal cancer

remains ambiguous, and hypo-fractionated radiotherapy might

have a noninferior therapeutic effect compared to conventional

fractionated radiotherapy from the reported data (19, 20).

About 1% of patients with locally advanced rectal cancer will

have distant metastasis during neoadjuvant treatment, which is a

true progression (3). Different from true progression,

pseudoprogression is an atypical response pattern of

immunotherapy, observed in 10% of metastatic colorectal cancer

patients with MSI-H/dMMR who received immunotherapy (21).

Pseudoprogression is often followed by partial and complete

responses and is considered to be associated with superior

overall survival compared with real progression or stable disease

(22). In this case, pseudoprogression of liver metastatic lesion was

consistent with the pCR of the rectal lesion, demonstrating that the

combined treatment had remarkable efficacy both in local and

distant disease.

There were some limitations in this report. For example, the

biopsy tissue from the liver did not represent the whole lesion

sometimes. Second, follow-up duration was relatively short.

Collectively, CRT plus immunotherapy should be one option

of neoadjuvant treatment for LARC patients with dMMR/MSI-

H status and KRAS mutation. How to combine CRT with

immunotherapy still warrants further investigation to improve

the synergistic effect without significantly increased toxicity.

Additional trials are underway.
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Case report: CD19-directed
CAR-T cell therapy combined
with BTK inhibitor and
PD-1 antibody against
secondary central nervous
system lymphoma

Wenqi Zhang1, Chen Huang1,2, Ruixia Liu1, Huichao Zhang3,
Weijing Li1, Shaoning Yin1, Lianjing Wang1, Wei Liu1

and Lihong Liu1,2*

1Department of Hematology, The Fourth Hospital of Hebei Medical University, Shijiazhuang, China,
2Hebei Provincial Key Laboratory of Tumor Microenvironment and Drug Resistance, Shijiazhuang,
China, 3Clinical Laboratory, The Fourth Hospital of Hebei Medical University, Shijiazhuang, China
Current therapeutic strategies for central nervous system (CNS) relapse of

diffuse large B-cell lymphoma (DLBCL) are extremely limited. Secondary

central nervous system lymphoma (SCNSL) also shows a grave prognosis and

high mortality. This report describes a young female patient with DLBCL and

CNS relapse who received low-dose CD19-directed chimeric antigen receptor

T (CAR-T) cell therapy followed with Bruton’s tyrosine kinase inhibitor and

programmed cell death protein 1 antibody after several lines of chemotherapy.

However, limited reports on CAR-T cell therapy are applied for SCNSL,

particularly those in combination with targeted agents. The current treatment

combination for this case provides a new regimen for CNS relapse fromDLBCL.

Clinical Trial Registration: ClinicalTrials.gov number, NCT04666168.

KEYWORDS

SCNSL, CD19 CAR-T cell therapy, BTK inhibitor, PD-1 antibody, zanubrutinib, tislelizumab
Introduction

Central nervous system (CNS) relapse is one of the most devastating complications of

diffuse large B-cell lymphoma (DLBCL). Studies show that CNS relapse in aggressive

non-Hodgkin’s lymphoma (NHL) patients accounts for 2%–27%, and the prognosis is

poor with the median overall survival (OS) of only 3.9 months (1, 2). The existence of the

blood–brain barrier (BBB) prevents immune and/or chemotherapeutic drugs from
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penetrating into the brain and, thus, limits the therapeutic effect

(3). Currently, the primary treatments for secondary central

nervous system lymphoma (SCNSL) include whole brain

radiation therapy (WBRT), high-dose chemotherapy–

autologous stem-cell transplantation (HDCT-ASCT), or

intravenous high-dose methotrexate. CD19-directed chimeric

antigen receptor T (CAR-T) cell therapy, combined with novel

agents, is one of the promising paradigm-changing options for

CNS lymphoma (4). In 2017, the first successful case using

CD19-directed CAR-T cell therapy was reported for CNS-

DLBCL (5). Investigations and studies about CAR-T cell

therapy in conjunction with other novel targeted agents,

including Bruton ’s tyrosine kinase (BTK) inhibitor,

programmed cell death protein 1 (PD-1) antibody revealed

synergistic action for relapsed/refractory (R/R) DLBCL (6–8).

BTK inhibitors could enhance the function and implantation of

CAR-T cells (9). PD-1 antibody can promote their intracranial

anticancer activity (10). However, TP53, as a tumor suppressor

gene, modulates apoptosis in DNA-damaged cells and controls

cell proliferation; the prognosis always becomes worse, and there

is frequent chemotherapy resistance in DLBCL with this gene

mutation (11). Promising treatment with an alternative

mechanism, such as CAR-T cell therapy, could obtain a better

prognosis than cytotoxic agents in a retrospective study observed

by Edit Porpaczy et al. (12).

In this study, we report a case of DLBCL of CNS relapsed

with TP53 mutation. The patient was enrolled in a clinical trial

(ClinicalTrials.gov number, NCT04666168), which is a

multicenter clinical study on the safety and efficacy of CAR-T

cells in the treatment of R/R NHL as the third line therapy. In

this case, we combined BTK inhibitor and PD-1 antibody with

anti-CD19 CAR-T cell therapy. The patient achieved complete

response (CR) for more than 18 months without any

complication from this combination strategy and maintained

an optimistic survival status.
Case description

A 38-year-old female patient initially presented with cough and

expectoration for a month. The patient showed shortness of breath

and chest tightness lasting 20 days without fever and dyspnea. The

CT scan showed mediastinal masses, and treatment with antibiotics

and glucocorticoid was ineffective in the local hospital. The

symptoms worsened, and the patient was admitted to the

emergency room at the Fourth Hospital of Hebei Medical

University in October 2018. The positron emission tomography/

computed tomography (PET/CT) showed several soft tissue masses,

and multiple lymph nodes were found in the mediastinum, right

axillary, around the thyroid, at thoracic entrance level, both internal

mammary regions, behind the left diaphragmatic angle,

retroperitoneum, and near right iliac vessels. The maximal
Frontiers in Immunology 02
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standardized uptake value (SUV max) was 7.9. Some masses were

distributed in the mediastinum and compressed the heart. The

immunohistochemistry (IHC) from the mediastinal mass revealed

CD3-, CD20+, CD21-, CD30-, Ki-67(90%+), AE/AE3-, BCL-2+,

BCL-6+, CD10+, CD5-, CD23-, MUM1+, CMYC(5%), and TDT-,

and the Han’s algorithm was applied to determine germinal center

B-cell-like (GCB) and non-GCB phenotypes according to IHC

using anti-CD10, MUM1, and BCL6 antibodies (13). The result

of fluorescence in situ hybridization (FISH) presented with EBER-.

A complete blood count showed the white blood count was

10.26×109/L; the red blood count was 4.47×1012/L; the platelet

count was 339×109/L and hemoglobin was 124.9g/L. The patient’s

LDH and b2-microglobulin levels were 257 U/L and 1.37 mg/L,

respectively. The patient did not present with fever, drenching night

sweats, and loss of body weight, which were defined as “B

symptoms” at initial diagnosis. Based on these examinations, the

patient was diagnosed as stage III A GCB-DLBCL (international

prognostic index (IPI) 3 points, KI-67 90%). Afterward, the patient

received therapy with five cycles of rituximab combined with

cyclophosphamide, liposomal doxorubicin, vincristine, and

prednisone acetate (R-CHOP) in the General Hospital of the

People’s Liberation Army (PLAGH). The patient had a history of

hepatitis B, and the HBV DNA level was detected at 5.88×106 IU/

mL. Entecavir plus tenofovir disoproxil fumarate was used for

antiviral therapy. Then, the patient obtained CR by PET/CT

examination 4 months after the initial presentation. Another

three cycles of R-CHOP were conducted for consolidation and

maintenance treatment.

However, the first relapse occurred 4 months after the last

chemotherapy (Figure 1 ) . The pat i ent deve loped

lymphadenectasis in the right cervical and axillary regions and

was admitted to the department of hematology in PLAGH. The

PET/CT examination and CT scan indicated a large range of

lesions with high metabolism, including endometrium and

several parts of the bilateral diaphragm, except for the brain.

The masses were considered to invade the spinal canal at T7 and

T10 levels. There were also small nodules on the left breast

without increased metabolism. Consequently, the patient was

diagnosed with stage IV A relapse GCB-DLBCL and treated with

five cycles of rituximab (600 mg on day 0) combined with

ifosfamide, etoposide, carboplatin (R2-ICE), and oral

lenalidomide. The mecapegfilgrastim injection was given to

avoid agranulocytosis with fever after chemotherapy. Then, the

patient received six cycles of methotrexate plus dexamethasone

by intrathecal injection for CNS prevention. Several

cerebrospinal fluid (CSF) laboratory tests revealed no

abnormalities. Afterward, a PET/CT examination showed

high-density enlarged lymph nodes in bilateral diaphragm

regions, high metabolic parts in the endometrium, and a small

nodule on the left breast disappeared. As a result, the patient was

evaluated as CR2 on March 2020, but she refused consolidation

chemotherapy and ASCT for further treatment.
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Approximately 2 months later, the patient disease relapsed for

the second time (Figure 1). The patient felt a headache for a week

and was admitted to the department of hematology in the Fourth

Hospital of Hebei Medical University. The compression in the right

temporal and occipital lobes presented by cranial contrast-

enhanced magnetic resonance imaging (MRI), and intracranial

tumor infiltration was considered. The biopsy was performed by

stereotactic surgery under general anesthesia. A right temporal lobe

mass IHC revealed CD3-, CD20+, CD19+, CD21-, CD30-, KI-67

(80%+), CD10+, C-MYC(2%), BCL-2+, BCL-6+, MUM1+, CD38-,

CD5-, and CyclinD1- (Figure 2A) and negative EBER by FISH test.

Next-generation sequencing was conducted, which revealed the

presence of a TP53 mutation (Table 1). Consequently, the patient

was diagnosed with stage IV A CNS relapse GCB-DLBCL (TP53+),

which implicated a poor prognosis.

The patient’s disease was refractory to two previous lines of

treatment and kept progressing. Therefore, she was enrolled in the

clinical trial of CD19 CAR-T cell therapy in June 2020. Headache,

dizziness, and unsteady walking presented on the fifth postoperative

day, and the patient had a poor response to mannitol for

dehydration and intracranial pressure reduction. Methotrexate

was given at 5 g for CNS infiltration on day -12. Fludarabine

(45.25 mg/m2, days -3 to -1) and cyclophosphamide (925 mg/m2,

days -2 to -1) were administered daily for lymphodepletion. Anti-

CD19 CAR-T cells were infused as 1.0×106cells/kg on day 0.

Previous symptoms of this CNS relapse were not resolved, and

visual-field defect occurred on the first day after anti-CD19 CAR-T
Frontiers in Immunology 03
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cell infusion. Meanwhile, the patient’s DNA copy level of the CD19

CAR-T cells in peripheral blood did not show obvious expansion,

presenting as 4.6×101 copies/mg on day 4 and 5.65×101 copies/mg
on day 7 (Figure 3). Neurological symptoms were not relieved and

progressed on day 5 after a series of intracranial pressure reduction

therapies, including administration of mannitol, glycerol fructose,

and low-dose dexamethasone. However, the patient suffered a sharp

increase in blood pressure at 168/88 mmHg and decreased heart

rate at 47/min on day 8. The combination of BTK inhibitor

(zanubrutinib; 160 mg) with CD19 CAR-T cell therapy was used

to improve treatment efficacy (day 8). A week later, her elevated

intracranial pressure (ICP) symptoms persisted with hypertension,

heart rate reduction, intermittent dizziness, and headache with the

support of dehydrating agents. DNA level of the CD19 CAR-T cells

expanded slowly to 2.79×103 copies/mg on day 14. Therefore, a PD-

1 inhibitor (tislelizumab; 200mg) was applied on day 15. The

previous adverse events abated after a week without dehydrating

agents, and the patient achieved partial response (PR) on day 28.

Two months later, the patient was evaluated as CR by PET/CT;

brain MRI; and neck, chest, and abdomen CT scan with significant

clinical response (Figures 2B, C). The DNA expanded level of CD19

CAR-T cells increased but still remained low in the peripheral blood

until 4 months after infusion.

After 5 months of CD19 CAR-T cell therapy combined with

zanubrutinib and tislelizumab, the patient presented with

menorrhagia and severe anemia. The patient received a red

blood cell transfusion and responded poorly to hemostatic
FIGURE 1

Flow chart of the disease process and therapeutic modalities.
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agents in the local hospital. The PET/CT examination revealed

complete molecular response (CMR) for DLBCL post-therapy

but abnormally high metabolism in uterus (SUV max, 13.5).

Afterward, the patient underwent hysterosalpingectomy and was

confirmed with grade II endometrial carcinoma. The following

radiotherapy for endometrial cancer was delayed because of the

Covid-19 epidemic. Approximately 18 months after CD19 CAR-

T cell treatment, no recurrence of symptoms was noted as

stringent CR according to our follow-up (Figure 1).
Discussion

In the course of this case, the patient has failed previous

multiline chemotherapy. This may be associated with TP53

mutation, which is always strongly associated with drug
Frontiers in Immunology 04
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resistance and dismal prognosis as a negative indicator (11).

Previous studies suggest CAR-T cells could potentially overcome

the detrimental influence of TP53 expression (12). In addition,

the disease aggressively progressed and rapidly relapsed with the

longest interval shorter than 6 months. For DLBCL patients, the

median survival time was less than one year if the disease

recurrence interval was shorter than six months after

remission and even worse in patients with CNS relapse (14).

Thus, this patient had an extremely poor prognosis before CAR-

T cell therapy. The administration of CAR-T cells was given only

1×106/kg, considering BBB was damaged due to the CNS relapse,

and CAR-T cells became more permeable. However, anti-CD19

CAR-T cells initially expanded slowly in peripheral blood after

infusion, but it may contribute to low toxicity and fewer adverse

events. The peak level of CAR-T cells appeared on Day 14

(CAR19 DNA copies: 2.79×103 copies/mg; CAR-T cell expansion
B

C

A

FIGURE 2

(A) The pathological section of mediastinum lymphatic tissue (upper panel: hematoxylin and eosin stain; lower panel: immunohistochemistry,
CD30 negative). (B) Positron emission tomography assessment of patient first diagnosed (left) and after CAR-T cells infusion (right). The white
arrow indicates the invasion of DLBCL on the mediastinum, which is the primary site. (C) Brain MRI images before and after CAR-T cell therapy.
(a) Brain MRI on March 2020, after the second cycle of chemotherapy of R2-ICE*5 and evaluated as CR2. (b) Brain MRI on May 2020, when the
patient showed CNS relapse. The size of the right temporal lobe and occipital lobe masses are 3.19 cm×4.03 cm and1.75 cm×2.4 cm,
respectively. (c) The same region on October 2020, more than 4 months after CAR-T cells infusion. The mass almost disappeared and was
evaluated as CR for 2 months. (d) The follow-up image on December 2020 with continuous CR.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.983934
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.983934
was detected by flow cytometry: 3.64×107/L; CD3+CAR19

+/CD3+ T-cell: 8.55%), far from the ideal functional

concentration (Figure 3). IL-6 and TNF-a were detected only

on days 7 and day 14 at normal levels. The hematological

indexes, cytokines, ferritin, and C-reaction protein (CRP)

levels as well as temperature al l remained normal

(Supplementary Files, Figures S1–S4). Persisting neurological

symptoms indicated disease progression rather than cytokine
Frontiers in Immunology 05
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release syndrome (CRS) or immune effector cell associated

neurotoxicity syndrome (ICANS). To the best of our

knowledge, the patient’s symptoms relieved rapidly after using

tislelizumab. According to brain MRI, the patient’s intracranial

masses were significantly reduced after 5 months of the

combination treatment (Figure 2C). The mechanism of

incorporating of BTK inhibitor and PD-1 antibody may

promote CAR-T cells’ efficacy by improving the tumor
TABLE 1 Gene mutation result from NGS report. The 55 hot spot genes of DLBCL were screened.

TP53 NM_000546:exon7:c.T687A :p.C229X 82.28%

DTX l NM_004416:exon1:c.G99:p.E33D 40.30%

UBE2 A NM_003336:exon6:c.G343A:p.El l5K 90.59%

BTGl NM_00173 l:exon2:c.A2 17C:p.N73H 44.56%

DTX l NM_004416:exon l:c.Al l9G:p.Y40C 43.04%

SOCSI NM_003745:3xon2:c.C44T:p.T151 14.80%

PCLO NM_033026 :exon3:c.G244 1C:p.S814T rs2877 99.24%

CCND3 NM_001760:exon5:c.T775G:p.S259A rsl 05 1130 99. l0%

PCLO NM_033026:EXON5:c.G8410a:p.A2804T rs976714 98.76%

IDSTIHlC NM_0053 19:exon l:c.C53T:p.A l 8V rs2230653 95.23%

PRDMl NM_00 1198:exon2:c.G220A :p.G74S rs2185379 49.07%

TNFRSF14 NM_003820:exon l:c.A50G :p.K l 7R rs4870 53.67%

EZH2 NM_004456:exon6:c.G553C :p.D l 85H rs2302427 33.95%
frontiersin
TP53 was a primary variation, indicating a poor prognosis (December, 2021). SNP, single nucleotide polymorphism; NGS, next-generation sequence.

Primary variation Secondary variation Tertiary variation SNP.
FIGURE 3

CAR19 DNA copies, CART cell expansion levels detected by flow cytometry and the proportion of CAR-T cell to CD3+ cell during treatment.
The peak levels appeared on day 14 after CAR-T cell infusion, indicating CAR19 DNA copies were 2.79×103 copies/mg, CAR-T cells expansion
detected by flow cytometry was 3.64×107/L and CD3+CAR19+/CD3+ T-cell was 8.55%.
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microenvironment. This patient maintained great CR status

with zanubrutinib and tislelizumab maintenance up to the

latest follow-up (December 2021).

SCNSL has an extremely poor prognosis. Despite recent

advances in treatment modalities, there is no standard and

effective treatment guideline for SCNSL. Previously, a CD19

CAR-T cell therapy study emphasized a high complete remission

rate and overall response rate in lymphoma patients, ranging

from 40% to 60% and from 50% to 80%, respectively. However, a

high relapse rate and failure risk remained elusive (15). In this

case, we applied the second generation CARs containing the 4-

1BB co-stimulatory signal for therapy. In most cases, CAR-T

cells with 4-1BB domain possessed mild reactions with fewer

ICANs and longer persistence for more than 6 months (16, 17).

During R/R NHL treatment, CD19 CAR-T cells with 4-1BB co-

stimulatory domain had superior safety profiles and fewer

adverse events but was less effective to the disease compared

with CD28 as a co-stimulatory molecule in numerous studies

(18–21). Recently, a novel agent designed IM19 with 4-1BB-

based co-stimulatory signal possessed durable antitumor activity

to improve clinical efficacy (22).

Few reports are available on CAR-T cell therapy for SCNSL

because most R/R B-cell lymphoma patients with CNS

infiltration are excluded from CAR-T clinical trials. An

immunosuppressive microenvironment could contribute to the

escape of immune surveillance. The immunosuppressive factors,

such as IL-10, TGF-b, and IDO, would possibly inhibit the

activation of CAR-T cells and decrease the therapeutic effect

(17). However, the immune checkpoint pathway plays a critical

role in inhibitory signals to escape immune surveillance,

especially the PD-1/PD-1 ligand (PD-L1) signaling pathway. It

triggers T cell exhaustion and tumor tolerance. The tumor

inhibitory microenvironment could be improved by blocking

the PD-1/PD-L1 signaling pathway, leading to an increased T

cell number and promoting antitumor efficacy. PD-1 was highly

expressed in CAR-T cells, which caused weak antitumor

immune response (6, 23, 24). The anti-PD-1 agent could be

applied before CAR-T cell therapy or as a single agent for those

extranodal relapsed DLBCL patients. PD-1 antibody enhanced

CAR-T cells’ function and prolonged their therapeutic effect by

improving the immune microenvironment (25–29).

In terms of R/R B-cell NHL management, BTK inhibitors

provide an opportunity to start a chemotherapy-free era as novel

agents. Considerable research has been devoted to expanding its

application for antitumor effects as targeted agents or combined

with chemotherapy and immunotherapy in the last decades.

Zanubrutinib is a next-generation BTK inhibitor that exhibits

highly potent and less off-target toxicity (30). One pooled

analysis of two clinical trials (BGB-3111-AU-003 and BGB-

3111-206) revealed favorable efficacy of zanubrutinib

monotherapy in R/R mantle cell lymphoma (MCL), produced

an objective response rate (ORR) of 84.8% and a CR rate of

62.5% (31). In the CNS microenvironment, a hypothesis
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indicated that chronic antigen presentation and BCR

stimulation could possibly promote BTK dependence.

Zanubrutinib has superior target effects by blocking several

essential molecular pathways, including BCR signaling, BTK or

B-lymphocyte kinase, Toll-like receptor (TLR) signaling and

downregulating exhaustion markers, such as PD-1, TIM-3, and

LAG-3 (30). Zanubrutinib could cross the BBB to exert its effect,

alleviating Bing–Neel syndrome with CNS lymphoplasmacytic

cell infiltration among Waldenström macroglobulinemia (WM)

patients and successfully applied to refractory PCNSL case (32,

33). Notably, emerging evidence has identified that zanubrutinib

could modulate the immune system by inhibiting interleukin-2-

inducible T-cell kinase (ITK) in T cells, which reduces T cell

differentiation and shifting the balance of Th1/Th2 cells or

enriches Th17 cell subsets. BTK inhibitor possesses complex

interaction with CAR-T cells, which might optimize its

proliferation and high tumor clearance effect under multiple

preclinical trials. Narendranath et al. proposed the idea that

administration of a BTK inhibitor before T cell collection could

promote the level of IL-2 and IFNg, which are associated with

high self-renewal ability and production efficacy, respectively, as

well as stronger cytotoxicity. Meanwhile, a case reported by

Weiguo Zhu et al. considered dual inhibition of HDAC and BTK

resulting in long-term remission with R/R DLBCL patients after

failure of CAR-T cell therapy with TP53 mutation, which

suggests underlying synergistic mechanism between BTK

inhibitor and CAR-T cell therapy (7). Furthermore, BTK

inhibitor enabled the reduction of PD-1 and cytotoxic T

lymphocyte-associated protein 4 (CTLA-4) to overturn the

exhausted T cell phenotype. Consequently, combining PD-1

antibody and BTK inhibitor was demonstrated to possess a

stronger synergistic antitumor reaction than any single one of

them with a manageable safety profile, resulting in 40% objective

response rate (ORR) among GCB-DLBCL patients (30).

However, the combination of PD-1 antibody or BTK inhibitor

requires a novel approach to tackle their drug resistance and

immune regulations such as CAR-T cell therapy, which could

lead to a striking response (30).
Concluding remarks

This case report study describes a refractory DLBCL patient

who developed CNS relapse and was successfully treated with

anti-CD19 CAR-T cell therapy plus BTK inhibitor and PD-1

antibody. The therapy reversed the patient’s dangerous

condition and led to remarkable response without any ICANS.

This patient sustained CR for more than 18 months without any

adverse event by continuously taking zanubrutinib and

tislelizumab. However, limitations still remain in our study.

The BTK inhibitor and PD-1 antibody showed synergistic

effects to CAR-T cell therapy, but we cannot figure out their

mechanisms of action, respectively. Further research efforts
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should focus on the potential treatment efficacy of CAR-T cell

therapy with multimodality adjuvant protocol. Despite

limitations, this treatment scheme provided an impetus and

inspired-future strategies for similar disease. The successful

experience with this case warrants further clinical studies.
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SUPPLEMENTARY FIGURE 1

Hematological indexes remained normal during the treatment process.

SUPPLEMENTARY FIGURE 2

Changes in Ferritin and C-reaction protein (CRP) levels before and after
CAR-T cell infusion.

SUPPLEMENTARY FIGURE 3

Serum levels of cytokines were monitored after CAR-T cell infusions.

Elevated serum of IL-18 was detected on day 21 and 28, respectively. IL-
17A and MCP-1 reached peak level on day 7 and day 28, respectively.

SUPPLEMENTARY FIGURE 4

The temperature reached 37.8°C on the eighth day, accompanied by
severe symptoms of intracranial hypertension, then recovered quickly and

remained normal for the rest of the time.
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patients with locally advanced
esophageal squamous cell
carcinoma: A propensity
score matching
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Qing-Yi Liu2, Ji-Fang Yao2, Rui Wang2, Zi-Qiang Tian2,
Jun Wang1* and Jun-Feng Liu2*

1Department of Radiation Oncology, Fourth Hospital of Hebei Medical University, Shijiazhuang, China,
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Objectives: Clinical studies on immune checkpoint inhibitors (ICIs) combined

with neoadjuvant chemotherapy (nCT) have been carried out for the resectable

esophageal squamous cell carcinoma (ESCC). So far, few studies have

compared the survival outcomes of nCT plus ICIs and nCT alone. This study

aimed to compare the efficacy and safety of neoadjuvant ICIs combined with

nCT versus nCT followed by esophagectomy for patients with resectable

locally advanced ESCC.

Methods: A retrospective analysis of ESCC patients underwent nCT or nCT

combined with ICIs followed by esophagectomy (from March 2013 to April

2021) was performed. A 1:1 propensity score matching (PSM) with a caliper 0.01

was conducted to balance potential bias.

Results: A total of 47 comparable pairs of ESCC patients receiving nCT and nCT

combined with ICIs were selected for the final analysis. The tumor regression

grade (TRG) 0 and pathologic complete response (pCR) rates in the nCT+ICIs

group were significantly higher than those of the nCT group (21.7% vs. 4.5%,

P=0.016; and 17.0% vs. 2.1%, P=0.035, respectively). The rate of nerve invasion

was 4.3% in the nCT+ICIs group, significantly lower than 23.4% of the nCT

group (P=0.007). The incidences of adverse events in the nCT+ICIs group were

similar compared with the nCT group and there was no grade 5 toxicity in either

group. The 1-, 2-year disease-free survival rates (DFS) were 95.7%, 80.7% and

76.1%, 63.8% in the two groups (P=0.001, and P=0.046, respectively). The 1-
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year OS was improved in the nCT+ICIs group, which was close to a statistical

difference (95.7% vs. 84.8%, P=0.074). Local recurrence rate in the nCT+ICIs

group was 6.4%, significantly lower than 21.3% of the nCT group (P=0.036),

while there was no significant difference in the distant metastasis.

Conclusions: Compared with nCT alone, neoadjuvant immunotherapy plus

nCT for patients with locally advanced ESCC has an advantage in pathological

response, and could improve DFS with a good safety and feasibility, while long

term survival validation is still needed further.
KEYWORDS

esophageal squamous cell carcinoma, neoadjuvant chemotherapy, immune
checkpoint inhibitors, esophagectomy (or surgery), propensity score matching
Background

Esophageal carcinoma (EC) ranks seventh in terms of

incidence (604, 000 new cases) and sixth in mortality overall

(544, 000 deaths) in the world (1). In China, EC is the sixth

leading type of cancer and the fourth most common cause of

death from cancer, with approximately 320, 000 new cases and

300, 000 deaths in 2020 (2). For resectable locally advanced EC,

the CROSS trial and NEOCRTEC 5010 have established

neoadjuvant chemoradiotherapy (nCRT) followed by surgery

as a cornerstone of the treatment strategy (3, 4). However, a meta

analysis involving three randomized controlled trials showed

that compared with neoadjuvant chemotherapy (nCT), the

overall survival (OS) was not improved in nCRT group (HR:

0.749; 95% CI: 0.397-1.413; P=0.372), although R0 resection and

pathologic complete response (pCR) rates are significantly

increased (5). A network meta-analysis reveals that nCRT was

associated with more postoperative complications and higher

postoperative mortality (6). A three-arm randomized phase III

study, JCOG 1109, was launched in 2013 to confirm the

superiority of preoperative chemotherapy with docetaxel,

cisplatin plus 5-fluorouracil (DCF), or chemoradiotherapy

with CF (CF-RT) in overall survival over CF for locally

advanced esophageal cancer . In 2022, JCOG 1109

demonstrates that nCRT could not significantly improved OS

when compared to neoadjuvant CF, whereas DCF did (7). But

real-world evidence has been reported that neoadjuvant DCF is

not suitable for patients with poor lung function and elderly

patients (8). It is urgent to explore novel pattern of neoadjuvant

therapy for EC.

O, Reilly et al. (9) reviewed the role of immunotherapy (IO)

agents in both early-stage and advanced-stage disease of EC with

randomized phase III trials, they proposed that for advanced

esophageal squamous cell carcinoma (ESCC) patients, immune

checkpoint inhibitors (ICIs) in combination with chemotherapy
02
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should be offered in the first-line setting to IO-naive patients

regardless of tumor programmed death receptor ligand-1

expression. Recently, a meta analysis revealed that neoadjuvant

IO combined with nCT could be used as the recommended

therapeutic option (10). However, there is no high quality

evidence published for ESCC with neoadjuvant IO, and

numerous clinical studies are ongoing for this promising

therapy strategy (11, 12). A pilot study including 16 patients

diagnosed with locally advanced ESCC had investigated the

clinical value and tolerance of neoadjuvant camrelizumab plus

paclitaxel and carboplatin, indicated that neoadjuvant IO plus

chemotherapy exhibits good efficacy and acceptable tolerance

(13). Till now, the most published reports are single-arm clinical

trials, few studies compare the survival outcomes of nCT plus

ICIs and nCT alone. Huang et al. (14) analyzed efficacy and

safety between pembrolizumab combined with chemotherapy

and simple chemotherapy in neoadjuvant therapy for ESCC. The

pCR and objective response rate (ORR) in the combined group

were significantly higher than those of the chemotherapy only

group. Nevertheless, we still press for more clinical data

including survival outcomes to stand in need of the role of

neoadjuvant immunochemotherpay for ESCC. In this study, we

aimed to compare the efficacy and safety of neoadjuvant ICIs

combined with nCT versus nCT followed by esophagectomy for

patients with resectable locally advanced ESCC.
Patients and methods

Patients selection

Data of ESCC patients who underwent esophagectomy

followed nCT or nCT combined with ICIs in our hospital

from March 2013 to April 2021 were retrospectively collected.

Inclusion criteria were included: patients with locally advanced
frontiersin.org
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resectable stage ESCC; the disease was histopathologically

confirmed in tissue samples; receiving simple nCT or plus ICIs

following esophagectomy; at least one of the following primary

outcomes were reported: R0 resection rate; pCR; incidence of

complications and survival. Exclusion criteria included patients

with non-resectable tumors or metastases during exploratory

surgery; patients receiving other neoadjuvant targeted therapy;

patients receiving salvage or palliative surgery. The 8th edition of

the International Union Against Cancer/American Joint

Committee on Cancer (UICC/AJCC) TNM staging system was

used. All procedures were performed in accordance with the

2013 edition of the Declaration of Helsinki. The study protocol

was approved by the Ethic Committee of our Hospital. Due to

the retrospective nature of the study, informed consent

was waived.
Neoadjuvant treatment regimens

Patients in the nCT+ICIs group received 1-3 cycles of

intravenous PD-1 inhibitor (pembrolizumab at a dose of

200mg, camrelizumab at a dose of 200mg, toripalimab at a

dose of 240mg, or sintilimab at a dose of 200mg) every 3 weeks

and simultaneous chemotherapy consisted of platinum-based

drugs and 5-fluorouracil (FP) or docetaxel/paclitaxel (TP). The

median usage cycle of neoadjuvant therapy was 2 in this group.

Patients in the nCT group received 1-3 chemotherapy (FP or TP

regimen) every 3 weeks, and the median usage cycle in this group

was 2 either.
Surgical treatment

For patients suitable for radical esophagectomy after clinical

evaluation, the surgery was performed after 4-8 weeks from the end

of the last neoadjuvant therapy. Patients received thoracomy

esophagectomy, or minimally invasive esophagectomy (MIE),

including 2-field or 3-field lymphadenectomy and gastric

reconstruction. Two-field lymphadenectomy was regularly

conducted, and standard 3-field lymphadenectomy was performed

in patients with suspected swollen lymph nodes in the neck.
Follow-up

The surveillance tests, including physical examination, chest

computed tomography (CT), and barium scans were regularly

performed during the follow-up, and ultrasonography, endoscopy

or positron emission tomography (PET)/CT and magnetic

resonance imaging (MRI) were employed if necessary. Toxicity

was assessed according to the Common Terminology Criteria for

Adverse Events (CTCAE; version 3.0). Surgical complications

were recorded within 1 month after resection. All patients were
Frontiers in Immunology 03
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followed up every 3 to 4 months in the first year, followed by an

interval of 6 months in the next years.
Study endpoints

The primary endpoints were the tumor regression grade

(TRG), R0 resection rate and pCR rate. The secondary endpoints

included toxicities, disease-free survival (DFS), OS, and failure

modes. The TRG was evaluated by the proportion of scar and

residual tumor, and it was grading into 5 degrees according to

Ryan, s TRG system (15): Grade 0 was no residual tumor, grade

1 was residual single tumor cells or small groups of tumor cells,

grade 2 was residual partial of tumor, and grade 3 was no

regression. pCR was defined as no evidence of residual tumor

cells in the primary site and resected lymph nodes of operative

specimens. DFS referred to the time from the date of

neoadjuvant therapy to the first documentation of recurrence

or metastasis. OS was defined as the time from the date of

neoadjuvant therapy to death from any cause or lost follow-up.
Statistical analysis

A one-to-one matching analysis was performed using a

caliper width of 0.01 between the nCT+ICIs and nCT groups.

The propensity scores were calculated using a logistic regression

model, which included age, gender, body mass index (BMI),

tumor location, tumor length, clinical stage, surgical procedures

and interval from neoadjuvant therapy to surgery. The rates of

R0 resection, pCR, complications and failure modes were

compared by the Kruskal-Wallis method or the independent-

samples t-test. In order to indicate normality of the continuous

and categorical variables, the Chi-square test and the Fisher’s

exact test were utilized, respectively. The DFS and OS were

determined by the Kaplan-Meier method and were compared by

the log-rank test. A P-value<0.05 was considered statistically

significant. The statistical analysis was performed using SPSS

22.0 software (IBM, Armonk, NY, USA).

The propensity score matching (PSM) approach was used for

the assembly of a well-balanced cohort using all available

explanatory factors (16). Thus, PSM (nCT+ICIs group: nCT group

in a 1:1 match) was conducted to adjust the available explanatory

factors, including age, gender, BMI, tumor location, tumor length,

stage T, stage N, TNM, surgical procedures and interval from

neoadjuvant therapy to surgery, which might affect the results.
Results

Patients’ baseline characteristics

According to the inclusion and exclusion criteria, 453

patients diagnosed with locally advanced ESCC from March
frontiersin.org
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2013 to April 2021 were enrolled, of whom 48 patients were in

the nCT+ICIs group, and 405 patients were in the nCT group.

Then, to balance the potential bias, a 1:1 PSM was conducted,

and eventually, 47 comparable pairs were matched for the final

analysis. The baseline characteristics were listed in Table 1. After

PSM, the clinical characteristics were well balanced, including

age, gender, BMI, tumor location, tumor length, clinical stage T,

clinical stage N, clinical stage TNM, chemotherapy regimen,
Frontiers in Immunology 04
451
neoadjuvant cycle, surgical approach and interval from

neoadjuvant therapy to surgery.
Neoadjuvant treatment and surgical
treatment outcome

Compared with the nCT group, the nCT+ICIs group had an

advantage in pathological response. There were 10 cases (21.7%)
TABLE 1 Baseline characteristics before and after PSM.

Variables Before PSM After PSM

nCT+ICIs (n) nCT(n) P-value nCT+ICIs(n) nCT(n) P-value

Age (years old)

≤60 13 181 0.020 13 12 0.815

>60 35 224 34 35

Gender

Male 31 287 0.368 30 33 0.510

Female 17 118 17 14

BMI (kg/m2)

≤22.9 23 208 0.652 22 26 0.409

>22.9 25 197 25 21

Tumor location

Upper-thoracic 4 38 0.935 4 1 0.170

Middle-thoracic 37 297 36 43

Lower-thoracic 7 70 7 3

Tumor length

≤5cm 25 236 0.412 25 33 0.090

>5cm 23 169 22 14

Clinical stage T

T3 47 400 1.000 47 47 –

T4a 1 5 – –

Clinical stage N

N0 27 225 0.953 26 30 0.661

N1 15 134 15 13

N2 6 46 6 4

Clinical stage TNM

II 26 224 0.176 26 30 0.401

III 21 176 21 17

IVA 1 5 – –

Chemotherapy regimen

TP 38 333 0.603 37 38 0.797

FP 10 72 10 9

Neoadjuvant cycle

1 15 130 0.905 15 23 0.093

≥2 33 275 32 24

Surgical approach

Thoracotomy 27 314 0.001 26 33 0.135

MIE 21 91 21 14

Interval to surgery 44.1±12.9 34.5±15.7 <0.001 40.0±11.2 39.5±10.2 0.766
front
PSM, propensity score matching; BMI, body mass index; nCT, neoadjuvant chemotherapy; ICIs, immune checkpoint inhibitors; MIE, minimally invasive esophagectomy.
iersin.org
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of TRG 0 in the nCT+ICIs group, 2 (4.5%) in the nCT group,

and statistically significant was found (P=0.016), seen in Table 2.

The pCR rate was 17.0% in the nCT+ICIs group and 2.1% in the

nCT group (P=0.035). The rate of nerve invasion was 4.3% in

nCT+ICIs group, which was significantly lower than 23.4% of

nCT group (P=0.007). The number lymph node removed in the

nCT+ICIs group was 23.5 ± 10.9, while 19.2 ± 8.7 in the nCT

group (P=0.032). Percentage of patients received adjuvant

therapy followed surgery was 55.3% (26/47) in the nCT+ICIs

group, lower than 76.6% (36/47) of nCT group (P=0.03), seen

in Table 3.
Safety and complications

The complications after neoadjuvant therapy were

summarized in Table 4. The incidence of bone marrow

suppression, rash, myocardial enzyme elevation and

transaminase elevation were comparable in both groups (all P

value>0.05). The majority of patients experienced complications

of grade 2 or less, and no grade 5 occurred. The incidence rates

of postoperative complications, including anastomotic leakage,

pneumonia and gastrointestinal bleeding were also similar in the

two groups (all P value>0.05), seen in Table 5.
Frontiers in Immunology 05
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Follow-up

In the two groups, both 1 patient was lost in the follow-Up.

The last follow-up time was April 30, 2022. It was shown that the

1-, 2-year DFS rates of the patients in nCT+ICIs group and in

nCT groups were 95.7%, 80.7% and 76.1%, 63.8%, respectively

(HR, 0.164, P=0.001; HR, 0.448, P=0.046). In terms of OS, the 1-,

2-year OS rates in the nCT+ICIs group was 95.7%, 83.2% and

84.8%, 72.3% in the nCT group (HR, 0.474, P=0.074; HR, 0.564,

P=0.189). These results were shown in Figure 1A and Figure 1B.

We analyzed the failure modes of the two groups after

surgery, and the results were shown that ESCC patients with

recurrence in the nCT+ICIs group was 3 (6.4%), significantly

lower than 10 (21.3%) of the nCT group (c2, 4.374; P=0.036), and

the mainly recurrence was regional lymph nodes, while there

was no significant difference in the metastasis (c2, 0.336;

P=0.562) between the two groups, seen in Table 6.
Discussion

JCOG 9907 (17) confirmed the survival benefit of

preoperative chemotherapy with CF over post-operative

chemotherapy with the same regimen, which had become the
TABLE 2 Comparison of TRG between the two groups.

TRG nCT+ICIs nCT P-value

0 21.7% (10/46) 4.5% (2/44) 0.016

1 6.5% (3/46) 4.5% (2/44) 1.000

2 32.6% (15/46) 40.9% (18/44) 0.414

3 39.1% (18/46) 50.0% (22/44) 0.300
front
TRG, tumor regression grade; nCT, neoadjuvant chemotherapy; ICIs, immune checkpoint inhibitors.
TABLE 3 Surgical treatment outcomes.

Variables nCT+ICIs nCT P-value

R0 resection rate 87.2% (41/47) 91.5% (43/47) 0.503

pCR rate 17.0% (8/47) 2.1% (1/47) 0.035

Rate of nerve invasion 4.3% (2/47) 23.4% (11/47) 0.007

Rate of vascular tumor thrombus 6.4% (3/47) 4.3% (2/47) 1.000

Rate of positive lymph nodes 40.4% (19/47) 55.3% (26/47) 0.148

Thoracotom

Left 80.8(21/26) 78.8% (26/33) 0.851

Right 19.2% (5/26) 21.2% (7/33)

Lymph node moved number 23.5 ± 10.9 19.2 ± 8.7 0.032

Adjuvant therapy 55.3% (26/47) 76.6% (36/47) 0.030
nCT, neoadjuvant chemotherapy; ICIs, immune checkpoint inhibitors; pCR, pathologic complete response.
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current Japanese standard treatment for locally advanced

esophageal cancer. Owing to the result, neoadjuvant

chemotherapy could be applied as an approach for the

treatment of resectable ESCC in China, but the survival benefit

of this treatment was still limited. The preclinical studies

demonstrated that chemotherapeutic agents could exert

immunostimulatory effects, either by activating effector cells

and/or inhibiting immunosuppressive cells in the tumor

microenvironment or increasing immunogenicity and T-cell

infiltration (18–20), a remarkable progress has been recently

made in immunotherapy for the treatment of EC. The

CheckMate 577 trial (21), of patients with R0 resected

esophageal or gastroesophageal junction cancer with residual

pathological disease had been conducted to evaluate nivolumab

as adjuvant therapy. The median DFS among the patients who

received nivolumab was 22.4 months, as compared with 11.0

months among the patients received placebo (HR,

0.69; P<0.001).

In the neoadjuvant setting, ICIs is deemed to eliminate

micrometastasis and thus lead to superior survival by inducing

system immune activation (22). Expansion of tumor resident T

cell clones in the peripheral blood had been found in the

neoadjuvant immunotherapy (23). In recent years, several

studies have reported that nCT combined with ICIs followed

by esophagectomy could be recognized as an effective treatment

for locally advanced ESCC, and the pCR could be increased to
Frontiers in Immunology 06
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25%-39.2% (24–27). A multicenter, single-arm, phase II trial

aimed to evaluate the safety and efficacy of camrelizumab and

chemotherapy as neoadjuvant treatment for locally advanced

ESCC had been reported (27). The R0 resection was achieved in

50 (98.0%) patients and pCR was identified in 20 (39.2%).

Thirty-four patients (56.7%) had adverse events of grade 3 or

worse, with the most common being leukocytopenia,

demonstrated nCT combined with IO was a promising

neoadjuvant treatment without unexpected safety signals. Up

to now, there is no comparative data on the long-term survival

between nCT group and nCT combined with ICIs group. In

China, a phase III study (HCHTOG1909) comparing

neoadjuvant toripalimab plus chemotherapy versus

chemotherapy for patients with locally advanced ESCC is in

progress (11).
In the current study, 47 pairs of comparable patients with

ESCC receiving nCT combined with ICIs and simple nCT were

selected for the final analysis after PSM. Compared with the nCT

group, the nCT+ICIs group had advantage in TRG and pCR.

There were 10 cases (21.7%) of TRG 0 in the nCT+ICIs group, 2

(4.5%) in the nCT group (P=0.016). The pCR rates were 17.0%,

2.1% in the two groups (P=0.035). In addition, postoperative

nerve invasion in the nCT+ICIs group was significantly lower

than that of the nCT group (P=0.007). The R0 resection rate and

the rate of vascular tumor thrombus were similar between the

two groups. We observed the adverse effects of the patients. The

complications after neoadjuvant therapy and postoperative

(including bone marrow suppression, rash, myocardial enzyme

elevation, transaminase elevation and anastomotic leakage,

pneumonia, gastrointestinal bleeding) were comparable and

the incidence of grade 5 was 0 in the two group, indicated that

additional neoadjuvant ICIs to nCT was safe and feasible, and it

was similar with other studies (4, 28).
To our knowledge, this is the first study to provide 2-year

survival on ESCC patients receiving nCT plus ICIs versus nCT

alone. The 1-, 2-year DFS rates were both significantly increased

in the nCT+ICIs group (P=0.001, P=0.046, respectively), which

might be related to the higher TRG 0 and pCR, lower nerve

invasion rate and more lymph node dissections. In terms of OS,

there was no significant difference in the 1-, 2-year OS rates

between the two groups. However, the 1-year OS improved in

the nCT+ICIs group, which was close to a statistical difference

(P=0.074). Perhaps it was related to the relatively lower pCR rate

(17.0%) and small sample size in our retrospective studies. After

all, pCR rate was supposed to be strong associated with better

survival in ESCC (29, 30). In addition, a more aggressive

adjuvant therapy was conducted in the nCT group (P=0.03),

which probably provided some survival benefits for patients

with ESCC.

Regarding the failure modes, our results showed that nCT

combined with ICIs could significantly reduce local recurrence

(P=0.036), but there was no significant difference in terms of

metastasis (P=0.562), indicated that systemic therapy might be
TABLE 4 Complications after neoadjuvant therapy.

Variables nCT+ICIs (n) nCT (n) P-value

Bone marrow suppression

Grade 1- 2 13 16 0.503

Grade 3-4 0 0 None

Rash 0

Grade 1- 2 1 0 1.000

Grade 3-4 0 None

Myocardial enzyme elevation

Grade 1- 2 5 1 0.206

Grade 3-4 1 0 1.000

Transaminase elevation

Grade 1- 2 19 13 0.192

Grade 3-4 1 0 1.000
nCT, neoadjuvant chemotherapy; ICIs, immune checkpoint inhibitors.
TABLE 5 Complications after Surgery.

Variables nCT+ICIs (n) nCT (n) P-value

Anastomotic leakage 0 3 0.240

Pneumonia 2 1 1.000

Gastrointestinal bleeding 0 1 1.000
nCT, neoadjuvant chemotherapy; ICIs, immune checkpoint inhibitors.
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insufficient in the nCT+ICIs group and seemed need to be

further strengthened. After all, 83.0% of the patients did not

reach pCR in the nCIT group. This also reminds us higher pCR

rate is still the focus of the neoadjuvant therapy strategy.

Some imitations were as followed: (1) It was a single-centered

retrospective study, due to retrospective nature of the study, the

treatment selection bias inevitably existed despite PSM; (2) In view

of the almost 10 years span of the included cases, the lymph node

dissection in the nCT+ICIs group was significantly more than that

of the nCT group [(23.5 ± 10.9) vs. (19.2 ± 8.7), P=0.032], which
Frontiers in Immunology 07
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might influence the results potentially; (3) The general

information of the enrolled patients lacked data such as PD-L1

expression, so we could not make a detailed assessment of the

expression of PD-L1 and the response to neoadjuvant therapy; (4)

Lack of large cohort, and the follow-up period was short in the

nCT+ICIs group; (5) Regarding times, changes had taken place in

surgical techniques and chemotherapy regiments, all of these

might affect the final results.

In conclusion, compared with nCT alone, neoadjuvant

immunotherapy plus nCT for patients with locally advanced

ESCC has an advantage in pathological response, and could

improve DFS with a good safety and feasibility, while long term

survival validation is still needed further.
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FIGURE 1

Survival of the nCT+ICIs group and nCT group after follow-up. (A) DFS rates between the two groups; (B) OS rate between the two groups.
TABLE 6 Failure modes after radical esophagectomy.

nCT+ICIs (n) nCT (n) c2 P-
value

Recurrence

Regional lymph node 2 8 4.374 0.036

Anastomosis 1 2

Metastasis

Supraclaviclar lymph
node

1 0 0.336 0.562

Abdominal lymph node 2 1

Liver 2 0

Bone 0 4

Lung 1 1

Brain 0 1

Subcutaneous 0 1
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Tumor Apolipoprotein E is a key
checkpoint blocking anti-tumor
immunity in mouse melanoma
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Immunotherapy is a key modality in the treatment of cancer, but many tumors

remain immune resistant. The classic mouse model of B16-F10 melanoma is

immune resistant even in the face of checkpoint inhibition. Apolipoprotein E

(apoE), a known immune suppressant is strikingly elevated in many human

tumors, but its role in cancer immunology is not defined. We investigated the

role of apoE in the immune micro-environment using a mouse melanoma

model. We demonstrate that ApoE is -highly expressed in wild-type B16-F10

melanoma and serum levels progressively increase as tumors grow. The

conditioned media from wild type ApoE secreting melanoma cells suppress

T-cell activation in vitro while this suppressive effect is absent in conditioned

media from ApoE knock out tumor cells. Mechanistically, apoE induces IL-10

secreting dendritic cells and stimulates T-cell apoptosis and arrest partially via

the lrp8 receptor. Ablating ApoE in mice inoculated with tumor cells enabled

tumor cell rejection and was associated with induction of immune pathway

activation and immune cell infiltration. Tumor secreted apoE appears to be a

potent immune cell checkpoint and targeting apoE is associated with

enhanced tumor immunity in the mouse melanoma model.
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Introduction

The need for more effective therapy of tumors is evident in

the poor outcomes of high-risk or advanced disease. Cancer

vaccines and immune-based therapies hold great promise for

malignant solid tumors, but despite robust immune activation

with targeted checkpoint inhibitors, cure is often elusive.

Immune based therapies (and specifically tumor vaccines) are

frequently constrained by intrinsic tumor cell mechanisms

enabling immune privilege/evasion. We identify tumor

secreted apoE as a novel checkpoint enabling immune evasion

in a mouse melanoma tumor model.

ApoE is a polymorphic multifunctional protein, classically

considered to play a critical role in atherosclerosis and

neurodegenerative diseases (1). Knockout mice fed an atherogenic

diet develop pronounced hypercholesterolemia along with an

immune-activated phenotype (2, 3). Experimental models reveal a

critical function for myeloid derived apoE modulating DC antigen

presentation and T-cell priming (2). ApoE attenuates inflammation

by complex formation with activated C1q (4), while most recently it

was shown that common germline variants of the human APOE

gene modulate melanoma progression and survival (5).

In tumors, APOE itself is shown to act as an autocrine or

paracrine modulator of carcinogenesis (6, 7). In several human

cancers, APOE gene expression is significantly higher in cancer

tissue than in adjacent non-cancer tissue (8–13) and higher

levels of tumor APOE are associated with metastasis (14). In

pancreatic ductal adenocarcinoma (PDA) patients, elevated

plasma APOE protein levels are associated with poor survival,

whereas tumor associated macrophages that are key drivers of

immunosuppression are characterized by elevated levels of ApoE

in both mouse and human PDA (15). Further studies reveal that

apoE KO mice have less orthotopic mammary tumor

development and pulmonary metastasis than wild type (WT)

mice (16) and lung tumor development and metastasis are

suppressed through enhancing anti-tumor activity of natural

killer (NK) cells (6). In contrast, it is reported that apoE is

involved in the inhibition of melanoma metastases and has anti-

angiogenic properties (17). ApoE promoted anti-tumor

immunity by targeting infiltrating innate myeloid derived

suppressor cells (MDSC) via Liver X receptor (LXR) agonism

(18). Furthermore, pretreating cancer cells with apoE inhibited

their growth in mouse models. These conflicting observations

suggest that the context in which apoE is engaged and the

specific APOE genotype in humans may determine its effects,

but apoE appears to inhibit its cellular target in most

circumstances. The known association of apoE with

immunosuppression and its conflicting observations described

in tumor biology led us to examine the role of apoE in an

immune resistant mouse melanoma model.

We investigated the expression of apoE in mouse melanoma

and the role of apoE in the context of tumor growth and

immunity. ApoE is abundantly present in B16-F10 melanoma
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tumors and serum levels of apoE increase dramatically with

melanoma tumor growth. Mechanistically, apoE induces IL-10

secreting suppressive dendritic cells and directly inhibits T-cell

function at least partially via the lrp8 receptor. Ablating ApoE in

mouse melanoma enabled tumor cell rejection and induced

robust immune activation and tumor immunity. The results

reveal a critical role for tumor secreted apoE as a comprehensive

checkpoint which appears to alter dendritic cell function and

inhibit T-cell efficacy. ApoE is a novel checkpoint with extensive

and potent suppressant effects in mouse melanoma. It is

anticipated that targeting apoE will augment immune based

therapy in apoE secreting immune resistant tumors.
Materials and methods

Animals

Female C57BL/6 mice and apoE-/- mice (B6.129P2-

Apoetm1Unc/J) aged 6 weeks were purchased from Jackson

Laboratories (Bar Harbor, Maine, United States). Lrp8-/-

C57BL/6 breeder mice were generously provided by Dr. Sohail

Tavazoie’s laboratory from the Rockefeller University. Mice were

housed five per cages and kept in a temperature-controlled

environment (20 ± 2°C, 50 ± 5% relative humidity) with a 12-

hour light/dark cycle in an air-conditioned room with free access

to food and water. The animals were acclimated for 4–5 days

prior to tumor challenge. All procedures were approved by the

Institutional Animal Care and Use Committee (IACUC) of

Children’s National Hospital, Washington, DC.
Cells

The murine melanoma B16-F10 cell line (purchased from

ATCC® CRL-6475, VA), were cultured in DMEM (Life

Technologies, CA) supplemented with 10% heat-inactivated

FBS (Sigma-Aldrich) and 100 IU/ml Penicillin, 100 mg/ml

Streptomycin (Life Technologies).
Generation of apoE-/- cell lines via
CRISPR genome editing in B16-F10 cells

Six guide RNAs (gRNAs) were designed using IDT’s gRNA

design tool, targeting the mouse apoE gene. gRNAs were

synthesized as 2-part crRNA: tracrRNA gRNAs with chemical

modifications (Integrated DNA Technologies, Inc., IA) and were

functionally screened by next generation sequencing (NGS) for

high INDEL (insertion/deletion) frequency and low in-frame

INDEL rates. gRNAs were prepared by complexing a 1:1 molar

ratio of the crRNA: tracrRNA at a final concentration of 100 mM,

heating to 95°C and slowly cooling to room temperature.
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Ribonucleoprotein complexes (RNPs) were formed by the

addition of purified Alt-R HiFi Cas9 protein (IDT) to each

gRNA at a 1.2:1 molar ratio in 1× PBS to a concentration of 5.6

mM. RNP complexes were allowed to form for 10 min at room

temperature before electroporation. RNP complexes (5 mL), Alt-
R Cas9 Electroporation Enhancer (3 mL), and 350,000 B16-F10

cells (20 mL) resuspended in Buffer SF were mixed and

electroporated using the Lonza 96-well Shuttle System (Lonza,

Basel, Switzerland) with electroporation protocol 96-DS-150.

Final concentrations for RNP and Alt-R Cas9 Electroporation

Enhancer were 1 mM and 4 mM, respectively. Genomic DNA was

extracted 48 hours post-transfection using QuickExtract DNA

extraction solution (Epicentre Biotechnologies, CA) according

to the manufacturer’s specifications. The targeting sequence for

each ApoE crRNAs are listed in Supplementary Table 1.
Isolation of monocolonal
apoE knockouts

The lead gRNA (Mm. Cas9.APOE.1-E) resulted in a 99%

INDEL frequency with no in-frame INDELs and was

electroporated into B16-F10 cells using the Lonza 96-well

Shuttle System as previously described. The electroporated

cells were plated in 1 well of a 6-well plate and allowed to

grow until confluent. The cells were then dissociated by

trypsinization, resuspended in media, and counted. The

suspension was diluted to 20,000 cells/mL; 4000 cells were

added to 1 well of a 96-well plate and then diluted by array

dilution. After 5 days of growth, each well was visually screened

for single colonies. Wells with only 1 colony were allowed to

grow to confluency. Each well was progressively passaged to a

larger well until confluent in a 100 mm dish, about 8.8 x 10^6

cells for genomic DNA extraction and further cell passaging. The

genomic DNA from each well was subject to quantification of

total editing and analysis of INDEL profile by NGS to confirm a

monoclonal isolate.
Quantification of total editing and
analysis of INDEL profiles by rhAmpSeq

Genomic DNA libraries for sequencing were prepared using

IDT rhAmpSeq targeted amplification. In short, the first round

of PCR was performed using target-specific primers with

universal 5’ tails (Supplementary Table 2); a second round of

PCR incorporated P5 and P7 Illumina adapter sequences to the

amplicon ends. Libraries were purified using Agencourt®

AMPure® XP system (Beckman Coulter, Brea, CA, USA) with

a 1:1 ratio of beads to reaction by volume and quantified with

quantitative real-time PCR (qPCR) before loading onto the

Illumina® MiSeq platform (Illumina, San Diego, CA, USA).

Paired end 150 base pair reads were sequenced using V2
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chemistry. A sequencing depth of at least 1000 reads was

obtained for each sample. Total editing efficiency was

calculated and INDEL profiles were evaluated using an IDT

custom-built pipeline, CRISPAltRations.
Antibodies and reagents

Anti (a)-mouse CTLA-4, and mouse IgG2b isotype

antibodies were purchased from BioXCell (West Lebanon,

NH). COG133 and JQ1 were purchased from Tocris

(Minneapolis, MN). Dynabeads™ Mouse T-Activator CD3/

CD28 for T-Cell Expansion and Activation kit, Vybrant™

DyeCycle™ Violet Stain kit, SYTOX™ red dead cell stain kit,

CellTrace™ far red cell proliferation kit, Live/Dead fixable aqua

dead cell stain kit, Brilliant stain buffer and mouse IL-2 Carrier-

Free recombinant protein were purchased from Thermo Fisher

(Waltham, MA).
Multiplex cytokine/chemokine analysis

Cell culture supernatant was collected after centrifuge at

1,200 rpm for 10 min at 4°C. The concentrations of the following

immune molecules were determined using the mouse Cytokine

& Chemokine 36-plex ProcartaPlex Panel, a magnetic bead-

based multiplex immunoassay (Thermo Scientific) following our

previous protocol (19). Briefly, cell culture supernatant samples

were mixed with antibody-linked polystyrene beads on a 96-well

plate and incubated at room temperature (RT) for 2 h on an

orbital shaker at 500 rpm. After washing, plates were incubated

with biotinylated detection antibody for 30 min at RT. Plates

were then washed twice and then labeled beads were re-

suspended in streptavidin-PE. Each sample was measured in

duplicate along with standards (8-point dilutions) and the buffer

control. Plates were read using a Luminex Bio-plex 200 system

(Bio-Rad Corp.) for quantitative analysis.
Isolating T cells from mouse spleen

Spleens were collected from mice euthanized by CO2

narcosis and cervical dislocation. Spleens were pulverized

through a 40-mm mesh cell strainer and treated with ACK

lysing buffer (Thermo Fisher) for 10 seconds to remove

erythrocytes. According to the manufacture’s instruction of the

Pan T Cell Isolation Kit (Miltenyi Biotec), 10 µL of Pan T Cell

Biotin Antibody Cocktail was added per 107 splenocytes and

incubated for 5 min at 4°C. Subsequently, 20 µL of Pan T Cell

MicroBead Cocktail was added per 107 cells. Following

incubation for 10 min at 4°C, the mixed cell suspension was

applied onto the LS column (Miltenyi Biotec). The flow-through

containing unlabeled cells, representing the enriched T cells were
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collected. T cells were cultured in RPMI 1640 media containing

30 U/mL IL-2 (Thermo Fisher) and stimulated with

Dynabeads® Mouse T-Activator CD3/CD28 magnetic beads

(Thermo Fisher) at a 1:1 ratio (cell: bead).
IFNg measurement

WT and apoE-/- mice orWT and lrp8-/- mice, were inoculated

with either WT B16 or apoE-/- B16 cells, with anti-CTLA4

antibody on day 0. These vaccinated splenocytes (VS) were

harvested on day 7 and co-cultured with either WT B16 or

apoE-/- B16 cells for 48hr, following which IFNg levels in media

were compared with ELISA assay. To set up co-culture, a total of 5

× 105 freshly isolated mouse T cells or splenocytes were plated in a

volume of 600 ml per well of 24-well plates, then they were co-

cultured with 5 × 104 B16 cells and stimulated with or without

CD3/CD28 Dynabeads. Cells were exposed to apoE agonist

COG133 at 0, 0.3, 3, 9, 15, 30 µM or human anti-APOE

antibody at 1 µg/ml, 10 µg/ml and 20 µg/ml at 37°C under 5%

CO2 for 24 hr or 48 hr. Supernatants were collected from triplicate

wells, and IFNg was assayed using the mouse uncoated IFNg
ELISA kit from Invitrogen (Carlsbad, CA). Readings were

measured at 450 nm using the EnSpire 2300 Multilabel plate

reader (Perkin Elmer, Waltham, Massachusetts, US).
Cell lines and conditioned media

5x106 wild type (WT) and apoE-/- B16 cells were irradiated at

60 Gy and then cultured in 20 mL DMEM media supplemented

with 10% FBS for 48 hr in T75 flask. The conditioned media (CM)

was collected and centrifuged at 1100 rpm at room temperature

for 5 min. The supernatant was aliquoted and stored at -80°C.
Cell cycle assay

For testing cell cycle, 1x106 T cells in 1 mL DMEM complete

media were incubated with 5 µM Vybrant™ DyeCycle™ Violet

Stain (Thermo Fisher) at 37˚C for 30 min. And then 5 µl 7AAD

were added and incubated for 10 min prior to analysis. Total

25,000 cells were analyzed per measurement. The same forward

and side scatter gates were applied to each sample, and within

that gate we measured the intensity of vibrant cell cycle dye.

Samples were analyzed on a flow cytometer using 405 nm

excitation and 440 nm emission. To compare the growth rates

of B16 WT and apoE-/- cells, the Click-iT Edu Alexa Fluor 488

flow cytometry assay kit was used in conjunction with the

FxCycle Violet stain from Invitrogen (Carlsbad, CA). 50,000

cells were plated per well of a 6 well-plate and cell cycle was

analyzed at 48 hr as per the manufacturer’s directions.
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Measurement of apoE in serum of mice

Mouse serum was collected from naïve WT C57/BL6 mice

and also from both naïve and tumor-bearing C57/BL6 apoE-/-

mice. ApoE levels in mouse sera were quantified using the mouse

apoE ELISAPRO kit from Mabtech (Cincinnati, OH) as per the

manufacturer’s directions.
Nanostring

RNA was extracted and gene expression was directly

measured via counts of corresponding mRNA in each sample

using an nCounter murine PanCancer Immune Profiling Panel

(NanoString, Seattle, WA, USA). For full details, see our

previous publication (19). Briefly, 100 ng of high-quality total

RNA were hybridized with reporter probes, and then

biotinylated capture probes at 65°C for 16–18 hr before being

placed into the nCounter Prep station in which samples were

affixed to a cartridge. Cartridges were then read by the nCounter

Digital Analyzer optical scanner. Further advanced immune-

profiling analysis was performed using nSolver 4.0 analysis

software with nCounter advanced analysis package

(NanoString Technologies) with identified immune cell types.

Genes were grouped into 14 immune cell types and 39 immune

functions according to the manufacturer’s designation (19).
Quantitative real-time RT-PCR

Quantitative real-time PCR (qPCR) was performed using

TaqMan® Gene Expression Master Mix (Life Technologies) in a

QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher

Scientific, Waltham, MA) following the methods that we

published previously (19). Each reaction was performed in

triplicate, including no template controls and amplification of

a housekeeping gene, GAPDH. Gene-specific assays were

Mm01307192_m1 for apoE, Mm00464608_m1 for Lrp1,

Mm01328171_m1 for Lrp2, Mm00474030_m1 for Lrp8,

Mm01177349_m1 for Ldlr, Mm00443298_m1 for Vldlr,

Mm99999915_g1 for Gapdh (Life Technologies, Thermo

Fisher). Changes in relative gene expression normalized to

GAPDH levels were determined using the DDCt method.

Results were averaged and statistically analyzed using t-tests.
Mouse melanoma models

C57BL/6 wild type (WT) mice, C57/BL6 apoE knockout

(apoE-/-) mice, and C57/BL6 lrp8 knockout (lrp8-/-) mice were

injected subcutaneously in the right flank with 1 × 104 freshly

prepared B16 WT or apoE-/- tumor cells in 100 µl 1xPBS on day

0 and euthanized once the tumor reached 20mm in any
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dimension. Tumor growth was recorded every day by measuring

the diameter in 2 dimensions using a caliper when appropriate as

we have previously published (19, 20). Briefly, tumor volume

was calculated using the following formula: large diameter2 ×

small diameter × 0.52. A tumor size of 20 mm in diameter in any

dimension was designated as the endpoint, and mice were

euthanized at that time. Euthanasia was achieved through

cervical dislocation after CO2 narcosis. If a tumor impaired

the mobility of an animal, became ulcerated, or appeared

infected, or a mouse displayed signs of “sick mouse posture”,

the mouse was euthanized. All the procedures are approved by

the IACUC at CNMC and are in accordance with the humane

care of research animals.
Characterization of mouse tumors by
immunohistochemistry (IHC)

Tumor was fixed in 10% neutral buffered formalin (pH 6.8–

7.2; Richard-Allan Scientific, Kalamazoo, Michigan, US) for

paraffin embedding and sectioning. Five mm tissue sections

were cut with a microtome, and sample processing and IHC

staining were performed as previously described (19) using

rabbit polyclonal to CD45 and CD3 antibodies (1:200. Abcam,

Cambridge, Massachusetts, US). Isotype-matched antibodies

were used for negative controls.
Statistical analysis

Statistical analysis of nanostring gene expression,

normalization, clustering, Pathview plots and fold-changes

were performed using the Advanced Analysis Module in the

nSolver™ Analysis Software version 4.0 from NanoString

Technologies (NanoString Technologies, WA, USA) following

our published methods (19). Briefly, raw data for each sample

were normalized to the geometric mean of housekeeping genes

using the geNorm algorithm. Pathway scores were calculated as

the first principal component (PC) of the pathway genes’

normalized expression. Each cell type score has been centered

to have mean 0 and as abundance estimates (cell type scores) are

calculated in log2 scale, an increase of 1 corresponds to a

doubling in abundance. All differentially expressed genes were

subjected to KEGG term analysis, with significance accepted at

p < 0.05. The Benjamini-Yekutieli method was used to control

the false discovery rate. All statistical analyses of nanostring data

were carried out in R v3.4.3 software.

Statistical significance for each set of experiments was

determined by the unpaired 2-tailed Student’s t-test, and the

specific tests were indicated in the figure legends. The data are

expressed as the mean ( ± SD), with p<0.05 considered

statistically significant.
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Human melanoma RNA-seq analysis

We accessed the raw RNA-seq data of melanoma biopsies

through the Gene Expression Omnibus database (accession

number: GSE78220) (21) - Raw reads mapping to the

reference genome (GRCh38) were performed on quality-

checked and trimmed reads using STAR 2.4.1c (22). The

reference annotation is Ensembl v86. The overlap of reads

with annotation features found in the reference.gtf were

calculated using HT-seq v0.6.1 (23). - The output computed

for each sample (raw read counts) was then used as input for

DESeq2 (24) analysis. Raw counts were normalized using

DESeq2 function “rlog,” and normalized counts were used for

downstream analysis. Statistical calculations were performed

using GraphPad Prism software (GraphPad Software, San

Diego, CA, USA) or R Software (Version 4.0).
Results

ApoE is highly expressed in the
melanoma B16-F10 cell lines and apoE
serum levels rise with tumor growth
in vivo

RNA was extracted and gene expression was directly

measured via counts of corresponding mRNA in B16-F10 cells

using an nCounter murine PanCancer Immune Profiling Panel

(NanoString, Seattle, WA, USA). We evaluated the presence of

multiple genes associated with immunosuppression in the B16-

F10 melanoma cell line, ApoE was the most highly expressed

immune-suppressive transcript in the cell line. (Figure 1A) ApoE

is also constitutively detected in the serum of wild type (WT)

C57/BL6 mice at high levels (Figure 1B). To evaluate the

systemic levels secreted from the mouse melanoma tumor

itself, we measured the level of serum apoE in apoE KO

(apoE−/−) C57/BL6 mice inoculated subcutaneously (s.c.) with

104 WT B16 (F10) cells injected in the right thigh. Blood and

tumors were collected at various sizes until the tumors reached a

max of 21 mm in any dimension. The serum levels of apoE in

these tumor-baring apoE-/- mice increased progressively and

considerably with tumor growth (Figure 1C).

To further investigate the function of apoE, we generated

apoE-/- B16-F10 cell lines with CRISPR-Cas9 gene deletion. To

confirm suppression or deletion of apoE protein, we performed

western blot analysis on total protein lysates from B16 WT and

apoE-/- single clones. Our data shows absent apoE expression in

the apoE-/- single clones (Figure 1D). The apoE protein secreted

from WT B16 and apoE knockout clones in culture media was

quantified by ELISA assay and levels correlated with the protein

expression pattern of western blot analysis confirming KO of

apoE in the KO cell lines. (Figure 1E)
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We then evaluated the in vitro proliferation rate (Figure 1F)

and cell cycling (Figure 1G) of the WT and KO cell lines to

determine if targeting apoE influenced cell viability and

proliferation. There is no statistically significant difference

between WT and ApoE-/- cells in their proliferation rate or cell

cycles (Figures 1F, G).
ApoE secreted into media from B16
melanoma tumor cells inhibits
T-cell function

To investigate the effect of tumor cell secreted apoE on

activated T cells, splenic derived C57/BL6 T cells were cultured

in control media and melanoma B16 WT or apoE-/- conditioned

media (CM) in which the T cells were activated with CD3/CD28

beads for 48 hr. Cytokine secretion, apoptosis and proliferation of
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the cultured mouse T cells were examined and compared to T cells

cultured in the RPMI media that served as controls (Figure 2).

IFNg production (Figure 2A) and T cell viability (Figures 2B, C)

were significantly (P < 0.05) suppressed when T cells were

cultured in WT B16 CM at 48 hr of incubation as compared to

the RPMI media control, whereas apoE-/- conditioned media was

similar to RPMI control media alone and did not inhibit T cell

activity nor viability (Figures 2A–C). In addition, cell cycle

distribution showed that WT conditioned media arrested

activated T cells in the G0/G1 phase while apoE-/- conditioned

media-maintained T-cells in the S and G2Mphase of the cell cycle,

similar to control media without prior exposure to tumor cells.

(Figures 2D, E). These results indicate that conditioned media

derived from B16 tumor cells induces arrest of stimulated T cells

in the G0/G1 phase of the cell cycle, resulting in apoptosis and

suppression of cytokine production. In contrast, the singular

absence of apoE in conditioned media rescues the activated T
A B D

E F G

C

FIGURE 1

ApoE is the most highly expressed immune suppressive gene in the melanoma B16-F10 cell lines and apoE serum levels rise with tumor growth
in vivo. (A) mRNA expression as revealed by nanostring nsolver Pancancer immune profiling, of the immune suppressive marker genes in B16F10
cells (n=6). (B) ApoE expression was undetectable in the serum of apoE knockout (apoE-/-) mice, but present at high levels in wild type (C57/
BL6) mice with ELISA assay. (C) ApoE knockout mice were inoculated with 10^4 wild type (B16F10) cells and serum levels of apoE increased
over time with increasing tumor size. (D) Validation of apoE gene knockout in B16F10 cells by CRISPR-Cas9 gene deletion. The level of apoE
protein expression was measured in WT B16F10 and the corresponding apoE-/- clone by Western Blot. (E) Equivalent numbers of WT and
apoE-/- B16 cells were plated and apoE levels released into culture media were quantified by ELISA at 48hr. ApoE is secreted at high levels in
WT B16 cells and is not detectable in the apoE-/- cell line. (F) To evaluate whether targeting apoE influenced cell viability and proliferation,
5x10^4 WT (n=6) or apoE-/- B16 cells (n=6) were grown in 12-well plates and proliferation rates were measured at 24hr and 48hr by MTT
assay. There is no statistically significant difference in cell proliferation rate between the two groups. (G) Cell cycle distribution was determined
in WT and apoE-/- B16 cells. The various phases of the cell cycle are differentiated in the flow cytometry plot on the left: G0-G1 is the pre-
synthesis phase, S-phase cells are undergoing active DNA synthesis and G2-M cells are preparing for mitosis. Bar graphs represents the
percentage of cells in G0-G1, S and M phase of the cell cycle. Cell counts and cell cycle distribution indicate that WT and apoE-/- B16 cells
proliferate at equivalent rates. Data are representative of three independent experiments. Results are expressed as mean score ±SD. ***p<0.001,
determined by unpaired two-tailed Student’s t-test.
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cell phenotype when stimulated with CD3/CD28 beads. To

further define the cytokine response, we used a ProcartaPlex

multiplex immunoassay, and quantified multiple cytokines/

chemokines in the stimulated T-cell media from the same

experiment. Ten out of 27 detectable cytokines suppressed by

WT conditioned media returned to baseline levels or were

upregulated when T cells were cultured in apoE-/- CM. These

included effectors: IFNg, IFNa, TNFa; stimulator, IL18;

inflammatory factor: IL4, IL13; chemo attractive factor: MCP-1,

MCP3, MIP-1a, MIP-1b; and regulatory factor: IL-10 (P < 0.05)

cytokines. IL6, CCL-5 (Rantes) and GroaKC were downregulated

(Supplement Figure 1A).

To further delineate the T-cell suppressive effect directly,

COG133, a fragment of apoE peptide, which competes with the

apoE holoprotein for binding the low-density lipoprotein (LDL)

receptors and acts as an apoE mimetic, was tested to determine

its effect on T cell activation. T cells were activated with CD3/

CD28 dynabeads and the effects of COG133 (0, 3, 9, 15 and

30µM concentrations) on T cell apoptosis were evaluated. The T

cell viability was diminished in a dose dependent manner

(Supplement Figure 1B). These results confirm the

immunomodulatory role of apoE on activation of T cells

showing robust and extensive suppression of T cell function.
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ApoE secreted from B16 melanoma
tumor cells in culture may also impair
activation of pro-inflammatory
dendritic cells

Activation of innate antigen presenting cells like dendritic

cells (DC) are critical for effective induction of immunity. We

tested the effect of conditioned media on toll like receptor

(TLR7/8) stimulated primary bone marrow derived dendritic

cell activation. B16WT conditioned media (CM) suppressed DC

activation as determined by cytokine production, but this effect

was absent in in media from apoE-/- B16-F10 cells (Supplement

Figure 2). Multiplex results showed that secretion of the

suppressive cytokine IL10 is diminished when DC were

cultured in apoE-/- CM compared to culture in WT CM. In a

pro-inflammatory fashion IL1a, IL1b, RANTES, MIP1a,
MIP1b, IL28 are all increased with apoE-/- CM compared to

WT CM (supplement Figure 2). To further delineate the DC

suppressive effect directly, we tested the effect of the apoE

peptide mimetic, COG133 on DC activation. In a dose

dependent fashion, COG 133 induced secretion of the anti-

inflammatory cytokine, IL-10 from activated DC. Furthermore,

COG133 suppressed IL-1a, IL-1b and IL-23 in a dose dependent
A B

D E

C

FIGURE 2

ApoE secreted into media from B16 melanoma tumor cells inhibits T-cell proliferation and function. (A) Conditioned media (CM) from WT or
apoE-/- cells was cultured with T-cells activated by CD3/CD28 beads. Bar graphs depict IFNg released under these conditions. The production
of IFNg was significantly suppressed when T cells were cultured in WT B16 CM, but this suppression was reversed in apoE free CM from apoE-/-

cells. (B) Representative flow cytometry plots and (C) quantification of T cell apoptosis in CM. Results show that T cell viability is markedly
reduced in the WT CM, whereas induction of apoptosis was reversed when cells were cultured in the apoE-/- medium, similar to RPMI control
medium alone. (D) Representative flow cytometry plots and (E) quantification of cell cycle analysis of T cells in different media. Cell cycle
distribution showed an arrest of activated T cells in the G0-G1 phase in the WT B16 medium, while in the apoE-/- medium most T cells were
distributed in the S and G2-M phases, similar to the RPMI media control. Results are expressed as mean score ± SD. *p<0.05; **p<0.005;
***p<0.001, determined by unpaired two-tailed Student’s t-test.
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manner suggesting the immune-modulatory role of ApoE on DC

function (Supplement Figure 3).
ApoE peptide mimetic COG133 inhibits
cytokine secretion induced by
immunogenic tumor cells, while anti-
APOE blocking antibody enhances
cytokine secretion in tumor cell/
splenocyte reactions

To further investigate the influence of tumor secreted apoE

on immune cell function, immunogenic B16 tumor cells (B16

cells treated with Myc inhibitors (0.25µM BET+0.25µM JQ1 for

4 days) were irradiated at 60 Gray and co-cultured with naïve

C57/BL6 splenocytes in the presence of either apoE mimetic

COG133 at 0.3, 3 and 9 µM or anti-APOE blocking antibody at

1, 10 and 30 µg/ml concentrations. Prior work from our

laboratory has shown the immunogenic effect of treating

cancer cells with Myc inhibitors and irradiation (19). IFNg
production was quantified by ELISA at 48h. Splenocytes

produced high levels of IFNg when co-cultured with Myc-

inhibited immunogenic B16 cells as shown in Figure 3.

Exposure of these cells to apoE mimetic COG133 repressed
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IFNg production (6-fold reduction) (Figure 3A), while the

presence of Anti-APOE antibody enhanced IFNg production

(3-fold increase) (Figure 3B). We also tested IFNg production

from vaccinated splenocytes following co-culture with treated

and untreated B16 cells in the presence of COG 133. To obtain

vaccinated splenocytes, 10^4 WT B16 tumor cells and 100µg/ml

anti-CTLA4 antibody were administered to C57BL/6 mice on

day 0, and splenocytes were collected at day 7 after tumor cell

inoculation. Compared with naïve splenocytes, vaccinated

splenocytes produced dramatically greater level of IFNg,
especially when they were co-cultured with Myc inhibited B16

tumor cells. This high level IFNg was also suppressed by COG

133 at a dose dependent manor (Figure 3C). In addition to IFNg,
we also quantified other cytokine/chemokines using

ProcartaPlex multiplex immunoassay. Fourteen out of 23

detectable cytokines were significantly upregulated when

splenocytes were co-cultured with Myc-inhibited B16 tumor

cells, including effectors: IFNg, TNFa; stimulators, IL18, G-CSF,

M-CSF; inflammatory factor: IL6; chemo attractive factors:

CCL-5 (Rantes), CXCL-1, CCL-2, CCL-7, CXCL-2, CCL3; and

regulatory factors: IL-10, IL6 (P < 0.05). Within these 14

cytokines, four of them including IFNg, IL6, IL18 and

RANTES (CCL5) were suppressed after exposure to apoE

peptide mimetic COG133 in a dose dependent manner

(Supplement Figure 4).
A B C

FIGURE 3

ApoE agonist peptide COG133 inhibits cytokine secretion induced by immunogenic tumor cells, while anti-APOE blocking antibody enhances
cytokine secretion in tumor cell/splenocyte reactions. (A) Naïve and vaccinated splenocyte production of IFNg was markedly reduced when
splenocytes were co-cultured with immunogenic (BET/JQ1 treated) B16 tumor cells in the presence of the apoE agonist COG133. (B) Naïve
splenocyte production of IFNg was significantly increased when co-cultured with immunogenic B16 tumor cells with anti-APOE antibody.
(C). COG133 was also inhibitory of IFNg production when vaccinated splenocytes were used for co-culture with treated immunogenic cancer
cells. It is of interest to note that the levels of IFNg production is significantly greater when vaccinated splenocytes were used for this
experiment. NS: naïve splenocytes, splenocytes were collected from naïve C57BL/6 mice. Treated B16: B16 cells were expose to Myc inhibitor
(0.25µM BET and 0.25µM JQ1) for 4 days, to induce immunogenicity. VS: vaccinated splenocytes. Irradiated 104 WT B16 tumor cells and 100ug/
ml anti-CTLA4 antibody were administered to C57BL/6 mice on day 0, and splenocytes were collected at day 7 after tumor cell inoculation.
Data are representative of three independent experiments. Results are expressed as mean score ± SD. *p<0.05; **p<0.005; ***p<0.001,
determined by unpaired two-tailed Student’s t-test.
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The apoE receptors lrp8 and ldlr are
dominantly expressed on activated T
cells and dendritic cells and blocking
lrp8 enhanced T-cell activation in vitro

The pattern of expression of apoE receptors on T cells and

dendritic cells is not fully characterized. Here we examined the

expression of apoE receptors on T cells, dendritic cells (DC) and

macrophages using qPCR. All five of the receptor transcripts

were shown to be expressed on T cells, DCs and macrophages.

Ldlr and lrp8 were dominantly expressed on T cells (Figure 4A)

whereas lrp1, lrp8 and ldlr are highly expressed on DC

(Figure 4B). Lrp1 is highly expressed in macrophages

(Figure 4C). Vldlr expression was relatively low, and lrp2 was

barely detectable on these three cell types. We further examined

the effect on expression of these receptors by stimulating T cells

with CD3/CD28 beads and stimulating DCs and macrophages

with a TLR7/8 agonist. Expression of lrp1, lrp8, ldlr and vldlr

were all significantly upregulated on T cells following activation

(Figure 4A), whereas only lrp2 and lrp8 were increased on DC

after TLR stimulation (Figure 4B). This data together with

previous studies (25, 26) suggest that ldlr and lrp8 (apoER2)

are dominantly expressed and may be prominently engaged in

apoE-mediated immune cell suppression.

To functionally define the role of the lrp8 receptor

engagement in apoE suppression, we isolated vaccinated

splenocytes from lrp8-/- mice. These cells were co-cultured

with BET/JQ1 treated (Myc-suppressed) immunogenic B16

cells for 48hr with or without exposure to the apoE mimetic
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COG133. ELISA results show that IFNg production from

splenocytes was inhibited by COG133 in WT mice, however

the inhibitory effect was lacking in splenocytes from the lrp8-/-

mice (Figure 4D). In addition, using ProcartaPlex multiplex

immunoassay, we also quantified other cytokines/chemokines

produced in the reaction. Seventeen out of 27 detectable

cytokines showed a similar pattern to IFNg inhibition in WT

mice that was reversed in lrp8-/- splenocytes. These included

effector function: IFNg; stimulator function, IL18, GM-CSF, G-

CSF; inflammatory cytokines: IL2, IL3, IL4, IL5, IL9, IL13, IL23,

IL12p70; chemo attractant factors: MCP-1, MCP3, MIP-1a,
CCL-5 (Rantes); and regulatory factors: IL6, IL-10 (P < 0.05).

Representative data are shown in Supplement Figure 5. These

findings suggest that T-cell function is at least partially inhibited

by apoE through the lrp8 receptor pathway.
Targeting apoE suppresses tumor growth
with enhanced mouse survival in a
murine melanoma model

To additionally investigate the role of apoE on melanoma

tumor growth in vivo, 1x104 WT or apoE-/- B16 cells were

injected into the right flank of WT, apoE-/- and lrp8-/-mice

(n=9). The mice from each group were monitored for tumor

growth and survival. The results show that targeting apoE in

both the tumor cells and the host (apoE-/- B16 cells injected into

apoE-/- C57/BL6 mice) results in delayed tumor growth

(Figure 5), and significant rejection of tumor cell inoculation
A B DC

FIGURE 4

lrp8 is the most dominant receptor expressed on activated T cells and blocking lrp8 enhanced T-cell activation. (A) Expression of apoE
receptors shows predominance of ldlr and lrp8 receptors on T cells, (B) lrp8, ldl and lrp1 receptors on dendritic cells, and (C) lrp1 receptors on
macrophages as shown by quantitative real-time PCR (qPCR). Expression of ldlr and lrp8 was upregulated following T cell stimulation with CD3/
CD28 beads. Expression of lrp8 was also upregulated following dendritic cell stimulation with TLR7/8. (D) The amount of IFNg production from
vaccinated splenocytes co-cultured with immunogenic WT B16 cells was quantified by ELISA assay. Results show that IFNg production was
significantly suppressed in the presence of the apoE agonist COG133, but suppression did not occur when splenocytes were harvested from
lrp8-/- mice. These findings suggest that T-cell function is at least partially inhibited by apoE through the lrp8 receptor pathway. Results are
expressed as mean score ± SD. *p<0.05; **p<0.005; ***p<0.001, determined by unpaired two-tailed Student’s t-test.
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with improved overall survival (Figure 6). Tumor growth was

also impaired when apoE-/- B16 cells were injected into lrp8-/-

mice, suggesting apoE/LRP8 receptor engagement is important

in mediating the apoE protective effect on tumor growth.

Complete deletion of apoE in the tumor cells and in the host

was most effective for inhibition of tumor growth, while apoE-/-

B16 cells injected into WT mice, or WT B16 cells injected into

apoE-/- mice or lrp8-/- mice partially suppressed tumor growth

compared to control. The suppressive effect observed on tumor

growth in vivo with apoE suppression appears indirect as apoE

KO cells proliferate normally.
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The combination of apoE-/- tumor cells
administered to apoE-/- mice resulted in
the most profound activation of immune
pathway signaling and cell infiltrates in
the tumor microenvironment

To evaluate if the protective effect against tumor growth with

apoE targeting is immune mediated, we harvested the first 3

mice from each group that grew tumors to 15mm for tumor

immune profiling. Nanostring analysis of immune cell infiltrates

and activation of immune signaling pathways revealed that the
A B

FIGURE 5

Knock out of apoE in both B16 tumor cells and in mice enhances host immunity and attenuates tumorigenicity. (A) In vivo, 104 WT or apoE-/-
B16 cells were injected into the right leg of WT (n=9), apoE-/- (n=9) or lrp8-/- mice (n=9). The average tumor growth in each group (n=6) is
compared. Tumor growth was significantly slower when apoE-/- B16 cells were injected into apoE-/- or lrp8-/- mice versus the other groups
(two-way ANOVA; P <0.0001). (B) The final tumor volume between treatment groups at the end point of the experiment (Day 20) was also
compared using a one-way ANOVA followed by Tukey HSD pairwise multiple comparisons between treatment groups. Tumor volumes at the
end point of the experiment were significantly different between treatment groups (one-way ANOVA; P <0.0001). *p<0.05; **p<0.01;
****p<0.0001.
A B

FIGURE 6

Survival curve (A) Survival was significantly better (n=9) when apoE-/- B16 cells were injected into apoE-/- or lrp8-/- mice versus the other
groups. (B) The median survival time and the cumulative survival probability were calculated and compared using the Kaplan-Meier survival
estimator followed by a log-rank test, and the hazard ratio (HR) was calculated using the Cox proportional-hazards regression model. The
comparison between the groups is shown in the table.
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apoE-/- mice in which apoE-/- cells were inoculated,

demonstrated the greatest number of immune cell infiltrates

(Figure 7A) as well as the highest activation of immune signaling

pathways (Figure 7B) based on the expression of signature

marker gene transcripts when compared to the other groups.

Wild type tumors in apoE-/- mice or WT mice receiving the

apoE-/- cells demonstrated more activation of immune pathways

and cellular infiltrates as determined by RNA transcripts than

WT controls, but these effects were only partial and inferior to

the immunity induced when apoE was abolished in the system

(apoE-/- cells in apoE-/- B57/BL6 mice). The expression level of

the gene transcripts of multiple activation markers for T cells

(Figure 8A) and dendritic cells (DCs) (Figure 8B) were also

compared within 6 tumor groups. Results showed that the

markers for activation T cells including interleukin-2 receptor

alpha chain (IL2RA, or CD25), CD69, CD8a, CD28, check point

inhibitors PD-L1 and CTLA4, and T cell exhaustion marker

Tim-3 were all significantly enhanced in the tumor from the

apoE-/- mice in which apoE-/- cells were inoculated (apoE-/-/

apoE-/-) compared with control group (wt/wt), PD1 and Lag 3

were slightly increased, but they were not statistically significant

(data not shown). CD28 was also upregulated in the tumor from

the apoE-/- mice in which wt tumor cells were inoculated (wt/

apoE-/-) (Figure 8A). For DCs, the activation genes including

CD40, CD70, CD80, CD83, CD86, CD11b and CD11c were all

significantly increased in

apoE-/-/apoE-/- group compared with controls. CD70 was

also increased in wt/apoE-/- and apoE-/-/wt groups. (Figure 8B).

These observations show that apoE secreted from the tumor or
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produced in the host impair immunity and establish the potent

role that apoE plays in suppressing tumor immunity in the

mouse melanoma model. Surprisingly, there was no

upregulation of immune pathway scores nor enhanced

immune cells scores in lrp8-/- mice. These observations do not

correlate with in vitro findings nor in vivo growth rates, but this

may have been specific to the three mice sampled that developed

tumors early in this group. To validate nanostring RNA

transcript results in the apoE targeted group, we performed

immunohistochemistry staining of the immune cell marker

CD45 (lymphocyte common antigen) and CD3 (T cell

marker) on the same tumor samples that we used for

nanostring analysis. Results showed that the apoE-/- mice in

which apoE-/- cells were inoculated, have significantly more

CD45 (Figures 9A, B) and CD3 (Figures 9C, D) positive

immune cell infiltrates than WT control. The other groups

were not studied as these gross observations do not have the

same objectivity or power of analysis as the nanostring assay.
ApoE knock out in B16 tumor cells
induces potent immunogenicity

In the mouse model, apoE appears to be an immune

modulator critical for enabling tumor cell growth through

suppression of immune activation. To determine if knocking

out apoE in tumor cells induced immunogenicity, we vaccinated

wild type and apoE-/- mice (Figure 10A) or wild type and lrp8-/-

mice (Figure 10B) with WT B16 or apoE-/- B16 tumor cells and
A

B

FIGURE 7

The first three tumors that reached 15mm in each of the experimental groups were harvested and the immune cell infiltrate and immune
pathway activation was analyzed with nanostring Pancancer immune profiling. (A) Immune cell type scores and (B) immune pathway (signature)
scores show that immune cell infiltrates and immune pathway activation were greatest when apoE-/- cells were injected into apoE-/- mice. Dot
line plots show the score trends of 12 immune cell lines and 29 immune pathways. Box plots show selective representative score comparisons.
Results are expressed as mean score ±SD. *p<0.05, determined by unpaired two-tailed Student’s t-test. Wt/wt: wt B16 cells injected in wt mice;
apoE-/-/apoE-/-: apoE-/- cells injected in apoE-/- mice; apoE-/-/lrp8-/-: apoE-/- cells injected in lrp8-/- mice; apoE-/-/wt: apoE-/- cells
injected in wt mice; wt/apoE-/-: wt cells injected in apoE-/- mice; wt//lrp8-/-: wt cells injected in lrp8-/- mice.
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CTLA4 Ab and then collected splenocytes from these vaccinated

mice 6 days later. We then co-cultured the splenocytes with WT

B16 or apoE-/- B16 cells to evaluate IFNg secretion as a marker of

induced immunity. ApoE-/- B16 cells induced robust immunity

in whatever circumstance they were tested either as the primary

immunogen or with re-stimulation of splenocytes (Figures 10A,

B). These findings re-iterate the potent inhibitory effect of apoE

on immune cell activation and present an opportunity to exploit

this pathway to enable tumor immunity and cancer immunotherapy.
ApoE RNA-seq expression is abundant in
cutaneous melanoma but is not
associated with PD1, PD-L1 or immune
cell infiltrate RNA-seq expression

The potent immune-suppressive effects of ApoE in the

melanoma mouse model suggests that APOE may be an

important regulator of immunity in human melanoma. To

evaluate its association with human melanoma, we analyzed

TCGA melanoma datasets based on RNA-seq gene expression

values (measured by RSEM algorithm) in 462 patient tumors.

We evaluated expression and correlation with other checkpoints

(Figure 11), immune cell infiltrates (Figure 12) and patient
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survival (Figure 13). APOE is abundantly present, however, it

did not correlate with PD-L1 or PD1 expression, two

checkpoints expressed on tumors, but did positively correlate

with APOC1 expression APOC1 was used as a positive control

in this analysis (Figure 11). APOE did not correlate with RNA-

seq gene expression of T-cell, neutrophil and dendritic cells

infiltrates whereas PD-L1 expression correlated with the

presence of these three cell phenotypes (Figure 12). Also,

APOE did not correlate with survival at a 30% bifurcate gene

analysis, whereas the expression of PD-L1 and PD1 both

positively correlated with survival of cutaneous melanoma

(Figure 13). The high expression of checkpoints like PD-L1

and PD1 associated with cell infiltrates and survival curves,

suggest that these genes are expressed in inflammatory tumors

that have a better prognosis. APOE expression however appears

to be independent of inflammatory phenotype in these tumors

and may act as a separate and independent pathway in

suppressing anti-tumor T-cell immunity.
Discussion

In prior published work, we showed a distinctly different

response to the same tumor vaccine protocol in a mouse
A

B

FIGURE 8

Nanostring PanCancer Immune Profiling analysis of RNAseq of activation markers for T cells and DCs that infiltrated into the tumors from the 6
different groups. (A) Activated T cell genes and (B) activated DC genes were all statistically significantly increased in the tumor from apoE-/-/
apoE-/- group when compared with wt/wt control groups. The relative gene expression level was indicated on the y-axis and tumor groups are
listed along the x-axis. Results are expressed as mean score ±SE. *p<0.05, determined by unpaired two-tailed Student’s t-test.
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neuroblastoma and melanoma tumor model (19). The

neuroblastoma mouse model was remarkably sensitive to

tumor vaccination even at a high dose of tumor cell

inoculation whereas a low dose melanoma model was

surprisingly resistant. This differential response could imply

that intrinsic tumor cell characteristics and/or differences in
Frontiers in Immunology 13
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tumor/host immunity are present that may account for

differences in immune resistance.

In the current study we assess immunosuppressive

modulators in the melanoma model and the modulator that

was most highly expressed by qPCR in the B16-F10 melanoma is

ApoE. We profiled over 700 immune associated gene transcripts
A B

DC

FIGURE 9

To validate nanostring results, both CD45 and CD3 expression were examined with IHC staining in the tumors from WT or apoE-/- mice
following injection with WT or apoE-/- tumor cells. Representative images of CD45 (A) and CD3 (C) staining visualized with DAB (brown) and
counterstained with hematoxylin (blue, nuclei). (B, D) Optical density (mean gray value) obtained by color deconvolution analysis. Optical density
graph bars represent the mean ± SD (n = 30 images). ***p<0.001, determined by unpaired two-tailed Student’s t-test. Wt/wt: wt B16 cells
injected in wt mice; apoE-/- /apoE-/-: apoE-/- cells injected in apoE-/- mice.
A B

FIGURE 10

ApoE knock out in B16 tumor cells induces potent immunogenicity. Wild type and apoE-/- mice (A) or wild type and lrp8-/- mice (B), were
inoculated with either WT B16 or apoE-/- cells, with anti-CTLA4 antibody on day 0. Splenocytes were harvested on day 7 and co-cultured with
either WT B16 or apoE-/- B16 cells for 48hr, following which IFNg levels in media were compared with ELISA assay. Results show that IFNg
production is highest for all groups when apoE-/- cells are used. These findings re-iterate the potent inhibitory effect of apoE on immune cell
activation in the cancer environment. Results are expressed as mean score ± SD. *p<0.05; **p<0.005; ***p<0.001, determined by unpaired
two-tailed Student’s t-test.
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in the melanoma B16-F10 cells and identified 18 genes with

known immunosuppressive characteristics that were detected.

ApoE was notably detected and found to be more abundant than

any of the other known immunosuppressive transcripts

identified. Besides its role in cholesterol transport,

Apolipoprotein E (apoE) has considerable immunomodulatory

properties (4, 18, 27–29). ApoE is shown to suppress lymphocyte

proliferation (30) and modulate immune activation by acting on

antigen-presenting cells (2, 30), implicating apoE as a

suppressant of immune function. We found ApoE to be

abundantly expressed in the B16-F10 melanoma cell line and
Frontiers in Immunology 14
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was actively secreted by these tumor cells into the serum of the

host as the tumors establish and grow. These findings raised

suspicion that apoE contributes to immune escape.

Both the expression of apoE as well as the secretion of apoE

from the tumor cells seems to have clear immunosuppressive

effects. Our studies show that tumor cells depleted of apoE can

stimulate remarkable immune activation in co-culture

experiments. The conditioned media from apoE-/- tumor

melanoma cells alone did not suppress T-cell function like that

of WT tumor cell conditioned media. To understand the

mechanism by which apoE functions we investigated specific
FIGURE 11

ApoE RNA-seq expression is abundant in cutaneous melanoma but is not associated with PD-L1 or PD1. Scatterplots showing mRNA expression
correlation of APOE (x-axis) with PD-L1, PD1 and APOC1 from the TCGA melanoma datasets based on their RNA-seq gene expression values
(measured by RSEM algorithm). APOE expression did not correlate with PD-L1 or PD1 but did positively correlate with APOC1 expression which
was used as a control gene. The correlation was evaluated by the Spearman correlation coefficient with a cut-off value of 0.5 and P-value used
a cut-off value of 0.05.
FIGURE 12

Scatterplots show the tumor purity-corrected partial Spearman’s rho value and the correlation between gene expression with infiltration of six
immune cell estimates. Top row is APOE expression while the bottom row depicts PD-L1. PD-L1 correlated with CD8 T cell and neutrophil
infiltrates, while APOE does not correlate with immune cell infiltrates. The correlation was evaluated by the Spearman correlation coefficient
with a cut-off value of 0.5 and P-value used a cut-off value of 0.05.
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effects of the apoE peptide mimetic COG133 on T-cell and DC

function. The suppressive effect appears to be evident on both

stimulated DCs and T-cells as determined by cytokine secretion.

We identified the dominant receptors on these cells showing that

of the low-density lipoprotein (ldlr) receptor family evaluated,

lrp8 and ldlr were most abundant and responsive to stimulation

in T-cells while ldlr and lrp1 were present in DCs. In co-culture

experiments, the suppressive effect of apoE on vaccinated

splenocytes was absent when the splenocytes were harvested

from lrp8-/- mice. These findings suggest that T-cell function is

at least partially dependent on apoE-lrp8 receptor engagement.

To investigate the premise of ApoE being a potent immune

checkpoint, we challengedWT, apoE-/- and lrp8-/- mice withWT

and ApoE knock out B16-F10 melanoma tumor cells. Results

show remarkable suppression of tumor growth when ApoE is

absent from the system with significant tumor elimination when

compared with WT controls. ApoE in tumor cells or

endogenously produced in the mice was capable of

suppressing tumor immunity and significant tumor immunity

only occurred when ApoE was absent from both tumor cells and

the murine host. Immuno-phenotyping of the tumor micro-

environment in mice that grew tumors, revealed the highest

levels of immune pathway activation and immune cell infiltrates

in the apoE-/- mice that received apoE-/- B16 melanoma cells as

detected by RNA transcripts. The effect of apoE seems to be at

least partially mediated by its interaction with the Lrp8 receptor

as this group also had slower tumor growth and rejection of

tumor cells when apoE-/- melanoma cells were inoculated into
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Lrp8-/- mice, endorsing the in vitro findings in splenocyte

studies. However, the immune mediated effect was not as

apparent in the lrp8-/- mice, as activation of immune pathway

and cellular RNA transcripts were not universally increased liked

that observed in the complete apoE knock out tumor/mouse

model. These findings may be limited and underestimate the

ultimate tumor immunity as the tumor micro-environment was

analyzed from the first three mice in each group that developed

tumor and do not necessarily represent the mice with delayed or

absent tumor growth.

Several potential shortfalls of our findings are evident

considering prior literatureThe lack of myeloid-derived

suppressor cells (MDSC) analysis in the B16-F10 mice models

used is evident. Previous studies have shown that the liver-X

nuclear receptor (LXR)/ApoE axis reduce MDSC abundance in

murine melanoma models by binding to Lrp8 receptor on

MDSC. MDSC blockade by LXR-induced ApoE enhanced

cytotoxic T cell activation in B16-F10 bearing mice and

patients, eventually leading to reduced melanoma growth (18).

Hence, a further analysis of the innate and adaptive immune

responses (including possibly depletion strategies to validate the

model) is required to fully understand the implications of apoE

in tumor immunity. Another potential limitation of our study is

the assumption of cytokine responses observed. Cytokines have

complex roles in immune response modulation, and it is also

shown that IL-10 is considered to be immune-stimulatory as

opposed to immune-suppressive (31) while IL-1a/b can be

immune-suppressive. Thus, the results described for ApoE
FIGURE 13

Cumulative survival of patients associated with bifurcate gene expression at 30%. TCGA database includes primary and metastasis samples
(n=462). APOE expression did not associate with survival, while PD-L1 and PD1 was associated with survival at this level of analysis. The
correlation was evaluated by the Spearman correlation coefficient with a cut-off value of 0.5 and P-value used a cut-off value of 0.05.
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secreted from B16 melanoma tumor cells may impair activation

of pro-inflammatory DCs and can be interpreted in an opposite

direction. Our results also add to a conflicted literature in which

apoE can mediate either pro- or anti-tumor effects. We employ

CRISPR gene editing to assess the tumor-intrinsic effects of

ApoE. Previous studies have indicated that regardless of the gene

being targeted, that CRISPR/Cas9 manipulation can yield tumor

cells of increased immunogenicity based on expression of Cas9-

derived xenoantigens (32). Thus, reduced growth rate and

increased immunogenicity of ApoE-/- B16 melanoma cells in

vivo could be more dependent on Cas9 than ApoE-deficiency,

however several of our B16-F10 melanoma controls do have

CRISPR/Cas9 expression alone that do not seem to

alter immunogenicity.

Despite these contradictions, our findings suggest that apoE

plays a substantial immunomodulatory role with multiple

inhibitory effects on T cell function, inflammatory cytokine

response, and activation of dendritic cells. ApoE also protects

tumors by suppressing tumor cell immunogenicity. ApoE-/- B16

cells induced robust immunity in whatever circumstance they

were tested either as the primary immunogen in vivo or with re-

stimulation of splenocytes ex vivo. Together, the multiple

experiments presented, establish the potent inhibitory effects

of apoE on immune cell function and activation of immune

signaling in the melanoma mouse model. These findings present

an opportunity to exploit this pathway for enabling tumor

immunity and cancer immunotherapy.

To understand the correlation between immunity and APOE

expression in patients with melanoma, we accessed the

raw RNA-seq data from the TCGA melanoma datasets

(measured by RSEM algorithm) (n=462). Although APOE was

abundantly present in the tumors, there was no correlation

between APOE and PD1 or PD-L1 expression and there was

also no association between APOE and cell infiltrates as there

was between PD-L1 and T-cell/neutrophil expression. The

findings do not take into consideration the serum levels of

ApoE in the patients themselves. The observations from our

mouse model imply that the absence of tumor ApoE alone is not

sufficient to induce immunity in that the serum level of the host

also has significant suppressive effects on induced immunity. In

our patient analysis, we did not find any association with APOE

and inflammatory tumors as we did for PD1 and PD-L1, nor did

we find any association with patient survival. ApoE seems to be a

potent suppressor of immunity and therefore may act

independently of the classic well described checkpoints.

In summary, apoE plays a broad role in immune resistance

observed in the WT B16 melanoma tumors. ApoE inhibits

activation of immune cells, inflammatory signals, and tumor

immunogenicity both locally and systemically via cellular

secretion and host production. This work shows that tumor

immunity can be restored and enhanced by targeting apoE.

These findings identify apoE as a novel tumor checkpoint and an
Frontiers in Immunology 16
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obvious target for improving tumor immunity with

cancer immunotherapy.
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Case report: Hashimoto’s
thyroiditis after CD19 chimeric
antigen receptor T-cell therapy

Panpan Chen1†, Yongming Xia2†, Wen Lei1, Shuhan Zhong1,
Huawei Jiang1, Lingling Ren1, Wenbin Qian1 and Hui Liu1*

1Department of Hematology, The Second Affiliated Hospital, Zhejiang University School of
Medicine, Hangzhou, China, 2Department of Hematology, Yuyao People’s Hospital of Zhejiang
Province, The Affiliated Yangming Hospital of Ningbo University, Ningbo, China
Chimeric antigen receptor (CAR)-T cell therapy is a novel cell therapeutic

approach that is increasingly being used to treat patients with relapsed

refractory B-cell lymphoma. Despite the efficacy of CAR T cell therapy, it has

various adverse effects that can affect any organ in the body. The application of

immune checkpoint inhibitors such as programmed death 1 (PD-1),

programmed death ligand 1 (PDL-1), and cytotoxic T-lymphocyte antigen 4

(CTLA-4) antibodies has previously been reported to be associated with

immune-related adverse events such as thyroid dysfunction and thyroiditis.

Reports of immune-related adverse reactions after CAR T therapy are currently

extremely rare, with only one case of a cytokine storm (CRS) combined with

severe arthritis in a patient with ALL after treatment. Here, we describe two

cases of Hashimoto’s thyroiditis secondary to CAR T therapy. Two patients with

relapsed refractory diffuse large B-cell lymphoma developed elevated

peroxidase and globulin antibodies secondary to CAR-T cell therapy and

developed Hashimoto’s thyroiditis. Complete remission was achieved in two

patients at 1 and 3 months after CAR-T cell therapy. The inflammation of the

thyroid tissuemay be directly or indirectly related to CAR T cell therapy, and the

mechanisms needs to be further investigated.

KEYWORDS

thyroditis, CAR T, lyphoma, TgAb, irAEs
Case presentation

Case 1

A 65-year-old male presented with dull pain and mass on the left side of the neck

without significant fever or chills, no nausea or vomiting, no abdominal pain, bloating or

diarrhea, and no hoarseness. thyroid puncture was performed in 2017 and pathology

suggested diffuse large b-cell lymphoma, GCB type, high-grade B-cell lymphoma,
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immunohistochemistry: CK-, EMA-, CD20+, CD79a+, CD3

little +, CD5 little +, CyclinD1-, BCL2-, BCL6 70%+, CD10

focal weak +, MUM1-, P53-, Kappa-, Lambda-, Ki-67 60%,

CD19+, PD-L1-, FISH: MYC-, BCL2-, BCL6-. six times

standard therapy with rituximab plus cyclophosphamide,

doxorubicin, vincristine, and prednisone (R-CHOP), did not

achieve partial remission (PR). Given rituximab plus

gemcitabine, cisplatin and dexamethasone (R-GDP), the

patient developed tinnitus in the right ear, so changed to

rituximab plus gemcitabine oxaliplatin (R-Gemox) regimen

chemotherapy. After four times of R-Gemox regimen

chemotherapy, the patient performed autologous hemopoietic

stem cell transplantation (HSCT) in April 2018. Subsequent

PET-CT (Figure 1) suggested a hypodense thyroid nodule

1.8*2.7*3.4 cm3 with unclear borders, localized at the anterior

borders above the lesion invading the anterior vocal cord union,

SUVmax 16.38. The patient was proposed for CAR T therapy,

peripheral lymphocytes were collected (Table 1). On November

8, 2018 fludarabine and cyclophosphamide (FC) pretreatment

regimen was performed to clearance of lymphocytes, and CAR T

cells were infused back on November 12 (Table 2). The disease

was evaluated in partial remission at one month and complete

remission at three months (Table 3). Ultrasound suggested

thyroid nodule of 0.8*0.6 cm (Figure 2), thyroid ultrasound

suggested thyroid inflammation, thyroid function T3, T4, TSH

within normal range, anti-thyroid peroxidase antibody and
Frontiers in Immunology 02
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thyroglobulin antibody were elevated (Table 1). Consider

secondary Hashimoto’s thyroiditis.
Case 2

A 52-year-old female presented with right cervical lymph node

enlargement without tenderness. A lymphoproliferative lesion was

found during a neck biopsy at an outside hospital in October 2016.

On reexamination 2 months later, the lymph node was enlarged by

approximately 6* 8 cm without tenderness, with limited mobility,

chest tightness, shortness of breath, no fever or chills, and no cough

or sputum. A right cervical lymph node biopsy in December 2016

suggested (cervical lymph node) non-Hodgkin lymphoma,

consistent with diffuse large b-cell lymphoma of germinal center

origin, immunohistochemistry: CD3+, CD20+, Ki-67 60%+,

CD79a+, CD30 partial+, CD5-, CD10+, BCL2+, BCL6 scattered

+, MUM1-, PAX5+, CD21-, CyclinD1-, C-MYC-. ALK-, EBER-,

CD15-. After the diagnosis was confirmed one course of

chemotherapy with R-CHOP regimen, 3 courses of rituximab

plus etoposide, cyclophosphamide, adriamycin, vincristine,

prednisone (R-ECHOP) regimen, and 4 courses of R-CHOP

regimen with partial remission assessed for efficacy. Lymph node

enlargement 2 months after the end of chemotherapy and another

lymph node biopsy in August 2018 suggested diffuse large b-cell

lymphoma of germinal center origin and disease progression was
FIGURE 1

PET-CT images of two patients before and after CART treatment.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.995496
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2022.995496

Frontiers in Immunology 03
476
considered. PET-CT (Figure 1) suggested lymphoma after

chemotherapy: deep right sternocleidomastoid muscle and

cervical sheath, right cervical root, left cervical sheath, bilateral

supra- and inferior clavicular regions, mediastinal thoracic inlet

and upper mediastinal vascular space, multiple deep axillary nodes

of variable size on both sides Lymph nodes with varying degrees of

increased FDG metabolism. Peripheral blood lymphocytes were

collected on September 19, 2018. Pretreatment clearance of

lympohcytes with FC protocol was performed on September 29,

2018 and CAR - t cell infusion was performed on October 4. One

month later the disease was assessed to be in complete remission

(Table 4). During follow-up, the patient had elevated TGAb,

TMAb and TPOAb, but normal thyroid function (Table 2).

Secondary Hashimoto’s thyroiditis was considered.
Discussion

CAR - T cell therapy is a novel biological therapy in which T

cells are genetically transduced to express specific CAR - T proteins

that specifically recognize target antigens and kill target tumor cells

(1). The major adverse effects of CAR - T cell therapy are cytokine
TABLE 1 Summary of the 2 cases with thyroid irAEs after CAR T cell therapy.

Case summaries Following pembrolizumab therapy Overview of 18 FDG-PET/CT imaging

Patient thyroiditis-related
irAE

TSH T3 FT3 T4 ATG
Ab

TPO
Ab

TG Baseline After abnormal
TFTs

Time from CAR T
infusion, mo

Patient 1 Thyroiditis, transient 2.06 1.57 4.32 94.5 171.8 31.48 NA Increased Increased 3

Patient 2 Thyroiditis, transient – 1.74 5.58 125.6 13.29 33.83 6.02 No
increase

Increased 3
NA, not available.
TSH, 0.35 to 4.94 mIU/L.
Total T3, 0.98 to 2.33 nmol/L.
FT3, 2.43 to 6.01 pmol/L.
Total T4, 58.1 to 140.6 nmol/L.
TPO Ab, <5.61 IU/mL.
ATG Ab, <4.11 IU/mL.
TG, 3.5-77.0 mg/L.
TABLE 2 Dynamic changes of serum cytokines after CAR T cell therapy.

Time from CAR T infusion, days Patient 1 Patient 2

IL-6 TNF-a INF-g IL-6 TNF-a INF-g

D1 3.84 1.14 9.51 14.22 8.57 0.1

D4 5.05 3.55 5.52 130.35 80.48 0.1

D8 10.33 2.32 12.28 8.98 18.73 0.1

D11 4.63 1.8 13.39

D30 22.61 0.1 0.1 3.11 0.19 3.93

D90 1.82 0.95 2.56 1.67 0.87 0.1

D180 3.33 0.46 1.13 11.94 2.91 6
frontie
IL-6, Interleukin-6; TNF-a, tumor necrosis factor-a; INF-g, Interferon-g.
IL-6, 0.0 to 16.6 pg/ml.

TNF-a, 0.0 to 5.2 pg/ml.
INF-g, 0.0 to 17.3 pg/ml.
TABLE 3 Timeline of Patient 1.

Day Event

2017/5/10 Diagnosis as diffuse large b-cell lymphoma

2017/5/10 R-CHOP

2017/6/13 R-CHOP

2017/7/4 R-CHOP

2017/7/25 R-CHOP

2017/8/15 R-CHOP

2017/9/5 R-CHOP

2017/10/17 R-GDP

2017/11/29 R-GeMox

2017/12/22 R-GeMox

2018/1/15 R-GeMox

2018/2/9 R-GeMox

2018/3/1 R-GeMox

2018/4/2 autologous hemopoietic stem cell transplantation (HSCT)

2018/10/29 peripheral lymphocytes collection

2018/11/8 fludarabine and cyclophosphamide (FC) pretreatment

2018/11/12 CAR T cells infusion

2018/12/14 partial remission

2019/02/20 complete remission
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release syndrome, neurotoxicity, and targeted and untargeted

killing of healthy cells (2, 3). Li et al. reported a rare case of a

patient with acute lymphoblastic leukemia who developed CRS

with major arthritis after CAR T treatment and relief of joint

symptoms after glucocorticoid therapy (4). No other immune-

related adverse reactions (irAEs) were reported after CAR T cell

therapy. Here, we report for the first time the progression of

Hashimoto’s thyroiditis (HT) in two patients with diffuse large B-

cell lymphoma treated with CAR T cells.

Both patients had diffuse large B cell GCB subtype and

elevated thyroid-associated antibodies after CAR - T treatment,

but thyroid function remained within normal limits. Thyroid
Frontiers in Immunology 04
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ultrasound suggested localized thyroid inflammation. We believe

that these two patients developed complications of Hashimoto’s

thyroiditis (HT) after CAR - T treatment.

HT is a common autoimmune disease of the thyroid gland

characterized by an enlarged or nodular thyroid gland with

clinical manifestations of hyperthyroidism or hypothyroidism

(5). In the pathophysiology of HT, B cells that produce

inflammatory antibodies such as TGAb, TMAb, and TPOAb

play a major role in thyroid tissue injury and are also involved

in the infiltration of other lymphocytes, including plasma cells,

natural killer cells, and macrophages (5). Several studies have

shown that HT is an organ-specific autoimmune disease mediated

by T cells (5). The relatively active function of helper T

lymphocytes leads to decreased or even defective T lymphocyte

function, resulting in a disruption of the balance between Th and

T cells, leading to thyroid immune dysfunction (5). Several studies

have reported the occurrence of HT after the use of immune

checkpoint inhibitors (6). We report two cases of diffuse large B-

cell lymphoma with HT after CAR T cell therapy. Ultimately,

neither patient developed hypothyroidism and thyroid antibodies

decreased at late follow-up. This is the first international report of

HT complications after CAR T cell therapy.

In the previous literature, the use of immune checkpoint

inhibitors has been reported to cause autoimmune associated

inflammation in one organ or multiple systems throughout the

body (7). Most immune responses occur in endocrine organs,

particularly the thyroid (8). Related studies have shown that

hypothyroidism occurs in 6-13% of patients receiving

immunosuppressive therapy and hyperthyroidism in 3-16%

(8). Adverse thyroid reactions occur over a wide range of time,

from 1 day to 3 months after treatment, and even after cessation
TABLE 4 Timeline of patient 2.

Day Event

2017/1/5 Diagnosis as diffuse large b-cell lymphoma

2017/1/5 R-CHOP

2017/2/6 R-ECHOP

2017/3/3 R-ECHOP

2017/3/30 R-ECHOP

2017/4/28 R-CHOP

2017/5/19 R-CHOP

2017/6/13 R-CHOP

2017/7/4 R-CHOP

2018/9/19 peripheral lymphocytes collection

2018/9/29 fludarabine and cyclophosphamide (FC) pretreatment

2018/10/4 CAR T cells infusion

2018/11/6 complete remission

2019/01/9 complete remission
FIGURE 2

Ultrasound images of the thyroid gland after CART treatment in two patients.
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of treatment. More patients with thyroiditis present with only

elevated antibodies and normal thyroid function.

The mechanisms underlying immunotherapy for

hypothyroidism is not fully understood. There may be thyroid

inflammation, in which both T cells and natural killer cells may be

involved (7, 9). The mechanism of thyroid inflammation after

CAR T therapy have not been investigated. In conclusion,

thyroid inflammation is associated with a combination of

immunopathogenesis, with the entry of CAR - T cells into the

bloodstream, the balance of T cells in the thyroid is disrupted, the role

of T helper lymphocytes increases and the function of regulatory T

cells decreases, which eventually leads to the production of antibodies

by B lymphocytes and cytotoxic effects by antibody-dependent

thyroid cells. On the other hand, when CAR - T cells enter the

human body, cytotoxic CAR - T cells upregulate the expression of Fas

and FasL in thyroid cells by releasing a large number of cytokines,

thus promoting apoptosis and eventually leading to HT. the above

are only speculations on the possible mechanisms, and the specific

mechanisms need to be further investigated.

Conclusion

We reported for the first time the development of HT in two

patients with diffuse large B-cell lymphoma treated with CAR T

cells; these two patients presented only show elevated thyroid

antibodies and no thyroid dysfunction was found, requiring

no treatment.
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Case report: The remarkable
response of pembrolizumab
combined with RC48 in
the third-line treatment of
metastatic urothelial carcinoma

Zhenying Xu, Jiaman Ma, Ting Chen and Yu Yang*

Department of Abdominal Oncology, West China Hospital, Sichuan University, Chengdu, China
Background: Systemic chemotherapy has been the mainstay treatment for

locally advanced or metastatic urothelial carcinoma (UC). In the past few years,

novel immune checkpoint inhibitors (ICIs) and antibody-drug conjugates

(ADCs) have improved the treatment of advanced UC.

Case presentation: Here, we report systemic therapy of a 68-year-old male

diagnosed with HER2 positive (immunohistochemistry 3+), programmed cell

death ligand 1(PD-L1) negative metastatic UC, and renal insufficiency. He had

encountered numerous metastases and failed first-line platinum-based

chemotherapy and second-line treatment with pembrolizumab and

trastuzumab. During third-line treatment with RC48 (a HER2 targeting ADC)

combined with pembrolizumab, he achieved a rapid partial response (PR) in the

first evaluation and subsequent complete response (CR) on PET/CT and long-

term progression-free survival (>12 months) at the last follow-up on 25 August

2022. There are no grade 3 or 4 adverse events or aggravations of renal

insufficiency during the third-line therapy.

Discussion: RC48 combined with pembrolizumab demonstrated outstanding

efficacy and safety in this HER2-positive metastatic UC patient. ADC combined

with ICI is a promising anti-tumor strategy that deserves further exploration in

advanced UC.

KEYWORDS

urothelial carcinoma, human epidermal growth factor receptor 2 (HER2),trastuzumab
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Introduction

Urothelial carcinoma (UC) is a multi-origin malignancy

originating from the urinary tract epithelium, including the

renal pelvis, ureter, bladder, and urethra. UC is the most

common cancer type of the genitourinary system worldwide.

Platinum-based chemotherapy is the primary clinical

management for advanced UC, which has shown slow

development over the past 30 years. New treatment options,

including immune checkpoint inhibitors (ICIs) and antibody-

drug conjugates (ADCs), have recently significantly improved

the treatment of advanced UC. Up to this point, the Food and

Drug Administration (FDA) has approved pembrolizumab and

atezolizumab to treat patients with locally advanced or

metastatic UC. Human Epidermal Growth Factor Receptor 2

(HER2), a typical oncogene in humans, is relatively highly

expressed in UC. Disitamab Vedotin (RC48), an ADC

designed for HER2, has demonstrated promising therapeutic

efficacy in advanced UC and has received Breakthrough Therapy

Designation from the FDA as second-line treatment for patients

with advanced UC with high HER2 expression, including

immunohistochemistry (IHC) 2+ or 3+. In January 2022,

RC48 was endorsed by China’s National Medical Products

Administration to treat locally advanced or metastatic UC

patients with high HER2 expression (IHC 2+ or 3+) who have

previously failed platinum-containing chemotherapy.

This article reported the excellent viability and well-being

profile of pembrolizumab combined with RC48 as a third-line

treatment for a patient with HER2 positive (IHC 3+) and

programmed cell death ligand 1(PD-L1) negative metastatic

UC and renal insufficiency who failed two cycles of second-

line treatment with pembrolizumab plus trastuzumab.
Case presentation

A 68-year-old male presented to the outpatient unit in

December 2020 with upper abdominal pain. He was diagnosed

with high-grade bladder UC 12 years ago. He underwent radical

total cystectomy on February 5, 2010, and total urethrectomy for

recurrence in the urethra on 25 April 2012. In April 2018, the

patient sought care for a swollen left lower limb. The positron

emission tomography and computed tomography (PET/CT)

scan showed partial invasion of soft tissue into the left iliac

vessels in the left pelvis. Subsequently, the biopsy pathology

report confirmed UC metastasis. After receiving six cycles of

gemcitabine plus cisplatin (GP) chemotherapy, he achieved a

complete response (CR). However, he did not follow up

regularly for more than 2 years from August 2018. In

December 2020, the patient presented to our hospital for

abdominal pain with enhanced CT showing foci in the right

kidney and right ureter indicative of UC (4.6 cm × 6 cm)
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accompanied by multiple metastases in the liver (maximum of

6.6 cm × 4.4 cm) and lymph nodes in the abdomen and

retroperitoneum. The liver biopsy results confirmed metastatic

UC. IHC exhibited PD-L1 (−), MSH-2 (+), MSH-6 (+), MLH-1

(+), PMS2 (+), and Her2 (+++). The patient also had renal

insufficiency with a creatinine of 109 umol/L. The renogram

showed mild functional impairment in the left kidney and

moderate-to-severe impairment in the right kidney. After

receiving first-line treatment with gemcitabine plus carboplatin

(GCb) chemotherapy on 25 December 2020, he achieved a

partial response (PR) as measured using Response Evaluation

Criteria in Solid Tumors (RECIST) Version 1.1. However, the

tumor progressed after five cycles of chemotherapy because of

enlarged hepatic metastases.

The second-line treatment involved trastuzumab 8 mg/kg

loading dose followed by 6 mg/kg Q3W and pembrolizumab

200 mg Q3W from 23 June 2021 (Figure 1A). After two cycles, a

magnetic resonance imaging (MRI) scan showed the tumor had

progressed. On MRI, tumor foci exhibited heterogeneity in

efficacy. Notably, the hepatic metastasis in the right posterior

upper lobe significantly increased in size (6.6 cm × 5 cm),

whereas the rest of the metastases of the liver and lymph node

were reduced (Figure 1B). Third-line treatment with RC48

115 mg Q2W and pembrolizumab 200 mg Q3W started on 20

August 2021. After three cycles of treatment, the first evaluation

achieved PR with a significant reduction in metastases in the

liver (maximum size of 2.5 cm × 2.4 cm) and abdominal lymph

nodes on 29 October 2021 (Figure 1C). The time to response

(TTR) was 70 days. Due to the inconvenience of admission from

another city, subsequent treatment continued about every four

weeks. Imaging reexamined every 2–3 months showed sustained

PR (Figure 1D). At the last follow-up on 25 August 2022, PET/

CT was performed again. The report showed no definite signs of

the tumor throughout the body, and hepatic lesions with low

density showed complete remission of metabolism after anti-

tumor treatment (Figure 2). The patient achieved CR. At this

moment, the progression-free survival (PFS) in the third-line

treatment was more than 12 months. No grade 3 or 4 adverse

events (Common Terminology Criteria for Adverse Events 5.0)

or aggravation of renal insufficiency was observed during

treatment with pembrolizumab combined with RC48. In the

initial stage of treatment, the patient experienced grade 2

vomiting with a weight loss of 10 kg, which may be attributed

to RC48. Considering that the antiemetic effect of 5-

hydroxytryptamine receptor antagonist was not obvious, he

was given olanzapine 5 mg qd orally for a short time. The

vomiting symptoms were quickly controlled and the weight

gradually recovered. During the third-line treatment, the

patient maintained a good quality of life. Currently, the

patient’s performance status score was 0, and treatment is

continuing. The main treatment steps for the patient are

shown in Figure 3.
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Discussion

This case was metachronous UC with multiple origins. The

patient had previously been diagnosed with UC of the bladder

and underwent surgery in 2010, but HER2 status was unknown.

After about ten years, he was diagnosed with right kidney and

ureteral UC with liver, abdominal, and retroperitoneal lymph

node metastases and HER2 positive (IHC 3+) through imaging

and liver biopsy in December 2020.

HER2 is an essential therapeutic target of anticancer drugs. For

HER2-positive (IHC 3+ or 2+ and FISH +) advanced breast cancer

and gastric cancer, chemotherapy combined with trastuzumab is

the indicated first-line standard therapy (1, 2). Studies have reported

6%–17% HER2 mutations and amplification in UC (3). However,

in first-line and maintenance treatment, monoclonal antibodies
Frontiers in Immunology 03
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(mAbs) and tyrosine kinase inhibitors (TKIs) for HER2-positive

UC failed. A phase II trial (4) compared gemcitabine plus platinum

chemotherapy with or without trastuzumab in advanced UC

overexpressing HER2. No significant difference was found in

median PFS (10.2 vs. 8.2 months, p = 0.689) or median overall

survival (mOS) (15.7 vs 14.1 months, p = 0.684) between the two

treatment options. In a phase III trial, lapatinib maintenance

therapy showed no significant improvements in OS after first-line

chemotherapy for HER1 or HER2-positive metastatic urothelial

bladder cancer. In addition, the difference in PFS or OS was not

associated with HER status (HER1-positive only, HER2-positive

only, and IHC 3+ for HER1/2) (5). Therefore, the current systemic

treatment options for advanced UC are not stratified by HER2

expression. For cisplatinum-tolerant patients, GP or methotrexate,

vinblastine, doxorubicin, and cisplatin (MVAC) combined with
A

B

D

C

FIGURE 1

Lesions of the liver, ureteropelvic calyces, and lymph node change during the second-line treatment of pembrolizumab combined with
trastuzumab and third-line treatment of pembrolizumab combined with RC48. (A) The baseline MRI image of the second-line treatment. (B) The
image of tumor progression after second-line treatment, and the baseline image of the third-line treatment. The hepatic metastasis in the right
posterior upper lobe was significantly enlarged and the other lesions reduced after second-line treatment. (C) The first efficacy evaluation after
third-line treatment for 2 months: partial response. All tumor foci are reduced. (D) The image evaluation after third-line treatment for 8 months:
partial response.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.978266
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xu et al. 10.3389/fimmu.2022.978266
granulocyte colony-stimulating factor (G-CSF) is the recommended

first-line chemotherapy, with mPFS of 7.7–8.3 months and mOS of

14–15.2 months (6). Cisplatinum-intolerant patients can receive

GCb chemotherapy (7) or immunotherapy with pembrolizumab or

atezolizumab (8, 9). Pembrolizumab is the standard second-line

treatment for advanced UC after failing platinum-based
Frontiers in Immunology 04
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chemotherapy, with an mOS of 10.3 months and an mPFS of 2.1

months reported in the KEYNOTE-045 trial (10).

Despite the shortage of data about immunotherapy combined

with trastuzumab onUC, our ideas mainly referred to the treatment

progress of gastric cancer. In preclinical studies, trastuzumab has

been shown to stimulate HER2-specific T-cell responses (11) and
FIGURE 3

Timeline scheme of the major clinical events of the patient.
FIGURE 2

The patient’s latest PET/CT showed a complete response on 25 August 2022. Several slightly hypodense shadows were seen in the liver
parenchyma, none of which showed abnormally high 18F-FDG uptake. No definite signs of residual tumors were seen throughout the body.
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upregulate programmed cell death protein 1 (PD-1) and PD-L1

expression (12, 13). Coadministration of PD-1 inhibitors and

trastuzumab enhances HER2-specific T-cell responses (11, 14). At

the 2020 American Society of Clinical Oncology (ASCO) annual

meeting, a Phase 1b/2 report combining pembrolizumab with

trastuzumab and chemotherapy provided an ORR of 76.7% for

advanced HER2-positive gastric cancer patients (15). Combining

trastuzumab with pembrolizumab therapy was selected as the

second-line treatment for our patient.

Unfortunately, in our patient with HER2-positive (IHC 3+)

and PD-L1-negative UC, no synergistic effect was produced by

combining trastuzumab with standard second-line pembrolizumab

therapy. Interestingly, variable efficacy was observed between the

enlarged right posterior superior hepatic metastasis and the reduced

remaining hepatic and lymph node metastases (Figure 1B).

Whether heterogeneity in HER2 expression existed among these

metastases and affected the treatment response was unclear.

Unfortunately, we could not verify this by biopsy of each

metastasis. The short PFS of our case is also consistent with a

later reported study (16). An analysis of 79 metastatic UC cases

treated with second-line anti-PD-1 immunotherapy showed

distinct differences in mPFS of 11, 3.7, and 1.8 months (p =

0.001) among HER2-negative (IHC 0), low-expression (IHC 2+7/

FISH− and IHC 1+) and overexpression (IHC 3+ and IHC 2+/

FISH+), respectively (16). HER2 expression levels increased from

negative to overexpression with decreasing ORR (42.4% vs. 31.6%

vs. 0%, p = 0.08). It was suggested that HER2 expression levels

might influence second-line immunotherapy for UC. Also, in a

phase 1b-2 trial, PANACEA (17) for trastuzumab-resistant,

advanced, HER2-positive breast cancer, the synergistic efficacy of

pembrolizumab plus trastuzumab was only observed in PD-L1-

positive patients, with anORR of 15% (6/40) and no remission in 12

PD-L1-negative patients. Therefore, the synergistic effect of

pembrolizumab plus trastuzumab in HER2-positive cancers may

differ depending on tumor type or expressed molecular marker.

RC48 (Disitamab vedotin) is a Chinese original HER2-

targeting ADC, which has demonstrated excellent efficacy in

advanced UC with HER2 IHC 2+/3+ in the phase II trials RC48-

C005 (18) and RC48-C009 (19), reported in early 2021. For

advanced UC patients who had failed at least one line of

chemotherapy, the confirmed ORR was 46.9%–51.2%, and the

mPFS was 4.3–6.9 months. The mOS was 13.9–14.8 months. In

June 2021, RC48 was first approved in China for advanced HER2

overexpressing gastric cancer patients who have received at least

two lines of systemic chemotherapy. In the phase II clinical study

of advanced gastric cancer patients who were under at least

second-line therapy, the ORR was 24.8%, the mPFS was 4.1

months, and the OS was 7.9 months (20). Subgroup analysis

showed that the previous use of trastuzumab did not
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significantly affect the efficacy of RC48 for gastric cancer.

Therefore, when our case progressed after trastuzumab

combined with pembrolizumab in August 2021, RC48 was

recommended. In the same period, the other two HER2-

targeting ADC drugs, T-DM1 and T-DXd, had no relevant

data on UC. The efficacy of apatinib for UC previously

reported was not ideal. Besides that, considering the hepatic

metastasis in the right posterior upper lobe was significantly

enlarged and the other lesions reduced after treatment with

trastuzumab combined with pembrolizumab, we also continued

to use pembrolizumab in the third-line treatment.

Our case showed that RC48-ADC still works despite the

failure of anti-HER2 monoclonal antibody therapy, which may

be explained in several ways. Firstly, hertuzumab, a humanized

anti-HER2 antibody, contained in RC48 is linked by a

detachable linker to monomethyl auristatin E (MMAE) a

microtubulin inhibitor. In addition to inhibiting the HER-2-

receptor signal pathway, RC48 produces an anti-tumor effect via

MMAE-induced cytotoxicity. Previous research also pointed to

antibody-dependent cell-mediated cytotoxicity (ADCC) activity

in in vitro assays (21–23). Secondly, compared with

trastuzumab, hertuzumab has a higher affinity for HER2 (21).

MMAE coupled with hertuzumab can potently kill HER-2

targeting tumor cells. Besides, MMAE released by enzymolysis

has high membrane permeability, which can penetrate adjacent

cells to produce a bystander effect and has a therapeutic effect on

tumor cells with low or no expression of HER2 (24, 25). In the

RC48-C011 study (26), for HER2-negative (IHC 0/1+) advanced

UC patients treated with ≥1 prior systemic therapy, RC48 also

showed promising efficacy, with an ORR of 26.3%. In the RC48-

C008 study (20), the ORR of RC48 was 24.8% in trastuzumab-

treated HER2-positive advanced gastric cancer patients who had

received at least second-line therapy. Besides, RC48 and PD-1

inhibitors have a good synergistic effect, which is significantly

higher than the efficacy of RC48 alone or PD-1 inhibitor

alone (27).

As far as we know, this is the first report of RC48 combined

with pembrolizumab in advanced UC. And more importantly,

this case previously experienced failure of an anti-HER2

monoclonal antibody combined with pembrolizumab

treatment. In our case, a phase Ib/II study (RC48-C014)

reported a preliminary result showing promising synergistic

efficacy of RC48 combined with toripalimab (an anti-PD-1

antibody) in advanced UC patients who were unable to tolerate

or refused chemotherapy, or progressed after at least 1 prior

systemic chemotherapy in 2021 (27). However, none of these

patients received anti-HER2 monoclonal antibody treatment

before enrollment. Seventeen patients enrolled (12 cases with

HER2 IHC2+/3+ and five cases with HER2 IHC0/1+) achieved
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an ORR of 94.1%. At the 2022 ASCO-GU annual meeting, a

phase 1b study of T-DXd combined with nivolumab also

showed antitumor activity in UC patients with HER-2 IHC2

+/3+ after the progression of chemotherapy, with an ORR of

36.7% (11/30) and mPFS of 6.9 months (28). For HER2-

positive UC, HER-2-targeting ADCs combined with ICIs

have shown good prospects, which deserve to be further

investigated. Currently, a phase III study comparing RC48 in

combination with toripalimab with chemotherapy in

previously untreated HER2-expressing advanced UC is going

on (NCT05302284).
Conclusion

In summary, we reported that a metastatic UC patient with

HER2 positive (IHC 3+) achieved a remarkable response,

excellent PFS, and good tolerance when treated with

pembrolizumab combined with RC48 after the failure of

second-line treatment with pembrolizumab combined with

trastuzumab. Although our report was only a case, it showed a

significant difference in the efficacy of anti-HER2 drugs for UC.

RC48 combined with immunotherapy has shown a very good

prospect in advanced UC. It is worth further exploring in

patients with low or negative HER2 expression and evaluating

the efficacy of front-line therapy.
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Exploitation of tumor antigens
and construction of immune
subtype classifier for mRNA
vaccine development in
bladder cancer
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6Department of Immunology, School of Basic Medical Sciences, Department of Oncology, Capital
Medical University, Beijing, China, 7Beijing Institute of Infectious Diseases, Beijing, China,
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Background: Bladder cancer (BLCA) is one of the most prevalent urinary

system malignancies, with high mortality and recurrence. The present study

aimed to identify potential tumor antigens for mRNA vaccines in BLCA and

patient subtypes suitable for different immunotherapy.

Methods: Gene expression profiles, mutation data, methylation data, and

corresponding clinical information were obtained from the Cancer Genome

Atlas (TCGA), Gene Expression Omnibus (GEO), and ArrayExpress databases.

Immunohistochemical staining of microarrays was performed to assess protein

expression levels of IGF2BP2 and MMP9. Differential gene analysis, survival

analysis, correlation analysis, consensus clustering analysis, and immune cell

infiltration analysis were conducted using R software. Finally, the R package

“immcluster” was used based on Combat and eXtreme Gradient Boosting

algorithms to predict immune clusters of BLCA samples.

Results: Twomutated, amplified, and over-expressed tumor antigens, IGF2BP2

and MMP9, were found to be associated with clinical outcomes and the

abundance of antigen-presenting cells (APCs). Subsequently, three immune

subtypes (BIS1, BIS2, and BIS3) were defined in the BLCA cohort. BIS3 subtype

exhibited an “active” immune phenotype, while BIS1 and BIS2 subtypes have a

“suppressive” immune phenotype. Patients in BIS1 and BIS2 had a poor

prognosis compared to BIS3. BIS3 had a higher score in checkpoints or

immunomodulators (CP) and immunophenoscore (IPS), while BIS1 and BIS2
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scored higher in major histocompatibility complex-related molecules (MHC

molecules). Meanwhile, BIS2 and BIS3 had a significantly higher tumor

mutational burden (TMB) compared to patients with BIS1. Finally, the

“immcluster” package was applied to the dataset, which has been shown to

accurately predict the immune subtypes of BLCA samples in many cohorts.

Conclusions: IGF2BP2 and MMP9 were potential antigens for developing

mRNA vaccines against BLCA. The results in the present study suggested that

immunotherapy targeting these two antigens would be suitable for patients

falling under the BIS2 subtype. R package “immcluster” could assist in screening

suitable BLCA patients for antitumor therapy.
KEYWORDS

mRNAvaccine, tumor antigen, bladder cancer, immune subtypes, tumor immune infiltration
Introduction

Bladder cancer (BLCA) is one of the most prevalent urinary

system malignancies, with more than 83,000 new cases and an

estimated 17,200 deaths worldwide in 2020 (1). Risk factors

associated with BLCA include advanced age, male, cigarette

smoking, chronic inflammation, and occupational exposure

containing benzene dyes and factory chemicals, among others

(2, 3). BLCA can be generally categorized into non-muscle-

invasive bladder cancer (NMIBC) and muscle-invasive bladder

cancer (MIBC). In the former, the tumors are isolated in the

urothelium (Ta stage) and lamina propria (T1 stage), accounting

for approximately 75% of bladder cancers (2). MIBC invades the

muscle (stage T2) or beyond (stages T3 and T4) (2). Up to 15%

of patients with MIBC have a primary history of NMIBC, while

the remaining patients are diagnosed with primary MIBC (4).

Transurethral resection of the bladder tumor (TURBT) in

combina t ion wi th in t r ave s i ca l admin i s t r a t ion o f

chemotherapeutics or immunological pharmaceuticals is

regarded as standard therapy for NMIBC (5). Treatments for

MIBC consist of radical cystectomy, partial cystectomy,

neoadjuvant therapy, cytotoxic chemotherapy, immune

checkpoint inhibitors, or targeted therapies (2). However, a

high proportion of patients with bladder cancer progress to

high-grade or metastatic disease, with a 5-year progression rate

ranging from 0.8% to 45% in various studies (2, 6). Therefore,

effective therapeutics are needed to improve the prognosis of

BLCA patients.

To date, cancer immunotherapy, especially immune

checkpoint inhibitor (ICI) therapy, has gained considerable

success as a cancer treatment (7–9). However, not all patients

benefit from immunotherapy, both due to severe toxicity and

high cost of treatment (9). In phase 3 IMvigor211 clinical trial of

atezolizumab (PD-L1 inhibitor) targeting BLCA, the 24-mo
02
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survival rate was 23% with a median of 33 months of survival

post-follow-up. Another phase 2 study, KEYNOTE-057, of

pembrolizumab (PD-1 inhibitor) by Balar et al. showed that

39 of 96 patients (41%) with BCG-unresponsive carcinoma in

situ in the bladder had a complete response at 3 months. 13

(13%) patients exhibited grade 3 or 4 treatment-related adverse

events (10).

Tumor vaccines are another highly attractive alternative in

cancer immunotherapy (11, 12). Tumor vaccines induce a

sustained immune memory response that reactivates the

patient’s immune system to destroy cancer cells at the initial

moment of disease recurrence (13). Currently, tumor vaccines

that are applied either for bladder cancer indication or in the

clinical trial phase include BCG vaccine, MTBVAC (a live

attenuated vaccine derived from mycobacterium tuberculosis),

VPM1002BC (a modified BCG vaccine), PANVAC (a poxvirus

vector-based vaccine derived from two viral vectors), among

others (14–16). mRNA vaccines have recently attracted attention

with their application against SARS-CoV-2 (17). Several mRNA-

based cancer vaccines have been developed and registered for

various clinical trial stages, including prostate cancer,

glioblastoma, melanoma, and renal cell carcinoma (18).

However, the application of mRNA vaccines for bladder

tumors still remains to be explored.

The objectives of this study were to explore novel BLCA

antigens for the development of mRNA vaccines and to map the

immune landscape of BLCA in order to identify suitable patients

for vaccination. Two genes associated with poor survival and

antigen-presenting cell infiltration were identified and validated

in several databases. Based on prognostically immune-related

genes, we defined three immune subtypes between all cohorts

and explored the characteristics of the three different subtypes.

Our results can inform mRNA vaccine development and patient

selection for BLCA vaccination.
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Methods

Data source and processing

Gene expression data including mRNA count, Fragments

Per Kilobase per Million (FPKM), somatic gene mutations, and

DNAmethylation data (450k methylation array data) of patients

with bladder cancer, were retrieved from the Cancer Genome

Atlas (TCGA; https://tcga-data.nci.nih.gov/tcga/). Gene copy

number variation (CNV) DNA mutation data were collected

from cBioPortal for Cancer Genomics (cBioPortal; http://www.

cbioportal.org). Gene expression or mRNA array expression

data of other BLCA cohorts were downloaded from Gene

Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/

) and ArrayExpress (https://www.ebi.ac.uk/arrayexpress/).

To avoid the impact of batch effects, we only collected

the BLCA cohorts (GSE13507, GSE32894, and E-MTAB-4321)

with more than 100 samples with survival information for

further analysis.

Next, we used the “Combat” algorithm in the “sva” package

to reduce batch effects between all BLCA cohorts and produce a

Meta cohort, which included TCGA-BLCA, GSE13507,

GSE32894, and E-MTAB-4321 cohort.

Finally, mRNA sequencing data and clinical information

about BLCA PD-L1 treatment were extracted from the datasets

using the R package “IMvigor210CoreBiologies” (IMvigor 210

cohort), and the mRNA sequencing data and clinical

information about melanoma PD-1 treatment cohort were

collected from GEO (GSE78220).
Gene differential expression analysis

To accurately select over-expressed genes and avoid data

correction biases, we performed a differential analysis based on

mRNA count data from the TCGA BLCA cohort and using the

“DESeq2” algorithm. 1943 genes with log fold change (Log FC) >

2 and adjusted P < 0.05 were selected as over-expressed genes for

further analysis.
Survival analysis

Samples with no more than 30 days of overall survival (OS),

and disease-free survival (DFS) were excluded from the TCGA

cohort. The univariable Cox was used to define the hazard ratio

(HR) for genes based on mRNA expression data (log2[TPM+1]))

of the TCGA BLCA cohort. The statistical significance of

survival data was tested by the log-rank test. A P < 0.05 was

considered statistically significant.
Frontiers in Immunology 03
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Identification of subtypes by immune-
related genes in BLCA

A total of 1,811 immune-related genes extracted from the

import database (https://www.immport.org/) were used for

Kaplan-Meier and univariable Cox analysis of the TCGA

BLCA cohort. Then, 128 prognostic immune-related genes

were screened for non-negative matrix factorization (NMF)

analysis. Silhouette coefficient and three-dimensional principal

component analysis (3D PCA) were then used to validate the

subtype assignments based on the mRNA expression data.
Estimation of immune and
stromal infiltration

To avoid bias of a single algorithm, the abundance of immune

cell and stromal cell of BLCA sample were estimated by algorithms

“xCell”, “CIBERSORT”, “Tumor Immune Estimation Resource

(TIMER)”, “MCP-counter”, “EPIC”, and “quanTIseq” based on

the R package “immunedeconv”. Single-sample Gene Set

Enrichment Analysis (ssGSEA) was applied to assess the relative

abundance of 23 immune cell types, stem cells, and active levels of

other 15 signaling pathway ways for each sample. The list of genes

corresponding to each immune cell type and the associated

signaling pathways were obtained from recent publications (19, 20).
Functional enrichment analysis

Biological characteristics of each immune subtypes were

identified by GSEA analysis and Metascape (https://metascape.

org/) based on differential expression of the identified genes

between three subtypes.
Building and publishing of R
package “immcluster”

To predict the immune subtype of other BLCA cohorts not

including in the meta cohort, we built a classifier based on XGBoost.

First, 264 differential immune-related genes were identified by

differential analysis (P < 0.01) based on training cohort (TCGA).

Then, using the 10-fold cross-validation analysis of eXtreme

Gradient Boosting (XGBoost), we optimized the parameters of

the XGBoost model (max depth = 6, ta=0.4, and nround = 100)

using the training cohort (TCGA). Next, we reduced batch effects

between training and test cohorts using the “Combat” algorithm

and predicted the immune subtype of each test cohort using the

previously trained XGBoost model and TCGA cohort after batch

correction. Finally, to facilitate other researchers using the model
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and validating the proposed immune subtypes, we built the R

package “immcluster” and released it on Github (https://github.

com/ZylRpackage2022/immcluste).
Drug sensitivity analysis

The response of immunotherapy of the Meta cohort was

predicted by Tumor Immune Dysfunction and Exclusion (TIDE,

http://tide.dfci.harvard.edu/). The IC50 of chemotherapy of the

TCGA BLCA cohort was predicted by R package “pRRophetic”.
Immunohistochemistry

BLCA tissue with adjacent normal bladder tissue microarray

(HBlaU050CS01) was purchased from Shanghai Outdo Biotech

Co., Ltd., which contained 50 cases. Immunohistochemical

staining of microarrays was performed by Wuhan Servicebio

Technology Co., Ltd. (Wuhan, China). The primary antibodies

used were IGF2BP2 (Proteintech, Chicago, USA; catalog no.

11601-1-AP; used at a 1:1000 dilution), and MMP9 (Servicebio,

Wuhan, China catalog no. GB11132-2, using at a 1:200 dilution).

Histology score (H-score) analysis was used to assess the

staining intensity using the AIpathwell Software (Servicebio

Technology Co., Ltd.). The following formula was applied:

H − score =o(Pi� i) = (percentage of weak intensity cells � 1)

+ (percentage of moderate intensity cells � 2) +

(percentage of strong intensity cells � 3)

(where Pi represents the percentage of positivity,  and i represents intensity score)
Cell cultures and reagents

The mediums used for cell culture were listed in the Table

S1. SiRNA for IGF2BP2 and negative control (NC) were

provided by Genepharma (Shanghai, China). The siRNA

sequences were shown in Table S1.
RNA extraction and RT-qPCR methods

The kit for RNA extraction and RT-qPCR was listed in

Table S1.

Relative expression levels of IGF2BP2 were calculated using

the comparative Ct (DDCt) method, where Ct was the cycle

threshold number and normalized to GAPDH. The primer

sequences for RT-qPCR were shown in the Table S1.
Frontiers in Immunology 04
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Scratch assay method

After 48h of transfection, UMUC3 and T24 cells were seeded

into 6-well plates (1×106 cells/well). When cells reached over 80-

90% confluence, a single wound was made with a sterile plastic 20

ml pipette tip. After removing cellular debris, fresh serum-free

medium was added. Next, the wound was photographed at 0, 6,

and 24 hours after scraping. The cell migration rate was

calculated by the formula as follows:

Migration rate (%) = (original distance − measured

distance)/original distance×100%.
Western blot

The following antibodies were used: rabbit polyclonal anti-

IGF2BP2 (Proteintech, Chicago, USA; catalog no. 11601-1-AP),

and mouse monoclonal anti-b-actin (Proteintech, Chicago,

USA; catalog no. 66009-1-Ig).
Transwell assay

The 24-well transwell chamber was used (Corning Inc.) to

determine the cell migration capacity. After 48 h of transfection,

UMUC3 and T24 cells (1x105 cells/well) were seeded into the

upper chamber with a serum-free medium, and 500 ml medium

with 10% FBS was added to the lower chamber to act as a

chemoattractant. After incubation at 37°C for 48 h, migrated

cells were fixed by 4% formaldehyde and then stained using 0.5%

crystal violet.
Statistical analysis

Mann-Whitney U test was used to compare the two groups

with non-normally distributed variables. As a nonparametric

method, the Kruskal-Wallis test was adopted to compare

multiple groups. Contingent variables were analyzed with the

chi-square test or Fisher’s exact test. Spearman’s test was

conducted to analyze the correlation between gene expression

and immune cell abundance. Students t-test was used to

compare the differences of the staining intensity between the

normal tissue and bladder cancer groups after normality testing.

The analyses were performed using R software (Version 4.1.2,

https://www.r-project.org/) and Statistical Package for the Social

Sciences Software (SPSS, version 23.0, Chicago, IL, USA.) The

difference was considered statistically significant with P < 0.05.
frontiersin.org

https://github.com/ZylRpackage2022/immcluste
https://github.com/ZylRpackage2022/immcluste
http://tide.dfci.harvard.edu/
https://www.r-project.org/
https://doi.org/10.3389/fimmu.2022.1014638
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.1014638
Results

Identification of potential antigens
in BLCA

To detect potential tumor antigens of BLCA, we first

identified 6,739 overexpressed genes between normal and

tumor tissues and 11,978 genes exhibiting copy number

amplification (amplified rate > 1%). Their distributions on the

chromosomes were shown in Figures 1A, B. Then, a total of

9,413 mutated genes (mutation rate > 1%) were screened by

altered genome fraction and mutation counts (Figures 1C, D).

The most frequently mutated 15 genes were illustrated in

Figures 1E, F. Mutational analysis identified TIN, TP53,

MUC16, KMT2D, SYNE1, HMCN1, ARID1A, KDM6A,

PIK3CA, KMT2C, MACF1, and RYR2 as the most frequently

mutated genes in terms of both altered genome fraction and

mutational counts. Overall, 196 overlapping genes from

overexpressed, highly amplified, and frequently mutated genes

included in the Meta cohort were identified in the TCGA dataset

that could serve as potential tumor antigens (Table S2).
Identification of tumor antigens
associated with BLCA prognosis and
antigen presenting cells

The 196 aforementioned overlapping genes were used for

survival analysis to develop prognostically relevant antigens.

Eight genes were related to overall survival (OS) of BLCA

patients, where five genes showed a strong correlation with

DFS (Disease-free survival) (Figure 2A; Table S3). The survival

curves in Figures 2B-F indicated that elevated expression of ZIC2,

SLC6A17, PCSK9, MMP9, and IGF2BP2 in tumor tissues were

associated with poor prognosis compared to the low expression

group. The results of univariate COX regression analysis

indicated that all five genes were risk factors for bladder cancer

(HR > 1) (Figure 2G). In summary, these five genes were screened

as prognostically-relevant antigens in BLCA.

Antigen-presenting cells (APCs), including dendritic cells

(DCs), B cells, and macrophages, process and deliver antigens to

T lymphocytes, which initiate an adaptive immune response. We

next evaluated the relationship between the five overexpressed

genes and antigen-presenting cell (APC) abundance using seven

bioinformatic methods. As shown in Figure 2H, MMP9 and

IGF2BP2 were positively correlated with levels of several APCs.

We also explored the correlations between five overexpressed

genes and markers of APCs through Spearman rank correlation

and found that MMP9 and IGF2BP2 were significantly related to

expressions of markers (Table S4). The results of tissue

microarray-based immunohistochemical staining were shown in

Figure 3A. The expression of IGF2BP2 and MMP9 was
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upregulated in tumor tissues compared with adjacent normal

tissues (P<0.05) (Figures 3B, C).

Since MMP9 has been reported extensively in the field of

oncology including BLCA, we chosen IGF2BP2 for further

functional studies (21–24). As illustrated in Figure S1A, the

relative expression levels of IGF2BP2 in common bladder cell

lines were examined by RT-qPCR. Compared to urothelial cell

line (SV-HUC-1 cells), the expression levels of IGF2BP2 were

found to be relatively high in the bladder cancer cell lines

UMUC3 and T24 cells. To further investigate the function of

IGF2BP2 in bladder cells, we knocked down IGF2BP2 by specific

interfering RNA (siRNA) in UMUC3 and T24 cells. Then, RT-

qPCR and western blot analyses were performed to validate the

knockdown efficiency of siRNA (Figures S1B, C). Compared to

the NC group, the migration ability of the BLCA cells in the

siRNA2 group was reduced significantly after interference with

IGF2BP2 expression (Figures S1D, E). Taken together, two

tumor antigens (MMP9 and IGF2BP2) were identified as

promising candidates for developing mRNA vaccines

against BLCA.
Definitions of the three immune
subtypes of BLCA

Initially, a total of 1,811 immune-related genes were extracted

from the import database to screen prognostically-related genes in

the TCGA database. Consensus clustering was performed using

Nonnegative Matrix Factorization (NMF) analysis based on the

128 prognostically immune-related genes in Meta cohort. Using

the Total Within Sum of Square index (Figure 4A), we identified

the optimal cluster number (n = 3) of BLCA patients in the Meta

cohort and defined three immune subtypes, referred to as BIS1-

BIS3 (Figure 4B). Silhouette plot (average silhouette width = 0.98)

and 3D PCA analysis indicated distinct separations between the

three subtypes (Figures 4C, D). We next compared the

classifications defined in this study with previous classifications

from the TCGA cohort (25). We found that bladder cancers of

subtype BIS1 were mainly enriched in TP53-like and MS2b1

subtypes, samples of subtype BIS2 were mainly enriched in Basal

and MS2b2, those with subtype BIS3 were primarily enriched in

Luminal, MS1b and MS2a1 subtypes (Figure 4E). Subsequently,

we explored the relationship between survival and BLCA subtype.

BIS3 (n = 437) was associated with better prognosis (log-rank test,

P< 0.001, Figures 4F, G), while BIS1 (n = 164) and BIS2 (n = 186)

had poorer survival probability in the Meta cohort. Additionally,

consistent results were obtained in each cohort (TCGA OS: log-

rank test, P< 0.001; TCGA DFS: log-rank test, P = 0.002;

GSE13507: log-rank test, P = 0.009; GSE32894: log-rank test, P<

0.001; E-MTAB-4321: log-rank test, P< 0.001) (Figure S2),

indicating the reproducibility and stability of the subtypes

identified in this study. Finally, we explored MMP9 and
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1014638
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.1014638
IGF2BP2 expression levels in the three subtypes and found that

the two potential tumor antigens were lowest in BIS3 and highest

in BIS2 (Kruskal-Wallis test, P< 0.001) (Figure 4H). In conclusion,
Frontiers in Immunology 06
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immunotyping can be used to predict patient prognosis, and

patients of the BIS3 subtype could potentially have

better prognoses.
A B
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F

FIGURE 1

Identification of potential tumor antigens in BLCA. (A) Chromosomal distribution of the overexpressed genes in BLCA. (B) Chromosomal
distribution of the aberrant copy number genes in BLCA. Overlapping mutated genes distributed in the fraction genome altered group (C) and
mutation count group (D) were shown. Genes with the highest frequency in the fraction genome altered groups (E) and mutation count groups
(F) were individually shown.
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The clinical, cellular and immune
infiltration characteristics of BLCA tumor
with the three subtypes

Subsequently, the clinical features of the three immune

subtypes were investigated in the TCGA cohort (Figure S3).

BIS3 was less malignant, considering pathological stage and
Frontiers in Immunology 07
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histologic grade (x2 test, P< 0.001) compared to the other two

subtypes, consistent with survival outcome. In contrast, age (x2

test, P = 0.2433) and gender (x2 test, P = 0.5091) showed no

significant difference among three subtypes (Table S5).

Figures S4A, B depicted the activated and inhibited pathways

in the three subtypes based on the Kyoto Encyclopedia of Genes

and Genomes (KEGG) functional enrichment analysis.
A
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FIGURE 2

Identification of tumor antigens associated with clinical outcome in BLCA. (A) Tumor antigens significantly associated with OS and DFS from
over expression, highly amplified, and mutated overlapping genes. (B-F) Kaplan-Meier survival curve analysis for ZIC2 (B), SLC6A17 (C), PCSK9
(D), mmp9 (E), and IGF2BP2 (F) genes in the TCGA BLCA cohort. The log-rank test was used to determine the statistical significance of the
differences, and P< 0.05 was considered significant. (G) The univariable COX analysis of five potential tumor antigens in TCGA BLCA cohort. (H)
The correlation between APCs and five tumor antigens in the Meta cohort.
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Additionally, we explored the signaling pathways critical

for tumorigenesis and progression in three subgroups and

found that the three groups were inconsistently expressed in

all pathways (Figure S4C). To address the self-regenerating

properties, we compared the ssGSEA scores of stem cell gene

sets in three subtypes, and the results showed that BIS2 had the

highest score among the three groups, followed by BIS1 and BIS3

(Figure S4D).

Since response to mRNA vaccines correlates with tumor

immune status in the tumor microenvironment, the CIBERSORT

algorithm was used to evaluate the proportions of 22 types of

immune cell subpopulations among three subtypes (Figures 5A, B)

(26). BIS3 displayed higher abundance of CD8+ T cells, B cells, and

monocytes, while BIS3 showed lower proportions of immune

inhibitory cells such as M2 macrophage. Therefore, we concluded

that the BIS3 subtype exhibited an “active” immune phenotype,

while BIS1 and BIS2 subtypes had a “suppressive”

immune phenotype.

Figure 5C showed the expression of certain co-inhibitory and

co-stimulatory molecules in the three subtypes. We found that

the majority were differentially expressed in three subgroups.

Next, we characterized the immunogenicity of tumor subsets

by immunophenoscore (IPS) (27) and visualized using an

immunophenogram (Figure 5D). The results showed that BIS3

had a higher score in checkpoints or immunomodulators (CP)

and IPS, while BIS1 and BIS2 had a higher score in major

histocompatibility complex-related molecules (MHC

molecules). These results indicated that the immune subtypes

mirrored BLCA immune status and could stratify patients by

suitability for mRNA vaccination. We hypothesized that mRNA
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vaccines targeting MMP9 and IGF2BP2 could induce immune

infiltration in the tumor microenvironment of patients with

immunologically “suppressive” BIS1 and BIS2 tumors.
The molecular and multi-omics
characteristics of BLCA tumors within
the three subtypes

High tumor mutational burden (TMB) is correlated with

neo-antigen expression, which is presented by MHC proteins to

T-cells and induce an effector T-cell response (28). High TMB

also correlates with improved response to immune checkpoint

inhibitors (ICIs) and mRNA vaccination (29). BLCA belonging

to subtypes BIS3 and BIS2 had a significantly higher TMB

compared to patients with BIS1 in TCGA cohort (Figure 6A;

P< 0.05). When TMB was included as a variable, differences in

overall survival between the three subtypes was highly significant

(P< 0.001). BIS3 with high TMB showed the best prognosis, and

BIS2 with low TMB displayed the worst prognosis (Figure 6B),

consistent with our previous findings (Figures 4F, G). Among

the three immune subtypes, BIS2 had the highest mutation rate

(98.39%), followed by BIS3 (95.74%), and BIS1 (84.21%). The

landscape of the 20 most frequently mutated genes between the

three subtypes was displayed in Figure 6C. TP53 was the most

frequently mutated gene in all three subgroups (Figures 6C, D;

Table S6, P< 0.05). Overall, we found that TMB had a clear

relationship with our three previously defined immune subtypes

of BLCA, which remained to be explored further.
A B

C

FIGURE 3

Immunohistochemical evaluation of IGF2BP2 and MMP9. (A) Weak, moderate, and strong immunohistochemical staining of IGF2BP2 shown
respectively in normal and BLCA samples. (B)The H-scores of IGF2BP2 in BLCA tissues compared with normal tissues. (C) The H-scores of
MMP9 in BLCA tissues compared with normal tissues. *P < 0.05, ***P < 0.001.
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Related studies have found that DNA methylation can affect

the immune status of BLCA (30, 31). To explore the relationship

between DNA methylation in whole-genome and immune

subtypes, we performed NMF analysis based on the top 500

genes of variance of DNA methylation level and characterized

the DNA methylation status of the three immune subtypes

(Figure S5). The results showed that BIS3 was corresponded

with the cluster2 and cluster3 of DNA methylation subtypes

(Figure 6E). BIS3 had reduced whole-genome DNA methylation

compared to BIS1 and BIS2 (Figure 6F). This result suggested
Frontiers in Immunology 09
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that the DNA methylation could directly affect the immune

status of BLCA.
Developing a classifier to predict
immune subtypes in the BLCA cohorts

To make our immune subtypes reproducible and

generalizable, we developed a classifier to predict immune

subtypes in new samples. First, we performed pairwise
A B

D E
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C

FIGURE 4

Identification of immune subtypes in BLCA. (A) The Total Whin Sum of Square of NMF analysis with varying cluster number (k=1-10).
(B) Heatmap representing the consensus matrix in the Meta cohorts. (C) The Silhouette index of each sample after BLCA samples were divided
into three clusters by NMF analysis. (D) Stratification into three subtypes validated by 3D PCA analysis in the Meta cohorts. (E) Correlation
between immune subtypes and other molecular subtypes confirmed by previous studies in the TCGA cohort. (F) Survival analysis of OS for three
subtypes in the Meta cohorts. (G) Survival analysis of DFS for three subtypes in the Meta cohorts. The log-rank test was used to determine the
statistical significance of the differences, and P< 0.05 was considered significant. (H) IGF2BP2 and MMP9 gene expression levels in three
subtypes. ***P < 0.001.
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differential analysis across the immune subtypes in the training

cohort (TCGA) based on 1,811 immune-related genes. A total of

264 overlapping differential expressed genes were prioritized as

immune subtype-related genes for further analysis (Figure 7A;

Table S7). Metascape analysis revealed that these genes were

closely associated with the cell immune reactivity (Figure 7B;

Table S8). Next, the XGBoost algorithm was used to create a

classifier to predict immune subtypes, performing parameter

optimization 10-fold cross-validation (Figure S6). Subsequently,

we validated the accuracy of our classifier using the”immcluster”

R package, applied to the TCGA (training) cohort, Meta cohort

(excluding TCGA; testing cohort), (Figures 7C, D), and three

independent cohorts (Figure S7; Table S9). Our classifier had
Frontiers in Immunology 10
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accuracies of 1.000, 0.809, 0.803, 0.825, and 0.841, respectively,

showing the robust performance of our package. Importantly,

the “immcluster” R package can eliminate batch effects of data

from multiple datasets to improve accuracy and predictive

power on validation datasets.
Immune subtypes and classifier to help
antitumor therapy in BLCA

Since immune characteristics of tumors correlate with

treatment efficacy, we further explored the responsiveness of

different immune subtypes to antitumor therapy. First, we used
A B

D

C

FIGURE 5

Immune characteristics of three subtypes. (A) Heatmap of immune cell fraction among three subtypes in TCGA BLCA cohort. (B) Boxplot of immune
cell fraction among three subtypes in TCGA BLCA cohort. (C) Immune checkpoint of three subtypes in Meta cohort. (D) Immunophenogram for the
visualization of the parameters determining immunogenicity. Boxplot showed the immune score of three subtypes in TCGA BLCA cohort (MHC,
major histocompatibility complex-related molecules; EC, effector cells; SC, suppressor cells; CP, checkpoints or immunomodulators; AZ, averaged
z-score; IPS, immunophenoscore). *P < 0.05, **P < 0.01, ***P < 0.001.
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the TIDE algorithm to select patients who showed better

responses to immune checkpoint blockade (ICB) (32). The

results showed that patients in the BIS3 subtype had a lower

TIDE score than those in BIS1 and BIS2, and BIS3 had the

highest proportion of patients who responded to ICB, followed

by BIS2 and BIS1 (Figures 8A-C, P< 0.001). We further validated

the TIDE predictions in a large phase 2 trial (IMvigor210) (33),

which investigated the clinical activity of PD-L1 blockade in

metastatic urothelial cancer (Figures 8D-F). We found that BIS3

had the highest proportion of individuals responding to PD-L1

(27%), followed by BIS2 (24%), and BIS1 (15%), consistent with

the TIDE predictions. In addition, we explored the response of

patients within the three immune subtypes to PD-1 blockers in a
Frontiers in Immunology 11
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GSE78220 (melanoma) cohort (34) and found a similar trend to

the IMvigor210 cohort (Figures 8G, H; P< 0.05).

Finally, we predicted the IC50 of multiple chemotherapeutics in

the TCGA BLCA cohort. The results indicated that the BIS2 subtype

was most sensitive to drugs including mitomycin C, gemcitabine,

cisplatin, vinblastine, and doxorubicin, and the BIS3 subtype was

most sensitive to methotrexate treatment (Figure 8I, P< 0.001).
Discussion

Successful identification of tumor-associated antigens is the

basis for vaccine development. Proteins dysregulated by genetic
A B D
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C

FIGURE 6

Multi-omics characteristics among three subtypes. (A) Boxplot of TMB in three subtypes in TCGA BLCA cohort. (B) Survival analysis for three
subtypes and high/low TMB groups in the TCGA BLCA cohorts. (C) The waterfall plot of top 20 mutated genes among three subtypes in the
TCGA BLCA cohorts. (D) Triangle plot of differential gene mutation among three subtypes in the TCGA BLCA cohorts. (Fisher’s test, P< 0.05) (E)
Heatmap of top 500 variance genes methylation level in three subtypes. (F) The average methylation level of immune-related genes in three
subtypes in TCGA BLCA cohorts. *P < 0.05, ***P < 0.001; ns, no significance.
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and epigenetic aberrations in tumor cells, when recognized by

the immune system to attack cancer cells, can be classified as

tumor antigens (35). In the present study, we identified five

genes from overexpressed, highly amplified, and frequently

mutated genes, which were significantly associated with worse

prognosis in patients with BLCA in the Meta cohort and other

cohorts. Further, we found that gene expression of MMP9 and

IGF2BP2 was positively correlated with levels of several APCs,

which processed tumor antigens and presented them to CD8+T

cells. Additionally, we validated the expression of these two

genes in clinical samples and found that MMP9 and IGF2BP2

genes were highly expressed in bladder cancer tissues compared

to adjacent normal tissues, which meant they had the potential

for the development of tumor vaccines. Though further

preclinical evaluation and validation are still required, several

previous studies have considered the potential of these two

antigens as targets for mRNA vaccine targeting of BLCA.

Owyong et al. reported that MMP9 played a key role in the

early metastatic niche of tumorigenesis and promoted lung

colonization of circulating tumor cells. In the MMTV-PyMT

model, blocking the active form of MMP9 with a monoclonal

antibody inhibited endogenous and experimental lung

metastases (36). Andecaliximab (GS-5745, a monoclonal

antibody targeting MMP9) had been evaluated in several
Frontiers in Immunology 12
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clinical trials for indications including advanced gastric and

gastroesophageal junction adenocarcinoma (37) and advanced

pancreatic adenocarcinoma (38). IGF2BP2, an N6-

methyladenosine (m6A) reader, participates in multiple

biological processes by interacting with different RNAs (39).

Overexpression of IGF2BP2 has been found to confer shorter

survival and poor prognosis in multiple cancers (39), including

breast cancer (40), hepatocellular carcinoma (41), and

pancreatic ductal adenocarcinoma (42, 43).

Since the therapeutic response to an mRNA vaccine may be

limited to a small subset of patients, it is essential to screen

suitable populations for their suitability to vaccination (44).

Using prognostically immune-related genes, we classified

bladder cancer into three immune subtypes (BIS1, 2, and 3).

Patients in BIS3 had the best survival among the three subtypes,

while patients in BIS2 had shortened survival compared with

those in other subtypes, suggesting that the immunophenotype

can serve as a prognostic factor for BLCA. MMP9 and IGF2BP2

expression were lowest in BIS3 and highest in BIS2. In addition,

immunophenoscore results of CP and IPS were highest in BIS3,

while BIS1 and BIS2 had a higher score in MHC molecules.

Patients with subtype BIS3 and BIS2 had a substantially

higher TMB compared to patients with BIS1 in TCGA cohort.

These results indicated that patients in the BIS2 subgroup were
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FIGURE 7

Construction and validation of an immune subtype classifier. (A) Venn diagram showing differential expression of immune-related gene between
three subtypes in TCGA BLCA cohort. (B) The Metascape analysis of differential expression of immune-related genes. The alluvial diagram
(C) and Fisher’s test (D) of three subtypes samples in the validation cohort.
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more likely to be responsive to mRNA vaccines targeting MMP9

and IGF2BP2, while immune checkpoint inhibitors were more

suitable for patients in BIS3. Recently, McCann K et al.

demonstrated that vaccination in non-small cell lung cancer

with low mutational load was feasible and could be effective (45).

Therefore, clinical trials of vaccination against the BIS2

subgroup, which had high MMP9 and IGF2BP2 expression

and low TMB, is a promising future direction.

Compared to other types of vaccines, mRNA vaccines

have several advantages. The risk of insertional mutations by

integration into the host cell genome is unlikely to be a concern

for mRNA vaccines. In addition, the manufacturing process of
Frontiers in Immunology 13
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mRNAdoes not require cell culture or toxic chemicals; thus, mRNA

vaccines are considered to be relatively safe (46). mRNA vaccines

have the advantage of encoding different proteins or long peptides,

enabling a wide range of polyclonal immune responses, thus

avoiding possible immune escape owing to antigen loss or the

restriction to a certain HLA molecule (47). Meanwhile, mRNA

vaccines could deliver multiple antigens simultaneously, improving

the efficiency and effectiveness of treatment (48, 49). Recently,

several technical obstacles have been solved, including stability,

delivery, and immunogenicity of mRNA, and efficient delivery has

been achieved in vivo (46). In contrast to traditional protein subunit

and viral vaccines, mRNA vaccine production is rapid and relatively
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FIGURE 8

The drug sensitivity of different subtypes. (A) The distribution of TIDE score among the three subtypes in Meta cohort. The proportion (B) and
Fisher’s test (C) of immunotherapy response samples in different subtypes in Meta cohort. (D) Survival analysis for three subtypes in the
IMvigor210 cohort. The proportion (E) and Fisher’s test (F) of immunotherapy response samples in different subtypes in the IMvigor 210 cohort.
The proportion (G) and Fisher’s test (H) of immunotherapy response samples in different subtypes in GSE78220 cohort. (I) The boxplot of z-
score of chemotherapy drug IC50 between three subtypes in the TCGA BLCA cohort. ***P < 0.001.
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simple in production and manufacturing (46). In this study, we

focused onMMP9 and IGF2BP2 genes, which were both elevated in

BIS1 and BIS2 subtypes. Therefore, these two genes could be made

into a bivalent vaccine composition, which could expand the

vaccine population and enhance immune responses (48, 49).

Alternatively, tumor-targeting mRNA vaccines could be

combined with traditional chemotherapeutic agents or immune

checkpoint inhibitors. A phase II trial investigated the combination

of TriMixDC-MEL (autologous monocyte-derived dendritic cells

electroporated with synthetic mRNA) and ipilimumab (CTLA-4

blocking monoclonal antibody) in patients with pretreated

advanced melanoma. The results showed that this combination

achieved a high rate of durable tumor responses in patients who

achieved complete responses (50).

Several reports have explored the application of mRNA

vaccines to urinary tumors, including bladder tumor (51). Gui C

et al. established a ferroptosis-induced tumor microenvironment

landscape in bladder cancer and identified six genes as potent

antigens for developing an anti-BLCA mRNA vaccine (52). Wang

G et al. identified AP2S1, P3H4, and RAC3 as three candidate genes

of tumor-specific antigens in bladder cancer using the TCGA BLCA

cohort and GSE13507 datasets (53). In contrast to these studies, we

integrated four cohorts into a Meta cohort at the outset, including

TCGA BLCA, GSE13507, GSE32894, and E-MTAB-4321 cohorts,

which enhanced the robustness of our study. In addition, we

validated the expression of MMP9 and IGF2BP2 in clinical

samples, which was not done in other studies. Importantly, in

order to perform immunotyping in new samples, we developed a

classifier and released it for public use hosted on Github, which

could eliminate batch effects from new datasets and make our

immune subtypes reproducible and generalizable for other

researchers. Furthermore, we validated the effect of various

treatments on different subgroups in new datasets stratified by

our classifier (IMvigor210 and GSE78220), which extended the

value of the study.
Conclusions

In conclusion, this study identified IGF2BP2 and MMP9 as

potential antigens for mRNA vaccine development targeting

BLCA, which could highly benefit patients specifically in the

BIS2 subtype. The findings in this study provide a theoretical

foundation for developing mRNA vaccines against BLCA,

predicting patient prognosis, and defining suitable patient

populations for vaccination. mRNA vaccination therapy

should be further explored in prospective clinical trials.
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SUPPLEMENTARY FIGURE 1

Experimental verification of IGF2BP2. (A) Relative expression of IGF2BP2

in bladder cell lines. (B) The knockdown efficiency of siRNA in UMUC3 and
T24. (C) The knockdown efficiency of siRNA2 in UMUC3 and T24.

Transwell migration assay (D) and wound healing assay (E) show that
interference with IGF2BP2 expression inhibits the migration of UMUC3

and T24.

SUPPLEMENTARY FIGURE 2

Survival analysis between three subtypes in GSE13507 (A), GSE32894 (B),
TCGA OS (C), TCGA DFS (D), and E-MTAB-4321 (E) cohorts.

SUPPLEMENTARY FIGURE 3

The proportion of different age (A), sex (B), race category (C), T stage (D),
N stage (E), M stage (F), neoplasm histologic grade (G), and pathological

stage (H) in three subtypes in TCGA cohort.

SUPPLEMENTARY FIGURE 4

The molecular characteristics of three subtypes. The keeg function
enrichment analysis identifies the activated (A) and inhibited pathways

(B) in each immune subtype. (C) The boxplot of ssGSEA score of signaling
pathways between three immune clusters. (D) The boxplot of ssGSEA

score of stem cell gene set between three immune clusters.

SUPPLEMENTARY FIGURE 5

Identification of methylation subtypes in BLCA. (A) The Total Whin Sum of
Square of NMF analysis with different clusters number (k=1-10). (B)
Stratification into three subtypes validated by PCA analysis in the Meta
cohorts. (C) Heatmap representing the consensus matrix in the Meta

cohorts. (D) The Silhouette index of each sample while BLCA samples

were divided into three clusters by NMF analysis.
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SUPPLEMENTARY FIGURE 6

Example R script of using ”immcluster.”

SUPPLEMENTARY FIGURE 7

The alluvial diagram of three subtypes predicted by XGBoost in TCGA (A),
E-MTAB-4321 (B), GSE13507 (C), and GSE32894 (D) cohorts. Survival
analysis between three subtypes predicted by XGBoost in E-MTAB-4321

(E), GSE13507 (F), and GSE32894 (G) cohorts.
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The mediums used for cell culture, the kit for RNA extraction and RT-
qPCR, siRNA sequences, and RT-qPCR primer sequences.

SUPPLEMENTARY TABLE 2

The over-expression genes, mutation genes, and AMP genes.

SUPPLEMENTARY TABLE 3

Survival analysis of OS/DFS for overlapping genes.

SUPPLEMENTARY TABLE 4

Correlation between potential tumor antigens and APCs or APC markers.

SUPPLEMENTARY TABLE 5

Fisher’s test of different age, sex, race category, T stage, N stage, M stage,

neoplasm histologic grade, and pathological stage in three subtypes in the
TCGA cohort.

SUPPLEMENTARY TABLE 6

Differential gene mutation in the three subtypes.

SUPPLEMENTARY TABLE 7

Differential expression of immune-related genes in three subtypes.

SUPPLEMENTARY TABLE 8

Metascape analysis of differential immune-related genes.

SUPPLEMENTARY TABLE 9

Model effectiveness of XGBoost in TCGA, E-MTAB-4321, GSE13507, and

GSE32894 cohorts.
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Zanubrutinib plus salvage
chemotherapy for relapsed
or refractory diffuse large
B-cell lymphoma

Xianggui Yuan1†, Xian Li1†, Yurong Huang1†, Xueli Jin1, Hui Liu1,
Aiqi Zhao1, Weiping Zhang2*, Wenbin Qian1,3* and Yun Liang1*

1Department of Hematology, the Second Affiliated Hospital, Zhejiang University School of Medicine,
Hangzhou, China, 2Department of Oncology, The Third Affiliated Hospital of Zhejiang Chinese
Medical University, Hangzhou, China, 3National Clinical Research Center for Hematologic Diseases,
the First Affiliated Hospital of Soochow University, Hangzhou, China
Introduction: Relapsed or refractory diffuse large B-cell lymphoma (R/R

DLBCL) has poor clinical outcomes when treated with conventional salvage

chemotherapy. Monotherapy using zanubrutinib, a selective Bruton’s tyrosine

kinase (BTK) inhibitor, has achieved modest antitumor effect in R/R DLBCL.

Here we aimed to evaluate the efficacy and safety of zanubrutinib plus salvage

chemotherapy in R/R DLBCL patients.

Methods: We retrospectively reviewed R/R DLBCL patients who were

administered with zanubrutinib plus salvage chemotherapy in our center

between January, 2019 and December, 2021. Targeted panel sequencing of

11 lymphoma-related genes was performed on 8 patients with poor responses

to zanubrutinib-based chemotherapy.

Results: 27 R/R DLBCL patients were enrolled. Median age at this study was 59

years (range, 15-72). The best overall response rate (ORR) was 74.1% and

complete remission rate was 33.3%. With a median follow-up of 11 months

(range, 1-17), the median progression-free survival (PFS) was 8.1 months, and

the overall survival (OS) was not achieved. The most common grade-3/4

adverse events were neutropenia (70.4%), thrombocytopenia (66.7%), and

febrile neutropenia (33.3%). In multivariate analysis, early treatment and

overall response after chemotherapy were independent favorable prognostic

factors for PFS. Overall response after chemotherapy was an independent

favorable factor for OS. Among the 8 patients with poor response to

zanubrutinib-based treatment, the majority of patients had NOTCH2

mutations (n=8, 100%) and TP53 mutations (n=7, 87.5%). However, these

patients achieved an ORR of 75% at 3 months after CD19-CAR-T cell therapy

(including 4 cases of complete remission and 2 cases of partial remission). With

amedian follow-up of 9months fromCAR-T cell infusion (range, 1-16months),

the median PFS was 14.5 months, and the median OS was not reached.
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Conclusion: With high efficacy and manageable tolerability, zanubrutinib plus

salvage chemotherapy may be a potential treatment option for R/R DLBCL.

CAR-T cell therapy may be a priority strategy for these poor responders to

BTKi-based treatment.
KEYWORDS

relapsed or refractory diffuse large B-cell lymphoma, zanubrutinib, Bruton’s tyrosine
kinase inhibitor, combination chemotherapy, TP53, chimeric antigen receptor T-cell
(CAR-T)
Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common

aggressive lymphoma, accounting for 30% to 40% of non-Hodgkin

lymphomas (NHLs) (1, 2). R-CHOP (rituximab, cyclophosphamide,

doxorubicin, vincristine, and prednisone) has been the standard

first-line treatment, achieving approximately 50%-60% of long-term

remission. Unfortunately, up to 50% of patients are ultimately

refractory to, or relapse after initial remission (3, 4). Salvage

chemotherapy followed by autologous stem cell transplantation

(auto-SCT) is effective for relapsed or refractory DLBCL (R/R

DLBCL). But only 26% of patients respond to next-line salvage

therapy and the median overall survival (OS) is only 6.3 months in

the SCHOLAR-1 study (5). Currently there is no preferred salvage

chemotherapy for R/R DLBCL.

Bruton tyrosine kinase (BTK) inhibitor has been proven

highly effective for diverse B-cell malignancies. Ibrutinib, the

first-in-class BTK inhibitor, has achieved an overall response

rate (ORR) of 23% with modest activity in R/R DLBCL (6).

Zanubrutinib (BGB-3111), a next-generation BTK inhibitor with

minimal off-target effects, has demonstrated higher efficacy and

safety for treating Waldenström macroglobulinemia, compared

with ibrutinib (7). The phase 2 BGB-3111-207 study revealed

that zanubrutinib monotherapy produced modest antitumor

activity and favorable safety in R/R DLBCL, with an ORR of

29.3% and a complete remission (CR) rate of 17.1%. Developing

mechanistically-based synergistic combinations may open a way

to increase response rates and durability of zanubrutinib.

Over the last 2 years, our institution had integrated zanubrutinib

into conventional salvage chemotherapy for R/R DLBCL. Therefore,

we conducted a retrospective study to evaluate the efficacy and safety

of zanubrutinib plus salvage chemotherapy for R/R DLBCL.

Materials and methods

Patients

This was a retrospective study of R/R DLBCL patients who

received zanubrutinib plus conventional chemotherapy at our
02
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center. Patients were enrolled from January 2019 to December

2021. Clinicopathological data were collected using electronic

medical records. Follow-up data was obtained from patients’

records or by telephone.

Patients were enrolled in this study who met the criteria as

follows: age ≥14 years and histologically diagnosed CD20-

positive DLBCL with relapsed or refractory disease. The

excluded criteria were: central nervous system lymphoma,

HIV-positive DLBCL, post-transplant lymphoproliferative

disorders, or prior exposure to a BTK inhibitor. Refractory

disease was defined as progressive disease (PD) or stable

disease (SD) as the best response to chemotherapy or relapse

≤12 months after auto-SCT. Primary refractory DLBCL was

defined as non-responders to first-line treatment or patients who

relapsed within 3 months of CR or partial remission (PR).

Relapse was defined as recurrence of progressive disease after

achieving a CR through last-line therapy. Patients with

incomplete medical data or those lost to follow-up were

excluded from this study. The day of the last follow-up was

January, 6th, 2022. The Ethics Committee of the Second

Affiliated Hospital, Zhejiang University approved this study,

which was conducted in accordance with the Declaration

of Helsinki.
Treatment

Salvage chemotherapy regimens included the ICE regimen

(ifosfamide, carboplatin and etoposide), GDP regimen

(gemcitabine, dexamethasone, and cisplatin) and GemOx

regimen (oxaliplatin and gemcitabine). Salvage chemotherapy

was selected by treating investigator and the same salvage

chemotherapy had not been ever applied before they were

enrolled in this study. Patients received rituximab when the

patients relapsed >6 months after rituximab-containing

treatment or based on their willingness. The dose was reduced

by 20%-50% after patients experienced grade-4 adverse events

(AEs). Prophylactic pegylated granulocyte colony-stimulating

factor (Peg-G-CSF) was administered if grade-4 neutropenia
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1015081
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yuan et al. 10.3389/fimmu.2022.1015081
or grade-3 neutropenia with fever developed in previous cycles

of treatment. Zanubrutinib,160 mg orally, twice a day was

initially given and the dose was reduced by 50% after patients

experienced grade-4 neutropenia or grade-3 neutropenia with

fever again in previous cycles of treatment after prophylactic

Peg-G-CSF used. The number of cycles was up to 6 cycles with

response. Autologous stem cell transplantation (auto-SCT)

consolidation was recommended for transplant-eligible

patients who achieved remission from combination therapy.

Prophylactic antifungal therapy was not routinely used.
Outcomes and toxicity assessments

Patients’ responses were assessed according to the revised

response criteria for malignant lymphoma every two cycles (8).
18F-fluorodeoxyglucose positron-emission tomography and

computed tomography (PET/CT) were used to assess

responses after 4 cycles of treatment and upon suspected CR.

Patients were regularly followed every 3 to 6 months thereafter.

Overall response was defined as a PR or a CR. Covariates

including disease stage, B symptoms, cell of origin, and results

of immunohistochemical analysis were identified upon

diagnosis. The nongerminal center B-cell like (non-GCB) or

germinal center B-cell like (GCB) subtype was identified

according to Hans’s algorithm. Eastern Cooperative Oncology

Group (ECOG), Lactate dehydrogenase (LDH), extranodal sites,

previous line of therapy, performance status, and disease status

were determined before initiating treatment. Adverse events

were evaluated according to the National Cancer Institute

Common Terminology Criteria for Adverse Events version 5.0.
Targeted panel sequencing

Targeted panel sequencing was performed using a selected

panel that contained 11 genes related to DLBCL (NOTCH2, TP53,

KMT2D, CD79B, TRAF3, PRDM1, MYD88, CD79A, CXCR4,

ARIDIA and LYN). Genomic DNA was extracted from the

formalin-fixed paraffin-embedded tumor tissue samples at

recurrence or refractory disease. The detailed methods were

carried out as described previously (9). The aimed average

sequencing depth for all targeted regions was 2000×. Targeted

panel sequencing and sequencing data analysis were performed by

Idtbio Biotechnology Co. LTD (Hangzhou, China).
Statistical analysis

Patients’ characteristics were summarized using descriptive

statistical methods. Statistical analyses were performed using

SPSS version 17. Statistical values were reported as medians. PFS

was defined as initiation of zanubrutinib-based chemotherapy to
Frontiers in Immunology 03
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disease progression or relapse, death of any cause, or last follow-up.

OS was defined as initiation of zanubrutinib-based chemotherapy

to death from any cause or last follow-up. PFS and OS were plotted

according to the Kaplan-Meier method. Survival distributions were

compared with the log-rank test. Multivariate analysis was

performed using the Cox’s proportional hazards model. A two-

sided P value <0.05 was considered a significant difference.
Results

Patients’ characteristics

We identified 27 patients who received zanubrutinib

combined with salvage chemotherapies between January 2019

and December 2021. Patients’ baseline data are presented in

Table 1. At the time of diagnosis, 74.1% (n=20) patients were

presented with Ann-Arbor stages III-IV, 82.5% (n=23) were

identified with the non-GCB subtype, 51.9% (n=14) patients

exhibited double expression, and 14.8% (n=4) patients exhibited

double-hit status. At the time of this study, the median age was

59 (range, 15-72 years), 55.6% (n=15) had an ECOG score of 2-4,

70.5% (n=19) had elevated LDH levels, 66.7% (n=18) had extra-

nodal disease, 14.8% (n=4) had relapsed disease, and 85.2%

(n=23) had refractory diseases, among which 48.1% (n=13) had

primary refractory diseases. The median lines of prior

chemotherapies were 2 (range, 1-4). Two patients received

prior auto-SCT and one received prior CD19-targeted

chimeric antigen receptor T-Cell (CAR-T) immunotherapy.
Efficacy

Overall, 17, 7, and 3 patients received the ICE-based

regimen, the GDP-based regimen, or the GemOx-based

regimen, respectively. Swimmer plots of all patients evaluable

for response are shown in Figure 1A. At the end of follow-up, 3

patients continued treatments, and 24 discontinued treatments.

A total of 88 cycles of chemotherapy were administered. The

median cycles of treatment were 4 (range, 1-6 cycles). 66.7%

(n=18) patients received rituximab treatment.

The final responses and best responses to different

combination regimens are shown in Figures 1B, C, respectively.

At the end of treatment, 59.3% (n=16) patients had an overall

response and 33.3% (n=9) achieved a CR. The best ORR was 74.1%

(n=20) with 33.3% (n=9) of CR. Responses were observed in most

subgroups (Figure 2), although there was a lower ORR trend in

heavily pretreated patients (4-5 lines vs. 2-3 lines, 50.0% vs. 63.2%)

and refractory patients (refractory vs. relapsed, 56.5% vs. 75%).

Furthermore, 46.2% (6/13) patients with primary refractory

DLBCL responded. The final ORR of the ICE-based, GDP-based,

and GemOx-based groups were 70.6%, 57.1%, and 0%,

respectively. The GemOx-based combination regimen was not as
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effective as the other two regimens. Overall, 7.1% (1/14) of

transplant-eligible patients proceeded to auto-SCT, and 60% (6/

10) of unresponsive patients as well as 2 PR patients proceeded to

CD19-targeted CAR-T cell therapy with costimulatory 4-1BB

endodomain (ClinicalTrials.gov ID: NCT04833504).

With a median follow-up of 11 months (range, 1-17

months), 15 patients progressed and 7 died. The median PFS

was 8.1 months (95%CI, 0.2-15.8) (Figure 3A), but the median

OS was not reached (Figure 3B). Univariate and multivariate

analyses of PFS and OS are described in Table 2. PFS and OS did

not differ significantly regarding cell of origin, age, serum LDH,

ECOG, disease status, combination regimen (Figures 3G, H),

and subsequent treatment. Univariate analysis revealed that PFS
Frontiers in Immunology 04
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was significantly longer in patients with early treatment (2-3

lines vs 4-5 lines, p=0.029) (Figure 3C) and in those with overall

response after chemotherapy (p<0.001) (Figure 3E).

Furthermore, univariate analysis revealed that OS was

significantly longer in patients with overall response after

chemotherapy (p=0.041) (Figure 3F) but not with prior lines

of chemotherapies(p=0.819) (Figure 3D). Multivariate analysis

revealed that early treatment (HR=0.27, p=0.032) and overall

response after chemotherapy (HR=0.06, p<0.001) were

independent factors for favorable PFS. Overall response after

chemotherapy (HR=0.11, p=0.036) was an independent

indicator for favorable OS.
Safety

Treatment-related adverse events are described in Table 3.

Neutropenia (n=19, 70.4%) and thrombocytopenia (n=18,

66.7%) were the most common grade 3/4 adverse events.

Febrile neutropenia was observed in 33.3% patients (n=9).

Platelet transfusion was required for 7.4% (n=2) of patients.

The most non-hematologic adverse events were fatigue (n=13,

48.1%), nausea and vomiting (n=14, 51.9%), and bleeding (n=5,

18.5%). One patient developed Grade 4 thrombocytopenia and

gastrointestinal bleeding, which were resolved with active

symptomatic treatments. Two patients developed grade 1

hematuria and the remaining 2 patients developed grade 1

petechiae when the platelet count was normal. These bleeding

disappeared after symptomatic treatments. Atrial fibrillation,

aspergillosis, and tumor lysis syndrome were not observed. All

toxicities were manageable and reversible. No treatment-related

deaths were observed. The categories and severities of adverse

events did not significantly vary among the different

combination regimens.
Targeted panel sequencing

The gene panel was performed on 8 patients (6 PD and 2 PR

with prior zanubrutinib- based chemotherapy), who proceeded

to CD19-CAR-T cell therapy. Genomic DNAwas extracted from

the formalin-fixed paraffin-embedded tumor tissue samples at

recurrence or refractory disease. In total, 52 somatic alterations

were detected. The patients presented a median of 6 mutations

per sample (range 2–9). Missense mutations were the most

frequent at 50/52 (96.2%). Figure 4A present the gene

mutation frequencies. The most frequently mutated gene was

NOTCH2 (8/8) and TP53 (7/8). Mutation location of NOTCH2

and TP53 at the protein level are shown in Figures 4D, E,

respectively. The next were mutations of KMT2D and CD79B,

which observed simultaneously in 5 cases. MYD88 mutation was

identified in only one case, who achieved partial response with

zanubrutinib-based chemotherapy. The ORR at 3 months after
TABLE 1 Demographics and baseline characteristics.

Demographic or Characteristic Cases (%), n=27

Gender Male 20 (74.1)

Female 7 (25.9)

Age (years) at study entry Median 59 (Range,15-72)

<60y 14 (51.9)

≥60y 13 (48.1)

Hans classification GCB 4 (14.8)

Non-GCB 23 (85.2)

Double expression Yes 14 (51.9)

No 13 (48.1)

Double hit Yes 4 (14.8)

No 23 (85.2)

Ann arbor stage at diagnosis I-II 7 (25.9)

III-IV 20 (74.1)

B symptom at diagnosis Yes 4 (14.8)

No 23 (85.2)

ECOG at study entry 0-1 12 (44.4)

2-4 15 (55.6)

LDH at study entry Elevated 19 (70.5)

Normal 8 (29.6)

Extra-nodal disease at study entry Bone 8 (29.6)

Lung 6 (22.2)

Liver 3 (11.1)

Uterus 2 (7.4)

Breast 2 (7.4)

Prior lines of therapy 1 line 7 (25.9)

2 lines 12 (44.4)

3 lines 6 (22.2)

4 lines 2 (7.4)

Disease status Refractory 23 (85.1)

Primary refractory 13 (48.1)

Relapsed 4 (14.8)

Prior auto-SCT 2 (7.4)

Prior CAR-T treatment 1 (3.7)
ECOG, Eastern Cooperative Oncology Group; LDH, Lactate dehydrogenase; auto-SCT,
Autologous stem cell transplantation; CAR-T, Chimeric Antigen Receptor T-Cell; GCB,
Germinal center B-cell like.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1015081
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yuan et al. 10.3389/fimmu.2022.1015081
CAR-T cell therapy were 75% (including 4 cases of CR and 2

cases of PR). With a median follow-up of 9 months from CAR-T

cell infusion (range, 1-16 months), the median PFS was 14.5

months (Figure 4B) , but the median OS was not

reached (Figure 4C).
Discussion

Zanubrutinib (BGB-3111) is a next-generation BTK

inhibitor. Previous studies shows that zanubrutinib is more

selective and active than ibrutinib in inhibiting BTK activity,

with lower off-target activity against the follow protein tyrosine
Frontiers in Immunology 05
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kinases: tyrosine kinase interleukin-2-inducible T-cell kinase

(ITK), epidermal growth factor receptor (EGFR), and other

kinases expressed in hepatocellular carcinoma (TEC) (10). In

the present study, patients benefited from the encouraging

efficacy of zanubrutinib plus salvage chemotherapy. The ORR

of the present study was 74.1% and the CR rate was 33.3%. The

median PFS was 8.1 months, but the median OS was

not reached.

The responses and outcomes of BTK inhibitor monotherapy

are unsatisfactory (6, 11). Developing mechanistically-based

synergistic combinations may open a way to increase response

rates and durability of BTK inhibitor. A study employing a high-

throughput screening platform found that ibrutinib acted
A

B C

FIGURE 1

Responses to treatment. (A) swimmer plots of all patients evaluable for response; (B) Final responses to treatment; (C) Best responses to
treatment.
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synergis t ica l ly , addit ive ly , or both, with standard

chemotherapeutic agents (12). A phase 1 study of ibrutinib

plus R-ICE in R/R DLBCL demonstrated favorable tolerability

and encouraging efficacies with 90% ORR and 55% CR (13). A

phase 1/1b study of ibrutinib plus BR (rituximab, and

bendamustine) induced 37% ORR and 31% CR in R/R

DLBCL. Two patients with R/R DLBCL who received

zanubrutinib plus R-DICE or R-DHAP respectively, also

achieved a CR (14) . Bes ides conventional sa lvage

chemotherapy regimens, novel agents as BCL-2 inhibitors

(venetoclax), immunomodulator(lenalidomide), PI3K

inhibitors, XPO1 inhibitors(selinexor), IRAK4 inhibitors,

immune checkpoint inhibitors, monoclonal/bispecific

antibodies, CAR-T cell therapy and antibody-drug conjugates

show strong synergistic activities with BTK inhibitors (12, 15,

16). A phase Ib study evaluated the combination of ibrutinib,

lenalidomide, and rituximab for R/R DLBCL. The ORR was

44%, CR rate was 28%, and DOR was 15.9 months (17).

Ibrutinib plus durvalumab achieved an ORR of 13% and 38%

in GCB and non-GCB DLBCL, respectively (18). Ibrutinib plus

venetoclax achieved an ORR of 53.8% after 4 cycles of treatment,

and the median DOR、PFS and OS were 11 months, 5.6 months

and 11.3 months, respectively (19). Acalabrutinib plus

vistusertib (mTORC1/2 inhibitor) accomplished an ORR of

12% for R/R DLBCL (20). Ibrutinib plus buparlisib (a pan-

PI3K inhibitor) for 37 patients with R/R DLBCL achieved an
Frontiers in Immunology 06
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ORR of 31% (21). In the REAL-TREND study (22), a real-world

retrospective analysis of treatment response of R/R DLBCL from

8 centers in China (including our center), the pooled ORR of

salvage chemotherapy was 30% and the CRR was 9%. Our results

with high efficacy indicated that zanubrutinib may act

synergistically with conventional chemotherapeutic regimens.

DLBCL behaves genetic heterogeneity. Multiple studies have

been made to identify sensitive patients who may potentially

benefit from BTK inhibitors, based on tumor genetics,

clinicopathology features, or both. Ibrutinib proves more

effective in ABC-DLBCL (ORR=36.8%) than GCB (ORR=5%)

(6). MCD, a genetic subtype of DLBCL with double mutant of

CD79B and MYD88L265P, have inferior outcomes (23). The

MCD subtype are more responsive to ibrutinib or zanubrutinib

treatment (6, 11). CD79B and MYD88L265P double mutation

are more responsive to ibrutinib, while single mutation is

refractory (24, 25). Ibrutinib responders frequently harbor

mutations in KLHL14, RNF213, and LRP1B, while non-

responders commonly harbor mutations in EBF1, ADAMTS20,

and AKAP9 (26). Furthermore, mutation of CARD11 and

inactivation of TNFAIP3 (a negative regulator of NF-kB)
predict no response to ibrutinib (6, 27). For non-responders to

BTK inhibitors, BTK mutation are the best-described

mechanisms (28). Third-generation non-covalent BTK

inhibitors and CAR-T cell therapy, are promising strategies to

overcome BTK inhibitor-resistance (29, 30). In the present
A B

C D E

FIGURE 2

Subgroups responses to treatment. (A)Treatment lines; (B) disease status; (C) immunohistochemical analysis; (D) with or without double-hit; (E)
cell of origin based on Hans’s algorithm.
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study, the majority of the poor responders to zanubrutinib-based

treatment had NOTCH2 mutations and TP53 mutations, while

none was of MCD subtype, indicating that patients without

MCD subtype maybe not benefit from BTKi-based treatment.

TP53 is a tumor suppressor gene and TP53 mutation was an

independent prognostic factor for survival in R/R DLBCL. In a

retrospective study, in R/R DLBCL patients not treated with

CAR-T cells, TP53 mutation was an independent inferior

prognostic factor for OS, but in the CAR-T cell group, this

significance could not be shown (31). CAR19/22 T-cell therapy

combined with ASCT is efficacious in r/r aggressive B-NHL with

TP53 alterations, producing a best ORR and CRR of 92.9% and
Frontiers in Immunology 07
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82.1%, respectively (32). However, in another retrospective

study, TP53 alterations (mutations and/or copy number

alterations) were still associated with inferior CR and OS rates

in R/R DLBCL treated with CD19-CAR-T treatment (33). In our

study, among the 7 patients with TP53mutations, The ORR at 3

months after CAR-T cell therapy was 85.7% and the CRR was

57.1%. Compared with the results of TRANSCEND NHL

001study (Liso-cell) with the same costimulatory endodomain

and similar follow-up time (ORR of 73% and CRR of 53%) (34),

it seemed that the CAR-T cell therapy for patients with TP53

mutations was still highly effective. Although the prognostic

value of TP53 mutations in R/R DLBCL patients receiving
A B
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FIGURE 3

Survival analysis of patients. (A) PFS of patients. (B) OS of patients. (C) PFS of patients with early treatment (2-3 lines) versus late treatment (4-5
lines). (D) OS of patients with early treatment (2-3 lines) versus late treatment (4-5 lines). (E) PFS of patients with or without an overall response.
(F) OS of patients with or without an overall response. (G) PFS according to combination regimens. (H) OS PFS according to combination
regimens.
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CAR-T cells is still undefined, CAR-T cell therapy may be a

priority strategy for these patients.

As we expected, grade 3 and higher hematological toxicities

were the major concern during and after zanubrutinib plus
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chemotherapy for patients with R/R DLBCL. Grade 3/4

neutropenia and thrombocytopenia of sole R-ICE regimen for

R/R DLBCL occurred in 16% and 17.8% patients, respectively

(35). Grade 3/4 neutropenia and thrombocytopenia of single
ABLE 3 Main adverse effects by treatment group.

oxicities Total
(n=27)

ICE-based
(n=17)

GDP-based
(n=7)

GemOx-based
(n=3)

ematologic, n (%)

eutropenia 26 (96.3%) 17 (100%) 6 (85.7%) 3 (100%)

Grade 1-2 7 (25.9%) 3 (17.6%) 2 (28.6%) 2 (66.7%)

Grade 3-4 19 (70.4%) 14 (82.4%) 4 (57.1%) 1 (33.3%)

nemia 24 (88.9%) 15 (88.2%) 6 (85.7%) 3 (100%)

Grade 1-2 16 (59.3%) 9 (52.9%) 4 (57.91%) 3 (100%)

Grade 3-4 8 (29.6%) 6 (35.3%) 2 (28.6%) 0 (0%)

hrombopenia 24 (88.9%) 15 (88.2%) 7 (100%) 2 (66.7%)

Grade1-2 6 (22.2%) 5 (29.4%) 1 (14.3%) 0 (0%)

Grade3-4 18 (66.7%) 10 (58.8%) 6 (85.7%) 2 (66.7%)

ebrile neutropenia 9 (33.3%) 5 (29.4%) 4 (57.1%) 0 (0%)

on-hematologic, n (%)

atigue 13 (48.1%) 9 (52.9%) 3 (42.9%) 1 (33.3%)

Grade1-2 12 (44.4%) 8 (47.1%) 3 (42.9%) 1 (33.3%)

Grade3-4 1 (3.7%) 1 (5.8%) 0 (0%) 0 (0%)

ausea and vomiting 14 (51.9%) 11 (64.7%) 2 (28.6%) 1 (33.3%)

Grade1-2 14 (51.9%) 11 (64.7%) 2 (28.6%) 1 (33.3%)

Grade3-4 0 (0%) 0 (0%) 0 (0%) 0 (0%)

epatotoxicity 1 (3.7%) 1 (14.3%) 0 (0%) 0 (0%)

Grade1-2 1 (3.7%) 1 (14.3%) 0 (0%) 0 (0%)

Grade3-4 0 (0%) 0 (0%) 0 (0%) 0 (0%)

leeding 5 (18.5%) 5 (71.4) 0 (0%) 0 (0%)

Grade1-2 4 (14.8%) 4 (57.1%) 0 (0%) 0 (0%)

Grade3-4 1 (3.7%) 1 (14.3%) 0 (0%) 0 (0%)

Atrial fibrillation 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Diarrhea 0 (0%) 0 (0%) 0 (0%) 0 (0%)
fr
TABLE 2 Univariate and multivariate analyses of overall and progression-free survival.

PFS OS

Variable Univariate analysis Multivariate
analysis

Univariate analysis Multivariate
analysis

HR 95%CI P-value HR 95%CI P-value HR 95%CI P-value HR 95%CI P-value

Age ≥60y 0.75 0.24-2.13 0.573 1.19 0.26-5.33 0.819

ECOG 2-4 1.45 0.51-4.09 0.468 5.39 0.65-44.9 0.075 5.17 0.50-53.1 0.162

Elevated LDH 1.46 0.41-5.21 0.544 1.42 0.14-3.75 0.694

Double expression 1.04 0.37-2.87 0.943 2.68 0.52-12.9 0.214

Non-GCB cell of origin 0.42 0.13-1.35 0.927 0.49 0.09-2.54 0.604

Combination Regimen 0.28 0.69-1.13 0.069 0.59 0.13-2.66 0.253 0.38 0.04-3.30 0.438 0.27 0.01-5.43 0.386

Early treatment (2-3 line) 0.34 0.12-0.98 0.029 0.27 0.08-0.89 0.032 0.84 0.19-3.77 0.819 0.88 0.14-5.67 0.895

Overall response at the end of treatment 0.11 0.03-0.38 <0.001 0.06 0.01-0.28 <0.001 0.22 0.04-1.12 0.041 0.11 0.02-0.87 0.036

Subsequent CAR-T cell therapy or auto-SCT 0.96 0.34-2.70 0.633 0.36 0.07-1.84 0.323
ontiersin
CI, confidential interval; HR, hazard ratio; ECOG, Eastern Cooperative Oncology Group; non-GCB, non-germinal center B-cell; LDH, lactate dehydrogenase; ORR, overall response rate;
OS, overall survival; PFS, progression-free survival.
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zanubrutinib for R/R DLBCL occurred in 7.3% and 2.4%

patients, respectively. In our present study, grade 3/4

neutropenia and thrombocytopenia of by zanubrutinib plus

chemotherapy occurred in 70.4% and 66.7% of patients,

respectively. Higher rates of hemorrhage were observed in

18.5% patients, which may be explained by thrombocytopenia

and off-target activity of zanubrutinib. All above safety data

showed that zanubrutinib plus chemotherapy increased

myelosuppression. Fortunately, all hematological toxicities are

manageable and reversible. There were no serious infectious

complications or treatment-related mortality. To relieve bone

marrow suppression, prophylactic Peg-G-CSF and recombinant

human thrombopoietin (rhTPO) are required, and dose-

modified salvage chemotherapy may also reduce hematologic

toxicities. Regarding different BTK inhibitors, a phase 3 study

demonstrated that the incidence and severity of BTK inhibitor

toxicities were lower with zanubrutinib than ibrutinib in

Waldenström macroglobulinemia (7). The efficacy and safety

of zanubrutinib versus ibrutinib for CLL/SLL is ongoing in a

head-to-head phase 3 study (36).

Our current study has several limitations. First, this study

was insufficiently powered limited by the small sample size and

short follow-up. Second, there were variations in prior therapies,

which limit comparability. For example, only two patients

received upfront auto-SCT in our study. Third, there were no

genetic data available to demonstrate the underlying
Frontiers in Immunology 09
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mechanisms of such synergistic combination. Nevertheless, the

high activity of zanubrutinib combined with conventional

chemotherapy, provides a new strategy for R/R DLBCL, and

may serve as a bridge treatment to CAR-T cell therapy.

In conclusion, our study showed that zanubrutinib

combined with salvage chemotherapy may serve as an effective

salvage therapy for R/R DLBCL with manageable toxicity.

Patients without MCD subtype maybe not benefit from BTKi-

based treatment. CAR-T cell therapy may be a priority strategy

for these poor responders to BTKi-based treatment. Further

investigations of larger study populations are warranted to

identify the most effective combination regimens and to

precisely select patients.
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Background: Cancer-associated fibroblasts (CAFs) are vital components of

prominent cellular components in lower-grade gliomas (LGGs) that contribute

to LGGs’ progression, treatment resistance, and immunosuppression. Epigenetic

modification and immunity have significant implications for tumorigenesis and

development.

Methods: We combined aberrant methylation and CAFs abundances to build a

prognostic model and the impact on the biological properties of LGGs. Grouping

based on the median CAFs abundances score of samples in the TCGA-LGGs

dataset, differentially expressed genes and aberrantly methylated genes were

combined for subsequent analysis.

Results: We identified five differentially methylated and expressed genes (LAT32,

SWAP70, GSAP, EMP3, and SLC2A10) and established a prognostic gene signature

validated in the CGGA-LGGs dataset. Immunohistochemistry (IHC) and in vitro

tests were performed to verify these expressions. The high-risk group increased in

tumor-promoting immune cells and tumor mutational burden. Notably, risk

stratification had different ICB sensitivities in LGGs, and there were also

significant sensitivity differences for temozolomide and the other three novel

chemotherapeutic agents.

Conclusion: Our study reveals characteristics of CAFs in LGGs, refines the direct

link between epigenetics and tumor stroma, and might provide clinical

implications for guiding tailored anti-CAFs therapy in combination with

immunotherapy for LGGs patients.

KEYWORDS

DNA methylation, cancer-associated fibroblasts, lower-grade gliomas, prognosis,
immune checkpoint blockade
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1 Introduction

Lower-grade gliomas (LGGs) including World Health

Organization (WHO) grade II and III diffuse gliomas are slow-

growing infiltrative brain tumors (1). Although the survival of

LGGs patients after standardized treatment is better than that of

glioblastoma (GBM), recurrent LGGs inevitably progress to GBM (2).

With advances in the 2021 WHO Classification of Tumors of the

Central nervous system, the understanding of molecular typing for

glioma is gradually increasing. Exploration of epigenetics can help us

better understand LGGs’ immunity and prognosis.

DNA methylation and gene expression are promising sources for

identifying glioma’s molecular biomarkers. For instance, the

promoter hypermethylation and epigenetic silencing of the O6-

methylguanine-DNA methyltransferase (MGMT) gene have become

a classical biomarker for temozolomide resistance glioma (3, 4). DNA

demethylation and upregulation of IGF2BP3 can be involved in the

malignant progression of glioma (5). Alternated DNA methylation in

ZDHHC12 is associated with migration and invasion capabilities in

glioma cell lines (6). GPX8 expression was correlated to the reduced

DNA methylation at the promoter region and might be related to

cancer-associated fibroblasts and immune infiltration levels in glioma

(7). However, the clinical impact of these studies remains limited.

Either due to the lack of drugs targeting these potential biomarkers or

because of a breakthrough in immunotherapy.

Cancer-associated fibroblasts (CAFs) are the significant members

of tumor stroma cells in the tumor microenvironment (TME) (8).

Research on the significance of CAFs in cancer has recently gained

momentum. Accumulating evidence has indicated that CAFs

significantly affect tumor progression and migration, promote

epi thel ia l -mesenchymal transi t ion (EMT), and induce

chemoresistance and immunosuppression (9–12). On the other

hand, CAFs and extracellular matrices constitute the tumor

immune escape initiation mechanism (13). In response to this

problem, harnessing CAFs-related immunosuppressive stromal

environment has been proposed to ameliorate the response to

immune checkpoint inhibitors (14, 15). However, whether CAFs

are associated with the predictive value and immunotherapy of

LGGs patients has not been elucidated.

We reasoned that LGGs samples with different CAFs scores

broadly alter methylation levels and immune infiltration patterns.

To verify the conjecture, we used a median of CAFs score as the

grouping basis for the sample to gather genome-wide methylation

and gene expression data to locate the altered methylations coupled

with altered expression of the same genes. Then we constructed a risk

score system containing five risk genes and validated them at tissue-

level and cell-level. We found the risk score is an excellent predictive

value for survival and a potential factor for immune checkpoint

blockade (ICB) therapies. Applying this prognostic gene signature,

the sensitivity of GDC0941, Bleomycin, and Axitinib showed a

significant difference in sensitivity within the subgroups. These

drugs may have different effects on patients with different levels of

CAFs infiltration.
Frontiers in Oncology 02514
2 Material and methods

2.1 Data acquisition

RNA-seq data and clinical data on LGGs were extracted from The

Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) and

Chinese Glioma Genome Atlas (CGGA, http://www.cgga.org.cn/).

After transcripts per million (TPM) conversion, we held genes with

expression levels larger than 0.1 TPM for analysis. Matched Normal

data: 105 cortex tissues were obtained from the GTEx project (https://

commonfund.nih.gov/GTEx/). We downloaded both methylation

data (Illumina Infinium HumanMethylation450 BeadChip) and

somatic mutation data generated by TCGA from the UCSC Xena

browser (https://xenabrowser.net/hub/) (16). Fibroblast and glioma

cell lines from The Cancer Cell Line Encyclopedia (CCLE) (https://

portals.broadinstitute.org/ccle) (17). Infiltration Estimation for

TCGA-LGGs was collected from TIMER2.0 (http://timer.comp-

genomics.org/). The STRING (https://www.string-db.org) database

produced the protein-protein interaction network and reconstructed

them via Cytoscape software. A flowchart of the entire procedure can

be shown in Figure 1.
2.3 Analysis of DNA methylation data

The Illumina HumanMethylation450 BeadChip array contains

probes covering 99% of reference sequence genes and 96% of CpG

islands. The raw methylation intensities for each probe were

represented as b-values, which were converted into M-values with R

package Lumi for statistics analysis (18). 5’-C-phosphate-G-3’ (CpG)

methylation data between different groups were compared with R

package limma to identify differentially methylated CpG sites.

Benjamini-Hochberg (BH) method was used to adjust p-value as a

false discovery rate (FDR). The CpG site and gene mapping files were

downloaded from illumine (https://www.illumina.com/). CpGs span

various gene regions, including 1500 bp and 200 bp upstream of the

transcription start sites (TSS1500 and TSS200, respectively). The

average b-values for each region were calculated according to all

CpG sites at the corresponding region, and the average b-value was

converted to an M-value. Average regional methylation data between

different groups were compared with R package limma to identify

differentially methylated regions (DMRs). The hypermethylated DMRs

with a threshold of adjusted p-value< 0.05 combined a delta b-value >
0.2, and the hypomethylated DMRs with a threshold of adjusted p-

value< 0.05 combined a delta b-value< −0.2. Genes harboring DMRs in

any part of the gene features were differentially methylated genes

(DMGs). The equations described above are listed below.

Mi = log2
bi

1 − bi

� �
(1)

  bregion = 2 ok
i=1 log 2 bið Þ

� �
∕ k

(2)
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where M is the intensity of the methylated allele, i = 1, 2, 3,…, k,

and k is the number of CpG sites in a region.
2.4 Cancer-associated fibroblasts
(CAFs) infiltration estimation and
immune score calculation

CAFs abundances were separately estimated via Estimate the

Proportion of Immune and Cancer cells (EPIC) algorithm using the R

package Immunedeconv (19). TCGA-LGGs were divided into a high-

CAFs-score group and a low-CAFs-score group according to the

median score. The estimated immune and stromal scores were

computed using the R package ESTIMATE.
2.5 Analysis of DEGs and DMGs

Differential expression between the high-CAFs-score and low-CAF-

score group samples was analyzed with the R package limma. False

discovery rate (FDR) as adjusted p-value using the Benjamini-Hochberg

(BH) method. The fold change was log2-transformed. Differentially

expressed genes (DEGs) were calculated with a difference > 1.5-fold and

p< 0.01. Methylation analysis results were carried out for joint analysis.

Venn diagram analyses were performed to calculate the intersection of

DMGs and DEGs and explored the differentially methylated and

expressed genes (DMEGs). DMEGs were grouped according to four

expression patterns: HypoUp, HypoDown, HyperUp, and HyperDown.
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2.6 Functional enrichment analyses

To functionally annotate DMEGs of this study, Gene Ontology

(GO) including biological process (BP), cellular component (CC), and

molecular function (MF) analysis was performed in the R package

ClusterProfiler (20). A p-value of< 0.05 and an FDR of< 0.05 were

used for the cutoff value. The ClueGO Plugin version 2.5.8 in

Cytoscape Version 3.8.2 was employed to identify hub genes and

functional analysis (21).
2.7 Construction and validation of the risk
score system

We selected HypoDown and HyperUp genes in TSS200 and

TSS1500 for univariate cox regression analysis and filtrated the

prognostic-related genes. Subsequently, we used the R package

glmnet to conduct the least absolute shrinkage and selection

operator (LASSO) Cox regression algorithm and develop a potential

risk signature. The minimum value of lambda was derived from 1,000

cross-validations (‘1-se’ lambda), and which corresponding partial

likelihood deviance value was the smallest for the risk model.

Coefficients with regression were confirmed by the “cvfit” function

with 1000 repeats. The risk score calculating equation, which contains

five risk genes, is:

Riskscore =o
n

i=1
Coefi*xi (3)
FIGURE 1

Study Flow Chart.
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where Coefi means the coefficients, xi is the expression value of

each gene.

The predictive power of the prognostic signature was evaluated by

the receiver-operating characteristic (ROC) curve. The independent

clinical factor was validated by multivariate Cox regression analysis.

Finally, a nomogram was constructed according to independent

predictors. The calibration of the nomogram was evaluated by the

calibration curve to assess the goodness of 1-, 3-, and 5-year

overall survival.
2.8 Analysis of
immunological characteristics

In this study, the mRNA expression matrix of LGGs was analyzed

using the CIBERSORT R script downloaded from http://cibersort.

stanford.edu. Based on deconvolution, we estimated the abundance of

immune cell populations. The relationship between each immune cell

and survival was measured by Kaplan-Meier (KM) survival analysis.

We evaluated a total of 60 immune checkpoints (ICP) genes in two

categories (Inhibitory ICP (22) and Stimulatory ICP (23)) from

widely recognized literature (24). Then we assessed the expression

and survival of these ICP in the TCGA-LGGs cohort for a

comprehensive overview of the immunosuppressive landscape.

The Tumor Immunophenotype Profiling (TIP) was performed to

quantify the extent of infiltrating immune cells and anticancer

immunity (25). Assessment of antitumor immunity was

conceptually divided into seven steps, including tumor cell antigen

release (step 1), cancer antigen presentation (step 2), priming and

activation (step 3), trafficking of immune cells to tumors (step 4),

infiltration of immune cells (step 5), T cell recognition of cancer cells

(step 6), and killing of cancer cells (step 7).

TIDE (http://tide.dfci.harvard.edu/), an excellent algorithm, was

used to explore the prediction of clinical response to immune

checkpoint blockade (ICB) therapy (22). The TIDE score was

calculated to simulate two mechanisms of tumor immune evasion:

the induction of T cell dysfunction with high infiltration of cytotoxic

T lymphocytes and the retard of T cell infiltration in tumors with low

cytotoxic T lymphocyte infiltration. The TIDE score is a good

reflection of the responsiveness of the ICB. The SubMap (https://

www.genepattern.org/) was carried out to validate the reliability of the

prediction of TIDE.

The R package pRRophetic was used to predict chemotherapeutic

response in LGGs patients (26). In addition to temozolomide, which

patients with glioma widely used, we included three drugs with the

therapeutic potential for glioma in this study: Axitinib, GDC-0941

(PI3K inhibitor), and Bleomycin.
2.9 Verification of gene expression at
cellular level and tissue level

H4, SW1783, and HMF cell lines were purchased from ATCC.

According to the manufacturer’s instructions, total RNA was isolated

using Trizol reagent (Invitrogen, USA). 2mg of the total RNA was

transcribed into cDNA. SYBR Green PCR kit (Takara, Japan) was

used for qRT-PCR. We selected the 2−DDCq method to calculate gene
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transcription level, with b-actin mRNA as control. Data represent the

mean ± SD of triplicate real-time PCR. The primers were synthesized

by Tsingke Biotechnology (Shanghai, China) and displayed in

Supplementary Table S1. Immunohistochemistry (IHC) analyzed

the protein expression levels. GSAP (ab106630), LATS2 (ab111054),

SWAP70 (ab228846), and SLC2A10 (ab110528) antibody was

purchased from Abcam. EMP3 (sc-81797) antibody was purchased

from Santa Cruz Biotechnology. Clinical characteristics of LGGs

patients cohort are displayed in Supplementary Table S2. All the

patients and the hospital’s Ethics Committee approved this research.

LGGs tissues were formalin-fixed, paraffin-embedded, and sectioned

at 4 μm. Immune complexes were detected with the SP Kit (Solarbio,

Beijing, China) and DAB Substrate Kit (Solarbio, Beijing, China).

Signals were detected using an Olympus BX41 microscope.

Quantification of Immunohistochemistry (IHC) staining was

performed in a blinded fashion.
2.10 Statistical analysis

All the data were analyzed using the R software version 4.1.0. The

overall survival (OS) between different groups was analyzed using

Kaplan-Meier curves. Kruskal–Wallis tests were applied to compare

gene expression in two groups. The Fisher test assessed different

groups’ responses to ICB treatment. Somatic mutation data sorted in

the form of Mutation Annotation Format (MAF) was analyzed using

the R package maftools. ImageJ and ImageJ plugin IHC profiler was

applied to quantify IHC staining analysis. IHC scoring data and qRT-

PCR data were analyzed using GraphPad/Prism 9.0. In addition,

tumor mutational burden (TMB) and mutation counts were

computed from somatic mutation frequencies. p< 0.05 was marked

as ‘*’, p< 0.01 was marked as ‘**’, p< 0.001 was marked as ‘***’. and

p< 0.0001 was marked as ‘****’.
3 Results

3.1 Differentially methylated and expressed
genes (DMEGs) in LGG

To identify DMEGs in LGGs, we first extracted the gene

expression and DNA methylation data of TCGA-LGGs and

performed a comparative analysis. Samples were divided into high-

and low-CAFs-score groups according to the median CAFs score.

From the summary estimate, 2393 statistically significant

Differential ly Expressed Genes (DEGs) were identified

(difference > 1.5-fold, p-value< 0.01), including 263 upregulated and

2131 downregulated genes (Figure 2A, Table S3). Promoter regions

(TSS200 and TSS1500) were enrolled in the primary study. As shown

in volcano plots, 1276 DMGs were identified from two regions,

including 896 DMGs in the TSS200 region (Figure 2B, Table S4)

and 583 DMGs in the TSS1500 region (Figure 2C, Table S5).

We analyzed the relationship between methylation and gene

expression by integrating DMGs and DEGs in two promoter regions

(TSS1500 and TSS200). A total of 77 DMEGs were identified

(Figure 2D), and then we performed a principal component analysis

(PCA) of the DMEGs in normal tissue and LGGs (Figure 2E). The
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PCA profile revealed a clear separation of normal samples from LGGs.

Afterwards, GO enrichment analysis was performed on these DMEGs,

and the result indicated that DMEGs were significantly enriched in

positive regulation of oligodendrocyte differentiation, negative

regulation of canonical Wnt signaling pathway, and regulation of

epithelial to mesenchymal transition (Figure 2F). These functions were

closely related to the oncogenesis and progression of glioma.
3.2 DMEGs analysis in two promoter regions

To investigate the differences in DMEGs within each region, we

classified these DMEGs into four groups (HypoUp, HyperUp,
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HyperDown, and HypoDown) for TSS200 and TSS1500,

respectively (Figures 3A, B). The HyperDown group was the most

prevalent in TSS200 and TSS1500 regions, and the HypoUp group

had the second-highest proportion in the two regions (Figure 3C).

After extracting the HyperDown and HypoUp DMEGs in TSS200

and TSS1500 regions separately, we used STRING to construct PPI

networks. These genes were analyzed by GO enrichment using the

“ClueGO” plugin for Cytoscape software (p< 0.01, Kappa score = 0.5).

Functional enrichment analysis revealed that these DMEGs

participated in critical biological processes. In the TSS200 region,

DMEGs are mainly associated with response to mechanical stimulus,

regulation of cell-substrate adhesion, and positive regulation of

macrophage migration (Figure 3D). As shown in Figure 3D,
B C

D E

A

FIGURE 3

Grouping and functional analysis of DMEGs. (A, B) Venn diagram showed four different groups (HypoDown, HyperUp, and HyperDown) of DMEGs in the
TSS200 region (A) and TSS1500 region (B). (C) The bar chart shows the different groups of DMEGs in the two regions. (D, E) ClueGO Cytoscape network
of statistically DMEGs in two regions.
B C
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A

FIGURE 2

Identification and functional enrichment of DMEGs. (A) Volcano plot presenting the DEGs (difference > 1.5-fold, p-value< 0.01) between two groups. (B)
DMGs (difference > 1.5-fold, p-value< 0.01) volcano plot of TSS200 region. (C) DMGs (difference > 1.5-fold, p-value< 0.01) volcano plot of TSS1500
region. (D) Venn diagram exhibiting DMEGs expressed in the TCGA dataset. (E) The profiles of DMEGs and principal component analysis (PCA) between
tumor and normal cortex tissues. (F) GO analysis shows significant GO terms in DMEGs.
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MMP14 is critically involved in various immune-related functions.

Meanwhile, DMEGs in the TSS1500 region are mainly related to

regulating epithelial to mesenchymal transition, programmed

necrotic cell death, and positive regulation of gliogenesis

(Figure 3E). These simultaneous differential DEGs and DMGs

pooled to DMEGs may be the main factor causing the altered

biological function of LGGs.
3.3 Construct the DMEGs
prognostic signature

Among the DMEGs in HyperDown and HypoUp groups,

Univariate Cox regression analysis screened 203 DMEGs with

prognostic values. Then a Lasso‐penalized Cox analysis was

performed to shrink further the scope of DMEGs screening

(Figure 4A) and lambda. Min was regarded as the optimal value in

the cross-validation process (Figure 4B). Five DMEGs (GSAP, EMP3,

LATS2, SWAP70, and SLC2A10) and corresponding coefficients
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(Table S6) were identified. We used TCGA-LGGs as the train set

CGGA-325 and CGGA-693 as the test sets, and samples were split

into high- and low-risk groups by the median value of the risk score.

KM survival curves depicted that LGG patients with increased risk

scores had worse clinical outcomes in both train set and test sets

(Figures 4C, D, and Figure S1A). Statistical analysis was performed

using a log-rank test (train set p< 0.001, test set p< 0.001). After that,

we established ROC curves of the risk score model with 1-year, 3-year,

and 5-year. The results revealed that the risk score could effectively

distinguish LGGs patients with different survival statuses (Figure 4E

1-yer AUC = 0.86, 3-year AUC = 0.83, and 5-year AUC = 0.80). The

results were similar and slightly lower in the test set (Figure 4F 1-yer

AUC = 0.73, 3-year AUC = 0.79, and 5-year AUC = 0.77).

Multivariate Cox regression analysis showed the independent

prognostic value of this risk score (Figure 4G, p< 0.001, HR =

3.844). Then we examined the mRNA expression of five risk genes

in the glioma cell lines and fibroblast cell lines with CCLE

(Figure 4H). Although glioma lines are not representative of LGGs,

we found the expression of GSAP was consistent with that of
B
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FIGURE 4

Construction of prognostic signature. (A, B) The process of building the signature. The least absolute shrinkage and selection operator (LASSO)
regression was performed, calculating the minimum criteria. (C, D) K-M curves showed that the high-risk subgroup had worse overall survival than the
subgroup in the train set (p< 0.001) and test set (p< 0.001). (E, F) ROC curves showed the predictive efficiency of the risk signature on the 1-, 3- and 5-
year survival rates of train set (E) and test set (F). (G) Independent prognostic factors were determined by the multivariate Cox regression analyses. (H)
Expression of five risk genes in fibroblast cell lines and glioma cell lines in the CCLE dataset. (I) The heatmap was based on the expression of the five
genes in the high- and low-risk group. (J, K) A nomogram (J) and decision curve analysis (K) of the risk score for predicting 1-, 3- and 5-year survival.
(*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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fibroblasts, and the expression of the other four risk genes was lower

than that of fibroblasts in glioma cell lines. The mortality of patients

increased with the increase in the risk score (Figure 4I). Finally, we

established the Nomogram model, which contained risk score and age

to assess the survival prediction in LGGs patients (Figure 4J) and

calibration curves for nomogram predicted 1-, 3- and 5-year overall

survival performed well with the risk model (Figure 4K).
3.4 Correlation between risk score and
clinical characteristics

Clinical variables were introduced into the risk score system to

analyze the relationship between risk scores and clinical

characteristics. We initially compared the CAFs’ scores concerning

the risk score. As shown in Figure 5A, the risk score was mildly

positively associated with the CAFs score (r = 0.42, p< 0.01). In

contrast, tumor purity was negatively correlated with the risk score

(Figure 5B r = -0.56, p < 0.01). Other clinical features were then

introduced. WHO grade III LGGs have a higher risk score thanWHO

grade II LGGs, which is consistent with their poor prognosis

(Figures 5C, D, Figure S1B). The risk score in MGMT promoter

methylated LGGs were significantly lower than that in MGMT

promoter unmethylated LGGs samples (Figures 5E, F, Figure S1C).

It is widely accepted that glioblastoma patients with MGMT promoter

methylated are sensitive to temozolomide and suitable for TMZ

chemotherapy. For another crucial molecular marker 1p19q

codeletion status, the risk score was significantly higher in 1p19q-

non-codeletion samples compared to codeletion samples in both

datasets (Figures 5G, H, Figure S1D). Correspondingly, IDH1/2

wild-type cases showed a valid increased risk score compared to

IDH1/2 mutant cases (Figures 5I, J, Figure S1E). The high-risk scores

were seen in cases aged > 45 years. (Figures 5K, L, Figure S1F).
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Overall, some important molecular markers and clinical features of

LGGs responded well to this risk score system.
3.5 Prognostic signature and
immune landscape

To investigate the relationship between the prognostic signature

and immune cell infiltration in LGGs. We evaluated immune scores,

immune cell infiltration, and immune checkpoints separately. CAFs

are the most prominent tumor stroma cell type in the TME.

Comparing the stromal score and immune score of the LGGs

datasets, we found a significantly positive correlation between the

risk score and stromal score, and the same was true of the immune

score (Figures 6A, B, stromal score p< 0.001 and Figures 6C, D

immune score p< 0.001). CIBERSORT algorithm showed the

proportions of distinct immune cell subpopulations in different risk

groups (Figure 6E). The relative expression is shown in bar diagrams.

The proportions of Macrophages M0 and Macrophages M2 in the

high-risk group were significantly higher than in the low-risk group

(Figure 6F). By contrast, the proportions of Monocytes, activated NK-

cell and activated Mast-cells were higher in the low-risk group.

Subsequently, we performed KM survival analysis to evaluate the

OS with differing immunocytes infiltration samples (Figures 6G–I).

High proportions of activated NK-cell and activated Mast-cell had a

better OS (Figures 6G, I). Conversely, the level of macrophage M0

expression is inversely related to OS (Figure 6H). We next examined

whether the risk score is associated with the expression of inhibitory

and stimulatory immune checkpoint (ICP) molecules. Fortunately,

the expression of many immune checkpoint molecules showed

significant differences between high and low-risk groups (Figure 6J

Inhibitory ICP and Figure 6K stimulatory ICP). The KM curves for

survival analysis of these immune checkpoints were presented in
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FIGURE 5

Clinical characteristics and risk scores. (A) Correlation of risk scores with CAFs scores, r = 0.42 p< 0.001. (B) Correlation of risk scores with tumor purity,
r = -0.56, p< 0.001. (C, D) Risk scores for different WHO-graded samples, (E, F) MGMT promoter status, (G, H) 1p19q codeletion status, (I, J) IDH
mutation status, and (K, L) Age effect. (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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Figure S2. In summary, the risk score was associated with the

expression of these immune checkpoint molecules.
3.6 Risk score-based stratification
predicts the immune response and
chemotherapy efficacy

To explore the risk score stratification and the associated

characteristics of the antitumor immune response, we introduced

the Tracking Tumor Immunophenotype (TIP) system, which

analyzed the status of anticancer immunity and the proportion of

tumor-infiltrating immune cells across seven-step Cancer-Immunity

Cycle. As shown in Figure 7A, the scores of the high-risk group were

significantly higher in tumor antigen release (step 1), immune cell

recruitment (step 4), and immune cell infiltration into the tumor (step
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5). Conversely, the low-risk group scored significantly higher in T cell

priming and activation (step 3), T cell recognition of cancer cells (step

6), and killing of cancer cells (step 7). Then, we used the CGGA

dataset to validate these results (Figure S3A). Next, we introduce the

TIDE algorithm to assess the efficacy of risk score in predicting ICB

responsiveness. We found there was a significant difference in

response to ICB treatment between the two groups (p< 0.001), and

the response to ICB treatment was more sensitive in the low-risk

group (Figures 7B, C). SubMap was used to compare the prediction

response to anti-PD1 and anti-CTLA4 therapy results with another

dataset containing 47 patients with melanoma that responded to

immunotherapies. Using this tool, we found that the high-risk group

in the train and test sets showed comparable performance in

predicting the LGGs’ response to anti-PD1 therapy (Figures 7D, E

p< 0.05). Anti-CTLA4 therapy also showed a partial response in the

TCGA train set (Figure 7D Bonferroni corrected p = 0.32).
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FIGURE 6

Analysis of immune infiltration in different risk groups. (A–D) Immune score and stromal score calculated by ESTIMATE in different groups (A, C TCGA
data set, and B, D CGGA data set). (E, F) The relative infiltrating proportion of 22 immune cells in high- and low-risk groups. (G–I) KM curves of
infiltrating immune cells associated with survival in LGGs patients (p< 0.05). (J, K) Immune checkpoints expression in the LGGs microenvironment,
inhibitory ICP (J), and stimulatory ICP (K). (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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We tried to analyze the response of two risk groups to chemo-

drug efficacy. Here, in addition to TMZ, we selected three other

chemo drugs from the literature that may have therapeutic potential

for glioma. As expected, the sensitivity in the low-risk group was

slightly better than that in the high-risk group (Figure 7F). That may

be related to the level of MGMT promoter methylation in the low-risk

group (Figure 5E). For the other three drugs, the estimated IC50 was

significantly better in the low-risk group (Figures 7G–I). These results

were validated using the CGGA325 dataset (Figure S3B–E). Although

these drugs have not been used in clinical treatment on a large-scale,

differences in sensitivity suggest that they have potential as novel

therapeutic agents.
3.7 Genomic alterations of
prognostic signature

Tumor genomic alterations have profound effects on immunity

and drug therapy. We investigated the mutation frequencies of

different risk groups and showed the top ten most frequently

mutated genes (Figures 8A, B). As we expected, IDH1 had the

highest mutation frequency, predominantly missense. Remarkably,

some genes were associated with the immune microenvironment and
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immunotherapy. These genes were more prominent in the high-risk

group, such as ATRX, EGFR, and PTEN. We targeted IDH1, the most

frequently mutated of the two groups in our study and analyzed the

relationship between the expression of five risk genes and IDH1

mutations. The results were shown in Figures 8C–G. The expression

of all risk genes was higher in samples with wild-type IDH1 than in

mutant IDH1. These risk genes and corresponding risk scores are

consistent with the findings summarized in the preceding text

(Figure 5I). In addition, we analyzed correlations between tumor

mutational burden (TMB) and risk score. Like previous research,

LGGs patients in the high TMB group have a poorer prognosis.

Hence, we introduced the risk score and analyzed it jointly with TMB.

Our results show that the risk score had a low positive correlation

with TMB values (Figure 8H). Meanwhile, the high-risk group with a

poorer prognosis corresponded to high TMB values (Figure 8I).

Combining the two elements in the analysis, we found that LGGs

samples with high-risk scores and high TMB values had the worst

prognosis (Figure 8J). Finally, we compared the TIDE, dysfunction,

and exclusion scores between the different risk groups. The TIDE

score in patients with low-risk scores was significantly higher than

those with high-risk scores (Figure 8K p< 0.01). In parallel, patients in

the high-risk group had higher dysfunction scores constructed using

dysregulated immune genes (Figure 8L p< 0.001). No difference was
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FIGURE 7

Risk score-based analysis of the stratifiable immune response and chemotherapy efficacy. (A) The TIP system quantified seven steps of the antitumor
immune response. (B, C) Predicted response of TIDE to immune checkpoint inhibitors. (D, E) Comparing the effectiveness of PD1 and CTLA4 in response
to different risk groups. (F–I) The sensibility of chemotherapeutic drugs (F) Temozolomide, (G) Axitinib, (H) GDC0941, and (I) Bleomycin. (*p < 0.05,
**p <0.01, ***p <0.001, ****p <0.0001).
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found between the two groups for exclusion scores constructed using

immune rejection genes (Figure 8M). The mechanism of immune

escape in these high-risk LGGs samples may be immune dysfunction

rather than immune exclusion. These epigenetic alterations may affect

the prognostic model for the therapeutic assessment of LGGs patients.
3.8 Experimental verification in cell lines
and tissues

After obtaining the above five risk genes, we identified them at the

cellular and protein levels. Given the rarity of fibroblasts in brain

tissue, we chose a stable human mammary fibroblast (HMF) cell line

as a control group. T98G and U251 cell lines are commonly used

glioma cell lines for experiments. GSAP and SWAP70 expressed

similar levels in different cell lines, and the expression of the

remaining three genes was lower in glioma cell lines (Figures 9A–

E). For protein expression, three patients were analyzed with IHC.

LGGs tissues were obtained from the tumor center (TC) and tumor

periphery (TP). We found the expression of five proteins was highly

expressed in tumor periphery (Figure 9F). After a 4-step grading

system was quantified, except for LATS2, other proteins showed high

expression in the TP group (Figures 9G–K). This founding may be

related to the research that tumor cells can influence the recruitment
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of CAFs precursors and induce the activation of normal fibroblasts

into CAFs.
4 Discussion

Abnormal epigenetic alterations contribute to tumorigenesis and

progression, as reflected in the latest guidelines for glioma

classification (27). DNA methylation has been found to regulate

microRNAs and predict overall survival in glioma (28, 29).

Recurrence of LGGs occurs mainly within a few centimeters of the

resected cavity, even in complete tumor resection and adjuvant

chemotherapy (30, 31). Glioma recurrence and prognosis are

closely related to alterations of TME (32, 33). Immune cells and

CAFs are essential components of the TME. Here, we combined

abnormal methylation and CAFs abundance for an in-depth analysis

of LGGs, which is essential for a more comprehensive understanding

of TME and developing stromal CAFs-targeted therapies.

Herein, we analyzed DMEGs in different CAFs abundance

groups, and we found that the functional annotations of these

DMEGs were enriched in pathways of tumorigenesis, progression,

and malignant transformation. Compelling evidence shows that the

extracellular matrix acts as the “soil” for malignant tumor progression

and immune resistance (34). Among them, functions closely related
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FIGURE 8

Epigenetic analysis of risk genes. (A, B) The mutation of high- and low-risk groups (Top 10 mutated genes). (C–G) Expression of 5 risk genes in the
presence of different IDH1 mutations status. (H) Correlation analysis of risk score and TMB. (I) K-M curves of the high-TMB and low-TMB groups (p<
0.001). (J)The combined risk score and TMB analysis of K-M curves in LGGs patients. (K–M) TIDE algorithm to model tumor immune evasion, (K) TIDE
score, (L) Dysfunction score, and (M) Exclusion score.
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to CAFs, such as the Wnt signaling pathway plays a vital role in the

carcinogenic activity of LGGs (35). Oligodendrocyte differentiation

reflects the stemness of glioma cells (36). EMT has been implicated in

cancer stemness, invasiveness, and drug resistance (23). The genes

with simultaneous alterations in gene expression and methylation

levels may be factors that alter LGGs functions through CAFs. DNA

methylation at these promoter regions is widely known to correlate

negatively with gene expression levels (37). GO enrichment analysis

revealed the main functions and hub genes involved in DMEGs. It is

worth noting that in TSS200 and TSS1500 regions, MDK is a critical

player in cancer progression and immune microenvironment (38).

MMP14 regulates the activity of multiple extracellular and plasma

membrane proteins, influencing cell-cell and cell-extracellular matrix

communication (39).

After integrating clinical information, we constructed a

prognostic signature based on five genes (EMP3, GSAP, LATS2,

SLC2A10, and SWAP70). Compared to fibroblast cell lines and

glioma cell lines using the CCLE database, we found that the

expression of GSAP was similar. In the validation of in vitro cell

experiments, in addition to GSAP, SWAP70 expression was also

similar to fibroblasts. However, no evidence exists that any glioma cell

line can represent LGGs or GBM. Its predictive value appears to be

quite weak. In order to test protein expression, we performed

sampling and IHC analysis in the center and periphery of LGGs.

The expression of EMP3, GSAP, SLC2A10, and SWAP70 was higher

in tumor periphery. This finding suggests that there may be more

activated fibroblasts at the TP, and CAFs could function at tumor

periphery. However, there is no significant difference in LATS2
Frontiers in Oncology 11523
expression between TC and TP. Despite LATS2 having been

recognized as a target gene of CAFs-derived exosome microRNA-

92 in breast cancer (40). SLC2A10 regulated fibroblasts in arterial

tortuosity syndrome by encoding glucose transporter 10 (41). The

PI3K-dependent recruitment of SWAP70 to the plasma membrane

has been observed in growth factor-stimulated fibroblasts (42). EMP3

plays an important role in the regulation of membrane receptors

associated with IDH-Wild type glioblastoma (43).

More and more research focused on the immuno-phenotype and

immunotherapy of glioma cells. The high-risk scoring group showed

increased antitumor immune cells macrophage M2 and M0. Despite

glioma being defined as a cold tumor, proportions of macrophages

can still constitute up to 30–50% of the TME (44–46). Surprisingly,

mast cells activated were higher in the low-risk group. We quantified

antitumor immunity in seven steps and further evaluated the

antitumor immune process. Increased risk in the LGGs sample was

accompanied by a decrease in the score of T cell priming and

activation (step3) and destruction of tumor cells (step6, 7). It

corresponds to a higher density of antitumor immune infiltration in

the high-risk group. Immunotherapy, especially ICB, has brought

paradigm shifts to cancer treatment. We found that the specific

inhibitory immune checkpoints PD1 and CTLA4 were significantly

overexpressed in the high-risk group (Figure 6J), while the Submap

approach suggests that the high-risk group showed promising

performance in predicting LGGs predicted response to anti-PD1

and anti-CTLA4 therapies (Figures 7D, E). Other immune

checkpoints that are highly expressed in high-risk groups are also

being studied in an expanding way, such as the inhibitory immune
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FIGURE 9

Experimental verification in cell lines and tissues. (A–E) The mRNA levels were determined by qRT-PCR in three cell lines. (F) The expression of five
protein comparison of tumor center (TC) vs tumor periphery (TP) sites. (G–K) Bar graph showing the five protein levels obtained by quantification of
immunohistochemical images. (*p< 0.05, **p < 0.01, and ***p < 0.001).
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checkpoints CD276 (47) and IL-10 (48), and the stimulatory

checkpoints ICOS (49) and CD40 (50) are involved in the

regulation of T cell function. TGFB1 can increase endothelial and

epithelial permeability. It is more inclined to promote GBM cell

invasion (51). SLAMF7 is a cell surface receptor involved in natural

killer cell activation that received approval for treating multiple

myeloma (52). Treatment by blocking or stimulating these new

checkpoints in LGGs holds the promise of going beyond traditional

PD1 therapies. Although our risk score distinguished the expression

of ICPs of LGGs and predicted anti-ICB therapy, it still lacks

elucidation of the interaction mechanism between CAFs and ICB.

We hope to provide new ideas on the relationship between the

treatment of immune checkpoints and CAFs.

TMZ has become the conventional chemotherapeutic agent for

glioma however, TMZ resistance is the main factor that leads to

current studies aimed at expanding multiple chemotherapeutic agents

for glioma (53). Besides TMZ, three promising drugs were introduced

in this study (Figures 7G–I). Axitinib induces senescence-associated

cell death and necrosis in glioma (54). The PI3K inhibitor GDC-0941

enhances radiosensitization and reduces chemoresistance to

temozolomide in GBM (55). Bleomycin inhibits proliferation and

promotes apoptosis of glioma via the TGF-b/Smad signaling pathway

(56). All three drugs showed promising IC50 in the low-risk group,

and we hope this study will provide potential directions for the

relationship between new chemotherapeutic agents and CAFs.

However, these speculations are still at the level of data analysis,

and whether these drugs can be applied to LGGs still needs a lot of

experimental verification, such as molecular docking.

Solid evidence suggests that TMB plays a vital role in tumor

immune escape (57). TP53 was frequently mutated in the high-risk

subtype, and its mutation was reported to be associated with a poorer

prognosis. Mutations in IDH1 characterize the majority of lower-grade

gliomas in adults and define a subtype associated with a favorable

prognosis (58, 59). Glioma shows a markedly elevated mutation

burden, referred to as TMB-H (60). A study suggests that some

gliomas with high TMB may benefit from PD-1 blockade therapy

(61). Interestingly, MMR deficiency gliomas with TMB-H also lack

significant inflammatory CD8+ infiltrates (62). On the other hand,

TIDE algorithm analysis revealed that the mechanism of immune

escape in LGGs samples might be immune dysfunction (Figure 8L).

Even in the presence of a high level of infiltration by cytotoxic T cells,

immune escape is still inevitable (63). However, it is worth noting that

our study also has some limitations. Although our study identified five

risk genes, they could not directly serve as CAFs marker genes in

LGGs. We should further confirm the role of these CAFs risk genes on

glioma cells using in vitro co-culture or single-cell multi-omics.

Bioinformatics has always been used to research CAFs, but how

gliomas induce the production of CAFs and exercise their functions

in TME still requires extensive in vivo or in vitro experimental studies.

These efforts will be included in our future studies.
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Clinical characteristics and risk scores in CGGA-693 LGGs test set. (A) K-M
curves showed that the high-risk subgroup had worse overall survival than the

subgroup in the test set (p< 0.001). (B) K-M curves of different risk groups in

WHO II and WHO III gliomas, (C) MGMT promoter status, (D) 1p19q codeletion
status, (E) IDH mutation status, and (F) age effect.
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Overall survival analysis on immune checkpoint for LGGs patients. Grouping by
median expression of immune checkpoint genes.

SUPPLEMENTARY FIGURE 3

Immunotherapy response and chemotherapy sensitivity in the CGGA. (A) TIP
system analyzed the status of anticancer immunity and the proportion of
tumor-infiltrating immune cells across the seven-step Cancer-Immunity

Cycle. (B) Chemosensitivity of TMZ, p = 0.11. (C) Chemosensitivity of Axitinib,
p< 0.001. (D) Chemosensitivity of GDC0941, p< 0.001. (E) Chemosensitivity of

Bleomycin, p = 0.004.
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IFNa and 5-Aza-2’-deoxycytidine
combined with a dendritic-cell
targeting DNA vaccine alter
tumor immune cell infiltration in
the B16F10 melanoma model

James T. Gordy1†, Avinaash K. Sandhu1†, Kaitlyn Fessler1,
Kun Luo1, Aakanksha R. Kapoor2, Samuel K. Ayeh2, Yinan Hui1,
Courtney Schill 1, Fengyixin Chen1, Tianyin Wang1,
Styliani Karanika2, Joel C. Sunshine3, Petros C. Karakousis2

and Richard B. Markham1*

1Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of Public
Health, Baltimore, MD, United States, 2Division of Infectious Diseases, Center for Tuberculosis Research,
Department of Medicine, The Johns Hopkins Hospital, Baltimore, MD, United States, 3The Departments
of Dermatology, Pathology, and Biomedical Engineering, Johns Hopkins University School of Medicine,
Baltimore, MD, United States
Introduction: DNA vaccines containing a fusion of the gene encoding chemokine

MIP-3a (CCL20), the ligand for CCR6 on immature dendritic cells (DCs), to

melanoma-associated antigen genes have enhanced anti-tumor immunity and

efficacy compared to those lacking the chemokine gene. Previous work has shown

that type-I interferon (IFNa or IFN) and 5-Aza-2’-deoxycytidine (5Aza) significantly

enhance the therapeutic benefit of DNA vaccines as measured by reduced tumor

burden and improved mouse survival.

Methods: Here, we explored mouse intratumoral immune correlates underlying

the therapeutic benefit of this combination regimen (vaccine, IFN, and 5Aza) as

compared to vaccine alone and IFN and 5Aza without vaccine, focusing on

chemokine mRNA expression by qRT-PCR and inflammatory cellular infiltration

into the tumor microenv i ronment (TME) by flow cytometry and

immunohistochemistry (IHC).

Results: The combination group significantly upregulated intratumoral mRNA

expression of key immune infiltration chemokines XCL1 and CXCL10. Flow

cytometric analyses of tumor suspensions exhibited greater tumor infiltration of

CD8+ DCs, CCR7+ DCs, and NK cells in the combination group, as well as reduced

levels of myeloid-derived suppressor cells (MDSCs) in vaccinated groups. Themice

receiving combination therapy also had greater proportions of effector/memory T-

cells (Tem), in addition to showing an enhanced infiltration of Tem and central

memory CD8+ T-cells, (Tcm). Tem and Tcm populations both correlated with

smaller tumor size. Immunohistochemical analysis of tumors confirmed that CD8+

cells were more abundant overall and especially in the tumor parenchyma with

combination therapy.
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Abbreviations: 5Aza, 5-Aza-2’-Deoxycytidine; ICB, Immun

IFN, Interferon alpha; IHC, Immunohistochemistry;

inflammatory protein 3-alpha; M-MDSC, Monocytic mye

cell; PMN-MDSC, Granulocytic or poly-morphonuc

suppressor cell; TME, Tumor microenvironment.
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Discussion: Efficient targeting of antigen to immature DCs with a chemokine-

fusion vaccine offers a potential alternative approach to classic and dendritic cell-

based vaccines. Combining this approach with IFNa and 5Aza treatments

significantly improved vaccine efficacy. This treatment creates an environment

of increased inflammatory chemokines that facilitates the trafficking of CD8+ DCs,

NK cells, and CD8+ T-cells, especially memory cells, while reducing the number of

MDSCs. Importantly, in the combination group, CD8+ cells were more able to

penetrate the tumor mass in addition to being more numerous. Further analysis of

the pathways engaged by our combination therapy is expected to provide

additional insights into melanoma pathogenesis and facilitate the development

of novel treatment strategies.
KEYWORDS

interferon, 5-Aza-2’-deoxycitidine, dendritic cell, vaccine, B16F10melanoma, chemokine,
CCL20, CD8+ T-cells
Introduction

Despite advances in medical innovation and treatment, cancer

resulted in nearly 10 million deaths globally in 2020 (1). Of these

deaths, over 57,000 were from melanoma (2). Traditional treatments

like surgery and chemotherapy aid in early stages of the disease but

treating late-stage metastatic melanoma remains a challenge.

Recently, immunotherapies such as immune checkpoint blockades

(ICB) targeting the markers CTLA-4 and PD-1/PD-L1 have shown

promise, but their use is limited by the severity of their associated side

effects and a high frequency of non-responsiveness and relapse (3).

The limited success of these treatments has prompted the deployment

of combination therapies, which often include traditional anticancer

drugs such as decitabine and immunotherapeutic agents such as

interferon-a, ICB, and CAR-T-cells (3–6).

Two bottlenecks in the development of cancer immunotherapy

are activation of sufficient numbers of effector cells targeting tumor

antigens and ensuring that those effector cells enter the tumor

environment. Cancer vaccines have been employed to expand

populations of cancer antigen specific T-cells (7) frequently

employing approaches that recognize the importance of dendritic

cell (DC) recruitment in T-cell activation (8, 9). We have previously

reported marked enhancement of anti-tumor efficacy of a DC-

targeting melanoma vaccine by the addition of Interferon a (IFN)

and 5’aza-2 deoxycytidine (5Aza) to the therapeutic regimen. Of note,

the enhanced efficacy of this regimen was dependent on the presence

of all components and was not attributable to additive effects of

individual components. In the current studies we have explored the

intratumoral immune parameters of the regimen components IFN

+5Aza, Vaccine, and the combination to define their roles in

overcoming the treatment bottlenecks. Our findings provide a basis
e checkpoint blockade;
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loid-derived suppressor

lear myeloid-derived
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for understanding the requirement for all treatment components to

achieve the synergistic efficacy observed with this treatment regimen.

This study investigated the intratumoral immune mechanisms

associated with the enhanced therapeutic efficacy of combinatorial

treatment seen in previous studies (10, 11). In line with previous

findings, CD8+ T-cells were enriched in tumors from mice receiving

combination therapy relative to mice receiving IFN and 5Aza or mice

receiving vaccine alone. Chemokines important for attracting

inflammatory cells, such as CCL19 (11), CXCL10, and XCL1, were

significantly upregulated. Inflammatory cell types such as natural

killer (NK) cells, CD8+ DCs, and memory CD8+ T-cells were also

significantly enriched, whereas levels of myeloid-derived suppressor

cells (MDSCs) were greatly reduced. Importantly, the IHC results

highlight that the CD8+ cells in the combination group are of greater

number and are infiltrating into the tumor mass as compared to the

other groups where they remain primarily on the periphery. The

findings here elucidate a system where the IFN with 5Aza and vaccine

components act in tandem to create a microenvironment more

conducive to immune activity.
Materials and methods

Tumor model

6–12-week-old female C57BL/6 (Charles River, Wilmington,

MA) mice were challenged with a lethal dose of B16F10 melanoma

(5×104 cells, >95% viability) administered intradermally on the mouse

flank on day 0 of therapy (10, 11). Tumor size was recorded by

calipers every 1–3 days as square mm (L × W). Mice were monitored

for signs of distress in accordance with IACUC protocols.
Vaccinations and therapeutics

Vaccine antigen is the MIP-3a-Gp100-Trp2 (tyrosinase-related

protein 2) DNA construct in the pCMVe mammalian expression
frontiersin.org
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plasmid published here (11). Vaccination-grade plasmids were

extracted from E. coli DH5-a (Invitrogen™ ThermoFisher

Scientific, Waltham, MA) using Qiagen® (Germantown, MD)

EndoFree® Plasmid Kits and were diluted with endotoxin-free

1xPBS. Vaccine DNA preps were verified by insert sequencing

(JHMI Synthesis and Sequencing Facility, Baltimore, MD),

spectrophotometry, and gel electrophoresis, and then administered

at 50 mg/dose into the gasctocnemius muscle followed by in vivo

electroporation, pulsing the muscle with the ECM 830 Electro Square

Porator with 2-Needle Array Electrode (BTX Harvard Apparatus;

Holliston, MA) under the following parameters: 106 V; 20 ms pulse

length; 200 ms pulse interval; 8 total pulses (10). 50 mg ODN2395

Type C CpG (Innaxon LPS Biosciences, Tewkesbury, UK) was

administered intramuscularly 2 days post-vaccination into

vaccinated muscle. Recombinant mouse interferon alpha-A (IFNa,
R&D Systems, Inc. Minneapolis, MN) was administered

intratumorally as a series of doses: one high dose (10,000 units)

followed by 2-3 days of low doses (1000-2000 units). InSolution™ 5

Aza 2′-deoxycytidine (5Aza, CalBiochem®, MilliporeSigma,

Burlington, MA) was administered intraperitoneally at 1 mg/kg in

50 ml, at approximately 20 mg/mouse. Figure 1A outlines the

therapy schedule.
Lymphocyte extraction and flow cytometry

Tumor cell suspensions were prepared as previously described,

with or without the Lympholyte M (Cedarlane Labs, Burlington, NC)

purification step (10, 11). Briefly, tissue was extracted, kept cold,

ground through a filter, washed, either purified or processed to lyse

red blood cells, and used for downstream applications. In one

experiment, the tumor cells were cryopreserved in 90% FBS 10%

DMSO freezing media using isopropanol baths at -80°C prior to

moving the samples to -150°C. Cells were quick-thawed and allowed
Frontiers in Immunology 03529
to rest for 4 hours at 37°C before proceeding. Cells undergoing a

freeze-thaw were only utilized for T-cell subtype analyses. If fewer

than 10 live CD8+ T cells were measured, the samples were not

included due to poor cell viability. Results of T-cell subtypes from

cryopreserved cells were not significantly different from the

remainder of the datasets. Tumor cell suspensions were stained in a

96-well V-bottom plate (Sarstedt, Inc., Newton, NC), with

combinations of the following anti-mouse mAbs: PercPCy5.5

conjugated anti-CD3, CD11b-APC, Ly6G-FITC, Ly6C-Percp-Cy5.5

(eBioscience, Inc., San Diego, CA), FITC-CD8, NK1.1-PE, Live/Dead

Near-IR (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA),

CD8-AF700, CD62L-APC, CD44-AF700, NK1.1 AF700, CD11c-PE,

and CCR7 PE-Cy7 (Biolegend, San Diego, CA). The Attune™ NxT

(Thermo Fisher Scientific, Waltham, MA) flow cytometer was

utilized. Flow data were analyzed by FlowJo Software (FlowJo, LLC

Ashland, OR) or Attune NxT Software v3.2.1 (Thermo Fisher

Scientific, Waltham, MA). Tumors smaller than 25mm2 were not

analyzed due to an insufficient amount of tissue. Figure 1B shows

common initial gates: cells were gated on potential immune cells by

FSCxSSC, screened out doublets and clumps, and selected for alive

cells. %Alive refers to the percentage of all cells passing through these

first three gates. Gates were formulated using full-minus-one (FMO)

staining controls as reference.
RNA extraction and qRT-PCR

Cross-sections of tumor weighing less than 100 mg were

harvested. Tumor was minced as finely as possible, added to 1 ml

Trizol® (Ambion® by Life Technologies, Carlsbad, Ca), and then

homogenized by the Fisher Scientific™ PowerGen125 (Thermo

Fisher Scientific, Waltham, MA). RNA was extracted according to

the manufacturer’s protocol. The cDNA reverse transcription

reaction utilized the SuperScript™ III First-Strand Synthesis System
A

B D

C

FIGURE 1

Experimental Design and General Characteristics. (A) Challenge and treatment outline. (B) Flow cytometry initial gating strategy. Potential leukocytes are
gated by FSC vs SSC, followed by doublet discrimination, and live cell selection. All flow cytometry data in these studies utilize these three gates.
(C) Tumor size over time across treatments. Data are represented as average of experimental means across all experiments that have data referenced in
this study (N=5). Day 26 time point has significant differences by 2-Way Anova with Tukey’s test. *p<0.05; **p<0.01. (D) Change in mouse weight across
groups and time. Analysis stopped at day 21 before tumor masses became a significant proportion of mouse weight. Data are representative of 6-14
mice across 2-3 independent experiments. Data analyzed by Mixed Effects Analysis with Tukey’s test. Relationships are not significant (n.s.).
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(Invitrogen ™, Waltham, MA), as per the manufacturer’s protocol.

Real-time quantitative reverse transcription-PCR (qRT-PCR) was

performed utilizing TaqMan® Gene Expression Master Mix or Fast

Advanced Master Mix and TaqMan®Gene Expression Assays

(Applied Biosystems™ by Thermo Fisher, Halethorpe, MD) with

probes specific for mouse GAPDH, XCL1, and CXCL10, utilizing the

manufacturer’s protocols. Ct threshold was standardized across

experiments, and the Ct statistic equated to the average of triplicate

technical replicates. For analysis, DCt is calculated by subtracting the

Ct value of the housekeeping gene GAPDH from that of the gene of

interest. qRT-PCR was performed utilizing the StepOnePlus™

machine and software (Applied Biosystems™ by Thermo Fisher,

Halethorpe, MD).
Histology

Tumor cross-sections or whole tumors were fixed in 10% neutral

buffered formalin. The samples were embedded in paraffin, cut in

levels and adhered to slides, and then cuts from the same level were

stained with hematoxylin and eosin (H&E) or labelled CD8 by

immunohistochemistry (IHC) in parallel by the Sydney Kimmel

Comprehensive Cancer Center Histology Core Facility (Baltimore,

MD). All H&E and CD8 IHC cases were reviewed by a board-certified

dermatopathologist (JCS) who was blinded during histologic scoring

and evaluated for overall histologic appearance and degree of immune

response. Immune infiltration was scored semi-quantitatively, with 0

for no inflammation, 1 for mild, 2 for moderate, and 3 for strong

peripheral and intratumoral T-cell infiltration. Images were digitally

brightened by 10%. Images are presented from the 10x objective, and

zoomed images were digitally zoomed an additional 2x. Quantitative

analysis of the infiltrating CD8+ cells was performed by two

individuals blinded to the groups, each counting stained CD8+ cells

across 10 random fields per sample (40x objective). The mean value of

the 20 fields counted was utilized as the data point for analysis.
Frontiers in Immunology 04530
Statistics and data

Tumor size, qRT-PCR, and flow cytometric analyses were

statistically tested by one-way ANOVA with Tukey’s multiple

comparison test if dataset distributions were approximately normal

or with Dunn’s multiple comparison test if not. Normality was

assessed by D’Agostino & Pearson test primarily or by Shapiro-

Wilk test if the sample size was too small. Scatter plots were

analyzed by simple linear regression with Spearman correlation

coefficient test. Grouped experiments were analyzed by 2-way

ANOVA with Sidak multiple comparison test. Microsoft® Excel

(Microsoft Corp, Redmond, WA) was used for database

management. Prism 9 (GraphPad Software, Inc. San Diego, CA)

was utilized for statistical analyses and figure creation. All error bars

represent the estimation of the standard error of the mean, and all

midlines represent the group mean. The significance level of a ≤ 0.05

was set for all experiments. Data provided in (Supplementary file 1).
Results

Tumor model

Figure 1A outlines the therapy schedule utilized both in this study

and our prior work (10, 11). Importantly, the tumor growth

phenotype remains consistent across experiments (Figure 1C),

allowing the studies here to expand on previous work. Since our

prior studies found that mice receiving no treatment did not survive

to days 24-26 (10, 11), in the current study we decided to compare the

three treatment groups to each other. At select time points, mouse

weight was measured to ensure the therapeutic regimen did not

induce excessive stress. A representative gating strategy indicating the

initial steps of gating for samples is shown here as well (Figure 1B). All

groups consistently gained weight over time, and there was no

significant difference in weight change across the groups (Figure 1D).
A B DC

FIGURE 2

Tumor Lysate Chemokine RNA Expression. At harvest, RNA was Extracted from all or a cross-section of tumor and analyzed by qRT-PCR. Values are
expressed as DCT normalized to GAPDH expression. (A) Expression of XCL1 across groups and (B) correlated to tumor size. (C) Expression of CXCL10
across groups and (D) correlated to tumor size. All data represent 2-3 independent experiments with sample sizes ranging from 3-5 per group per
experiment. Group comparisons were tested by One-Way Anova with Tukey’s multiple comparisons test. Correlations analyzed by Spearman correlation
coefficient test.
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Tumor lysate chemokine expression

Our previously published data showed significant upregulation of

CCL19 in mice receiving combination therapy (11). Since CCL19 has

been implicated in homing CCR7+ immune cells to the lymph nodes

(12), additional chemokines associated with immune cell infiltration

were chosen for qRT-PCR analysis. XCL1, essential in attracting

cross-presenting DCs (13), showed higher expression in the vaccine

alone (p = 0.0036) and combination (p = 0.0006) groups compared to

IFN + 5Aza (Figure 2A). XCL1 expression was also correlated with

trends of reduced tumor size in the combination group (p = 0.0591,

R2 = 0.321) (Figure 2B). CXCL10 is a primary recruiter of T cells (14),

and its transcription levels were also significantly elevated in the

combination group compared to both vaccine alone (p = 0.0117) and

to IFN + 5Aza (p = 0.0054) (Figure 2C). Additionally, levels were

correlated with trends of reduced tumor size in the combination

group (p = 0.132; R2 = 0.354) (Figure 2D). In both cases, the

combination group is the only group with an R2 above 0.3. Across

all groups, XCL1 (R2: 0.53, p<0.001) and CXCL10 (R2: 0.584; p<0.001)

also showed significant overall correlations.
Natural killer and dendritic cells

Emerging evidence suggests that DC- and NK- cell infiltration

into the TME aids in mounting an effective anti-tumor response (15,

16). To understand the cellular makeup of the TME, we performed

flow cytometric analysis on tumor lysates. Figure 3A shows the gating

strategy of representative samples. While there was too much
Frontiers in Immunology 05531
variation to achieve statistical significance, a trend of increased

intratumoral infiltration of CD3-CD11c+ DCs was observed

between the combination group and the IFN + 5Aza (p = 0.1138)

and vaccine alone (p = 0.0738) groups (Figure 3B). Interestingly, the

percentage of CD8+ DCs, representing inflammatory and cross-

presenting DCs (17), was modestly increased following vaccination

alone (p = 0.0672), and significantly increased following combination

treatment (p = 0.0012) relative to IFN+5Aza (Figure 3C). However,

only the combination group had enhanced levels infiltrating the

tumor compared to the IFN + 5Aza group (p = 0.0003; Figure 3D).

Correlation between XCL1 expression and the presence of CD8+ DCs

was also highly significant (p = 0.0055, R2 = 0.443) (Figure 3E).

Additionally, the upregulation of CCL19 and CCR7 (11) seen in the

combination group, and the fact that CCL19 binds CCR7 directed us

to investigate the percent of CCR7+ DCs present in the tumor lysate

(Figure 3F), which were significantly higher in the combination group

(p = 0.037) when compared to the vaccine group. NK cell numbers

were also analyzed (representative gating in Figure 3G) and were

significantly higher in the combination therapy group when

compared to vaccine alone (Figure 3H, p = 0.0202).
Myeloid-derived suppressor cells

A category of innate immune cells known as MDSCs (myeloid

derived suppressor cells) is often present in the TME and disables an

effective anti-tumoral response by potentiating immunosuppressive

activity (17). To analyze whether these cells were present in the

TME, we performed flow cytometry on the tumor lysate; both classes
A B D
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F

G H

C

FIGURE 3

Dendritic Cell and Natural Killer Cell Tumor Infiltration. (A) Gating of DCs. Single, live, leukocytes (Figure 1B) were selected for CD3 negativity and CD11c
positivity to determine the DC population. DC’s were analyzed for CD8 and CCR7 expression. Plots shown are representative samples from their groups.
(B) %Alive analysis of total DCs. (C) Analysis of the percentage of DC’s that are CD8+ per group. (D) %Alive analysis of CD8+ DCs. (E) Correlation of XCL1
expression versus %Alive analysis of DC’s expressing CD8. (F) %Alive DC’s expressing CCR7. (G) Representative gating of NK1.1 positivity. (H) %Alive of
NK1.1 positive cells. All data represent 2-3 independent experiments with sample sizes ranging from 3-5 per group per experiment, except panel E, which
represents one experiment. Group comparisons were tested by One-Way Anova with multiple comparisons test (Tukey’s if approximately Gaussian (F) or
Dunn’s if not (B–D, H). Correlations analyzed by Spearman (E) correlation coefficient test.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1074644
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gordy et al. 10.3389/fimmu.2022.1074644
of murine MDSCs were analyzed and included M-MDSC (monocytic

MDSCs) and PMN-MDSC (polymorphonuclear or granulocytic

MDSCs). Figure 4A shows the representative gating strategy. The

percent of both PMN-MDSCs (Figure 4B) and M-MDSCs

(Figure 4C) were reduced in the vaccine alone and combination

therapy groups. The differences between mice receiving the vaccine

alone compared to IFN + 5Aza were significant for PMN-MDSCs (p =

0.003) and M-MDSCs (p = 0.0379). When comparing combination
Frontiers in Immunology 06532
therapy to IFN + 5Aza, there was significant reduction of PMN-MDSCs

(p = 0.003) and a trend towards reduction of M-MDSCs (p = 0.0768).
Tumor infiltrating lymphocytes

Our previous data indicated increased levels of CD8+ T cells in

the combination therapy group (10, 11), and findings from this
A B D E
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C

FIGURE 5

T-cell subtype analysis. (A) Gating structure. CD3+CD8+ cells are divided by CD44 and CD62L expression patterns. CD44+CD62L- are T effector/
effector memory cells, CD44+CD62L+ are central memory T-cells, and CD44-CD62L+ are naïve T-cells. Plots shown are representative samples from
their groups. (B) For each group, proportions of the three primary subtypes are plotted by pie chart. (C–E) %Alive analysis of tumor infiltrating
populations of (C) all CD8+ T-cells, (D) Central Memory CD8+ T-cells, and (E) effector/effector memory CD8+ T-cells. (F, G) Correlation analysis
between (F) CD8+ Tem or (G) CD8+ Tcm and tumor size. Data are representative of 3-4 independent experiments with 10-16 total mice per group.
Groups were tested by One-Way Anova with multiple comparisons: Tukey’s test (B–D) or Dunn’s test (E). Correlations tested by Spearman correlation
coefficient test.
A B C

FIGURE 4

MDSC analysis. (A) Gating structure. Cells were selected as CD11b+ and then divided into PMN-MDSCs (Ly6G hi/Ly6C lo) and G-MDSCs (Ly6C hi, Ly6G lo).
Plots shown are representative samples from their groups. (B, C) Grouped analysis as a percentage of CD11b+ cells of (B) PMN-MDSCs and (C) M-MDSCs.
Data are representative of one experiment with 3-4 mice per group and are tested by by One-Way Anova with Tukey’s multiple comparisons test.
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study confirmed those results. Figure 5A shows the representative

gating strategy used to stratify CD8+ T cells, and total CD8+ T cells

were significantly enriched in the combination group compared to

IFN + 5Aza (Figure 5C, p = 0.0003) and trending towards

significance in vaccine alone (p=0.1207). To understand

differences in CD8+ T-cell composition, CD3+ CD8+ T cells were

further gated on CD44 and CD62L to categorize effector (CD44+

CD62L-), naive (CD44- CD62L+), and central memory (CD44+

CD62L+) T cells (Figure 5A). When total CD8+ T cells were

stratified based on percentage, naïve and double negative (CD44-

CD62L-) T cells were qualitatively lower in the combination therapy

group compared to mice receiving either IFN + 5Aza or vaccine

alone, and the combination group was primarily composed of

central memory and effector memory T cells (Figure 5B).

Importantly, the combination therapy group showed significantly

higher amounts of effector memory CD8+ T cells (Figure 5E, p =

0.0068) compared to mice receiving IFN + 5Aza, and also showed

increased numbers of central memory T cells relative to both mice

receiving vaccine alone (p = 0.024) and IFN+ 5Aza (p = 0.0351)

(Figure 5D). Furthermore, the correlations between decreased

tumor size and increased CD8+ T effector memory cell or CD8+

T central memory cell infiltration into the TME in the combination

treatment group (p = 0.0438, R2 = 0.436; Figure 5F, p = 0.0029,

R2 = 0.73; Figure 5G respectively) were significant.
Immunohistochemistry

A representative sample of four tumors per group across two

experiments were selected for microscopy analysis. Tumor cross-
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sections were mounted onto slides and stained for H&E and CD8 by

immunohistochemical methods. Figure 6A shows representative

images with selected clusters of CD8+ cells pointed to with arrows,

with areas of interest outlined in boxes and zoomed an additional

2-fold to more clearly show the stained cells. In all the IFN + 5Aza

samples and three out of four vaccine-only samples, CD8+ cells were

visualized primarily around peritumoral vessels but not infiltrating the

tumor mass (arrows, Figure 6A left and middle). Three out of four

samples from the combination group showed substantial infiltration of

CD8+ cells into the tumor mass (arrows, Figure 6A right). Figure 6B

provides evidence that our sampling was representative, as the tumor

size averages did not significantly differ from across group means.

Additionally, the samples were scored in a group-blinded fashion

for level of inflammation ranging from 0-3 (Figure 6C). The IFN +

5Aza group showed little inflammation with one out of four samples

scored as 0, and three with minimal inflammation, scored as 0+ to 1.

The vaccine alone group showed higher variability, with one tumor

lacking any inflammation (scored 0), two showing only peripheral

CD8+ cell accumulation (scored 0+ to 1), and one with peripheral

accumulation and intratumoral penetration (scored 2). The

combination group resulted in the highest proportion of cases with

both peripheral CD8+ cell accumulation and CD8+ cell penetration,

with three out of four samples scored at 2.

To provide quantitative analysis of the infiltration of CD8+ cells

into the tumor mass, twenty total randomly selected parenchymal

40X objective microscope fields per sample were counted by two

group-blinded individuals. Figure 6D shows that the combination

group had significantly more CD8+ cells that infiltrated the tumor

parenchyma as compared to IFN+5Aza (p=0.0266) and to vaccine

alone (p=0.0316).
A B

D

C

FIGURE 6

CD8 Immunohistochemistry (IHC). (A) IHC of tumor sections. CD8+ cells were stained with pink color to differentiate from brown melanin background.
Representative images were selected and scored by group-blinded dermatopathologist from slides stained from 4 samples per group across two
independent experiments. Top two rows utilized 10x objective. Bottom row images were digitally zoomed 2x from boxes in middle row. Arrows are
pointing to select clusters of CD8+ cells. (B) Tumor size comparison of CD8 IHC samples to group averages across experiments, tested by 2-way Anova
with Sidak multiple comparison test; n.s. = not significant. (C) Semi-quantitative tumor inflammation scores. (D) Average of CD8+ cell counts from twenty
random and blinded fields per sample from parenchymal regions using a 40x objective, tested by One-way Anova with Tukey’s multiple comparison test.
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Discussion

Treatment of late-stage tumors, including metastatic melanoma,

has historically been challenging as elements within the TME interfere

with immune cell infiltration and limit an effective anti-tumoral

response (18). Combining traditional therapies with other treatment

options including immunotherapy, however, has yielded impressive

results and improved prognosis (19–21).

In our study, we utilized a MIP3a fused vaccine targeting two

common melanoma antigens, gp100 and trp2, in combination with

5Aza and IFN. Previously published data indicated high efficacy of

this combination therapy compared to vaccine or 5Aza and IFN

alone, as manifested by greater median survival time and reduced

tumor burden in mice given the combination therapy. Our work also

indicated that this group had greater CD8+ T-cell infiltration into the

TME, as well as significant CCL19 upregulation (11). These findings

prompted this study, which reinforced the CD8+ T-cell data

(Figure 5C), but also introduced the possibility of DC and NK cell

anti-tumoral action in the TME (Figure 3) and highlighted the

immunosuppressive role MDSCs may play in dampening immune

responses (Figure 4). Additionally, we also noted upregulation of the

chemokines CXCL10 and XCL1 (Figure 2); XCL1 in the combination

group was upregulated relative to the IFN+5Aza group, and CXCL10

in the combination group was upregulated relative to both vaccine

alone and IFN + 5Aza groups. Furthermore, stratification of CD8+ T-

cells revealed increased percentages of effector memory and central

memory T-cells in the combination group (Figures 5E, D), which

were highly correlated with decreased tumor burden (Figures 5F, G).

Importantly, results from this study further define immunological

mechanisms underlying the synergism seen previously of all

combination therapy components in enhancing survival and anti-

tumoral activity (11).

Optimally activated CD8+ T cells are critical to tumor control,

and the presence of both effector memory and central memory CD8+

T cells has also been correlated with an effective anti-tumoral

response. Our findings indicate that the combination therapy can

elicit an effective memory response, which is critical to remission (22,

23). In many solid tumors including melanoma, immune infiltration

into the TME is depressed and leads to a limited immune response

ineffective in killing the cancer cells (18). A high expression of

chemokines related to DC, NK, and T-cell recruitment within the

TME has been associated with greater influx of these cells into the

tumor and consequently, better prognosis (15, 16, 24). We saw

heightened expression of CCL19 (11), CXCL10, and XCL1 in mice

treated with the combination therapy, suggesting the creation of an

environment favoring greater immune cell influx. CCL19 binds to

CCR7 on a multitude of cell types including DCs and T-cells, whereas

CXCL10 is a is a canonical chemokine for attracting T-cells (14), and

its upregulation is correlated with smaller tumor size. XCL1, on the

other hand, is secreted by activated NK cells and CD8+ T-cells and is

part of the Th1 response. It binds XCR1, present on conventional DCs

type 1 (cDC1), NK cells, and CD8+ T-cells (13). Bottcher et al. (25)

found that XCL-1 and CCL5 secreting NK cells promoted cDC1

infiltration into the TME, which was correlated with higher survival

and better prognosis, and other studies have also noted the anti-
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tumoral role facilitated by DC-NK crosstalk (26). It is possible that

these processes are also occurring in our system.

These results, when taken together, indicate that the combination

therapy is integral in creating an effective anti-tumoral environment

composed overall of CD8+ T-cells of memory phenotypes, CD8+

DCs, and NK cells. We believe that this occurs primarily by increased

immune cell trafficking into the TME, as seen by the IHC (Figure 6).

This increased immune infiltration into the TME requires the

presence of all three components of the combination therapy and is

likely not attributed to a singular element. This is best demonstrated

by the IHC data, where the combination group has consistently

higher levels of inflammation and of CD8+ cells infiltrating the

tumor parenchyma compared to the IFN+5Aza and vaccine alone

groups. The recruitment of these cells is likely due to the upregulation

of CCL19, CXCL10 and XCL1, among other potential untested

targets, which enable cells to respond to the chemokine gradient

and infiltrate the TME.

Overall, our results suggest that the establishment of an effective

tumor-killing environment composed of favorable cell types, such as

DCs, CD8+ memory T-cells, and NK cells, as well as important

chemokines, including CCL19, CXCL10, and XCL1 relies on all

aspects of the combination therapy. This study provides evidence

for well-designed cancer vaccines as an important arm of combined

therapy and supports the use of combination therapies in the clinic

for metastatic tumors. Future studies will aim to further define the

TME, and the protective immune responses elicited by combination

treatment. A lung metastatic model of the disease will also be

incorporated to extend our knowledge of treatment efficacy.
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Immune landscape in tumor microenvironment: Implications for biomarker
development and immunotherapy. Int J Mol Sci (2020) 21:1–14. doi: 10.3390/
IJMS21155521

20. Sodergren MH, Mangal N, Wasan H, Sadanandam A, Balachandran VP, Jiao LR, et al.
Immunological combination treatment holds the key to improving survival in pancreatic
cancer. J Cancer Res Clin Oncol (2020) 146:2897–911. doi: 10.1007/s00432-020-03332-5

21. Lucarini V, Buccione C, Ziccheddu G, Peschiaroli F, Sestili P, Puglisi R, et al.
Combining type I interferons and 5-Aza-2′-Deoxycitidine to improve anti-tumor response
against melanoma. J Invest Dermatol (2017) 137:159–69. doi: 10.1016/J.JID.2016.08.024

22. Ayoub NM. Editorial: Novel combination therapies for the treatment of solid
cancers. Front Oncol (2021) 11:708943. doi: 10.3389/fonc.2021.708943

23. Perret R, Ronchese F. Memory T cells in cancer immunotherapy: Which CD8+ T-
cell population provides the best protection against tumours? Tissue Antigens (2008)
72:187–94. doi: 10.1111/J.1399-0039.2008.01088.X

24. Shortman K, Heath WR. The CD8+ dendritic cell subset. Immunol Rev (2010)
234:18–31. doi: 10.1111/J.0105-2896.2009.00870.X

25. Böttcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M, Sammicheli S,
et al. NK cells stimulate recruitment of cDC1 into the tumor microenvironment promoting
cancer immune control. Cell (2018) 172:1022–037.e14. doi: 10.1016/J.CELL.2018.01.004

26. Peterson EE, Barry KC. The natural killer–dendritic cell immune axis in anti-
cancer immunity and immunotherapy. Front Immunol (2021) 11:621254/BIBTEX.
doi: 10.3389/FIMMU.2020.621254/BIBTEX
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1074644/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1074644/full#supplementary-material
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21708
https://doi.org/10.1038/bjc.2017.434
https://doi.org/10.3390/cancers11121943
https://doi.org/10.1016/J.CCELL.2019.09.006
https://doi.org/10.1186/S13148-021-01154-X
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1038/s41388-021-01946-8
https://doi.org/10.1016/J.IMMUNI.2006.01.005
https://doi.org/10.1016/J.IMMUNI.2006.01.005
https://doi.org/10.1186/s40425-016-0189-y
https://doi.org/10.1007/s00262-019-02471-0
https://doi.org/10.3389/fcell.2019.00212
https://doi.org/10.3389/fimmu.2012.00014
https://doi.org/10.3389/FIMMU.2020.00976/BIBTEX
https://doi.org/10.3389/FIMMU.2020.00976/BIBTEX
https://doi.org/10.1016/J.TRANON.2020.100930
https://doi.org/10.1016/J.TRANON.2020.100930
https://doi.org/10.3390/diagnostics11040702
https://doi.org/10.1016/j.it.2016.01.004
https://doi.org/10.1038/cddis.2015.162
https://doi.org/10.3390/IJMS21155521
https://doi.org/10.3390/IJMS21155521
https://doi.org/10.1007/s00432-020-03332-5
https://doi.org/10.1016/J.JID.2016.08.024
https://doi.org/10.3389/fonc.2021.708943
https://doi.org/10.1111/J.1399-0039.2008.01088.X
https://doi.org/10.1111/J.0105-2896.2009.00870.X
https://doi.org/10.1016/J.CELL.2018.01.004
https://doi.org/10.3389/FIMMU.2020.621254/BIBTEX
https://doi.org/10.3389/fimmu.2022.1074644
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


+41 (0)21 510 17 00 
frontiersin.org/about/contact

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

Frontiers

Explores novel approaches and diagnoses to treat 

immune disorders.

The official journal of the International Union of 

Immunological Societies (IUIS) and the most cited 

in its field, leading the way for research across 

basic, translational and clinical immunology.

Discover the latest 
Research Topics

See more 

Frontiers in
Immunology

https://www.frontiersin.org/journals/immunology/research-topics

	Cover
	FRONTIERS EBOOK COPYRIGHT STATEMENT
	Combinational immunotherapy of cancer: Novel targets, mechanisms, and strategies
	Table of contents
	Peripheral Blood Lymphocyte Subsets Predict the Efficacy of Immune Checkpoint Inhibitors in Non–Small Cell Lung Cancer
	Background
	Methods
	Study Objectives and Ethics Approval Statement
	Inclusion and Exclusion Criteria
	Data Collection
	Data Analysis

	Results
	Basic Characteristics of the Patients
	Correlation of Lymphocyte Subsets With the Efficacy of ICIs
	Subgroup Analysis
	Correlation of Lymphocyte Subsets With irAEs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Corrigendum: Peripheral blood lymphocyte subsets predict the efficacy of immune checkpoint inhibitors in non– small cell lung cancer
	Increased Tumor Intrinsic Growth Potential and Decreased Immune Function Orchestrate the Progression of Lung Adenocarcinoma
	Introduction
	Materials and Methods
	Study Cohort
	Radiological and Histological Evaluation
	Follow-Up Protocol
	Whole-Exome Sequencing
	Alignment, Mutation Calling, and Somatic Copy Number Alteration Calling
	RNA Sequencing and Calculation of Expression
	Identification of Gene Expression Patterns
	Development of Tumor Progressive Index
	Statistical Analysis

	Results
	Pathological and Radiological Characteristics of 197 Lung Adenocarcinoma
	Mutation Frequency of Tumor Suppressor Gene Increased With Tumor Progression
	Frequency of Somatic Copy Number Alterations Increased as Tumors Progressed
	Decreased Cytotoxic CD8+ T Cells and Increased Tregs as Tumors Progressed
	Expression Patterns Correlated With Tumor Intrinsic Growth Potential and Immune Function
	TP Index Measured the Imbalance Between Tumor Intrinsic Growth Potential and Immune Microenvironment
	TP Index Effectively Predicted the Prognosis in Patients With Lung Adenocarcinoma

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	SCG2: A Prognostic Marker That Pinpoints Chemotherapy and Immunotherapy in Colorectal Cancer
	Introduction
	Methods
	Public Data Access and Proceed
	WGCNA and Identifying Key Module
	Functional Enrichment Analysis
	Identification and Validation of Prognostic Hub Genes
	Validation of Gene Expression by qRT-PCR
	Immunohistochemistry
	Gene Set Enrichment Analysis
	Gene Set Variation Analysis
	The Landscape of Somatic Mutation
	Copy Number Alteration Analysis
	Cell Transient Transfection, RNA Extraction and qRT-PCR
	Wound Healing Assay
	Transwell Assay
	Colony Formation Assay
	Cell Counting Kit-8 Assay
	5-Ethynyl-2’-Deoxyuridine Assay
	Evaluation of Immune Infiltration and Immunotherapy Response
	The Prediction of Potential Drug
	Statistical Analysis

	Results
	Modules Relevant to Chemotherapy Response
	Functional Analysis and Identify Prognostic Genes in Modules
	Exploring the Biological Characteristics of SCG2
	Cell Culture and Functional Assay
	Gene Mutation and Copy Number Variation Analysis
	Immune Infiltration Associated With SCG2 Expression
	Immunotherapy and Potential Drug Targets

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Dual Antigen T Cell Engagers Targeting CA9 as an Effective Immunotherapeutic Modality for Targeting CA9 in Solid Tumors
	Introduction
	Material and Methods
	Human GBM and ccRCC Sample Collection
	In Silico Analysis
	Culture Conditions for Isolating and Propagating the GBM and ccRCC Tumor Cells
	Generation of CA9 Knockout (KO) and CA9 Over-Expressed ccRCC Cell Lines
	Engineering and Production of CA9 DATEs
	Flow Cytometry Analysis
	Secondary Sphere Formation Assay (Self-Renewal Assay)
	Cell Proliferation Assay
	Cell Growth in Hypoxic Condition
	PBMC Isolation and T Cell Purification and Expansion
	Binding Assay
	T Cell Activation Assays
	Enzyme Linked Immunosorbent Assay (ELISA)
	Cytotoxicity Assay
	Animal Studies
	Statistical Analysis
	Study Approval

	Results
	CA9 Is a Safe Target for GBM Immunotherapy
	CA9 Influences BTIC Stem-Like Properties
	CA9 Dual Antigen T Cell Engager (DATE) Is Specific for CA9 and CD3
	CA9 DATE Activates T Cells and Induces Tumor Cell Lysis
	CA9 DATE Inhibits ccRCC Tumor Growth
	CA9 DATE Binds CA9 on GBM BTICs, Activates T Cells and Induces Target Cell Death
	CA9 DATE Reduces GBM Tumor Growth and Extends Survival

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	Acknowledgments
	References

	Cell Membrane-Derived Vesicle: A Novel Vehicle for Cancer Immunotherapy
	Introduction
	Manufacturing of Cellular Vesicles for Cancer Immunotherapy
	Isolation
	Surface Modification

	Potential of Cellular Vesicles From Diverse Parental Cells in Cancer Immunotherapy
	Tumor Cells
	Immune Cells
	Erythrocytes and Platelets
	Other Types of Cells

	Strategies and Applications of Cellular Vesicles in Combinational Immunotherapy of Cancer
	Genetic Engineering of Cellular Vesicles
	Hybridization of Cellular Vesicles From Different Type of Cells or With Other Materials
	Entrapping Drugs in the Hollow Cores of Cellular Vesicles
	Stimulating Production of Natural Antitumor Substances Before Vesicle Extraction

	Comparison of Cellular Vesicles With Other Nanovehicles
	Future Perspectives
	Author Contributions
	Funding
	References

	Development and Verification of a Combined Immune- and Metabolism-Related Prognostic Signature for Hepatocellular Carcinoma
	Introduction
	Materials and Methods
	Data Acquisition and Identification of Immune- and Metabolism-Related Genes (IMRGs)
	Non-Negative Matrix Factorization (NMF) Clustering Algorithm
	Establishment of the Prognostic Signature Based on IMRGs
	Construction of Prognostic Nomogram
	Evaluation of the Response to Immunotherapy
	Statistical Analysis

	Result
	Identification of HCC Molecular Subtypes Based on NMF Algorithm
	Construction of the IMRGs Prognostic Signature Using LASSO Cox Regression Analysis in TCGA Training Cohort
	Internal and External Validation of the IMRGs Prognostic Signature
	Correlation of theIMRGs Prognostic Signature With Clinical Features
	Comparison of the IMRGs Prognostic Signature With the Published Signatures
	Construction of the Nomogram Based on the IMRGs Prognostic Signature and Evaluation of Clinical Significance
	Predictive Role of the IMRGs Prognostic Signature in Response to Immunotherapy

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Combination Approaches to Target PD-1 Signaling in Cancer
	Introduction
	PD-1 Signaling
	SHP2
	T Cells
	Therapeutic Targeting

	ITK
	Tumor Cells
	T Cells
	Therapeutic Targeting

	VRK2
	Tumor Cells
	T Cells
	Therapeutic Targeting

	PTPN2
	T Cells
	Tumor Cells
	Therapeutic Targeting

	GSK-3
	Tumor Cells
	T Cells
	Therapeutic Targeting

	CDK4 and CDK6
	Tumor Cells
	T Cells
	Therapeutic Targeting

	PAG
	T Cells
	Tumor Cells
	Therapeutic Targeting

	Conclusions
	Author Contributions
	Funding
	References

	Discoidin domain receptor 1 is a potential target correlated with tumor invasion and immune infiltration in gastric cancer
	Introduction
	Materials and methods
	Expression analysis of DDR1
	UALCAN
	PrognoScan database analysis
	Kaplan–Meier plotter
	GEPIA
	Analysis of genes and proteins that interact with DDR1
	Tumor-infiltrating immune cells analysis
	Datasets

	Results
	DDR1 is highly expressed in gastric&#146;cancer
	DDR1 expression levels in the context of different clinical parameters of gastric cancer
	DDR1 expression correlates with prognosis of cancer patients
	Confirmation of the prognostic value of DDR1 with various clinicopathological characteristics of gastric cancer
	Genes and proteins that interact with DDR1 in gastric cancer
	DDR1 expression correlates with immune cell infiltration in gastric cancer
	Correlation between DDR1 expression and various immune markers

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References

	Single-Cell RNA-Sequencing Atlas Reveals the Tumor Microenvironment of Metastatic High-Grade Serous Ovarian Carcinoma
	Introduction
	Results
	Single-Cell Transcriptomic Profiling of the Cellular Heterogeneity of the HGSOCs
	Distinguish Worse Survival Cells from Cancer Epithelial Cells of HGSOCs
	Dynamic Trajectory Analysis During the Progression of HGSOCs
	Cancer-Associated Fibroblasts with the EMT Program Enriched in Metastatic HGSOCs
	Heterogeneity of Tumor-Infiltrating Lymphocytes in HGSOCs
	Trajectory Reconstruction of HGSOCs Revealed Monocyte-to-Macrophage Differentiation
	Intercellular Communication Networks

	Discussion
	Materials and methods
	Patients and Samples Collection
	Preparation of Single-Cell Suspension
	Droplet-Based scRNA-Seq Data Preprocessing
	Multiple Datasets Integration
	Identification of Major Cell Types and Their Phenotype
	TCGA Subtype Classification
	CNV Estimation and Identification of Malignant Cells
	Distinguish Phenotype-Associated Cells
	SCENIC Analysis
	Trajectory Inference Analysis
	Estimations of RNA Velocities by Velocyto Package
	Ordering the Gene Expression During Cell State Transitions
	Gene Set Variation Analysis (GSVA)
	Enrichment Analysis of Marker Genes
	Cell Cycle Scoring Assign
	TCGA Database
	Survival Analysis
	Definition of Cytotoxicity and Exhaustion Scores
	Correlation Analysis Between Immune Infiltration and Single Gene Expression
	Statistics
	Cell-Cell Communication Network

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Ferroptosis, necroptosis, and pyroptosis in the occurrence and development of ovarian cancer
	Introduction
	Ferroptosis
	The overview of ferroptosis
	Regulatory mechanisms of ferroptosis

	Necroptosis
	The overview of necroptosis
	Regulatory mechanisms of necroptosis

	Pyroptosis
	The overview of pyroptosis
	Regulatory mechanisms of pyroptosis

	Role of ferroptosis, necroptosis, and pyroptosis in tumors
	Roles of cell deaths: ferroptosis, necroptosis, and pyroptosis in OC
	Role of ferroptosis in OC
	Role of necroptosis in OC
	Role of pyroptosis in OC

	Conclusion and prospects
	Author contributions
	Funding
	References

	The promising immune checkpoint LAG-3 in cancer immunotherapy: from basic research to clinical application
	Introduction
	LAG-3 structure and ligands
	LAG-3 immunological functions
	Roles of blocking LAG-3 in the tumor microenvironment
	Clinical development of LAG-3 targeted cancer immunotherapy
	Discussion
	Author contributions
	Funding
	References

	Potential association factors for developing effective peptide-based cancer vaccines
	Introduction
	Material and methods
	Data utilized in this study screening and extraction
	Inclusion criteria
	Exclusion criteria
	Feature selection procedure
	Classifier
	The area under the precision-recall curve
	Statistical analysis

	Results
	Data filtering and features of selected trials
	The prognostic evaluation of anti-tumor effect in clinical trials
	Modified and tumor overexpressed peptides could be suitably selected for cancer vaccines
	HLA class II peptide-based cancer vaccines could achieve high clinical response results
	Montanide ISA-51 was identified as an effective adjuvant in the treatment of cancer vaccines, especially for breast and colorectal cancers
	Treatment regimens with weekly intervals and greater than four injections could be more likely to achieve a better clinical response
	Generation of a random forest model from clinical responses for cancer vaccines

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References

	Lenvatinib Plus Programmed Cell Death Protein-1 Inhibitor Beyond First-Line Systemic Therapy in Refractory Advanced Biliary Tract Cancer: A Real-World Retrospective Study in China
	Introduction
	Materials and methods
	Study Design and Patients
	Treatment Protocol
	Response Assessment
	Safety Evaluation and Quality of Life
	Histological Biomarker Assessment
	Statistical Analysis

	Results
	Patients’ Baseline Characteristics
	Treatment
	Efficacy
	Tolerability and Safety
	Biomarkers

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Inhibition of PCSK9 enhances the antitumor effect of PD-1 inhibitor in colorectal cancer by promoting the infiltration of CD8+ T cells and the exclusion of Treg cells
	Introduction
	Results
	PD-1 blockade presented a mild antitumor effect with increased CD8+ T cells and Treg cells
	PD-1 blockade enhanced PCSK9 expression
	Co-targeting PD-1 and PCSK9 elicited an enhanced antitumor effect
	Anti-PCSK9 promoted CD8+ T-cell infiltration induced by PD-1 inhibitor
	PCSK9 blockade eliminated the increased Treg cells induced by PD-1 inhibitor

	Discussion
	Materials and methods
	CRC cells and tumor models
	IHC staining
	IF staining
	Flow cytometry analysis
	ELISA
	RT-PCR analysis
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Response to apatinib and camrelizumab combined treatment in a radioiodine refractory differentiated thyroid cancer patient resistant to prior anti-angiogenic therapy: A case report and literature review
	Introduction
	Case presentation
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References

	Nano-Chemotherapy synergize with immune checkpoint inhibitor- A better option?
	Introduction
	Mechanism to improve the therapeutic effect of immune checkpoint inhibitor
	Mechanism and therapeutic effect of chemotherapy plus immune checkpoint inhibitor
	Nano chemotherapy
	Potential combination of nano-chemotherapy plus immune checkpoint inhibitor
	Summary and future perspective
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References

	Hallmark-guided subtypes of hepatocellular carcinoma for the identification of immune-related gene classifiers in the prediction of prognosis, treatment efficacy, and drug candidates
	Introduction
	Materials and methods
	Patient information and data collection
	Gene set variation analysis and consensus clustering
	Screening of the immune-related DEGs (IRDEGs) between HCC subtypes
	Signature establishment and evaluation
	Correlation of HGSIS with clinicopathological features
	Genomic alterations and hallmark pathway analysis
	TIME patterns and immunological targets of HGSIS
	Prediction of therapeutic responses
	PPI network construction and key target identification
	Molecular docking
	Statistical analysis

	Results
	Hallmark-guided recognition of HCC subtypes with prognostic significance
	Construction of HGSIS
	Evaluation and validation of HGSIS
	Establishment of the HGSIS-integrated nomogram
	Genomic characteristics and regulatory mechanisms of the HGSIS-defined subgroups in HCC
	HGSIS was associated with the immune status in the HCC tumor microenvironment
	Evaluation of HGSIS in predicting therapy response potential
	KIF2C is a key target of HGSIS
	Candidate small molecule prediction

	Discussions
	Conclusion
	Data availability statement
	Author contributions
	Supplementary material
	References

	Hyperthermia combined with immune checkpoint inhibitor therapy in the treatment of primary and metastatic tumors
	Introduction
	Effects of thermal ablation and mild hyperthermia on the immune response
	Effect on immunogenicity
	Effect on the activation and action of immune cells
	Influence on the immunosuppressive TME
	Magnetic nanoparticles as thermal effectors and drug carriers
	Role of exosomes as mediators in the hyperthermia-induced immune response
	Thermal ablation or mild hyperthermia combined with ICIs: A preclinical study
	Breast cancer
	Pancreatic cancer
	Nasopharyngeal carcinoma
	Brain cancer
	Thermal ablation or mild hyperthermia combined with ICIs: A clinical study
	Conclusions and future perspectives
	Author contributions
	Funding
	Acknowledgments
	References

	Immune checkpoint inhibitors for PD-1/PD-L1 axis in combination with other immunotherapies and targeted therapies for non-small cell lung cancer
	Introduction
	Combination with cancer vaccine
	Neoantigen-based vaccines
	CIMAvax
	TG4010
	Cell-based vaccines

	Combination with mAb
	Anti-EGFR antibody
	Anti-VEGF/VEGFR mAb

	Combination with targeted therapies
	Targeting tyrosine kinase
	Targeting KRAS
	Targeting IDO1

	Combination with oncolytic virus
	Oncolytic virus and TME
	Coxsackievirus A21

	Combination with immune modulators
	CTLA4
	LAG-3
	OX-40
	TIGIT
	IL-2

	Combination adoptive cell transfer
	CAR T cell
	NK cell
	Modified NK cell

	Probody therapeutics
	Discussion
	Author contributions
	Funding
	References

	Cuproptosis status affects treatment options about immunotherapy and targeted therapy for patients with kidney renal clear cell carcinoma
	Introduction
	Materials and methods
	Exploration of the genetics and biological significance of cuproptosis-promoting genes in KIRC
	Data collection and processing of KIRC comprehensive cohort
	First unsupervised clustering based on seven CPGs
	Gene set variation analysis
	Construction of KIRC immune infiltration landscape
	Screening of differentially expressed genes (DEGs) and enrichment analysis
	Secondary unsupervised clustering based on cuproptosis subtypes related genes
	Calculation of cuproptosis score (CUS)
	Prognosis and immune exploration based on CUS grouping
	Clinical subgroup analysis based on CUS grouping
	Comparison of immune targets and prediction of immunotherapy efficacy
	Analysis of targeted therapy based on CUS grouping
	Mining seven CPGs-related targeted drugs
	Screening and validation of potential CPGs and FDX1
	Cell culture and transfection
	Quantitative reverse transcription polymerase chain reaction
	Western blotting
	Cell Counting Kit-8 (CCK-8) assay
	Ethynyl-2’-deoxyuridine (EdU) assay
	Colony formation assay
	Statistical analysis

	Results
	Genetic, transcriptional and post-transcriptional alterations of CPGs in KIRC
	Construction of comprehensive KIRC cohort and CPGs network
	Identification and evaluation of subtypes based on seven CPGs
	Identification of CSRGs and the secondary clustering
	Calculation of CUS and classification of patients with KIRC
	CUS-related clinical subgroup analysis
	Exploration of immunotherapy targets and efficacy based on CUS
	Sensitivity analysis and efficacy prediction of targeted drugs
	Identification and multi-level expression validation of potential CPGs
	Proliferation functional validation of FDX1 and validation of cuproptosis in KIRC cells

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Development and validation of a novel fibroblast scoring model for lung adenocarcinoma
	Introduction
	Material and methods
	Data extraction from online databases
	Single-cell data analysis
	Construction and validation of the FRS model
	Functional enrichment and immune infiltration analyses
	Comparison of genomic variation landscapes between two groups
	Clinical significance of the risk model
	Clinical specimens
	Immunohistochemistry staining
	Bioinformatic and statistical analyses

	Results
	CAF clustering and identification of FRGs
	Construction of an FRG-related risk model
	Predictive independence of the risk model
	Functional enrichment analysis of FRS
	Immune landscape in the risk model
	Correlation between FRS and somatic variations
	FRS-related guidance for clinical decision-making
	Validation of key FRGs in the clinical samples

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	MMKP: A mind mapping knowledgebase prototyping tool for precision medicine
	Background
	Results
	The schematic design of the MMKP
	Knowledge modelling of a precision medicine guide using the polymorphic foreign key
	The MMKP tool

	Discussion
	A polymorphic foreign key is an efficient design for modelling dynamic knowledge
	Precision medicine knowledge requires a dynamic modelling tool
	Limitations and future of the MMKP

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References

	Cryoablation reshapes the immune microenvironment in the distal tumor and enhances the anti-tumor immunity
	Introduction
	Methods
	Cell culture and primary mouse
	Primary mouse and mouse models
	Immune profiling by flow cytometry
	Bulk RNA-seq and data analysis
	Quantitative proteomics and data analysis
	Statistical Analysis

	Result
	Cryoablation could prolong the survival of mice without a significant effect on the distant tumor volume control
	Cryoablation increased the number and infiltration of immune effector cells in distant tumors
	Bulk RNA-seq results indicated that cryoablation could reverse the immunosuppressive environment of distal tumors and enhance the anti-tumor immune
	Cryoablation enhanced anti-tumor effect through the lysosome-related pathway

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Research advance of natural products in tumor immunotherapy
	Introduction
	Effects of natural products on monocytes and macrophages
	Effects of natural products on dendritic cells
	Effects of natural products on natural killer cells
	Effects of natural products on regulatory T cells
	Effects of natural products on effector T cells
	Natural products effectively expanding indications of various types cancer immunotherapy
	Effects of natural products on the immune checkpoints inhibitors
	Effects of natural products on the cancer vaccines
	Discussion
	Author contributions
	Funding
	References

	Immunotherapies of retinoblastoma: Effective methods for preserving vision in the future
	Introduction
	GD2
	PD-1
	B7H3
	EpCAM
	SYK
	Discussion
	Author contributions
	Funding
	References

	Adenosinergic axis and immune checkpoint combination therapy in tumor: A new perspective for immunotherapy strategy
	Adenosinergic axis and tumor immunology
	Immune checkpoint
	Combination of CD39 with immune checkpoints
	CD39 mAb combined with PD-1 mAb
	CD39 mAb combined with CTLA-4 mAb
	CD39 mAb combined with TIGIT mAb

	Association of CD73 with immune checkpoints
	CD73 mAb combined with PD-1/PD-L1 mAb
	CD73 mAb combined with CTLA-4 mAb

	Association of A2AR with immune checkpoints
	A2aR mAb combined with PD-1/PD-L1 mAb
	A2aR mAb combined with CTLA-4 mAb
	A2aR mAb combined with TIGIT mAb

	Comparison of the efficacy of CD39, CD73, A2AR and immune checkpoint inhibitors in clinical treatment
	Conclusion
	Author contributions
	Funding
	References

	A radiogenomics biomarker based on immunological heterogeneity for non-invasive prognosis of renal clear cell carcinoma
	Introduction
	Materials and methods
	Data processing
	Identification of ccRCC subtypes
	Investigation of immune cell nfiltration status
	Construction and validation of the risk model
	Imaging protocol
	Image preprocessing and region-of-interest acquisition
	Preliminary construction of the radiogenomics biomarker
	Nomogram construction based on the radiogenomics model
	Radiogenomics biomarker validation
	Statistical analysis

	Results
	Identification of molecular subtypes
	Relationship between molecular subtypes and the tumor microenvironment
	Identification of prognostic features in renal clear cell carcinoma
	Validation of prognostic features in ccRCC
	Comparison of clinicopathological features in high- and low-risk groups
	Preliminary radiogenomics biomarker construction and evaluation
	Nomogram construction based on the radiogenomics model
	Final radiogenomics model validation and clinical use evaluation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	A novel cuproptosis-related prognostic lncRNA signature for predicting immune and drug therapy response in hepatocellular carcinoma
	Introduction
	Materials and methods
	Data sets and patients
	Identification of cuproptosis-related lncRNAs with prognostic significance in hepatocellular carcinoma
	Construction of the risk score model based on prognostic cuproptosis-related lncRNAs in hepatocellular carcinoma
	A comprehensive evaluation of cuproptosis-related index and clinical parameters in patients with hepatocellular carcinoma
	Development and evaluation of clinical pathological nomogram related to cuproptosis
	Functional enrichment analysis of differentially expressed genes related to cuproptosis
	Tumor somatic mutation and differential tumor mutational burden and survival analysis
	The potential significance of immunotherapy based on characteristics and tumor immune microenvironment landscape estimation
	Screening potential drugs for hepatocellular carcinoma
	Statistical analysis

	Results
	Identification and construction of cuproptosis-related lncRNAs
	Construct the prognostic characteristics of cuproptosis in patients with hepatocellular carcinoma
	PCA analysis and comprehensive evaluation of clinical parameters of cuproptosis-related lncRNA model in patients with hepatocellular carcinoma
	Development and evaluation of cuproptosis-related clinicopathological nomogram
	Gene ontology function of risk differential genes and gene set variation analysis pathway analysis
	Landscape of the hepatocellular carcinoma mutation profiles and survival analysis
	Potential significance of immunotherapy based on characteristics and tumor immune microenvironment landscape estimation
	Screening potential drugs for hepatocellular carcinoma

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Mechanisms of tumor resistance to immune checkpoint blockade and combination strategies to overcome resistance
	Introduction
	Mechanisms of immune checkpoint blockade resistance from the perspective of immune response process
	Failure of antigen recognition
	Deficiency of antigen presentation
	Poor CD8+ T-cell infiltration
	Inhibited activity of CD8+ T cells
	T-cell exhaustion
	Insensitivity to cytotoxic T lymphocyte–mediated killing

	Strategies in overcoming resistance to immune checkpoint blockade: Insights from preclinical cancer models
	Releasing tumor antigens
	Enhancing antigen presentation
	Promoting T-cell infiltration
	Reversing T-cell exhaustion
	CD8+ T-cell stimulation

	Therapeutic trials to validate resistance mechanisms
	Combining anti&minus; programmed cell death protein 1 (PD-1)/programmed cell death ligand 1 with conventional cytotoxic chemotherapy
	Combining anti&minus; programmed cell death protein 1 (PD-1)/programmed cell death ligand 1 with radiotherapy
	Dual immune checkpoint blockade
	Combining immune checkpoint blockade with targeted therapies in cancer treatment
	Concluding remarks

	Author contributions
	Funding
	References

	Immune landscape and risk prediction based on pyroptosis-related molecular subtypes in triple-negative breast cancer
	Introduction
	Materials and methods
	Data sources
	Mutation analysis of PRGs
	Identification of differentially expressed PRGs and prognostic PRGs
	Consensus clustering of PRGs and functional enrichment
	Determination of DEGs among pyroptosis subtypes
	Development of a DEG-based risk score and determination of prognostic predictors
	Tumor immunity analysis based on risk score stratification
	Somatic mutation and drug sensitivity analysis between risk groups
	Statistical analysis

	Results
	Somatic mutation analysis of PRGs
	Identification of differentially expressed PRGs and OS-related PRGs
	Classification of pyroptosis subtypes in TNBC
	TME characterization of pyroptosis subtypes
	Identification of DEGs among pyroptosis subtypes and development of DEG-based gene subtypes
	Construction of a risk score based on pyroptosis-related prognostic DEGs
	Evaluation of tumor immune microenvironment based on risk stratification
	MSI and mutation analysis
	Drug sensitivity analysis

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References

	Targeting 4-1BB for tumor immunotherapy from bench to bedside
	Introduction
	Structure of 4-1BB and its ligand
	Role of 4-1BB in the tumor microenvironment
	4-1BB in cancer progression
	4-1BB-targeted drug development
	Future directions
	Conclusion
	Author contributions
	Funding
	References

	Pathological complete response in MMR-deficient/MSI-high and KRAS-mutant patient with locally advanced rectal cancer after neoadjuvant chemoradiation with immunotherapy: A case report
	Introduction
	Case report
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Supplementary material
	References

	Case report: CD19-directed CAR-T cell therapy combined with BTK inhibitor and PD-1 antibody against secondary central nervous system lymphoma
	Introduction
	Case description
	Discussion
	Concluding remarks
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Comparison of neoadjuvant immunotherapy plus chemotherapy versus chemotherapy alone for patients with locally advanced esophageal squamous cell carcinoma: A propensity score matching
	Background
	Patients and methods
	Patients selection
	Neoadjuvant treatment regimens
	Surgical treatment
	Follow-up
	Study endpoints
	Statistical analysis

	Results
	Patients’ baseline characteristics
	Neoadjuvant treatment and surgical treatment outcome
	Safety and complications
	Follow-up

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References

	Tumor Apolipoprotein E is a key checkpoint blocking anti-tumor immunity in mouse melanoma
	Introduction
	Materials and methods
	Animals
	Cells
	Generation of apoE-/- cell lines via CRISPR genome editing in B16-F10 cells
	Isolation of monocolonal apoE knockouts
	Quantification of total editing and analysis of INDEL profiles by rhAmpSeq
	Antibodies and reagents
	Multiplex cytokine/chemokine analysis
	Isolating T cells from mouse spleen
	IFN&gamma; measurement
	Cell lines and conditioned media
	Cell cycle assay
	Measurement of apoE in serum of mice
	Nanostring
	Quantitative real-time RT-PCR
	Mouse melanoma models
	Characterization of mouse tumors by immunohistochemistry (IHC)
	Statistical analysis
	Human melanoma RNA-seq analysis

	Results
	ApoE is highly expressed in the melanoma B16-F10 cell lines and apoE serum levels rise with tumor growth in vivo
	ApoE secreted into media from B16 melanoma tumor cells inhibits T-cell function
	ApoE secreted from B16 melanoma tumor cells in culture may also impair activation of pro-inflammatory dendritic cells
	ApoE peptide mimetic COG133 inhibits cytokine secretion induced by immunogenic tumor cells, while anti-APOE blocking antibody enhances cytokine secretion in tumor cell/splenocyte reactions
	The apoE receptors lrp8 and ldlr are dominantly expressed on activated T cells and dendritic cells and blocking lrp8 enhanced T-cell activation in vitro
	Targeting apoE suppresses tumor growth with enhanced mouse survival in a murine melanoma model
	The combination of apoE-/- tumor cells administered to apoE-/- mice resulted in the most profound activation of immune pathway signaling and cell infiltrates in the tumor microenvironment
	ApoE knock out in B16 tumor cells induces potent immunogenicity
	ApoE RNA-seq expression is abundant in cutaneous melanoma but is not associated with PD1, PD-L1 or immune cell infiltrate RNA-seq expression

	Discussion
	Data availability statement
	Ethics statement 
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Case report: Hashimoto’s thyroiditis after CD19 chimeric antigen receptor T-cell therapy
	Case presentation
	Case 1
	Case 2

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	References

	Case report: The remarkable response of pembrolizumab combined with RC48 in the third-line treatment of metastatic urothelial carcinoma
	Introduction
	Case presentation
	Discussion
	Conclusion
	Ethics statement
	Author contributions
	References

	Exploitation of tumor antigens and construction of immune subtype classifier for mRNA vaccine development in bladder cancer
	Introduction
	Methods
	Data source and processing
	Gene differential expression analysis
	Survival analysis
	Identification of subtypes by immune-related genes in BLCA
	Estimation of immune and stromal infiltration
	Functional enrichment analysis
	Building and publishing of R package “immcluster”
	Drug sensitivity analysis
	Immunohistochemistry
	Cell cultures and reagents
	RNA extraction and RT-qPCR methods
	Scratch assay method
	Western blot
	Transwell assay
	Statistical analysis

	Results
	Identification of potential antigens in BLCA
	Identification of tumor antigens associated with BLCA prognosis and antigen presenting cells
	Definitions of the three immune subtypes of BLCA
	The clinical, cellular and immune infiltration characteristics of BLCA tumor with the three subtypes
	The molecular and multi-omics characteristics of BLCA tumors within the three subtypes
	Developing a classifier to predict immune subtypes in the BLCA cohorts
	Immune subtypes and classifier to help antitumor therapy in BLCA

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Supplementary material
	References

	Zanubrutinib plus salvage chemotherapy for relapsed or refractory diffuse large B-cell lymphoma
	Introduction
	Materials and methods
	Patients
	Treatment
	Outcomes and toxicity assessments
	Targeted panel sequencing
	Statistical analysis

	Results
	Patients’ characteristics
	Efficacy
	Safety
	Targeted panel sequencing

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References

	Integrated analysis of genome-wide DNA methylation and cancer-associated fibroblasts identified prognostic biomarkers and immune checkpoint blockade in lower grade gliomas
	1 Introduction
	2 Material and methods
	2.1 Data acquisition
	2.3 Analysis of DNA methylation data
	2.4 Cancer-associated fibroblasts (CAFs) infiltration estimation and immune score calculation
	2.5 Analysis of DEGs and DMGs
	2.6 Functional enrichment analyses
	2.7 Construction and validation of the risk score system
	2.8 Analysis of immunological characteristics
	2.9 Verification of gene expression at cellular level and tissue level
	2.10 Statistical analysis

	3 Results
	3.1 Differentially methylated and expressed genes (DMEGs) in LGG
	3.2 DMEGs analysis in two promoter regions
	3.3 Construct the DMEGs prognostic signature
	3.4 Correlation between risk score and clinical characteristics
	3.5 Prognostic signature and immune landscape
	3.6 Risk score-based stratification predicts the immune response and chemotherapy efficacy
	3.7 Genomic alterations of prognostic signature
	3.8 Experimental verification in cell lines and tissues

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	IFNα and 5-Aza-2’-deoxycytidine combined with a dendritic-cell targeting DNA vaccine alter tumor immune cell infiltration in the B16F10 melanoma model
	Introduction
	Materials and methods
	Tumor model
	Vaccinations and therapeutics
	Lymphocyte extraction and flow cytometry
	RNA extraction and qRT-PCR
	Histology
	Statistics and data

	Results
	Tumor model
	Tumor lysate chemokine expression
	Natural killer and dendritic cells
	Myeloid-derived suppressor cells
	Tumor infiltrating lymphocytes
	Immunohistochemistry

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Back Cover-B


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




