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Background: The rapidly evolving coronavirus disease 2019 (COVID-19), was declared
a pandemic by the World Health Organization on March 11, 2020. It was first detected
in the Wuhan city of China and has spread globally resulting in a substantial health and
economic crisis in many countries. Observational studies have partially identified different
aspects of this disease. There have been no published systematic reviews that combine
clinical, laboratory, epidemiologic, and mortality findings. Also, the effect of gender on
the outcomes of COVID-19 has not been well-defined.

Methods: We reviewed the scientific literature published from January 1, 2019 to
May 29, 2020. Statistical analyses were performed with STATA (version 14, IC; Stata
Corporation, College Station, TX, USA). The pooled frequency with 95% confidence
intervals (Cl) was assessed using random effect model. P < 0.05 was considered a
statistically significant publication bias.

Results: Out of 1,223 studies, 34 satisfied the inclusion criteria. A total of 5,057
patients with a mean age of 49 years were evaluated. Fever (83.0%, Cl 77.5-87.6) and
cough (65.2%, Cl 58.6-71.2) were the most common symptoms. The most prevalent
comorbidities were hypertension (18.5%, Cl 12.7-24.4) and Cardiovascular disease
(14.9%, Cl 6.0-23.8). Among the laboratory abnormalities, elevated C-Reactive Protein
(CRP) (72.0%, Cl 54.3-84.6) and lymphopenia (50.1%, Cl 38.0-62.4) were the most
common. Bilateral ground-glass opacities (66.0%, Cl 51.1-78.0) was the most common
CT scan presentation. The pooled mortality rate was 6.6 %, with males having significantly
higher mortality compared to females (OR 3.4; 95% CI 1.2-9.1, P = 0.01).

Conclusion: COVID-19 has caused a significant number of hospitalization and mortality
worldwide. Mortality associated with COVID-19 was higher in our study compared to the
previous reports from China. The mortality was significantly higher among the hospitalized
male group. Further studies are required to evaluate the effect of different variables
resulting in sex disparity in COVID-19 mortality.

Keywords: coronavirus, COVID-19, mortality, male, pandemic
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INTRODUCTION

Facing an immediate crisis by the novel coronavirus, Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
which has been called the once in a century pathogen, requires
a global response (1). The disease caused by this virus has
been named “coronavirus disease 20197 (COVID-19) by the
World Health Organization (WHO). As of now, more than
180 countries have reported COVID-19 patients. Given the
increasing number of countries infected with SARS-CoV-2,
WHO finally classified COVID-19 as a pandemic on March 11,
2020 (2). The SARS-CoV-2 virus is a beta-coronavirus, belonging
to the same coronavirus family as the Middle East Respiratory
Syndrome virus (MERS-CoV) and SARS-CoV. MERS-CoV
and SARS-CoV were previously responsible for respiratory
syndrome outbreaks. However, COVID-19 is the first virus of the
coronavirus family to cause a pandemic (3).

COVID-19 started in China in December 2019 when a cluster
of patients with pneumonia of unknown origin were identified
in the city of Wuhan. Since then, it has infected hundreds of
thousands of people around the world and resulted in more than
539,900 deaths up to this date (4). Despite governmental travel
restrictions in many countries, the confirmed number of new
cases has been rising globally. The international community has
asked for at least 675 million US dollars to use for preparedness
and protection of states with weaker health systems (5).

In the previous two outbreaks of coronaviral respiratory
illness, namely Severe Acute Respiratory Illness (SARS)
and Middle East Respiratory Illness (MERS), gender-based
differences in mortality were observed. In SARS, mortality
risk was twice as high in younger males compared to younger
females, but this difference in mortality decreased with older age.
Additionally, the case fatality rate observed in males was twice
that of females in MERS (6). The effect of sex on COVID-19
mortality was unknown. In our systematic review, we compared
male and female mortality risk for COVID-19.

The novelty of COVID-19 has raised many questions about
the epidemiology of the disease, clinical and laboratory methods
of diagnosis, as well as therapeutic measures. Many observational
studies have been dealing with these features separately. Further
combined systematic reviews are needed, to understand the role
of sex in COVID-19 associated mortality. In this meta-analysis
study, we reviewed the published literature from January 1,
2019 to May 29, 2020 to provide a comprehensive overview
of COVID-19.

METHODS

Search Strategy

We searched Pubmed/Medline, Embase, Web of Science, and
the Cochrane Library for studies published from January 1,
2019 to May 29, 2020. The search strategy was based on
the following key-words: COVID-19, severe acute respiratory
syndrome coronavirus 2, novel coronavirus, SARS-CoV-2, nCoV
disease, SARS2, COVID19, Wuhan coronavirus, Wuhan seafood
market pneumonia virus, 2019-nCoV, coronavirus disease-19,
coronavirus disease 2019, 2019 novel coronavirus and Wuhan

pneumonia. Lists of references of selected articles and relevant
review articles were hand-searched to identify further studies.
This study was conducted and reported according to the PRISMA
guidelines (7). The study did not require Institutional Review
Board approval.

Study Selection

The records found through database searching were merged
and the duplicates were removed using EndNote X7 (Thomson
Reuters, New York, NY, USA). Two reviewers (YF and PJ)
independently screened the records by title and abstract to
exclude those not related to the current study. The full texts
of potentially eligible records were retrieved and evaluated by a
third reviewer (AT). Included studies met the following inclusion
criteria: (i) patients were confirmed and diagnosed with RT-
PCR as suggested by WHO; (ii) The raw data for clinical,
radiological and laboratory findings were included; and (iii) the
outcomes were addressed. Studies with insufficient information
about patients’ characteristics and outcomes were excluded. Case
reports, reviews, and animal studies were also excluded. Only
studies written in English were selected.

Data Extraction and Quality Assessment

A data extraction form was designed by two reviewers (AZ
and SH). These reviewers extracted the data from all eligible
studies and differences were resolved by consensus. The following
data was extracted: first author name; year of publication;
type of study; country(ies) where the study was conducted;
distribution of age and sex in the population; number of patients
investigated; data for clinical, radiological, and laboratory
findings; and outcomes.

Data Synthesis and Analysis

Statistical analyses were performed with STATA (version 14,
IC; Stata Corporation, College Station, TX, USA). The pooled
frequency with 95% confidence intervals (CI) was assessed
using random effect model. The between-study heterogeneity
was assessed by Cochran’s Q and the I2 statistic. Publication
bias was assessed statistically by using Begg’s and Egger’s tests
(p < 0.05 was considered indicative of statistically significant
publication bias).

Quality Assessment
The checklist provided by the Joanna Briggs Institute (JBI) was
used to perform quality assessment (8).

RESULTS

The search yielded 1,223 publications, of which 280 potentially
eligible studies were identified for full-text review, resulting in
34 studies fulfilling the inclusion criteria (Figure 1) (Table 1). A
total of 5,057 patients were included, of which the mean age was
49.0 years. Based on JBI tool, the included studies had a low risk
of bias.

Frontiers in Medicine | www.frontiersin.org

14

July 2020 | Volume 7 | Article 459


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Nasiri et al.

COVID-19 Patient Characteristics and Mortality

= @ 5
2 Records identified through databases (n=1223)
s PubMed/Medline: 541
= Embase: 420
5 Scopus: 182
= Web of Sciences: 80
Records after duplicates removed (n=645)
v
o0 .
= Title and abstract of records
g screened
= (n=645)
<
75}
Excluded irrelevant
(n=365)
"? Full-text articles assessed
= i o Excluded irrelevant (n=246)
= for eligibility ¥
&0 N Reasons for exclusion:
E (n=280) Estimation and modeling study
Molecular & genetic study
Without enough data
l > | Invitro study
Commentary
8 L. Case report
S Studies included (n=34) Viewpoint
o Guideline
= Review
News
FIGURE 1 | Flow chart of study selection for inclusion in the systematic review and meta-analysis.

Clinical Manifestations and Comorbidities
The most common signs and symptoms were fever (83.0%, CI
77.5-87.6), cough (65.2%, CI 58.6-71.2), dyspnea (27.4%, CI
19.6-35.2), myalgia/fatigue (34.7%, CI 26.0-44.4), and Sputum
production (17.2%, CI 10.8-26.4). Less common symptoms
included hemoptysis (2.4%, CI 0.8-6.7), diarrhea (5.7%, CI 3.8—
8.6), and nausea/vomiting (5.0%, CI 2.3-10.7) (Table 2).

The most common comorbidities were hypertension (18.5%,
CI 12.7-24.4), cardiovascular diseases (14.9%, CI 6.0-23.8),
diabetes (10.8%, CI 8.3-13.3), chronic liver disease (8.1, CI 4.6-
11.6) and smoking (8.0%, CI 2.3-13.6), respectively (Table 3).

Lab Abnormalities and Complications

The most frequent abnormal laboratory findings in patients
with COVID-19 were, respectively, elevated C-Reactive Protein
(CRP) (72% CI 54.3-84.6), lymphopenia (50.1%, CI 38.0-62.4),
elevated Lactate Dehydrogenase (LDH) (41%, CI 22.8-62.0),
elevated serum aspartate aminotransferase (19.7%, CI 10.5-33.7),
and thrombocytopenia (11.1%, CI 7.7-15.7) (Table 4). Among
the confirmed COVID-19 subjects, 14.0% (CI, 6.7-29.0) had

viremia. Impaired hepatic function with ALT levels >47.25 U/L
was seen in 13.3% (CI 3.2-41.0) of COVID-19 subjects. Acute
cardiac injury with troponin levels >28 pg/ml was seen in 12.4%
(CI 6.2-23.2). Acute kidney injury was found in 5.5% (CI 1.3—
20.8). Shock was reported in 4.0% (CI 1.6-12.0). Finally, 13.0%
(CI 4.8-30.0) met the definition of acute respiratory distress
syndrome (ARDS).

Radiological Characteristics

Chest X-Ray (CXR) and Chest CT scan were the most common
imaging modalities used for the diagnosis of COVID-19. The
pooled sensitivity of CT scan for detecting COVID-19 was 79.3%.
The most common sites of the lung involvement based on chest
CT scan were right lower lobe (76.2%, CI 57.8-82.5) followed by
the left lower lobe (71.8%, CI 57.8-82.5). Most of the patients
(74.8%) had bilateral involvement. The most common pattern of
parenchymal involvement was ground-glass opacities (66.0%, CI
51.1-78.0). The Chest CT scan was reported normal in 20.7% of
the patients with confirmed RT-PCR results (Table 5).

Frontiers in Medicine | www.frontiersin.org

15

July 2020 | Volume 7 | Article 459


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Nasiri et al. COVID-19 Patient Characteristics and Mortality

TABLE 1 | Characteristics of the included studies.

First author Country Published time  Type of study Mean age Male/female Nationality No. of patients Diagnostic
methods

Hui et al. (9) China 14, Jan, 2020 Case series NR NR Chinese 41 RT-PCR/CT-scan
Xia et al. (10) China 26, Feb, 2020 Case series 54.5 21M, 9F Chinese 30 RT-PCR

Xuetal. (11) China 13, Feb, 2020 Case series 41 M35, F27 Chinese 62 RT-PCR

Zhang et al. (12) China 7, Feb, 2020 Case series NR NR Chinese 178 RT-PCR

Toetal. (13) China 12, Feb, 2020 Case series 62.5 7M, 5F Chinese 12 RT-PCR

Zou et al. (14) China 19, Feb, 2020 Correspondence 59 9M,9F Chinese 18 RT-PCR

Hoehl et al. (15) Germany 3, Mar, 2020 Correspondence 35 NR German 126 RT-PCR/CT-scan
Pan et al. (16) China 24, Feb, 2020 Correspondence NR NR Chinese 82 RT-PCR/CT-scan
Tang et al. (17) China 19, Feb, 2020 Cross-sectional 54 98M, 85F Chinese 183 RT-PCR

Chung et al. (18) China 4, Feb, 2020 Cross-sectional 51 M13, F8 Chinese 21 RT-PCR/CT-scan
Fang et al. (19) China 19, Feb, 2020 Cross-sectional 45 29M, 22F Chinese 51 RT-PCR/CT-scan
Guan et al. (20) China 28, Feb, 2020 Cross-sectional 47 640M,459F Chinese 1099 RT-PCR/CT-scan
Huang et al. (21) China 24, Jan, 2020 Cross-sectional 49 30M,11F Chinese 41 RT-PCR

Kui et al. (22) China 7, Feb, 2020 Cross-sectional 57 61M,76F Chinese 137 RT-PCR

Lietal (23) China 29, Jan, 2020 Cross-sectional 52 M238, F187 Chinese 425 RT-PCR/CT-scan
Liu et al. (24) China 9, Feb, 2020 Cross-sectional 53.6 8M, 4F Chinese 12 RT-PCR/CT-scan
Wang et al. (25) China 7, Feb, 2020 Cross-sectional 56 75M, 63F Chinese 138 RT-PCR/CT-scan
Wu et al. (26) China 29, Feb, 2020 Cross-sectional 46 39M, 41F Chinese 80 RT-PCR

Zhang et al. (27) China 19, Feb, 2020 Cross-sectional 57 71M,69F Chinese 140 RT-PCR

Aietal. (28) China 26, Feb, 2020 Cross-sectional 48.5 M467, F547 Chinese 1014 RT-PCR/CT scan
Pan et al. (29) China 13, Feb, 2020 Cross-sectional 40 6M, 15F Chinese 21 RT-PCR/CT-scan
Shi et al. (30) China 24, Feb, 2020 Cross-sectional 495 42M, 39F Chinese 81 RT-PCR/CT-scan
Yang et al. (31) China 21, Feb, 2020 Cross-sectional 59.7 35M, 17F Chinese 52 RT-PCR

Bajema et al. (32) China 4, Feb, 2020 Cross-sectional NR 115M, 95F Chinese 210 RT-PCR/CT-scan
Bernheim et al. (33) China 20, Feb, 2020 Cross-sectional 45.3 61M, 60F Chinese 121 RT-PCR

Chen et al. (34) China 15, Feb, 2020 Cross-sectional 55.5 67M, 32F Chinese 99 RT-PCR

Pan et al. (35) China 13, Feb, 2020 Cross-sectional 45 33M, 30F Chinese 63 RT-PCR

Xu et al. (36) China 21, Feb, 2020 Cross-sectional 44 29M, 21F Chinese 50 RT-PCR/CT-scan
Xu et al. (37) China 28, Feb, 2020 Cross-sectional 50 39M, 51F Chinese 90 RT-PCR

Chang et al. (38) China 7, Feb, 2020 Research letter 34 10M, 3F Chinese 13 RT-PCR/CT-scan
Chen et al. (39) China 26, Feb, 2020 Research letter NR NR Chinese 85 RT-PCR/CT-scan
Kwok et al. (40) China 7, Feb, 2020 Research letter 59.8 9M, 5F Chinese 14 RT-PCR/CT-scan
Hansen et al. (41) Norway 23 April, 2020 Cross-sectional 725 28M,14F Norwegian 42 RT-PCR/CT-scan
Yu et al. (42) China 14, May, 2020 Cross-sectional 64 139M, 87F Chinese 226 RT-PCR/CT-scan

TABLE 2 | Meta-analysis of comorbidities.

Pooled frequency n/N* Publication bias Heterogeneity test
(p-value) (p-value) 2 (%) p value
Smoking 8.0 (2.3-13.6) 172/1,332 0.06 100 0.00
Hypertension 18.5 (12.7-24.4) 306/1,800 0.98 100 0.00
Cardiovascular disease 14.9 (6.0-23.8) 178/2,031 0.72 100 0.00
Diabetes 10.8 (8.3-13.3) 166/1,932 0.39 100 0.00
Pulmonary disease 3.4 (0.8-6.0) 39/2,031 0.72 100 0.00
Malignancies 2.8(0.8-4.8) 33/1,816 0.74 100 0.00
Chronic liver disease 8.1(4.6-11.6) 29/546 0.45 100 0.00
Renal disease 4.4 (0.24-8.6) 17/1,472 0.33 100 0.00

"n, number of patients with comorbidity; N, total number of patients.

Frontiers in Medicine | www.frontiersin.org 16 July 2020 | Volume 7 | Article 459


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Nasiri et al.

COVID-19 Patient Characteristics and Mortality

TABLE 3 | Meta-analysis of clinical manifestations.

Pooled frequency n/N* Publication bias Heterogeneity test
(95% Cl) (p-value) 2 (%) p-value
Fever 83.0 (77.5-87.6) 2,073/2,465 0.76 86 0.00
Cough 65.2 (58.6-71.2) 1,689/2,515 0.80 85 0.00
Dyspnea 27.4 (19.6-35.2) 477/2,014 0.42 89 0.00
Myalgia/fatigue 34.7 (26.0-44.4) 742/1,938 0.60 89 0.00
Sputum production 17.2 (10.8-26.4) 480/1,862 0.01 89 0.00
Sore throat 14.5 (10.6-19.5) 224/1,577 0.88 66 0.00
Headache 11.1(7.7-15.7) 230/1,864 0.30 74 0.00
Diarrhea 5.7 (3.8-8.6) 104/2,041 0.77 66 0.00
Hemoptysis 2.4 (0.8-6.7) 20/1,339 0.77 100 0.00
Anorexia 10.1 (1.0-57.2) 82/1,322 0.73 98 0.00
Nausea/vomiting 5.0 (2.3-10.7) 65/1,563 0.90 85 0.00
Dizziness 8.6 (2.5-26.0) 16/205 0.90 65 0.00
Chest tightness 8.4 (2.5-26.0) 24/256 0.24 78 0.00
Rhinorrhea 9.3 (2.2-31.0) 28/232 0.17 88 0.00
Chills 14.3 (3.0-47.4) 12/111 NA 86 0.00
TABLE 4 | Meta-analysis of laboratory findings.
Pooled frequency n/N* Publication bias Heterogeneity test
(95% CI) (p-value) P (%) p-value

Lymphopenia 50.1 (38.0-62.4) 1,122/1,853 0.08 93 0.00
Lymphocytosis 33.5 (2.4-90.2) 55/93 NA 88 0.00
Neutrophilia 29.7 (19.3-42.7) 60/191 0.51 58.7 0.08
Leukopenia 28.0 (20.0-37.4) 544/1,798 0.89 88 0.00
Leukocytosis 10.8 (5.8-19.1) 165/1,829 0.86 92 0.00
Thrombocytopenia 11.1(7.7-15.7) 343/1,393 0.00 86 0.00
Anemia 43.5 (30.3-57.7) 79/179 NA 72 0.00
Decreased albumin 51.8 (2.0-98.0) 105/191 0.99 96 0.00
High CRP 72.0 (54.3-84.6) 918/1,681 0.02 96 0.00
High LDH 41.0 (22.8-62.0) 408/1,393 0.32 94 0.00
High ESR 79.7 (66.6-88.5) 143/179 NA 69 0.00
High AST 19.7 (10.5-33.7) 267/1,474 0.70 93 0.00
High ALT 14.6 (7.6-26.9) 191/1,290 0.99 84.8 0.00
High creatinine kinase 14.1(8.3-23.0) 142/1,453 0.20 84 0.00
High bilirubin 7.9 (2.9-19.0) 95/1,278 0.96 89 0.00
High creatinine 3.3 (1.2-9.1) 20/1,294 0.13 74 0.00
High troponin | 2.4 (0.3-15.0) 1/41 NA 0.00 0.1

Outcomes

94.6% (CI 73.8-99.1) of the patients with severe COVID-19
were hospitalized. The pooled mortality rate of these patients
was 6.6% (CI 2.8-15.0) (Tables6, 7). Old age, male sex,
presence of underlying diseases, higher level of D-dimer, lower
level of fibrinogen and anti-thrombin, progressive radiographic
deterioration on follow up CT scans, development of ARDS,
and requirement of mechanical ventilation were all reported
factors associated with increased mortality rate. As shown in
Table 8, men had significantly higher mortality in the hospital
compared to women (OR 3.4; 95% CI 1.2-9.1, P = 0.01).
Although ICU admission was higher in men, the difference was

not statistically significant. The mean duration between the time
of hospitalization and death was 17.5 days with minimum and
maximum periods of 14 and 21 days, respectively. The effects and
summaries calculated using a random-effects model weighted by
the study population is shown in Figure 2.

DISCUSSION

We evaluated the signs and symptoms, diagnostic modalities,
therapeutic measures, and epidemiologic features of COVID-
19 to have a better understanding of this pandemic caused
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TABLE 5 | Meta-analysis of imaging findings.

CT Scan Patterns Pooled frequency n/N* Publication bias Heterogeneity test
(95% Cl) (p-value) 2 (%) p-value
Location of involvement ~ Number of affected lobe  Unaffected 20.7 (156.1-27.6) 33/161 0.18 0.0 0.57
1 lobe 14.8 (7.4-24.0) 52/318 0.22 73 0.00
2 lobes 9.5 (6.5-12.8) 30/318 0.32 0.0 0.50
3 lobes 11.7 (7.9-14.6) 36/318 0.64 0.0 0.50
4 lobes 15.8 (10.3-20.7) 49/318 0.90 40 0.15
5 lobes 37.2 (32.0-42.3) 118/318 0.50 30 0.22
Affected lobe (s) RUL 56.8 (50.6-62.8) 145/255 0.12 52 0.10
RML 48.6 (42.5-54.8) 124/255 0.07 0.0 0.48
RLL 76.2 (65.5-84.4) 193/255 0.14 64 0.03
LuL 56.0 (47.1-64.7) 153/255 0.12 0.0 0.40
LLL 71.8 (57.8-82.5) 167/234 0.30 76 0.01
Laterality Uni lateral 28.8 (16.6-45.2) 62/205 0.80 7 0.01
Bi lateral 70.6 (55.3-82.5) 142/205 0.20 74 0.01
Pattern of involvement Pattern of involvement No involvement 17.2 (11.4-25.0) 193/1,080 0.42 63.0 0.04
Both of GGO* & consolidation 39.0 (28.1-51.0) 57/142 NA 25 0.24
GGO without consolidation 66.0 (51.1-78.0) 846/1,365 0.67 90 0.00
Consolidation without GGO 4 (3.3-23.6) 26/274 0.21 82 0.00
Laterality Uni lateral 21.8(12.0-36.9) 101/507 0.63 87 0.00
Bi lateral 74.8 (62.5-84.0) 405/548 0.29 84 0.00

"GGO, Ground Glass Opacities.

TABLE 6 | Meta-analysis of complications.

Pooled frequency n/N* Publication bias Heterogeneity test
(95% CI) (p-value) 2 (%) p-value
RNAemia 14.0 (6.7-29.0) 6/41 NA 0.00 1.00
ARDS 13.0 (4.8-30.0) 142/1,794 0.67 96 0.00
Acute cardiac injury 12.4 (6.2-23.2) 28/243 0.83 65 0.038
Acute kidney injury 5.5(1.3-20.8) 34/1,441 0.58 93 0.00
Liver failure 13.3 (3.2-41.0) 20/144 0.50 84 0.00
Shock 4.0 (1.6-12.0) 32/1,389 0.60 86 0.00
Hospitalization 94.6 (73.8-99.1) 1,561/1,829 0.76 98 0.00
TABLE 7 | Meta-analysis of outcomes.
Pooled frequency n/N* Publication bias Heterogeneity test
(95% CI) (p-value) 2 (%) p-value
Discharged 52.7 (36.5-68.4) 486/948 0.44 93 0.00
Death 6.6 (2.8-15.0) 111/2,026 0.50 93 0.00

by SARS-CoV-2. The pooled mortality rate of these patients
was 6.6% overall. We detected several factors that contributed
to a worsened outcome including old age, male sex, presence
of underlying diseases, and abnormal laboratory finding
such as an elevated D-Dimer. Although there was not a
significant difference between male and female gender in ICU
admissions, male gender showed a significantly higher in-
hospital mortality rate.

D-Dimer >1 pg/mL was identified as an associative factor that
increased odds of in-hospital death in a study by Zhou et al. (p =
0.0033) (43).

Another significant finding in our analysis was the incidence
of cardiac injury in 12.4% of the patients, which is a common
event seen in a multitude of viral illnesses (44). Gao et al. observed
that subjects with influenza (H7N9) and cardiac injury had an
elevated risk of mortality (HR = 2.06) (45). In a study by Ludwig
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TABLE 8 | Mortality and ICU admission in men vs. women in patients with
COvID-19.

Pooled OR p-value Heterogeneity test
(95% Cl) 12 (%) p-value
Mortality in 3.4 (1.2-9.1) 0.01 0.00 0.6
men vs. women
ICU admission in 1.6 (0.7-3.2) 0.1 0.00 0.5
men vs. women
First %
Author ES (95% Cl)  Weight
Tang E . 11(8.00,17.0) 9.55
Wei Xu : 0.0(0.00,6.00) 8.86
Huang i . 15(7.00,28.0) 8.39
Heshui Shi2 . 4(1.00,10.0) 9.09
Yang ' . 62(48.0,740) 868
S. Hui . E 2(0.00,13.0) 839
Nanshan Chen i . 11 (6.00, 19.0) 9.23
Kui Liu E . 12(7.00,18.0) 9.42
Guan . 1(1.00,2.00) 9.88
Jian Wu 0.0(0.00,5.00) 9.08
Dawei Wang OE 4(2.00,9.00) 9.42
Overall <> 6.6(2.80,15.0)  100.0
: T T T
0 25 50 75
Frequency (%)
FIGURE 2 | The pooled mortality rate of patients with COVID-19. Effects and
summaries were calculated using a random-effects model weighted by study
population.

et al. which analyzed cardiac biomarkers in influenza patients,
24% of the subjects showed acute cardiac injury <30 days after
influenza diagnosis and half of the injuries included myocardial
infarctions (46). Although our analysis did not show increased
mortality risk in patients with cardiac injury, these findings could
indicate the potential need for identifying and optimizing cardiac
risk factors in COVID-19 patients during the treatment period.

The mean duration between hospitalization and death was
17.5 days (range: 4-21 days), compared to 17.4 days in SARS (47).
The overall mortality rate in this study was 6.6%, which is more
than twice that was reported earlier (20). Though comparable
mortality was reported by Li et al. (7%) and Qian et al. (8.9%) in
their meta-analyses, a study by Rodriguez et al. showed a much
higher death rate of 13.9% (48-50). On the other hand, a study
from the Jiangsu province of China results showed a high cure
rate equal to 96.67%. Although the main reason for very low
mortality in this study remains unknown, measures including
early recognition and centered-quarantine may be contributing
factors (51).

Of note, the in-hospital mortality of males was significantly
higher than that of females (OR 3.4; 95% CI 1.2-9.1, P = 0.01).

A similar pattern of higher mortality in males has been reported
in previous coronavirus outbreaks of SARS and MERS. Karlberg
et al. also reported that the gender-based difference in mortality
was higher in younger males (0-44 years) (RR = 2), compared
to those of age group 45-74 (RR-1.45) (52). Similarly, the study
by Alghamdi et al. showed that the case fatality rate in males
was twice that of females in MERS (52 vs. 23%) (6). Although
a gender-based difference in the immune response to infections
has been suggested as a possible factor, other contributing
factors including smoking history and severity of underlying
comorbidities cannot be ruled out (53). This is especially of
significance in China, where the prevalence of smoking among
men (57.6%) is almost 10 times higher that of women (6.7%)
(54). This difference in mortality opens the discussion for the
need to treat COVID-19 more aggressively in males, including
the possibility of earlier intubation and mechanical ventilation
in this population. Cigarette Smokers showed to have a higher
expression of Angiotensin converting enzyme 2 (ACE2) in lower
airways. As it was discussed, ACE?2 is the receptor for SARSCoV-
2 in the lower respiratory tracts. This finding suggests that
smokers are at a higher risk for COVID-19 (55). Therefore we
emphasize on smoking cessation especially in the male group
with COVID-19. Men smoke more than five times as much as
women. (35% in males compared to 6% in females). Although
this ratio varies in different countries, it is true that men smoke
more in almost all countries (56). These findings can suggest part
of the reason behind the significant higher mortality in males
with COVID-19. Further investigations are needed to understand
this phenomenon.

According to Xiaochen Li et al. male, elder age, leukocytosis,
high LDH level, cardiac injury, hyperglycemia and chronic
corticosteroid use were related to a higher risk of death in
COVID-19. Male group counted for slightly more than half of
all their patients (50.9%), however 56.9% of the severe COVID-
19 cases were males compared to 45.2% females (P = 0.006).
They showed that 19.2% of patients with severe COVID-19 were
smokers (57).

Ruan et al. studied 68 deceased cases and 82 discharged
ones to identify the clinical predictors of COVID-19 mortality,
they found a significant difference among patients with
Cardiovascular diseases (p < 0.001), however, their study didn’t
show any significant difference in sex ratio between the death
group and the discharge group. (P < 0.43) (58).

Obesity is a risk factor for comorbid conditions such as
cardiovascular diseases which are associated with a higher
COVID-19 related deaths. Simonnet et al. showed that invasive
mechanical ventilation was significantly associated with male sex
(p < 0.05) and Body Mass Index (BMI) (p < 0.05), independent
of age, diabetes, and hypertension (59). Previous studies had
shown a low mortality rate in obese and morbid obese patients
presenting with ARDS which is defined as obesity paradox. There
is still more data required to identify whether this paradox is
broken by COVID-19 (60).

According to Zirui Tay et al. there may be alleles on the
location of ACE2 on X-chromosome that confer resistance
to COVID-19. This may explain the lower mortality among
females. Additionally, estrogen and testosterone sex hormones
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can modulate the immune response. Therefore, the disease
severity may vary based on the hormonal immunoregulation
effect (61). In general testosterone have an immunosuppressive
effect and estrogen enhances the immunity. Females are less
susceptible to viral infections (62).

Recent studies have shown that estrogen upregulates ACE2
in human atrial myocardium by modulating the local Renin
angiotensin aldosterone system (RAAS). Apart from ACE2, Toll-
like receptor (TLR) 7 is also encoded on X-chromosome. TLR7
mediates several immune cell responses (63). Berghdofer et al.
showed that in vitro exposure of peripheral blood mononuclear
cells (PBMCs) to TLR7 ligands results in higher production of
interferon-o (IFNa) in cells from females compared to the cells
from males (64).

The mechanisms by which androgens such as testosterone
decrease the immune response has not been fully understood.
Rettew et al. evaluated the acute effect of testosterone through
in vitro treatment of macrophages generated in absence of
androgen. The result was a significant decrease in TLR4
expression and sensitivity to a TLR4-specific ligand. In vivo
removal of testosterone resulted in significantly increased TLR4
cell surface expression and higher sensitivity to endotoxin.
This may indicate an important mechanism of testosterone
immunosuppressive effect (65).

Similar to the sex-based differences in SARAS-CoV2, some
studies related to SARS-CoV infection have shown a higher
mortality and severity of the disease in males. Karlberg
et al. showed a significantly higher case fatality rate in males
compared females infected with SARS-CoV (p < 0.0001) (52).
Channappanavar et al. evaluated the susceptibility to SARS-CoV
infection in male mice compared to the age-matched female
group. Ovariectomy or estrogen receptor antagonist treatment
of female mice showed increased mortality in the SARS-CoV
infected mice indicating a protective effect of estrogen receptor
signaling (66).

Although around 70% of health and social care workforce
worldwide are women and they are in potential exposure to
sick patients, most of the studies have shown a higher overall
mortality among men with COVID-19. More research is needed
to investigate how sex results in different outcomes during the
COVID-19 pandemic (63).

This study has several limitations. Due to the rapidly emerging
COVID-19 situation around the globe and the novelty of
this coronavirus, there is still limited clinical data regarding
diagnostic modalities and effective therapeutic measures. Most
of the clinical findings were from observational studies. Future
clinical trials and animal models are also required to have
conclusive clinical information. More studies outside China
are needed for comprehensive results that reflect COVID-19
epidemiology globally. Due to the lack of accurate reports of the
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Coronavirus disease (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which is a betacoronavirus, and is associated with cytokine
storm inflammation and lung injury, leading to respiratory distress. The transmission
of the virus is mediated by human contact. To control and prevent the spread of
this virus, the majority of people worldwide are facing quarantine; patients are being
subjected to non-specific treatments under isolation. To prevent and stop the COVID-19
pandemic, several clinical trials are in the pipeline. The current clinical trials either target
the intracellular replication and spread of the virus or the cytokine storm inflammation
seen in COVID-19 cases during the later stages of the disease. Since both targeting
strategies are different, the window drug administration plays a crucial role in the efficacy
of the treatment. Here, we review the mechanism underlying SARS-CoV-2 cell infection
and potential future therapeutic approaches.

Keywords: SARS-CoV-2, COVID-19, immune therapy, monoclonal antibody, respiratory distress, cytokine
treatment

INTRODUCTION

The members of the Coronaviridae family cause mild respiratory disease, and infection with these
viruses can be transmitted between humans (1). Severe acute respiratory syndrome coronavirus
(SARS-CoV) is transmitted from animals to humans, leading to severe respiratory diseases in
individuals (2). SARS was discovered in Guangdong Province, China, in 2002 (3). Chinese bats
serve as the natural reservoir hosts of SARS-CoV-2 (4). The human transmission of SARS-CoV
requires intermediate hosts, such as animal food sources, including pangolin and cats (5). No
specific antivirals or effective vaccines are available to treat or prevent SARS. In 2002 and 2003,
the SARS pandemic was controlled by travel restrictions and patient isolation.

Recently, a new virus strain from the same virus family was discovered in Wuhan, Hubei
Province, China, that causes coronavirus disease 19 (COVID-19) (6). It has been suggested that
the human transmission of this strain was linked to the Hunan seafood market. The infection
is very contagious and results in the development of the disease and fatalities (7). SARS-CoV-
2 is closely related to SARS-CoV, and COVID-19 has been described as a new lung disease (8).
Infections have also been detected in several countries globally and are linked to international
travel. Elucidating the mechanisms through which the virus gains entry into target cells and how
this process can be inhibited would allow the development of new therapeutics or vaccines to
rapidly curb the ongoing pandemic. A significant number of clinical trials have been started to
explore potential therapeutic strategies for COVID-19 to identify as quickly as possible high-quality
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efficient treatments to stop the ongoing pandemic. Here, we
present a brief overview of the SARS-CoV infection mechanism
and potential strategies to prevent virus entry along with the
effects of infection, such as inflammatory cytokine storms, on
lung injury. We discuss some published data and the mechanism
of the ongoing clinical trials.

MECHANISM OF SARS-COV CELL
INFECTION

Basically, the entry of coronavirus is mediated by the interaction
of cellular receptor proteins and the S1 unit of the viral spike (S)
protein, which, in turn, promotes viral attachment to the target
cell surface. Furthermore, viral attachment requires cellular
proteases to prime the S protein, which entails its cleavage at
the S1/S2 and S2’ sites, resulting in the fusion of the viral
and cellular membranes. It has been shown that the S protein
from SARS interacts with angiotensin-converting enzyme 2
(ACE2) as its receptor and uses the cellular serine protease
TMPRSS2 to prime the S protein (9, 10). Additionally, it has
been demonstrated that the SARS-S/ACE?2 interaction favors the
spread of the virus, leading to severe acute respiratory syndrome
(11). ACE and ACE2 have high homology with metalloproteases
that play a role in the renin-angiotensin system (RAS) to
maintain blood pressure homeostasis. The renin protease cleaves
angiotensinogen to generate angiotensin I (Ang I). The two C-
terminal amino acids of Ang I are cleaved by ACE to generate
angiotensin II (Ang II), whereas ACE2 cleaves Ang II. Ang IT acts
specifically through Ang II receptor type 1 (AT1R) and Ang II
receptor type 2 (AT2R) (12, 13). ACE also degrades additional
substrates such as bradykinin or apelin (14). ACE2 has been
identified as the key determinant of SARS-CoV transmissibility
(15). The SARS-S and SARS-2-S proteins have 76% amino
acid homology. However, it is not yet clear whether SARS-2-
S and SARS-S use ACE2 and TMPRSS2 for host cell binding.
A recent study demonstrated that SARS-CoV-2 uses the same
ACE2 receptor as SARS-CoV to enter the target cell and also
uses the same cellular protease, the serine protease TMPRSS2,
to prime the S protein. The study also suggested a treatment
strategy based on the inhibition of S protein priming by targeting
TMPRSS2 to block entry. Moreover, the study showed that sera
from convalescent SARS patients cross-neutralized the S protein
to block SARS-2 entry (3).

COVID-19 AND CYTOKINE STORM
SYNDROME

The antiviral response is mediated by both innate and acquired
immunity, which recognize pathogen-associated molecular
patterns (PAMPs) and the antigen-specific adaptive immune
response. The viral response is based on the release of
inflammatory mediators (cytokines, chemokines, leukotrienes,
proteases, and reactive oxygen species) and on the clearance
of virus through internalization and killing of the virus. Cell
responses are in many ways controlled by the balance between
antagonistic signals, which may affect the immune response

to pathogens. The resulting balance is of great importance to
prevent damage to tissues through immunopathology and to
ensure the return of activated cells to a resting state. However,
exaggerated and excessive synthesis of cytokines can lead to
an acute, severe systemic inflammatory response known as a
“cytokine storm” and cause severe damage to multiple organs
(16). The cytokine profile of COVID-19 patients with differences
in disease severity has been investigated, and a subset of patients
with severe COVID-19 develop profound inflammation and
multiorgan dysfunction that is consistent with a “cytokine
storm.” Recently, a large panel of cytokines (IFN-y, TNF-a, IL-
2, IL-4, IL-6, and IL-10) and C-reactive protein (CRP) have been
analyzed and compared with serum samples from a control group
and from COVID-19 patients. The values for cytokines and CRP
were significantly higher in patients with COVID-19 than those
in healthy controls. However, using univariate logistic regression
analysis, only two cytokines, IL-6 and IL-10, were found to be
predictive of disease severity, suggesting that a higher level of
cytokine storm is associated with severe disease development.
Improving the understanding of hypercytokinemia (i.e., IL-6
levels from 100 to 5,000 pg/mL) and immune dysregulation
associated with COVID-19 is urgent. Investigations of different
potential therapeutic strategies for COVID-19 cytokine storm
syndrome are ongoing that use corticosteroids, IL-6 blockade and
IL-1 inhibition (17). A series of clinical trials of IL-6 inhibitors
such as tocilizumab, sarilumab and siltuximab are also underway
(see Table 1).

COAGULATION AND FIBRINOLYSIS IN
COVID-19

The host defense against viral infection activates the coagulation
cascade to limit the spread of pathogens. During the first
phase of infection, an adaptive haemostatic response occurs that
is associated with the activation of a systemic inflammatory
response, which is characterized by an increase in inflammatory
activity and thrombin and fibrinogen generation. The increase
in cytokine production during virus infection induces additional
procoagulant effects, such as the expression of tissue factors
that are major initiators of coagulation activation. Moreover,
other factors, such as DAMPs and neutrophil extracellular traps,
may also contribute to the procoagulant profile in COVID-19.
During pulmonary infection, the measurement of coagulation
and fibrinolysis factors in bronchoalveolar lavage fluid has
demonstrated an increase in thrombin generation, an insufficient
balance in physiologic anticoagulation, and the suppression of
fibrinolysis, mediating the pathogenesis of respiratory distress.
Endothelial injury of the pulmonary capillary is also caused by
vascular endothelial damage. SARS-CoV-2 infects endothelial
cells through the ACE2 receptor, and viral spread and rapid
viral replication leads to massive endothelial cell apoptosis
and inhibits the anticoagulant function of the vascular lumen.
Moreover, endothelial dysfunction contributes to procoagulant
changes in COVID-19 (42).

Platelets play a dual role; they contribute to haemostasis but
also to inflammation and the host defense response, especially
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TABLE 1 | Current therapeutic drugs used to treat COVID-19.

Drug

Description and mechanism of action

References

Inhibitors of the cellular entry of SARS-CoV-2

Chloroquine and
Hydroxychloroquine
(Quensyl™,
Plagueni™,
Hydroquin™,
Dolquine™, Quinoric™)

Camostat mesylate (Foipan™)

Nafamostat mesylate (Buipel™)

Antimalarial; they have been used for decades for the prophylaxis and treatment of malaria and for various
autoimmune diseases

Inhibit the terminal phosphorylation of ACE2 and elevate the pH in endosomes.

Chloroquine can inhibit the entry of SARS-CoV-2 and prevent virus-cell fusion by interfering with glycosylation of
the ACE2 receptor and its binding with the spike protein, suggesting that chloroquine treatment might be more
effective in the early stage of infection before COVID-19 reduces ACE2 expression and activity.
Hydroxychloroquine exhibits an anti-inflammatory effect on Th17-related cytokines (IL-6, IL-17, and IL-22) in
healthy individuals and systemic lupus erythematosus and rheumatoid arthritis patients.

e Developed decades ago for the treatment of oral squamous cell carcinoma, dystrophic epidermolysis, exocrine
pancreatic enzyme inhibition, and chronic pancreatitis

TMPRSS2 protease activity as a synthetic serine protease inhibitor. In a clinical trial investigating the effects of
camostat mesylate against dyspepsia associated with non-alcoholic mild pancreatic disease, 95 patients
received 200 mg camostat mesylate three times daily for 2 weeks and showed only mild side effects and no
severe adverse effects.

* Approved in Japan for the treatment of acute pancreatitis, disseminated intravascular coagulation and for
anticoagulation in extracorporeal circulation

TMPRSS2 protease activity: clinically proven as a synthetic serine protease inhibitor. Nafamostat mesylate has
been shown to inhibit MERS-CoV S protein-mediated viral membrane fusion with TMPRSS2-expressing lung
Calu-3 host cells by inhibiting TMPRSS2 protease activity. It may also inhibit the cellular entry of SARS-CoV-2.
In cell culture experiments with simian Vero E6 cells infected with SARS-CoV-2, Nafamostat mesylate was
shown to inhibit SARS-CoV-2 infection at an ECsp of 22.50 wM.

Monoclonal antibodies targeting SARS-CoV entry

80R, F26G19, m396, CR3014,
CR3022, F26G18, m396, 201,
S230

¢ Binds to the conformational epitope on the S1 fragment of SARS-CoV or to the amino acid residues with high
affinity on the S1 fragment of SARS-CoV.
Blocks the interaction of the S1 subunit protein with the cellular receptor ACE2

Inhibitors of the replication, membrane fusion, and assembly of SARS-CoV-2

Remdesivir

Lopinavir/ritonavir (Kaletra™)

Umifenovir (Arbidol™)

Favipiravir (Avigan™)

¢ A novel small-molecule adenine nucleotide analog antiviral drug synthesized and developed by Gilead Sciences
in 2017 that has shown efficacy against Ebola virus in rhesus monkeys. It displays antiviral activity against other
single-stranded RNA viruses, including filoviruses, pneumoviruses, paramyxoviruses, and the coronaviruses
MERS-CoV and SARS-CoV.

It results in the delayed chain cessation of nascent viral RNA. It potently blocks SARS-CoV-2 infection at a low
range of micromolar concentrations and has a high selectivity index with an EC50 of 0.77 uM and a CC50 >
100 wM. It acts early in infection and is metabolized into its active form GS-441524, which is an adenine
nucleotide analog that interferes with the activity of viral RNA polymerase and that promotes the evasion of
proofreading by viral exoribonuclease, leading to the inhibition of viral RNA synthesis.

e | opinavir was developed in 1998 to circumvent HIV resistance toward the protease inhibitor ritonavir. The
combination of lopinavir and ritonavir was first established as an effective oral drug for the treatment of
HIV-infected individuals when used in combination with other antiretroviral agents.

Lopinavir-ritonavir administration significantly decreased coronavirus titres, and low or no coronavirus titres were
observed in the follow-up study. Another study investigated lopinavir in patients with COVID-19 receiving either
lopinavir-ritonavir 400 mg/100 mg orally twice daily plus the standard of care or the standard of care alone.

A small indole-derivate molecule licensed for oral prophylaxis and treatment of infections with influenza A and B
viruses and other respiratory viruses that has been demonstrated to inhibit in vitro infection with globally
prevalent pathogenic viruses, including the hepatitis C virus, hepatitis B virus, Ebola virus, Lassa virus, human
herpesvirus, poliovirus, and vesicular stomatitis virus.

Prevents viral host cell entry by inhibiting membrane fusion of the viral envelope and the host cell cytoplasmic
membrane via inhibition of clathrin-mediated endocytosis, thereby preventing virus infection.

An oral pyrazinecarboxamide derivative and guanine analog.

Selectively and potently inhibits the RNA-dependent RNA polymerase (RARP) of RNA viruses (influenza A virus,
flavi-, alpha-, filo-, bunya-, arena-, and noroviruses as well as West Nile virus, yellow fever virus,
foot-and-mouth-disease virus, Ebola virus and Lassa virus) and induces lethal RNA transversion mutations,
thereby producing a nonviable virus phenotype. A study showed favipiravir has efficacy in Vero E6 cells infected
with SARS-CoV-2 with an EC50 of 61.88 uM and a CC50 over 400 uM.

Anti-cytokines and chemokines

Tocilizumab
Sarilumab
Siltuximab

Anti-IL-6 receptor is a human immunoglobulin G1 monoclonal antibody (mAb) that binds specifically to both
soluble and membrane-bound interleukin-6 receptors (IL-6Rs)

Blocks the interaction between the cytokine and its receptor, avoiding the amplification of inflammation
associated with lung injury that leads to respiratory distress.

(18-21)

(02-24)

(19, 25, 26)

(27-32)

(19, 33, 34)

(36)

(19)

(37, 38).

(Continued)
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TABLE 1 | Continued

Drug

Description and mechanism of action

References

Supporting agents
Azithromycin

An antibiotic that can be used for different types of bacterial infections, such as respiratory and skin infections
and sexually transmitted diseases. It has been proven to be active against the Zika and Ebola viruses and to
prevent severe respiratory tract infections when used to treat patients suffering from viral infection. It has been
used as an adjunctive therapy to provide antibacterial coverage and exerts potential immunomodulatory and
anti-inflammatory effects in the treatment of some viral respiratory tract infections (e.g., influenza).

Prevents the growth of bacteria by interfering with bacterial protein synthesis. It binds to the 50S subunit of the
bacterial ribosome, thus inhibiting the translation of MRNA. In COVID-19 patients, Gautret et al. reported 100%
viral clearance based on nasopharyngeal swabs in six patients who were co-treated with hydroxychloroquine
and azithromycin. However, Molina et al. reported findings that contrasted with those reported by Gautret.
Based on those results, the data presented to date are insufficient to evaluate the possible clinical benefits of

(39, 40)

azithromycin in patients with COVID-19

Corticosteroids

A potent anti-inflammatory and anti-fibrotic drug.
Low doses of methylprednisolone prevent extended cytokine release and may accelerate the resolution of

(41)

pulmonary and systemic inflammation in pneumonia. Recently, many medical researchers have stated that
corticosteroids may improve the dysregulated immune response caused by sepsis (a possible complication of
infection with COVID-19) and increase the blood pressure when it is low. In a retrospective cohort study, 201
patients with confirmed COVID-19 who developed ARDS were treated with methylprednisolone (1-2 mg/kg
daily via IV for 5-7 days), and the results showed that treatment with methylprednisolone may be beneficial for
patients who develop ARDS in terms of the reduction of the risk of death.

during lung infection. Recently, many cases of thrombocytopenia
have been observed in COVID-19 patients, and the baseline
platelet levels and changes were associated with subsequent
mortality. However, the mechanism of SARS-CoV-2 involved in
thrombocytopenia is not yet clear (43). One of the possibilities
is that lung tissue injury could cause platelet activation and
aggregation, and thrombi formation at the site of the injury
may lead to the consumption of platelets and megakaryocytes.
In addition, SARS-CoV-2 induces increases in D-dimer and
fibrinogen and further increases the consumption of platelets in
damaged lungs.

POTENTIAL THERAPEUTIC APPROACHES

Monoclonal Antibodies Targeting

SARS-CoV Entry

The spike proteins of SARS-CoV-2 play a major role in the
interaction between the virus and the ACE2 receptor expressed
by the host cell. The binding of the spike protein to ACE2 leads
to membrane fusion and the initiation of the viral life cycle.
To inhibit SARS-CoV-2 binding to ACE2, several neutralizing
monoclonal antibodies (MAbs) targeting the spike protein of
SARS-CoV-2 have been developed. Among them, the 80R MAb
binds to the S1 fragment of SARS-CoV at the conformational
epitope (amino acid residues 426-492) and blocks the binding
of the viral S1 subunit to the ACE2 receptor, thereby preventing
the entry and spread of the virus (44). These findings have been
demonstrated by in vitro and in vivo studies (27, 45). Other
MADs targeting different epitopes of the S1 subunit have also
been developed and tested by in vitro and in vivo studies, such
as CR3022, F26G18, F26G19, m396, 1A9, and CR3014 (27-32).
A recent study suggested the involvement of similar
mechanisms of host entry in infection with SARS-CoV-2, and
consequently, different studies are currently investigating single

MAbs or combinations of different MAbs. Such antibodies
recognize different epitopes on the SARS-CoV-2 surface, which
should be assessed first by in vitro and in vivo (mouse) approaches
prior to different clinical trials. However, several neutralizing
MADbs also bind to IgG Fc receptors (FcyR). The antibody/FcyR
interaction might lead to virus entry that could infect other cells
expressing this receptor independently of the ACE2-specific virus
receptor. Recently, it has been demonstrated that FcyRIIA plays
a major role in viral entry via antibody-dependent enhancement
(ADE) using in vitro strategies (46). However, the signaling
pathway associated with the MAbs/virus/receptor interaction is
not yet clear. ADE viral entry in the presence of neutralizing
MADs has been demonstrated for many viruses, especially for
those expressing the coronavirus spike protein. Understanding
the effect of this interaction on the activation of human cells
expressing the Fc receptor and viral proliferation may help to
establish new vaccination strategies in the future.

Treatment of Inflammatory Cytokine Storm
MADbs Against the IL-6 Receptor

To explore the pathophysiological mechanisms and development
of novel therapeutic approaches for sepsis, a recent study
using caecal ligation and puncture (CLP) was performed in a
septic mouse model. The mouse models demonstrated classical
inflammatory symptoms associated with an increase in soluble
triggering receptors expressed on immune cells, including
interleukin (IL)-6, IL-10, TNF-o, macrophage inflammatory
protein (MIP)-1a, MIP-18, and MIP-2. These results were similar
to those found in human patients with sepsis (47). IL-6 plays
an important role in host defense during infections. However,
exacerbation of IL-6 production favors acute severe systemic
inflammation, which is named ‘cytokine storm’ (48). During
the COVID-19 pandemic, a recent study explored the levels
of cytokines, including IL-6, and the T cell frequency in three
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groups of individuals: healthy individuals and patients with
moderate and severe COVID-19 cases. The moderate cases
presented an increase in IL-6 and a decrease in the total T
lymphocyte frequency. However, the severe COVID-19 cases
showed an increase in IL-6, IL-2R, IL-10, and TNFa secretion
associated with a severe decrease in T cells, particularly CD4+
T cells (49). These results suggest that IL-6 plays a key role in
the amplification of inflammation associated with lung injury,
leading to respiratory distress (37, 38). Moreover, this antibody
has been used in the treatment of rheumatoid arthritis and was
approved by the FDA 10 years ago, and the side effects have been
extensively studied (50). Taken together, these findings suggest
that IL-6 or its receptor present a potent target of interest for
the treatment of COVID-19-associated acute respiratory distress
syndrome (ARDS). In this context, treatment of one case of
COVID-19 associated with respiratory failure with an anti-
interleukin-6 receptor inhibitor named tocilizumab resulted in
favorable recovery (51). To explore whether tocilizumab can
be used as a treatment for COVID-19, clinical trials with a
large number of patients with the correct groups should be
conducted robustly to prevent mortality. However, the optimal
disease stage for the administration of tocilizumab must be
defined carefully. Since it has been shown that IL-6 can either
suppress or facilitate viral replication (52), one crucial issue to
address will be the optimal timing of anti-IL6 administration.
If it occurs too early, the drugs may affect viral clearance. If
it occurs too late, the drugs may not be effective. The optimal
timing of the administration of anti-IL-6 must be assessed
in trials. Several randomized controlled trials of tocilizumab,
sarilumab and siltuximab, either alone or in combination, are
now being proposed in patients with severe COVID-19 and
are underway mainly in China, Western Europe, USA, Russia,
Malaysia, and Australia (53). Moreover, different clinical trials are
under way to evaluate the safety and efficacy of IL-6 inhibitors
with various protocols and comparators. The identifiers of the
clinical trials are NCT04332913, NCT04335071, NCT04317092,
NCT04324073, NCT04320615, NCT04306705, NCT04315298,
NCT04315480, NCT04321993, NCT04348500, NCT04329650,
NCT04330638, NCT04345289, NCT04327388, NCT04341870,
and NCT04322773 (ClinicalTrials.gov).

MAbs Against Chemokine Receptors

Several clinical trials are also ongoing to examine the effect of
blocking other proinflammatory cytokines, such as TNF (54)
and granulocyte-macrophage colony-stimulating factor (GM-
CSF), with the clinical trial identifier NCT04341116. The aim
of this study is to interfere with cytokine signaling, leading to
decreased hyperinflammation in patients with severe COVID-
19. Indeed, the most highly pathological macrophages are
derived from the circulating monocytes infiltrating the lung.
Moreover, CCR2 plays a central role in the recruitment and
accumulation of monocytes in inflamed tissues (55). Altogether,
these results suggest that CCR2 blockade could potentially help to
reduce the accumulation of pathological monocytes in inflamed
tissues. A new clinical trial (NCT04343651) targeting CCRS5,
another chemokine receptor that regulates monocyte and T cell

recruitment, is ongoing in patients with COVID-19 with mild-
to-moderate symptoms of respiratory illness.

Chloroquine

Chloroquine (CQ) or hydroxychloroquine (HCQ) (a more
soluble and less toxic metabolite of CQ) are antimalarial products
that have been tested in humans (56). CQ and HCQ are also used
in the treatment of several autoimmune diseases, such as systemic
lupus erythematosus and rheumatoid arthritis. Additionally, CQ
inhibits autophagy, favoring the apoptosis of cancer cells (57).

Promising studies have demonstrated that the CQ/HCQ
compounds have the ability to inhibit certain coronaviruses,
such as SARS-CoV-1 (58). Additional in vitro studies have
shown that CQ and HCQ have antiviral activity against SARS-
CoV-2, with more side effects being observed for CQ than
for HCQ (58). In contrast, others have demonstrated that
HCQ has greater antiviral activity than CQ during SARS-CoV-
2 infection (18). Basically, CQ or HCQ exert their effects on
eukaryotic cells by increasing the vacuolar pH of organelles such
as endosomes and lysosomes. The increase in pH neutralizes
the acidic lysosomal pH, decreasing autophagosome-lysosome
fusion and autophagic degradation (59, 60). Autophagosome-
lysosome fusion is essential for virus/cell fusion and immune-
modulating activity (61). CQ and HCQ can also modify the
glycosylation of ACE2, which binds to the spike protein S
of SARS-CoV. This may interfere with the virus-receptor
interaction (19). Additionally, an in vitro approach demonstrated
that CQ inhibits COVID-19 virus infection (62). Some studies
have indicated that HCQ also reduces the levels of some
proinflammatory cytokines, such as IL-6, IL-18, and TNF-a (63).
Indeed, CQ and HCQ inhibit endosomal TLRs and have anti-
inflammatory effects by inhibiting prostaglandin synthesis or
lipid peroxidation (64).

Hence, it was suggested that CQ and HCQ represent a
potential new drug treatment for COVID-19. However, there are
some limitations in performing clinical trials in patients owing to
the restrictions on research studies using cell culture or animals
and side effects, such as cardiotoxicity and liver cytotoxicity,
due to the half-life of these compounds of ~3.1 days (65).
However, the risk of toxicity in patients treated for 10 years
with HCQ for systemic lupus erythematosus was shown to be
approximately 7.5% and to be higher in patients treated for longer
periods (66). In COVID-19-associated acute infection, CQ and
HCQ are used for a very short time (~5 days). Nevertheless,
acute adverse events, such as hypersensitivity and gastrointestinal
intolerance, require attention, especially in critically ill patients
who may develop similar clinical manifestations due to COVID-
19. Additionally, CQ and HCQ can be safely used during
pregnancy (67). Recently, a clinical trial with a small sample
size showed that HCQ treatment is associated with a decrease
in viral load in COVID-19 patients, and the effect is reinforced
by azithromycin (39). Because of the low number of patients
and the lack of some group controls during this recent study,
new national and international clinical trials are being conducted
to confirm the authenticity of these findings. A current clinical
trial of CQ and HCQ therapy in the treatment of COVID-19
in Europe may reveal new possibilities for antiviral therapy for
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COVID-19 to stop the pandemic. Although the antiviral activity
of hydroxychloroquine remains uncertain, there have been
several controversies regarding the clinical benefits of this drug
in patients with COVID-19. Recently, a new publication showed
the beneficial effects of hydroxychloroquine or chloroquine when
used alone or with a macrolide on in-hospital outcomes for
COVID-19. Each of the drug regimens was associated with a
decrease in in-hospital survival and an increased frequency of
ventricular arrhythmias when used for the treatment of COVID-
19. However, this study was retracted from the Lancet journal
(https://doi.org/10.1016/S0140-6736(20)31174-0). In contrast,
an approved study by the Ethics Committee of Shanghai
Public Health Clinical Center under the number NCT04261517
demonstrated that the prognosis of COVID-19 patients with
moderate cases is good. However, a large sample size study is
needed to investigate the effects of HCQ in the treatment of
COVID-19 (68). A new study is ongoing and can be found
on ClinicalTrials.gov under the identifier NCT04303507 with
the official title “Chloroquine/Hydroxychloroquine Prevention
of Coronavirus Disease (COVID-19).” This study is a double-
blinded, randomized, and placebo-controlled trial that will be
conducted in a healthcare setting. A total of 40,000 participants
will be recruited, and the investigators predict an average of 400-
800 participants per site at 50-100 sites. However, the estimated
completion date is April 2021.

Anticoagulant Treatments

Since recent findings revealed that most COVID-19 patients
with severe cases admitted to the intensive care unit for
respiratory failure present predominantly with hypercoagulation,
anticoagulant drugs could a potentially prevent a state that
could lead to arterial and venous thromboembolic complications
(69). Antithrombin and activated protein C for the treatment
of classical acute respiratory distress syndrome can be used as
anticoagulants for inflammatory thrombus prevention. Platelets
may be involved in systemic and local thrombotic responses.
Antiplatelet therapies may present a new therapeutic approach.
This is a known phenomenon in acute coronary syndromes,
where anticoagulant therapy along with antiplatelet therapy
decreases arterial thrombosis, but it is associated with an increase
in bleeding risk (42).

Therapies Targeting Viral Replication

Remdesivir is an antiviral molecule with a chemical formula
of C27H35N608P. Remdesivir prevents viral replication by
inhibiting viral DNA polymerase. Its antiviral activity has been
demonstrated against Ebola virus in multiple human cell types,
including primary macrophages and human endothelial cells,
with low half-maximal effective concentration (ECsg) values
of 0.06-0.14 wM (33). It has also been shown that remdesivir
inhibits SARS-CoV in primary human airway epithelial cell
cultures, which are a biologically relevant in vitro model of
pulmonary infection (70). Moreover, remdesivir has exhibited
antiviral activity against the Marburg virus (33). SARS-CoV
and SARS-CoV-2 present 82% RNA sequence homology, and
their RNA-dependent RNA polymerase (RdRp) sequences share
96% sequence similarity. Therefore, drugs targeting the viral

RdRp proteins of SARS-CoV are also suspected to be effective
against SARS-CoV-2. According to the in vitro antiviral activity
of remdesivir, the in vivo tests showed the suppression of Ebola
virus replication and the protection of all infected animals against
lethal infection (33). In addition, remdesivir decreased the viral
load in the lungs and preserved the pulmonary function of mice
during SARS-CoV infection (70). These findings suggest that
remdesivir can be used as a potential new therapeutic approach
for human infections caused by coronaviruses, including SARS-
CoV-2. In fact, the first case of COVID-19 in Washington, USA,
was treated with intravenous remdesivir. During the treatment,
no obvious adverse effects were observed (71). However, we
cannot comment yet on the efficiency of the treatment effect of
remdesivir during the COVID-19 outbreak.

There are four clinical trials currently enrolling patients in the
United States. Moreover, two clinical trials in China have been
registered on ClinicalTrials.gov: NCT04257656 for severe disease
and NCT04252664 for mild-to-moderate disease (72). Recently,
Yeming et al. published the results of the NCT04257656 clinical
trial, which showed no clear outcome because of the death or
discharge of patients (73). Moreover, in another clinical trial, the
benefit in terms of the time to clinical improvement was not
statistically significant (21 vs. 23 days), even though the study was
underpowered (74). There are limited safety data for remdesivir,
which should be obtained in further studies.

Therapies Targeting Viral Transcription
Ribavirin is a broad-spectrum nucleoside antiviral drug that is
phosphorylated in virus-infected cells. Basically, the entry of the
product into virus-infected cells leads to its phosphorylation.
This product acts as a competitive inhibitor of the viral
synthetase, interfering with early viral transcription events
and thereby hindering the synthesis of ribonucleoproteins and
subsequent viral spread. Several controversial in vitro studies
investigating ribavirin have been conducted. While a few of them
have demonstrated that ribavirin has an antiviral effect on SARS,
others have revealed no evidence of its antiviral role (75, 76).
Additionally, a clinical trial reported no significant antiviral
effects on SARS-infected patients (77). In fact, the same study
reported side effects, such as haemolytic anemia, resulting from
the clinical administration of ribavirin (77). During the COVID-
19 pandemic, ribavirin combined with interferon was used based
on the Chinese treatment guidelines.

BCG Vaccine

The Bacillus Calmette-Guerin (BCG) vaccine against
tuberculosis has been demonstrated to reduce mortality
during other infections. The protective mechanism involved
in tuberculosis infection has been explored in vivo. It was
demonstrated that BCG vaccination increased IFN-y production
by CD4+ cells (78). T cells play a crucial role in viral infections;
CDA4T cells provide B cell help for antibody production and
control the response of other immune cell subsets, whereas
CDS8T cells kill infected cells to reduce the viral burden. To
better understand the role of T cell responses in SARS-CoV-2
infection, some studies are beginning to be conducted. During
SARS-CoV-1 infection, the occurrence of lymphopenia with
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drastically reduced numbers of both CD4 and CD8T cells in
moderate and severe COVID-19 cases has been described in
several current reports (79). Thl and Th17 cells play a crucial
role in the induction of CD4+ and CD8+ memory cells that are
involved in the control of the immune system response during
non-mycobacterial secondary infections. Interestingly, BCG
vaccination continued to increase Thl and Th17 responses at
least 1 year after vaccination in healthy subjects (80). COVID-19
infection severity is associated with a sharp decrease in the
frequency of CD4+ and CD8+ cells and the expression of INF-y
on the surface of CD4+ cells (78). The nonspecific effects of the
BCG vaccine present a potential therapeutic method to increase
memory responses and enhance the immune system during viral
infections that might aid in combating the COVID-19 pandemic.

DISCUSSION

Improved understanding of the viral entry mechanisms and
the inflammatory response generated during infection would
allow the development of appropriate therapeutic strategies
to manage patients with COVID-19. The different therapeutic
strategies (Table 1) discussed in this review are encouraging
and have been proposed to treat or prevent the spread of
COVID-19. In addition, most of the described compounds are
readily available, and they are known to result in a minor
risk of adverse events. Several clinical trials are in process to
validate the results. However, these strategies are not without
risks, and special attention to factors such as age, sex, and
associations with other chronic diseases must be considered
during patient selection. Non-specific proinflammatory cytokine
targeting during COVID-19 treatment using corticoids, e.g.,
may favor viral spread. However, targeting specific individual
cytokines does not increase viral infection and prevents cytokine
storm inflammation-mediated tissue injury, notably in the lung.
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ongoing pandemic.
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There is an urgent need for effective countermeasures against the current emergence
and accelerating expansion of coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Induction of herd immunity by
mass vaccination has been a very successful strategy for preventing the spread of many
infectious diseases, hence protecting the most vulnerable population groups unable
to develop immunity, for example individuals with immunodeficiencies or a weakened
immune system due to underlying medical or debilitating conditions. Therefore,
vaccination represents one of the most promising counter-pandemic measures to
COVID-19. However, to date, no licensed vaccine exists, neither for SARS-CoV-2 nor
for the closely related SARS-CoV or Middle East respiratory syndrome-CoV. In addition,
a few vaccine candidates have only recently entered human clinical trials, which hampers
the progress in tackling COVID-19 infection. Here, we discuss potential prophylactic
interventions for SARS-CoV-2 with a focus on the challenges existing for vaccine
development, and we review pre-clinical progress and ongoing human clinical trials of
COVID-19 vaccine candidates. Although COVID-19 vaccine development is currently
accelerated via so-called fast-track programs, vaccines may not be timely available to
have an impact on the first wave of the ongoing COVID-19 pandemic. Nevertheless,
COVID-19 vaccines will be essential in the future for reducing morbidity and mortality
and inducing herd immunity, if SARS-CoV-2 becomes established in the population like
for example influenza virus.

Keywords: coronavirus, SARS-CoV-2, COVID-19, vaccine, immunopathology, immune response, animal models,
herd immunity

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), emerged in December 2019 in Wuhan, China, and rapidly spread
globally due to high transmissibility and pathogenicity (1, 2). According to the World Health
Organization (WHO), the disease has infected more than 9.0 million people across 216 countries
and territories as of June 23rd 2020, with evidence of ongoing local transmission (3). In most cases,
the symptoms of COVID-19 are mild and include fever, cough, and shortness of breath. However,
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in certain cases, the disease develops into severe pneumonia
and multiple organ failure, primarily in elderly and patients
with other underlying diseases or conditions, and it has a
mortality rate of ~3.7% (4). On January 30th 2020, WHO
declared COVID-19, a public health emergency of international
concern. At present, the understanding of the pathogenesis of
and immunity against COVID-19 is incomplete, and there is
no approved therapy or prophylaxis against the disease. Hence,
there is an urgent need to develop both new therapeutics
and prophylactics to contain SARS-CoV-2, given the pandemic
spread and the associated enormous global humanitarian and
economic losses.

Vaccines represent one of the most successful and cost-
effective health interventions in human history (5). According
to the WHO, global vaccination programs save up to 2-3
million lives each year by priming the immune system to protect
the host against potential pathogens, who would otherwise
significantly challenge global health and economy (6). Besides
providing individual protection, vaccination programs also aim
for so-called population or herd immunity, i.e., immunization
of a large proportion of the population to protect the non-
vaccinated, immunologically naive, and immunocompromised
individuals by reducing the percentage of vulnerable hosts to
a level below the transmission threshold (7). For example,
a global immunization coverage of more than 80% against
smallpox virus has reduced the transmission rates to uninfected
individuals to such low levels that the virus has been
eradicated (6). For measles, 91-94% of a population must
be vaccinated to achieve herd immunity and prevent new
measles outbreaks (8). Likewise, a threshold of 80-85% is
now the target for global eradication of poliovirus (6). These
examples illustrate well that the threshold for vaccination-
induced herd immunity is pathogen specific. A threshold
value of ~67% is estimated to be sufficient for achieving
herd immunity against SARS-CoV-2, assuming that the basic
reproductive number (R) of the virus is three, i.e., one infected
individual infects three new individuals (9). Based on this
estimate, ~5.3 billion vaccine doses are required for a single-
dose vaccine, or possibly 12-16 billion in case of a multi-dose
vaccine. Therefore, it is clear that inducing herd immunity
by mass vaccination would be an incredibly powerful tool
to contain the COVID-19 pandemic, but it also represent a
massive challenge.

The urgent need for safe and efficacious vaccines against
COVID-19 has accelerated the development of a number of
vaccine candidates, of which a few have already progressed
into phase I/II clinical testing. Globally, academic partners are
collaborating with vaccine manufacturers to exploit a number
of different novel and established vaccine development and
manufacturing platforms in the design of COVID-19 vaccines
at an unprecedented pace. Here, we review these global
efforts with focus on the vaccine candidates in preclinical
and clinical development. We also describe the characteristics
of the SARS-CoV-2 virus and the immunopathology of
the infection, and discuss the host immune response and
animal models.

CHARACTERISTICS OF SARS-COV-2

Genome and Virion

Coronaviruses (CoVs) constitute a genus in the Coronaviridae
family, which are pleomorphic enveloped viruses (10). The
Coronaviridae are classified into four subgroups, including (i)
alpha (a), (ii) beta (B), (ili) gamma (y), and (iv) delta (8)
coronaviruses. The former two subtypes usually infect mammals,
whereas the latter two subtypes predominantly infect birds. The
novel SARS-CoV-2 is a member of the § subgroup, along with
SARS-CoV and Middle East respiratory syndrome (MERS)-CoV
(11, 12). All CoVs are enveloped, positive single-stranded RNA
viruses, and they have relatively large RNA genomes ranging
from 26 to 32 kilobases (kb) (12). The genome of SARS-CoV-
2 contains a 5" cap structure and a 3’ poly(A) tail, allowing
it to serve as messenger RNA (mRNA) for translation of the
replicase polyproteins (Figure 1A). The open reading frames
(ORFs) la/b occupy two-thirds of the genome (~20kb) and
encode the replicase polyproteins. The replicase polyproteins
include the 1-16 non-structural proteins (nsps1-16), which are
responsible for (i) viral replication, (ii) RNA-dependent RNA-
polymerase activity, (iii) helicase activity, and (iv) assembly of
virus replication structures (11). The majority of the remaining
one-third of the genome encodes structural and accessory
proteins (11-13). Coronaviruses contain four major structural
proteins, i.e., the spike (S), envelope (E), membrane (M),
and nucleocapsid (N) proteins (Figure 1B). The 5 end of the
genome contains a leader sequence and an untranslated region
(UTR), including structures required for RNA replication and
transcription. The 3’ UTR also encodes RNA structures required
for replication and synthesis of viral RNA. The genomic sequence
of CoV is 5'-leader-UTR-replicase-S-E-M-N-3'-UTR-poly(A) tail
with accessory genes interspersed between the structural proteins
at the 3’ end of the genome (13). Interestingly, the accessory
genes encoding the ORF3b, ORF6, and N proteins are interferon
(IFN) antagonists, which act on the type I IEN pathway, either by
inhibiting transcription or by acting on effector mechanisms, and
they modulate the host innate immune response (14, 15). Like
other coronaviruses, SARS-CoV-2 virions are spherical in shape
with a diameter of 65-125nm (16), and the most prominent
features include the spikes projections emanating from the
surface of the virions. These spike projections give the virus the
resemblance of a crown, hence the name coronavirus (12, 17).
The S protein represents the key on the virion, which binds by
locking into its receptor on a host cell. The N proteins hold the
RNA genome, and together, the S, E, and M proteins constitute
the viral envelope (18).

It is crucial to investigate the impact of mutations in the major
antigenic proteins of SARS-CoV-2 when developing vaccines
and vaccination strategies against SARS-CoV-2. The S protein
is the most commonly used SARS-CoV-2 virus protein for
vaccine development (19). Recently, 149 mutation sites have
been identified across the genome from 103 sequenced strains
of SARS-CoV-2 (20), indicating that there is a high mutation
rate within these strains. SARS-CoV-2 strains in this study had
evolved into two different subtypes (L, which is a more aggressive
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FIGURE 1 | The genome, virion, and replication of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). (A) Schematic diagram of the SARS-CoV-2
genome. Approximately two-thirds of the positive single stranded RNA genome encodes a large polyprotein (ORF1a/b; nude). The last third of the genome proximal to
the 3’-end encodes four structural proteins, i.e., the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins (red, orange, green, and blue, respectively).
The colors of the structural proteins are consistent in this figure. (B) Schematic diagram of the SARS-CoV-2 virion. The virion displays a nucleocapsid composed of
genomic RNA (+ssRNA) and N protein, which is enclosed inside the virus envelope consisting of S, E, and M proteins. (C) Schematic overview of the life cycle of
SARS-CoV-2 in host cells. The life cycle is initiated upon binding of the S protein to angiotensin-converting enzyme 2 (ACE2) on host cells, e.g., epithelial cells in the
alveoli. After receptor binding, a conformational change in the S protein facilitates viral endocytosis and envelope fusion with the cell membrane. Subsequently, viral
genomic RNA is released into the host cell, and viral +ssRNA is translated into viral polymerase encoded by the genome, which initiates replication of +ssRNA to
—ssRNA and further produces a series of genomic and subgenomic mRNAs. These are translated into viral proteins, which are subsequently assembled with genomic
RNA into virions in the endoplasmic reticulum (ER) and the ER-Golgi intermediate compartment (ERGIC) to form mature virions that are trafficked via Golgi vesicles out
of the cell by exocytosis. Created with Biorender.com.

type and S, which represents a less aggressive type) with great  differ only by a novel synonymous mutation of position D614G
differences in geographical distribution, transmission ability, and  in the S protein and display different antigenicity (21). Domains
severity of disease (20). Hence, these differences also complicate ~ containing this mutation point have been confirmed to represent
vaccine design (20). In another study, of the 144 sequences of ~ B-cell epitopes (21). Further, it has been reported that the
global SARS-CoV-2 strains, two subtypes SARS-CoV-2a (China  antigenic indexes were reduced more for SARS-CoV-2b than
strains) and SARS-CoV-2b (USA strains) were identified, which ~ for SARS-CoV-2a (21). These results indicate that different
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subtypes may display different antigenicity and that vaccine
development may benefit from a strategy focused on targeting
multiple subunits of the virus (21).

Viral Replication

SARS-CoV receptor recognition and attachment is initiated via
interactions between the S protein and the human angiotensin-
converting enzyme 2 (ACE2) expressed by cells in (i) vascular
endothelia, (ii) renal and cardiovascular tissue, (iii) epithelia of
the airways, small intestine, and testes, and (iv) lung parenchyma
[(11, 13); Figure 1C]. The S protein of SARS-CoV-2 has been
shown to engage with a comparable affinity with human ACE2 as
the SARS-CoV S protein (16). Due to the genomic resemblance
between the novel SARS-CoV-2 and SARS-CoV, SARS-CoV-
2 is expected to display a pathogenesis, which is similar to
that of SARS-CoV. ACE2 is suggested to play a protective role
in inflamed lung tissue, and the binding of the SARS-CoV §
protein to ACE2 is assumed to contribute to disease severity (11).
Following receptor binding and attachment, SARS-CoV-2 gains
access to the host cell cytosol. This is accomplished by cleavage
of the S protein by cathepsin, transmembrane protease serine
2 (TMPRRS2) or another protease, followed by fusion of the
viral and cellular membranes (12, 13). The S protein of SARS-
CoV-2 has been shown to contain a furin cleavage site between
the two polypeptides referred to as the S; and S, subunits,
which is not present in the S protein of SARS-CoV (16). An
additional cleavage of the S;’ subunits is important for separating
the receptor-binding domain (RBD) and the fusion domains,
and for exposing the fusion peptide (13, 16). Subsequently,
the fusion peptide is inserted into the membrane, followed by
the formation of an antiparallel six-helix bundle, which allows
mixing of cellular and viral membranes, eventually resulting in
fusion and release of the viral genome into the cytosol (13).
The next step for SARS-CoV replication is translation of the
replicase gene from the virion genomic RNA. The replicase
gene encodes two large ORFs, i.e., repla and rep1b, which code
for the co-terminal polyproteins ppla and pplb, respectively
(13). These polyproteins are subsequently cleaved into nspsl-
16, which assemble into the replicase-transcriptase complex,
where RNA synthesis takes place. Ultimately, nsps1-16 facilitate
RNA replication and transcription of the sub-genomic RNAs
(11, 13). Viral RNA synthesis follows the translation and assembly
of viral replicase complexes. Both genomic and subgenomic
RNAs are produced by viral RNA synthesis through negative-
strand intermediates (12, 13). Subgenomic RNAs serve as
mRNAs for the structural and accessory genes. After replication
and subgenomic RNA synthesis, the structural proteins S,
E, and M are translated and inserted into the endoplasmic
reticulum (ER) (12). Here, they are transported into the ER-
Golgi intermediate compartment (ERGIC), where viral genomes
become encapsulated by the N protein, resulting in the formation
of mature virions (13). The virions are subsequently transported
in vesicles to the cell surface and released through exocytosis,
thereby contributing to the generation of new virions able to
infect host cells and promote human-to-human transmission
(11, 12).

COVID-19 DISEASE

Transmission

According to the WHO, SARS-CoV-2 has killed more than
469,159 and infected over 8,974,795 individuals globally by June
23rd 2020. Hence, SARS-CoV-2 has a higher transmission rate
compared to SARS-CoV in 2002-2003, which infected 8,098 and
killed more than 700 individuals. This may be the result of genetic
recombination in the RBD of the S protein, thus enhancing
the transmission ability of SARS-CoV-2 (12). For preventive
strategies against SARS-CoV-2, it is important to determine the
source of origin and transmission of the virus. The outbreak
arose at the Huanan Seafood market in the city of Wuhan, China,
and SARS-CoV-2 rapidly infected more than 50 individuals. At
this market, which is now closed, live animals were frequently
sold, e.g., bats, birds, frogs, rabbits, and snakes. Genomic analyses
revealed similarities between SARS-CoV-2 and SARS-like bat
viruses, hence bats are suspected to be reservoirs for SARS-
CoV-2 (1). In another study, the origin of SARS-CoV-2 has
been associated with Pangolin-CoV, because Pangolin-CoV was
found to be 91.02 and 90.55% identical to SARS-CoV-2 and Bat-
CoV, respectively (22). Close contact with these infected animal
reservoirs is the major cause of animal-to-human SARS-CoV-2
transmission (23), which eventually leads to a rapid human-to-
human transmission (12, 24). Respiratory droplets and contact
transmission are considered as the main transmission routes for
human-to-human transmission, and aerosol spread is suspected
to be another important transmission route (18). The stability
of SARS-CoV-2 on various surfaces has been investigated,
indicating that aerosol and fomite transmission of SARS-CoV-
2 is plausible, because the virus remains viable and infectious
in aerosols for several hours and even up to days on surfaces
(25). Pharyngeal virus shedding and active virus replication in
the upper respiratory tract has been confirmed (26). Together,
these findings stress the importance of good hand hygiene and the
use of surgical masks as mitigation strategies against respiratory
droplets to prevent SARS-CoV-2 transmission (27). Reports also
indicate that SARS-CoV-2 may follow alternative transmission
routes (28, 29). Studies have shown a prolonged presence of
SARS-CoV-2 viral RNA in fecal samples from infected patients.
Urine and rectal swabs from children and adults have also been
tested positive, even after negative nasopharyngeal tests, implying
a risk of fecal-oral transmission (28, 29).

Clinical Presentation

Typical clinical symptoms of COVID-19 disease include fever,
dry cough, dyspnea, headache, and pneumonia. The clinical
features revealed by chest computed tomography (CT) present
as pneumonia, however abnormal features, e.g., alveolar damage,
acute respiratory distress syndrome (ARDS), acute cardiac injury,
and incidence of ground-glass opacities have also been reported
(1, 30). The symptoms of COVID-19 infection appear after
an incubation period of ~5.2 days (31). The period from the
onset of symptoms until death ranges from 6 to 41 days with a
median of 14 days (32), depending on the age, immune system
status, and care of the patient, and it has been shown to be
shorter for patients above 70 years of age (32). The CT findings
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and COVID-19 symptoms show similarities to infection with
other betacoronaviruses, i.e., SARS-CoV and MERS-CoV. In
addition, COVID-19 patients develop gastrointestinal symptoms
like diarrhea, emphasizing the importance of testing fecal and
urine samples to exclude any potential alternative transmission
route (28, 33). A recent review by the Chinese Center for Disease
and Prevention including 72,314 cases of COVID-19 showed that
<1% of the cases represented children younger than 10 years of
age (34).

IMMUNOPATHOLOGY AND HOST IMMUNE
RESPONSE

Innate Immune Response

Currently, only limited data is available characterizing the innate
immune response of patients against SARS-CoV-2. In one study
from Wuhan, China, increased total numbers of neutrophils
(38%), reduced total numbers of lymphocytes (35%), increased
serum IL-6 levels (52%), and increased c-reactive protein levels
(84%) were observed for 99 patients (1). In addition, a meta-
analysis of six clinical studies conducted in China showed that
the neutrophil-to-lymphocyte ratio was significantly increased
in patients with severe COVID-19, whereas the lymphocyte-
to-C-reactive ratio protein was significantly decreased (35). In
a separate study, the numbers of T cells and CD8% T cells
were significantly lower, while the number of NK cells was
reduced considerably in patients with severe COVID-19, as
compared to the numbers for individuals with mild disease
(36). Furthermore, an exuberant increase of the plasma levels
of interferon gamma-induced protein 10 (IP-10), monocyte
chemoattractant protein 1 (MCP-1), macrophage inflammatory
protein la (MIP-1a), and tumor necrosis factor alpha (TNF-o)
was associated with disease deterioration and a fatal outcome
[(37); Figure2]. These clinical features suggest a remarkably
higher pro-inflammatory condition in the disease progression
and severity than previously reported for SARS-CoV and MERS-
CoV infection, suggesting a potential cytokine storm-mediated
disease severity [(38); Figure 2].

Like SARS-CoV, SARS-CoV-2 exploits the receptor ACE2
to gain entry into cells. ACE2 is widely expressed in
cardiopulmonary tissues and in hematopoietic cells, including
monocytes and macrophages (38). To mount an antiviral
response, innate immune cells recognize virus invasion by
pathogen-associated molecular patterns (PAMPs), which in
the case of RNA viruses is either viral genomic ssRNA or
double-stranded RNA. This genomic RNA is recognized either
by endosomal RNA receptors, including Toll-like receptor
(TLR)-3 and TLR7, or by the cytosolic retinoid-inducible
gene (RIG)/melanoma differentiation-associated gene 5 (MDAS5)
receptor (39). Following recognition, a downstream signaling
cascade is activated, which in turn activates a number of
transcription factors, i.e., nuclear factor kB (NF-kB), activator
protein 1 (AP-1), IFN response factor 3 (IRF3), and IRF7,
which is accompanied by their translocation into the nucleus.
These transcription factors induce the expression of type I IFN
(IFN-a and IFN-B) and pro-inflammatory cytokines, e.g., TNF

and IL-1, and chemokines, e.g., C-C motif chemokine ligand
2 and C-X-C motif chemokine ligand 8, which comprise the
first line of anti-viral immune defense (39). The binding of
IFN to the IFNa/f receptor activates the Janus kinase-signal
transducer and activator of transcription 1 (JAK-STAT) pathway,
which brings the receptor-associated kinases JAK1 and Tyk2
into close proximity, eventually resulting in phosphorylation of
STAT1 and STAT?2. STAT1/2 form complexes with IFN regulatory
factor 9 (IRF9), which subsequently translocate into the nucleus
to initiate transcription of IFN-stimulated genes (ISGs) (39).
Induction of a type I IFN response may be sufficient to inhibit
viral replication and dissemination in the early stage of viral
infection (40). However, the production of type I IFN (IFN-a
and IFN-B), which constitute key antiviral mediators, is inhibited
in COVID-19 patients (41, 42). Reportedly, coronaviruses have
evolved several immune evasion mechanisms to restrict the early
induction of type I IFN (43, 44).

Adaptive Immune Response

Neutralizing antibodies (nAbs) induced by virus infection play
a crucial role in controlling viral infection. For SARS-CoV-2,
nAbs limit the infection at a later phase and prevent re-infection
upon a future encounter with the virus (45). Recently developed
SARS-CoV- and MERS-CoV-specific nAbs target the SI-RBD,
S1- N-terminal domain (NTD) and S2 region, respectively,
and block protein-receptor interaction and interfere with viral
entry into the host cell, hence inhibiting viral infection (46).
However, no SARS-CoV-2-specific nAbs have been reported
so far. SARS-CoV nAbs with potential cross-reactivity and/or
cross-neutralizing activity against SARS-CoV-2 infection are
currently being identified (45) because SARS-CoV-2 is closely
related to SARS-CoV, and the S proteins of the two different
viruses display high sequence identity (1). Encouragingly, recent
studies show that nAbs from convalescent SARS patients
can block SARS-CoV-2 from entering target cells in vitro,
which suggests potential cross-protective epitopes between the
two viruses (1, 47).

T cell-mediated immune responses in SARS-CoV have been
well-elucidated (48). Both CD4t and CD8' T-cells provide
broad and long-term protection against coronavirus infections.
CD4™ T cells promote the proliferation of virus-specific
antibodies by activating T-cell dependent B cells, whereas CD8"
T cells are cytotoxic and kill virus-infected cells. In COVID-19
patients, a significant T cytopoenia was observed in circulating
CD4% and CD8" T cells (49). Furthermore, a progressive
increase in the PD-17CD8" and Tim-3"CD8* subpopulation,
which corresponds to exhausted T cells, was observed in
symptomatic patients (49). In another study, the function of NK
and CD8™T T cells was exhausted with the increased expression
of natural killer group 2 member A (NKG2A) in COVID-
19 patients (36). Recently, the decreased T cell proportion in
patients with severe COVID-19 was associated with a down-
regulated gene expression related to Th17 cell activation and
differentiation (50). In one study investigating samples from
convalescent SARS-CoV infected patients, a higher magnitude
of CD8™ T cells, as compared to CD4™ T cells, was observed.
Both CD4™" and CD8™ T cells from patients with severe disease
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that may help virus neutralization. Alternatively, B cells produce non-neutralizing antibodies that enhance SARS-CoV-2 infection through antibody-dependent
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displayed a central memory phenotype, as compared to the
cells from patients with mild disease. Strong T-cell responses
correlated with high titers of nAbs, while a Th2 type cytokine
response (IL-4, IL-5, and IL-10) was detected in patients with
a fatal outcome (51). The strong evidence that a Thl type
immune response plays a significant role in clearing SARS-CoV
and MERS-CoV infection applies presumably also for clearance
of SARS-CoV-2 infection. A recent study reported SARS-CoV-
2-specific CD4™T T cells in all and CD8% T cell responses
in most COVID-19 patients (52). Importantly, this study also
identified SARS-CoV-2-reactive CD41 T cells in ~40-60% of
unexposed individuals, which suggests cross-reactive T cell

recognition between circulating “common cold” coronaviruses
and SARS-CoV-2.

ANIMAL MODELS

Validated and predictive animal models represent important
tools in the translation of vaccine candidates from bench
to bedside because they help improving the understanding
of disease biology and the requirements for developing of
safe and efficacious vaccines. Validation of animal models is
based on the criteria that animal models represent humans in
terms of (i) comparable disease biology and clinical symptoms,

Frontiers in Immunology | www.frontiersin.org 37

July 2020 | Volume 11 | Article 1817


https://www.Biorender.com
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Frederiksen et al.

COVID-19 Vaccine Platform Technologies

i.e., face validity, (ii) displaying clinical interventions, which
exhibit similar biological effect, i.e., predictive validity, and
(iii) analogous function of the therapeutic target, i.e., target
validity (53). An ideal animal model is immunocompetent and
reproduces the typical features of human disease as closely as
possible upon receiving a bio-relevant dose of challenge virus via
an appropriate inoculation route (54).

Models based on mice, which are easy to breed and handle,
often represent the animal models of choice in biomedical
research, and murine models would be relevant for COVID-19
vaccine research. However, wild-type mice are resistant to SARS-
CoV-2 infection because murine ACE2 is significantly different
from the human receptor (1). However, genetically modified
heterozygous mice that express both the murine and the human
ACE2 receptor have been developed and used for testing of
novel vaccine candidates during the SARS-CoV outbreak (55).
Compared to wild-type mice that display only mild symptoms,
transgenic mice expressing the human ACE2 receptor develop
clinical illness after SARS-CoV-2 infection, including weight
loss and interstitial pneumonia, and viral antigens have been
detected in their bronchial epithelial cells, alveolar macrophages,
and alveolar epithelial cells (56). However, the expression of the
human ACE2 receptor in transgenic mice is not physiological,
and transgenic mice are currently not readily available for
testing of SARS-CoV-2 vaccine candidates. ACE2 knockout mice
have been used in ARDS and SARS research and may also
be useful for studying ARDS associated with COVID-19 (57).
Transmembrane serine protease 2 (TMPRSS2) knockout mice
may also be useful for investigating COVID-19 pathogenesis
because TMPRSS2 is involved in cellular SARS-CoV-2 entry (58).
In addition, STAT1 knockout mice develop progressive lung
disease, including diffuse interstitial pneumonia and spread to
other systemic organs, hence they may be useful for studying
disease pathogenesis (1, 58). Adaptation of SARS-CoV by serial
passage in the lungs of BALB/c mice resulted in a virus (MA15)
that was lethal for young mice following intranasal inoculation
and was preceded by high viral titer in the lungs, viremia,
and spreading of virus to other systemic organs (59). With the
availability of mouse-adapted SARS-CoV-2 isolates, it is expected
that inbred mice could be useful to study the disease and evaluate
novel vaccine candidates and antiviral drugs (60). Young inbred
mice, for example of the strains BALB/c, C57BL/6, and 129S6,
support SARS-CoV replication, but without development of
disease, and these strains may be useful for evaluating immune
responses to COVID-19 infection and vaccines (61). On the other
hand, old (12-14 months) BALB/c mice exhibit patchy interstitial
pneumonia following SARS-CoV infection, hence they can be
used for COVID-19 research, especially to model the age-related
higher mortality in humans (62). Aged C57BL/6 and 12956 mice
can also be used for these studies, but they exhibit lower viremia,
as compared to BALB/c mice, following SARS infection (63).
C57BL/6 mice have been used in SARS (64) and MERS (65)
coronavirus-induced ARDS and can also be used for studying
ARDS associated with COVID-19.

Ferrets have been widely used as a model for studying
several respiratory viruses (66, 67). Viral replication has been
detected both in the upper and lower respiratory tract of

ferrets after infection with influenza and SARS-CoV (66-68).
However, SARS-CoV-2 was found to replicate only in the nasal
turbinate, soft palate, and tonsils of ferrets (69). SARS-CoV-
2 can apparently also replicate in the digestive tract of ferrets,
because viral RNA has been detected in the rectal swabs, but
the virus was not detected in the lung lobes of ferrets, even after
intratracheal inoculation (69). Between ferrets and humans, there
is a difference of two amino acids in the segment of ACE2 to
which SARS-CoV-2 first attaches (69), but the reason for the
inability of SARS-CoV-2 to replicate in the lower respiratory
tract of ferrets remains elusive. Despite this, the replication of
SARS-CoV-2 in the ferret upper respiratory tract implies that
ferrets represents an interesting animal model for evaluation of
COVID-19 vaccine candidates.

Golden Syrian hamster is another widely used experimental
animal model, which supports replication of SARS-CoV (63,
70) but not MERS-CoV, which uses the dipeptidyl peptidase—4
protein for viral entry (71). Golden Syrian hamsters represent a
suitable experimental animal model for SARS-CoV—2 infection,
because efficient viral replication takes place in the upper and
lower respiratory epithelial cells, the animals display apparent
clinical signs accompanied with weight loss, and high viral titers
are found in the lungs and the intestine (72). Moreover, SARS-
CoV-2 infection in Golden Syrian hamsters not only satisfies
the Koch’s postulates [(i) the pathogen must be present in every
case of the disease, (ii) the pathogen must be isolated from the
diseased host and grown in pure culture, (iii) the specific disease
must be reproduced when a pure culture of the pathogen is
inoculated into a healthy susceptible host, and (iv) the pathogen
must be recoverable from the experimentally infected host] but
also indicates virus transmission between challenged hamsters
and naive contact hamsters housed in the same cages (72).
The differences in the susceptibility of mice and hamsters to
SARS-CoV-2 infection are suggested to be related to the fact
that in mice, 11 of the 29 amino acids present in the SARS-
CoV-2 spike-contacting regions of ACE2 differ in the human
ACE2 as compared to only four amino acids in hamster ACE2
(72). Nevertheless, in contrast to the large animal models and
ACE2-transgenic mice, the Golden Syrian hamster model is easily
available, physiologically relevant, and closely reflects COVID-
19 infection, hence it represents a useful tool for studying the
pathogenesis, treatment, and vaccines for COVID-19.

Despite being expensive, not readily available, and difficult
to handle, non-human primates (NHPs) often represent the last
stage of animal testing before any drug or vaccine candidate can
enter clinical trials. NHPs are the gatekeepers for clinical trials
due to their close genetic relationship with humans. Among the
NHPs, African greens, rhesus macaques, cynomolgus macaques,
and marmosets are being studied for SARS-CoV-2 infection. In
one study including eight cynomolgus macaques, four of the
oldest macaques excreted virus from the nose and the throat
without any clinical signs after SARS-CoV-2 infection (73). The
virus was detected in type I and II pneumocytes and in ciliated
epithelial cells of the nasal, bronchial, and bronchiolar mucosa
(73). In another study, two rhesus macaques that recovered from
SARS-CoV-2 infection were reinfected after confirmed recovery,
but they did not shown any signs of COVID-19 4 weeks later
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(74). This finding suggests a possible protection following natural
infection or vaccination against COVID-19. In another study,
older rhesus macaques infected with SARS-CoV-2 exhibited
more severe interstitial pneumonia than younger macaques (75).
This age-related difference in the pathogenicity of SARS-CoV-
2 in NHPs may be useful for evaluation of therapeutics and
vaccines due to the close correlation to humans. In a recent
study, rhesus macaques were rechallenged with SARS-CoV-2
and displayed a 5 logjo reduction in the viral titers in the
bronchoalveolar lavage and nasal mucosa, as compared to the
primary infection, which suggests that the SARS-CoV-2 infection
induces protective immunity against a subsequent exposure
(76). Efforts are also underway to develop NHP models that
can mimic the co-morbidities in COVID-19, e.g., hypertension
and diabetes.

VACCINE PLATFORM TECHNOLOGIES

In the past decades, a wide array of novel vaccine platform
technologies has been developed, thanks to advances primarily in
molecular biology and vaccinology. These platform technologies
range from inactivation and targeted attenuation of live
pathogens to the delivery of synthetic peptide antigens and
recombinantly produced protein antigens, as well as virus-
like particles (VLPs), non-replicating and replicating viral
vectors, polysaccharide-protein conjugates, and nucleic acid-
based (DNA and RNA) vaccines. The existing marketed
vaccines against infectious diseases are based on many of
these platform technologies (77, 78). However, it is striking
that all types of vaccine platform technologies are currently
evaluated against COVID-19 in preclinical animal models
(Figure 3A and Table1), and some of them have even
progressed into clinical development (Figure 3B and Table 2).
This broad diversity increases the chances that at least
a few of the candidates eventually will become approved
and marketed.

Inactivated Vaccines
Many approved vaccines are so-called inactivated vaccines
based on inactivated pathogens, including the vaccines against

polio, typhoid, cholera, plague, pertussis, and influenza. A few
COVID-19 vaccine candidates based on this well-established
technology are evaluated in preclinical studies [(79-81);
Table 1]. This includes a formalin-inactivated COVID-19
vaccine candidate developed by Osaka University, Japan similar
to their previous formalin-inactivated West Nile virus vaccine
(79), which was found to be protective in mice and immunogenic
in NHPs (80). Researchers at Colorado State University (Fort
Collins, CO, USA) are developing an inactivated virus vaccine for
COVID-19 (SolaVAX), which is based on an existing technology
platform for pathogen inactivation in blood products including
the use of ultraviolet light and riboflavin to inactivate the
virus by targeted damage of nucleic acids while preserving the
integrity of proteins and viral antigens (81, 82). This strategy
has been shown to be efficient for inactivating MERS-CoV (83).
Sinovac Biotech (Beijing, China) in collaboration with Dynavax
(Emeryville, CA, USA) will evaluate the combination of Sinovac’s
chemically inactivated COVID-19 vaccine candidate (86) with
Dynavax’s advanced adjuvant CpG 1018 (84, 85). Sinovac is
also testing their chemically-inactivated whole SARS-CoV-2
virus particles (PiCoVacc) developed in VERO monkey cells
and the adjuvant alum (86) in phase I/II clinical trials (Table 2).
PiCoVacc induced SARS-CoV-2-specific neutralizing antibodies
in mice, rats, and NHPs and conferred complete protection
in NHPs against SARS-CoV-2 (86). Using the same platform
technology, candidate vaccines against influenza (176) and
SARS (177) where shown to be safe and immunogenicity in
phase I clinical trials. Wuhan Institute of Biological Products
(Wuhan, China) and Beijing Institute of Biological Products
(Beijing, China) are testing their vaccine candidates, which
have been prepared by growing the SARS-CoV-2 in the VERO
monkey cell line and inactivated with chemicals [(19); Table 2].
The development of conventional inactivated vaccines requires
the cultivation of high titers of infectious virus, which in the
case of SARS-CoV-2 has to take place in biosafety level 3
facilities, which is of major safety concern. Moreover, incomplete
virus inactivation constitutes a potential risk to vaccine
production workers and may also cause disease outbreaks
in vaccinated populations and induce harmful immune or
inflammatory responses.

A B

Preclinical candidates
(n=62)

technology.

Clinical candidates
(n=15)

FIGURE 3 | Examples of COVID-19 vaccine candidates in (A) preclinical (h = 62) and (B) clinical development (n = 15), grouped according to vaccine platform

Inactivated

Live attenuated

Protein subunit
Non-replicating viral vector
Replicating viral vector
DNA

RNA

NONREON

Frontiers in Immunology | www.frontiersin.org

39

July 2020 | Volume 11 | Article 1817


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

Frederiksen et al.

COVID-19 Vaccine Platform Technologies

TABLE 1 | Examples of COVID-19 vaccine candidates in preclinical development.

Vaccine  Vaccine Developer Status Trial/Production site Link Reference to the
platform candidate/Information technology
INACTIVATED
Formalin-inactivated Osaka Animal testing planned Osaka, Japan WHO (79, 80)
University/BIKEN/National
Institutes of Biomedical
Innovation, Health and
Nutrition (NIBIOHN)
SolaVAX: Chemically Colorado State University  Animal testing ongoing ~ Fort Collins, CO, USA Colorado State (81-83)
inactivated University
Inactivated vaccine + CpG Sinovac/Dynavax Animal testing planned Emeryville, CA, USA; Dynavax (84-86)
1018 adjuvant Beijing, China
LIVE ATTENUATED
Viral de-optimized live Codagenix/Serum Animal test results from  Farmingdale, NY, USA Codagenix (87, 88)
attenuated vaccine Institute of India mice and primates in
August 2020
Attenuated measles virus German Center for Animal testing in mice Brunswick, Germany DzIF (89, 90)
Infection Research (DZIF)  in Autumn 2020
Attenuated measles virus Etna Biotech Advancing preclinical Catania, Italy Zydus Cadila 91)
candidate
Codon de-optimization Griffith University/Indian Ongoing animal testing  Brisbane, Australia; Indian -
technology Immunologicals Hyderabad, India Immunologicals
PROTEIN SUBUNIT
Recombinant vaccine of Sanofi Advancing preclinical Lyon, France; Sanofi Pasteur (92-95)
SARS-CoV-2 S protein Pasteur/GSK/Biomedical ~ candidate; clinical trial Brentford, UK;
expressed in baculovirus Advanced Research and  to begin between Washington, DC, USA
system + pandemic Development Authority March and August
adjuvant system (squalene, (BARDA) 2021
dl-a-tocopherol and
polysorbate 80)
Molecular clamp-stabilized University of Clinical testing in July, Queensland, Australia; GSK https://
S protein Queensland/GSK/CSIRO/ 2020 Brentford, UK; University patentscope.wipo.
Viroclinics Xplore Canberra, Australia; of Queensland int/search/en/
Rotterdam, The detail.jsf?docld=
Netherlands W02018176108;
(96)
COVID-19 XWG-03: GSK/Xiamen Innovax Advancing preclinical Brentford, UK; Xiamen,  GSK (97-99)
truncated S protein Biotech Co., Ltd./Xiamen  candidate Fujian, China
University
S protein AJ Vaccines Advancing preclinical Copenhagen, Denmark  AJVaccines -
candidate
S protein Walter Reed Army Ongoing animal testing ~ Maryland, WRAIR (100, 101)
Institute of Research United States
(WRAIR)/U Army Medical
Institute of Infectious
Diseases
S protein EpiVax/University of Advancing preclinical Providence, RI, USA; EpiVax (102-105)
Georgia candidate Athens, GA, USA
S protein VIDO-InterVac, University ~ Ongoing animal testing ~ Saskatoon, SK, VIDO-InterVac (1086, 107)
of Saskatchewan Canada
Adjuvanted S protein National Institute of Advancing preclinical Tokyo, Japan Japanese Agency (108, 109)
Infectious Disease candidate for Medical
Research and
Development
PittCoVacc: Microneedle University of Pittsburgh Clinical testing in Pittsburgh, PA, USA University of (110)
arrays S1 subunit Summer, 2020 Pittsburgh
Recombinant protein, Saint-Petersburg Clinical testing in 2021 Saint-Petersburg, WHO -
nanoparticles (based on scientific research Russia
S-protein and other institute of vaccines and
epitopes) serums
(Continued)
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TABLE 1 | Continued

Vaccine  Vaccine Developer Status Trial/Production site Link Reference to the
platform candidate/Information technology
Heat shock protein gp-96 Heat Biologics/University ~ Advancing preclinical Morrisville, NC, USA; Heat Biologics (111, 112)
backbone for multiple of Miami candidate Miami, FL, USA
antigens
Receptor-binding domain Baylor College of Advancing preclinical Houston, TX, USA Baylor College of (113, 114)
(RBD) protein Medicine/Texas candidate Medicine
Children’s Hospital
Adjuvanted RBD protein Biological E Ltd. Advancing preclinical Hyderabad, India WHO -
candidate
DPX-COVID-19: Oil-based IMV Inc. Clinical testing in Québec, Canada MV (115, 116)
formulation with peptides Summer 2020
epitopes of S protein
Human signal peptide Vaxil Bio Therapeutics Advancing preclinical Ness Ziona, Israel Vaxi Bio (117, 118)
domain complexed with candidate (identified by Therapeutics
undisclosed SARS-CoV-2 in silico analysis)
protein(s) as vaccine
FlowVax COVID-19: Flow Pharma Inc. NHP testing in April East Palo Alto, CA, Flow Pharma (119, 120)
Peptide, dry powder for 2020 USA
injection or nasal spray
li-Key hybrid peptide Generex/EpiVax Clinical testing in June, ~ Toronto, Canada; EpiVax (102, 103, 121,
2020 Providence, RI, USA 122)
Adjuvanted microsphere University of Ongoing animal testing ~ Saskatoon, SK, University of (123, 124)
peptide Saskatchewan Canada Saskatchewan
Synthetic long peptide OncoGen Advancing preclinical Timisoara, Romania OncoGen https://www.
vaccine candidate for S and candidate preprints.org/
M proteins manuscript/
202002.0102/v1
Recombinant Lactobacillus Colorado State University ~ Advancing preclinical Fort Collins, CO, USA Colorado State (125, 126)
acidophilus expressing S candidate University
protein
Drosophila S2 insect cell ExpreS?ion/Adaptvac/ Clinical testing in April, Horsholm, Denmark; ExpreS2ion/Adaptvac (127-130)
expression system virus-like  University of 2021 Netherlands
particles (VLPs) Copenhagen
(Split-protein conjugation
system)
IBIO-200: Subunit protein iBio/CC-Pharming Ongoing animal testing Bryan, TX, USA; iBio (131, 132)
(Virus-Like Particle), plant Beijing, China
produced
VLP-recombinant protein Osaka Advancing preclinical Osaka, Japan WHO -
administered with an University/BIKEN/NIBIOHN  candidate
adjuvant
NON-REPLICATING VIRAL VECTOR
Ad26 (alone or with MVA Janssen Pharmaceutical Clinical testing in New Jersey, USA Johnson & Johnson (76, 133)
boost) Companies (Johnson & September 2020
Johnson)/BARDA
Modified Vaccinia Ankara GeoVax/BravoVax Ongoing animal testing  Atlanta, GA, GeoVax (134, 135)
encoded virus-like particles United States; Wuhan,
(MVA-VLP) China
MVA-S encoded DZIF—German Center Animal testing in mice Brunswick, Germany DZIF (136, 137)
for Infection Research in Summer 2020
AdCOVID: Altimmune Clinical testing in Maryland, USA Altimmune https://www.ncbi.
Adenovirus-based NasoVAX quarter three of 2020 nim.nih.gov/pmc/
expressing SARS2-CoV S articles/
protein; nasal spray PMC6253025/
pdf/ofy209.162.
pdf
Ad5S (GREVAXT’VI platform)  Greffex Animal testing ongoing ~ Houston, USA Greffex
SARS-CoV-2 protein VLP Medicago Inc. Clinical testing in Quebec, Canada Medicago (138, 139)
produced in tobacco Summer 2020
(Continued)
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TABLE 1 | Continued

Vaccine  Vaccine Developer Status Trial/Production site Link Reference to the
platform candidate/Information technology
Oral recombinant vaccine Vaxart Inc. Preclinical; Phase | in San Francisco, USA Vaxart (140, 141)
through adenovirus type 5 second half of 2020
vector (Ad5)
Adenovirus VLPs expressing  Imophoron/University of Animal testing planned Bristol, UK Imophoron (142)
SARS2-CoV S protein Bristol
Adenovirus vector ReiThera/LEUKOCARE/ Clinical testing in Rome, Italy; Munich, ReiThera (143, 144)
expressing SARS2-CoV S Univercells Summer 2020 Germany; Brussels,
protein Belgium
Parainfluenza virus 5 University of Animal testing ongoing  Athens, GA, USA; lowa  University of (145)
expressing S protein Georgia/University of City, IA, USA Georgia
lowa
REPLICATING VIRAL VECTOR
Measles vector Institute Animal testing planned Paris, France; Vienna, Themis (146, 147)
Pasteur/Themis/University Austria; Pittsburgh, PA,
of Pittsburg Center for USA
Vaccine Research
TNX-1800: Horsepox vector — Tonix Pharma/Southern Animal testing planned Birmingham, AL, USA; Tonix Pharma (148, 149)
expressing S protein Research New York, USA
Vesicular stomatitis virus International AIDS Animal testing ongoing ~ New York, USA,; 1AVI (150, 151)
(VSV) vector expressing S Vaccine Initiative Leiden, The
protein (IAVI)/Batavia Netherlands
Biosciences
Influenza vector expressing University of Hong Kong Clinical testing in July Hong Kong University of (152, 153)
RBD 2020 Hong Kong
CoroFlu: Influenza virus University of Wisconsin Clinical testing in Fall Madison, WI, University of (154, 155)
expressing S protein Madison/ FluGen/Bharat 2020 United States; Wisconsin Madison
Biotech Hyderabad, India
DNA
DNA plasmid vaccine Zydus Cadila Advancing preclinical Ahmedabad, India Zydus Cadila -
(electroporation) candidate
Four linear DNA-based Takis/Applied DNA Preclinical testing in Stony Brook, USA; Ewvivax (166, 157)
vaccine candidates Sciences/Evvivax Autumn 2020 Rome, Italy
DNA Osaka Animal testing in April Tokyo, Japan AnGes (158, 159)
University/AnGes/Takara 2020
Bio
DNA with electroporation Karolinska Advancing preclinical Staffordshire, UK; Cobra Biologics (160, 161)
Institute/Cobra Biologics ~ candidate Stockholm, Sweden
Plasmid DNA, needle-free Immunomic Animal testing ongoing Rockville, MD, USA; Immunomix (102, 103, 162,
delivery Therapeutics, Providence, RI, USA; 163)
Inc./EpiVax, Golden, CL, USA
Inc./Pharmadet, Inc.
DNA, nasal delivery University of Waterloo Advancing preclinical Waterloo, ON, Canada University of (164, 165)
candidate Waterloo
RNA
RNAoptimizer® technology CureVac Clinical testing in June Tubingen, Germany CureVac -
2020
mRNA BIOCAD Animal testing in April St. Petersburg, Russia BIOCAD -
2020
Lipid nanoparticle China CDC/Tongji Clinical testing in April Beijing, China Xinhuanet.com -
(LNP)-encapsulated mRNA University/Stermirna 2020
Therapeutics
LNP-encapsulated mRNA Fudan University, Animal testing ongoing ~ Shanghai, China Fudan University http://chinaxiv.org/
cocktail encoding VLP and Shanghai JiaoTong abs/202002.
LNP-encapsulated mRNA University, and RNACure 00070
encoding RBD Biopharma
LNP-encapsulated saRNA Imperial College London Clinical testing in June UK Imperial College (166, 167)
2020 London
(Continued)
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TABLE 1 | Continued

Vaccine  Vaccine Developer Status Trial/Production site Link Reference to the
platform candidate/Information technology
LNP-encapsulated saRNA Arcturus Animal testing ongoing ~ San Diego, USA; Arcturus (168)
Therapeutics/Duke- Singapore Therapeutics
National University of
Singapore
mRNA for intranasal delivery ~ eTheRNA Clinical testing in early Niel, Belgium eTheRNA (169, 170)
Immunotherapies/EpiVax/ 2021
Nexelis,
REPROCELL/Centre for
the Evaluation of
Vaccination
mRNA Sanofi Pasteur/Translate Animal testing planned Lyon, France; Sanofi Pasteur (171,172)
Bio Lexington, MA,
United States
Replication defective Centro Nacional Advancing preclinical Madrid, Spain CNB-CSIC (173, 174)
SARS-CoV-2 derived RNAs Biotecnologia candidate
(CNB-CSIC)
LNP-encapsulated mRNA University of Advancing preclinical Tokyo, Japan Daiichi-Sankyo (175)

Tokyo/Daiichi-Sankyo

candidate

Live Attenuated Vaccines

Live attenuation of pathogens is yet another conventional vaccine
technology, which is exploited for at least four novel COVID-
19 vaccine candidates (Table 1). Live attenuated vaccines against
several viruses have been commercialized, including influenza
virus, rotavirus, polio virus, yellow fever virus, and measles
virus. A live-attenuated vaccine has several advantages, including
inducing an immune response against several different antigens
of the virus and the possibility for scale-up for mass production.
Codagenix (Farmingdale, NY, USA) and the Serum Institute of
India (Pune, India) are co-developing a live-attenuated vaccine
candidate against SARS-CoV-2 using rational, computer-aided
gene design and chemical synthesis through a process referred to
as viral gene deoptimization (87). A vaccine against respiratory
syncytial virus designed using this technique has previously
been shown to induce protective immunity in NHPs (88). The
German Center for Infection Research (DZIF, Braunschweig,
Germany) and Zydus Cadila (Etna Biotech, Ahmedabad, India)
are developing a live attenuated recombinant measles virus
(rMV) vectored vaccine against COVID-19. Using rMV, Etna
Biotech has demonstrated the ability of a live attenuated human
papillomavirus virus (HPV) vaccine to induce nAbs in NHPs
(91), while DZIF has shown protection against infection with
MERS-CoV (89) and Zika virus (90) in mice using this platform.
Indian Immunologicals (Hyderabad, India) in collaboration
with Griffith University (Brisbane, Australia) is exploiting the
codon de-optimization technology to develop a live attenuated
COVID-19 vaccine. Although live attenuated vaccines that
target respiratory viral infections have been approved for use
in humans, the fact that the virus is excreted in the feces of
SARS-CoV-2-infected individuals (178, 179) generate concern
that a live attenuated SARS-CoV-2 vaccine strain may also be
excreted in the feces and can potentially transmit to unvaccinated
individuals. Yet another potential matter of concern is the risk

of recombination of a live attenuated vaccine virus with wild-
type CoV.

Subunit Vaccines

Subunit vaccines are based on synthetic peptide(s) or
recombinant protein(s) of the target pathogen. Several approved
vaccines are subunit vaccines, for example vaccines against HPV,
hepatitis B virus and influenza virus. Unlike inactivated viruses,
live attenuated viruses, and virus-vectored vaccines, subunit
vaccines only contain specific viral antigenic fragments and
do not include any additional components of the pathogenic
viruses. Therefore, this approach eliminates the concerns
of incomplete viral inactivation, virulence recovery, and
pre-existing anti-vector immunity (180). Hence, subunit
vaccines are generally considered very safe. In addition, subunit
vaccines can specifically target well-characterized neutralizing
antigenic epitopes and, in combination with adjuvants, improve
immunogenicity, and/or efficacy (180). Because the S protein
of SARS-CoV-2 plays a vital role in receptor binding and
membrane fusion, vaccines targeting the S protein are suggested
to be capable of inducing antibodies that can neutralize virus
infection by blocking virus binding and fusion (181). Therefore,
the S protein constitutes a major target antigen for SARS-CoV-2
subunit vaccine candidates (Table 1). However, in addition to the
full-length S protein and its antigenic fragments, the S1 subunit,
NTD, RBD, and the S2 subunit may also be important antigen
targets for the development of subunit vaccines (20). Sanofi
Pasteur (Lyon, France) and GlaxoSmithKline (GSK, London,
UK) are developing a COVID-19 subunit vaccine candidate,
where Sanofi contributes with an S-protein antigen, which is
based on recombinant DNA technology using a baculovirus
expression platform (92, 93). Using this platform, Sanofi has
licensed a recombinant influenza vaccine in the USA (93).
GSK contributes with a pandemic adjuvant technology based
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TABLE 2 | COVID-19 vaccine candidates in clinical trials.

Study title Vaccine Sponsor Location Status Phase Primary outcome Study identifier
Safety and Immunogenicity ~ mRNA-1273 National Institute Washington, Recruiting Il Relevant safety outcomes NCT04283461;
Study of 2019-nCoV of Allergy and USA (12 months follow up); NCT04405076
Vaccine (MRNA-1273) to Infectious Adverse events (28 days
Prevent SARS-CoV-2 Diseases post-vaccination);
Infection; (NIAID)/Moderna SARS-CoV-2-specific
Dose-Confirmation Study to Therapeutics binding antibody (through
Evaluate the Safety, 1 year after the final dose)
Reactogenicity, and
Immunogenicity of
mRNA-1273 COVID-19
Vaccine in Adults Aged 18
Years and Older
Immunity and Safety of LV-SMENP-DC Shenzhen Guangdong, Recruiting /1 Clinical improvement NCT04276896
Covid-19 Synthetic vaccine and Geno-Immune China based on a 7-point scale
Minigene Vaccine antigen-specific Medical Institute (28 days after
CTLs randomization); Lower
Murray lung injury score (7
days after randomization)
Safety and Immunity of Pathogen-specific ~ Shenzhen Guangdong, Recruiting | Frequency of vaccine NCT04299724
Covid-19 aAPC Vaccine aAPC Geno-Immune China events; Frequency of
Medical Institute serious vaccine events;
Proportion of subjects
with positive T cell
response
A Phase | Clinical Trial in Recombinant CanSino Biologics  Hubei, China;  Recruiting/Active, I/l Adverse reactions 0-7 NCT04313127/
18-60 Adults (APICTH); A Novel Coronavirus  Inc./Institute of Halifax, not recruiting; days post-vaccination. ChiCTR2000030906;
Phase Il Clinical Trial to Vaccine Biotechnology, Canada Not yet Adverse reactions (0-14 NCT04341389;
Evaluate the Recombinant (Adenovirus Type 5 China recruiting days post-vaccination); NCT04398147
Vaccine for COVID-19 Vector) IgG and neutralizing
(Adenovirus Vector) antibodies (28 days
(CTlI-nCoV); Phase I/l post-vaccination); Adverse
Clinical Trial of Recombinant reactions (0-6 and 0-28
Novel Coronavirus Vaccine days and 6 months after
(Adenovirus Type 5 Vector) post-vaccination)
in Canada
A Study of a Candidate ChAdOx1 University of UK Not yet I/land  Efficacy, safety, and NCT04324606 and
COVID-19 Vaccine nCoV-19 Oxford/Advent Srl recruiting 11711 immunogenicity (6 NCT04400838
(COV001) and Investigating months); Efficacy and
a Vaccine Against safety (6 months)
COVID-19
Evaluating the Safety, bacTRL-Spike Symvivo Canada Not yet | Frequency of adverse NCT04334980
Tolerability and (orally) Corporation recruiting events (up to 12 months
Immunogenicity of post-vaccination)
bacTRL-Spike Vaccine for
Prevention of COVID-19
Safety, Tolerability and INO-4800 Inovio Missouriand  Recruiting | Adverse events, injection NCT04336410
Immunogenicity of administered Pharmaceuticals Pennsylvania, site reactions,
INO-4800 for COVID-19in  intradermally USA antigen-specific binding
Healthy Volunteers antibody titers and, IFN-y
responses (baseline up to
week 28)
Safety and Immunogenicity  Inactivated Sinovac Biotech Jiangsu, Recruiting; /11 Safety indexes of adverse  NCT04352608;
Study of 2019-nCoV SARS-CoV-2 Co., Ltd. China; Hebei, Not yet reactions; Immunogenicity NCT04383574
Vaccine (Inactivated) for China recruiting indexes of
Prophylaxis SARS CoV-2 neutralizing-antibody
Infection (COVID-19); Safety seroconversion rates (Up
and Immunogenicity Study to 28 days after the whole
of Inactivated Vaccine for schedule vaccination)
Prevention of SARS-CoV-2 Seroconversion rates of
Infection (COVID-19) neutralizing antibody (30th
day after the 2nd dose)
(Continued)
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TABLE 2 | Continued

Study title Vaccine Sponsor Location Status Phase Primary outcome Study identifier
Study to Describe the BNT162 BioNTech RNA Mainz, Recruiting; I/l Solicited local reactions at  NCT04368728;
Safety, Tolerability, (BNT162a1, Pharmaceuticals Germany; Recruiting the injection; Solicited NCT04380701
Immunogenicity, and BNT162b1, GmbH and Pfizer Berlin, systemic reactions (up to
Potential Efficacy of RNA BNT162b2) Germany 7 £ 1 day after each
Vaccine Candidates Against  (Prime/Boost), immunization);
COVID-19 in Healthy Adults; BNT162c2 (Single Treatment-emergent
A Trial Investigating the Dose) adverse event (up to 21 +
Safety and Effects of Four 2 day after prime
BNT162 Vaccines Against immunization and 28 + 4
COVID-2019 in Healthy days after boost
Adults immunization)
Evaluation of the Safety and SARS-CoV-2 rS and Novavax Victoria and Not yet Solicited adverse events ~ NCT04368988
Immunogenicity of a Matrix-M Adjuvant Queensland,  recruiting (28 days); Serum IgG
SARS-CoV-2 rS (COVID-19) Australia antibody levels specific for
Nanoparticle Vaccine the SARS-CoV-2 rS
With/Without Matrix-M protein antigen(s) (35
Adjuvant days)
SCB-2019 as COVID-19 SCB-2019 with or Clover Australia Not yet Solicited adverse events NCT04405908
Vaccine without ASO3 or Biopharmaceuticals recruiting (7 days after the first or

CpG 1018 + Alum  AUS Pty Ltd. second vaccination);

Antibody Titers (Day 1 to
Day 184)

A clinical study for Recombinant Shenzhen Third Guangdong,  Recruiting I/l Duration of disease; ChiCTR2000030750
effectiveness and safety chimeric COVID-19  People’s Hospital China Antipyretic rate; Severe
evaluation for recombinant  epitope DC vaccine rate
chimeric COVID-19 epitope
DC vaccine in the treatment
of novel coronavirus
pneumonia
A randomized, Adenovirus type 5 Jiangsu Provincial Jiangsu, Not yet Il Adverse reactions 0-14 ChiCTR2000031781
double-blinded, vector vaccine Center for Disease ~ China recruiting days post-vaccination;
placebo-controlled phase Il Control and Anti-SARS-CoV-2
clinical trial for Recombinant Prevention neutralizing antibody titer
Novel Coronavirus on day 28
(2019-nCOV) Vaccine post-vaccination
(Adenovirus Vector)
A randomized, double-blind, Inactivated Wuhan Institute of Wuhan, Not yet ol Incidence of adverse ChiCTR2000031809
placebo parallel-controlled Biological Products ~ Hubei, China  recruiting reactions/events (up to 7
phase /Il clinical trial for Co., Ltd. days); Four-fold growth
inactivated Novel rate and antibody level,
Coronavirus Pneumonia and cellular immunity (up
vaccine (Vero cells) to 90, 180, and 360 days)
A phase I/ll clinical trial for  Inactivated Beijing Institute of Beijing, China  Recruiting I/ Incidence of adverse ChiCTR2000032459

inactivated novel
coronavirus (2019-CoV)
vaccine (Vero cells)

Biological Products
Co., Ltd.

reactions/events (up to 7
days); Four-fold growth
rate and antibody level (up
to 28 days); Cellular
immunity (Up to 28, 180,
and 360 days)

aAPC, artificial antigen-presenting cell; COVID-19, coronavirus disease 2019; CTLs, cytotoxic T lymphocytes; DC, dendritic cell; LNF, lipid nanoparticle; mRNA, messenger RNA; nCoV,
novel coronavirus; SARS-CoV-2, SARS coronavirus 2; S protein, SARS-CoV-2 spike protein. Sources: Chinese Clinical Trial Register website (www.chictr.org.cn); ClinicalTrials.gov

website (www.clinicaltrials.gov); EU Clinical Trials Register (www.clinicaltrialsregister.eu).

on the Adjuvant System 03 (AS03) comprising of squalene,
dl-a-tocopherol, and polysorbate 80 (94, 95). GSK is also testing
their adjuvant in collaboration with Clover Biopharmaceuticals,
University of Queensland (Brisbane, Australia), and Xiamen
Innovax Biotech (Xiamen, China). Utilizing its patented Trimer-
Tag© technology, Clover Biopharmaceuticals has developed a
SARS-CoV-2 S-Trimer subunit vaccine candidate SCB-2019 that

resembles the native trimeric viral spike (182, 183). SCB-2019
is in phase I clinical testing with AS03 (94, 95) or CpG 1018
and alum adjuvants [(84, 85); Table2]. Researchers at the
University of Queensland are using the patented molecular
clamp technology, which involves synthesizing a protein and
subsequently clamping it onto virus-infected cells (184) as shown
previously against flaviviruses (96). Molecular clamp-stabilized
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S protein will be combined with GSK adjuvants. COVID-19
XWG-03 is a preclinical vaccine candidate developed by Xiamen
University (Xiamen, China) and Xiamen Innovax Biotech using
the GSK adjuvant AS04 (monophosphoryl lipid A and aluminum
hydroxide) (97). COVID-19 XWG-03 is based on a series of
truncated S proteins, which will be screened in combination
with AS04. Xiamen Innovax Biotech has previously developed
similar Escherichia coli-produced subunit vaccines against HPV
(98) and hepatitis E (99) in humans. The Walter Reed Army
Institute of Research (Silver Spring, MD, USA) is also targeting
the S protein and has previously demonstrated efficacy of a
MERS-CoV S1-protein subunit vaccine in mice and NHPs (100),
as well as in camels and alpacas (101). EpiVax (Providence, RI,
USA) is exploiting the proprietary iVAX toolkit that comprises
a suite of immunoinformatics algorithms for sorting candidate
antigens, selecting immunogenic and conserved T cell epitopes,
and eliminating regulatory T-cell epitopes (102-104). The
optimized S-protein antigens will be tested for immunogenicity
and protection against a SARS-CoV-2 challenge in collaboration
with University of Georgia (Athens, GA, USA), which has
previously tested the platform against influenza (105). Vaccine
and Infectious Disease Organization—International Vaccine
Centre (VIDO-InterVac, University of Saskatchewan, Saskatoon,
Canada) is developing an S protein subunit vaccine based on
prior experience with testing of a MERS-CoV vaccine candidate
in NHPs (106, 107). The National Institute of Infectious
Disease (Tokyo, Japan) is aiming at developing a new vaccine
by combining an undisclosed adjuvant and an antigen using
recombinant protein synthesis as previously demonstrated
against influenza virus H5N1 (108, 109). PittCoVacc is a subunit
vaccine candidate from University of Pittsburgh (Pittsburgh, PA,
USA) that is based on a microneedle array (MNA) embedded
SARS-CoV-2 S1 protein, which was recently found to elicit
strong antigen-specific antibody responses for up to 2 weeks in
mice (110). This MNA platform is currently tested in clinical
trials against cutaneous T-cell lymphoma (ClinicalTrials.gov
Identifier: NCT02192021). The COVID-19 vaccine candidate of
Heat Biologics (Morrisville, NC, USA) is based on its secreted
heat shock protein chaperone gp96 platform and has been shown
to induce protection against simian immunodeficiency virus
(SIV) in NHPs (111, 112). Vaccine researchers at Baylor College
of Medicine and Texas Children’s Hospital (both Houston, TX,
USA) are using their experience with developing a SARS vaccine
antigen consisting of the RBD of the SARS-CoV § protein to
develop a similar vaccine against SARS-CoV-2 (113, 114).

In addition to vaccines based on full protein, several
vaccine developers are investigating peptides antigens as vaccine
candidates against COVID-19. IMV Inc. (Québec, Canada)
is developing a vaccine candidate based on the IMV’s DPX
delivery technology and incorporating peptides targeting S
protein epitopes of SARS-Cov-2 as shown previously for
respiratory syncytial virus (RSV) (115) and anthrax (116).
Vaxil Bio Therapeutics (Toronto, Ontario, Canada) is using
the proprietary bioinformatic approach VaxHit™ to identify
signal peptide domains of SARS-CoV-2 proteins as shown
for mucin 1 tumor-associated antigen in mice (117) and in
multiple myeloma patients (118). FlowVax COVID-19 is a

candidate vaccine from Flow Pharma (Palo Alto, CA, USA)
consisting of an adjuvanted, thermostable, and biodegradable
peptide-loaded microsphere vaccine targeting the SARS-CoV-
2 nucleocapsid. Flow Pharma has developed and tested a
Zika virus vaccine candidate that induces cytotoxic T cell
(CTL) responses in mice (119, 120). Generex Biotechnology
(Toronto, Canada) is using EpiVax’s computational tools to
predict epitopes that can be used to generate peptide-based
COVID-19 vaccines using the patented NuGenerex Immuno-
Oncology Ii-Key technology (NGIO). NGIO technology has
been used to develop peptide-based vaccine candidates, which
have been tested against a HPV16+ cancer model in mice
(121) and prostate cancer in humans (122). University of
Saskatchewan’s VIDO-InterVac is developing a peptide-based,
microsphere-adjuvanted COVID-19 vaccine candidate using
a combination adjuvant platform (TriAdj) (123) comprising
of a TLR agonist (either polyinosinic-polycytidylic acid or
CpG oligodeoxynucleotides), a host defense peptide, and
polyphosphazene. TriAdj has been used to generate vaccine-
induced protective immunity against several infectious diseases
in animals and humans (124, 185). Colorado State University
is developing a novel oral COVID-19 vaccine candidate
using recombinant Lactobacillus acidophilus expressing the
viral S protein. This platform has been shown to induce
Thl and Thl7 responses against HIV-1 epitopes in mice
after oral administration (125, 126). ExpreS%ion Biotechnology
(Horsholm, Denmark), Adaptvac (Hersholm, Denmark), and
University of Copenhagen is applying a Drosophila melanogaster
Schneider 2 stable cell line expression system expressing VLPs to
generate a novel vaccine candidate as previously used for malaria
in human clinical trials (127, 128). They are utilizing this split-
protein conjugation technology to generate stable isopeptide-
bound antigen-VLP complexes by mixing antigen and VLP
components. The technology has been demonstrated to induce
broadly nAbs specific for HIV-1 V3 glycan in mice and macaques
(129), and it has been used to develop a combinatorial HPV
and placental malaria vaccine (130). iBio (Newark, DE, USA)
in partnership with CC-Pharming (Beijing, China) is working
on iBIO-200, which is a COVID-19 candidate vaccine based
on Agrobacterium-mediated transient protein production in
tobacco (Nicotiana benthamiana) plants and has been used for
delivering recombinant proteins into mammalian cells (131)
and for generating strong virus-specific nAb responses in
animals (132).

Novavax (Gaithersburg, MD, USA) with support from
the Coalition for Epidemic Preparedness Innovations (CEPI,
Oslo, Norway), is clinically testing their COVID-19 subunit
vaccine candidate prepared using the proprietary Sf9/baculovirus
recombinant technology platform to generate S protein antigens
as done previously for an RSV vaccine candidate (186). The
protein antigens have been combined with a saponin-based
Matrix-M™ adjuvant [(187); Table 2]. A subunit-based vaccine
candidate from Shenzhen Third People’s Hospital (Guangdong,
China) in phase I/II testing is aimed at evaluating the
effectiveness and safety of the recombinant chimeric COVID-
19 epitope DC vaccine in the treatment of SARS-CoV-2-
induced pneumonia.
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Non-replicating Viral Vector Vaccines

Viral vectors are used to deliver vaccine antigens to the
target cells or tissues. A wide variety of replicating and
non-replicating viral vectors are available. Adenoviruses and
poxviruses represent examples of viral vectors, of which both
replicating and non-replicating forms are available. Vectors
designed primarily as replication-defective or non-replicating
viral vectors include adeno-associated virus, alphavirus, and
herpesvirus, while replicating vectors include measles virus,
vesicular stomatitis virus, poliovirus, and yellow fever virus.
Several of the non-replicating viral vector-based COVID-19
vaccine candidates in preclinical testing are based on adenovirus
vectors (Table 1). Janssen (Johnson & Johnson, Leiden, The
Netherlands) is using the AdVac® technology (based on
adenovirus type 26) alone or in combination with the MVA-BN®
technology based on a Modified Vaccinia Ankara (MVA) virus
from Bavarian Nordic A/S (Hellerup, Denmark) as a prime-boost
immunization approach against COVID-19. The adenovirus
type 26 vector was demonstrated to mediate protection against
SIV in NHPs (76) and immunogenicity against Ebola virus
in clinical phase I testing (133). Vaxart (South San Francisco,
CA, USA) initiated a project to develop a COVID-19 vaccine
based on the VAAST™ platform, which contains an adenovirus
5 vector and a TLR3 adjuvant, and it is designed as enteric-
coated vaccine tablets that release the vector in the small
intestine for targeted immune activation, as previously shown
for an oral influenza candidate vaccine (140, 141). Imophoron’s
(Bristol, UK) in collaboration with University of Bristol (Bristol,
UK) is using the ADDomer vaccine platform, which is an
adenovirus-derived multimeric protein-based self-assembling
nanoparticle scaffold engineered to facilitate plug-and-play
display of multiple immunogenic epitopes from pathogens,
and it has been tested against Chikungunya infection (142).
ReiThera (Rome, Italy), LEUKOCARE (Munich, Germany),
and Univercells (Brussels, Belgium) are developing a vaccine
candidate based on ReiTheras simian adenoviral vector with
strong immunological potency (143, 144) and Univercellss
NevoLine™ biomanufacturing platform for scale up. GeoVax’s
(Atlanta, GE, USA) MVA platform technology has the advantage
of being a live replication-competent vector in avian cells for
manufacturing, yet replication-deficient in mammalian cells
upon vaccination, and it was found to protect against Lassa
fever virus in mice (134) and Ebola virus in NHPs (135).
The DZIF is also developing a COVID-19 vaccine candidate
based on MVA as a viral vector for the SARS-CoV-2S
protein, and protective efficacy against MERS infection has
previously been demonstrated in mice (136) and camels (137).
Medicago (Uppsala, Sweden) is using SARS-CoV-2 protein
VLPs produced in tobacco (Nicotiana Benthamiana) to generate
cellular and humoral immunity, as shown previously against
influenza in clinical testing (138, 139). University of Georgia
(Athens, GA, USA) in collaboration with University of Iowa
(Iowa city, IA, USA) is developing a vaccine candidate using
a parainfluenza virus 5 vector that encodes the S protein
of SARS-CoV-2. Using this vector, a similar vaccine has
been developed against MERS-CoV, which was protective in
mice (145).

LV-SMENP-DC and pathogen-specific artificial antigen-
presenting cell (aAPC) are the two lentiviral vector-based
vaccine candidates in clinical trials from Shenzhen Geno-
Immune Medical Institute (Guangdong, China) (Table 2).
For the LV-SMENP-DC vaccine, an efficient lentiviral vector
system (NHP/TYF) is used to express SARS-CoV-2 minigenes,
engineered based on multiple viral genes, into viral proteins
and immune-modulatory genes to modify DCs and to activate
T cells (188, 189). In a similar strategy, a lentiviral vector
system is used to express viral proteins and immune modulatory
proteins to modify aAPC and to activate T cells (190). ChAdOx1
nCoV-19, developed by University of Oxford (Oxford, UK) and
manufactured by Advent Srl (Pomezia, Italy), consists of an
attenuated chimpanzee adenovirus capable of producing the S
protein of SARS-CoV-2, and it is expected to induce antibodies
against these proteins in SARS-CoV-2. The ChAdOx1 viral vector
was shown to elicit nAbs and cellular immune responses in
mice against human MERS-CoV (191). Another non-replicating
viral vector-based vaccine candidate in clinical trials has been
developed by CanSino Biologics (Hubei, China) and is based on
a recombinant adenovirus type 5 vector (192).

Replicating Viral Vector Vaccines

Measles virus, influenza virus, vesicular stomatitis virus, and
horse pox virus, respectively, are used as replicating viral
vector platforms to develop novel COVID-19 vaccine candidates
(Table 1). Institut Pasteur (Paris, France) is exploiting their
measles vaccine vector technology and has developed vaccine
candidates against chikungunya (146) and MERS (147) based on
this technology. Tonix Pharmaceuticals (New York, NY, USA)
in collaboration with Southern Research (Birmingham, Alabama,
USA) is developing TNX-1800, which is a live modified horsepox
virus designed to express the S protein of SARS-CoV-2, and
it is based on Tonix’s biodefense vaccines against small pox
and monkey pox (148, 149). The International AIDS Vaccine
Initiative (IAVI, New York, NY, USA) is exploiting a recombinant
vesicular stomatitis virus (rVSV) vector against COVID-19 and
has demonstrated efficacy of rVSV-vectored vaccines against
SIV in NHPs (150) and Ebola virus in humans (151). CEPI is
partnering with The University of Hong Kong (Hong Kong,
China) to develop a COVID-19 vaccine candidate based on a live-
attenuated influenza vaccine platform (152, 153). The University
of Wisconsin—Madison (Madison, WI, USA) and the vaccine
companies FluGen (Madison, WI, USA) and Bharat Biotech
(Hyderabad, India) have initiated the development and testing
of the vaccine candidate CoroFlu that builds on the backbone of
FluGen’s flu vaccine candidate known as M2SR, which is a self-
limiting version of the influenza virus in which gene sequences
of SARS-CoV-2 are inserted to induce additional immunity
against coronavirus (154, 155). Although several viral vector-
based COVID-19 vaccine candidates are in preclinical as well as
clinical development, several drawbacks are associated with the
use of viral vectors to deliver genetic material to cells. First, the
viral vector itself can induce an immune response in the body
(193). Second, if a vaccine fails during clinical testing, the same
viral vector cannot be reused in the patient because it can induce
an immune response. Third, pre-existing immunity against the
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viral vector can render a vaccine ineffective (193). However, pre-
existing immunity can be challenged by priming with a non-viral
DNA vaccine (194) or by increasing the vaccine dose or changing
the administration route (195). Other potential issues with viral
vectors, e.g., low transgenic expression and genetic toxicity, can
be overcome by using hybrid viral vectors (196).

DNA Vaccines

This type of vaccine contains selected gene(s) of the virus
in the form of DNA. Upon injection, the DNA is used as
template for in situ expression of potentially harmless viral
protein(s), which induces a protective immune response. One
of the greatest advantage of this type of vaccine is the safety
and scalability for mass production. DNA-based viral vaccines
have been shown to induce strong immune responses in animal
models, especially in mice (100, 197-199). However, there
is limited positive clinical data on DNA-based viral vaccines
in humans, and no commercial DNA vaccine against any
disease has yet been approved. Nevertheless, several DNA
vaccine candidates are tested preclinically (Figure3A) and
two candidates have progressed into phase I clinical testing
(Figure 3B). Zydus Cadila (Ahmedabad, India) is developing a
DNA vaccine against the S protein of SARS-CoV-2 based on
an indigenously developed plasmid DNA delivery technology
(19). Evvivax (Rome, Italy) collaborates with Applied DNA
Sciences (Stony Brook, NY, USA) and Takis Biotech (Rome,
Italy) to develop four linear DNA-based vaccine candidates.
Evvivax utilizes viral or plasmid DNA vectors for in vivo
delivery of an expression cassette carrying the coding region of
the target gene in combination with the electro-gene-transfer
technology from Takis Biotech (heterologous prime/boost) (156,
157). AnGes Inc. (Osaka, Japan) in partnership with Osaka
University is developing a DNA-based COVID-19 vaccine
candidate based on a hepatocyte growth factor plasmid, which
has been used to develop a therapeutic DNA vaccine against
hypertension (158, 159). Cobra Biologics (Newcastle, UK) and
Karolinska Institutet (Stockholm, Sweden) are developing a DNA
vaccine candidate, which is based on Cobras ORT® (Operator-
Repressor Titration) technology for producing plasmid DNA
without antibiotics, antibiotic resistance genes or any other
selectable marker genes (160, 161). These vaccine strategies
all involve DNA administration by conventional intramuscular
immunization. However, Immunomic Therapeutics (Rockville,
MD, USA) is working with EpiVax and PharmaJet (Golden, CO,
USA) to develop a DNA vaccine that is delivered intradermally
using a needle-free injection system. This partnership will
combine platform technologies from all three companies:
Immunomic’s (Rockville, MD, USA) UNiversal Intracellular
Targeted Expression (UNITE) platform (162), EpiVax’s in silico T-
cell epitope prediction tool (102, 103), and PharmaJet’s Tropis®
needle-free injection system that accurately targets delivery
to the intradermal tissue layer (163). Immunomics UNITE
platform involves fusing pathogenic antigens with lysosomal-
associated membrane protein, which is an endogenous protein
in humans, for enhanced MHC-II processing and MHC-I cross
presentation and subsequent induction of both Th1 and CD8* T
cell responses (162). Researchers at the University of Waterloo

(Waterloo, ON, Canada) are developing a DNA-based vaccine
that is administered using a nasal spray. They will use a lambda
bacteriophage system for delivering DNA into target cells (164,
165), which them produce SARS-CoV-2 VLPs that stimulate an
immune response.

Among DNA vaccine candidates in clinical testing, bacTRL-
Spike developed by Symvivo Corporation (Burnaby, Canada) is
based on the bacTRL platform technology, which is a genetically
modified live cell probiotic bacteria-based gene delivery
platform (200). Each oral dose of bacTRL-Spike contains live
Bifidobacterium longum, which has been genetically engineered
to deliver plasmids containing synthetic DNA encoding the
S protein of SARS-CoV-2. INO-4800 developed by Inovio
Pharmaceuticals (Pennsylvania, USA) involves intradermal
plasmid delivery directly into cells using INOVIO’s proprietary
hand-held device called CELLECTRA® 2000 (201, 202). The
principle of CELLECTRA® 2000 is to use a brief electrical pulse
to reversibly open small pores in the cell membrane to allow
plasmid entry (203).

RNA Vaccines

Similar to DNA vaccines, RNA vaccines contain selected genes of
the virus in the form of mRNA, and following cytosolic delivery,
these genes are translated into viral proteins. The mRNA-
1273 from Moderna Therapeutics (Cambridge, MA, USA) is
the first candidate vaccine that entered into Phase I clinical
testing just 42 days after the sequencing of the full SARS-CoV-
2 genome (ClinicalTrials.gov identifier NCT04283461) (Table 2).
The mRNA-1273 has recently entered into phase II clinical
testing (ClinicalTrials.gov identifier NCT04405076). mRNA-1273
is a novel LNP-encapsulated, mRNA-based vaccine that encodes
the full-length, prefusion-stabilized S protein of SARS-CoV-2.
This LNP-based technology platform has previously been shown
to induce strong immune responses and protection against a
number of different pathogens in preclinical studies (204, 205).
In addition, the LNP technology was approved in 2018 for
siRNA delivery as part of the product Patisiran (Onpattro,
Alnylam Pharmaceuticals, Cambridge, MA, USA), which inhibits
hepatocyte expression of transthyretin in patients with hereditary
transthyretin-mediated amyloidosis (206). The mRNA-based
vaccine candidate program BNT162 of BioNTechs (Mainz,
Germany), which is developed jointly with Pfizer, is based
on BioNTech’s extensive experience with developing mRNA-
based therapeutics, in particular against cancer, using customized
mRNA molecules and intracellular delivery systems (207-209).
BNT162 comprises of four vaccine candidates, each of which
represent different mRNA formats and target antigens (S and
RBD), and they are formulated using the LNP delivery system.
Two candidates include nucleoside-modified mRNA (modRNA),
one includes a uridine-containing mRNA (uRNA), and the
fourth vaccine candidate is based on saRNA. CureVac (Tiibingen,
Germany) is exploiting the propriety RNAoptimizer® platform
technology for developing a novel COVID-19 vaccine candidate
(Table 1). BIOCAD (Saint-Petersburg, Russia) is designing
an mRNA vaccine against SARS-COV-2 based on previous
experience with mRNA-based cancer vaccines (19). The mRNA
COVID-19 vaccine candidate co-developed by the Chinese
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Center for Disease Control and Prevention (Beijing, China),
Tongji University School of Medicine (Shanghai, China),
and Stermirna Therapeutics (Shanghai, China) is based on
Stermirna’s mRNA synthesis and lipopolyplex nano-delivery
platform (19). Fudan University (Fudan, China), in cooperation
with Shanghai JiaoTong University (Shanghai, China), and
RNACure Biopharma (Shanghai, China), is pursuing two
different strategies to develop mRNA vaccines against COVID-
19. The first strategy includes an mRNA encoding the RBD of
the S protein to induce nAbs (19), while the second strategy
includes an mRNA that instructs the host to produce VLPs (19).
Imperial College London (London, UK) is developing an mRNA
COVID-19 vaccine based on prior work with lipid nanoparticle
(LNP)-encapsulated self-amplifying RNA, which has previously
been shown to induce antibodies against the HIV-1 Env
gpl140 (166, 167). Arcturus Therapeutics (San Diego, CA, USA)
in collaboration with Duke National University of Singapore
(Singapore) is developing a vaccine candidate using its STARR™
(self-transcribing and replicating RNA) technology platform that
combines self-replicating RNA with the nanoparticle delivery
system LUNAR® into a single solution for in situ expression
of SARS-CoV-2 proteins that induce an anti-viral immune
response (168). eTheRNA Immunotherapies (Niel, Belgium)
is developing a novel vaccine using the proprietary TriMix
technology platform (169, 170). The TriMix platform comprises
three different mRNAs encoding proteins (caTLR4, CD40L, and
CD70) that stimulates dendritic cells (DCs) to activate strong
CD4™" and CD8 T™ cell responses, and it was shown to induce
immunogenic responses in preclinical (169) and clinical studies
(170) of an mRNA-based melanoma vaccine. Sanofi Pasteur and
Translate Bio (Lexington, MA, USA) are collaborating to develop
a novel mRNA vaccine based on Translate Bio’s proprietary
mRNA therapeutic platform (MRT™). This platform includes
the design of the desired mRNA sequences and then packaging
them into delivery systems (171), and it has been shown to
induce therapeutic antibodies against human epidermal growth
factor receptor 2-positive tumors in humanized mice (172).
Centro Nacional de Biotecnologia (Madrid, Spain) is developing
an mRNA COVID-19 vaccine candidate based on the highly
attenuated poxvirus vector MVA expressing the S protein, which
has previously been tested as a vector for vaccine candidates
against Zika and Ebola viruses (173, 174). Daiichi Sankyo (Tokyo,
Japan) is developing an mRNA vaccine encoding the S protein
using their novel nucleic acid delivery technology based on
LNPs, and the protective effects of the vaccine will be verified in
animal models in partnership with University of Tokyo (Tokyo,
Japan) (175).

Repurposed Vaccines

Bacillus Calmette-Guérin (BCG), which is a live attenuated
vaccine that was developed against tuberculosis, has been
reported to decrease the susceptibility to respiratory tract
infections (210, 211) through reprogramming of innate
immunity (212). Currently, there is no evidence that the BCG
vaccine affords protection against COVID-19. However, several
phase III and IV clinical trials are investigating if the BCG

vaccine can help to boost the immune system and reduce the
infection rate of SARS-CoV-2 (ClinicalTrials.gov identifier
NCT04327206, NCT04348370, NCT04350931, NCT04362124,
NCT04369794, and EU Clinical Trials Register 2020-001591-
15, 020-001678-31) or reduce absenteeism among healthcare
workers involved in COVID-19 patient care (NCT04328441
and NCT04373291). One phase I trial in China is testing
the effect of inhalation of inactivated Mycobacterium vaccae
on protection against COVID-19 (Chinese Clinical Trials
Register ChiCTR2000030016).

VACCINE MANUFACTURE

Vaccine development and manufacture of sufficient doses to
induce herd immunity is one of the most challenging tasks
within biopharmaceutical enterprises due to the complexity of
the products. The most basic requirements for manufacturing
vaccines in a way that is safe, effective yet consistent from
batch to batch are difficult to implement. A number of variables
dictate the outcome of vaccine production processes, including
(i) the biological variability of the starting material, (ii) the
pathogen, (iii) the environmental conditions during culture, (iv)
the expertise of the manufacturing personnel, and (v) multiple
steps during the purification process. In addition to these
variables, the analytical methods used and the antigens produced
during manufacturing often have high intrinsic variability. Scale
up and safety of vaccine formulations are equally important
for maintaining a successful production process. Therefore,
improved technologies to streamline vaccine development and
manufacturing are crucial. During the past decades, multiple
novel platforms have been developed for producing vaccines at
pandemic speed, including VLPs, viral vector-based vaccines,
and nucleic acid-based vaccines. Each platform has its own
advantages and challenges related to its ability to induce
potent immune responses, manufacturing capacity, and safety
for clinical use (Table 3). Therefore, it is unlikely that any
single platform on its own will constitute a solution for the
ongoing COVID-19 pandemic or a pandemic situation in the
future (213).

CONCLUDING REMARKS

Currently, SARS-CoV-2 is spreading and posing a considerable
economic and public health concern globally. It is urgent
to design and develop safe and efficacious vaccines to
prevent further spread of COVID-19 and establish vaccine-
induced herd immunity. The development of transforming
vaccine technology platforms over the past few decades has
broadened the scope and shortened the time from pathogen
identification to the deployment of vaccine candidates for clinical
testing. The global COVID-19 vaccine pipeline is currently
expanding on a daily basis, and radical rethinking of vaccine
development and manufacturing processes may substantially
improve our responses to the COVID-19 pandemic. The
knowledge generated through vaccine development efforts for
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TABLE 3 | Vaccine platform technologies used for developing vaccines against COVID-19.

Platform Antigen type Immune Advantages Disadvantages Response
response time in
pandemics
Inactivated Inactivated Humoral Over 70 years of experience Labor-intensive Low
(egg-based) pathogen Cellular Potent Difficult to manufacture in a short time
Simple formulation Stringent quality control
Live Attenuated Humoral Potent Labor-intensive Low
attenuated pathogen Cellular Multivalent by nature Difficult to manufacture in a short time
Simple formulation Stringent quality control
No adjuvants required Risk for infection
Subunit/Recombinant Protein Humoral Non-infectious Labor-intensive Medium
protein Less side effects New production process and stability
assays for each new antigen
Quality control
Cold chain transfer and storage
Need for adjuvants
Virus-like Protein Humoral Non-infectious Stability Medium
particles Potent Quiality control
(VLPs) Potential contaminants
Assembly into stable particles
Heterogeneity
Cold chain transfer and storage
Viral vectors Nucleic acid Humoral Potent Recombination of virus during production High
Cellular No need for an adjuvant Contaminants from human- or
Antigens are animal-derived material
expressed natively Pre-existing immunity against the vector
DNA Nucleic acid Humoral Room temperature storage Weak immunogenicity in humans High
Cellular Rapid large-scale Risk of carcinogenesis due to potential
production genetic integration
Options for multivalency Difficult to scale up to g-kg scale
Cell-free Purity
No contaminants High concentration
Non-infectious
mRNA Nucleic acid Humoral Room temperature storage Scale up of MRNA synthesis High
Cellular Ease of large-scale Stability
production Options for Stringent RNase-free environment
multivalency Relatively higher cost
Cell free Risk of adverse reaction

No contaminants

Non-infectious

Inflammation

No genome integration risk
No anti-vector immunity

closely related coronavirus strains, e.g., SARS and MERS, are
used to direct the vaccine development efforts for COVID-
19. Although inducing nAbs against the S proteins represents
the main target for the majority of the vaccine candidates, the
prospects of exploiting T and B cell responses for COVID-19
vaccination should also be considered, because these responses
have been found to be persistent and protective in animal
models. In addition, strategies worth further investigation
include (i) vaccine potentiation with adjuvants, (ii) tailoring
of S protein, (iii) targeting RBD and N proteins, (iv) mucosal
immunization, and (v) the employment of unchartered vaccine
platforms for reducing vaccine development time and costs,
and/or for improving vaccine safety and efficacy. The lack
of naturally acquired immunity against SARS-CoV-2 should
not be considered a bottleneck in developing efficacious

vaccines against COVID-19, because this was disproved for
vaccination against now eradicated smallpox. Also, research
efforts should be directed toward studying SARS-CoV-2 infection
in appropriate animal models to analyze (i) viral replication,
(ii) transmission, (iii) pathogenesis, and (iv) host immune
responses, as well as (v) the effect of serious underlying
medical conditions like hypertension and diabetes. To date,
no mRNA vaccines have been licensed for human use.
However, important lessons from the current advancement
of the mRNA vaccine platform technology for COVID-19,
which takes place at an unprecedented pace, may benefit the
development of any target vaccine in the future, because the
technology implies a significantly reduced overall time from
target identification to regulatory approval and deployment of
the vaccine. Collectively, the broad array of platform technologies
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under investigation in the development and manufacture
of novel vaccines against SARS-CoV-2 will hopefully result
in one or a few safe and efficacious novel COVID-19
vaccines that can bring us closer to the goal of COVID-19
herd immunity.
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The Covid-19 outbreak is due to a virus which emerged in China at the end of December 2019, and
is now widespread in more than 200 countries worldwide (1). Several researches have highlighted
that it was introduced to humans from bats (2, 3). The infection spreads like a chain reaction as one
infected person passes this virus to two or three others, who then continue to spread it in a similar
manner (Figure 1). The number of people infected in a region from a single person is estimated as
Ry (R zero). Ry is the rate at which new infections stem from a single case (4). Ry <1 indicates the
reduction of cases, whereas Ry > 1 suggests that the number of cases are increasing. The global R
value for Covid-19 is estimated to range between 3 and 5, which is twice as fast as SARS (Severe
Acute Respiratory Syndrome) (5). This is why the spread of Covid-19 is so rapid, and why the
number of infected people double every 5-10 days (Coronavirus in India). The socioeconomic
impact of Covid-19 is disruptive, and the whole world is looking forward to the end of this crisis.
Similar to other countries, its transmission among the Indian population is evident. But the major
question is its fate in India, as India makes up one-fifth of the world’s population. The recent report
makes India’s fate more vulnerable, by estimating that the total number of reported cases are 10-
fold less than the total number of infected people (6). Thus, such complexity makes India one of
the most monitored countries during this pandemic.

Contrary to what one would expect, the emerging data suggests that at the front of mortality, the
situation in India turned out not to be as bad as in some European nations and the USA. However,
given the fact that India’s emergency services are limited, it is likely to be more vulnerable to this
pandemic. Keeping this in mind, the Indian government has introduced unprecedented measures
(including the stringent and early nation-wide lockdown from March 22), to stop the spread of
Covid-19. Wherever a high number of cases are found, it is considered as a hotspot. The locality is
immediately sealed to stop the spread of the virus. Further, in lockdown 3.0, the country was divided
in to green, orange, and red zones, based on severity and the number of cases (MOHFW-Gol)!.
However, we are not sure how long this measure should be implemented and what the chances of
resurgence will be when these restrictions are relaxed after a few weeks. Equally at the research
front, scientists from all over the world are trying to find a way to exit from this crisis. More
than 20,000 research papers (doubling every 20 days) on this topic itself suggests its seriousness
(7). Indeed, social distancing and other governmental measures would reduce the virus’s ability to
sweep through the population, but unless, or until a vaccine is discovered, what measures can India
rely upon to control the spread of the virus?

The one and most prominent way is to obtain “herd immunity” (8). When a population is
exposed to any infectious disease, many of its inhabitants gain immunity in a short period of time.
When ~70% of individuals in the population become immune, this facilitates herd immunity. This
barrier of immunity blocks the virus from taking hold and infecting others. Immunity may be
sustained for almost a year, and such a time period can buy us time to develop a vaccine. Moreover,
immune people can volunteer for the healthcare services and other necessary activities without any
sophisticated protective gear. This seems easy to implement, but when looking fatalities figures for

! Available at: mohfw.gov.in.
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FIGURE 1 | The graphical representation of Covid-19 infection in a natural population. The viral infection spread from peer-to-peer like a chain reaction. This figure is
only a graphical representation of the spread, without considering whether someone in the population has recovered or died.

the coronavirus, we cannot put the life of ~3% (or even more)
people on the line (Figure 2A). Therefore, thinking of obtaining
rapid herd immunity in this particular case, is an autophagy for a
nation like India. A recent example is the UK, which had initiated
this method in the beginning as a measure, but seeing the severe
impact of the virus, abandoned this plan (9, 10).

Accumulating research in other regions of the world are
suggesting the effect of high temperatures and humidity on
Covid-19 (11-13). However, so far, none of the dedicated studies
in India have been performed on the association of temperature
or humidity on the spread of Covid-19. Therefore, the relevance
of temperature on the spread of Covid-19 in India is not known.

Recent research suggests that the coronavirus receptor of
human ACE2 plays a pivotal role in disease predisposition,
therefore, certain polymorphisms in this gene may affect the
susceptibility of a population (14-21). As an expert on Human
Evolutionary Genetics, it is necessary to reiterate that, in India,

modern humans have been living for at least 50,000 to 70,000
years and have experienced various kinds of pathogen pressures
(22-25). A large number of genetic and archaeological studies
are consistent with a largely local emergence of South Asian
ancestry with minor [and in some cases relatively higher e.g.,
Tibeto-Burmans (26), Austroasiatics (27), and some Northwest
Indian populations (28)], ancestry contributions from East and
West Eurasians respectively (29-31). Therefore, these long term
geographic and genetic isolations, might have certainly helped
us to modify our genetic landscape against various kinds of
pathogens (22, 25, 32-34). Moreover, the high level of endogamy
practices among caste and tribal populations (29, 35) has created
a unique genetic profile, and thus, likely variations in ACE2.
Therefore, it is likely that many of the endogamous populations
might have developed a varied degree of susceptibility responses
against this virus.
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FIGURE 2 | The analysis of Covid-19 from India. (A) The frequency (%) of infected people with various levels of symptoms. The data was obtained from (https://www.
mohfw.gov.in/). (B) The statewide mortality rate (number of people deceased/total number of reported cases) of the infected people. The data was obtained from the
https://www.covid19india.org/ and plotted through (https://app.datawrapper.de/). (C) The mortality rate of India in comparison with the USA, the UK, and ltaly.
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In fact, Cao et al. (15) have looked at the binding sites of
the S protein of coronavirus but did not find any variation
among 1,000 genome populations. However, keeping in mind
that 1,000 genome South Asian samples do not capture the
complete South Asian diversity (36), one should look at these
variations as well as whole ACE2 variations in the large number
of South Asian ethnic groups. Moreover, the greater role of
ACE2 in disease manifestation is evident in our recent study,
which showed that the major South Asian ACE2 haplotypes are
identity by descent (IBD) of East Eurasians rather than West
Eurasian (19), which is possibly one of the reasons for the
low mortality among the Indian population. Therefore, studying
the detailed ACE2 variations among diverse Indian populations
would be worthwhile to understand human susceptibility
to Covid-19.

A study done by the Chinese Centre for Disease Control
and Prevention on 72,314 cases suggested the presence of 1%

asymptomatic individuals (Chinese Center for Disease Control
and Prevention)?. Asymptomatic individuals are people who
have been diagnosed to have a positive viral load but lack
any characteristic symptoms including fever, dry cough, and
fatigue etc. Recent data in India has identified 28% asymptomatic
people—which is alarming (Figure 2A). Notably, ~65% of the
Indian population is under the age of 35 years, thus the number of
asymptomatic people would likely be much higher than reported
(6). Therefore, it is highly alarming and brings to the forefront
the question—how can one stop infections that are spread by
asymptomatic people?

To identify asymptomatic people, two important dependent
measures can be applied. First is mass antigen/antibody
testing, and second is to look at their ACE2 variations.
In order to investigate the real spread estimation (6), as

2http://www.chinacdc.cn/en/COVID19/ (accessed March 29, 2020).
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well as disease spread due to asymptomatic people, the
government could initiate, first, mass antigen/antibody testing
in containment zones, and second, to see if these people
have certain ACE2 polymorphisms in common. In a positive
sense, this would not only help in identifying some of the
asymptomatic ethnic groups, but could also help the government
in substantially reducing infections (37, 38). Additionally,
since the comorbidity is consistent all around the globe (39,
40), serious public awareness is required for those at high
risk, to reduce the mortality. The statistics of high risk
people in India with diseases such as Diabetes-2 (80M) and
Cardiovascular diseases (53M) are daunting, and may require
urgent attention (41, 42).

The first nation-wide lockdown of 21 days and further
lockdowns 2.0, 3.0, and 4.0, was certainly helpful in restricting
asymptomatic people. The governmental measures applied so
far have substantially reduced the infection rate Ry (<1.5)
with a doubling rate of cases (i.e., cases double every 15 days)
for India [MOHFW-Gol'; (43)]. The data available to date
suggest a mean death rate of 2.8% for India, which includes
86% comorbidity cases (Figure2A). Many of the states are
performing well except those states such as West Bengal and
Gujarat, where death rates are closer to the USA ie., >5%
(Figures 2B,C). In fact, the recovery rate for India has increased
from 7.6 to 32% in a month (Figure 2D). Additionally it is
highly evident that mortality is extremely low compared to
western nations (per 100,000 population; 0.2 for India, 26.6
for the USA and 52.1 for the UK) (Figures2B,C), keeping
in mind the low healthcare index 154/195 ranking of India
(44). The lockdown measures, public awareness campaigns, and
social distancing would have all likely contributed to this low
mortality rate.
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Background: The ABO blood group system has been associated with multiple infectious
diseases, including hepatitis B, dengue haemorrhagic fever and so on. Coronavirus
disease 2019 (COVID-19) is a new respiratory infectious disease and the relationship
between COVID-19 and ABO blood group system needs to be explored urgently.

Methods: A hospital-based case-control study was conducted at Zhongnan Hospital
of Wuhan University from 1 January 2020 to 5 March 2020. A total of 105 COVID-19
cases and 103 controls were included. The blood group frequency was tested with
the chi-square statistic, and odds ratios (ORs) with 95% confidence intervals (Cls)
were calculated between cases and controls. In addition, according to gender, the
studied population was divided into two subgroups, and we assessed the association
between cases and controls by gender. Finally, considering lymphopenia as a feature of
COVID-19, the relationship between the ABO blood group and the lymphocyte count
was determined in case samples.

Results: The frequencies of blood types A, B, AB, and O were 42.8, 26.7, 8.57, and
21.9%, respectively, in the case group. Association analysis between the ABO blood
group and COVID-19 indicated that there was a statistically significant difference for blood
type A (P = 0.04, OR = 1.33, 95% Cl = 1.02-1.73) but not for blood types B, AB or O
(P =0.48,OR=0.90,95% Cl = 0.66-1.23; P =0.61, OR = 0.88, 95% Cl = 0.53-1.46;
and P = 0.23, OR = 0.82, 95% Cl = 0.58-1.15, respectively). An analysis stratified
by gender revealed that the association was highly significant between blood type A in
the female subgroup (P = 0.02, OR = 1.56, 95% CI| = 1.08-2.27) but not in the male
subgroup (P =0.51, OR = 1.14, 95% Cl = 0.78-1.67). The average level of lymphocyte
count was the lowest with blood type A in patients, however, compared with other blood
types, there was still no significant statistical difference.

Conclusions: Our findings provide epidemiological evidence that females with blood
type A are susceptible to COVID-19. However, these research results need to be
validated in future studies.

Keywords: ABO blood group system, COVID-19, association analysis, female, lymphocyte count
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), also named novel
coronavirus pneumonia (NCP), was first reported in Wuhan
in December 2019 and then gradually spread throughout the
country. By early March 2020, more than 80,000 people were
infected, nearly 3,200 of whom died in China. The pneumonia
outbreak has become a serious public health event. COVID-
19 is caused by severe acute respiratory syndrome coronavirus-
2 (SARS-CoV-2), which is a new member of the coronavirus
family. There are currently 7 known coronaviruses that can
infect humans, such as severe acute respiratory syndrome (SARS)
coronavirus and Middle East respiratory syndrome (MERS)
coronavirus. Based on current epidemiological investigations,
the incubation period is 1-14 days and typically 3-7 days, but
there are also cases in which an incubation period of over 14
days is reported (Wang et al., 2020; Wu and McGoogan, 2020).
Individuals are contagious during the incubation period, and
asymptomatic infection may also become the source of infection.
Respiratory droplets and close contact are the major transmission
routes. COVID-19 is clinically characterized by fever, fatigue,
and dry cough. In severe cases, affected individuals can undergo
acute respiratory distress syndrome, septic shock, and even death
(Chan et al., 2020; Huang et al., 2020).

The ABO blood group is the most important blood group
system in humans and includes 4 blood types, namely, A,
AB, B, and O. The human ABO blood group is located on
chromosome 9 (9q34.2) (Melzer et al., 2008; Wiggins et al., 2009).
Many studies have found that the ABO blood group plays an
important role in various human diseases, such as cardiovascular,
oncological, and some infectious and non-infectious diseases
(Wolpin et al,, 2010; Chen et al., 2016). Meanwhile, the system
can play a direct role in infection by serving as receptors or
coreceptors for microorganisms, parasites, and viruses. Blood
group antigens, also named human histo-blood group antigens
(HBGAs), are one of the main antigens on the surface of human
red blood cells. They represent polymorphic traits inherited
among individuals and populations. Differences in blood group
antigen expression can increase or decrease host susceptibility
to many infections. In addition, many blood group antigens
facilitate intracellular uptake, signal transduction, or adhesion
through the organization of membrane microdomains and
modify the innate immune response to infection (Behal et al,
2010; Singh et al., 2016; Chakrani et al., 2018; Liu et al., 2018).

The ABO blood group has been previously found to
contribute to the risk of multiple infectious diseases in a series of
studies. Mohammadali et al. reported that the presence of blood
group O might significantly decrease the risk of hepatitis B, and
the distribution of Rh in HBV-infected individuals was higher
between Rh-positive donors (Mohammadali and Pourfathollah,
2014). Elnady et al. found that Rota-positive status for rotavirus
gastroenteritis was significantly more prevalent among those
with blood type A and significantly less prevalent among those
with blood type B (Elnady et al, 2017). Another recent study
carried out by Degarege et al. reported that malaria patients
with blood group A had a higher risk of anemia than did those
with O and non-A phenotypes (Degarege et al., 2012). Among

patients infected with dengue virus, Murugananthan et al. found
that patients with AB blood had a risk that was more than 2.5
times higher of developing dengue haemorrhagic fever than did
those with other blood types (Murugananthan et al., 2018). In
addition, a meta-analysis suggested that blood types A, B, and AB
might not affect susceptibility to norovirus infection. However,
those with blood type O appeared to be more susceptible to this
infection (Liao et al., 2020). Because SARS-CoV-2 is a completely
new virus, it is unclear whether the ABO blood groups affect
individuals’ susceptibility to COVID-19.

Hence, we performed a case-control study to explore the
relationship between the ABO blood group and COVID-19
in Wuhan and further classified the populations according to
gender. Additionally, lymphopenia is a common feature of
patients with COVID-19 and might be a critical factor associated
with the severity and mortality of the disease (Xu Z. et al,
2020). The association between ABO blood type and the count
of lymphocyte was also investigated in cases.

METHODS
Study Design and Data Source

A retrospective case-control association study was performed
during the period from 1 January 2020 to 5 March 2020, with
a total of 208 subjects (105 cases vs. 103 controls). All subjects
were enrolled from Zhongnan Hospital of Wuhan University,
which is a hospital designated for the treatment of patients
with COVID-19.

All study individuals were subjected to demographics, clinical
features, laboratory findings, reports, and chest CT scans.
Demographics included age, gender, hypertension, diabetes, and
heart disease. Clinical features involved disease manifestations
such as fever, cough, dyspnoea, chest tightness, and diarrhea.
Laboratory findings included white blood cell count, lymphocyte
count, neutrophil ratio, lymphocyte ratio, blood type, and throat
swab nucleic acid test results. All information was obtained
and analyzed with the standard Excel program. Two doctors
independently extracted the data of the eligible individuals, and
the results were reviewed by a third investigator.

This study was reviewed and approved by the Medical Ethical
Committee of Zhongnan Hospital of Wuhan University. Oral
consent was obtained from patients.

Case and Control Selection

The criterion for enrolment as a case was defined according
to the Diagnosis and Treatment Scheme for New Coronavirus
Pneumonia (Trial version 5, Trial version 6) issued by the
General Office of National Health Commission of the People’s
Republic of China and the Office of State Administration of
Traditional Chinese Medicine.

COVID-19 cases were diagnosed as “clinically diagnosed
cases” or “confirmed cases” according to the above criteria. The
specific diagnostic criteria for clinically diagnosed cases are as
follows: (a) history of epidemiology: I Travel history or residence
history in Wuhan and surrounding areas within 14 days prior to
onset of the disease, or other cases reported in the community;
IT contact with patients from Wuhan and surrounding areas,
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or with fever or respiratory symptoms from the community
prior to the onset of the disease, within 14 days prior to onset
of the disease; III cluster disease; and IV. contact with a new
type of coronavirus infection; (b) clinical manifestations: I fever
and/or respiratory symptoms; II imaging features of the above
pneumonia; and III normal or decreased total white blood
cell count or decreased lymphocyte count at the early stage
of onset; and (c) comprehensive evaluation by three COVID-
19 consultation experts in the hospital. The specific diagnostic
criterion for confirmed cases is as follows: COVID-19 nuclear
acid test positive for viral nucleic acid by reverse transcription
polymerase chain reaction real-time (RT-PCR) detection with
specimens from the respiratory tract or blood samples.

The eligible control subjects were selected from individuals
with the following characteristics: (1) gender- and age-matched;
(2) no other history of respiratory infections, such as bacterial
pneumonia, mycoplasma pneumonia, tuberculosis and other
types of pneumonia; (3) no other infectious diseases, such
as hepatitis B and AIDS; and (4) no severe liver and
kidney dysfunction.

Association Analysis

The association between different blood types and COVID-19
was performed in the selected population. According to gender,
subgroups were stratified to assess whether there was a significant
difference between blood type and the incidence of COVID-
19. In addition, because lymphocyte decline was related to
the severity of COVID-19, we performed a correlation analysis
between blood group and lymphocyte count in the COVID-19
patients (Chen et al., 2020).

Statistical Analysis

Statistical analysis was carried out using the Statistical Package
for Social Sciences (SPSS) version 21.0. Independent sample ¢-
tests were used for age, white blood cell count, lymphocyte
count, neutrophil ratio, and lymphocyte ratio. A chi-square test
was used for hypertension, diabetes, heart disease, tumor, liver
disease, and kidney disease. The ABO blood group frequency
in all populations and different gender subgroups was tested
using chi-square tests and odds ratios (ORs) with 95% confidence
intervals (CIs). Analysis of the association between the ABO
blood group and the lymphocyte count was performed with
analysis of variance (ANOVA) and a linear regression model. A
P < 0.05 was considered significant.

RESULTS

Distribution of the ABO Blood Group
System

Table 1 illustrates the demographic, clinical, and laboratory
characteristics of the study population. The present research
consisted of 208 participants divided into two groups: the
COVID-19 case group and the control group. Of the 105 patients
with COVID-19, 55 were males and 50 were females. The age
range of patients was 56.8 & 18.3. The frequencies of blood types
A, B, AB, and O were 42.8, 26.7, 8.57, and 21.9%, respectively. In
the control group, 56 (54.4%) of the participants were males, and

TABLE 1 | The clinical characteristics of the studied population.

Characteristics Case Control P
Number of subjects 105 103 —
Age (years) 56.8 £ 18.3 54.0 £15.0 0.228
Gender (male %) 55 (562.4%) 56 (54.4%) 0.774
Hypertension (%) 36 (34.0%) 20 (19.4%) 0.019
Diabetes (%) 11 (10.5%) 9 (8.74%) 0.815
Heart disease (%) 18 (17.1%) 10 (9.71%) 0.155
Tumor (%) 5 (4.76%) 6 (5.83%) 0.767
Liver disease (%) 3 (2.86%) 0 (0.00%) 0.246
Kidney disease (%) 9(8.57%) 2 (1.94%) 0.06
White blood cell count (10A9/L) 6.94 + 3.66 6.27 £1.75 0.091
Lymphocyte count (10A9/L) 0.81 +0.47 1.64 £+ 0.49 < 0.001
Neutrophil ratio (%) 76.8 £13.6 62.3 £ 10.1 < 0.001
Lymphocyte ratio (%) 14.4 £10.5 27.6 £9.37 < 0.001

The data are presented as the mean =+ standard deviation or a percentage.

TABLE 2 | Association analysis of ABO blood type between COVID-19 cases and
controls.

Blood Case (%) Control (%) x2 P OR (95% CI)
group

A 45 (42.8%) 30 (29.1%) 4.25 0.04 1.33(1.02-1.73)
B 28 (26.7%) 32 (31.1%) 0.49 0.48 0.90 (0.66-1.23)
AB 9 (8.57%) 11 (10.7%) 0.27 0.61 0.88 (0.53-1.46)
(e} 23 (21.9%) 30 (29.1%) 1.43 0.23 0.82 (0.58-1.15)

OR, odds ratio after adjustment; Cl, confidence interval.

47 (45.6%) were females. The age range of the control subjects
was 54.0 £ 15.0. The distribution of the ABO blood group of the
controls was 29.1% for A, 31.1% for B, 29.1% for O and 10.7%
for AB.

Association Between ABO Blood Group
and COVID-19

As shown in Table 2, we performed a combined association
analysis between ABO blood group and COVID-19, which
showed a statistically significant difference in COVID-19
infection among those with blood type A (P = 0.04, OR =
1.33, 95% CI = 1.02-1.73) but not blood types B, AB or O (P
= 0.48, OR = 0.90, 95% CI = 0.66-1.23; P=0.61, OR = 0.88,
95% CI = 0.53-1.46; and P = 0.23, OR = 0.82, 95% CI =
0.58-1.15, respectively).

Stratified Analysis by Gender

An additional statistical analysis was performed by dividing the
entire population into two subgroups by gender, as shown in
Table 3. The male group comprises 111 subjects, and the female
group includes 97 individuals. The association analysis revealed
a significant relation between blood type A and COVID-19 in
the female subgroup (P = 0.02, OR = 1.56, 95% CI = 1.08-
2.27) but not in the male subgroup (P = 0.51, OR = 1.14, 95%
CI = 0.78-1.67).
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TABLE 3 | Gender-stratified analysis of ABO blood type and COVID-19 cases.

Blood group Male x? P

Case Control

OR (95% ClI)

Female x? P OR (95% CI)

Case Control

21 18
B 17 19
AB 6 5
0] ih 14

0.44
0.12
0.12
0.40

0.51
0.73
0.73
0.53

1.14 (0.78-1.67)
0.93 (0.62-1.41)
1.13 (0.63-1.98) 3 6
0.86 (0.53-1.40)

24
11

12
13

5.24
0.42
1.32
1.19

0.02
0.52
0.25
0.28

1.56 (1.08-2.27)
0.85 (0.53-1.39)
0.62 (0.24-1.61)
0.78 (0.48-1.26)

12 16

OR, odds ratio after adjustment; Cl, confidence interval.

TABLE 4 | Association analysis between the lymphocyte count and ABO blood
type in COVID-19 cases.

Blood grouping n Mean =+ SD (10A9/L) 95% CI F

A 45
B 28
AB 9

@) 23

0.76 + 0.48
0.85 £0.52
0.83 £ 0.27
0.85 4+ 0.45

0.61-0.90
0.65-1.05
0.62-1.03
0.60-1.04

0.30 0.83

SD, standard deviation; Cl, confidence intervals.

In addition, blood types B, AB, and O were not significantly
associated in either male or female subgroups (P > 0.05).

Association Between Lymphocyte Count

and COVID-19

As illustrated in Table 4 and Figure 1, the average lymphocyte
count levels of individuals with blood type A were lower
than those of individuals with blood types B, AB, and O
in the case group (0.76*10°/L, 0.85*10°/L, 0.83*10°/L and
0.85%*10%/L, respectively).

Unfortunately, statistical analysis showed that blood type A
was not significantly associated with lymphocyte count levels in
case subjects (P = 0.83, F = 0.30).

DISCUSSION

Of the human blood group systems, the ABO blood group
is widely used in clinical practice. As some of the important
antigens, HBGAs are complex carbohydrate molecules with
specific oligosaccharide sequences expressed on the surface of red
blood cell membranes. These antigens are also highly expressed
on a large number of human cells and tissues, including epithelia,
platelets, vascular endothelia and neurons (Storry and Olsson,
2009; Liumbruno and Franchini, 2013; Heggelund et al,, 2017;
Kazi et al.,, 2017). HBGAs have been postulated to modify the
spread of pathogens through the action of natural antibodies
and complements (Neil et al., 2005; Ewald and Sumner, 2018).
ABO antibodies are part of the innate immune system against
some parasites, bacteria and enveloped viruses, and HBGAs are
important as receptors for immune and inflammatory responses
(Cooling, 2015; Jing et al., 2020). Meanwhile, this system is often
used as a genetic marker in the human genome, generated by a
polymorphic glycosyl-transferase encoded by 2 dominant active

250

P>0.05 [ 1

2.00+
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Mean lymphocyte count

AB (o]
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FIGURE 1 | ABO blood type and lymphocyte count level analysis in the case

group. (A) Comparisons among every pair of the four blood types via ANOVA.
(B) Association analysis between the lymphocyte count and ABO blood type

in a linear regression model.

and a recessive inactive alleles. The association between ABO
blood groups and infectious and non-infectious diseases has been
widely explored (Groot et al., 2020).
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In the current study, we aimed to evaluate the contribution of
the ABO blood group to COVID-19 susceptibility in Wuhan by
employing a case-control association analysis. Our present results
demonstrated that there was a significant association between the
A blood group and COVID-19, such that females (but not males)
with blood type A were more susceptible to COVID-19 infection.
Compared with other patients, female patients with blood type A
had a relative risk of 1.33 for coronavirus infection. Xiong et al.
recently also found that women show different characteristics
from men in the transmission of COVID-19 (Xiong et al., 2020).
We speculate that this result may be related to the different
anatomic structures, estrogen levels, immune systems and genetic
backgrounds of men and women. We further investigated the
possible association between ABO blood group and lymphocyte
count, the latter was considered as one of the index to evaluate
the severity of COVID-19. Although statistical analysis showed
no significant difference in ABO blood group and lymphocyte
counts, our study found that the decreased lymphocyte counts
in patients with blood type A were lower than those in patients
with other blood types. The possible explanation for this finding
may be related to the small sample size.

In fact, a number of epidemiological studies had also been
conducted. For instance, the study of Li et al. reported that the
proportion of blood type A in patients infected with SARS-CoV-
2 was significantly higher than that in healthy controls (0.38 vs.
0.32%, P < 0.001), while the proportion of blood type O in SARS-
CoV-2 infected patients was significantly lower than in healthy
controls (0.26 vs. 0.34%, P < 0.001) (Li et al., 2020). In another
study, Zhao et al. also showed that blood type A was associated
with an increased risk of SARS-CoV-2 infection, whereas blood
type O was associated with a decreased risk (Gerard et al., 2020;
Zhao et al., 2020). The main finding of our study was consistent
with the above analysis by Li et al. and Zhao et al., but slightly
different. In our cases, the relationship between ABO blood type
and the count of lymphocyte was further investigated, due to
the importance of lymphocyte count in the evaluation of severity
of COVID-19.

As with COVID-19, SARS is also a serious respiratory
infectious disease. Nevertheless, ABO blood group-associated
susceptibility to SARS is different from the corresponding
susceptibility to COVID-19. In 2005, Cheng et al. found that
individuals with blood type O had a reduced susceptibility
to SARS infection in the Hong Kong population. Variable
binding affinity to differing ABH substances present
in gut epithelial cells may be the cause of the above
phenomenon (Cheng et al., 2005).

SARS-CoV-2 belongs to lineage B betacoronavirus and shares
high sequence identity with that of bat or human severe acute
respiratory syndrome coronavirus-related coronavirus (SARSr-
CoV) (Tian et al,, 2020). The structural analysis of SARS-CoV-
2 contains two important viral proteins, the nucleocapsid and
the spike (S) proteins. S proteins of coronaviruses are large
transmembrane heavily N-glycosylated proteins that mediate
association with a cell surface receptor. SARS-CoV-2 makes use
of the S protein to gain entry into the host (Li et al., 2006; Wrapp
et al.,, 2020). Angiotensin-converting enzyme 2 (ACE2) is the

main host cell receptor of SARS-CoV-2 and plays a crucial role
in the entry of the virus into the cell to cause the final infection
(Cao et al., 2020; Wu, 2020; Xu H. et al,, 2020). The relationship
between natural antibodies of the ABO blood system and the
ACE2 interaction has been experimentally investigated. In 2008,
Guillon et al. observed that S protein/ACE2-dependent adhesion
of special Chinese hamster ovary cells to an ACE2-expressing
cell line could be specifically inhibited by either monoclonal or
human natural anti-A antibodies. Their findings indicated that
anti-A antibodies may block the interaction between the SARS
coronavirus and its receptor-ACE2, thereby providing protection
(Guillon et al., 2008). This is consistent with our findings,
suggesting that those with blood type A may be more susceptible
to viral infection.

Meanwhile, several drawbacks existed in our study. First, Due
to the limited sample size of COVID-19 in the early stages,
the sample size included in our research is not very large.
Second, regional selection bias needs to be considered. Third,
other potential diseases may affect the research results. Finally,
some of the control individuals might develop COVID-19 in
the future.

In conclusion, female patients with blood type A are
susceptible to COVID-19 in Wuhan after gender stratification.
However, more studies are necessary to confirm these findings
in a larger sample and among individuals of different ethnicities.
The underlying mechanism between the ABO blood groups and
ACE2 needs to be further explored.
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During the COVID-19 pandemic, ensuring the gradual recovery of anesthesia nursing
unit and avoiding cross-infection between surgical patients and staff are difficult
problems for hospital managers. We outlined the emergency response measures and
the transition to normal operation of the anesthesia nursing unit in West China Hospital,
which is a large teaching hospital. This mainly included hospital and operating room
channel management, three-level screening management of patients and medical staff,
classification management of patients undergoing anesthesia and recovery, training
management of medical personnel, strict environmental management, and online
teaching management.

Keywords: novel coronavirus pneumonia, COVID-19, epidemic prevention, anesthesia nursing, nursing
management

INTRODUCTION

A novel coronavirus pneumonia outbreak occurred in Wuhan, Hubei, China, in December 2019
(1, 2). Following more than 2 months of struggle, China’s epidemic ultimately began to show a
downward trend (3). During the coronavirus disease (COVID-19) pandemic, ensuring the gradual
recovery of anesthesia nursing unit and avoiding cross-infection between surgical patients and
staff are difficult problems for hospital managers. West China Hospital of Sichuan University, a
comprehensive teaching hospital with more than 4,000 beds, is an emergency and critical treatment
center in Western China. To effectively meet the needs of daily diagnosis and treatment, from
February 10, 2020, the anesthesia nursing unit, as well as the operation of elective surgery, was
slowly resumed. According to the operation in the past month, we outlined the epidemic prevention
and control strategies for anesthesia nursing units and then strictly implemented them.

From February 10 to March 20, 2020, 2213 patients underwent postoperative anesthesia recovery
nursing. No cross-infection occurred in the COVID-19 hospital, and no adverse nursing events
took place. During the epidemic period, it was impossible to stop all scheduled operations. Our
aim is to help anesthesia and nursing departments worldwide based on our experience of epidemic
prevention and control, as will be discussed in the following text.
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Classification Management of Patients

We statistically evaluated the basic information of the 2,213
patients, such as age, gender, preoperative fever, fever patients
with COVID-19 nucleic acid test, preoperative CT, ASA grade,
anesthesia method, and operation type. The age frequency
distribution of the patients was mainly distributed in the
following age groups: 50-59, 40-49, 60-69, and 0-9 years old
(Figure 1A). Also, the gender distribution (Figure 1B) was 1,167
males (52.7%) and 1,046 females (47.3%). The patients were also
assessed for preoperative fever (>37.3°C), and the nucleic acid
test results of 13 patients (0.59%) with fever (Figure 1C) were
negative. The principal distribution (Figure 1D) of patients with
3 days preoperative CT was normal (n = 1,598, 72.2%), and
increased lung texture (n = 210, 9.5%), COPD (n = 270, 12.3%),
and Pulmonary nodules (n = 135, 6.1%) were noted. The ASA
grade (Figure 1E) was chiefly composed of ASA T (n = 41, 1.9%),
ASATI (n=1,613,72.9%), ASA (n = 549, 24.8%), and ASA IV (n
=10, 0.5%), and anesthesia methods (Figure 1F) were principally
intravenous inhalation combined anesthesia (n = 1,893, 85.54%),
total intravenous anesthesia (n = 167, 7.55%), and inhalation
anesthesia (n = 153, 6.91%); in addition, the top 3 surgical types
(Figure 1G) were orthopedic surgery (n = 370), gastrointestinal
surgery (n = 236), and pediatric surgery (n = 201).

HOSPITAL AND OPERATING ROOM
CHANNEL MANAGEMENT

Implementation of Three-Channel

Management for Patients in All Buildings
We report the building plan and channel management of the
outpatient building, the first inpatient building, and the second
inpatient building of West China Hospital (Figure 2). According
to the hospital outpatient spatial structure, the patient treatment
route was converted to one-way, and the entrances and exits
were, respectively, arranged at the two ends of the outpatient
building. Patients could only enter from the entrance and
exit from the exit, and the rest of the access was closed in
the meantime.

The implementation of “three-channel” management in
all buildings of the hospital meant that the entrances and
exits of operation inpatients, inpatients and their escorts, and
medical staff were separated and run separately without crossing
each other (Figure 2). Patients and the person accompanying
them were given an admission certificate. Personnel with no
certificate were not allowed to enter under strict control. All
personnel entering hospital buildings had to wear masks and take
temperature measurements properly.

Transformation of Patient Access to the

Operating Room

The route of patients entering and leaving the operating room
was fixed to one-way transport. Prior to the operation, their
temperature was taken thrice in the entrance of the inpatient
buildings and operating rooms and also inside the operating
rooms. When the temperature was not normal, a report had to
be made to the infection management department of the hospital
that included the patient’s epidemiological history. Experts from

the infectious disease department and respiratory department
would determine whether the operation could be pushed through
as usual following consultation. Following the operation, the
patient’s tracheal intubation or laryngeal mask had to be removed
in the operating room, and then the patients were transferred
to the anesthesia recovery room for recuperation. The post-
anesthesia care units were on the 10th floor of the first inpatient
building, and the operating rooms were on the 11th to 13th floor
of the second inpatient building. The two buildings are connected
by corridors. If the vital signs of patients were stable and reached
the standard of withdrawal from the anesthesia recovery room,
the anesthesia nurse would return them to the ward via the
“operation inpatient elevator.”

THREE-LEVEL SCREENING
MANAGEMENT OF PATIENTS AND
MEDICAL STAFF

Surgical Patients During Hospitalization

In theory, patients were not allowed to come with
an accompanying person. However, in special cases,
“one patient, one accompanying person” (one fixed

person) was strictly implemented. The head nurse would
evaluate the epidemiological history and then issue the
accompanying certificate.

A “three-level screening” system was applied in each ward and
outlined as follows:

1. First-level screening: Each nursing unit was under the control
of a specially assigned person for 24 h, and the patient or/and
the accompanying person had to enter with a certificate. The
temperature and epidemiological history had to be inquired
about and registered.

2. Second-level screening: The patient’s temperature had to
be monitored as required, and the temperature of the
accompanying person had to be monitored thrice a day. The
epidemiological history, dizziness, chest tightness, fatigue, and
other symptoms had to be inquired about so that people
having these problems could be found in time and reported
to the infection management department of the hospital.

3. Third-level screening: When the doctor did rounds in the
room, the patient would again be asked about his/her
epidemiological history and whether he/she had dizziness,
chest tightness, and fatigue. Patients had to complete a chest
CT examination prior to the operation to check whether they
had COVID-19 (4).

Pre-job Epidemiological Screening of
Medical Staff

Following the Chinese Lunar New Year holiday, the medical
staff needed to report to the department managers their health
status, their activity regarding going out and returning during
the epidemic, their epidemiological contact history, etc. Before
returning to work, those who had left Sichuan Province and
returned to Chengdu for <14 days had to isolate at home and
not return to work. Until the isolation time reached 14 days
following return with no infection symptoms, they needed to
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FIGURE 1 | Baseline characteristics of patients who underwent postoperative anesthesia in the COVID-19 pandemic (N = 2,213). (A) Age frequency distribution of
the patients for every 10 years; pie charts of (B) gender distribution (male, female), (C) preoperative fever (>37.3°C, normal, fever), (D) 3-day preoperative CT (normal,
increased lung texture, COPD, puimonary nodules), (E) ASA grade (ASA |, ASA I, ASA lIl, and ASA IV), (F) anesthesia methods (intravenous inhalation combined
anesthesia, total intravenous anesthesia, and inhalation anesthesia), and (G) surgical types.

apply to the department for a certificate to return to work.  were given low-flow oxygen via a facemask with a reservoir and
Medical staff had to wear masks and have work permits, and  a medical surgical mask once they were breathing smoothly and
a special passage was set up for them before entering and  were then sent to the anesthesia recovery room.

leaving each inpatient building. Temperature measurement and At the end of each operation, the operating room would be
registration were again performed before lunch and on leaving  disinfected. In addition to routine anesthesia and care, special
the department after work. attention was paid to ensuring the following:

1. The space between beds of resuscitated patients was >1 meter
CLASSIFICATION MANAGEMENT OF to lessen the possibility of cross-infection between patients.
PATIENTS UNDERGOING ANESTHESIA 2. In the recovery room, patients used a low-flow, non-
AND RECOVERY humidification nasal prong to inhale oxygen, reducing

aerosol production.
Special Management of Ordinary Patients 3. During the recovery period, the patients wore masks and were

Following the operation, the tracheal intubation or laryngeal given low-flow nasal oxygen.

mask was removed from the patient in the operating room, 4. The patients temperature was monitored. If the temperature
and they were then sent to the anesthesia recovery room for exceeded 37.3°C, it was reported immediately to the head
further assistance. Not only could this save on medical protective nurse, the surgeon in charge, and the anesthesiologist during
materials, but it also avoided the spread of aerosol in the recovery the operation. The causes of fever were assessed in different
room due to tracheal intubation and extubation. Following the ways until the possibility of infection with COVID-19
extubation of the tracheal intubation or laryngeal mask, patients was eliminated.
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5.

6.

The use of antiemetics could lessen postoperative nausea,
vomiting, and the possibility of exposure.

When patients with tracheotomy needed sputum suction,
medical staff had to wear anti-seepage isolation clothing
and goggles or a face screen on the basis of standard
prevention (5).

. After the patient left the anesthesia recovery room, the used

instruments, surface, bed unit, cardiac conductivity line, blood
pressure cuff, blood oxygen saturation fingertip, etc. were
wiped with a disinfectant containing 500 mg/L chlorine, and
the humidification bottle was placed into a white garbage bag
with a cover.

8.

9.

When transferring patients back to the ward, the shortest
route and the special elevator for surgical patients were taken.
The disposable bedspread and quilt cover were replaced by
one person only, and the part of the transfer vehicle that
had come into contact with the patient was wiped with a
disinfectant containing 500 mg/L chlorine.

Special Management of
Suspected/Confirmed Patients

In theory, suspected/confirmed patients should have no elective
surgery, as the impact of surgery may aggravate the patient’s
condition or even lead to the death of the patient. Only
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emergency rescue surgery was performed (6). The operation and
postoperative recovery were completed in a negative-pressure
operating room.

Aside from the routine recovery nursing, the following should
be paid attention to when patients are being intubated and
recovering in the negative-pressure operating room (7):

1. The air pollution in the operating room should be lessened as
much as possible, a breathing filter at the connection between
the patient’s tracheal intubation and the threaded pipe of
the anesthesia machine should be installed, and a breathing
filter between the suction and the exhalation of the anesthesia
machine should be installed as well.

2. Under deep anesthesia, secretion in the airway should be
suctioned to lessen the incidence of cough.

3. There should be someone to assist the anesthesiologist in

the removal of the tracheal intubation when the patient’s

spontaneous breathing pattern has not recovered.

When the tracheal tube is pulled out, the breathing filter at

the end of the tube should be kept and connected with the

breathing mask, which should be tightly connected with the
patient’s nose and mouth and connected with the anesthetic
breathing circuit.

5. Following the stoppage of oxygen inhalation, the patient
should wear a medical protective mask right away.

6. The prophylactic use of antiemetic drugs to avoid nausea and
vomiting complications should be noted.

7. Once the patient is deemed ready for discharge, the infection
management department and the medical department of the
hospital should be asked to work out the transfer route and
make preparations for the transfer route and docking with
the isolation ward.

8. The transport personnel ought to wear protective equipment
in accordance with the level three protection standard,
carry a sealed special transport rescue box (including the
breathing bag, breathing mask, sputum suction tube, and
50-ml syringe), and use a negative-pressure transfer bed to
transport the patients back to the isolation ward.

9. The treatment of articles, instruments, and equipment
used by patients and the environmental treatment of the
operating room and buffer room should be performed in
accordance with the regulations on the management of
medical wastes, the technical specifications for disinfection
of medical institutions, the management specifications for
hospital air purification, and the management specifications
for environmental surface cleaning and disinfection of
medical institutions.

The medical staff in the operating room should only

leave the negative-pressure operating room after taking off

their medical protective equipment in accordance with the
standard process and hand hygiene.

10.

TRAINING MANAGEMENT OF MEDICAL
PERSONNEL

Training on the Front Line
The hospital adopted the forms of live broadcast, a TV
morning meeting, WeChat enterprise number push, and so

on, to report COVID-19-related knowledge to medical staff,
students, and logistics personnel in all hospitals and to train
the personnel on how to wear protective equipment and
relieve mental stress (8). At the end of each course, an online
theoretical assessment was performed to complete the first step of
advanced training.

Offline Training After Arrival

The selection of personal protective equipment (PPE) in
place of standard and corresponding protective measures
and various treatment activities in clean areas, potential
pollution areas, and pollution areas was made clear. The
aim was that protection of medical personnel would be
implemented, but overprotection would be ended. When
nurses assist in tracheal intubation, sputum suction, tracheal
intubation extubation, fiberoptic bronchoscopy, etc., which
may generate splashes or aerosols, they should wear medical
protective masks, goggles/protective screens, and anti-seepage
isolation clothing (9). It was highlighted that the corresponding
protective equipment should be removed in accordance with
the standard process when leaving the polluted area and
potentially polluted areas, and, as far as possible, pollution
should not happen during the removal. Since the wearing
of protective equipment impacts the operation sensitivity and
flexibility of nursing staff, the wearing of three-level protective
equipment will also impact the hearing, vision, and touch
of nursing staff, resulting in poor communication between
colleagues, poor operations, and even operation failure (10,
11). Thus, situation simulation training of wearing protective
equipment should be performed in batches to lessen the
negative impact of wearing protective equipment on nurses
(Figure S1).

We outline recommendations for the PPE of the medical staff
in anesthesia surgery centers for three-level screening (Table 1).

For patients with no fever during selective operation, we
carried out level 1 protection (Figure3A): Work clothes,
disposable work caps, and disposable surgical masks were to
be worn. Latex gloves were also worn when in contact with
blood, body fluids, secretions, or excreta, and goggles or a
protective face screen were worn when carrying out tracheal
intubation, sputum aspiration, tracheal extubation, and other
possible ways to generate aerosols. For the replacement time,
disposable surgical masks were to be changed every 4h if they
were not contaminated or wet. Disposable working caps and
clothes had to be changed every 8h and replaced in time if
contaminated or wet; the goggles or protective screen had to be
replaced following each operation.

For patients with fever during selective operation, we
implemented level 2 protection (Figure3B): Work clothes,
disposable work caps, and disposable medical protective masks
(N95 type masks and above), disposable protective clothing,
disposable waterproof isolation clothes, waterproof shoe covers,
double latex gloves, and goggles or a protective face screen
were worn. In terms of replacement time, disposable medical
protective masks had to be replaced every 4 h if not contaminated
or wet. Disposable working caps and clothes had to be
replaced every 8h and were replaced in time if contaminated
or wet; following each operation, the disposable waterproof
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TABLE 1 | Recommendations for the personal protective equipment (PPE) of the medical staff in anesthesia surgery centers.

Protective level Scope of application

PPE

Replacement time

Level 1 Patients with no fever during

elective operation

Level 2 Patients with fever during

elective operation

Work clothes, disposable work caps, and disposable
surgical masks were to be worn. Latex gloves were
also worn when in contact with blood, body fluids,
secretions, or excreta, and goggles or protective face
screen were worn when carrying out tracheal
intubation, sputum aspiration, tracheal extubation, and
other possible ways to generate aerosols.

Work clothes, disposable work caps and disposable
medical protective masks (N95 type masks and
above), disposable protective clothing, disposable
waterproof isolation clothes, waterproof shoe covers,
double latex gloves, and goggles or protective face

Disposable surgical masks had to be changed every

4h if they were not contaminated or wet. Disposable
working caps and clothes had to be changed every 8h
and were to be replaced in time if contaminated or wet;
goggles or protective screens had to be replaced
following each operation.

Disposable medical protective masks had to be
replaced every 4 h if not contaminated or wet.
Disposable working caps and clothes had to be
replaced every 8 h and had to be replaced in time if
contaminated or wet; following each operation, the

screens were worn.

Level 3 Patients with suspected or
confirmed COVID-19 during

emergency surgery

Work clothes, disposable working cap and
comprehensive respirator, disposable protective
clothing, disposable waterproof isolation clothes,

disposable waterproof protective clothing, disposable
protective clothing, waterproof shoe covers, and
goggles or protective face screen were to be replaced.

All equipment had to be replaced after each operation.

waterproof shoe covers, and double latex gloves were

worn.

protective clothing, disposable protective clothing, waterproof
shoe cover, and goggles or protective face screen had to
be replaced.

For patients with suspected or confirmed COVID-19 during
emergency surgery, we carried out level 3 protection (Figure 3C):
work clothes, disposable working cap, and comprehensive
respirator, disposable protective clothing, disposable waterproof
isolation clothes, waterproof shoe covers, and double latex gloves
were worn. In terms of the replacement time, all equipment was
replaced following each operation.

SPECIAL ENVIRONMENTAL AND HUMAN
RESOURCE MANAGEMENT

Strict Environmental Management

Windows were opened to ventilate, the air conditioning was
turned off, and the air was disinfected thrice a day in the
anesthesia recovery room, the office area, and the dining
room. Office desktops, mice, keyboards, printers, walkie talkies,
computers, and other public facilities had to be wiped with
500 mg/L chlorine-containing disinfectant thrice a day. The
door handles of public toilets, changing rooms, and duty rooms
had to be disinfected every day, and toilet paper was provided
outside the door for use as an anti-pollution measure. To avoid
cluster-dining and cross-infection, the dining plan of the dining
room of the anesthesia operation center was adjusted: self-
service dining was canceled and modified to aid with taking a
box meal; the dining time was controlled to about 20 min in
batches and to a limited number of people, and no chatting was
allowed during the dining period; most of the dining chairs were
removed to ensure that the distance between each diner was
not < 1m.

Human Resource Management Under

Special Situations

We listed details on working shift durations for various
employees. Recently, research has indicated that we should
consider minimizing staff exposure to COVID-19 patients by
optimizing work shifts (12). The numbers of open operating
rooms, anesthesiologists, and anesthesia nurses who needed to
work were determined in accordance with the amount of surgery
on the next day. The working time of medical staff was around
8-10h with rest breaks. The anesthesiologists in the surgery
room were divided into three batches with three different shifts,
8:00-16:00, 9:00-17:00, and 16:00-19:00; the anesthesiologists
in PACU were split into two batches with three shifts, 7:00-
17:30 and 9:00-19:00; the nurses and transport workers were split
into four batches with four shifts: 8:00-16:00, 9:00-17:00, 10:00-
18:00, and 11:00-19:00. These schedules ensured the smooth
operation and lessened staff gathering. Cleaning personnel were
split into two batches with two shifts, 7:00-15:00 and 15:00-
23:00, for two-liner change.

ONLINE TEACHING MANAGEMENT

Our hospital is the teaching hospital of a large medical center.
Because of the impact of the epidemic situation and the delay of
the students’ school opening time, we investigated new teaching
methods and conducted live broadcasts, question answering,
and discussions of theoretical courses via various networked
teaching or conferencing platforms. To avoid the gathering
of personnel, on-site teaching was canceled and modified to
record teaching videos for the Wechat group, asking and
answering questions from the group. After 3 days of file sharing,
online tests related to the teaching content were taken to test
the learning effect and ensure the teaching quality. During
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FIGURE 3 | Personal protective equipment for medical staff at three levels.
(A) Level 1 protection: for patients with no fever during elective operation.

(B) Level 2 protection: for patients with fever during elective operation (wear
disposable medical latex gloves with an outer layer). (C) Level 3 protection: for
patients with suspected or confirmed COVID-19 during emergency surgery
(wear disposable medical latex gloves with an outer layer).

the COVID-19 epidemic, we should strengthen the training
of interns on the knowledge and skills related to epidemic
prevention and control and pay special attention to training on
the awareness, skills, and psychological adjustment of prevention
and control. During the outbreak of COVID-19, interns did not
carry out invasive operations so as to lessen the possibility of
occupational exposure.

DISCUSSION

Under the COVID-19 pandemic, the ways to ensure the gradual
recovery of anesthesia nursing unit and avoid cross-infection
of the anesthesia nursing unit in a West China hospital can be
outlined according to six aspects.

1. Hospital and operating room channel management: The
hospital and the nursing department should adopt a
reasonable layout of the medical space, optimize the treatment
process and patient transfer process, implement “three-
channel management,” and build a physical barrier.

2. Three-level screening management of patients and
medical staff: Patients and medical staff should perform
epidemiological history screening and be under the control
of three-level screening management to implement multiple
filtering and cut off the source of infection.

3. Classification management of patients undergoing anesthesia
and recovery: Ordinary patients and suspected/confirmed
patients with COVID-19 should be managed in accordance
with anesthesia and operation classification and precautions
to ensure the safety of patients and staff.

4. Training management of medical personnel: Training should
be given to medical staff on COVID-19 prevention and
control to improve personal protection ability, particularly
covering medical staff nursing behavior, selection of
protective equipment, and specification of the wearing
and taking off process based on “three-level protection” under
different situations.

5. Special environmental and human resource management: The
strict management of the environment of the department
should be strengthened, aggregation lessened, and the supply
of ppe ensured; flexible human resource management can
ensure the smooth completion of daily work while reducing
the number of medical staff and exposure as much as possible;

6. Online teaching management: On-site teaching should be
replaced with online teaching to ensure the safety of students
and to complete the teaching plan.

Some other groups have also shared their clinical experiences
of managing patients under COVID-19. Sorbello et al. (13)
described key elements of clinical management in Italy, including
safe oxygen therapy, airway management, PPE, and non-
technical aspects of caring for patients diagnosed with COVID
2019. In these settings, there are specific factors that must be
highlighted: oxygen administration and non-invasive ventilation
of spontaneously ventilating patients; airway management of
patients requiring tracheal intubation; clinical management
with PPE; and human factors. Dexter et al. (14) suggested
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an evidence-based approach for the optimization of infection
control and operating room management to defend perioperative
COVID-19. The approach included improved hand hygiene,
environmental cleaning via surface disinfectants and ultraviolet
light, improved vascular care, patient decolonization, and
surveillance optimization, which was in part consistent with
our strategies. Recently research indicated that a combination
of effective patient testing strategies, intelligent work planning,
and thoughtful resource management could optimize treatment
capacity, limit healthcare worker exposure, limit unnecessary use
of PPE, and ensure high-quality patient care while avoiding staff
overexertion (12, 15).

Through the implementation of the previously mentioned
epidemic prevention and control strategies, anesthesia nursing
work in our department is performed in an orderly and safe
manner. Theoretical teaching is arranged according to the
plan, but online teaching and discussion are more popular
with students. These epidemic prevention and control strategies
are based on Chinas national conditions, local epidemic
situation, and hospital conditions, so anesthesia nursing
colleagues can select from them in accordance with their own
specific conditions.
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Geographic and Genomic
Distribution of SARS-CoV-2
Mutations

Daniele Mercatelli’ and Federico M. Giorgi**

Department of Pharmacy and Biotechnology, University of Bologna, Bologna, Italy

The novel respiratory disease COVID-19 has reached the status of worldwide pandemic
and large efforts are currently being undertaken in molecularly characterizing the virus
causing it, SARS-CoV-2. The genomic variability of SARS-CoV-2 specimens scattered
across the globe can underly geographically specific etiological effects. In the present
study, we gather the 48,635 SARS-CoV-2 complete genomes currently available thanks
to the collection endeavor of the GISAID consortium and thousands of contributing
laboratories. We analyzed and annotated all SARS-CoV-2 mutations compared with
the reference Wuhan genome NC_045512.2, observing an average of 7.23 mutations
per sample. Our analysis shows the prevalence of single nucleotide transitions as the
major mutational type across the world. There exist at least three clades characterized
by geographic and genomic specificity. In particular, clade G, prevalent in Europe, carries
a D614G mutation in the Spike protein, which is responsible for the initial interaction of
the virus with the host human cell. Our analysis may facilitate custom-designed antiviral
strategies based on the molecular specificities of SARS-CoV-2 in different patients and
geographical locations.

Keywords: SARS-CoV-2, genome evolution, COVID-19, genomics, coronavirus

INTRODUCTION

Initially reported in mid-December 2019 in the Chinese city of Wuhan, the newly emerged severe
acute respiratory syndrome virus (SARS-CoV-2) is a single-stranded RNA beta-coronavirus with a
compact 29,903 nucleotides-long genome. This virus causes a serious disease known as Coronavirus
Disease 2019 (COVID-19), which has spread in over 210 countries in <4 months, counting more
than 10 million confirmed cases and almost 500,000 deaths reported worldwide as of June 28,
2020 (source: World Health Organization). A difference in case fatality rates across countries was
observed, possibly due to a diverse demographic composition and the type of measures that have
been taken in different countries to limit viral spreading (Dowd et al., 2020). According to data
from the public database of the Global Initiative on Sharing All Influenza Data (GISAID), three
major clades of SARS-CoV-2 can be identified (Forster et al., 2020), that have been subsequently
named as clade G (variant of the spike protein S-D614G), clade V (variant of the ORF3a coding
protein NS3-G251), and clade S (variant ORF8-L84S). However, as more complete sequences
become available, the need to define specific geographic distributions of virus variants becomes
of practical importance to define clinical and political strategies at the local level. Despite several
reports having confirmed a relatively low variability of SARS-CoV-2 genomes (Ceraolo and Giorgi,
2020; Lu et al., 2020), it is still unclear if different fatality rates or speed of transmission observed
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in different countries may be the consequence of clades
differences in virulence, as discussed by a recent commentary
comparing different strains in the USA (Brufsky, 2020). It
is therefore possible that more insights into the pathogenesis
and virulence of this virus may come from comparative
genomic analysis linked to epidemiologic data coming from
different countries.

Genetic variance analyses must now play a crucial role in
expanding knowledge on this new virus to adopt measures to
contain its outbreak. Complete viral genome sequences have been
made rapidly publicly available to the research community and
have recently surpassed the 48,000 units, thanks to the worldwide
effort of scientists and to the GISAID consortium. This data
avalanche will result in an unprecedently rapid effort to analyze
data to understand genome diversity (Andersen et al., 2020; Shen
etal., 2020), to hypothesize suitable targets for drug repositioning
(Wu et al., 2020; Zhou et al., 2020) and to develop prevention
strategies (Zhao and Chen, 2020). In the present study, we
performed the largest comparative study so far by analyzing
more than 48,000 complete SARS-CoV-2 genomes. We report
all mutations and stratify them genomically and geographically,
also highlighting insurgence of sub-clades and genomic highly
variable spots. These finding may be extremely useful to design
and think about the efficacy of measures that have been taken on
a regional basis to limit SARS-CoV-2 spreading.

METHODS

Forty-eight thousand six hundred thirty-five SARS-CoV-2
genomic sequences were downloaded from GISAID (Shu and
McCauley, 2017) on June 26, 2020 (Supplementary File 1).
Only viruses affecting human hosts were selected, removing
low-quality sequences (>5% NNNs) and using only full-length
sequences (>29,000 nt). Forty-eight thousand six hundred
twenty-four sequences were associated to a geographic region,
specifically: 514 from Africa, 3,340 from Asia, 31,818 from
Europe, 10,250 from North America, 2,127 from Oceania and 575
from South America. Eleven sequences were not associated to any
continent. We provide as Supplementary File 2 a full geographic
description of each sample used in the study.

The reference NC_045512.2 SARS-CoV-2 Wuhan genome
(Coronaviridae Study Group of the International Committee
on Taxonomy of Viruses, 2020), 29,903 nucleotides long, was
obtained from NCBI GenBank. A GFF3 annotation associated
to the refence, showing genomic coordinates for all protein
sequences of SARS-CoV-2, is provided as Supplementary File 3.
The large ORF1 polyprotein was split into its constituent
Non-structural proteins (NSPs). The NSP12, encoding for the
viral RNA-dependent RNA polymerase, was considered in the
annotation as two regions, NSP12a and NSP12b, corresponding
to the regions before and after a ribosomal frameshift, occurring

Abbreviations: AA, amino acid; COVID-19, Coronavirus Disease 2019; GISAID,
Global Initiative on Sharing All Influenza Data; Indel, insertion/deletion event;
NSP, non-structural protein; ORE open reading frame; S, SARS-CoV-2 spike
protein; SARS-CoV-2, Severe Acute Respiratory Syndrome, Coronavirus 2; SNP,
single nucleotide polymorphism.

as nucleotide 13,468 is translated as both the last nucleotide of a
codon and the first of the next codon.

NUCMER version 3.1 (Delcher, 2002) was used to align all
48,635 genome sequences over the NC_045512.2 reference. The
output of the alignment was converted to an annotated list of all
mutational events using an internally developed R SARS-CoV-2
annotation algorithm provided as Supplementary File 4.

SARS-CoV-2 5'UTR RNA secondary structure has been
predicted by free energy minimization together with equilibrium
partition function and base pair binding probabilities algorithm
from the RNAfold WebServer using default settings (Gruber
et al., 2008).

RESULTS

Our analysis of 48,635 SARS-CoV-2 highlights a total of
353,341 mutation events compared to the NC_045512.2 Wuhan
reference genome. Our results, event by event, are available as
Supplementary File 5. While 256 samples, mostly originating
from Asia, did not have any difference from the reference,
48,379 samples possessed at least one mutation. The number
of mutations is relatively low, with mode per sample equaling
6, an average of 7.23, and very few samples having more than
15 events (Figure 1A). Overall, no continent differs significantly
from the average mutation rate (Figure 1B), but there is a
significant difference (one-way ANOVA p = 9.55 x 1072%) in
the average number of mutations per sample between countries.
Specifically, amongst the top 40 nations with the highest number
of sequenced full viral genomes (Figure 1C), these countries have
a slightly but significant higher number of observed mutations
per sample, when compared to the world’s average: India: (8.40),
Congo (8.30), Bangladesh (9.83), and Kazakhstan (9.47). On
the other hand, the sequences from the following countries
show a significantly lower mutational burden: Germany (6.09),
Japan (4.55), Italy (5.92), Greece (5.91), Hong Kong (5.00), and
Kenya (5.38). One must bear in mind that some sampling biases
may affect this comparison: for example, some countries have
generated the highest number of sequences in the early phases of
the pandemic, and may have therefore observed fewer mutations
(for example, Italy has not shared any sequence in the months
of May and June 2020, the last two considered in our analysis).
On the other hand, one would expect China to have a lower
number of mutations, being the likely point of origin of SARS-
CoV-2 (Ceraolo and Giorgi, 2020), and indeed the distribution
of mutations per sample seems to suggest that (Figure 1C);
however, a small number of sequences carrying a very high
number (>50) of mutations are associated to China, shifting
the distribution for this country. Upon manual inspection, these
sequences do not appear to share similarities between each other,
and are likely the product of technical sequencing errors.

We analyzed the nature of each mutation, highlighting
a massive prevalence of single-nucleotide polymorphisms
(SNPs) over short insertion/deletion events (indels) worldwide
(Supplementary File 6) and in every continent (Figure 2A).
Worldwide, we observed 205,482 amino acid(aa)-changing SNP
events (58.2% of the total), with fewer than half silent SNPs falling
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FIGURE 1 | (A) Distribution of number of mutational events for all SARS-CoV-2 genome samples analyzed. (B) Distributions of number of mutations for each sample,
stratified per continent. The main boxplot rectangles are drawn between the 1st and 3rd quartile, with the median value indicated as a thick line. Boxplot whiskers fall
on the closest point to the 1st/3rd quartile + 1.5 interquartile range as described in the R boxplot() function. The number in brackets after the continent name
indicates the number of sequenced genomes. The horizontal red line indicates the average number of mutations per sample, worldwide. (C) As in (B), with
stratification performed country-wise, using the 40 countries with the highest number of sequenced genomes. The boxplot color indicates the country has a mutation
rate higher (red) or lower (blue) than the world’s average (Kolmogorov-Smirnov test p < 2.2 x 1076 and absolute difference of averages between country and world
higher than one).
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FIGURE 2 | (A) Distribution of SARS-CoV-2 mutation classes in continents. “SNP,” “deletion,” and “insertion” terms without further specifications are intended as
frameshift-preserving aa-changing events. (B) Continent-stratified distribution of SARS-CoV-2 mutation types. Colors are assigned randomly but preserved across
panels to facilitate tracking of identical types across continents. Listed nucleotide changes represent those found in the positive-sense viral RNA. We indicate the
thymine T letter for consistency with the NCBI reference sequence NC_045512.2, but the actual viral sequence will be factually represented by a U (uracil) as the RNA
counterpart for thymine. Dots (’-’) on the x-axis mutation type names indicate nucleotide deletion.

in coding regions (27.6%, with 97,573 events). There are 44,345  deletions are the most common indel event in the SARS-
events in intergenic regions (12.6%), prevalently the 5UTR and ~ CoV-2 population (0.8%), followed by in-frame deletions (3x
3'UTR of the SARS-CoV-2 RNA sequence. Short frameshift  deletions reducing the viral protein length without introducing
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stop codons), which account for 0.6% of all observed mutational
events. SNPs generating a stop codon are also very rare (496
observed events, 0.1% of the total). Insertions are an extremely
rare event, accounting for <0.1% of all SARS-CoV-2 mutations
detected so far. Similar profiles and relative percentages are
observed in all continents, suggesting a conserved molecular
basis for SARS-CoV-2 evolution (Figure 2A).

We then classified the SARS-CoV-2 mutations according to
their type, observing a prevalence of SNP transitions (purine-
>purine and pyrimidine->pyrimidine) over SNP transversions
(purine->pyrimidine and vice versa), an observation that
matches what was observed for SARS-CoV (Hu et al., 2003).
The most common event, both worldwide and continent-wise,
is by far the C>T transition, accounting for 55.1% of all observed
worldwide viral mutations (Figure 2B, Supplementary File 6).
The A>G transition is the second most common event
worldwide (14.8%) and in Africa, Europe, and the Americas. The
most common transversion, G>T, is the third most common
event worldwide, with 42,408 occurrences (12.0%), but it is the
second most common event in Asia and Oceania. The most
common indel, the deletion of the ATG codon, is the 12th most
common event worldwide, with a total of 1,298 occurrences,
but it rises to the 9th most frequent in European genomes
(Figure 2B). A peculiar multi-nucleotide event, the substitution
of a GGG triplet with AAC, was also observed as the 5th
most common event worldwide (4.0%, Supplementary File 6).
As we will discuss later, this mutation type is mostly associated
to a specific event affecting the Nucleocapsid locus, which
characterizes the clade GR in the viral phylogenetic tree. It
must be noted here that our choice of the “I” base notation,
corresponding to thymine, was made for compatibility reasons
with the NCBI NC_045512.2 reference genome notation, while
the actual RNA base in the SARS-CoV-2 genome is a “U” (Uracil).

We went into higher detail and analyzed the effects of
each mutation on the protein sequences of SARS-CoV-2.
Again, the profiles appear quite similar across continents. The
most prevalent mutation in sequenced genomes worldwide is
a transversion affecting the 23,403rd nucleotide adenosine
(Supplementary File 6), transformed into a guanosine
(A23403G), defining the so-called G-clade of SARS-CoV-2
genomes, prevalent in Europe (where overall the highest
sequencing effort has been undertaken, and therefore the
highest number of samples), Oceania, South America, and
Africa (Figure 3A). This mutation causes a D614G (aspartate
to glycine in protein position 614) aa-change of the Spike (S)
protein, which is responsible for the initial entry of the virus
in the cell via the ACE2 human receptor (Guzzi et al., 2020).
However, this mutation is outside the observed Spike/ACE2
binding domain, roughly located between amino acids 330 and
530 (Wang et al., 2020). Three mutations show similar frequency
with A23403G: C14408T, C241T, and C3037T (Figure 3A).
As we will show later, these four mutations are almost always
co-occurring in the same genomes, defining the major clade
G observed in the viral population. In Asia, while the most
common mutation was G11083T for samples sequenced between
December 2019 and March 2020, recent sequencing efforts

have highlighted a current profile similar to those of the other
continents (Figure 3A).

The effect of the majority of SARS-CoV-2 nucleotide
mutations is reflected in protein changes. We show, in Figure 3B,
the most common mutations, in protein annotation, in the
six continents, while in Table1l we highlight the effect of
the 20 most common mutations worldwide, in nucleotide and
protein coordinates. The most common set of events is a
quadruplet of mutations, corresponding to the G clade nucleotide
mutations described before. Apart from the aforementioned
D614G mutation observed in the Spike protein, the second most
common amino acid changing mutation is P314L, affecting the
Non-structural Protein 12 (NSP12), the viral RNA-dependent
RNA polymerase. The other two mutations in the top four do not
affect the protein sequence, as they are silent mutations targeting
the 106th codon of NSP3 (a viral predicted phosphoesterase) and
the 5'UTR in position 241.

Other common mutations affecting protein sequence are
N:RG203KR (in the Nucleocapsid protein N), induced by a tri-
nucleotide mutation and determining a 2-amino acid change and
mutations affecting the less characterized ORF3a, ORF8, NSP2,
NSP6, and NSP13 proteins (Table 1). The G15S mutation in the
viral protease NSP5 is the 16th most common event worldwide,
with 1,798 samples affected (3.7%), however it seems to be too
peripheric, in the protein sequence, to influence catalytic activity,
and folding (Zhang et al., 2020).

We proceeded then to analyze the distribution of mutation
groups rather than individual events, in order to observe
their phylogenetic groups and geographical and temporal
distributions. Our observation on co-occurring mutations
(Figure 4) matches the current phylogenetic classification
defined by the GISAID consortium (Table 2). Specifically, the
four mutations C241T, C3037T, C14408T, and A23403G are
observed in all samples from the clade “G” (named after the
Spike D614G mutation) and its two derivative GH (further
characterized by the ORF3a:Q57H mutation) and GR (affected
by the trinucleotide mutation in the Nucleocapsid gene, inducing
a RG203KR mutation).

Other two major clades are called “S” named after the
mutation in ORF8 184S (Ceraolo and Giorgi, 2020), also
characterized by a silent C8782T genomic mutation, and
“Vy from the ORF3a:G251V mutation, almost always co-
occurring with the NSP6:L37F event, and identified by early
phylogenetic studies (Forster et al., 2020). The original lineage
“L, corresponding to the reference genome NC_045512.2, is
populated in our study by all genomes carrying reference alleles
for all loci defined in clades G, GH, GR, S, and V (Table 2).
Finally, a general group for other sequences not matching any
of these criteria (e.g., other alleles or combinations) is defined
here as “O” clade. Clustering all genomes clearly highlights the
five major phylogenetic groups G, GH, GR, S, and V and their
characterizing mutations (Figure4), as well as more nascent
clades (e.g., in the GH clade, further split by a novel mutation
in the NSP2 locus, C1059T), and a general distribution of non-
recurring mutations for the majority of sequences. There are,
however, a few hundreds of highly “clean” sequences (e.g., for
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FIGURE 3 | (A) Continent-stratified distribution of SARS-CoV-2 most frequent specific events, annotated as nucleotide coordinates over the reference genome

gned randomly but preserved across panels to facilitate tracking of identical types across continents. (B) Continent-stratified distribution

of SARS-CoV-2 most frequent specific events, annotated protein changes using the format protein:mutation. Colors are assigned randomly but preserved across

panels to facilitate tracking of identical types across continents.

NC_045512.2. Colors are assi

«

in the Americas (Figure4). The “L” reference clade is mostly

clade GR), characterized by the exclusive presence of the clade-

characterizing mutations.

represented by sequences from Asia, where the virus likely

originated (Andersen et al., 2020). In Table 2, we also report,
for reference and completeness, the corresponding nomenclature

Generally, the G and GR clades are prevalently present in
Europe, while the clade S and GH have been mostly observed
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TABLE 1 | The 20 most frequent mutation events observed in sequenced SARS-CoV-2 genomes.

Genomic Effect on Nr of Class Genomic region

coordinate protein/UTR samples

A23403G S:D614G 36,500 aa-changing SNP Spike protein

C14408T NSP12b:P314L 36,444 aa-changing SNP Non-structural protein 12, post-ribosomal
frameshift (RNA-dependent RNA polymerase)

C3037T NSP3:F106F 36,384 silent SNP Non-structural protein 3 (predicted
phosphoesterase)

C241T 5'UTR:241 36,007 5'UTR SNP 5 UnTranslated Region

GGG288381AAC N:RG203KR 14,095 aa-changing SNP Nucleocapsid protein

triplet

G25563T ORF3a:Q57H 10,929 aa-changing SNP ORF3a protein

C1059T NSP2:T85I 8,451 aa-changing SNP Non-structural protein 2

G11083T NSP6:L37F 5,507 aa-changing SNP Non-structural protein 6 (transmembrane
protein)

C14805T NSP12b:Y446Y 4,505 silent SNP Non-structural protein 12, post-ribosomal
frameshift (RNA-dependent RNA polymerase)

T28144C ORF8:L84S 3,804 aa-changing SNP ORF8 protein

G26144T ORF3a:G251V 3,792 aa-changing SNP ORF3a protein

Cc8782T NSP4:S76S 3,743 silent SNP Non-structural protein 4

A20268G NSP15:L216L 2,479 silent SNP Non-structural protein 15 (endoRNAse)

C18060T NSP14:L7L 1,813 silent SNP Non-structural protein 14 (3'-5" exonuclease)

C23731T S:T723T 1,799 silent SNP Spike protein

G10097A NSP5:G15S 1798 aa-changing SNP Non-structural protein 5 (protease)

A17858G NSP13:Y541C 1,780 aa-changing SNP Non-structural protein 13

C17747T NSP13:P504L 1,736 aa-changing SNP Non-structural protein 13

C2558T NSP2:P585S 1,701 aa-changing SNP Non-structural protein 2

A2480G NSP2:1559V 1,615 aa-changing SNP Non-structural protein 2

The acronym “aa” stands for “amino acid”.

used by the PANGOLIN phylogenetic classification (Rambaut
et al., 2020).

Currently, the G clade and its offspring, GH and GR, are
the most common clades amongst the sequenced SARS-CoV-
2 genomes, globally accounting for 74% of all world sequences
(Figure 5A). Specifically, the GR clade, carrying the combination
of Spike D614G and Nucleocapsid RG203KR mutations, is
currently the most common representative of the SARS-CoV-2
population worldwide. The original viral strain, represented by
clade L, still accounts for 7% of the sequenced genomes, and
the other derived clades S and V have similar frequencies in the
global dataset.

At the beginning of the COVID-19 pandemic (December
2019) the most commonly retrieved genome was the reference
one (clade L), but the first mutated virus appeared in sequence
databases at the beginning of 2020 (clade S) alongside other,
less clearly defined, sequences (generic clade O). The clade V
(mutated in NSP6 and ORF3a) appeared around mid-January
2020, around the same time as the original clade G (Figure 5B).
The first detection of subclades GH and GR can be placed more
than a month later, at the end of February 2020. Sequencing
efforts, mostly located in North America and Europe, have
demonstrated an ever-increasing frequency of G, GH, and GR
genomes, which have gradually become the most represented
sequences in the GISAID database (Figure 5B).

Our  analysis  highlights  pivotal  differences in
clade  distribution over time between  continents
(Supplementary File 7, Figure 5C). Currently, the vastly
prevalent genome in North America is GH (mutations in Spike
D614G and ORF3a Q57H), accounting for more than 50%
sequences submitted. In Europe and South America, the most
frequent clades are GR, while in Oceania there seems to be the
most balanced co-existence of all observed clades. Africa shows a
prevalence of clade G. It is interesting to note that Asia, initially
characterized by reference sequences, is currently observing a
rise in G, GH, and GR genomes, which gained ground in the
continent at the beginning of March 2020, more than 1 month
after the appearance of these clades in Europe (Figure 5C).

We provide, as Supplementary File 8, also a country-wise
analysis of the 32 countries with most SARS-CoV-2 full genome
sequences available. As a general observation, countries tend
to follow the general trend of their continent, with a few
notable exceptions. China, for example, has produced almost
no sequences belonging to clades G and derivatives. Moreover,
some European countries have a prevalence of GH genomes
(Denmark, France), while others show higher numbers of GR
(United Kingdom, Portugal). The currently predominant clade in
the United States of America is GH, like Israel and Saudi Arabia,
while the most common genomes in Russia and Brazil belong to
clade GR.
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TABLE 2 | Current definition of characterizing mutations of SARS-CoV-2

phylogenetic categorization systems (GISAID clades and PANGOLIN lineages).

GISAID PANGOLIN Nucleotide Corresponding
clade lineage features effects on protein
sequence
G B.1 C241T 5'UTR
C3037T NSP3:F106F
C14408T NSP12b:P314L
A23403G S:D614G
GH B.1.* C241T 5'UTR
C3037T NSP3:F106F
C14408T NSP12b:P314L
A23403G S:D614G
G25563T ORF3a:Q57H
GR B.1.1 C241T 5'UTR
C3037T NSP3:F106F
C14408T NSP12b:P314L
A23403G S:D614G
GGG28881AAC N:RG203KR
S A c8782T NSP4:S76S
T28144C ORF8:L.84S
V B.2 G11083T NSP6:L37F
G26144T ORF3a:G251V
L Reference in
all nts defining
clades G, GH,
GR, S, and V
O Others

Generally speaking, we observe an increase over time in
G clade genomes, and its derivatives GH and GR, paired by
a gradual disappearance of clades L and V. Clade S, while
declining, seems to be still accounting for a significant minority
of sequenced genomes, especially in the United States of America
and Spain.

As a final part of our analysis, we analyzed the effects
of mutations in the 26 SARS-CoV-2 proteins, producing a
map of all the most frequent observed aa-changing mutations
(Supplementary File 9). All proteins are affected by at least
one recurring (>75 observations), even if rarer, non-silent
mutation. In general, mutations seem to be distributed uniformly
across the viral genome, with the obvious exception of
highly frequent clade-defining mutations. We analyzed in
detail the four structural proteins S (Spike), E (Envelope),
M (Membrane), and N (Nucleocapsid) in Figure 6A. The
Spike protein, apart from the discussed D614G mutation,
has no other event present in more than 1% of the viral
population; amongst the top 5, a N439K variant located in
the Spike/ACE2 interaction domain is observed in 0.7% of
the viruses. The Envelope protein appears to be the most
conserved, with the most frequent mutations present in the
C-terminus and never present in more than 0.2% of the
population. More than 1% of sequenced viruses show a
T175M mutation in the Membrane protein. The Nucleocapsid
protein, apart from the clade GR-defining RG203KR mutation,
has several non-silent mutations above the threshold of 1%

frequency in the population, specifically P13L, D103Y, S194L, and
S197L (Figure 6A).

We also analyzed the C241T mutation, located in the SARS-
CoV-2 5'UTR. While not inducing a change in protein sequence,
we postulated that this event may have effects in the secondary
RNA structure, therefore influencing the rate of RNA replication
and therefore the speed of the viral infection cycle (Kim
et al., 2020). Our prediction, based on the Vienna RNA suite
(Figure 6B) shows no significant difference in the secondary
structure of the wild-type (WT) genome and the C241T variant,
since this nucleotide is not participating in any hydrogen bond
with other nucleotides.

DISCUSSION

Our analysis, based on 48,635 samples, confirms a low mutation
rate of the virus, with an average of 7.23 mutations per sample
with respect to the reference SARS-CoV-2 genome sequences.
One caveat of our estimate is that it is based on assembled
genomes, not on raw Illumina, Oxford Nanopore, or Sanger
sequencing data. This made it impossible to analyze e.g., the
presence of viral subpopulations within the same patient and
to evaluate the complex evolutionary events within the SARS-
CoV-2 quasispecies (Knyazev et al, 2020). It is therefore
likely that the actual mutation rate of SARS-CoV-2 is higher
than 7.23, which is calculated from reported sequences of the
sole dominant population. This is further sustained by the
recent evidence of intense RNA editing in the SARS-CoV-2
genome, fueled by the human host cell APOBEC mechanism
(Milewska et al., 2018; Di Giorgio et al., 2020), which can also
explain the prevalence of transitions as the prevalently observed
mutational events.

While few, the existing detected mutations allow to group
the samples into five distinct clades, G, GH, GR, S, and V,
characterized by a collection of specific mutations. The clades can
be further characterized by most recent mutations and will likely
be split even further in the future.

The aa-changing SNPs are the most prevalent mutational
events, followed by silent SNPs and extragenic (mostly 5'UTR)
SNPs. The silent events may not determine an immediate effect
on the protein sequences, but they have repercussions as they
may change the codon usage and translation efficiency. In the
case of the 5'UTR SNPs, mutations may affect the transcription
and replication rates of the virus, or the folding of the genomic
ssRNA, processes that have been only recently and only partially
elucidated (Kim et al., 2020).

The early studies currently performed on SARS-CoV-2
transcriptome dynamics may also suggest mechanisms for
mutation onset, which our study shows being prevalently single-
nucleotide transitions. This phenomenon can be associated to
defective efficiency of the viral RNA-depedent RNA polymerase
or, as recently suggested, by mechanisms of RNA editing
triggered by the host cell as a defense mechanism (Di Giorgio
et al.,, 2020). Whatever the origin, SARS-CoV-2 tends to retain
its genomic integrity across propagation, with almost no reported
large indels across sequenced genomes (the largest reported being
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FIGURE 6 | (A) Occurrence of mutations in the four SARS-CoV-2 structural proteins S (Spike), E (Envelope), M (Membrane), and N (Nucleocapsid). On the x-axis, the
amino acid coordinate of the mutation. On the y-axis, the Log10 of the number of samples where the mutations have been observed, worldwide. The horizontal
dashed line indicates the maximum (Log10 of all the 48,635 samples). In blue, silent mutations, and in red, mutations affecting the protein sequence. The frequency (in
percentage) of the top 5 aa-changing mutations is also indicated. (B) Dot-bracket notation of minimum free energy prediction of the secondary structure of
SARS-CoV-2 5'UTR (nt 1-265), WT (left) and C241T variant (right). Base reliability is expressed as positional entropy and colored accordingly.
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a unique 80-nucleotide deletion in ORF7a, in Arizona sample
EPI_ISL_424669 - Supplementary File 5).

Further studies combining genomic details with
epidemiological information and clinical features of COVID-19
patients may be extremely useful to identify strategies and
therapies that can help to reduce the burden of this disease.
There is currently little evidence on the clinical and molecular
differences between the circulating clades of SARS-CoV-2;
for example, one study has shown that the D614G mutation
in the Spike protein may be associated to higher case fatality
rates (Becerra-Flores and Cardozo, 2020). However, as this
coronavirus continues to evolve, surely new features will emerge
or mutate alongside the genomic sequences, with clinical and
pharmacological repercussions.

The emergence of new mutations may force the development
of new antiviral therapies, as well as the adaptation of current
ones to tackle the new molecular structures of the virus. For
example, the development of protein-based and RNA-based
vaccines based on the SARS-CoV-2 Spike region (Amanat and
Krammer, 2020) will have to take into account the observed
diversity of the Spike protein. The prevalent Spike D614G
mutation does not seem to affect the interaction domain with
ACE2 (Wang et al., 2020), responsible for the viral entry into
epithelial cells (Guzzi et al., 2020), but other mutations are
currently located in that domain, such as N439K, present in 0.7%
of the sequenced SARS-CoV-2 genomes. Our analysis in Figure 4
shows that new mutations and clades are emerging beyond the
current clade categorization and will likely expand if they confer
an evolutionary advantage to SARS-CoV-2.

Constant monitoring of mutations will also be pivotal in
tracking the movement of the virus between individuals and
across geographical areas. For example, our descriptive analysis
of clade prevalence over time (Figure 5) shows the birth of the
original L clade in Asia (China) in December 2019, followed
by the appearance of the G clade in Europe in January 2020.
G and G-derived clades have then reached North America and
Asia in March 2020 and are currently the fastest growing viral
subpopulation worldwide. Tracking viral evolution must benefit
however from constant monitoring of the SARS-CoV-2 genomic
sequences, with ad-hoc epidemiological and genomic online
resources that go beyond the scope of this publication (Hufsky
etal., 2020; Mercatelli et al., 2020). One of such tools is NextStrain
(Hadfield et al., 2018), which also allows for scalable phylogenetic
analyses and real time tracking of specific mutations.
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When the 2019 novel coronavirus disease (COVID-19) was rapidly spreading in China in
early 2020, China’s National Health Commission quickly responded to the psychological
crisis by issuing guidelines for establishing mental health intervention systems, including
providing psychological assistance hotlines. However, recent critiques have emphasized
China’s lack of pre-established mental health interventions which resulted in an inefficient
response. This is the first empirical study to systematically examine mental health service
use in China during the COVID-19 outbreak. The current study focused on the use
of mental health hotlines in a Northern Chinese region. This region originally had a
regional level hotline. During the outbreak, 12 out of its 16 sub-regional juridical areas
started providing their own hotlines. Data regarding the regional level hotline and the
12 sub-regional level hotlines were obtained, including daily number of calls received,
strategies for disseminating hotline services, and callers’ expressed concerns. Confirmed
COVID-19 cases in China, in the region, and in each of the sub-regional juridical area
were also recorded daily during China’s peak period of COVID-19. Analyses of these
data revealed that the mental health hotlines tended to have low usage overall. Hotlines
that merely provided their numbers to community centers and quarantine centers tended
to receive few calls. Hotlines that encouraged individuals to advertise the service on
personal social media accounts tended to receive more calls. The daily number of
confirmed COVID-19 cases in the country was closely related the number of phone
calls received at the regional hotline. Sub-regional hotline operators reported that a
significant proportion of callers had concerns about contracting COVID-19, negative
emotions from prolonged social isolation, and family conflicts while stay-at-home policies
were implemented. It was also observed that the sub-regional level hotlines did not
start until COVID-19 cases in the country started to decline. Overall, the psychological
assistance hotlines provided during COVID-19 satisfied some mental health needs.
However, consistent with recent commentaries, the hotline services were not established
during the time that demand likely peaked. Future studies are warranted to determine
the best strategies to improve the accessibility of mental health hotline services.

Keywords: COVID-19, mental health, dissemination, hotline, service utilization
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INTRODUCTION

In 2019, China was the first country to be affected by the
novel coronavirus disease (COVID-19), which would eventually
become a worldwide pandemic. The initial COVID-19 outbreak
occurred in the city of Wuhan, located in Central China, in
December 2019. In January 2020, the number of confirmed
cases and deaths due to COVID-19 rapidly increased in China.
There were then significant concerns regarding the impact of
COVID-19 on the mental health of the Chinese public (e.g.,
Dong and Bouey, 2020; Liu et al., 2020). Several studies have
since reported emotional distress and symptoms of anxiety and
depression experienced by people in China (Wang et al., 2020;
Xiang et al,, 2020; Zhou, 2020). A national study of 52,730
Chinese individuals revealed that 35% experienced psychological
distress during the COVID-19 pandemic (Qiu et al., 2020). Soon
after COVID-19 started to rapidly spread in China, on January
27th, 2020, The National Health Commission of the People’s
Republic of China (NHCC) issued guidelines for responding
to the psychological crisis and distress created by the disease
(National Health Commission of China, 2020c¢).

However, recent commentaries suggested that the country’s
organization and management models for psychological
interventions still had much to improve (e.g., Dong and Bouey,
2020; Duan and Zhu, 2020; Xiang et al., 2020). Commentaries
indicated that the guidelines issued by the NHCC were overly
general, providing no specification about how different resources
should be delivered to which group of individuals (Dong
and Bouey, 2020). Additionally, the practical implementation
of mental health services was challenged by unestablished
intervention systems and the inadequacy of authoritative mental
health organizations (Duan and Zhu, 2020). China lacked a
pre-existing and well-established organization and management
models for mental health interventions. Therefore, it was
relatively difficult for China to efficiently respond to the sudden
need for psychological services brought by the COVID-19 crisis.
The commentaries provided general directions for establishing
and improving mental health response systems in China. For
instance, Dong and Bouey (2020) emphasized the importance
of proactively establishing community resources, planning for
psychological interventions, and implementing preventative
strategies before the occurrence of emergency events.

Despite these general recommendations, no empirical studies
have systematically examined any type of mental health service
in any area of China during the COVID-19 outbreak. Therefore,
there are neither specific points of intervention nor steps
toward resolution available for Chinese mental health service
providers. Chinese mental health service providers are then
unable to consider, establish, or improve the system, particularly
in the context of crisis response. The service providers are left
with the same issue they had faced while responding to the
psychological crisis associated with the COVID-19 pandemic,
namely, not having specific guidance for a potential next step
of implementation.

Psychological assistance hotlines can quickly connect a person
in need with a provider. Their implementation formed an

important part of the mental health strategy in China during
COVID-19 (National Health Commission of China, 2020a,b).
The first mental health intervention guidelines issued by the
NHCC on January 27th specified that interventions, including
psychological assistance hotlines, should be organized at each
juridical level (National Health Commission of China, 2020c).
On February 2nd, 2020, the NHCC issued a notice for the
provinces of China to establish the psychological assistance
hotlines (National Health Commission of China, 2020b). The
particular guidelines for the establishment followed soon on
February 7th, 2020 (National Health Commission of China,
2020a).

Psychological Assistance Hotlines in China
The first psychological assistance hotlines were established in
China in the late 1980s (Zhang et al., 1995) (Zhang et al., 1 when
it became increasingly common for families to own telephones
(e.g.,0.4% of families in Shanghai owned telephones in 1984
compared to 30.3% in 1994; Ji, 1995). The Shanghai Mental
Health Hotline (Shanghai is an Eastern-Central Chinese area,
within Southern China) was one of the first general psychological
assistance hotlines in China. From 1990 to 1992, it received
14,667 calls from all over the country (Ji, 1995). Of these calls,
8,214 had complete records available. An analysis of these records
revealed that the majority of calls were concerning intimate or
family relationships (Ji, 1995). A significant proportion (12.4%)
of the 8,214 calls sought assistance about emotional issues such
as depression and anxiety (Ji, 1995). Over the next years, this
hotline witnessed an increasing proportion of calls that presented
emotional concerns, from 20.3% in 1995 to 31.5% in 1999 (Cheng
et al,, 2000). An analysis of the Shanghai hotline data over the
decade from 1990 to 2000 concluded that hotline counseling
provided effective mental health intervention (Zhu et al., 2005).

In addition to general psychological assistance hotlines, the
Nanjing Crisis Intervention Center (located in an Eastern-
Central Chinese area within Southern China) set up the first crisis
intervention hotline in China in 1991 (Xie et al., 1996). This
hotline was primarily aimed at suicide prevention. Over the first
4 years of operation, this crisis intervention hotline received over
4,000 calls (Xie et al., 1996).

Few records are available regarding hotline operations in
Northern China until early 2000. In 2003, China was faced
with the severe acute respiratory syndrome (SARS) epidemic,
a viral respiratory illness also caused by a coronavirus. The
SARS outbreak was associated with high levels of anxiety and
depression among the Chinese public (Liang, 2003), those who
were ill with SARS at the time of the study (Cheng and Wong,
2005), and the survivors (Cheng and Wong, 2005; Mak et al,,
2009; Moldofsky and Patcai, 2011; Fang et al., 2019). An analysis
of a general psychological assistance hotline that mainly received
calls from Beijing showed that the hotline provided effective
mental health support during the SARS epidemic (Wang et al.,
2003). The current study examined psychological assistance
hotlines in a Northern Chinese region that operated during
the COVID-19 crisis, as directed by relevant NHCC guidelines
(National Health Commission of China, 2020a,b,c).
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Psychological Assistance Hotlines at the
Time of the COVID-19 Outbreak

The geographic region of interest in this study is located in
Northern China and is home to ~16 million people. This
Northern Chinese region has 16 sub-regional juridical areas.
The specific details of this region (e.g., name of the region,
the specific juridical level, dates of its first and last reported
COVID-19 case, the precise number of accumulated cases) are
omitted to protect the identities of the individuals involved in
the original data collection. In this article, “regional level hotline”
refers to a hotline established by an organization governed by the
regional jurisdiction. A “sub-regional hotline” refers to a hotline
established by one of the sub-regional juridical areas within this
region. This Northern Chinese region only had one major hotline
available at the regional level before the spread of COVID-19%,
which had been available for about 10 years.

This region began to see its first cases of COVID-19 during
the last week of January 2020. Following guidelines provided by
the NHCC (National Health Commission of China, 2020a,b),
12 out of the 16 sub-regional juridical areas in this region
implemented individual hotline services on the same day within
the first week of February. The psychological interventions used
in this region during the peak of the COVID-19 were typical
of similar areas in China (e.g., on February 6th, 2020, Sichuan,
a Southwestern Chinese province, started to provide several
psychological assistance hotlines to the public; Zhou, 2020).
These hotlines were available to address general mental health
concerns, not limited to COVID-19 related issues. Operators
would provide referrals (e.g., contact information for hospitals)
for callers with concerns beyond the hotlines’ capacity to support.
The hotlines did not offer follow-up calls to the callers. Since
these hotlines were not established before the spread of COVID-
19 in China, this period provided a unique opportunity to
examine factors that may have contributed to the utilization of
hotlines at their outset.

Aim and Objectives

The goal of the current study was to characterize usage rates
of the hotlines (i.e., number of calls received) in the Northern
Chinese region, and to examine factors that may be associated
with the usage, such as dissemination strategies and the number
of confirmed COVID-19 cases. The first objective of this study
was to analyze the amount of usage at these hotlines. Because
the sub-regional hotlines were introduced during COVID-19 and
needed to be promoted to the public, we predicted that rates
of utilization of these hotlines would be low relative to the pre-
existing regional hotline. We anticipated that the regional level
hotline, which had been established before COVID-19, would
receive a greater number of calls.

The only other hotline available in this region before COVID-19 was one offered
by the Women’s Federation. Data from this hotline were not available for analysis
in the current study. However, private communication with the director of this
hotline revealed that daily number of phone calls received, before and during
COVID-19, were much fewer than the number received by the regional level
hotline examined in this study. Not including data from this hotline therefore
would unlikely change the results of this study.

The second objective of the study was to describe how
the hotlines disseminated their services. Approachability is one
factor that may contribute to health service utilization. It relates
to the extent to which a health resource is identifiable to people
facing health needs (Levesque et al., 2013). One way to increase
service approachability is for the services to make themselves
known to the people in need. Therefore, this study described how
each of the hotlines available in this region advertised its services
to the public. We also explored whether and how different
methods of service dissemination used by the hotlines might have
contributed to their different usage rates.

The third objective of the study was to examine whether the
daily number of calls received at the hotlines were related to
the daily confirmed number of COVID-19 cases. As a fourth
objective, callers’ characteristics and concerns raised during the
hotline calls were briefly explored. This exploration was to
complement the understanding of people who responded to
outreach from the hotlines. Understanding hotline users would
help target future service outreach and provision.

METHODS

Ethical Considerations

Secondary data obtainment and analyses involved in the current
study received ethics clearance through the Institutional Ethics
Review Board at the University of Waterloo.

Data Collection

Twelve of the 16 sub-regional juridical areas within the
examined region established psychological assistance hotlines
during COVID-19. Since the names of the sub-regional areas
were not specified in this study to protect the identities of
the individuals who provided the information, the areas were
randomly numbered and presented as Areas 1-12.

Hotline Service Information and Dissemination
Methods

The hours of operation of each hotline was publicly available.
All the hotline host organizations were contacted by phone to
obtain their organization type (e.g., hospital, counseling service
center) and qualification of their hotline operators. The regional
level host organization and 10 out of the 12 sub-regional hotline
host organizations were able to provide a list of methods used to
advertise their own hotline numbers.

Daily Number of Calls Received

The 12 sub-regional hotline host organizations reported the daily
number of calls received to the regional hotline host. The regional
hotline host was contacted to provide these numbers to the
researchers. The number of daily calls obtained was from the date
that the sub-regional hotlines were established in the first week of
February, till ~1 week after COVID-19 cases stopped increasing
in this entire region. In total, 32 days of data of the daily number
of calls received at the 12 sub-regional hotlines were obtained.
Since the regional level hotline was previously established, the
daily number of calls received was obtained from January 1st,
2020, till April 8th, 2020, for a total of 98 days.
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TABLE 1 | Characteristics of hotlines.

Hotline? Total calls® Total calls in proportion Host organization type Qualification of hotline operators
to population

Regional Hotline 3,206 0.0206% Psychiatric hospital Certified psychotherapists

Area 1 191 0.0206% Private counseling service center Certified psychotherapists

Area 2 39 0.0045% Counseling and psychiatry department of hospital Psychiatrists and certified psychotherapists

Area 3 92 0.0031% Psychiatric hospital Psychiatrists

Area 4 1 0.0001% Government administrative service line No relevant qualifications

Area 5 18° 0.0019% Psychiatric hospital Psychiatrists

Area 6 10 0.0029% Private counseling service center Certified psychotherapists

Area 7 28 0.0028% Psychiatric hospital Certified psychotherapists

Area 8 6 0.0011% Psychiatric hospital Psychiatrists

Area 99 10 0.0013% - -

Area 10 41 0.0045% Psychiatric hospital Certified psychotherapists

Area 11 318 0.0279% Counseling and psychiatry department of hospital Psychiatrists

Area 12 5 0.0004% - -

aA|l the hotlines operated 24/7, except for the Area 4 hotline which operated 8:30 am.—5 pm. Monday to Friday.
bTotal number of calls are counted from the day the hotlines stated operating till 1 week after the number of COVID-19 cases stopped increasing in any of the areas. There were 32

days included in total.

¢Most of the phone calls reported by Area 5 were outgoing calls made by hotline operators to individuals at quarantine centers who were identified as having high mental health risk.
9Data about host organization type and qualification of hotline operators are not available for Area 9 and Area 12.

Daily Number of Confirmed COVID-19 Cases

Since January 21, 2020, the confirmed COVID-19 cases were
reported and updated daily for the public. The research team
documented the number of daily confirmed cases for 104 days
(from January 21st to May 4th). The daily number of cases
at the national level, the region of interest of this study, and
the sub-regional areas were noted and used for analyses in the
current study.

Content of Phone Calls and Caller Characteristics

In mid-March of 2020, the Area 6 hotline host organization
interviewed operators at the regional hotline and at hotlines of
Area 1-12 that meet the inclusion criteria described below. The
interviews asked (1) about notable demographic characteristics
(e.g., age, sex-at-birth) of the people who called, (2) whether
the calls received were mostly related to COVID-19, and, (3)
what concerns about COVID-19 were raised. Answers to (1)
and (2) were noted during the interviews and summarized in
writing immediately after the interview. Answers to (3) were
transcribed (typed) verbatim during the interviews. The written
summaries and interview transcripts were obtained from the
Area 6 hotline host to explore the characteristics of people who
used the hotlines.

Inclusion and Exclusion Criteria

Only the hotlines that had received a total of more than 10
calls before the end of the first week of March were contacted.
Out of the 12 sub-regional hotlines, nine sub-regional hotlines
had satisfied the criterion of having received more than 10 calls
and were included in the study. Area 5 was excluded because
the operator informed the interviewer that the hotline operated
mainly by making out-going calls to people at high risk of
contracting COVID-19 (see Note 3 of Table 1). Area 9 and Area

12 could not be reached and were excluded from this analysis.
Two operators at the regional level hotline were interviewed.
Therefore, data of caller characteristics and content of calls
received were originally collected from nine hotline operators
from eight hotlines, including the regional level hotline and seven
out of the 12 sub-regional hotlines.

Analyses

Objective 1: Analyzing the Number of Calls Received
by the Hotlines During COVID-19

For each of the regional level hotline and the 12 sub-regional
hotlines, the calls received at the hotlines were summed across
the 32 days during which data of the sub-regional hotlines were
obtained. To examine the number of calls in proportion to
population size, the sums were then divided into the populations
of the areas (i.e., the total number of calls at the regional hotline
was divided into the total population of the region; the total
number of calls at each sub-regional hotline was divided into the
population size of the respective sub-regional area).

Objective 2: Describing Dissemination Strategies of
the Hotlines

Descriptions of the dissemination methods were summarized
for each hotline. Methods of hotline service dissemination were
categorized according to the level of populations reached (e.g.,
community, individuals).

Objective 3: Examining the Association Between the
Number of Calls and the Number of Confirmed
COVID-19 Cases

Correlations were calculated between the number of calls
received at each hotline and the daily confirmed number of
COVID-19 cases in the local area, the entire region, and China
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overall. The situation in Hubei and China overall was salient
on media and affected policies (e.g., stay-at-home orders, mental
health interventions) implemented in regions outside of Hubei.
Thus, peoples psychological state was likely affected by the
severity of COVID-19 both in Hubei locally and in the country
overall. The correlational analyses were only done for the regional
level hotline and three sub-regional hotlines (i.e., hotlines of
Areas 1, 3, and 11). The other sub-regional hotlines received too
few calls during the 32 days of hotline operation examined for
any correlational results to be interpretable.

Additionally, confirmed cases of COVID-19 were reported
since January 21st, 2020, at the national level, before this region
saw any COVID-19 cases. The daily number of phone calls
received at the regional hotline was obtained until April 8th,
2020. A non-parametric Spearman correlation was calculated for
these two variables between these two dates (for a total of 79
days). We also found the period during which calls at the regional
hotline peaked, and compared it with the period during which
the national daily confirmed COVID-19 cases peaked. To identify
the period during which phone calls peaked, we calculated 5-
day running averages for the number of phone calls and then
subtracted each resulting data point from the next one. The
results of the subtractions indicated the change in the number of
phone calls from day-to-day. A positive change value indicated
an increase in the number of calls from the previous day, whereas
a negative change value indicated a decrease. We flagged change
values whose absolute values were one standard deviation away
from the mean. The period between the day with the first flagged
positive change and the day with the last negative change was the
peak period. When finding the peak period of daily confirmed
COVID-19 in the country, two outliers (data from February 12th
and 13th) were first removed. The rest of the process of finding
the peak was the same as that used for finding the peak period of
the regional hotline calls.

Objective 4: Exploring Callers’ Characteristics and
Concerns Raised During the Calls

The basic characteristics of the callers and their expressed
concerns, as described by the hotline operators, were analyzed.
The researchers coded the descriptions by categories of concerns
(e.g., COVID-19 illness-related anxiety, mental health issues
due to prolonged social isolation). Major themes of concerns
were summarized.

RESULTS

Representativeness of the Region Studied

The Northern Chinese region studied in the current analyses had
a total of ~150 accumulated COVID-19 cases (0.00087% of the
population), with its last confirmed case of COVID-19 reported
at the end of February 2020. This total confirmed number was
relatively low compared to other areas of the world affected by the
COVID-19 pandemic. However, this number is representative of
reported COVID-19 cases in areas of China outside of Hubei
(the province where Wuhan is located). Specifically, as of the
date that this Northern Chinese region saw its last COVID-
19 increase, China had accumulated 78,959 COVID-19 cases.

Of these cases, 83.48% (65,914 cases;0.11% of the population)
were reported within Hubei. The other provincial jurisdictions of
China (n = 33) had an average number of 395.30 (SD = 403.4426)
accumulated COVID-19 cases (M = 0.00092% of population; SD
= 0.00062%). Therefore, although the accumulated COVID-19
cases in the region studied appears low compared to other areas
of the world, this number is representative of Chinese regions
outside of Hubei.

Calls Received at Each Hotline
Characteristics of the hotlines examined (e.g., type of host
organization, service hours) are presented in Table 1.

Across the 32 days during which data for the sub-regional
hotlines were obtained, the number of calls received at the
regional level hotline (n = 3,206) was 0.021% of the population of
the region. At the 12 sub-regional level hotlines, the proportion
of the number of calls (M = 63.25, SD = 96.59) to the population
size (M = 1047.91 thousand, SD = 651.49 thousand) in each area
ranged from 0.00011 to 0.028%. Table 1 shows the total number
of calls received at each hotline and their proportion to the
population. Area 1 (0.021%), Area 11 (0.028%), and the regional
level hotline (0.021%) received the highest number of calls in
proportion to population size. Although the number of calls (n =
91) in Area 3 might seem relatively higher than hotlines in most
other areas, its number of calls in proportion to population size
(0.0031%) was not as high in rank (e.g., Areas 10 had 41 calls but
0.0045% in proportion to the population size of the area).

Summary

Consistent with prediction, the sub-regional hotlines had low
usage. The regional hotline received a relatively large number of
calls overall but the usage rate in proportion to population size
was still low.

Dissemination Methods of Hotline Service
Dissemination strategies of the hotlines are presented below
according to whether the method was through (1) channels
owned by the host organization, (2) community channels, (3)
targeting specific populations (e.g., people at quarantine centers),
(4) reaching individual residents, and (5) methods with non-
specific targets. Summaries of these methods are presented
in Table 2.

Host Organization Channels

The hosts of the regional hotline and the hotlines in Areas 3,
7, and 11 all advertised their hotline numbers through their
own official social medial accounts. These hosts also encouraged
employees at the organization to re-post the hotline information
on their personal accounts. Area 7 host made the re-posting task
a requirement for its employees.

All the sub-regional hotline host organizations were also
required to submit their hotline numbers to the regional
hotline host. On the third day following the start of the sub-
regional hotline operations, the regional hotline host posted these
numbers along with its own on its official social media account.
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TABLE 2 | Hotline Service Dissemination Strategies.

Hotline Strategies of Service Dissemination
Host organization? Community Targeting specific populations Reaching non-specific
populations
Regional e Posted on official social media (Not used) e Quarantine centers e |ocal television channels
hotline account e Corporations e Broadcasting
e Encouraged employees to post e Schools
hotline information on personal e Hospitals
accounts
Area 1° (Not used) (Not used) ¢ Quarantine centers e Local television channels
e Hospitals e Broadcast speakers
e Social media accounts of e Posted on social media
employees’ union, women’s accounts of governmental
federation, youth leagues departments
Area 2 (Not used) * Posted posters e Quarantine centers (Not used)
e Gave out pamphlets at service e Senior care centers
booths e Hospitals
e Social media accounts of
employees’ union, women'’s
federation, youth leagues
Area 3 e Posted on official social media e Gave out pamphlets at service e Quarantine centers e | ocal television channels
account booths
* Encouraged employees to post
hotline information on personal
accounts
Area 5 (Not used) (Not used) e Quarantine centers (Not used)
Area 6 (Not used) e Gave out pamphlets at service e Quarantine centers (Not used)
booths
Area 7 * Posted on official social media (Not used) e Quarantine centers (Not used)
account
* Required employees to post hotline
information on personal accounts
Area 8 (Not used) * Posted on community centers’ e Quarantine centers (Not used)
official social media accounts
Area 10 (Not used) e Gave out pamphlets at service e Quarantine centers (Not used)
booths e Entrances of the area
Area 11 * Posted on official social media * Encouraged community service e Quarantine centers (Not used)

account

e Encouraged employees to post
hotline information on personal
accounts

media accounts

staff to post on personal social

aAll the sub-regional hotlines reported their phone numbers to the regional level hotline host, and the regional level host posted all the phones numbers on its social media account.
bArea 1 hotline was the only one which used dissemination strategies that reached individual residents, by delivering text messages through mobile service providers.

Community Channels

Each sub-regional area had residential communities under its
governance. Areas 2, 3, 6, 8, 10, and 11 all advertised their hotline
service through community resources. Specifically, posters were
posted in the communities of Area 2. Pamphlets were given out at
community service booths in Areas 2, 3, 6, and 10. These service
booths were operated by volunteers during the COVID-19 to
provide body temperature checks. Area 8 had community centers
post the hotline number on their official social media accounts.
Area 11 encouraged community service staff to post the hotline
number on their personal social media accounts.

Targeting Specific Populations

All the hotlines, except for Area 4, provided their numbers to
local quarantine centers, where people who had close contact
with those who contracted COVID-19 temporarily stayed. The

regional hotline additionally provided its number to corporations
and schools so they can distribute to individual employees and
students. Area 2 provided its numbers to senior care centers.
Hotline numbers at the regional level and Areas 1 and 2
were also provided to hospitals under their respective juridical
governance. Additionally, Areas 1 and 2 had their hotline
numbers posted on social media accounts of the Employees’
Union, Women’s Federation, and Youth Leagues. Area 10
provided its hotline information to people at entrances of the area
to incoming travelers.

Reaching Individuals

Area 1 had all the major mobile service providers forward
its  hotline number to individual residents through
text messages.
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TABLE 3 | Correlations between numbers of calls received at selected hotlines and number of days past since their operation, daily confirmed COVID-19 cases in the

sub-regional local area, in the region, and in the country.

Hotline Days past since start of Local reported cases of Regional reported cases of National reported cases of
hotline operation COoVvID-19 CoviD-19 COVID-19
n =32 P n =32 p n =322 P n =32 P
Regional hotline —0.931** <0.001 - - 0.802** <0.001 0.855** <0.001
Area 1 0.338 0.058 —-0.413* 0.019 —0.436* 0.013 0.307 0.087
Area 3 -0.178 0.329 —0.266 0.142 0.234 0.197 0.27 0.135
Area 11 0.772* 0.001 —0.239 0.188 —-0.7** <0.001 —0.789** <0.001

aThe last 8 days had no newly confirmed COVID-19 cases in any area of the region. *p < 0.05 and **p < 0.01.

Channels Reaching Non-specific Targets

The number of the regional level hotline and those of Area
1 and 3 were disseminated through local television channels
and local newspapers. The regional level hotline was also
advertised through broadcasting. Additionally, Area 1 uniquely
had broadcast speakers installed throughout the area, and its
hotline number was cast to its residents through this channel.
Area 1 also had governmental departments post the hotline
information on their departmental social media accounts.

Summary

Patterns between methods of service dissemination and hotline
usage could be observed. Area 1 used methods that ensure
reaching each resident and had relatively high hotline usage. Area
11 received the most phone calls and had the highest number
in proportion to population, compared with other sub-regional
hotlines. The relatively high usage rate of the Area 11 hotline
may be related to its method of service dissemination, as it
relied the most heavily on dissemination through individuals’
personal social media. Merely relying on dissemination through
community centers and/or providing the number to quarantine
centers appeared to be inadequate for reaching consumers, as can
be seen from Areas 5, 6, and 8. Area 4 did not use any method
to advertise its service other than submitting its number to the
regional host organization, and hotline at this area had the least
number of phone calls. Overall, encouraging individuals to post
the hotline service on their social media accounts appeared to be
an effective way of service outreach.

Relationship Between Daily Number of
Calls and Daily Number of Confirmed

COVID-19 Cases

We first observed that Area 1 is the area where COVID-19 cases
were concentrated in the region, with 44% of total COVID-
19 cases from Area 1 and the rest from the other 16 areas of
the region.

Results of the correlational analyses are presented in Table 3.
Non-parametric Spearman correlations revealed that the calls
received at the Area 1 hotline had an increasing trend over time (r
= 0.34, df = 30, p = 0.058). The number of calls were negatively
correlated with the daily increase of COVID-19 cases in the area
(r = —0.41, df = 30, p = 0.019) and in the region overall (r =

—0.44, p = 0.013), but not with the daily increase in the country
(r = 0.31, df = 30, p = 0.087).

On the other hand, the number of calls received at the Area
11 hotline significantly increased over time (r = 0.77, df = 30, p
< 0.001). The number of calls did not correlate with increases of
COVID-19 in this area but had significantly negative correlations
with the daily reported of COVID-19 cases in the overall region
(r =—=0.70, df =30, p < 0.001) and the country (r = —0.79, df
=30, p < 0.001).

Area 3 saw no trend of the phone calls received at its hotline
over time. There was also no relationship between the number of
phone calls and the daily confirmed number of COVID-19 in the
area, in the region, or the country. As noted previously, although
Area 3 received a high number of phone calls that allowed the
correlational analysis, the area had a larger population size and
the number of phone calls in proportion to population size
was low.

At the regional level hotline, the number of phone calls
received decreased (r —0.93, df = 30, p < 0.001) over
the 32 days since the sub-regional hotlines started operating.
Contrasting the patterns seen in Areas 1 and 3, the number of
calls received at the regional hotline positively correlated with
daily increase of COVID-19 in the region (r = 0.80, df = 30, p <
0.001) and in the country (r = 0.86, df = 30, p < 0.001). During
the 79 days between January 21st and April 8th, the calls at
the regional hotline were again significantly positively correlated
with the national daily confirmed COVID-19 cases (r = 0.68, df
=30, p < 0.001).

Peak Period of Phone Calls at the Regional Level
Hotline

As can be seen in Figure 1, the number of phone calls at the
regional hotline had a peak period. The beginning of the peak
period (i.e., first flagged positive change) occurred on the day
after the first day that the region saw its first COVID-19 case.
In the following 10 days, the calls showed flagged increases on
9 days, before reaching the absolute peak point and starting to
show a decrease in the number of calls (i.e., flagged negative
values). We observed that the peak point (i.e., the point whose
change from its previous point is positive and whose change
to its next point is negative) occurred on the day that the sub-
regional hotlines started to operate. There were 16 days between
this day of peak and the end of the peak period (i.e., the last

Frontiers in Communication | www.frontiersin.org

97

July 2020 | Volume 5 | Article 60


https://www.frontiersin.org/journals/communication
https://www.frontiersin.org
https://www.frontiersin.org/journals/communication#articles

Ma et al. Mental Health Hotlines in China
200 Number of calls received (raw)
-»-5-day running average
O Boundary and peak points of the peak period
150
= Boundary and peak times of the peak
O period of dailly confirmed COVID-19
-] .
g cases in the country
£
-9
5
5 100
o
g
3
Z
50 X f\\,(r("\
0
1/1 1/11 1/21 1/31 2/10 2/20 3/1 3/11 3/21 3/31
FIGURE 1 | The daily number of phone calls received at the regional hotline from January 1st, 2020, till April 8th, 2020, and 5-day running averages. The number of
phone calls showed a monotonic increase since the day COVID-19 cases were reported in this region, peaked on the day the sub-regional hotlines started to operate,
and started to show monotonic decrease afterward. The peak period spanned 27 out of the 79 days.

flagged change). Six of the 16 days had a flagged decrease of
phone calls and none indicated a flagged increase of calls. The
last flagged decrease occurred ~1 week before the region saw its
last COVID-19 increase.

Summary

Taken together, phone calls received at the regional hotline
showed a monotonic increase since the day COVID-19 cases
were reported in this region, peaked on the day the sub-regional
hotlines started to operate, and started to show monotonic
decrease afterward. In total, the peak period spanned 27 days.
Notably, the number of phone calls received at the regional level
hotline appeared to show decreasing trend over time when only
examining the calls from the day when the sub-regional hotlines
started operation (as described above). However, examining the
number of phone calls over a longer period revealed that the
number of phone calls changed over time in a non-linear manner.

Peak Period of National COVID-19 Cases
Since the number of COVID-19 cases at the national level
correlated with the number of calls received at the regional level
hotline, as described above, we also identified the peak period
of COVID-19 in China. We observed that the daily increase of
COVID-19 cases showed a monotonic increase between January
25th and February 3rd. Changes were not flagged between
February 4th and February 6th, and there is a monotonic decrease
between February 7th and February 21st, with 10 of the days
having flagged negative change values.

We observed that the day on which the regional level hotline
calls peaked fell within the days during which the daily confirmed
cases of COVID-19 peaked in China, February 3rd to 7th.

Interestingly, the day that increase of COVID-19 started to slow
down (February 7th) was also the day on which the NHCC
issued a specific guideline for establishing mental health hotlines
(National Health Commission of China, 2020a). Overall, the
peak period of the regional level hotline calls coincided almost
perfectly with the peak period of national daily confirmed
COVID-19 cases.

Concerns Raised During the Hotline Calls
According to the operators’ recollection, callers’ ages ranged from
seven to over 80 years old, with most individuals between 20 and
50 years old. There were slightly more female callers than males.
Major themes of concerns included anxiety about contracting
COVID-19, mental health issues associated with social isolation,
and conflict with family members due to extended time of staying
at home. Quotations illustrating these themes and some other
concerns are presented below.

lliness-Related Anxiety

Most calls received during the peak of COVID-19 were related
to the crisis. One major theme of concerns revealed was fear of
contracting COVID-19:

Many people were anxious about getting sick, getting the
coronavirus. They reported lots of somatized symptoms. Its
common to hear reduced appetite and difficulty falling asleep.
Also, heart palpitation, increased blood pressure, sweating. People
checked their body temperature multiple times a day, staring at
the body thermometer all day long. There were also people who
repeatedly checked themselves against the coronavirus symptoms.
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Social Isolation

Aside from concerns directly related to becoming sick, one major
theme of issues was related to long-term isolation. As the hotline
operators recalled, many concerns were about not being able to
have social interactions and living with the same home routine
every day for a prolonged period of time. People started to have
feelings of boredom, fatigue, and associated anxiety. For instance,
one operator recalled:

A lot of people were calling because they had to stay at home for
this prolonged period. They were in a very different psychological
state. Some people used to like playing online games, but then
they had this time to play all day long. It became boring and tiring
very quickly. Got rid of any gaming addiction right there. Similar
to those who watched TV series all day long. There was a lot of
anxiety. Anxiety from isolation and not having much to do.

Family Conflict

Another major issue raised was family conflict due to spending
extended time with family during isolation at home. As reported
by a hotline operator:

One common issue is family conflict. Before the pandemic, people
were busy at work, at school, and family didn’t spend so much
time together. Now family members were stuck together all day
long. Issues that used to be glossed over created explicit conflicts.
There were also family conflicts surrounding the coronavirus
itself. I remember, to give you an example, one person talked
about her mother believing herself being sick and complaining to
the rest of the family about not taking her to the hospital. That
created a lot of fights.

Other Concerns

The hotline operators also highlighted some issues related to
COVID-19 even though they did not form themes as the ones
discussed above. For instance, one operator received a call from
a 7-year-old child. The child felt helpless because both of the
child’s parents were working at the medical frontline and the
grandparents were quarantined. An elderly caller expressed re-
triggered traumatic memories. This caller survived a major
earthquake in the 1970s, and the pandemic was triggering anxiety
and worry about natural disasters. The hotline operator at Area
1 also highlighted that some callers were survivors of COVID-19
but they felt guilty about having made others sick:

[Area 1 to this region] is like Wuhan to China. It's where the
coronavirus was the worst. Most people got the virus because they
went to this one place. Some people who went to this place and
then later got tested positive felt very guilty. They felt guilty about
having passed the virus to others.

Summary

Overall, hotline operators reported that a significant proportion
of hotline callers had concerns directly or indirectly related
to COVID-19. However, many calls were about general
psychological concerns, not related to COVID-19 per se. The
issues related to COVID-19 were grouped into themes including
illness-related anxiety, a psychological difficulty about prolonged

home isolation, and family discord due to spending more time
at home.

DISCUSSION

Despite Chinas unprecedented emphasis on and speed of
response to the psychological crisis when COVID-19 spread
in the country, its mental health solutions were criticized as
inadequate, primarily due to lack of pre-established organization
and management (Dong and Bouey, 2020; Duan and Zhu, 2020).
The current study is the first to examine a specific provision
of mental health intervention, namely, psychological assistance
hotlines, in China during COVID-19. The results revealed the
low usage of mental health hotlines during COVID-19. The
hotline usage appeared to be related both to ways of service
promotion and the number of confirmed COVID-19 cases in the
local area and the country. Results from this study suggest specific
directions for the improvement of hotline service establishment
in China to meet the mental health needs of the public and to
prepare for future crises.

Number of Calls Is Associated With

Service Dissemination Strategies
The hotline services were used by only a small proportion of
the population but some patterns between usage and methods
of service dissemination were observed. Hotlines that only relied
on disseminating services through community centers (e.g.,
social media accounts of community centers, community service
booths), and/or providing its numbers to local quarantine centers
did not receive many calls. The sub-regional hotline that received
the highest number of calls relied heavily on advertising its
service through personal social media. This hotline encouraged
individuals to re-post information about the service on their
personal social media accounts. Interestingly, this area was the
only one that received a significant increase in phone calls over
time. It is possible that this pattern was related to its reliance on
social media for service dissemination. It may be that this method
allows individuals to directly and quickly share information
with others on a platform they are familiar with, rather than
relying on the mass public to continuously be aware of and
seek out resources provided by community centers. Because
individuals continued posting and re-posting the hotline service
information within their mutual social circles, the information
would be expected to become more widely known as more time
passed. This result suggests that where it is consistent with the
societal and work culture, using personal social media may be
an effective, efficient, and more relatable way of mental health
service outreach, reflecting modern forms of communication.
The hotline that reached each individual resident in its
service dissemination received a relatively high number of
phone calls. However, this area also had the highest number
of confirmed COVID-19 cases compared to other sub-regional
areas examined. Without another area that experienced a similar
impact of COVID-19 but used different service dissemination
approaches, it is difficult to dissect the influence of COVID-19
severity from the effectiveness of service outreach.
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Notably, although the strategies of service dissemination
appeared to be related to the hotline service usage, it is difficult
to determine the extent of their causal relationship from the
current study. For instance, the area that had the lowest hotline
usage barely engaged in service dissemination. The only way it
promoted its service to the public was by submitting it to the
regional hotline host so the regional host could post it on its social
media account, along with phone numbers of the other hotlines.
However, this limitation in outreach was not the only downside of
the service provided by this hotline. This hotline had the shortest
operation hours. It was also the only hotline whose operators
did not have training or qualifications to provide psychological
interventions. Therefore, although variation in dissemination
strategies appeared to be related to variation in hotline usage,
this association may be merely a reflection of the general service
quality that contributed to service use overall. Future studies are
required to determine how different aspects of hotline service
provision may influence the number of calls it receives, besides
dissemination strategies.

Association of Number of Calls With
Confirmed COVID-19 Cases

No consistent patterns were observed across the sub-regional
hotlines when comparing the number of calls they received and
the number of confirmed COVID-19 cases. However, the number
of calls received at the regional level hotline was closely related
to the daily confirmed COVID-19 cases reported in the country.
The examination of this relationship was possible because the
regional level hotline operated prior to the peak of COVID-
19 cases in China. The daily number of calls received at the
regional level hotline positively correlated with daily confirmed
cases reported in the nation. Moreover, the period during which
the regional hotline calls peaked coincided almost perfectly with
the period during which daily confirmed cases of COVID-19
peaked in China.

Notably, this observed relationship between the number
of regional hotline calls and national COVID-19 cases does
not preclude the influence of service dissemination on the
use of the hotlines. It is possible that dissemination efforts
changed over time according to the number of confirmed
COVID-19 cases. Specifically, the hotline hosts might have
engaged in more outreach when more COVID-19 cases
occurred. The effort of service outreach and COVID-19
severity would then affect the number of calls at the same
time. Although COVID-19 will become a unique historical
event, future studies can experiment with the impact of
different service dissemination strategies on the utilization
of mental health hotlines in order to better assess causal
relationships between dissemination and the utilization of
hotline services.

Need for Established Mental Health

Systems for Public Crisis Response

Interestingly, the days when the regional level hotline reached
its absolute usage peak coincided not only with the days
of the absolute peak of daily confirmed COVID-19 in

China but also the time when sub-regional hotlines started
operating. That is, after the sub-regional hotlines became
available, the regional level hotline started to see a decline
in the number of phone calls received. It is possible that
phone calls that would have been made to the regional
hotline were directed to the sub-regional hotlines when these
hotlines became available, thus resulting in the decrease
in the number of calls to the regional hotline. It would
suggest that the sub-regional hotlines did effectively share
the service demand that would have been directed to the
regional hotline.

The coincidence between the peak of COVID-19 in the
country and the beginning of the sub-regional hotline operations
revealed potential delays of the hotline service provision.
Specifically, the sub-regional hotlines only became available when
COVID-19 cases in the country already started to decrease.
The services were not established when COVID-19 started to
become an increasing concern and when the regional hotline saw
increasing usage. This observation is consistent with opinions
expressed in the commentaries that criticized the lack of pre-
established psychological intervention systems in China, which
limited the country’s ability to respond effectively when facing
crises (Dong and Bouey, 2020; Duan and Zhu, 2020). COVID-
19 may be an opportunity for mental health service providers in
China to learn from the limitations of the current systems and
better prepare for future needs.

Future Development of Hotline Services in
China

Over the past decades, psychological assistance hotlines in
China have become more available and increasingly accessed
(Ji, 1995; Zhu et al., 2005). Even though the public mental
health crisis brought by COVID-19 revealed some limitations
of the mental health systems in China, the development
of mental health systems is a work in progress in every
country. In fact, the establishment of psychological assistance
hotlines in China during COVID-19 was extremely rapid. The
lowest juridical levels set up their hotlines (e.g., the ones
examined in the current study) within 2 weeks after the
issuance of NHCC’s psychological crisis response guidelines
(National Health Commission of China, 2020c) and within 1
week after the national notification for hotline establishment
(National Health Commission of China, 2020b). Despite such
rapid response, service provision still lagged behind the public’s
service demand (as discussed above). This observation suggests
that disaster/crisis response simply cannot rely on the ad hoc
creation of intervention systems. Mental health systems need
to be established in a proactive manner and well-disseminated
beforehand, with staff already trained for crisis intervention,
in order to effectively serve the need of the pubic when a
disaster/crisis occurs.

As mental health service providers continue to improve the
quality and accessibility of psychological assistance hotlines,
some options may be considered. For instance, the hotlines
examined in this study were all general counseling hotlines.
The development of hotlines that address specific concerns for
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specific populations may help improve the efficiency and quality
of service provision. As seen from the themes of COVID-19
related concerns found in this study (i.e., anxiety about disease
contraction, the psychological impact of prolonged isolation at
home, and family conflicts due to spending more time at home
with family), people at different ages experienced a variety of
difficulties. The hotline operators, however, might not have been
trained to provide services that would suit the diverse needs
of the callers. To provide more targeted services, it may be
valuable to create hotlines based on the type of issues raised
by different populations (e.g., sexual assault; Finn and Hughes,
2008; child abuse; Ngoc, 2005; suicidal ideation; Ohtaki et al.,
2016). It should be noted that in countries (e.g., the U.S.) where
a variety of hotlines are usually available, it may be difficult for
the people in need to identify the hotline that best suits their
needs. As hotline providers in China establish their services,
it may be beneficial to plan for providing targeted services
that are also easily accessible. Future studies could examine
how specialty needs are currently addressed and determine
whether systematic changes would be required to improve
current services.

In addition, the provision of hotline counseling services
should be considered in the context of other mental health
services available. In some Western countries, hotlines are mainly
available for crisis interventions. General counseling services
are usually provided by psychotherapists in the community
and many consumers have insurance coverage when using
these services. The hotlines examined in the current study,
similar to many others in China, provide general counseling;
in-person consultation from therapists is not always accessible
or affordable. Therefore, the establishment of hotline service
systems in China may face unique challenges. Chinese mental
health providers may need to establish standards suitable
for the circumstance of the society, in addition to learning
from countries with a longer history of mental health
system development.

Challenges in Achieving Service
Accessibility

Service dissemination is only one of the many steps involved
in translating the needs of mental health care to the actual
use of services and attaining desirable health outcomes. Many
factors from both the suppliers and the consumers side
play a role (Ecob and Macintyre, 2000; Andersen, 2008;
Andersen et al., 2013; Levesque et al., 2013). For example,
Levesque et al. (2013) conceptualized five dimensions that
health service providers need to accomplish in order to
make the service accessible. These five dimensions included
approachability (i.e., the extent to which the service is known
and identifiable), acceptability (i.e., the extent to which the
service is appropriate for a particular individual in the cultural
and social environment), availability and accommodation (i.e.,
the extent to which the service can be reached in time),
affordability (i.e., the extent to which prices and opportunity
costs of the service can be covered by one’s income) and
appropriateness (i.e., the extent to which the service fits the

service seeker’s needs; Levesque et al., 2013). In reflection to
the dimensions presented by Levesque et al. (2013), each sub-
regional hotline in the current study made various efforts
to increase their approachability by distributing information
regarding hotline services.

Corresponding to the five dimensions of accessible service
are the five abilities of individuals that would enable their needs
to be translated into outcome (Levesque et al., 2013). Namely,
these are people’s abilities to perceive, seek, reach, pay for, and
engage in services. Consumers’ ability to perceive the need for
care is complementary to approachability of the service provider.
For instance, someone who is experiencing anxiety about having
COVID-19 may be aware of the hotline resource, but they may
not recognize this anxiety as a psychological issue and have no
desire to call a mental health hotline. Therefore, it is necessary to
increase the mental health literacy of the public so individuals
with service needs are able to self-identify and respond to the
outreach efforts of the service providers.

Notably, among all the challenges that China needs to
overcome for mental health hotlines and other psychological
interventions to function adequately, improving service quality
may take the longest time and require the most investment.
China is currently under a severe shortage of mental healthcare
providers (Liang et al., 2018). This shortage was indicated in
commentaries about China’s mental health provision during
COVID-19 (Dong and Bouey, 2020) and is also evident from
the varying degree of qualification of mental health hotline
operators seen in the current study. The shortage of professionals
renders the fast establishment of psychological interventions
during crises infeasible (Duan and Zhu, 2020). Consequently, to
become effective in mental health service provision, especially
when facing unexpected events of crises, China would likely
have to engage in long-term commitment and investment in
establishing mental health systems.

LIMITATIONS

Several limitations should be noted when interpreting the
findings. First, the results of the current study were obtained
from the data of one Northern Chinese region. The results
may not generalize to other regions, especially those that
were geographically further from this region and had different
demographics. However, other regions may still be informed by
this study because the severity of COVID-19 in this region was on
par with most regions in China and the mental health solutions it
used were representative of other regions during COVID-19.
Second, observations about mental health hotline usage
from this study were made from the limited time period
of COVID-19 in China, as the sub-regional hotlines were
previously not available. It may inform hotline service usage
during a public health crisis. However, before the findings from
this study can be used to inform changes to dissemination
strategies of mental health hotline services in general, more
studies should be done to understand hotline usage outside
of the time of a pandemic. For instance, although the
operators reported that most individuals who called the
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hotlines tended to be between ages 20 and 50, it is unknown
whether this age group is also more likely to use hotlines
in general.

Third, many factors in addition to service outreach can affect
mental health resource utilization. Future studies are warranted
to determine to what extent service dissemination can affect
usage of mental health hotlines, and what other factors are
significant contributors to mental health service use in China, in
general, and in response to crises.

Fourth, the qualitative analysis of concerns people expressed
during the hotline calls was not systematic or in-depth in this
study, due to the limitations of the secondary data that were
available. To better understand the issues raised during these
calls, future studies should collect systematic records for each
call. Finally, the current study did not include information
about how various issues were approached by the hotline
operators during the calls. As dissemination is only one step
in ensuring service use, future studies should examine details
of the service provision and understand how it may impact
the use of the hotline services. If future studies examine
hotline usage post-COVID-19, it may be especially important
to accounting for service provision during the crisis, as current
service may impact people’s trust of the service and therefore
future usage.
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The novel coronavirus SARS-CoV-2 disease “COVID-19” emerged in China and rapidly
spread to other countries; due to its rapid worldwide spread, the WHO has declared
this as a global emergency. As there is no specific treatment prescribed to treat
COVID-19, the seeking of suitable therapeutics among existing drugs seems valuable.
The structure availability of coronavirus macromolecules has encouraged the finding
of conceivable anti-SARS-CoV-2 therapeutics through in silico analysis. The results
reveal that quinoline,1,2,3,4-tetrahydro-1-[(2-phenylcyclopropyl)sulfonyl]-trans-(8Cl) and
saquinavir strongly interact with the active site (Cys-His catalytic dyad), thereby are
predicted to hinder the activity of SARS-CoV-2 3CLpro. Out of 113 quinoline-drugs,
elvitegravir and oxolinic acid are able to interact with the NTP entry-channel and
thus interfere with the RNA-directed 5'-3" polymerase activity of SARS-CoV-2 RdRp.
The bioactivity-prediction results also validate the outcome of the docking study.
Moreover, as SARS-CoV-2 Spike-glycoprotein uses human ACE2-receptor for viral
entry, targeting the Spike-RBD-ACE2 has been viewed as a promising strategy
to control the infection. The result shows rilapladib is the only quinoline that can
interrupt the Spike-RBD-ACE2 complex. In conclusion, owing to their ability to target
functional macromolecules of SARS-CoV-2, along with positive ADMET properties,
quinoline,1,2,3,4-tetrahydro-1-[(2-phenylcyclopropyl)sulfonyl]-trans-(8Cl), saquinavir,
elvitegravir, oxolinic acid, and rilapladib are suggested for the treatment of COVID-19.

Keywords: drug repurposing, SARS-CoV-2, main-protease (3CLpro), RNA-dependent RNA-polymerase,
spike-ACE2 complex, quinoline based-drugs

INTRODUCTION

The current outbreak of coronavirus disease 2019 (COVID-19), caused by the severe acute
syndrome coronavirus-2 (SARS-CoV-2), has been considered as a major anxiety of the twenty
first century (Dey et al., 2020). As of May 07, 2020, WHO states that over 3,672,238 cases have
been authoritatively affirmed, including 254,045 deaths around the globe. The pathognomonic
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symptoms of COVID-19 are fever, dry cough, shortness of breath,
and dyspnea (Wu et al,, 2020). In severe conditions, it causes
hypercytokinemia, lymphopenia, disseminated intravascular
coagulation, severe acute respiratory syndrome, kidney failure,
and eventually death (Thomas-Riiddel et al., 2020). In general,
SARS-CoV-2 is a positive sense, long (30,000 bp), single-strand
RNA coronavirus that belongs to the family Coronaviridae and
genus Betacoronavirus, which is highly similar to SARS-CoV
(Zou et al, 2020). No specific medication for COVID-19 is
accessible at the present time. Thus, researchers are seriously
searching for suitable vaccines and therapeutic-drugs against
COVID-19 (Yao et al, 2020). The fact is that discovery, as
well as marketing, of new drugs frequently takes months to
years (Stebbing et al., 2020), and hence looking for appropriate
therapeutics among existing-drugs seems to be a promising
strategy to control the current pandemic of COVID-19 in this
critical time.

In the SARS-CoV-2 macromolecules, the large-polyproteins-
encoded cysteine protease, called 3-chymotrypsin like protease
[3CLpro or main protease (Mpro)], are essential for the viral life-
cycle of novel coronavirus (Zhang H. et al., 2020). This enzyme
plays a crucial role in the processing of viral polyproteins, which
are indispensable for viral maturation and their infectivity (Khan
et al, 2020). Subsequently, RNA-dependent RNA polymerase
(RdRp) is a key enzyme essential for the viral replication of
SARS-CoV-2 (Gao et al, 2020). Due to their crucial roles,
these viral proteins are considered as imperative targets for
developing antiviral compounds against COVID-19 (Wu et al,,
2020). Recently, Choy et al. (2020) reported that the combination
of HIV-protease inhibitors such as lopinavir/ritonavir effectively
kills SARS-CoV-2 at the cellular level. Similarly, Wang M.
et al. (2020) reported that the nucleotide analog RdRp-
inhibitor, remdesivir, successfully inhibited SARS-CoV-2 in vitro.
Hall and Ji (2020) reported zanamivir, indinavir, saquinavir,
and remdesivir as SARS-CoV-2 3CLpro inhibitors using in
silico analysis. Further, Elfiky (2020) also suggested ribavirin,
remdesivir, sofosbuvir, galidesivir, and tenofovir as potent drugs
against SARS-CoV-2 through docking analysis.

On the other hand, human angiotensin-converting enzyme
2 (ACE-2), a type-I integral membrane protein, has been
considered to be the specific and functional receptor for the
spike glycoprotein of SARS-CoV-2 (Patel et al., 2014). It is also
well-known to play the main role in the rennin-angiotensin
system (RAS), which is associated with the regulation of heart
function and blood pressure hemeostasis (Oudit et al., 2003).
The coronavirus entry into host cells is mediated by the spike
glycoprotein, which is a surface transmembrane protein in
SARS-CoV-2 (Zhao et al,, 2020). The analysis of the receptor-
binding motif (RDM) in the Spike glycoprotein revealed that
most of the aminoacid residues essential for receptor-binding
with ACE-2 were conserved between SARS-CoV-2 and SARS-
CoV, demonstrating that these viruses use the same host
receptor for cell entry (Yan et al, 2020). Hoffmann et al
(2020) proved that anti-human ACE-2 antibody (R&D Systems,
Catalog #AF933) can inhibit the Spike protein-associated entry
into cultured cells in vitro. Accordingly, human ACE2 is
considered as a host target for the treatment of COVID-19 to

avoid SARS-CoV-2 from entering host cells (Zhang L. et al,
2020).

The existing quinoline-based  antimalarial  drugs,
hydroxychloroquine and chloroquine, have shown their potential
in the treatment of COVID-19 (Kaur et al., 2010), which inspired
us to identify the quinoline-based potent inhibitors against the
therapeutic targets of SARS-CoV-2 using an in silico approach.
Due to the drug-like properties and therapeutic potential,
quinoline-derived compounds have sustained attention for
developing novel drugs in future medicine (O’donnell et al.,
2010). Quinolines are nitrogen-containing heterocyclic aromatic
compounds, known to be versatile compounds because of their
extensive uses in medicine, organic chemistry, and industrial
chemistry (Prajapati et al., 2014). They are frequently found in
several medicinal plants and are known to have antimalarial,
anticancer, antibacterial, anti-fungal, anticonvulsant, anti-
inflammatory, anthelminitc, cardiotonic, and analgesic activity
(Hussaini, 2016). Some of the compounds with quinoline core
are the preferred choice for the treatment of diverse ailments,
especially cancer and malaria (Touret and de Lamballerie, 2020).

MATERIALS AND METHODS

Ligand Preparation

Numerous medicinal plants and their phytocompounds have
demonstrated their antiviral properties against a large group
of viruses. Consequently, the phytocompounds of Diplocyclos
palmatus leaf extract were subjected to docking analysis in the
current study. In previous studies, the tropical medicinal plant of
D. palmatus has been reported for its anti-biofilm, anti-infection,
and anti-photoaging activity using Caenorhabditis elegans
model (Alexpandi et al, 2019). The list of quinoline-drugs
(total 113) was retrieved from DrugBank database (https://
www.drugbank.ca/categories/DBCAT000788). The canonical
SMILES of the compounds was retrieved from the PubChem
database. The canonical SMILES of quinoline,1,2,3,4-tetrahydro-
1-[(2-phenylcyclopropyl)sulfonyl]-trans-(8CI) retrieved
from the Guidechem database (https://www.guidechem.com/
reference/dic-395649.html). Then, the PDB-format 3D-structure
of compounds was downloaded from the Openbabel online
http://www.cheminfo.org/Chemistry/Cheminformatics/
FormatConverter/index.html.

was

server

Protein Preparation

The 3D crystal protein-structures of SARS-CoV-2 3CLpro (PDB
ID: 6LU7) (Hall and Ji, 2020), SARS-CoV-2 spike protein-ACE-
2 receptor-binding domain (RBD) (PDB ID: 6M17) (Wu et al.,
2020), and human ACE2 (PDB ID: 1R4L) (Joshi et al., 2020) were
obtained from the RCSB PDB database (http://www.rcsb.org/
pdb). The 3D crystal structures of SARS-CoV-2 RdRp generated
through homology modeling using ICM 3.7.3 modeling software
was gifted by Prof. Hua Li, Hubei Key Laboratory of Natural
Medicinal Chemistry and Resource Evaluation, School of
Pharmacy, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China (Wu et al, 2020).
The energy minimization of targeted protein structures was
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performed using the YASARA server. The protein preparation
was done with AutoDock Tools Version 1.5.6.

Molecular Docking

The virtual screening of best scoring compounds was performed
using the iGEMDOCK with blind-mode docking. The
iGEMDOCK tool is a graphical-automatic drug design system
mainly used for structure-based virtual screening of drug
molecules (Hsu et al., 2011). After the selection of best binding
compounds, the interaction on the active domains of therapeutic
targets (3CLpro, RdRp, and Spike-ACE2 complex) of selected
compounds were analyzed using the AutoDock Vina tool. It is an
open-source docking software, which extensively improves the
average accuracy of the binding mode predictions of compounds
better than other docking tools (Trott and Olson, 2010). It
implements a competent optimization algorithm for estimating
the affinity of protein-ligand interactions and predicting the
plausible binding modes of compounds (Goodsell et al., 1996).
Then, the ligand-protein interactions were visualized by Maestro
10 (Schrodinger) (Balasubramaniam et al., 2019). In the present
study, to compare the selected quinolines with already reported
anti-SARS-CoV-2 drugs, lopinavir (Hall and Ji, 2020) and
remdesivir triphosphate (Gordon et al., 2020) were selected as
positive inhibitors of SARS-CoV-2 for in silico analysis in the
present study. Further, the selected quinolines and remdesivir
triphosphate were compared with the parental nucleotides
(NTPs) of SARS-CoV-2 RdRp for understanding the inhibition
mode of viral replication.

In silico Drug-Likeliness and Bioactivity

Prediction

The drug likeliness and bioactivity of quinolines were analyzed
using the Molinspiration server (http://www.molinspiration.
com). Molinspiration tool is a cheminformatics software that
provides molecular properties as well as bioactivity prediction of
compounds (Mabkhot et al., 2016). In the Molinspiration-based
drug-likeness analysis, there are two important factors, including
the lipophilicity level (log P) and polar surface area (PSA)
directly associated with the pharmacokinetic properties (PK)
of the compounds (Beetge et al., 2000). In the Molinspiration-
based bioactivity analysis, the calculation of the bioactivity score
of compounds toward GPCR ligands, ion channel modulators,
kinase inhibitors, nuclear receptor ligands, protease inhibitors,
and other enzyme targets were analyzed by sophisticated
Bayesian statistics (Mabkhot et al., 2016). This was done as the
protein families, such as G protein-coupled receptors (GPCR),
ion channels, kinases, nuclear hormone receptors, proteases, and
other enzymes (RdRp), are the major drug targets of most of the
drugs (Hauser et al.,, 2017).

In silico ADMET Analysis

The PK properties, such as Absorption, Distribution,
Metabolism, Excretion, and Toxicity (ADMET), of quinolines
were predicted using the admerSAR v2.0 server (http://lmmd.
ecust.edu.cn/admetsar2/). The admerSAR server is an open-
source computational tool for prediction of ADMET properties
of compounds, which makes it a practical platform for drug
discovery and other pharmacological research (Guan et al,

2019). In the ADMET analysis, the absorption (A) of good drugs
depends on factors such as membrane permeability [designated
by colon cancer cell line (Caco-2)], human intestinal absorption
(HIA), and the status of either P-glycoprotein substrate or
inhibitor. The distribution (D) of drugs mainly depends on the
ability to cross the blood-brain barrier (BBB). The metabolism
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