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The dysregulated release of cytokines has been identified as one of the key factors
behind poorer outcomes in COVID-19. This “cytokine storm” produces an excessive
inflammatory and immune response, especially in the lungs, leading to acute respiratory
distress (ARDS), pulmonary edema and multi-organ failure. Alleviating this inflammatory
state is crucial to improve prognosis. Pro-inflammatory factors play a central role in
COVID-19 severity, especially in patients with comorbidities. In these situations, an
overactive, untreated immune response can be deadly, suggesting that mortality in
COVID-19 cases is likely due to this virally driven hyperinflammation. Administering
immunomodulators has not yielded conclusive improvements in other pathologies
characterized by dysregulated inflammation such as sepsis, SARS-CoV-1, and MERS.
The success of these drugs at reducing COVID-19-driven inflammation is still anecdotal
and comes with serious risks. It is also imperative to screen the elderly for risk factors that
predispose them to severe COVID-19. Immunosenescence and comorbidities should be
taken into consideration. In this review, we summarize the latest data available about the
role of the cytokine storm in COVID-19 disease severity as well as potential therapeutic
approaches to ameliorate it. We also examine the role of inflammation in other diseases
and conditions often comorbid with COVID-19, such as aging, sepsis, and pulmonary
disorders. Finally, we identify gaps in our knowledge and suggest priorities for future
research aimed at stratifying patients according to risk as well as personalizing therapies
in the context of COVID19-driven hyperinflammation.

Keywords: COVID-19, immunosenecence, inflammation, SARS-CoV-2, sepsis, aging

INTRODUCTION

Accumulating evidence suggests that patients with severe COVID-19 develop a dysregulated release
of cytokines also known as a “cytokine storm” or “cytokine storm syndrome.” The cytokine storm
produces an excessive inflammatory and immune response, especially in the lungs, leading to acute
respiratory distress (ARDS), pulmonary edema and multi-organ failure. In these situations, an
overactive, untreated immune response can be deadly, suggesting that mortality in COVID-19
cases is likely due to this virally driven hyperinflammation. While the risk factors and phenotype
profiles that cause otherwise healthy individuals to become critically ill still remain unknown,
preliminary evidence suggests that other inflammatory processes such as aging or permanent lung
damage may make one predisposed to a poorer prognosis. In this review, we summarize the
latest data available about the role of the cytokine storm in COVID-19 disease severity as well as
potential therapeutic approaches to ameliorate it. We also examine the role of inflammation in
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other diseases or conditions often comorbid with COVID-
19, such as aging, sepsis, and pulmonary disorders. Finally,
we identify gaps in our knowledge and suggest priorities for
future research aimed at stratifying patients according to risk
as well as personalizing therapies in the context of COVID19-
driven hyperinflammation.

INFLAMMATION IN PATHOLOGY AND
DISEASE

Inflammation is a vital phenomenon of a healthy immune
response. However, dysregulated inflammation can result in
severe damage, multisystemic organ dysfunction or even death.
Rampant inflammation plays a central role in several pathologies
such as sepsis, rheumatoid arthritis, respiratory diseases, cancer,
and aging. Below we briefly review the role of inflammatory
responses in several of these pathologies or conditions, which
have been found to be aggravating factors in COVID-19.

Inflammation and Aging

As we age the effectiveness of the innate and adaptative
immune response declines, and this results in reduced protection
against external pathogens, decreased ability to vaccination
and increased susceptibility to infection, and limited repair
capacity of damaged cells and tissues. This process is called
“immunosenescence” (1) and it likely plays a central role in the
age-related severity of COVID-19. Immunosenescence makes
the innate immune response become more active, increasing
the number of natural killer cells (NK) and releasing pro-
inflammatory cytokines, such as Interleukin 6 (IL-6), Tumor
Necrosis Alpha (TNFa), and C-reactive protein (CRP). In turn,
this results in a chronic, low-grade inflammation, a phenomenon
that has been termed as "inflammaging” (2). This chronic
inflammation might contribute to biological aging and is a
significant risk factor for age-related diseases, such as type
2 diabetes, Alzheimer’s disease, hypertension, atherosclerosis,
arthritis, hypertension, and cancer (2, 3). “Inflammaging” is a
highly significant risk factor for both morbidity and mortality in
the elderly. For example, Fabbri et al. (4) have shown that older
people with a high baseline of IL-6 levels in combination with a
faster increase in IL-6 levels over time have a significantly higher
number of chronic diseases or multimorbidity as compared to
those with high baseline levels but with a slower increase in
IL-6 over time. IL-6 is a proinflammatory cytokine secreted by
macrophages during the initial, acute phase of an inflammatory
response. During this acute phase response, another downstream
inflammatory marker, CRP is released in response to IL-6
(5). Both proteins are markers of systemic inflammation and
predictors of mortality in older adults as well as in people with
community-acquired pneumonia (6) which indicates that they
could be used to identify individuals at higher risk of developing
severe COVID-19 as well. In older people, muscle tissue has
higher levels of these inflammatory cytokines, that together
with a lack of physical activity, malnutrition, and hormonal
dysregulation among other factors, may lead to the development
of sarcopenia, the age-related loss of muscle mass and function

that is one of the hallmarks of aging (3). This suggests that
Clinical Frailty Indexes, which are rapid and already available in
clinical practice, could be useful to screen for patients at risk of
severe COVID-19.

Inflammation and Sepsis

Sepsis is a life-threatening clinical process characterized by the
dysregulation of homeostasis and the presence of a systemic
inflammatory response syndrome. Sepsis is caused by an
infection (from different types of pathogens, from bacteria
to fungi and viruses) and leads to multiorgan dysfunction
(7). Consequently, the dysregulated release of cytokines plays
a central role in the syndrome’s pathophysiology (8). Sepsis
is strongly time-dependent, and it is known that the levels
of inflammation biomarkers are prone to change abruptly.
This makes it challenging to characterize cytokine profiles
since they evolve rapidly as sepsis progresses. For example,
it has been shown that IL-6, TNFa, and IL-10 levels peak
within the first 2h of the syndrome and then progressively
decrease with time (9). Indeed, therapies based on blocking
the proinflammatory action of cytokines such as TNFa and
IL-1 have failed to improve sepsis outcomes in human trials
because of the highly dynamic nature of these biomarkers,
which have rapidly changing kinetic profiles (10, 11). Another
confounding factor in characterizing sepsis is the heterogenous
presentation of the syndrome, which varies depending on the
type of infection (bacterial vs. viral, gram-negative vs. gram-
positive), genetic polymorphisms and comorbidities. Recent
advances in machine learning are overcoming this problem by
enabling the simultaneous evaluation of extremely large volumes
of data. For example, a recent article showed that sepsis patients
can be categorized within 4 different phenotypes according to age
and type of organ dysfunction, which could help stratify patients,
predict their prognosis, and fine-tune therapeutic approaches in
the near future (12).

Sepsis survivors are immunosuppressed, which makes them
easy targets for viral infections such as COVID-19 (13). Likewise,
nosocomial infections by polyresistant bacteria are a real threat
for the critical COVID-19 patient, especially for those that
require mechanical ventilation. Immunomodulatory therapies
aimed at alleviating the cytokine storm originated by COVID-
19 should be carefully designed in order to avoid putting these
patients at a higher risk of bacterial or fungal sepsis.

Inflammation and Respiratory Disease

Inflammation also plays a central role in respiratory diseases such
as chronic obstructive pulmonary disease (COPD), asthma, and
pulmonary fibrosis. In allergic asthma, epithelial cells respond
to the presence of the allergen by producing cytokines such
as IL-25 and IL-33 (14). In turn, these activate the TH2
response mediated by IL-4, IL-13, and IL-5 (15). IL-4 and IL-
13 are important for regulating the production of IgE and the
activation of macrophages (14), while IL-5 mediates eosinophilic
inflammation (15, 16). COPD is a chronic inflammation of
the lungs, which is usually triggered by long-term exposure to
particulate matter or smoke. Consequently, consistently high
levels of proinflammatory cytokines such as TNFa (17), IL-1 (18),
or IL-6 (19) can be found in the sera of COPD patients. COPD
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may overlap with other respiratory conditions such as asthma
or pneumonia. Exacerbation episodes due to environmental
factors (pollen and pollution air levels) or respiratory viruses
may cause an acute inflammatory response (20). For example IL-
6 can be found at higher levels in the serum of patients going
through an acute exacerbation episode (21). The accumulation
of scar or fibrotic tissue in the lung may result in idiopathic
pulmonary fibrosis. The process is largely mediated by TGF-
beta (22). Extracellular matrix deposition in pulmonary fibrosis
is parenchymal, and it has been proposed that it is the result of a
“profibrotic cytokine storm” (14).

CYTOKINE STORM IN CORONAVIRUS
DISEASES

Much can be learned about the role of inflammation in the
course of the infections from previous respiratory coronaviruses.
SARS-CoV-2, the severe acute respiratory disease coronavirus
(SARS-CoV-1) and the Middle Eastern Respiratory Syndrome
coronavirus (MERS-CoV) infect the lower respiratory airways
and can cause severe pneumonia. During the first 9 days the
patient shows flu-like symptoms such as cough and fever,
often accompanied by diarrhea (23). During this phase, the
virus replicates very fast and produces several proteins that
are known to block interferon (IFN) responses (24). Histology
studies show acute phase diffuse alveolar damage accompanied
by edema, inflammatory infiltrate, and the formation of hyaline

membrane (25). Shortly afterwards, viral titers in nasopharyngeal
aspirates reach a peak and start decreasing. During this time,
patients experience hypoxemia and high fever. By the third
week about 20% will develop acute respiratory distress syndrome
(ARDS) (23).

The production of chemokines by immune cells plays a central
role in coronavirus-related hyper-inflammation. For example,
infection of human monocyte-derived macrophages with SARS-
CoV resulted in a very low production of IFN-y but successfully
induced the expression of CXCL10/IFN-inducible protein 10
and CCL2/monocyte chemotactic protein 1 (26). Chemokine
upregulation was also observed after infection in dendritic cells
(27). In serum, higher levels of pro-inflammatory cytokines and
chemokines, through activation of Thl cell-mediated immunity
and hyper innate inflammatory responses, have been correlated
to disease severity in SARS-CoV infections (28). Similarly, the
“cytokine storm” responsible for the poor prognosis of MERS-
CoV is controlled by T helpers 1 (Th1l) mediators, and involves
high levels of IFN as well as proinflammatory factors such as IL-
1beta, IL-6, and IL-8, which are generated by airway epithelial
cells (29). High serum levels of these cytokines are also indicative
of severe MERS-CoV (30).

The origin of the dysregulated release of cytokines in these
infections has been ascribed to diverse factors (31). It is assumed
that the rapid viral replication in the first stages of the infection
results in high proinflammatory responses. Furthermore, the
virus generates high levels of proteins that are known to attenuate
and delay IFN responses, which provokes an accumulation of
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TABLE 1 | Summary of the clinical studies with inflammatory markers in COVID19 patients.

Population Location *Age, Sex Laboratory markers Cytokines and Chemokines Treatment References
N=28 China 5 AWCC, ALT, PCT, CRP, D-dimer, LDH L6, IFNy -Antiviral (100%) (oseltamivir virazole (38)
(3 critically ill vs. 5 severe) (2 mo—15) JLC =IL2, IL4 and/or interferon)
75% =AST, CK -Antibiotic (62.5%) -Glucocorticoids (62.5%)
(male) -Traditional Chinese Medicine (50%)
-Plasma infusion (25%)
-IV immunoglobin therapy (50%)
N=11 China 58 +CRP, D-Dimer, LDH L6, IL10 -Antiviral (100%) (39
ICU severe patients (26-72) JLC =IFNy, IL2, IL4 -Antibiotic (100%)
83% (male) = ALT, WBCC. CK -Antifungal (91%)
-Glucocorticoids (82%)
-IV immunoglobin therapy (9.1%)
N =21 China 56 MWBCC, NC, AST, ALT. CK, LDH, D-Dimer, 1IL6, IL10, IL2-R, TNFa -Antiviral (82%) (oseltamivir and/or ganciclovir)  (40)
(11 severe vs. 10 moderate) (50-65) PCT, CRP, Ferritin =IL8 -Antibiotic (100%) (moxifloxacin
81% (male) JAlbumin, LC and/or cephalosporin)
=PC -Glucocorticoids (100%) (methylprednisolone)
N =41 China 49 AWBCC, NC, Prothrombin Time, D-dimer,  IL1B, IL1RA, IL6, IL7, IL8, IL9, IL10, -Antiviral (93%) (oseltamivir) -Antibiotic (100%)  (41)
(13 1CU vs. 28 non-ICU) 73% (male) AST, ALT, Cardiac troponin |, PCT (initially basic FGF, GCSF, GMCSF, IFNy, IP10,  -Corticosteroids (22%)
normal, increased ICU with infection), MCP1, MIP1A, MIP1B, PDGF,
CK, LDH TNFa, VEGF
JLC, Albumin, = IL5, IL12p70, IL15, Eotaxin, RANTES
PC
(not data on CRP)
N =43 China 54 (19-70) +CRP, Fibrinogen, 1D-Dimer 1 IL6 [Not available] (42)
(15 severe vs. 28 mild) 60% (male) =WBCC, LC, AST, ALT, CK
N =48 China 65 AWBCC, Cardiac troponin | (mild and 1 IL6 (critically ill and mild) [Not available] (43)
(21 mild, 10 severe, 17 (47-83) severe), AST (higher in critically ill and mild),
critically ill) 77% (male) ALT (higher in critically ill and mild), CK
(higher in critically ill and mild), PCT
J LC, Cardiac troponin | (critically ill)
N =53 China #62 = WBCC, AST, ALT, CK HLIRA, IL6, IL10, IL18, CTACK, MIG,  -Antiviral (38%) (44)
(34 severe vs. 19 moderate (22-78) JLC IFNy, IP10 -Corticosteroids (30%)
and) 4 CRP, LDH, NC = IL2RA, MCP3, HGF, MIP1A, MCSF
N = 8 healthy controls +1P10, MCPS3, IL1RA (specially higher in
severe vs moderate)
N =91 China 50 JWBCC, LC [Not available] [Not available] (45)
(9 severe vs. 82 mild) 41% (male) +D-Dimer,
CK, CRP
= AST, ALT, PCT
N=94 China #40 AWBCC, NC, CRP, CK, LDH 1 IL6 -Antiviral (49%) (IFN-a + lopinavir/ritonavir) (46)
(8 mild, 75 moderate, 11 (1-78) LLC -Antiviral (22%) (IFN-a +
severe) 45% (male) lopinavir/ritonavir+ ribavirin
N =123 China 52 JLC L6, IL10 [Not available] 47)
(21 severe vs. 102 mild) (30-76) =IL4, IL17, TNFa, IFNy
66% (male)
(Continued)

12

‘[e Jo €0y Bl 8p

61-AIANOD Ul WIOIS BUMOIAD


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

de la Rica et al.

Cytokine Storm in COVID-19

72
@
o
=
o
o —
[ee) N~
¢ | = =
-~ @
SRS
o 9
ox 2
2o
a o
22%
288
©
TE S
=55
£E3Q _
Q== e
RS R~
DT s}
Sy Sx 9
S o= T 28
R XRo NG
o £ c 0 D — O
k] @89 L o®E
g TSE B2
s 552 22238
© = X Cc S5 E 3
o ;:O_E cc;:6
o
F <ER L <LC
[}
o
£
=
]
£
@
= —_—
o ©
e}
2 &
5T
3 ©
£ S
©
'g ° ©
5 [e] =
o £ <~
. T
T =)
(=) -
- Y
. S e
- zZ E
5 2
< m L
- — oo
» '(B,g <4(0:
o < c O
>3 - O = -
- 9 E
5 o 8 w z
E| E5 <E'g
> &8 s
Dﬁ = 0
S . O .=
CRSE: 358
©
S B-,08%0
a = o
] =20o0% =532
- ~a => Il <O —
@
x o) <
5 _3 £
¢ gt 58
2 g3% 223
< u 3o 0 T ©
c
2
=
© ©
S | = =
o < <
- O O
ko)
= 1)
3 5
o = S
g 5 2
= e °
o N
8 & 3
© )
c . 172
P g c
- - © o
w | = » 2 o8
= 3 -0 o
g g I o I oo
[ o =z D =z Qe

(49)

[No data available]

PCT, ESR, Ferritin, CRP 1 IL6, IL2-R, IL8, IL10, TNFa

tLeukocytes, NLR,

58

China

N = 452

LLC

(47-67)

(286 severe vs. 166 non

severe)

N

52% (male)

47

(50)

-Antiviral (36%) (oseltamivir)

-Antibiotic (58%)
-Antifungal (3%)

[Not available]

+CRP

China

1,009

JWBCC, LC

(35-58)

(173 severe vs. 926
non-severe)

= D-Dimer, AST, ALT

58% (male)

-Glucocorticoids (19%)

WBCC, White blood cell count; ALT, Alanine aminotransferase; PCT, procalcitonin; CRR C-reactive protein; LDH, lactate dehydrogenase; LC, lymphocyte count; AST, Aspartate aminotransferase; CK, creatine kinase; IV, intravenous;

PC, platelet count; NC, neutrophil count; MB, myoglobin; BUN, blood urea nitrogen; ESR, Erythrocyte sedimentation rate; NLR, Neutrophil-to-lymphocyte ratio.

pathogenic inflammatory monocyte-macrophages (24, 32). This,
in turn, results in an even higher production of cytokines in the
lungs (33). The consequences of this hyper-inflammation are also
diverse, ranging from the dampening of T-cell responses, which
leads to an even less controlled inflammatory response, to the
apoptosis of epithelial cells, vascular damage, and ARDS (31)
(Figure 1).

The dynamic interplay of factors involved in the cytokine
storm generated by coronavirus infections makes it complicated
to design therapies to halt its progression. For example, treatment
with corticosteroids has been found to be mildly beneficial,
not beneficial at all, or even deleterious in different studies
(34-36). These disparate results show the complexity of the
problem and the need to personalize timing and dosage for
each particular case. Similarly, studies in macaques have shown
that administering pegylated IFN-y protects type 1 pneumocytes
against SARS-Cov-1 infection when administered in the early
stages of the infection. However, the same treatment had no
effect on patients who were diagnosed at later stages, and
therefore that had already progressed to severe MERS (37). These
studies highlight the relevance of closely monitoring disease
progression in order to maximize the benefits of therapies aimed
at ameliorating coronavirus-induced hyperinflammation.

Cytokine Storm in COVID-19

Table 1 summarizes the main findings published at the beginning
of the pandemic (February 2020-April 2020) about COVID-
19 and cytokine storm. The mortality of critically ill Chinese
patients with SARS-CoV-2 pneumonia was between 50 and 62%
(51, 52). The duration of terminal cases was usually 1-2 weeks
after intensive care unit (ICU) admission. Older patients (>65
years) with higher SOFA score and ARDS were at increased
risk of death (52). Several studies from countries that were first
affected by the pandemic reported an increased prevalence of
dysregulated immune responses in patients with COVID-19.
This dysregulation is frequently accompanied by higher levels
of inflammation or “hyperinflammation” and it is more likely
to occur in elderly people with comorbidities, who have weaker
immune functions and chronic inflammation as hypothesized
above (53). It has been shown that aberrant pathogenic T cells
and inflammatory monocytes are rapidly activated and produce
a large number of cytokines, thus inducing this inflammatory
storm (54) (Figure 1).

A recent paper published in Lancet was the first to
report the epidemiological, clinical, laboratory, and radiological
characteristics, treatment, and clinical outcomes of 41 laboratory-
confirmed cases infected with SARS-CoV-2 (41). In this study the
authors showed that severe COVID-19 patients who developed
ARDS due to higher inflammation were more likely to die. Both,
Thl pro-inflammatory cytokines and Th2 anti-inflammatory
cytokines were higher in COVID-19 patients. Of note, those
with higher levels of Thl cytokines required ICU admission,
suggesting that the cytokine storm was associated with disease
severity and consequently with a worse prognosis.

Interestingly Quin et al. (49) found that the severe group with
COVID-19 had higher neutrophil count and a lower number of
lymphocytes, inducing a cytokine storm in the body and damage
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in the lungs and heart, among other organs. It is known that the
increase of neutrophil-to-lymphocyte ratio (NLR), is a marker
of systemic inflammation and infection that could be used as
a predictor of bacterial infection, including pneumonia. The
increase of NLR in this study is consistent with the findings from
Wang et al. (48). These authors also found a relevant increase in
the levels of procalcitonin (PCT), another marker of infection,
used regularly in the clinic as a marker to aid in the diagnosis of
bacterial infections and to guide antibiotic therapy (55, 56). These
findings are also consistent with the recent report from Huang
etal. (41).

Chen et al. (40) found that the SARS-CoV-2 infection induced
a cytokine storm (increase in IL-6, IL-2R, IL-10, and TNFa) and
lymphopenia, a decrease in CD41 and CD8™ T cells, as well as
suppressed IFN-y production by CD4TT cells, which might be
correlated with disease severity in COVID-19.

Zheng et al. (57) found no statistical differences in IL-6
and TNF-a plasma concentrations in mild or severe COVID-
19 patients. However, they showed that elevated exhaustion
levels and reduced functional diversity of T cells in peripheral
blood may also predict severe progression in COVID-19 patients.
A study in 30 COVID-19 patients found that the platelet to
lymphocyte ratio (PLR) was associated with a poorer prognosis
and a longer than average hospitalization time. The authors
suggest that the PLR of patients could be a proxy of the
cytokine storm, since the recruitment of neutrophils and other
inflammatory cells to the site of injury plays a crucial role in the
inflammatory response, providing a new inflammation index to
monitor patients with COVID-19 (58).

Another recent study reported that the serum SARS-CoV-2
viral load (RNAaemia) is strongly associated with the levels of
IL-6 in COVID-19 patients (43). The levels of IL-6 were 10-
fold higher in critically ill patients compared to severe patients.
This study strongly suggests that IL-6 is a promising prognosis
biomarker and therapeutic target in critically ill COVID-19
patients. Similarly, another study found that the combination
of IL-6 and D-Dimer measurements had the highest specificity
and sensitivity for early prediction of the severity of COVID-
19 patients (~94%), and that they were also useful to track
pneumonia development (42). Levels of lactate dehydrogenase
(LDH) and creatine kinase (CK) have been associated with viral
mRNA elimination, suggesting that a constitutive decrease of
LDH or CK levels probably predict a favorable recovery response
for COVID-19 patients (46).

The serial detection of IFN-y-induced protein 10 (IP-10),
monocyte chemotactic protein-3 (MCP-3) and IL-1rain 14 severe
cases showed that the continuous high levels of these cytokines
were associated with disease deterioration and fatal outcome (44).
The authors suggest that the combination of these cytokines are
independent predictors for the progression of COVID-19.

Several studies have also reported that the activation of
coagulation pathways (ie., increased D-dimer, a marker of
thromboembolism), during the immune response to COVID-
19 might also lead to an overproduction of proinflammatory
cytokines leading to multiorgan injury and death (59).

In summary, early reports show a correlation between
the cytokine storm syndrome and severity leading to a poor
prognosis in COVID-19.

TABLE 2 | Potential immunomodulators used for COVID-19 disease at the
beginning of the pandemic.

Drug Clinical use
Azitromicine Antibacterial,
Immunomodulator
Steroids Anti-inflammatory,
Septic Shock
ARDS
IFN-B 1b Rheumatic Diseases
Hepatitis C
Tocilizumab Anti-IL6R
Rheumatic Diseases,
Cytokine Storm
Sarilumab Release Syndrome in CAR-T cells
Baricitinib JAK inhibitor,
Rheumatic Diseases
Anankinra IL-1R antagonist

Autoimmune Diseases
Treatment of SARS and MERS
Autoimmune Diseases

ARDS
Lung Hypertension

Convalescent Serum
Immunoglobulins

Nitric oxide

Remdesivir, Favipiravir, Lopinavir/Ritonavir Antiviral treatment

ARDS, acute respiratory distress syndrome; JAK, Janus tyrosine kinase; IL-1R, interleukin
1 receptor; IL-6R, interleukin 6 receptor; CAR-T cells, Chimeric antigen receptor T.

Below we also review early therapeutic attempts at relieving
this hyperinflammatory state with available drugs at the time of
the pandemic.

RE-PURPOSED FDA DRUGS THAT HAVE
BEEN USED TO TREAT CYTOKINE STORM
IN COVID-19 PATIENTS

Currently, the preferred therapeutic approach to COVID-19
seems to be a multimodal treatment combining antibiotics,
antiviral (i.e., remdesivir, favipiravir, lopinavir/ritonavir, etc.),
and anti-inflammatory drugs with support therapies for the
respective organic failures (60, 61). Antiviral treatment is
important to decrease viral load and replication, decreasing
RNAemia and consequently the inflammatory stimulus. The
main immunomodulatory agents used for COVID-19 at the
beginning of the pandemic are summarized in Table 2. Later
on, some of these drugs have demonstrated to have no effect on
survival and prognosis of the disease.

Emerging evidence indicates that there are potential benefits
when managing the cytokine storm in COVID-19 patients
by administering steroids, IL-6/IL-6-receptor (IL-6R) blocking
antibodies, TNF inhibitors, IL-1 antagonists, and Janus kinase
inhibitor (JAK) inhibitors (62). Steroids inhibit the synthesis
of various cytokines (IL1-8, TNFa, IFNg, GM-CSF) produced
by an array of different cells (macrophages, monocytes,
lymphocytes, endothelial, or epithelial). Steroids act through a
variety of mechanisms, including the inhibition of transcription,
by preventing protein translation and destroying mRNA, by
inhibiting the synthesis of cytokine receptors and activating
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transcriptional factors such as AP-1 or NF-kB, and by genetic
dispersion of adhesion molecules (ICAM-1). Glucocorticoids
may also modulate inflammation-mediated lung injury. Recently,
a controlled, open-label trial evaluating the potential use of
oral or intravenous dexamethasone for critically ill COVID-
19 showed a decrease in mortality among those who were
receiving either invasive mechanical ventilation or oxygen alone
at randomization but not among those receiving no respiratory
support (63).

Tocilizumab is an FDA-approved immunosuppressive drug
targeting IL-6R that is commonly used for the treatment of
rheumatoid arthritis (RA) (64). Tocilizumab has also been
used to manage cytokine release syndrome (CRS) in patients
receiving chimeric antigen receptor (CAR) T cell therapy (65). In
COVID-19 patients, Tocilizumab has been shown to improve the
clinical symptoms by reducing the inflammation and decreasing
severity (54). Several drugs such as Sarilumab (IL-6R antagonist),
anakinra (IL-1 receptor antagonist), Baricitinib, Fedratinib, and
ruxolitinib (JAK inhibitors) are under study at the moment in
several phase II/III clinical trials around the world.

Wu and Yan (66) suggest that in COVID-19 patients the FDA
approved JAK2 inhibitor Fedratinib, in combination with anti-
viral drugs, could be used to reduce the mortality associated
with hyperinflammation by suppressing the production of
several Th17 cytokines (i.e., IL1b and TNFalpha, IL21,IL22,
IL17) and the formation of pulmonary edema. It has also
been suggested that modulators targeting the cytokine IP-10
are a promising therapeutic strategy in the treatment of the
acute phase of ARDS since they could ameliorate acute lung
injury (44).

Hydroxychloroquine (HCQ), an anti-malarial drug which
exhibits an antiviral effect similar to that of chloroquine, could
mitigate the severe progression of COVID-19, inhibiting the
cytokine storm by suppressing T cell activation (67). HCQ
has been shown to decrease the production of IFN, TNE
IL-6, and IL-1 and promote autophagic inhibition. However,
recent results from a clinical trial have shown that the use
of hydroxychloroquine, alone or with azithromycin, did not
improve clinical status of COVID-19 patients compared to
standard care (68).

Azithromycin is an antibacterial agent (macrolide) that is also
being used to treat COVID-19 patients in combination with
other drugs such as hydroxychloroquine. It has a well-known
immunomodulatory effect and could be an important element of
multimodal treatments, even in seriously ill patients (69).

Blood purification, a treatment in which a patient’s blood is
passed through a device to remove waste products, and toxins,
is a promising therapy in reducing the cytokine storm that
occurs as a late complication of critically ill COVID-19 patients,
although the small cohort (n = 3) merits more investigation (70).
Administering convalescent plasma is a promising alternative
that has been used with notable success in SARS-Covl, MERS,
or Ebola patients. The plasma must be collected from recovered
patients who can donate blood, do not show any symptoms for
more than 14 days and have yielded negative results on Covid-
19 tests. The small clinical experience with using this method
for treating COVID-19 is encouraging, although it will require
a thorough examination and more contrasted data through
clinical trials (71). Another alternative is the use of therapeutic
plasma exchange for fulminant COVID-19 patients. The main
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FIGURE 2 | Prevention and management COVID-19. (A) There is an urgent need to improve our understanding on the phenotype profiles behind the progress from
mild to severe or critical COVID-19. This includes analyzing the different risk factors as well as circulating biomarkers. In turn, this could lead to personalized therapies
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arguments for using this treatment would be to removing
cytokines, stabilizing endothelial membranes and resetting the
hypercoagulable state.

While therapeutic outcomes are rather anecdotal at the
moment, several ongoing large-scale clinical trials will surely
shed more light into the validity of these and other therapeutic
approaches aimed at ameliorating the cytokine storm in COVID
19 patients. However, judging from the results obtained from
previous SARS cases, the success of these therapies will likely
be intimately tied to timing and dosage, due to the highly
dynamic nature of the inflammatory process. No proven
benefits of immunomodulatory treatments in severe COVID-19
infections are known at the moment. Additional risks such as a
higher incidence of opportunistic infections or reactivations of
infections such as hepatitis b under treatment with Tociluzimab
should be taken into account. Therefore, the use of these
immunomodulators in COVID-19 must be evaluated very
critically. Finally, by the time this manuscript was written,
only the treatment with Remdesivir has shown some clinical
improvement (i.e., shortening the time to recovery) in COVID-
19 patients (72, 73).

CONCLUSION

To date, no available FDA drug or therapy has demonstrated
100% efficacy for patients with COVID-19. The high percentage
of critically ill patients in the COVID-19 pandemic has forced
some ICUs to take desperate measures. In this context, it
is imperative to identify biomarkers for predicting disease
severity and prognosis in order to make more efficient choices
regarding the use of limited resources in ICUs as to avoid their
oversaturation. According to early reports depicted in Table 1,
increased levels of inflammatory markers such as D-dimer, CRP,
IL-6, and CK, together with a reduction in lymphocyte counts,
and increased ferritin levels are common in COVID-19 patients
and have been associated with severe stages of COVID-19.
Close monitoring of these biomarkers could reveal the evolution
from mild to severe COVID-19 and avoid poor outcomes in
future cases.

There is a need to better understand the disease, its
pathophysiology, temporal evolution, prognostic clinical and
analytical parameters, the immunity (or not) generated, and the
real impact of the proposed treatments that are being evaluated
in different clinical trials at this moment. Lessons learnt from
other hyperinflammatory syndromes such as sepsis and the
cytokine storm responsible for the poor outcomes in SARS
and MERS show a strong time dependence between cytokine
levels and disease progression. We propose that measuring
inflammation biomarkers frequently over time is the best strategy
to characterize the evolution of the cytokine storm, since it
provides a personalized biomarker profile for each patient. In
turn, this could be used for guiding the timing and dosage of anti-
inflammatory treatments, as well as to assess their effectiveness.
Point-of-care diagnostic devices will likely be crucial to enable
these kinetic biomarker measurements without collapsing central
diagnosis laboratories (74-77).

Young individuals or people with no associated morbidities
typically have mild symptoms or remain asymptomatic, while

the elderly experience substantially more severe symptoms
and lethality. Prevention and screening strategies should be
implemented to manage COVID-19 disease (Figure 2). Older
patients (>60 years) with comorbidities or chronic medical
conditions and ARDS are at increased risk of death from COVID-
19. This is likely due to immunosenescence and increased
frailty associated with aging, that lead to a loss of function and
fitness. It is noteworthy that even after a SARS-CoV-2 vaccine
is developed and available as a prevention strategy, it might
not provide full protection to the elderly due to this decline in
immune function. Evidence from other diseases such as HIN1
has shown that the effectiveness of the influenza vaccine differs
annually due to mutations in the virus. Similar scenarios can
be expected with the COVID-19 pandemic, which makes it
prescient to study other preventive strategies such as screening
the most vulnerable population. Clinical frailty indexes could
provide a simple method to identify these patients. This could be
supplemented with measurements of inflammation biomarkers
such as IL-6, which are, to date, the most consistent and reliable
risk markers for adverse health outcomes in older people (3).
Also, older COVID-19 patients who become critically ill often
have cardiovascular, metabolic and/or kidney diseases and/or
cancer, among other complications. Therefore, close monitoring
of previous (multi)morbidities during hospitalization is of vital
importance in order to discern their role in COVID-19 disease
progression. Recent advances in Artificial Intelligence (AI) could
make possible a holistic view of the COVID-19 disease, as the
Al can combine and analyze all the patient’s clinical history data
with biomarker measurements, frailty scores, and therapeutic
interventions, all within seconds. Once trained, the AI could also
be used to identify patients at risk of severe or critical COVID-19
that require special care.

Finally, there is an urgent need to develop rehabilitation
treatments for COVID19 survivors. Patients with respiratory
symptoms who survive the virus might be probably left
with chronic problems, such as lung fibrosis, lower lung
function, and kidney damage (78, 79). Interventions such
as oxygen therapy, physical activity and others focused on
the mitigation of these chronic conditions is crucial as well.
Similarly, a long-term study of inflaimmation markers may
shed new light on the impact of the cytokine storm in
COVID19 survivors.
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Current evidence is controversial in the association between peripheral lymphocyte levels
and the progression and mortality of Corona Virus Disease 2019 (COVID-19), and this
meta-analysis aimed to clarify the association. A systematic search was conducted in
public databases to identify all relevant studies, and the study-specific odds ratio (OR)
and 95% confidence intervals (Cl) were pooled. Finally, 16 studies were identified with
a total of 1,873 progressive COVID-19 cases and 5,177 stable COVID-19 cases. In
COVID-19 progression, lymphocyte levels showed a significant negative correlation (OR:
0.68, 95% ClI: 0.51-0.89), but it was not significant in the subsets of CD3+ T cells
(OR: 0.97, 95% CI: 0.93-1.02), CD4+ T cells (OR: 0.93, 95% CI: 0.80-1.08), CD8+
T cells (OR: 0.96, 95% CI: 0.92-1.00), B cells (OR: 0.98, 95% CI: 0.92-1.04), or NK
cells (OR: 0.80, 95% CI: 0.61-1.04). In COVID-19 mortality, ymphocyte levels showed a
significant negative correlation (OR: 0.41, 95% CI: 0.20-0.85), but it was not significant
in the subsets of CD3+ T cells (OR: 0.95, 95% CI: 0.86-1.05), CD4+ T cells (OR: 1.06,
95% Cl: 0.86-1.31), CD8+ T cells (OR: 0.38, 95% CI: 0.14-1.01), B cells (OR: 0.98,
95% ClI: 0.92-1.04), or NK cells (OR: 0.80, 95% CI: 0.61-1.04). In conclusion, current
evidence suggests a significant negative association of peripheral lymphocyte levels with
COVID-19 progression and mortality, but it was not significant in the subsets of CD3+ T
cells, CD4+ T cells, CD8+ T cells, B cells, and NK cells.

Keywords: COVID-19, lymphocytes, progression, mortality, meta-analysis

INTRODUCTION

In December 2019, an outbreak of pneumonia of unknown cause occurred in Wuhan, and rapidly
spread throughout the world (1). The pathogen was confirmed to be a distinct clade of the f-
coronavirus associated with human severe acute respiratory syndrome (SARS) (2). The novel
virus was officially named SARS-CoV-2, with the disease termed COVID-19. Epidemiological data
demonstrated high infectivity in SARS-CoV-2 and high mortality in multiple cohorts. Thus, it was
important to identify laboratory parameters capable of discriminating the COVID-19 patients at
high risk of progression or mortality, which would help physicians to provide timely intervention
and improve the patients’ prognosis.
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Luetal.

Lymphocytes and COVID-19 Progression

Lymphocytes and the subsets of T cells, B cells, and NK cells
play a key role in the maintenance of immune system function.
After SARS-CoV-2 infection, the patients were characterized by
a significant decrease of peripheral lymphocytes and the subsets
(3). However, current studies are considered controversial on
the association between peripheral lymphocyte levels at baseline
and the progression and mortality of COVID-19, and no meta-
analyses have focused on this. Thus, we conducted a systematic
review and meta-analysis to clarify the association.

METHODS

Literature Search

The databases of PubMed, China Wanfang Database, China
Knowledge Resource Integrated Database (CNKI) were searched
from inception to July 15, 2020, using key words including:
(“COVID-19” OR “Corona Virus Disease 2019”7 OR “SARS-
CoV-2” OR “2019-nCoV” OR “2019 novel coronavirus’) AND
(“fatality” OR “mortality” OR “survivor” OR “non-survivor” OR
“decease” OR “death” OR “prognosis” OR “progression” OR
“outcome” OR “risk factor” OR “efficacy” OR “recovery”). Studies
in languages other than English or Chinese were excluded.
Moreover, we also reviewed the references of related studies
and reviews for undetected studies. This study was approved
by the ethics committee of Shanghai University of Traditional
Chinese Medicine.

Study Selection and Exclusion

We selected the studies with full texts available. The studies were
included if they met the following criteria: (i) all hospitalized
patients discussed had a definite diagnosis of COVID-19; (ii)
the patients discussed were divided into the progressive group
[e.g., admission to an intensive care unit (ICU), the use of
mechanical ventilation, or death] or the stable group during
the hospitalization; (iii) the study evaluated the association
of the baseline lymphocytes levels or the main subtypes of
CD3+ T cells, CD4+ T cells, CD8+ T cells, B cells, or NK
cells (measured by multiple-color flow cytometry with human
monoclonal antibodies) with the COVID-19 progression or
mortality; (iv) presented relative risk (RR), odds ratio (OR), or
hazard ratio (HR) estimates with 95% confidence intervals (CI).
The exclusion criteria were as follows: abstracts without full texts,
reviews, and case reports.

Data Extraction and Quality Assessment
Two authors extracted the data by a standardized collection form.
All differences were resolved by discussion. In each study, the
following information was extracted: first author, publication
year, study area, diagnostic criteria, clinical outcomes, number of
cases per group, lymphocyte types, effect sizes with 95% CI, and
adjusted factors. The Newcastle-Ottawa Scale (NOS) was used to
assess the methodological quality of the included studies.

Statistical Analysis
To compute a summary OR with its 95% CI, we used the study-
specific most adjusted OR or HR and its 95% CI in all analyses.

The heterogeneity among studies was estimated by the Q-test and
P statistic. I > 50% represented substantial heterogeneity, and
the summary estimate was analyzed by a random-effects model.
Otherwise, a fixed-effects model was applied. Publication bias
was assessed by using funnel plots and Egger’s test. All statistical
analyses were performed using the software STATA version 11.0
(StataCorp LP, College Station, TX, USA), and all tests were sided
with a significance level of 0.05.

RESULTS

Characteristics of the Included Studies

The search strategy identified 7,385 records: 6,528 from PubMed,
465 from CNKI, 322 from Wangfan, and 70 from other sources
(Figure 1). After excluding duplicated and irrelevant records, 16
studies were included in this meta-analysis with a total of 10,624
COVID-19 cases (Table 1) (4-19). Thirteen studies derived from
China, while one study came from the USA, one from Spain
and one from India. Fourteen studies were case-control designed,
and the studies by Du et al. and Petrilli et al. were prospective
designed. During the hospitalization, the cases were divided into
the progressive group (n = 1,873) and the stable group (n =
5,177). Ten studies were adjusted by multivariable analysis. In
quality assessment, the NOS scores ranged from 6 to 8, with an
average of 7.13.

Lymphocytes and COVID-19 Progression
Fourteen studies investigated the association between baseline
lymphocyte levels and COVID-19 progression, with a total of
1,651 progressive cases and 4,089 stable cases (Figure 2). The
meta-analysis indicated a significant negative association (OR:
0.68, 95% CI: 0.51-0.89, P = 0.006; I> = 77.6%, P < 0.001).
Egger’s test detected no significant publication bias (P = 0.707).

Lymphocyte Subsets and COVID-19

Progression

Three studies focused on the association between CD3+ T cells
and COVID-19 progression (207 progressive cases and 695 stable
cases), while four studies on CD4+ T cells (231 progressive
cases and 663 stable cases), seven studies on CD8+ T cells (461
progressive cases and 1,827 stable cases), one study on B cells
(102 progressive cases and 307 stable cases), and one study on
NK cells (102 progressive cases and 307 stable cases) (Figure 2).
The meta-analysis indicated no obvious association in CD3+ T
cells (OR: 0.97, 95% CI: 0.93-1.02, P = 0.190; I = 76.3%, P =
0.015), CD4+ T cells (OR: 0.93, 95% CI: 0.80-1.08, P = 0.345; I?
=80.8%, P =0.001), CD8+ T cells (OR: 0.96, 95% CI: 0.92-1.00,
P = 0.061; > = 92.7%, P < 0.001), B cells (OR: 0.98, 95% CI:
0.92-1.04, P = 0.482), or NK cells (OR: 0.80, 95% CI: 0.61-1.04,
P =0.092). Egger’s test detected no significant publication bias in
CD8+ T cells (P = 0.053).

Lymphocytes and COVID-19 Mortality

Eight studies investigated the association between baseline
lymphocyte levels and COVID-19 mortality, with a total
of 914 non-survivors and 3,294 survivors (Figure 3). The
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FIGURE 1 | Flowchart of literature search.

meta-analysis indicated a significant negative association
(OR: 0.41, 95% CI: 0.20-0.85, P = 0.016; I> = 43.3%, P
= 0.090). Egger’s test detected no significant publication
bias (P = 0.445).

Lymphocyte Subsets and COVID-19
Mortality

Two studies focused on the association between CD3+ T cells
and COVID-19 mortality (146 non-survivors and 347 survivors),
while two studies on CD4+ T cells (146 non-survivors and 347

survivors), four studies on CD8+ T cells (368 non-survivors
and 1,322 survivors), one study on B cells (102 progressive
cases and 307 stable cases), and one study on NK cells (102
progressive cases and 307 stable cases) (Figure 3). The meta-
analysis indicated no obvious association in CD3+ T cells (OR:
0.95,95% CI: 0.86-1.05, P = 0.345; > = 17.0%, P = 0.272), CD4+
T cells (OR: 1.06, 95% CI: 0.86-1.31, P = 0.579; I> = 25.1%, P =
0.248), CD8+ T cells (OR: 0.38, 95% CI: 0.14-1.01, P = 0.052; 2
= 93.3%, P < 0.001), B cells (OR: 0.98, 95% CI: 0.92-1.04, P =
0.482), or NK cells (OR: 0.80, 95% CI: 0.61-1.04, P = 0.092).
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TABLE 1 | Characteristics of included studies.

References Area Diagnostic criteria Clinical outcomes Sample size Incident cases Indicators Effect sizes* Adjustment
Aggarwal et al. (4) India WHO interim guidance ICU admission, mechanical 32 12 Lymphocytes 0.47 (0.08-2.81) -
ventilation, death
Chen et al. (5) China  Chinese interim guidance; ICU admission 249 22 Lymphocytes 4.05 (0.89-18.50) Age, male, comorbidity, WBC, CRP,
WHO interim guidance albumin, AST, LDH, eGFR
CD4+ T cells 0.55 (0.33-0.92)
Du et al. (6) China  WHO interim guidance Death 179 21 Lymphocytes 0.273 (0.061-13.415) -

CD8+ T cells 0.251 (0.071-0.883) Age, hypertension, cardiovascular
or cerebrovascular diseases,
dyspnea, fatigue, sputum
production, headache, WBC,
neutrophils, cTnl, myoglobin,
creatinine, D-dimer, blood pressure

Guan et al. (7) China  WHO interim guidance ICU admission, mechanical 879 54 Lymphocytes 0.38 (0.13-1.06) -
ventilation, death
Yun et al. (8) China  Chinese interim guidance ICU admission 292 21 CD3+ T cells 0.996 (0.991-1.000) Neutrophils, ALT, AST, albumin,
(5th edition) LDH, creatinine, cystatin-C,
transferrin, CRP, procalcitonin,
D-dimer, creatine kinase, CK-MB,
NT-proBNP, cTnl, myoglobin
CD8+ T cells 1.006 (1.001-1.010)
Liu et al. (9) China  Chinese interim guidance Disease progression, death 78 11 Lymphocytes 0.625 (0.428-65.868) -
(4th edition)
Liu et al. (10) China  WHO interim guidance Death 245 33 Lymphocytes 0.86 (0.34-2.15) Age, sex, BMI, hypertension,
chronic liver disease, HIV infection,
COPD, smoking, respiratory rate,
ALT, creatinine, PT, D-dimer
Luoetal. (11) China  WHO interim guidance Death 1,018 201 CD8+ T cells 0.169 (0.105-0.272) Age, sex, hypertension, CHD,
diabetes, puimonary diseases
Pan et al. (12) China  Chinese interim guidance; Death 124 89 Lymphocytes 0.249 (0.090-7.550) Sex, SpO2, breath rate, diastolic
WHO interim guidance pressure, neutrophil, CRP, PCT,
LDH, D-dimer
Petrilli et al. (13) USA WHO interim guidance ICU admission, mechanical 2,725 990 Lymphocytes 0.57 (0.40-8.73) Time, age, sex, race, smoking, BMI,
ventilation, discharge to underlying diseases, temperature,
hospice, death Sp02, ALT, AST, CRP, D-dimer,
ferritin, PCT, Tnl
Death 2,737 424 Lymphocytes 0.72 (0.55-10.48)
Urra et al. (14) Spain  WHO interim guidance ICU admission 172 27 Lymphocytes 0.769 (0.687-0.861) -
CD8+ T cells 0.380 (0.152-0.950)
Wu et al. (15) China  WHO interim guidance ARDS 201 84 Lymphocytes 0.37 (0.21-0.63) -

CD3+ T cells 0.83 (0.72-0.96)

CD4+ T cells 0.74 (0.59-0.93)

CD8+ T cells 0.74 (0.53-1.04)

(Continued)
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TABLE 1 | Continued

References Area Diagnostic criteria Clinical outcomes Sample size Incident cases Indicators Effect sizes* Adjustment
Death 84 44 Lymphocytes 0.51(0.22-1.17) -
CD3+ T cells 0.81 (0.59-1.11)
CD4+ T cells 0.83 (0.51-1.35)
CD8+ T cells 0.51 (0.24-1.09)
Xu et al. (16) China  Chinese interim guidance Death 239 147 Lymphocytes 0.81(0.58-12.5) Age, malignancy, platelet, ARDS,
(6th edition) acute cardiac injury, AKI, liver
dysfunction, coagulopathy
Zhang and Han China WHO interim guidance Death 409 102 Lymphocytes 0.012 (0.001-0.128) Age, sex, diarrhea, WBC, neutrophil
a7
CD3+ T cells 0.968 (0.933-1.004) -
CD4+ T cells 1.114 (0.997-1.244)
CD8+ T cells 0.835 (0.745-0.937)
B cells 0.979 (0.923-1.039)
NK cells 0.796 (0.611-1.039)
Zhou et al. (18) China WHO interim guidance Death 191 54 Lymphocytes 0.19 (0.02-1.62) Age, D-dimer, SOFA score,
coronary heart disease
Zhou et al. (19) China  Chinese interim guidance Aggravation 17 5 Lymphocytes 0.997 (0.993-0.999) WBC, CRP, albumin, LDH, D-dimer
(5th edition)
CD4+ T cells 0.995 (0.989-1.000)
CD8+ T cells 0.993 (0.984-1.002)

WHO, World Health Organization; ARDS, acute respiratory distress syndrome; WBC, white blood cells; CRE, C-reactive protein; PCT, procalcitonin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, lactate
dehydrogenase; eGFR, estimated glomerular filtration rate; cTnl, cardiac Troponin I; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CHD, coronary heart disease; ARDS, acute respiratory distress syndrome; AKI,
acute kidney injury; PT, prothrombin time; NT-proBNF, N terminal pro B type natriuretic peptide; SOFA, Sequential Organ Failure Assessment.

*Effect sizes for the lowest vs. highest lymphocyte levels were adjusted to the highest vs. the lowest.
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Study OR (95% ClI) Weight %
Lymphocytes
Aggarwal A 2020 —_—— 0.47 (0.08, 2.79) 0.00
Chen J 2020 —— 4.05 (0.89, 18.46) 0.01
Du R 2020 * 0.27 (0.02, 4.05) 0.00
Guan W 2020 —— 0.38 (0.13,1.09) 0.01
Liu W 2020 + 0.63 (0.05, 7.75) 0.00
Liu Y 2020 — 0.86 (0.34,2.16) 0.02
Pan F 2020 —_— 0.25(0.03,2.28) 0.00
Petrilli C 2020 —_—— 0.57 (0.12,2.66) 0.01
Urra J 2020 * 0.77 (0.69, 0.86) 1.05
Wu C 2020 —— 0.37 (0.21,0.64) 0.05
Xu J 2020 —_— 0.81 (0.17,3.76) 0.01
Zhang L 2020 * 0.01 (0.00, 0.14) 0.00
Zhou F 2020 —_— 0.19 (0.02,1.71) 0.00
Zhou Y 2020 * 1.00 (0.99, 1.00) 17.55
Subtotal (I-squared =77.6%, p =0.000) < 0.68 (0.51,0.89) 18.72
CD3+ T cells
Ling Y 2020 ¢+ 1.00 (0.99, 1.00) 17.31
Wu C 2020 * 0.83 (0.72,0.96) 0.66
Zhang L 2020 ¢ 0.97 (0.93, 1.00) 6.63
Subtotal (I-squared = 76.3%, p = 0.015) 0.97 (0.93,1.02) 24.61
CD4+ T cells
Chen J 2020 —— 0.55(0.33,0.92) 0.05
Wu C 2020 - 0.74 (0.59, 0.93) 0.27
Zhang L 2020 > 1.11 (1.00,1.24) 1.09
Zhou Y 2020 * 1.00 (0.99,1.00) 17.10
Subtotal (I-squared = 80.8%, p = 0.001) q 0.93(0.80, 1.08) 18.52
CD8+ T cells
Du R 2020 —_— 0.25 (0.07, 0.89) 0.01
Ling Y 2020 L 4 1.01 (1.00, 1.01) 17.32
Luo M 2020 —— 0.17 (0.11,0.27) 0.06
Urra J 2020 — 0.38 (0.15,0.95) 0.02
Wu C 2020 - 0.74 (0.53,1.04) 0.12
Zhang L 2020 o 0.83(0.74,0.94) 1.02
Zhou Y 2020 * 0.99 (0.98, 1.00) 16.10
Subtotal (I-squared = 92.7%, p = 0.000) [ 0.96 (0.92, 1.00) 34.65
B cells
Zhang L 2020 * 0.98 (0.92,1.04) 3.31
Subtotal (I-squared =.%, p =.) 1 0.98 (0.92, 1.04) 3.31
NK cells
Zhang L 2020 -+ 0.80 (0.61,1.04) 0.20
Subtotal (I-squared =.%,p=.) Lo 0.80 (0.61, 1.04) 0.20

| |

001 1 20

FIGURE 2 | Meta-analysis of the association of peripheral lymphocytes or the subsets with COVID-19 progression.

DISCUSSION

As with SARS and MERS, lymphopenia was common in COVID-
19 patients, suggesting an impairment of the immune system
in the pathogenesis of the SARS-CoV-2 infection. In subsets,
CD4+ T cells, CD8+ T cells, B cells, and NK cells were found
with a decrease in COVID-19 patients (3). On admission, severe
cases had a lower level of lymphocytes, CD4+ T cells, CD8+
T cells, and B cells than mild cases, which was similar in SARS
(20, 21). Thus, it was thought that lymphopenia was associated
with not only COVID-19 severity but also its prognosis. However,

the multivariable analyses in several studies found no significant
association of lymphocytes with the COVID-19 progression or
mortality (4, 5, 10, 12, 13, 16, 18, 19). This aroused our attention
on whether peripheral lymphocytes or the subsets could be a
potential predictor for the COVID-19 prognosis.

Finally, our meta-analysis found a significant negative
association of peripheral lymphocyte levels with COVID-19
progression or mortality. Lymphopenia was commonly reported
in patients with COVID-19 (72%), indicating an impairment
of the immune system during the course of the SARS-CoV-
2 infection. This might be caused by direct attachment of
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Study OR (95% ClI) Weight %

Lymphocytes '

Du R 2020 *>— 0.27 (0.02, 4.05) 0.24

Liu Y 2020 —— 0.86 (0.34,2.16) 1.86

Pan F 2020 —_—— 0.25 (0.03, 2.28) 0.36

Petrilli C 2020 —_— 0.72 (0.16, 3.14) 0.78

Wu C 2020 —— 0.51 (0.22,1.18) 2.21

Xu J 2020 — 0.81(0.17,3.76) 0.72

Zhang L 2020 * ] 0.01 (0.00, 0.14) 0.30

Zhou F 2020 — 0.19(0.02, 1.71) 0.36

Subtotal (I-squared =43.3%, p = 0.090) <>I* 0.41 (0.20, 0.85) 6.83

- 1

CD3+ T cells '

Wu C 2020 -+ 0.81 (0.59, 1.11) 8.50

Zhang L 2020 . 0.97 (0.93, 1.00) 15.98

Subtotal (I-squared =17.0%, p = 0.272) :C 0.95 (0.86, 1.05) 24.48

. 1

CD4+ T cells !

Wu C 2020 —-- 0.83 (0.51,1.35) 5.14

Zhang L 2020 H ¢ 1.11 (1.00, 1.24) 14.56

Subtotal (I-squared = 25.1%, p = 0.248) RN 1.06 (0.86, 1.31) 19.71
1

CD8+ T cells l

Du R 2020 —_— 0.25 (0.07,0.89) 1.05

Luo M 2020 - 0.17 (0.11, 0.27) 5.30

Wu C 2020 — 0.51 (0.24, 1.09) 2.62

Zhang L 2020 * 0.83 (0.74,0.94) 14.46

Subtotal (I-squared = 93.3%, p = 0.000) <H 0.38 (0.14,1.01) 23.43
1

B cells |

Zhang L 2020 * 0.98 (0.92, 1.04) 15.68

Subtotal (I-squared =.%,p=".) i} 0.98 (0.92, 1.04) 15.68
1

NK cells |

Zhang L 2020 + 0.80 (0.61, 1.04) 9.88

Subtotal (I-squared =.%,p=".) <P 0.80 (0.61, 1.04) 9.88

T ' |
.001 1 5
FIGURE 3 | Meta-analysis of the association of peripheral lymphocytes or the subsets with COVID-19 mortality.

SARS-CoV-2 or indirect immune injuries from inflammatory
responses. On the other hand, the infiltration of peripheral
lymphocytes into the inflamed lung tissues could also result in the
decrease in lymphopenia. Thus, the baseline and post-treatment
alteration of peripheral lymphocyte levels were thought to be
reliable indicators of COVID-19 progression or mortality.
However, no subsets showed a significant association with
COVID-19 progression or mortality. These findings were similar
to the results in the Wang et al. study (3). In their study,
the subsets of CD4+ T cells, CD8+ T cells, B cells, and NK
cells decreased in COVID-19 patients, and severe cases had a
lower level than mild cases. However, the baseline levels of the
subsets showed no association with the clinical outcomes after
one-week of treatment. Nevertheless, post-treatment decrease
of CD8+ T cells and B cells and increase of CD44/CD8+
ratio were independent predictors for poor efficacy. This might
contribute to the ubiquity of lymphopenia in COVID-19, which

reduced its specificity in prognostic prediction. Secondly, the
patients with lower lymphocyte levels tended to have a severe
infection, which caused a general inflammatory status and a more
severe disease evaluation. For those patients, anti-inflammatory
treatment showed a good efficacy, and the patients with a slow
or meager response to the inflammation were more likely to
development refractory diseases. This could also explain the
findings by the Mo et al. study that the patients without fever
on admission were at high risk of poor efficacy (22). Thus, it
was not the baseline levels of the subsets but the post-treatment
alteration that might be reliable indictors for the prediction of
COVID-19 progression or mortality. On the other hand, we only
investigated the subsets of T cells, CD4+ T cells, CD8+ T cells, B
cells, and NK cells, and the other subsets might have an obvious
change, involving naive, central memory, effector memory, and
terminally differentiated cells, as well as regulatory T cells and
PD1+tCD57% exhausted T cells (23, 24).
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This meta-analysis had several strengths. Firstly, to the best
of our knowledge, this was the first meta-analysis to evaluate
the association between peripheral lymphocyte levels and the
progression and mortality of COVID-19. Secondly, we included
the subsets of CD3+ T cells, CD4+ T cells, CD8+ T cells, B
cells, and NK cells, and investigated not only the association with
COVID-19 progression but also with the mortality. However,
several limitations in this study should be considered. Firstly,
the number of cases and controls in some studies was relatively
small. Secondly, the obvious heterogeneity between studies was
observed. Thirdly, the analyses of some subsets were limited in
the number of included studies.

In conclusion, current evidence suggests a significant negative
association of peripheral lymphocyte levels with COVID-19
progression and mortality, but it was not significant in the subsets
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SARS-CoV-2 Infections in the World:
An Estimation of the Infected
Population and a Measure of How
Higher Detection Rates Save Lives

Carlos Villalobos*

Escuela de Ingenieria Comercial, Centro de Investigacion en Economia Aplicada, Facultad de Economia y Negocios,
Universidad de Talca, Talca, Chile

This paper provides an estimation of the accumulated detection rates and the
accumulated number of infected individuals by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Worldwide, on July 20, it has been estimated
above 160 million individuals infected by SARS-CoV-2. Moreover, it is found that only
about 1 out of 11 infected individuals are detected. In an information context in which
population-based seroepidemiological studies are not frequently available, this study
shows a parsimonious alternative to provide estimates of the number of SARS-CoV-2
infected individuals. By comparing our estimates with those provided by the population-
based seroepidemiological ENE-COVID study in Spain, we confirm the utility of our
approach. Then, using a cross-country regression, we investigated if differences in
detection rates are associated with differences in the cumulative number of deaths. The
hypothesis investigated in this study is that higher levels of detection of SARS-CoV-2
infections can reduce the risk exposure of the susceptible population with a relatively
higher risk of death. Our results show that, on average, detecting 5 instead of 35 percent
of the infections is associated with multiplying the number of deaths by a factor of about
6. Using this result, we estimated that 120 days after the pandemic outbreak, if the US
would have tested with the same intensity as South Korea, about 85,000 out of their
126,000 reported deaths could have been avoided.

Keywords: infection fatality ratio, infection detection ratio, estimates of SARS-CoV-2 infections, asymptomatic
SARS-CoV-2 population, multiple linear regression

INTRODUCTION

Governments and policymakers dealing with the COVID-19 pandemic will fail in their objectives
if their actions are guided by misleading data or subsequent misinformation. The authorities
should have reliable estimations of the number of SARS-CoV-2 infected individuals. However,
there are few attempts to estimate the total amount of infections (1-5). Consequently, health
systems face enormous challenges since an unknown and probably a high proportion of all SARS-
CoV-2 infections remains undetected. Moreover, data suggest that infected individuals can be
highly contagious before the onset of symptoms and SARS-CoV-2 can be also highly contagious
in individuals who will never develop any symptoms (6-10).
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How SARS-CoV-2 Detection Saves Lives

Undetected infections are dangerous because infectious
individuals spread the coronavirus in unpredictable ways.
Undetected infections consist of non-PCR-tested individuals
with symptoms and asymptomatic individuals (non-COVID-19
patients) that are likely to remain undetected over all phases
of the infection. However, non-PCR-tested individuals with
symptoms would tend to auto-select themselves, depending on
the severity of their symptoms (from mild to severe), toward
treatment and late detection. For this reason, it is important
to know the proportion of the infected population which is
asymptomatic or has such mild symptoms that self-select them
into the group of non-PCR-tested individuals (11-15). Here,
regarding the estimation of the number of infections, and for
purposes of public health, I advocate the view by Amartya Sen
and Martha Nussbaum that is preferable to be vaguely right than
precisely wrong.

The public health problem is that undetected asymptomatic
individuals, as well as late-detected SARS-CoV-2 infected
individuals, increase the risk for vulnerable groups!. Since there
is a transmission channel between the level of detection and
the number of deaths, the early detection of asymptomatic
infections, pre-symptomatic, and mild COVID-19 cases is a
public health concern.

Moreover, undetected cases also are responsible for the
collapse of the health system by numerous aggravated and
sometimes unexpected COVID-19 patients requiring treatment
in a short period. Overwhelmed health care systems reduce
the recovery prospects of patients by the lack of treatment,
undertreatment, increased risk of mistreatment of all patients,
including those with COVID-19, and also put at unnecessarily
risk the health workforce (21, 22).

The problem is that many governments formulate their
strategies and responses to the pandemic based on figures that
they can control. This problem of reverse causality produces
contra-productive incentives for governments since public
opinion tends to negatively react to the report of the cumulative
and the marginal numbers of detected (reported) cases. The
contradiction is that something good, such as the increase in the
testing efforts by governments can be perceived by the public
opinion as something bad (due to the increase in detections).
Worldwide, the media communicates confirmed cases and deaths
as the relevant parameters to take into consideration when
assessing the evolution of the pandemic. This is a mistake
since this emphasis discourages governments from decidedly
pushing for mass testing with the obvious consequence of an
increased number of detected cases (although, as shown in this
paper, there is a theoretical mechanism relating more testing
with saving lives). More sophisticated observers would use the
crude and adjusted case fatality ratios to assess the pandemic
evolution. However, international comparisons show that crude
and adjusted case fatality ratios are highly heterogeneous and
their use can be misleading (23, 24). For instance, the simple
division of the cumulative number of deaths by the cumulative

'Some evidence has been found claiming that elderly and male individuals are in
higher relative risk since the consequences of COVID-19 are more severe amongst
them (16-20).

number of confirmed cases underestimated the true case fatality
ratio in past epidemics (24, 25). Although nowadays many case
fatality ratios have been estimated in this pandemic correcting
many of the observed past biases (26-28), they are still depending
on testing efforts made by countries.

The problem with heterogeneous case fatality ratios
(different proportions of all cases that will end in death
due to methodological differences on the denominator) is
that they are not anchored at any exogenous information
that allows researchers to perform international or territorial
comparisons based on credible, and transparent assumptions.
Consequently, to rely on the number of confirmed cases makes
international comparations impossible since governments
have shown to implement highly heterogeneous SARS-
CoV-2 testing strategies ending up in different levels of
location-based under-ascertainment.

In an attempt to solve the mentioned problem, we anchor our
analysis in the cumulative number of deaths, which is a statistic
much more difficult to alter, in free societies, than the number of
SARS-CoV-2 tests?.

We use this information together with the newest and
sound estimates of the age-stratified infection fatality ratios
(IFRs) provided in the recent SARS-CoV-2 related literature. In
particular, we base our analysis on the IFR of 0.657% reported in
Verity et al. (26). This IFR is very close to the 0.75% reported
in a meta-analysis of 13 IFR estimates from a wide range of
countries, and that were published between February and April
of 2020 (30). We also assume orthogonal attack rates of the
infection which is also supported by recent literature (16). By
weighting the age-stratified IFRs by the country population age-
groups shares in each country, it is possible to obtain country-
specific IFRs.

The relevance of this study is 3-fold: Firstly, the estimation
of the true number of infections includes not only confirmed
cases but COVID-19 undetected cases, as well as SARS-CoV-2-
infected individuals without the disease, or in a pre-symptomatic
stage. Therefore, to provide an estimation of the true number
of SARS-CoV-2 infections is of more utility than to be only
informed about the number of confirmed infections. This is
because confirmed cases depend on the testing efforts that can
be altered or even manipulated by governments. Moreover,
one can compare the true estimate of infections with the
number of COVID-19 patients that require hospitalization.
Such ratios can contribute to predicting, with exogenous-
to-government information, shortages of the health systems.

2Death-related statistics are nor free of problems. It is recognized that not all deaths
due to COVID-19 in all countries are reported following WHO international
norms and standards for medical certificates of COVID-19 cause of death and
International Classification of Diseases (ICD) mortality coding (29). Moreover, in
many countries, there is controversy over whether the COVID-19 death figures
are reliable or not (for instance in Spain, Chile, and the UK), especially when these
figures are compared against those from the number of excess deaths during the
pandemic. More generally, it is a matter of concern that the official accumulated
death figures show significant breaks responding probably to counting issues
rather than to real deaths’ dynamics. In our data, these breaks can be found in
Spain, Chile, China, Ecuador, the Philippines, and the United Kingdom.
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Secondly, the estimation of the true number of SARS-CoV-
2 infections allows us to estimate the detection rate of the
infection, which is a measure of the performance of health
systems and governments while facing the pandemic. One can
expect that higher levels of detection of SARS-CoV-2 infections,
which includes asymptomatic population, and those in their
early stages of the infection (which are more infectious) can
reduce the risk exposure of the susceptible population with
relatively a high risk of death, that is, the elderly and those
individuals with preexisting conditions (17). Accordingly, a
highly neglected statistic, such as the detection rate should
be considered highly relevant from the public health point
of view. Thirdly, in this paper, we test the hypothesis that
higher detection rates can save lives while providing a measure
of this impact (having in mind that is preferable to be
vaguely right than precisely wrong). Thus, this study aims to
quantify the importance of testing while providing empirical
support to the utility of implementing massive SARS-CoV-
2 tests.

Overall, this study argues that it is crucial to compute
the evolution of the cumulative number of estimated SARS-
CoV-2 infected individuals, and subsequently, the cumulative
detection rates. This information would provide public health
managers and governments the incentives to improve detection
rates, rather than to the opposite. Moreover, the identification
strategy can be used at lower levels of aggregation, such as
regions, provinces, and municipalities to improve responses to
the pandemic, including the planning of selective lockdowns or
spatial-selective enhancements of the installed critical care units.

In summary, this study proposes a baseline estimation of the
number of SARS-CoV-2 infections and detection rates based on
current information and transparent assumptions. However, the
assumptions discussed later in this paper can be later modified
to match the current scientific available evidence and country-
specific developments and contexts.

DATA AND METHODS
Data

For this research, we use the cumulative number of deaths and
confirmed cases in the world and by country, published by
OurWorldInData.org, a project of the Global Change Data Lab
with the collaboration of the Oxford Martin Programme on
Global Development at the University of Oxford>. Age-stratified
demographic proportions of the population were obtained from
the UN population data®. The age-stratified IFRs are those
reported in Verity et al. (26)°. Our method also requires to
know the distribution of the number of days between infection

3 Available online at: https://ourworldindata.org/coronavirus-source-data
4United Nations, Department of Economic and Social Affairs, Population
Division. World Population Prospects 2019, Online Edition. Rev. 1. United Nations
(2020). Available online at: https://population.un.org/wpp/Download/Standard/
Population/ (accessed April 19, 2020).

SFollowing Verity et al. (26), the estimated IFRs correct for many types of bias.
The infection fatality ratios were obtained after combining adjusted case fatality
ratios with data on infection prevalence amongst individuals returning home from
Wuhan in repatriation flights.

and death. Since this number is unknown, we approach to
this number using the sum of the median incubation period
as reported in Lauer et al. (31), and the mean number of
days between the onset of symptoms and death as reported in
Verity et al. (26). For our empirical exercise, we rely on World
Development data by the World Bank (GDP per capita and
health expenditure as a share of the GDP)® and in World Health
Organization data for BCG vaccination’.

In this study, our regression analysis relies on data for 91
countries covering above 86% of the world population. The
remaining countries were excluded because they either do not
have significant mortality figures (for instance Uruguay, Monaco,
Bermuda, etc.), or full data.

Methods

Estimation Strategy

In this study, we rely on a very simple rationale. At a given point
in time, the cumulative number of deaths should be a proportion
of the cumulative number of infections somewhat in the past. But
how many days in the past? The answer lies in the sum of the
number of days of incubation and the number of days between
the onset of symptoms and death. This rationale follows a report
focusing on the 40 most-affected countries by the pandemic in
the world (32). However, in this paper, we deviated from the
mentioned report by using the key parameters in a different way,
which translated into a different estimation of the number of
infected individuals.

On average, deaths occur ~18 days (17.8 days with 95%
credible interval [CrI] 16.9-19.2) after the onset of COVID-19
symptoms (26), while the incubation period of COVID-19 has
been estimated in about 5 days (5.1 days with 95% CI, 4.5-5.8) as
reported in Lauer et al. (31). Thus, by comparing the cumulative
number of deaths at time t in country i (cdeaths; ) with the
country-specific infection fatality ratio (ifr;), which is assumed
constant over time, it is possible to obtain a rough approximation
of the cumulative number of SARS-CoV-2 infections 23 days (18
days + 5 days) in the past (cinfected;;_,,))®.

cdeaths; )
ifri

Shttps://data.worldbank.org/indicator/ (accessed April 24, 2020).
7https://apps.who.int/gho/data/node.main.A830?lang=en (accessed April 24,
2020).

8Different1y to Bommer and Vollmer (32), we include the incubation period while
avoiding the subtraction of the number of days between the onset of symptoms
and detection to the relevant lag period. These differences explain the discrepancies
between both set of estimates. Moreover, by combining the cumulative distribution
function of the SARS-CoV-2 incubation period as reported in Lauer et al. (31) and
an approximation of the Gamma distribution with correction for epidemic growth
of the days between the onset of symptoms to death as reported in Verity et al.
(26), one can calculate a vector of probabilities to weight the cumulative number
of deaths required in equation 1. The weighting vector goes from ¢_, (representing
the proportion of deaths of those who experienced 1 day between infection and
the onset of symptoms, plus one day from the onset of symptoms to death) to t_7,
(representing the proportion of deaths of those who experienced 12 days between
infection and the onset of symptoms and 60 days between the onset of symptoms
to death). The smoothed approach produces almost an identical estimation of
the cumulative number of infected individuals. Given that and for the sake of
simplicity, we prefer to use the non-smoothing approach.

1

cinfected(; ,,) =
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FIGURE 1 | Infection fatality ratios (selected countries, in percentage). Source: Own elaboration.
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Additionally, we wuse the ratio between the cumulative
number confirmed (detected) cases at time f_»3 in country
i (cconfirmed;, ,,) and the cumulative number of infected
individuals (cinfected;;_,)) at time t_»3 in country i as a rough
measure of the cumulative rate of detection of SARS-CoV-2
infections at time f_ 3.

cconfirmedi; ,,)

(2)

detection rate(; =
(ot-—23) cinfectediy ;)

Infection Fatality Ratio

In order to estimate the country-specific infection fatality
ratio for country i used in equation 1, we weight the age-
stratified infection fatality ratios reported in Verity et al.
(26), by the age-group population shares of country i. The
calculation of the age-stratified infection fatality ratios relies on
two assumptions that can be modified when producing point
estimates of the number of individuals affected by a SARS-
CoV-2 infection. Firstly, it assumes that there are no cross-
country differences in the average overall health status of the
population, comorbidity, or in the soundness of the different
health systems. In absence of standardized country-specific
information of these variables, this assumption is convenient
although, at first sight, it can be considered a restrictive one.
However, it is quite the opposite since, in richer countries

with higher proportions of elderly populations, the estimated
infection mortality ratios are likely to be overestimated. If so,
our estimates of the infected population represent a lower limit
of the true number of infections. The second assumption is
that the attack rate of the coronavirus is unrelated to the age
and sex of susceptible individuals. This is in concordance with
the evidence in respiratory infections in previous pandemic
processes (26, 33). Then, the distribution of IFRs across
countries reflects the “fixed” lethality of the virus associated
to a varying demographic structure of the population across
the world.

Figure 1 presents the calculated infection fatality ratios for the
world, and for 50 countries in which the lethality of the pandemic
has been more significant.

Recently, a cross-sectional epidemiological study with a
super-spreading event in the county of Heinsberg in Germany
offered the opportunity to estimate the infection fatality
ratio in the community (34). The estimated infection fatality
ratio was 0.36%. Although this number is surprisingly low
when compared with other estimations, for instance, the
used in this study for Germany (1.3%), it is not evident
that the true infection fatality ratio is closer to 0.36% rather
than 1.3%. This is because there can be local factors that
explain the discrepancy as pointed out in the Heinsberg
study. Amongst these factors, it might be mentioned
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FIGURE 2 | Estimates of the number of SARS-CoV-2 infections and the estimated detection rate in the World. (A) Estimated and confirmed infected population. (B)
Estimated Global detection rate. Note that (B) depicts the detection rates until t_»3. Both panels display 95% confidence intervals. Source: Own elaboration.
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comorbidity gaps, ethnic differences, the quality and coverage
of the health systems, climatic differences, immunization
levels, etc.”.

Consequently, it might be necessary to assess the
consequences of using an overestimated infection fatality ratio
(that is, an IFR closer to the one reported in the Heinsberg study,
or others inferred from seroprevalence data (36). The answer
is that the number of infections would be underestimated, and
that detection rates would be overestimated (since the infection
fatality ratio is on the denominator). An overestimation of the
detection rates reduces the validity of international rankings
based on this figure. However, from the public health point
of view, this would be irrelevant since, as discussed later, all
countries should increase their detection rates of SARS-CoV-2
infections as much as possible.

Regression Analysis

To investigate whether improving the detection rates of SARS-
CoV-2 infections is potentially associated to save lives, we
use a parsimonious synchronic cross-country multiple linear
regression'®. That is, we use the information reported 15, 60,

°For instance, the reported IFRs for a group of 9,496 Danish blood donors with no
comorbidity aged 17-69 reached 0.082% (35).

100 the context of the pandemic, a synchronic estimation refers to the use of
information of countries in the same pandemic phase, that is, after the same

and 105 days after the confirmation of the first 100 SARS-CoV-2
infections, which corresponds to the pandemic outbreak (PO). At
a given pandemic phase, we regress the natural logarithm of the
cumulative number of deaths in country i, In (deaths;), on their
estimated detection rates (DR;) and its squared to assess whether
there is a non-linear relationship of this conditional correlation!®.

The four parsimonious regressions have a demographic
control that corresponds to the estimated country-specific
infection fatality ratio (ifr; ). This is a non-endogenous control
since it only captures the impact of demography (population
shares by age-groups) on the number of deaths and not the
reverse. The regressions control for the population size of the
country i in its natural logarithmic form In(pop;). This control
is necessary because the share of the susceptible population
remains persistently at relatively higher levels in more populated
countries when compared with the less populated ones. We
also include the natural logarithm of the number of confirmed
SARS-CoV-2 infections in each country In(confirmed;). This is
a measure of the persistence of the mortality process while
controlling for cross-country differences in their absolute testing

number of days since the pandemic outbreak. On the contrary, a non-synchronic
estimation neglects the pandemic phases but considers as reference period the
calendar day.

" Qutput tables without the square of the detection rates are available in the
Supplementary Material.
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FIGURE 3 | World distribution of deaths as of 20 July 2020. Source: Own Elaboration.

performances. The regressions also control for the economic
performance of a country by means of the natural logarithm
of the per capita gross domestic product In(gdppc;)'?. We also
include the current health expenditure as share of GDP in 2017
(healthshare;). This control is needed to account for relative
resource-dependent differences in the coverage/quality of the
health systems around the globe. Finally, we use available data
to explore a possible association between BCG vaccination and
aggravated cases of COVID-19, and deaths [a relationship which
is being investigated in some clinical trials (37)]'%. The evidence
is still inconclusive because the argued existence of uncontrolled
confounders (38-42). However, if these confounders exist, they
can bias the relationship between SARS-CoV-2 detections rates
and the cumulative number of deaths. Based on this argument,
we include a raw of dummies capturing the degree of BCG
vaccination coverage as follows: BGC group 1: no mandatory
vaccination (up to 49.9% coverage), BGC group 2: 50 to 79.9%
coverage, BGC group 3: 80 to 89.9%, BGC group 4: 90 to 98.9%,
and BGC group 5: 99 to 100%. The reference category is BCG

12In constant 2017 international dollars with the same purchase power.
3https://apps.who.int/gho/data/node.main.A830?lang=en (accessed April 24,
2020).

group 1.

In (deaths;) = o + B1DR; + B2DR} + Bsifr; + Paln(pop;)
+ Bsln(confirmed;) + BsIn (gdppci)
+ Brhealthshare; + Bsbcgai + Pobegsi + Probegai
+ Bubegsi+pi Yi=1,...,91 (3)

Robustness

An alternative approach is used to indirectly investigate the
conditional association between detection rates and SARS-CoV-
2 related deaths. Instead of using the detection rates and its
square, we use the natural logarithm of the estimated number
of infections In(infections;) while dropping from the equation
the natural logarithm of the number of confirmed (detected)
SARS-CoV-2 infections as follows:

In (deuthsi) = o + B In(infections;) + Baifr; + B3In(pop;)
+ Baln(gdppci) + Bshealthshare;
+ Bobegai + Brbegsi + Bsbegui + Bobegsi + i
Vi=1,...,91 (4)

Regarding the statistical inference, significance tests rely on a
heteroscedasticity consistent covariance matrix (HCCM) type
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FIGURE 4 | World distribution of the estimated number of SARS-CoV-2 infections as of 20 July 2020. Source: Own Elaboration.

HC3 which is suitable when the number of observations is
small (43). Although in the presence of heteroscedasticity of
unknown form, Ordinary Least Square estimates are unbiased,
the inference can be misleading due to the fact that the usual tests
of significance are generally inappropriate (43).

Additionally, we estimate the same set of equations (the main
specification and the robustness specification 15, 60, and 105
days after the pandemic outbreak) using robust regressions. We
do this because we have the concern that parameter estimates
may be biased if, in some countries (outliers), the report of
the cumulative number of deaths has been involuntarily altered
or even manipulated. Robust regression resists the effect of
such outliers, providing better than OLS efficiency when heavy-
tailored error distributions exist as it can be likely the case (44).

RESULTS

Descriptive Analysis

On July 20, the estimated infected population reaches about 160
million individuals (Figure 2A). This number is about 19 times
larger than the reported number of confirmed cases (about 8.6
million represented by the dashed line). Note that the number of
infections is estimated based on detection rates calculated 23 days

in the past. Thus, for the period t_,3 to ¢, the number of SARS-
CoV-2 infected individuals are estimated using the estimation
rate as in t_,3. Therefore, the estimation of SARS-CoV-2 infected
individuals can be biased if detection rates deteriorate or improve
considerably within this time span.

The accuracy of our estimations can be assessed by
contrasting them against to those provided by population-based
seroepidemiological studies. There are some studies of this
type focusing on restricted geographical areas, for instance, in
Germany and Switzerland (34, 45). However, to the best of
our knowledge, there is only one country level and large scale
population-based seroepidemiological study performed in Spain
(46). The ENE-COVID study in Spain finds that, on 11 May, 5%
of the population would test IgG positive against SARS-CoV-
2. It implies that about 2.35 million individuals were infected
by SARS-CoV-2. Similarly, in our study we estimated on 11
May an infected population of about 2.25 million individuals.
This evidence suggests that our method can be a suitable
alternative when population-based seroepidemiological studies
are not available, which is frequently the case. Here, it is
important to recognize that, from the public health point of
view, it is preferable to be vaguely right than precisely wrong.
On 11 May, Spain confirmed only 246,504 cases (about 10%
of all estimated infections). At that time, it would have been
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FIGURE 5 | World distribution of the estimated detection rates of SARS-CoV-2 infections as of 20 July 2020 (in percentage). Source: Own Elaboration.

convenient that public health authorities and the public opinion ~ and 90 days after the confirmation of the first 100 SARS-CoV-
would have the information that, for each confirmed case, there 2 infections (pandemic outbreak). This approach allows us to
were significantly much more individuals spreading the infection ~ perform such an international comparison.

in unpredictable ways. At a first sight, it is noteworthy the fact that each of the first

Back to the global estimates, by comparing the cumulative ~ 24 countries ranked on the top by the initial detection rate (15
number of estimated infections with the cumulative number  days after the beginning of the pandemic outbreak) does not
of confirmed (detected) cases, we obtain, at the end of June  accumulate more than 500 deaths 45 days after initiating their
2020, a global detection rate of about 9% (Figure2B). The  pandemic processes. Thus, it seems to exist a strong correlation
global detection rate curve shows an U-shape with a minimum  between detection rates and the cumulative number of deaths for
at the beginning of the third week of March reaching only  a given stage of the pandemic process. Countries with high counts
1.1%. The last data suggest that detection rates are steadily  of deaths ranked very badly in their initial detection rates. For
increasing. Moreover, the semi-logarithmic plot in Figure2A  example, the US, Spain, Italy, UK, France, and Belgium ranked
suggests that the infection stopped spreading at its maximum  in place 90, 82, 81, 89, 87, and 85, out of 91 countries listed in
pace approximately during the third week of March, but  the ranking.
unfortunately, it increased its speed again around the last week A second conclusion is that the relative improvement of
of June. detection rates over time, that is, 30, 45, 60, 75, and 90 days after

The world distribution of the number of deaths, the estimated ~ the beginning of the pandemic processes, does not alter the fact
number of SARS-CoV-2 infections, and the detection rates  that those countries are still ranked the worst in terms of deaths.
of SARS-CoV-2 infections across the world are displayed in  That is, improving detection over time has declining returns to
Figures 3-5, respectively. scale when comes to save lives.

Since the global estimates are no more than an aggregation The depicted relationship between detection rates and the
of the trajectories made by the different countries in the world,  cumulative number of deaths remains almost unchanged when
we investigate how heterogeneous the detection rates across  using non-synchronic data as of 20 May in Table 2. This table
countries are. Table 1 presents this information in a synchronic ~ mixes information of countries at different stages from their
way. The rankings compare countries in the same phase of their =~ pandemic processes. So, it must be interpreted with caution.
respective pandemic processes, that is after 15, 30, 45, 60, 75,  Although efforts to increase detection have been significative in

Frontiers in Public Health | www.frontiersin.org 35 September 2020 | Volume 8 | Article 489


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Villalobos How SARS-CoV-2 Detection Saves Lives

TABLE 1A | Synchronic descriptive statistics (15, 30, and 45 days after the pandemic outbreak).

Country/Days Detection Confirmed Cases Estimated Cases Estimated Number of deaths
since the first rankings (in thousands) (in thousands) detection rate (Count)
100 cases (Percentage)
were
confirmed 15 30 45 15 30 45 15 30 45 15 30 45 15 30 45
South Korea 1 2 3 6.3 8.8 10.2 15.8 225 25.3 39.8 39.1 40.4 42 103 183
Australia 2 1 1 1.8 6.0 6.7 6.7 9.7 10.4 27.3 61.1 64.1 7 45 74
Luxembourg 3 6 7 2.2 3.4 3.8 9.3 1.2 12.3 23.3 30.0 30.9 23 69 90
Thailand 4 3 2 1.4 2.6 2.9 6.0 6.9 7.0 23.0 37.8 4.7 7 41 54
Lithuania 5 5 12 0.8 1.3 1.4 3.4 4.1 5.4 23.0 32.4 26.3 9 36 46
Croatia 6 12 13 1.0 1.8 2.1 4.5 7.4 8.3 22.6 24.4 25.3 7 36 7
Estonia 7 8 8 0.6 1.3 1.6 3.4 4.7 5.5 18.7 27.9 30.1 1 25 50
Norway 8 7 6 1.7 55 71 10.2 19.2 22.7 17.0 28.7 31.2 7 50 154
Finland 9 24 23 1.0 2.8 4.5 7.2 18.4 24.0 13.3 15.0 18.6 4 48 186
Israel 10 4 5 3.0 10.7 15.4 24.2 33.1 39.0 12.5 32.5 39.5 10 101 199
Czech R. 11 10 11 2.1 5.7 7.4 16.6 22.7 27.2 12.4 25.3 271 9 119 218
Japan 12 21 30 0.4 1.0 3.7 3.4 6.8 24.2 121 15.4 151 6 36 73
Greece 13 15 18 0.9 2.0 2.5 7.8 10.8 12.3 1.4 18.7 20.3 26 90 130
Chile 14 13 24 2.4 7.9 14.9 21.7 38.7 85.5 11.3 20.5 17.4 8 92 216
Austria 15 11 10 3.6 12.3 14.8 33.4 50.4 54.4 10.9 24.4 27.3 16 220 463
Bosnia & H. 16 31 33 0.7 1.3 1.9 6.1 1.9 156.1 10.8 11.0 12.9 24 48 79
Albania 17 18 17 0.4 0.6 0.8 3.6 3.6 3.9 10.4 16.8 21.6 22 26 31
Slovenia 18 25 28 0.6 1.2 1.4 6.3 8.2 8.8 10.1 14.5 16.0 9 50 82
Bulgaria 19 30 31 0.5 0.8 1.6 4.7 7.7 11.0 9.8 11.0 14.5 10 4 72
Puerto Rico 20 26 22 0.8 1.4 2.3 8.1 10.3 11.6 9.8 13.3 19.4 42 84 113
Cuba 21 19 19 0.6 1.4 1.8 7.3 8.4 8.8 8.5 16.3 20.2 16 54 77
Malaysia 22 16 16 1.5 4.0 55 18.3 225 24.7 8.3 17.6 22.4 14 63 93
Tunisia 23 29 37 0.6 0.9 1.0 7.2 8.1 8.7 8.2 1.1 11.8 22 38 44
Serbia 24 9 4 1.2 5.7 9.4 14.7 20.9 23.2 8.0 27.3 40.3 31 110 189
Portugal 25 14 14 4.3 16.0 23.9 54.1 80.5 94.5 7.9 19.8 25.3 76 470 903
Suriname 26 - - 0.3 - - 3.9 - - 7.8 - - 8 - -
Switzerland 27 17 20 4.8 20.2 27.7 75.8 119.4 137.7 6.4 16.9 20.1 43 540 1,134
Moldova 28 35 39 1.0 2.6 4.5 15.4 26.9 39.9 6.3 9.7 11.2 19 73 143
South Africa 29 51 58 1.4 2.6 6.0 22.3 52.4 121.0 6.2 5.0 4.9 5 48 116
Ukraine 30 23 21 1.7 7.6 14.2 28.4 50.6 72.0 5.9 15.1 19.7 52 193 361
Nicaragua 31 39 - 1.1 2.0 - 19.8 24.4 - 5.6 8.3 - 46 64 -
Macedonia 32 33 42 0.5 1.2 1.5 8.7 11.6 14.9 5.6 10.6 10.2 17 54 86
Denmark 33 28 26 1.5 5.1 7.9 27.2 39.7 47.2 5.4 12.8 16.8 24 203 384
El Salvador 34 41 34 0.2 0.7 1.7 4.7 8.7 14.0 5.0 8.0 12.3 8 15 33
Libya 35 53 - 0.4 0.7 - 8.3 16.5 - 4.7 4.2 - 5 18 -
Panama 36 36 36 1.3 4.0 6.7 28.5 43.9 56.6 4.6 9.2 11.9 32 109 192
Poland 37 34 32 1.6 6.7 11.9 35.7 67.3 90.4 4.6 9.9 13.2 18 232 562
Argentina 38 a7 51 11 2.7 4.7 27.6 447 69.6 41 5.9 6.7 34 122 237
Bangladesh 39 43 45 2.9 10.9 26.7 73.0 1517 297.2 4.0 7.2 9.0 101 183 386
Russia 40 27 9 2.3 24.5 106.5 60.6 188.2  370.0 3.9 13.0 28.8 17 198 1,073
Guatemala M 66 79 0.4 0.9 3.1 10.2 33.4 123.4 3.8 2.7 2.5 11 24 55
China 42 20 25 14.4 70.6 80.3 383.7 4551  473.8 3.8 15.5 16.9 304 1,771 2,946
Romania 43 38 40 1.5 6.3 1.3 41.4 75.9 104.7 35 8.3 10.8 29 306 631
Turkey 44 32 29 16.7 74.2 122.4 471.0 677.4 786.3 3.3 11.0 15.6 277 1,643 3,258
Saudi Arabia 45 44 27 1.2 4.9 20.1 38.6 74.0 124.3 3.2 6.7 16.2 8 65 162
Germany 46 22 15 3.8 57.3 1251 128.2 374.0 545.7 3.1 16.3 229 8 455 2,969
Haiti 47 37 38 0.5 2.5 4.7 17.5 29.0 40.8 3.0 8.6 11.5 21 48 82
Ireland 48 46 4 2.4 9.7 19.6 81.9 159.7 187.4 2.9 6.0 10.5 36 334 1,102
(Continued)
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TABLE 1A | Continued

Country/Days Detection Confirmed Cases Estimated Cases Estimated Number of deaths
since the first rankings (in thousands) (in thousands) detection rate (Count)

100 cases (Percentage)

were

confirmed 15 30 45 15 30 45 15 30 45 15 30 45 15 30 45
Morocco 49 42 35 1.0 3.0 52 34.8 39.6 42.6 2.9 7.7 12.3 70 143 191
South Sudan 50 40 43 0.3 1.3 1.9 12.0 16.4 18.7 2.8 8.0 101 6 14 34
Dominican R. 51 49 46 1.6 4.7 8.2 57.9 83.7 98.7 2.7 5.6 8.3 7 226 346
Canada 52 45 48 3.4 20.7 43.9 1251 340.8 552.5 2.7 6.1 7.9 35 509 2,302
Hungary 53 52 53 0.7 1.9 3.0 255 38.6 45.9 2.7 5.0 6.6 32 189 351
Colombia 54 56 55 1.1 3.2 7.0 40.2 79.5 130.0 2.6 4.1 5.4 17 144 314
Niger 55 77 81 0.6 0.8 0.9 26.7 36.6 37.7 2.4 2.1 2.4 19 36 55
Pakistan 56 64 62 1.6 6.0 15.8 71.6 2036  377.3 2.3 2.9 4.2 18 107 346
U. Arab E. 57 48 44 0.7 5.4 12.5 29.5 91.6 128.4 2.3 5.9 9.7 6 33 105
Sweden 58 60 56 1.6 6.4 14.4 77.9 1971 287.1 2.1 3.3 5.0 16 373 1,540
Ecuador 59 74 64 2.3 7.9 24.9 118.0 359.2 6526 2.0 2.2 3.8 79 388 900
Somalia 60 61 61 0.6 1.4 2.0 31.8 43.8 46.9 1.9 3.1 4.2 28 55 78
Bolivia 61 71 68 0.4 1.1 3.1 19.7 46.5 92.4 1.8 2.3 3.4 28 55 142
Burkina Faso 62 76 80 0.4 0.6 0.7 25.5 29.5 30.7 1.6 2.1 2.4 23 41 48
Honduras 63 87 76 0.4 0.7 2.0 24.8 44.4 70.7 1.6 1.5 2.8 25 61 116
Irag 64 62 73 0.5 1.4 1.8 36.3 44.6 61.2 1.5 3.1 3.0 42 78 88
Sierra Leone 65 63 67 0.3 0.8 11 23.0 26.0 30.4 1.5 3.0 3.6 20 45 50
Kenya 66 86 85 0.2 0.4 0.8 16.1 27.4 45.7 1.5 15 1.8 11 21 50
Cameroon 67 73 7 0.8 1.8 2.8 57.1 82.5 107.3 1.4 2.2 2.6 12 59 136
D. R. Congo 68 79 71 0.3 0.6 1.4 19.3 31.1 42.0 1.4 1.8 3.3 22 31 61
Algeria 69 72 70 1.3 2.7 4.8 1025 1225 1478 1.3 2.2 3.3 152 384 470
Mauritania 70 59 65 0.7 2.2 4.5 53.4 64.6 120.3 1.3 34 3.7 31 95 129
Netherlands 71 54 50 3.0 16.6 32.7 239.8 3959 48238 1.2 4.2 6.8 106 1,651 3,684
Iran 72 68 59 9.0 29.4 68.2 733.6 1,167.9 1,440.0 1.2 2.5 4.7 354 2,234 4,232
Mali 73 85 86 0.4 0.7 1.1 30.9 46.3 63.5 1.2 1.5 1.7 21 38 67
Chad 74 80 84 0.5 0.8 0.9 41.2 435 435 1.2 1.8 2.0 50 65 73
Afghanistan 75 83 74 0.6 15 4.7 48.8 96.5 169.4 11 1.6 2.9 18 57 122
Peru 76 58 54 11 11.5 37.0 106.5 319.1 627.9 1.0 3.6 5.9 30 254 1,051
Sudan 7 84 82 0.8 2.7 55 80.1 177.8  234.9 1.0 1.5 2.3 45 111 314
Philippines 78 67 69 1.1 4.6 7.8 1189 177.0 2340 0.9 2.6 3.3 68 297 511
Brazil 79 81 83 3.9 22.2 66.5 4336 11,3339 3,175.9 0.9 1.7 2.1 114 1,223 4,543
Indonesia 80 75 72 1.3 4.6 9.5 1481 2152  307.2 0.9 2.1 3.1 114 399 773
Italy 81 55 52 7.4 63.9 135.6 899.6 1,566.6 2,024.0 0.8 41 6.7 366 6,077 17,129
Spain 82 50 47 9.2 94.4 181,56  1,2055 1,865.5 2,182.4 0.8 5.1 8.3 309 8,189 18,893
India 83 69 66 1.3 1.4 33.1 164.6  456.0 899.4 0.8 2.5 3.7 32 377 1,074
Egypt 84 82 78 0.6 2.2 5.0 77.0 136.9  203.1 0.7 1.6 2.5 36 164 359
Belgium 85 65 57 2.3 18.4 38.5 316.7 634.0 770.7 0.7 2.9 5.0 37 1,283 5,683
Nigeria 86 88 75 0.3 1.5 5.0 54.2 111.0 1751 0.6 1.4 2.8 10 44 164
France 87 70 60 4.5 40.2 98.1 7423 1,732.2 2,149.8 0.6 2.3 4.6 91 2,606 14,967
Mexico 88 89 87 1.4 6.3 20.7 2519 6918 1,525.6 0.5 0.9 1.4 37 486 1,972
UK. 89 78 63 3.3 38.2 114.2 907.2  1,904.7 2,945.9 0.4 2.0 3.9 144 3,605 15,464
u.s. 90 57 49 4.7 189.6  639.7 1,547.1 5216.8 8,058.6 0.3 3.6 7.9 85 4,079 30,985
Yemen 91 90 88 0.3 0.7 11 126.8 1709 2421 0.2 0.4 0.5 66 160 302

This ranking is made up of all countries with more than 30 deaths due to COVID-19 40 days after the pandemic outbreak. Countries are ranked by their detection rates 15 days after
the pandemic outbreak. Missing values in this table indicate that the country has not reached the requested number of days after its pandemic outbreak. Source: Own elaboration.
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TABLE 1B | Synchronic descriptive statistics (60, 75, and 90 days after the pandemic outbreak).

Country/Days Detection rankings Confirmed Cases (in Estimated Cases (in Estimated detection Number of deaths
since the first thousands) thousands) rate (Percentage) (Count)
100 cases
were
confirmed 60 75 90 60 75 90 60 75 90 60 75 90 60 75 920
South Korea 6 7 6 10.7 10.8 114 26.9 27.9 28.8 39.7 38.7 38.6 236 254 263
Australia 1 1 1 6.9 71 7.3 10.8 10.8 11.0 63.8 65.7 65.9 97 101 102
Luxembourg 8 9 10 3.9 4.0 4.1 12.4 12.4 12.4 31.7 32.5 32.9 104 110 110
Thailand 3 4 4 3.0 3.1 3.1 7.3 7.3 7.3 41.4 42.0 42.9 56 57 58
Lithuania 14 16 15 1.6 1.7 1.8 6.1 6.4 6.5 25.8 26.4 27.6 60 71 76
Croatia 16 18 22 2.2 2.2 2.3 8.8 8.8 9.5 25.4 25.4 23.7 95 108 107
Estonia 9 10 9 1.7 1.8 2.0 5.9 5.9 5.9 29.6 31.2 33.4 61 66 69
Norway 7 8 8 7.8 8.3 8.4 23.3 24.0 24.7 33.6 34.3 34.1 208 233 237
Finland 19 19 17 6.0 6.6 7.0 25.6 26.1 26.3 23.3 25.3 26.7 267 308 324
Israel 5 6 5 16.5 16.8 18.4 41.0 42.7 45.9 40.3 39.3 40.0 258 281 299
Czech R. 10 11 12 8.1 9.0 9.8 29.6 30.5 32.1 27.5 29.5 30.4 280 317 328
Japan 13 12 14 114 15.4 16.4 42.8 54.5 57.6 26.0 28.2 28.5 186 543 77
Greece 24 25 24 2.7 2.9 3.1 13.4 14.0 14.3 20.3 20.6 21.3 1561 172 183
Chile 27 33 27 37.0 90.6 167.4 209.2 608.1 866.7 17.7 14.9 19.3 358 944 3,101
Austria 12 13 16 15.7 16.3 16.8 58.1 58.9 61.0 26.9 27.7 27.5 608 633 672
Bosnia & H. 35 34 36 2.3 2.6 3.3 16.0 17.6 21.7 14.6 14.7 16.1 135 168 168
Albania 20 26 31 1.0 1.2 1.9 4.2 6.4 111 23.0 18.9 17.0 31 33 43
Slovenia 31 32 33 1.5 1.5 1.5 9.1 9.2 9.4 16.0 16.0 15.9 102 106 109
Bulgaria 33 35 34 2.2 2.5 3.5 141 17.7 22.2 15.8 14.2 15.6 110 144 181
Puerto Rico 11 5 3 3.3 5.3 6.9 12.2 12.8 15.3 27.2 1.7 44.9 129 143 151
Cuba 22 20 19 2.0 2.2 2.3 9.0 9.1 9.3 21.7 24.2 24.9 82 83 85
Malaysia 15 15 11 6.5 71 8.3 25.4 26.7 26.7 255 26.7 311 107 115 117
Tunisia 41 43 42 1.0 1.1 1.2 8.9 9.0 9.1 11.8 12.0 12.7 47 49 50
Serbia 2 2 7 10.6 11.4 12.4 24.3 25.5 34.2 43.7 44.8 36.4 230 244 256
Portugal 17 14 13 27.7 31.0 35.6 109.6 116.5 1211 25.2 26.9 29.4 1,144 1,342 1,495
Switzerland 23 24 25 29.9 30.5 30.8 145.4 147.8 148.4 20.6 20.7 20.8 1,476 1,613 1,659
Moldova 39 38 35 6.7 9.2 14.0 55.1 73.4 89.8 12.2 12.6 15.5 233 323 464
South Africa 64 60 55 14.4 32.7 73.5 304.5 592.7 1,016.7 4.7 55 7.2 261 683 1,568
Ukraine 21 21 21 20.6 27.0 37.2 91.7 119.4 1511 22.4 22.6 24.6 605 788 1,012
Macedonia 48 51 47 1.9 2.6 4.8 20.9 33.8 46.6 8.9 7.7 10.3 110 147 222
Denmark 25 22 23 10.1 1.2 11.9 50.2 52.5 53.2 20.1 21.4 22.4 514 561 587
El Salvador 46 49 - 2.9 4.6 - 31.1 53.3 - 9.4 8.7 - 53 107 -
Panama 37 37 37 9.4 13.5 214 73.6 99.2 151.6 12.8 13.6 141 269 336 448
Poland 30 29 26 16.9 225 28.2 106.0 125.4 1421 16.1 17.9 19.8 839 1,028 1,215
Argentina 52 45 40 7.8 17.4 34.1 106.9 161.7 254.4 7.3 10.8 13.4 366 556 878
Bangladesh 38 31 32 57.6 1055  159.7 460.1 6385  965.1 12.5 16.5 16.5 781 1,388 1,997
Russia 4 3 2 262.8 3966 529.0 639.9 896.2 1,146.1 411 44.2 46.2 2,418 4,555 6,948
Guatemala 78 76 - 71 13.8 - 239.1  417.0 - 3.0 3.3 - 252 547 -
China 29 40 43 81.1 82.4 83.8 480.8 667.4  667.6 16.9 12.3 12.5 3,241 3,316 4,636
Romania 36 36 4 15.8 18.6 21.2 119.2 1362 1589 13.2 13.7 13.3 1,002 1,219 1,369
Turkey 28 28 28 148.1 1639  179.8 853.5 906.0 956.9 17.3 18.1 18.8 4,096 4,540 4,825
Saudi Arabia 26 27 30 44.8 80.2 119.9 2274 4356 6785 19.7 18.4 17.7 273 441 893
Germany 18 17 18 1576 1722 180.5 626.6 662.7 680.8 252 26.0 26.5 6,115 7,723 8,450
Haiti 40 - - 6.1 - - 51.6 - - 11.8 - - 110 - -
Ireland 42 42 44 23.2 24.8 25.2 198.5 204.4 207.7 1.7 121 12.2 1,488 1,631 1,703
Morocco 32 30 29 71 8.0 9.6 44.7 46.4 52.7 16.0 17.3 18.2 194 208 213
Dominican R. 43 4 39 13.2 18.0 24.6 116.8 1483 1833 11.3 12.2 13.4 441 516 635
(Continued)
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TABLE 1B | Continued

Country/Days Detection rankings Confirmed Cases (in Estimated Cases (in Estimated detection Number of deaths
since the first thousands) thousands) rate (Percentage) (Count)

100 cases

were

confirmed 60 75 90 60 75 90 60 75 90 60 75 90 60 75 920
Canada 45 44 45 67.7 84.7 96.2 700.1 7848 8209 9.7 10.8 1.7 4,693 6,424 7,835
Hungary 53 52 53 3.6 3.9 41 50.1 52.4 53.9 71 7.5 7.6 467 534 568
Colombia 54 54 60 14.9 29.4 53.1 233.8  429.7  809.2 6.4 6.8 6.6 562 939 1,726
Niger 81 80 - 1.0 1.0 - 38.9 39.5 - 25 2.6 - 65 67 -
Pakistan 60 62 52 37.2 66.5 139.2 686.1 1,230.3 1,658.4 5.4 5.4 8.4 803 1,395 2,632
U. Arab E. 34 23 20 21.8 33.9 42.3 1456.2 1569.4 171.5 156.0 21.3 24.7 210 262 289
Sweden 55 53 50 22.7 30.8 40.8 365.8 417.2  457.6 6.2 7.4 8.9 2,769 3,743 4,542
Ecuador 70 71 71 31.5 38.6 46.8 763.3  890.2 1,027.2 4.1 4.3 4.6 2,594 3,334 3,896
Somalia 57 59 - 2.6 2.9 - 48.0 51.8 - 55 5.7 - 88 90 -
Bolivia 62 61 65 8.4 16.9 30.7 160.1  310.3 534.0 52 55 57 293 559 970
Burkina Faso 80 78 74 0.8 0.9 0.9 30.7 30.7 30.9 2.7 2.9 2.9 52 53 53
Honduras 67 74 68 4.4 7.4 15.4 103.6 1828 316.5 4.2 4.0 4.9 188 290 426
Iraq 82 82 76 3.0 5.5 17.8 124.6 442.8 1,081.1 2.4 1.2 1.6 115 179 496
Sierra Leone 68 - - 1.4 - - 33.3 - - 4.2 - - 59 - -
Kenya 79 73 72 2.0 3.7 6.4 68.7 90.8 147.6 2.9 41 4.3 64 104 148
Cameroon 73 64 64 5.4 9.2 12.6 168.6 173.4 2156.9 3.4 5.3 5.8 177 273 313
D. R. Congo 65 63 63 3.0 4.8 6.9 66.6 89.8 117.8 4.5 5.3 5.9 69 106 167
Algeria 66 69 69 7.5 9.8 11.5 176.2  209.3 237.2 4.3 4.7 4.9 568 681 825
Netherlands 51 50 51 40.8 44.2 46.7 5144  529.6 534.8 7.9 8.4 8.7 5082 5715 5977
Iran 59 57 61 89.3 107.6  137.7 1,638.3 1,843.7 2,132.3 55 5.8 6.5 5650 6,640 7,451
Mali 83 79 - 1.6 2.0 - 69.4 74.8 - 2.3 2.7 - 94 112 -
Chad 84 - - 0.9 - - 44.4 - - 2.0 - - 74 - -
Afghanistan 71 67 66 11.8 221 30.2 296.0 443.9 591.6 4.0 5.0 5.1 220 405 675
Peru 49 46 46 84.5 166.7 229.7 1,017.4 1,497.7 2,038.9 8.3 10.4 1.3 2,393 4,371 6,688
Sudan 75 77 - 8.3 9.7 - 266.9 311.7 - 3.1 3.1 - 506 604 -
Philippines 69 68 58 1.4 156.0 24.2 273.5 314.0 358.5 4.2 4.8 6.7 751 904 1,036
Brazil 76 66 54 177.6  411.8 8028 5729.2 8,243.9 10,800.0 3.1 5.0 7.4 12,400 25,598 40,919
Indonesia 72 72 70 15.4 24.5 36.4 4255 5839  762.3 3.6 4.2 4.8 1,028 1,496 2,048
Italy 50 48 49 187.3 2159 2287 22877 24129 24856 8.2 8.9 9.2 25,085 29,958 32,616
Spain 47 47 48 21562  230.7 239.4  2,381.4 22475 23459 9.0 10.3 10.2 24,824 27,563 27,127
India 63 65 59 82.0 173.8 3209 11,6752 3,312.0 4,874.1 4.9 52 6.6 2,649 4971 9,195
Egypt 7 75 73 10.4 20.8 41.3 340.3 6146 9755 3.1 34 4.2 556 845 1,422
Belgium 56 55 57 50.3 55.8 58.7 823.7 847.7 857.3 6.1 6.6 6.8 7,924 9,108 9,522
Nigeria 74 70 67 8.9 15.2 241 266.1  339.2  486.8 3.4 4.5 4.9 259 399 558
France 61 58 62 126.8 140.7 1491 2,350.2 2,424.9 2,468.3 5.4 5.8 6.0 23,660 27,074 28,662
Mexico 85 81 75 471 90.7 150.3  2,899.6 4,823.5 6,766.9 1.6 1.9 2.2 5045 9,930 17,580
UK. 58 56 56 186.6 2464 2780 3,403.7 3,7785 3,971.6 55 6.5 7.0 28,446 34,796 39,369
uU.S. 44 39 38 1,069.8 1,443.4 1,770.4 10,137.1 11,5639.1 12,5671.5 10.6 12.5 141 63,006 87,568 103,781

This ranking is made up of all countries with more than 30 deaths due to COVID-19 40 days after the pandemic outbreak. Countries are ranked by their detection rates 15 days after
the pandemic outbreak. Missing values in this table indicate that the country has not reached the requested number of days after its pandemic outbreak. Source: Own elaboration.

the above-mentioned countries, none of them is still ranked on
the top part of the ranking with 91 countries for which we have
full data (US in ranking 36, Spain 45, Italy 46, Belgium 55, UK
56, and France in place 58). Similarly, in this non-synchronic
ranking, with the exception of Russia, none of the first 10
countries accumulated more than 500 deaths on May 20.

In Table 3, we present the non-synchronic ranking as of 22
June. The US is in place 35, Spain 49, Italy 53, Belgium 63, UK

61, and France 67. It is noteworthy that, except for Russia, none
of the first 16 countries in this ranking have accumulated more
than 2,000 fatalities on 22 June. More importantly and despite
the incredible efforts to increase the tests amongst the more
developed countries, none of them were able to detect more than
16% of the estimated infections (the US detected 15.7% on 22
June). It implies that testing efforts need to be deployed at the
first stages of the pandemic process due to its cumulative nature.
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TABLE 2 | Non-synchronic descriptive statistics as of 20 May.

Country Detection Confirmed Estimated Number Detection Country Detection Confirmed Estimated Number Detection

rate Cases Cases of Deaths rate rate ranking Cases Cases of Deaths rate

ranking (Percentage) (Percentage)

Australia 1 7,068 10,803 99 65.4 Macedonia 47 1,839 20,629 106 8.9
Serbia 2 10,733 24,472 234 43.9 Bangladesh 48 25,121 284,758 370 8.8
Russia 3 299,941 713,396 2,837 42.0 Peru 49 99,483 1,137,309 2,914 8.7
Thailand 4 3,034 7,293 56 41.6 Netherlands 50 44,249 529,581 5,715 8.4
Israel 5 16,650 42,239 277 39.4 Argentina 51 8,796 114,004 393 7.7
South Korea 6 11,110 28,757 263 38.6 Sweden 52 30,799 417,234 3,743 7.4
Norway 7 8,257 24,041 233 34.3 Hungary 53 3,598 50,265 470 7.2
Luxembourg 8 3,958 12,368 109 32.0 Colombia 54 16,935 256,149 613 6.6
Estonia 9 1,791 5,891 64 30.4 Belgium 55 55,791 847,676 9,108 6.6
Czech R. 10 8,647 30,105 302 28.7 UK. 56 248,818 3,792,371 35,341 6.6
Japan i 16,385 57,455 771 28.5 Iran 57 124,603 1,992,740 7,119 6.3
Austria 12 16,257 58,599 632 27.7 France 58 143,427 2,444,441 28,022 59
Malaysia 13 6,978 26,056 114 26.8 Pakistan 59 45,898 844,102 985 5.4
Germany 14 176,007 671,716 8,090 26.2 India 60 106,750 2,054,585 3,303 52
Portugal 15 29,432 113,959 1,247 25.8 South Africa 61 17,200 363,475 312 4.7
Lithuania 16 1,562 6,060 60 25.8 Philippines 62 12,942 287,923 837 4.5
Croatia 17 2,232 8,763 96 255 Libya 63 68 1,544 3 4.4
Finland 18 6,399 26,036 301 24.6 Ecuador 64 34,151 784,137 2,839 4.4
Puerto Rico 19 2,805 11,951 124 23.5 Algeria 65 7,377 173,847 561 4.2
Albania 20 949 4,088 31 23.2 Brazil 66 271,628 6,890,826 17,971 3.9
Ukraine 21 18,876 86,905 548 21.7 Bolivia 67 4,481 115,342 189 3.9
Denmark 22 11,044 52,134 551 21.2 Indonesia 68 18,496 480,800 1,221 3.8
Cuba 23 1,887 8,926 79 21.1 D. R. Congo 69 1,731 47,886 61 3.6
Greece 24 2,840 13,671 165 20.8 Somalia 70 1,502 44,338 59 3.4
Switzerland 25 30,535 147,794 1,613 20.7 South Sudan 71 285 8,421 6 3.4
Saudi Arabia 26 59,854 303,501 329 19.7 Egypt 72 13,484 401,828 659 3.4
Turkey 27 151,615 862,911 4,199 17.6 Honduras 73 2,955 88,824 147 3.3
Poland 28 19,268 114,170 948 16.9 Afghanistan 74 7,653 230,911 178 3.3
U. Arab E. 29 25,063 150,496 227 16.7 Nigeria 75 6,401 203,510 192 3.1
Bulgaria 30 2,292 14,227 116 16.1 Cameroon 76 3,629 113,118 140 3.1
Slovenia 31 1,467 9,206 104 15.9 Haiti 77 596 19,339 22 3.1
Morocco 32 7,023 44,481 193 15.8 Burkina Faso 78 806 30,682 52 2.6
Bosnia & H. 33 2,319 15,813 138 14.7 Suriname 79 iR 429 1 2.6
Chile 34 49,579 359,514 509 13.8 Niger 80 914 37,746 55 2.4
Romania 35 17,191 125,640 1,126 13.7 Sierra Leone 81 534 24,508 33 2.2
u.s. 36 1,628,568 11,884,244 91,921 12.9 Guatemala 82 2,133 103,309 43 21
Panama 37 9,867 77,349 281 12.8 Kenya 83 963 49,412 50 1.9
China 38 84,065 667,702 4,638 12.6 Iraq 84 3,611 199,779 131 1.8
Moldova 39 6,340 51,912 221 12.2 Mexico 85 54,346 3,289,790 5,666 1.7
Ireland 40 24,251 203,128 1,561 11.9 Mali 86 901 57,558 53 1.6
Tunisia 4 1,044 8,865 47 11.8 Sudan 87 2,591 169,575 105 1.5
El Salvador 42 1,498 12,905 31 11.6 Chad 88 545 42,352 56 1.3
Dominican R. 43 13,223 116,836 441 1.3 Mauritania 89 81 27,361 4 0.3
Canada 44 79,101 763,889 5,912 10.4 Yemen 90 167 67,359 28 0.2
Spain 45 232,655 2,247,633 27,888 10.3 Nicaragua 91 25 14,739 8 0.2
Italy 46 226,699 2,472,703 32,169 9.2

Countries are ranked by the detection rates of SARS-CoV-2 infections as of 20 May. Source: Own elaboration.
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TABLE 3 | Non-synchronic descriptive statistics as of 22 June.

Country Detection Confirmed Estimated Number Detection Country Detection Confirmed Estimated Number Detection

rate Cases Cases of Deaths rate rate ranking Cases Cases of Deaths rate

ranking (Percentage) (Percentage)

Australia 1 7,461 11,478 102 65.0 Sweden 47 56,043 479,232 5,053 1.7
Russia 2 584,680 1,271,062 8,111 46.0 Peru 48 254,936 2,272,406 8,045 1.2
Puerto Rico 3 6,625 14,5621 149 44.9 Spain 49 246,504 2,357,978 28,324 10.5
Thailand 4 3,148 7,301 58 431 Macedonia 50 5,106 49,133 238 10.4
South Korea 5 12,438 30,176 280 41.2 South Sudan 51 1,882 18,688 34 10.1
Israel 6 20,778 51,835 306 4041 Pakistan 52 181,088 1,908,427 3,590 9.5
Norway 7 8,708 25,098 244 34.7 Italy 53 238,499 2,533,481 34,634 9.4
Estonia 8 1,981 5,896 69 33.6 Netherlands 54 49,593 538,868 6,090 9.2
Serbia 9 12,894 38,735 261 33.3 El Salvador 55 4,626 53,327 107 8.7
Luxembourg 10 4,120 12,508 110 32.9 Brazil 56 1,085,038 12,484,118 50,617 8.4
Czech R. 11 10,498 32,666 336 32.1 Nicaragua 57 2,014 24,386 64 8.3
Malaysia 12 8,672 27,040 121 31.7 South Africa 58 97,302 1,269,375 1,930 7.7
Portugal 13 39,133 127,864 1,530 30.6 Hungary 59 4,102 54,281 572 7.6
Japan 14 17,916 61,665 953 291 Suriname 60 314 4,170 8 7.5
Austria 15 17,285 61,817 690 28.0 UK. 61 304,331 4,151,851 42,632 7.3
Lithuania 16 1,798 6,497 76 27.7 India 62 425,282 6,033,057 13,699 7.0
Germany 17 190,359 699,154 8,885 27.2 Belgium 63 60,550 861,976 9,696 7.0
Finland 18 7,143 26,402 326 271 Philippines 64 30,052 438,038 1,169 6.9
U. Arab E. 19 44,925 178,155 302 25.2 Iran 65 204,952 3,050,048 9,623 6.7
Cuba 20 2,312 9,281 85 24.9 Colombia 66 68,652 1,030,695 2,237 6.7
Ukraine 21 36,560 148,376 1,002 24.6 France 67 160,377 2,615,344 29,640 6.4
Chile 22 242,355 991,336 4,479 24.4 D. R. Congo 68 5,826 98,916 130 5.9
Croatia 23 2,317 9,957 107 23.3 Cameroon 69 11,610 199,080 301 5.8
Denmark 24 12,391 53,638 600 231 Bolivia 70 24,388 424,522 773 5.7
Greece 25 3,266 14,533 190 225 Somalia 71 2,779 49,186 90 5.7
Poland 26 31,931 150,582 1,356 21.2 Afghanistan 72 28,833 565,246 581 5.1
Switzerland 27 31,209 148,912 1,680 21.0 Indonesia 73 45,891 905,257 2,465 5.1
Saudi Arabia 28 157,612 823,639 1,267 19.1 Nigeria 74 20,244 409,327 518 4.9
Turkey 29 187,685 984,358 4,950 19.1 Honduras 75 12,769 263,032 363 4.9
Morocco 30 9,977 55,386 214 18.0 Algeria 76 11,771 242,645 845 4.9
Albania 31 1,927 11,300 44 171 Egypt 7 55,233 1,182,338 2,198 4.7
Bulgaria 32 3,905 23,586 199 16.6 Ecuador 78 50,640 1,084,641 4,223 4.7
Bangladesh 33 112,306 678,767 1,464 16.5 Kenya 79 4,738 109,829 123 4.3
Slovenia 34 1,520 9,410 109 16.2 Libya 80 544 12,846 10 4.2
u.s. 35 2,280,912 14,248,772 119,975 15.7 Sierra Leone 81 1,327 31,692 55 4.2
Moldova 36 14,200 93,470 473 15.2 Mauritania 82 2,813 75,687 108 3.7
Bosnia & H. 37 3,354 22,225 169 15.1 Guatemala 83 13,145 398,078 531 3.3
Panama 38 26,030 180,819 501 14.4 Sudan 84 8,580 276,728 521 3.1
Argentina 39 42,772 303,341 1,011 141 Burkina Faso 85 903 30,773 53 29
Romania 40 24,045 177,775 1,612 13.5 Mali 86 1,961 73,306 111 2.7
Dominican R. 41 26,677 197,251 662 13.5 Niger 87 1,036 39,912 67 2.6
Tunisia 42 1,167 9,144 50 12.7 Mexico 88 180,545 7,666,945 21,825 2.4
China 43 84,572 668,564 4,639 12.6 Chad 89 858 43,988 74 2.0
Ireland 44 25,379 208,366 1,715 12.2 Iraq 90 30,868 1,582,972 1,100 2.0
Canada 45 101,326 845,149 8,430 12.0 Yemen 91 941 203,732 256 0.5
Haiti 46 5,211 44,065 88 1.8

Countries are ranked by the detection rates of SARS-CoV-2 infections as of 22 June. Source: Own elaboration.
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FIGURE 6 | Linear prediction for the natural logarithm of the cumulative number of deaths from a linear regression of In (deaths;) on the detection rates (DR;) 15 and
120 days after the pandemic outbreak (PO). (A) Detection rates and deaths 15 days after the PO. (B) Detection rates and deaths 120 days after the PO. (A) contains
all 91 countries (in Table 1A). (B) contains all 61 countries (in Table 1A) whose pandemic processes have more than 120 days since the PO. The dashed fitted line
excludes South Korea (KR). Source: Own elaboration.

Tables 2, 3 show that moving over time from relatively low to  particular, the lives of the elderly and those individuals with
relatively high cumulative detection rates is unlikely and probably ~ preexisting conditions.

very expensive. This is due to the over proportional efforts The strong association between the number of deaths and
needed to expand testing relative to the exponentially growing  the estimated cumulative detection rates remains significant 15,
infections at the early stages of the pandemic. Consequently, from  and 120 days after the PO. These associations are shown in
the public health point of view, it is much more advantageous,  Figures 6A,B, respectively.

technically, and economically feasible, to implement mass testing Figure 7 shows the relationship between detection rates (15
from the very beginning of the pandemic process. To achieve  and 120 days after the PO) and deaths 120 days after the
this goal, health authorities and governments would require = PO. This descriptive result is of interest since it suggests
understanding the linkages between the cumulative detection  that, unconditionally, early detection is associated with death
rates and the minimization of the pandemic related fatalities and ~ outcomes 120 days after the PO to a greater extent than the

economic damage. contemporary detection rates, that is, 120 days after the PO.
Although this information suggests the existence of a strong
Unconditional Analysis relationship between detection rates and the cumulative number

of deaths, this slope may be confounded by the variables
mentioned before. Thus, in the next section, we show the results
of our conditional analysis as described earlier.

In this analysis, we show the unconditional relationship between
detection rates and deaths. The fitted lines in Figure 6 are
obtained after regressing the natural logarithm of the cumulative
number of deaths in the country 7 on their estimated cumulative
detection rates (DR;). The results strongly suggest a negative ~ Multivariate Regression Analysis

relationship between detection rates and the cumulative number ~ Our results in Table4 show that higher detection rates are
of deaths. This strong negative slope is in concordance with  associated with a reduction in the number of deaths after
the hypothesis that, by detecting a higher proportion of the  controlling for demography (age-structure of the population and
SARS-CoV-2 infected population, many lives can be saved, in  population size), economic performance (GDP per capita), and
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FIGURE 7 | Linear prediction for the natural logarithm of the cumulative number of deaths 120 days after the pandemic outbreak (PO) from a linear regression of

In (deaths;) on the detection rates (DR;) 15 and 120 days after the PO. (A) Deaths reported 120 days after the PO, and detection rates estimated 15 days after the
PO. (B) Deaths reported 120 days after the PO, and detection rates 120 days after the PO. Note: This figure contains all 61 countries (in Table 1A) whose pandemic
processes have more than 120 days since the pandemic outbreak. Source: Own elaboration.
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the relative resources that the economies devote to their health
systems. Over time, the cross-sectional regressions increase in
explanatory power, from a R-squared of 0.71 in model 2 to 0.95
in model 8.

Based on these results, Figure 8 shows a strong conditional
gradient between detection rates and the cumulative number of
deaths. For instance, for a hypothetical country with average and
constant endowments, the cost in terms of deaths of detecting 5%
vs. 35% is about 1.81 natural logarithm points which corresponds
to exp'®! = 6.13. That is, the average country detecting 5%
is associated with a number of deaths about 6.1 times higher
when compared with the same country detecting 35% of all
SARS-CoV-2 infections.

To put this result in perspective, let us simulate what would
be the number of deaths in the U.S, if instead of detecting
16.02% 120 days after the pandemic outbreak, the country would
have detected with the same intensity as South Korea (41.01%).
Evaluating the number of deaths at the endowments of the U.S,
the country would have fewer deaths by 1.14 natural logarithm
points. It means that the current U.S deaths are now 3.13 times
higher than they would be if the country would have tested with
similar intensity as South Korea. Since the number of deaths 120
days after the pandemic outbreak reached 126,140, detecting at
the rate of South Korea would have saved about 85,794 lives in
the U.S. at that time.

Finally, looking at the regression coefficients in Table 3, it is
noteworthy the fact that during the pandemic outbreak, a 1%

higher detection rate is associated with more lives saved than a
1% increase in the health expenditure over the GDP. Our results
also suggest that the number of deaths, rather than depending
on the relative solvency of the health system, could depend in a
greater extent on the size and opportunity of the testing efforts.
The conclusion is the more tests the better. Although in
this study we employed an economics inspired approach to
figure out the importance of testing, our findings are also
endorsed by recent medical literature on coronavirus as well as by
another economics inspired models providing support to a causal
relationship between detection and saving lives (47-50).

Robustness of the Results

Robust regressions provide estimates that are close to the ones
reported in Table 4. Consequently, it is unlikely that the results
reported in this study are outlier driven. Additionally, results are
robust to heteroscedasticity of unknown form for small samples.
Nevertheless, results should be interpreted with caution. The
few observations available for the regressions and lack of data
does not allow to rule out the possibility that there are omitted
variables that have the potential to bias the results.

It is important to keep in mind that results can be
biased if omitted variable problem exists. That is, there are
variables that are correlated with the explained outcome
but at the same time they are also correlated with the
explanatory variables of interest. For instance, one can think in
countries implementing lockdowns because lower detection rates
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TABLE 4 | Synchronic multiple linear regression of the natural logarithm of the cumulative number of deaths on the estimated detections rates.

Dependent Variable:

Days since the first 100 cases were confirmed

Ln(deaths)/Explanatory
Variables
15 60 120
Model (1) Model (2) Model (3) Model (4) Model (5) Model (6) Model (7) Model (8)
Estimated detection rate —0.193** —0.225"* —0.120*** —0.118*** - —0.100"** —0.0976™* -
(0.0358) (0.0269) (0.0368) (0.0435) - (0.0220) (0.0217) -
Estimated detection rate (Squared) 0.00410*** 0.00497*** 0.00135 0.00132 - 0.000948* 0.000931* -
(0.00127) (0.000698) (0.000919) (0.00107) - (0.000501) (0.000484) -
Estimated detection rate 15 days - - - - —22.30"** - - —16.78"**
after PO
- - - - (6.266) - - (5.479)
Estimated detection rate 15 days - - - - 47.64* - - 35.63
after PO (squared)
- - - - (28.54) - - (24.01)
Infection fatality rate 0.960"** 0.922*** 1.586*** 1.512 1.396*** 1.525%** 1.506*** 1.439
(0.333) (0.328) (0.267) (0.270) (0.370) 0.172) (0.179) (0.329)
Population size (Ln) —0.150** —0.146** —0.0285 —0.0179 0.0105 0.0699** 0.0649* 0.0267
(0.0656) (0.0688) (0.0856) (0.0780) (0.0787) (0.0345) (0.0356) (0.0518)
Confirmed cases (Ln) 0.860*** 0.773** 0.943*** 0.910*** 0.705*** 0.931** 0.929** 0.849***
(0.0995) (0.108) (0.0696) (0.0640) (0.0796) (0.0324) (0.0334) (0.0639)
GDP per capita (Ln) —0.446** —0.417"* 0.0399 0.0570 0.0742 0.181** 0.168** —0.0194
(0.108) (0.103) (0.0842) (0.0913) (0.138) (0.0600) (0.0642) (0.154)
Health spending as % of GDP —0.0570* —0.0552 —0.0147 —0.0270 —0.000955 0.00186 —0.0115 0.00210
(0.0330) (0.0354) (0.0231) (0.0260) (0.0277) (0.0143) (0.0163) (0.0312)
BCG group 2 - —0.441 - 0.175 0.124 - 0.185* 0.196
- (0.323) - (0.161) (0.206) - (0.101) (0.233)
BCG group 3 - —0.396 - 0.0449 —0.0185 - 0.185 0.197
- (0.284) - (0.235) (0.305) - (0.165) (0.332)
BCG group 4 - —0.704*** - —0.193 —0.205 - —0.0324 —0.131
- (0.220) - (0.184) (0.209) - (0.102) (0.213)
BCG group 5 - —-0.411* - —-0.172 —-0.175 - 0.0200 0.0653
- (0.210) - (0.152) 0.176) - (0.0856) (0.178)
Constant 4.530"* 5.365"* —2.365 —2.204 —1.313 —5.437*** —5.174** —2.425*
(1.391) (1.434) (1.431) (1.442) (1.629) (0.679) (0.776) (1.362)
Observations 87 87 84 84 84 74 74 74
R-squared 0.672 0.708 0.950 0.954 0.934 0.984 0.985 0.954
R-squared adjusted 0.643 0.666 0.945 0.947 0.924 0.983 0.983 0.946
F-test 26 21.86 342.3 274.9 110.5 594.5 4041 137.8

Standard errors in parentheses. Significance levels: **p < 0.01, **p < 0.05, *p < 0.1. Source: Own elaboration.

(Argentina), or relaxed social distancing rules because higher
detection rates (Australia). Nevertheless, these non-observed
variables yield to an underestimation of the true association
between detection rates and the cumulative number of deaths.
Thus, detection matters.

DISCUSSION

In this study, we have proposed a method to estimate the number
of SARS-CoV-2 infections for the globe and also for all 91 major
countries covering more than 86% of the world population. On
June 22, we find that, worldwide, about 160 million individuals
have been infected by SARS-CoV-2. Moreover, only about
1 out of 11 these infections have been detected. We find

that detection rates are very unequally distributed across the
globe and that they also increased over time from about 1%
during the second and third weeks of March to about 9% on
June 22. In an information context in which population-based
seroepidemiological studies are not available, this study shows a
parsimonious alternative to provide estimates of the number of
SARS-CoV-2 infected individuals. By comparing our estimates
with those provided by the ENE-COVID study in Spain, we
confirm the utility of our approach keeping in mind that from the
public health point of view, it is preferable to be vaguely right than
precisely wrong.

In order to provide reliable estimates of the number of SARS-
CoV-2 infections and of the cumulative detection rates, it is
necessary that governments provide real-time information about
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FIGURE 8 | Predictive Margins of the cumulative number of deaths at different

detection rates of SARS-CoV-2 infections after 120 days of the pandemic
outbreak. Source: Own elaboration.

the number of COVID-19 deaths. This study supports the view
that an accurate communication of the fatality cases can have
consequences on the development of the pandemic itself. Thus,
it is also a call for allowing international comparison following
WHO international norms and standards for medical certificates
of COVID-19 cause of death and International Classification of
Diseases (ICD) mortality coding.

Additionally, in our empirical analysis, we have presented
parsimonious evidence, that higher detection rates are associated
with saving lives. Our conditional analysis shows, for example,
that if the US would have had the same detection rate trajectory
as South Korea, about two-thirds of the reported deaths could
have been avoided (about 85,000 lives).

We find that detection rates at the very early stages of the
pandemic seem to explain the great divergence in terms of deaths
between countries. Moreover, we showed evidence that moving
from relatively low to high cumulative detection rates (and thus
saving lives) is unlikely and difficult. This is probably due to
the high level of efforts needed to expand testing relative to
the exponentially growing infections at the early and middle
stages of the pandemic. Thus, from the public health point
of view, it is better to deploy testing efforts at the first stages
of the pandemic process. To do this would be much more
advantageous, in terms of saved lives, but also it would be
technically, and economically feasible.

Already, many developed countries with well-developed
health sectors were not able to avoid unnecessary deaths by
their inaction in terms of promoting mass testing to counter the
pandemic outbreak at early stages.

To achieve the goal of implementing mass testing from the
very beginning of the pandemic outbreak, governments need
to understand the consequences of not doing that. Thus, the
evidence presented in this paper offers a rigorous macro-level
linkage between detection rates and the cumulative number of
deaths which may be useful in future pandemics. This evidence

Further research should be devoted to understanding why the
detection capacity in many advanced countries was too weak,
late, and also so weakly correlated (if correlated) with the income
levels. In this paper, we claim that governments have incentives
against test because the public opinion tends to primarily react
to the report of the cumulative and the marginal numbers of
detected (reported) cases. The contradiction is that something
good, such as the increase in the testing efforts by governments,
can be perceived by the general public as something negative
(due to the increase in detections). In consequence, are low
detection rates in developed countries simply a management
failure, or are there long-run incentives that promoted this
behavior among many rich countries? It is clear that during the
ongoing pandemic, improving detection rates is a race against
time, but are there institutional and/or technological constraints
that hamper detection improvements that can save lives? All these
questions are relevant for this and future pandemics. This study
claims that all countries in the world should be able to respond
to a pandemic outbreak with massive testing in the very short
run. This would be an efficient approach since it is also likely that
higher detection rates are also associated with a lesser impact of
the pandemic on the economy.
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Severe Acute Respiratory Syndrome coronavirus-2 (SARS-CoV-2) is responsible for
the COVID-19 pandemic that continues to pose significant public health concerns.
While research to deliver vaccines and antivirals are being pursued, various effective
technologies to control its environmental spread are also being targeted. Ultraviolet light
(UV-C) technologies are effective against a broad spectrum of microorganisms when
used even on large surface areas. In this study, we developed a pyrimidine dinucleotide
frequency based genomic model to predict the sensitivity of select enveloped and non-
enveloped viruses to UV-C treatments in order to identify potential SARS-CoV-2 and
human norovirus surrogates. The results revealed that this model was best fitted using
linear regression with r° = 0.90. The predicted UV-C sensitivity (Dgo — dose for 90%
inactivation) for SARS-CoV-2 and MERS-CoV was found to be 21.5 and 28 J/m?,
respectively (with an estimated 18 J/m? obtained from published experimental data
for SARS-CoV-1), suggesting that coronaviruses are highly sensitive to UV-C light
compared to other ssRNA viruses used in this modeling study. Murine hepatitis virus
(MHV) A59 strain with a Dgg of 21 J/m? close to that of SARS-CoV-2 was identified as a
suitable surrogate to validate SARS-CoV-2 inactivation by UV-C treatment. Furthermore,
the non-enveloped human noroviruses (HUNoVs), had predicted Dgg values of 69.1, 89,
and 77.6 J/m? for genogroups Gl, Gll, and GIV, respectively. Murine norovirus (MNV-1)
of GV with a Dgg = 100 J/m? was identified as a potential conservative surrogate for UV-
C inactivation of these HuNoVs. This study provides useful insights for the identification
of potential non-pathogenic (to humans) surrogates to understand inactivation kinetics
and their use in experimental validation of UV-C disinfection systems. This approach can
be used to narrow the number of surrogates used in testing UV-C inactivation of other
human and animal ssRNA viral pathogens for experimental validation that can save cost,
labor and time.

Keywords: genomic modeling, UV-C inactivation, viruses, SARS-CoV-2 (2019-nCoV), norovirus (NoV), surrogates
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INTRODUCTION

Coronaviruses belong to the family of Coronaviridae, comprising
of 26 to 30 kb, positive-sense, single-stranded RNA, in
an enveloped capsid (Woo et al., 2010). Coronaviruses can
cause severe infectious diseases in human and vertebrates,
being fatal in some cases. Severe acute respiratory syndrome
(SARS) coronavirus (SARS-CoV-1), a p-coronavirus emerged
in Guangdong, southern China, in November, 2002 (Guan
et al., 2003), and the Middle East respiratory syndrome (MERS)
coronavirus (MERS-CoV), was first detected in Saudi Arabia
in 2012 (Alagaili et al, 2014). Since late December 2019, a
novel B-coronavirus (2019-nCoV or SARS-CoV-2) has been
responsible for the pandemic coronavirus disease (COVID-19)
with >7.2 million confirmed cases throughout the world, and a
fatality rate of approximately 5.7% as of 11 June, 2020 (World
Health Organization [WHO], 2020a). This 2019-nCoV is thought
to have originated from a seafood market of Wuhan city, Hubei
province, China, and has spread rapidly to other provinces of
China and other countries (Zhu et al., 2020).

According to current evidence documented by the World
Health Organization [WHO] (2020a,b), SARS-CoV-2 virus
(2019-nCoV) is transmitted between humans through
respiratory droplets and contact (person-to-person, fomites,
etc.) routes (World Health Organization [WHO], 2020b). van
Doremalen et al. (2020) reported that SARS-CoV-2 remained
viable in aerosols throughout the 3 h duration of the experiment
and more stable on plastic and stainless steel than on copper and
cardboard, and virus was detected up to 72 h after the application
to these surfaces at 21-23°C and 40% relative humidity. Given
the ability of these viruses to survive in the environment,
appropriate treatment strategies are needed to inactivate SARS-
CoV-2. As per WHO recommendations, SARS-CoV-2 may be
inactivated using chemical disinfectants. As of 07 April, 2020, the
United States Environmental Protection Agency [USEPA] (2020)
has announced a list of 428 registered chemical disinfectants that
have been approved for use against SARS-CoV-2 (United States
Environmental Protection Agency [USEPA], 2020). On the
other hand, physical disinfection method “ultraviolet light
(UV) treatment” (with germicidal UV-C at wavelengths from
100 to 280 nm) can be an effective approach to inactivate
SARS-CoV-2 on surface areas and in the air. UV inactivates a
broad spectrum of microorganisms by damaging the DNA or
RNA and thereby prevents and/or alters cellular functions and
replication (Patras et al., 2020). UV-C inactivation of various
microorganisms such as pathogenic bacteria, spores, protozoa,
algae and viruses has been reported (Malayeri et al, 2016;
Bhullar et al., 2019; Gopisetty et al., 2019; Pendyala et al., 2019,
2020; Patras et al., 2020). Because UV inactivation studies with
SARS-CoV-2 requires specifically trained and skilled personnel
working under biosafety level 3 (BSL-3) laboratory containment
conditions, the use of surrogate coronaviruses has the potential
to cross these hurdles for experimental validation of designed
UV systems. Based on the biophysical properties and genomic
structure, literature studies on testing the efficacy of disinfectants
against coronaviruses used the following surrogates; murine
hepatitis virus (MHV), Human coronavirus 229 E, transmissible

gastroenteritis virus (TGEV), and feline infectious peritonitis
virus (FIPV) (Kumar et al., 2020). However, the selection of
potential surrogates to SARS-CoV-2 requires a comparative
evaluation of UV-C sensitivity between these viruses. As of date,
the precise experimental UV-C susceptibility (Dgg value) of
SARS-CoV/SARS-CoV-2 is not reported.

Human noroviruses (HuNoVs) cause >80% of global
non-bacterial gastroenteritis that can be spread through
contamination of food, water, fomites, or direct contact, and
also via aerosolization (Fankhauser et al., 2002; Widdowson
etal., 2005; Godoy et al., 2006). HuNoVs are also single-stranded
RNA viruses that are small 27 to 32 nM in size that belong to
the Caliciviridae family. However, HuNoVs are enclosed in a
non-enveloped capsid, unlike SARS-CoV-2 that is enveloped.
UV-C inactivation data on the HuNoV genogroups is limited
due to the lack of available cultivation methods to obtain high
infectious titers (Doultree et al., 1999; Ettayebi et al., 2016; Estes
et al,, 2019). Thus, reverse transcription quantitative polymerase
chain reaction (RT-qPCR) is widely used for assessing survivor
populations of HuNoVs after treatment. However, research
studies showed overestimation of survivors with RT-qPCR
in comparison to virus infectivity plaque assays (Ronnqvist
et al., 2014; Wang and Tian, 2013; Walker et al,, 2019). As an
alternative, cultivable animal viruses [caliciviruses, echoviruses
and murine norovirus (MNV)] have been used as surrogates to
determine UV-C inactivation of HuNoVs (Thurston-Enriquez
et al., 2003; de Roda Husman et al., 2004; Lee et al., 2008; Park
et al., 2011), but proper selection of surrogates which mimic
the UV-C inactivation characteristics of HuNoV:s is required to
evaluate kinetics and scale up validation studies.

Furthermore, it is well known that microorganisms respond
to UV exposure at rates defined in terms of UV rate constants
(Patras et al., 2020). The slope of the logarithmic decay curve
is defined by the rate constant, which is designated as k. The
UV rate constant k has units of cm?/mJ or m?/] and is also
known as the UV susceptibility. It can be also defined as Dy or
Dy [dose for 90% inactivation or 10% survival] as the primary
indicator of UV susceptibility. UV dose is expressed as J/m?
or mJ/cm? (Patras et al., 2020). The varied microbial sensitivity
to ultraviolet light (UV) among species of microbes, is due
to several intrinsic factors including physical size, presence of
chromophores or UV absorbers, presence of repair enzymes or
dark/light repair mechanisms, hydrophilic surface properties,
relative index of refraction, specific UV spectrum (broad band
UVC/UVB versus narrow band UVC), genome based parameters;
molecular weight of nucleic acids, DNA conformation (A or B),
G+C%, and % of potential pyrimidine or purine dimerization
(Kowalski et al., 2009).

The physical size of a virus bears no clear relationship with
UV susceptibility, except that for the largest viruses, as size
increases, the UV rate constant tends to decrease slightly (which
is likely the result of UV scattering) (Kowalski et al., 2009).
There is no thorough literature available on the above-mentioned
optical parameters, hydrophilic surface properties and repair
mechanisms relating to UV sensitivity. On the other hand,
genome sequences of UV susceptibility can be easily retrieved
from genome databases and the development of genomic models
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based on the above mentioned genome-based parameters is
feasible to predict the UV susceptibility of ssRNA viruses, which
include human pathogenic novel viruses (such as SARS-CoV-2)
and cultivation-challenging HuNoVs.

Our hypothesis is that predicting UV-C inactivation based on
genomic modeling, will enable the determination of surrogates
to be used in UV-C validation studies. In the present study, we
attempted to develop a genomic model to predict and compare
the UV sensitivity of enveloped SARS-CoV-2 and non-enveloped
HuNoVs and to determine their suitable surrogates for use in
UV-C process validation.

MATERIALS AND METHODS

Collection of Reported ssRNA Viruses
UVos4 Sensitivity (Dgo Values)

We collected UV-C sensitivity of ssRNA viruses form published
studies and carefully selected Dy values (Table 1). The selection
was based on the careful assessment of methods that were used to
determine UV-C sensitivity. The selected UV-C sensitivity of an

TABLE 1 | Reported UV sensitivity (Dgp) data for ssRNA viruses.

Virus Average  Reference source
Dgo (J/m2)
Murine sarcoma virus 190 Kelloff et al., 1970; Nomura et al., 1972
Bacteriophage MS2 1832 Malayeri et al., 2016
Moloney murine 115 Nomura et al., 1972
leukemia virus
Murine norovirus 100 Lee et al., 2008; Park et al., 2011
Coxsackievirus 79 Battigelli et al., 1993; Gerba et al., 2002;
Shin et al., 2005
Human parechovirus 75 Gerba et al., 2002
Polio virus 73 Gerba et al., 2002;
Thompson et al., 2003;
Lazarova and Savoye, 2004;
Shin et al., 2005;
Simonet and Gantzer, 2006
Canine calicivirus (CCV) 67 de Roda Husman et al., 2004
Feline calicivirus (FCV) 60 Thurston-Enriquez et al., 2003;
de Roda Husman et al., 2004;
Park et al., 2011
Sindbis virus 55 Zavadova and Libikova, 1975;
von Brodorotti and Mahnel, 1982
Venezuelan equine 55 Smirnov et al., 1992
encephalitis virus
Western equine 54 Dubinin et al., 1975
encephalomyelitis virus
Hepatitis A virus 51 Wilson et al., 1992; Battigelli et al., 1993;
Wiedenmann et al., 1993
Semliki forest virus 25 Weiss and Horzinek, 1986
Measles virus 22 Stefano et al., 1976
SARS-CoV-1 18P Kariwa et al., 2006

Average Dyg values refer average of reference source studies.

aAverage value of all (45) MS2 reports.

bEstimated value from initial linear kinetics of data and considering 90% of light
transmission through test fluid.

ssRNA virus is determined via the standard method (Bolton and
Linden, 2003), with the logjo survivors as a function of UV dose
and represented as Dyj.

Determination of Genomic Parameters;
Genome Size, and Pyrimidine
Dinucleotide Frequency Value (PyNNFV)

The molecular size and nucleotide sequences of genomes
used in this study were directly obtained from available
NCBI genome database (Table 2 and Table 5). PyNNFV
model was developed based on the frequency of each type
of pyrimidine dinucleotides (TT, TC, CT, and CC) which
varies based on genome sequences. Pyrimidines are almost
10 times more susceptible to photoreaction (Smithyman and
Hanawalt, 1969), while strand breaks, inter-strand cross links
and DNA-protein cross links form with less frequency (1:1000
of the number of dimers and hydrates) (Setlow and Carrier,
1966). Three simple rules were formulated for sequence-
dependent dimerization (Becker and Wang, 1989); “(i) When
two or more pyrimidines are neighboring to one another,
photoreactions are observed at both pyrimidines, (ii) Non-
adjacent pyrimidines exhibit little or no photoreactivity, and
(iii) Purines form UV photoproducts when they are flanked at
5’ side by two or more adjacent pyrimidine residues.” Therefore,
we considered 100% probability of formation of photoreaction
products when PyNN are flanked by pyrimidines on both
sides and 50% probability when PyNN are flanked by purine
on either side. The individual PyNNs were counted by the
exclusive method (each pyrimidine considered in one PyNN
combination only). Research studies showed the proportion of
photoreaction products in the order of TT > TC > CT > CC
(Douki, 2013), thus same sequence was followed in counting
individual PyNNs. Table 3 shows the method used for PyNNFV
calculation in this study. A mathematical function was written
to calculate PyYNNFV from the potential PyNNs to exist in the
genome of RNA (Eq. 1).

PuNNEVY — (TT%)(TC%)(CT%)(CC%) "
! genome bp

The PyNNFVs from complete genome sequences of 16 ssRNA
viruses and corresponding reported Doy values were used to plot
amodel graph. Then, the correlation between PyNNFVs and Dgg
values was analyzed by fitting the appropriate regression model
(linear regression).

RESULTS AND DISCUSSION

Table 1 shows the median Dgy values collected from UV-C
inactivation studies of various ssRNA viruses. The data
was selected from the studies conducted with uniform viral
suspensions in transparent medium (water or phosphate buffer
saline), followed standard method for UV dose calculation
(Bolton and Linden, 2003). The Dy values reported for ssRNA
viruses ranged from 18 J/m? for SARS-CoV-1 to 190 J/m?
for murine sarcoma virus. Genomic parameters; genome size,
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TABLE 2 | Genome size and identified pyrimidine dinucleotide values for
collected ssRNA viruses.

Virus NCBI Genome PyNNFV2
Accession # (bp)
Bacteriophage MS2 NC_001417.2 3569 0.00804
Murine sarcoma virus NC_001502.1 5833 0.00807
Human parechovirus NC_001897.1 7348 0.00210
Murine norovirus NC_008311.1 7382 0.00570
Coxsackievirus KX595291 .1 7410 0.00314
Polio virus NC_002058.3 7440 0.00263
Hepatitis A virus KP879217.1 7476 0.00209
Feline calicivirus NC_001481.2 7683 0.00363
Moloney murine NC_001501.1 8332 0.00598
leukemia virus
Canine Calicivirus NC_004542.1 8513 0.00345
Semliki forest virus NC_003215.1 11442 0.00141
Venezuelan equine NC_001449.1 11444 0.00153
encephalitis virus
Western equine NC_003908.1 11484 0.00151
encephalomyelitis virus
Sindbis virus NC_001547.1 11703 0.00149
Measles virus NC_001498.1 15894 0.00134
SARS-CoV-1 NC_004718.3 29751 0.00067

aPyrimidine dinucleotide frequency value.

PyNNFVs of respective viruses were shown in Table 2. The
values are in the range of 3569 bp to 29751 bp for genomic size;
0.00067-0.00807 for PyNNFV.

Genomic Models to Predict UV-C

Sensitivity of ssRNA Viruses

To determine the relationship between genome size and UV-C
sensitivity, the Dy values were plotted against the genome size of
various ssRNA viruses (Figure 1). The data were best fitted to log
linear regression model with 72 = 0.63. The results revealed that
there was a decisive relationship between genome size and UV
sensitivity across the range of 3569-29751 bp.

Further to evaluate the influence of base composition and
sequence along with genome size on UV-C sensitivity, the Dgg
values were plotted versus PYNNFV (Figure 2). Linear regression
model was best fitted with 7% = 0.90. Therefore, based on the value
of r squared a moderate positive relationship was found between
PyNNFV and UV-C sensitivity of the virus. The following
linear regression equation shows the correlation between Dgg
values and PyNNFV.

y = 19984x + 10.409 (2)

Also, to predict the distribution of UV-C sensitivities and
estimates of the true population mean using this model, 95%
prediction and confidence intervals were shown in Figure 2. To
confirm the adequacy of the fitted model, studentized residuals
versus run order were tested and the residuals were observed
to be scattered randomly, suggesting that the variance was
constant. It can be indicated from Figure 3 that predicted
values were in close agreement with the experimental values
and were found to be not significantly different at p > 0.05

TABLE 3 | Calculation of PyNNFV value for SARS-CoV-2.

Parameter T TC CT cC

PyNNs# 2454 1020 881 535

PyNNs flanked with 773 (ATT) 324 (ATC) 298 (ACT) 281 (ACC)

purine? 412 (TTA) 250 (TCA) 244 (CTA) 90 (CCA)
530 (GTT) 174 (GTC) 187 (GCT) 84 (GCC)
230 (TTG) 37 (TCG) 91 (CTG) 10 (CCG)

Total PyNNs flanked 1945 785 820 472

with purine

PyNNs flanked 509 235 61 63

without purine

Probability of each 1481.5 627.5 471 299

PyNNP

PyNNs(%)° 4.956341 2.099294 1.575725 1.000301

Genome size 29891

PyNNFV 0.000555

aValues are counted using exclusive method (once one doublet or triplet is located
in the genome, it is excluded from participating in other dimers).

bOverall probability of each PyNN is calculated by considering 50% probability
(0.5) for PyNNs flanked with purine and 100% probability (1.0) for PyNNs
flanked without purine.

°PyNNs% was determined by calculating the% of probability of PyNNs
in total genome.

using a paired t-test. Despite some variations, results obtained
predicted model and actual experimental values showed that the
established models reliably predicted the Dy value. Therefore,
the predictive performance of the established model can be
considered acceptable. The applicability of the models was also
quantitatively evaluated by comparing the bias and accuracy
factors (Table 4 and Eqs 3 and 4).

Zlog'Vp/VE|
AF =10 7 3)
Zlog(VP/VE!
BF=10 (4)
1< Vg —Vp
E(%) = — £ 71l x 100 (5)
Ne ; Vg

The average mean deviation (E%) were used to determine
the fitting accuracy of data (Eq. 5). Where, n, is the number of
experimental data, Vg is the experimental value and Vp is the
predicted value.

In most cases, as shown in Table 4, the accuracy factor (AF)
values for the genomic model were close to 1.00, except for
Measles virus (0.83), Semliki forest virus (0.86). The bias factor
(BF) values for the predicted models were also close to 1.00,
ranging from 1.02 to 1.21 for the parameter studied. These
results clearly indicate that there was a good agreement between
predicted and observed Dgy values. Ross et al. (2000) stated
that predictive models ideally would have an AF = BF = 1.00,
indicating a perfect model fit where the predicted and actual
response values are equal. However, typically, the AF of a fitted
model will increase by 0.10-0.15 units for each predictive variable
in the model (Ross et al., 2000). Genomic model, as in this study,
that forecasts a response may be expected to have AF and BF
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TABLE 4 | Accuracy factors (AF) and Bias factors (BF) for Dgg values in the
regression analysis.

Virus AF BF E (%)
Bacteriophage MS2 1.02 1.02 2.18
Feline calicivirus 0.9 1.11 12.71

Coxsackievirus 1.03 1.03 2.48
Canine calicivirus 0.94 1.06 6.17
Semliki forest virus 0.86 1.16 18.18
Murine sarcoma 1.08 1.038 3.22
Measles virus 0.83 1.21 25.67
SARS-CoV-1 0.91 1.1 10.88
Murine norovirus 0.93 1.08 8.09
Moloney murine leukemia virus 0.96 1.04 4.33
Human parechovirus 1.13 1.13 10.09
Western equine encephalomyelitis virus 11 1.1 8.25

Venezuelan equine encephalitis virus 1.1 1.1 8.55

Sindbis virus 1.11 1.11 9.03
Hepatitis A virus 0.99 1.01 0.82

Polio virus 1.05 1.05 4.62

aAverage mean deviation.

values ranging from 0.83 to 1.21 or an equivalent percentage error
range of 0.82-25.67%.

Prediction of UV Sensitivity of Various

Corona Viruses and Human Noroviruses

Owing to good model fitting, the PyYNNFV genomic model was
used to predict UV sensitivity of coronaviruses including SARS-
CoV-2 and different HuNoV genogroups. PYNNFV values of

target viruses were calculated from genomic sequences obtained
from the NCBI database. The UV sensitivities were predicted by
substituting PyNNFV value in Eq. 2. Table 5 shows PyNNFV
values and corresponding predicted Dy values of target viruses.
Predicted Doy of SARS-CoV-2 virus (21.5 J/m?) (Table 5) is
closer to the estimated Doy of SARS-CoV-1 (18 J/m?) from the
experimental study (Table 1). Kariwa et al. (2006) irradiated
2 mL of SARS-CoV-1 in 3-cm petri dishes without stirring UV-
C light at 134 pW/cm? for 15 min, and observed reduction in
infectivity from 3.8 x 107 to 180 TCIDso/mL with equivalent
to Doy value of 226 J/m2. In contrast, Darnell et al. (2004)
showed 4 log reduction of SARS-CoV-1 at UV-C exposure of
4016 wW/cm? for 6 min which is equivalent to Dgg value of
3610 J/m?. The authors conducted the experiment in a 24 well
plate containing 2 mL virus aliquots without mixing. These
two studies neither calculate the average irradiance nor provide
conditions for uniform UV-C dose distribution throughout
the test fluid and thereby reported higher values. The model
predicted Dgy value of MERS-CoV (28.1 J/m?) that is found
to be higher than SARS-COV-2, whereas murine hepatitis
coronavirus (MHYV) strains showed similar UV-C sensitivity (Dgg
values = 20.3 to 21 J/m?). For a- and y-coronaviruses, the
predicted Dgy values (17.8 to 18.3 J/m?) were lower than the
B-coronaviruses (Table 5). Saknimit et al. (1988) demonstrated
the efficiency of UV-C irradiation on the inactivation of
MHYV and CCV coronaviruses using 15 W UV-C lamp at a
distance of 1 m and reported efficient UV-C inactivation after
15 min treatment. From this data, the estimated Dgy values
for MHV and CCV (y-coronavirus) were 17 and 15 J/m?,
respectively, and observed to be slightly lower (~20%) than
the model predicted values (Table 5). Overall the results show
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TABLE 5 | Predicted of UV sensitivity with respect to dimerization values of target ssRNA viruses.

Virus NCBI Accession# Genome (bp) PyNNF values Predicted Dgg Values (J/m?)
a-coronaviruses

Transmissible gastroenteritis virus KX499468.1 28614 0.000391 18.2
Canine coronavirus KP981644.1 29278 0.000379 18.0 (15.0)
Feline infectious peritonitis virus KC461237.1 29357 0.000393 18.3
Human coronavirus 229E KF514433.1 27165 0.000489 20.2
B-coronaviruses

SARS-CoV-2 MT192772.1 29891 0.000549 21.5
MERS-CoV MH734115.1 30033 0.000883 28.1
Murine hepatitis virus strain A59 MF618252.1 29947 0.000532 21.0(17.0)
Murine hepatitis virus strain S GU593319.1 31147 0.000515 20.7 (17.0)
Murine coronavirus MHV-1 FJ647223.1 31386 0.000526 20.9 (17.0)
Rat coronavirus JF792617.1 31274 0.000494 20.3
Bat coronavirus BM48-31 NC_014470.1 29276 0.000603 22.5
Bat coronavirus HKU9-1 NC_009021.1 29114 0.000465 19.7
Bat coronavirus HKU4-1 NC_009019.1 30286 0.000580 22.0
Bat Hp-betacoronavirus NC_025217.1 31491 0.000691 24.2
SARS coronavirus A022 (Civet) AY686863.1 29499 0.0006401 23.2
SARS coronavirus B039 (Civet) AY686864.1 29525 0.0006402 23.2
y-coronavirus

Avian infectious bronchitis virus NC_001451.1 27608 0.000371 17.8
Human noroviruses (non-enveloped)

Norovirus Gl NC_001959.2 7654 0.002936 69.1
Norovirus GlI KF712510.1 7509 0.003934 89.0
Norovirus GIV JF781268.1 7839 0.00336 77.6

Values in parenthesis denote estimated Dgg values from experimental study (Saknimit et al., 1988).

that coronaviruses are highly sensitive to UV-C light than other
ssRNA viruses reported in Table 1. From the UV sensitivity
data obtained using the genomic model, it was observed that
UV doses ranging from 90 to 141 J/m? are required for 5 log
reduction of human pathogenic coronaviruses (SARS-CoV-1,
MERS-CoV, 2019-nCoV). Here we demonstrate an example of
UV exposure using a low-pressure mercury lamp. If the UV-
C lamp source provides an average irradiance of 0.4 mW/cm?
or 4 W/m? (under uniform dose distribution conditions), a
mere 35 s treatment is adequate to inactivate B-coronaviruses
(99.999% or 5 log reduction). Since the developed model relies
on total PyNNFV (not on specific gene sequences), slight
viral mutations should not cause significant variations in UV
sensitivity. For instance, if the PyYNNFV value of SARS-CoV-
2 changes up to £10%, the model predicted UV sensitivity
(Dgg value) ranges from 20.4 to 22.6 J/m? with the change of
just £2.6%.

The predicted Dgy values of HuNoVs are 69.1, 89, and
77.6 J/m? for genogroups, GI, GII, and GIV, respectively
(Table 5). The results revealed that the UV-C sensitivity of
GII was lower with higher predicted Dgy value in comparison
to GI and GIV. To the best of our knowledge, limited
experimental data is currently available on UV-C sensitivity
of HuNoVs. Some research studies used RT-qPCR method to
estimate MNV survivors and validated with virus infectivity
assay (Wang and Tian, 2013; Ronnqvist et al., 2014; Walker
et al, 2019). The reported validation results showed that

the values obtained with RT-qPCR method are overestimated
compared to standard virus infectivity assays (Wang and
Tian, 2013; Ronnqvist et al., 2014; Walker et al., 2019). For
instance, Ronnqvist et al. (2014) reported 4-log reduction
of MNV at a UV dose of 60 mJ/cm? with the infectivity
assay, whereas just 2-log decline of MNV and HuNoV RNA
levels was found at a UV dose of 150 mJ/cm? by the RT-
qPCR method. The experimental Doy values of conservative
surrogates (MNYV, echovirus and caliciviruses) obtained via
viability assay are reported to be in the range of 60-
100 J/m? (Table 1).

Identification of Potential Surrogates for

UV-C Inactivation

Validation of the UV-C inactivation kinetics of specific pathogens
such as SARS-CoV-2 is not possible (without the use of
appropriate surrogates) because of the need for sophisticated
biosafety level (BSL)-3 containment, and to protect the
researchers, and the public from health risk in environmental
settings. For HuNoV, research on reproducible cultivable systems
that obtain high titers are still on-going. Hence, criteria for
the selection and application of surrogates are required to
ensure that the surrogates mimic the behavior of the SARS-
CoV-2 or HuNoVs under specific treatment conditions, while
ensuring safety of personnel and also decreasing labor, cost and
time. Also, surrogates are useful in process validation studies
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at scale up that can reduce the uncertainties linked with UV-C
dose measurement.

As seen from Table 5, the model predicted Doy value
(~21.5 J/m?) of SARS-CoV-2 was comparable to MHV strains
(non-pathogenic to humans) of the p-coronavirus group
(~21 J/m?), higher than a-coronaviruses (TGEV, CCV, and
FIPV) and y-coronavirus (AIBV) (~18 J/m?). Also, since both
SARS-CoV-2 and MHYV are p-coronaviruses, MHV-strain A59
may show similar behavior under various culture conditions
making it a potential surrogate for SARS-CoV-2 for UV-C
inactivation kinetics and validation studies.

For HuNoVs, the predicted Dyg values of all genogroups (69—
89 J/m?) were higher than Dy values of the reported caliciviruses
(60-67 J/m?) in our study, echoviruses (75 J/m?), except being
lower than MN'V-1 (100 J/m?) (Tables 1, 5). Use of surrogates that
exhibit similar or slightly higher Dy values to target pathogens
can avoid the risk associated with improper inactivation, hence
our results indicate that MNV-1 is the better choice (though
conservative) to validate UV-C inactivation of all HuNoV's under
laboratory experimental setup conditions.

In conclusion, a predictive genomic-modeling method was
developed for estimating the UV sensitivity of SARS-CoV-2
and HuNoVs. Results of the model validation showed that
the developed model had acceptable predictive performance,
as assessed by mathematical and graphical model performance
indices. We predicted the Dgy values by conducting extensive
genomic modeling. Although the parameters reported here may
suffice to estimate the UV sensitivity, experimental research
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INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), the virus that causes
coronavirus disease 2019 (COVID-19), has emerged as a major threat to mankind. The proportion
of those dying from COVID-19 is highest in the elderly population and those with pre-existing
co-morbidities (such as severe obesity, hypertension, diabetes, cancer, chronic respiratory, renal,
or cardiovascular disease) (1-4). As individuals can spread the virus rapidly without exhibiting any
symptoms, multiple countries have taken steps to shut down schools, universities, whole companies
and businesses, and entire villages, towns, and countries have been isolated. These drastic measures
will have enormous economic, public health, and psychological consequences (5-9).

It is likely that we are significantly underestimating the prevalence of COVID-19. The
proportion of asymptomatic infected individuals has been estimated between 17.9% (10) and 51%
(11), but could be as high as 80% (12). It has not been established whether transmission can
occur before symptoms appear, but the virus has been detected in the stool of an asymptomatic
child (13) and there are indications of transmission from asymptomatic carriers (14). In some
countries, it may be too late to sufficiently “flatten the curve” (15) based on a universal lock-down
strategy. Coercive measures could be counterproductive and erode public trust and cooperation
(16). Moreover, it is of great concern that large-scale lock-down of society has many additional
negative impacts. It is of critical importance therefore that more refined strategies are considered,
which may help containing the pandemic whilst minimizing significant societal disruption, and
help allocate resources in the most effective ways. Others have pointed out that, despite the breadth
and allure of travel bans and mandatory quarantine, an effective response to SARS-CoV-2 requires
newer, more creative legal tools but without clear recommendations on how to achieve this (17).
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While certain countries start to re-open their societies and
borders, most remain on lockdown measures to different
extents. We suggest here that more selective assisted isolation of
vulnerable populations would reduce the predictable increase in
hospital admissions and more rapidly alleviate the fallout from
total lockdown measures.

ALTERNATIVE APPROACH TO COMPLETE
LOCK-DOWN

SARS-CoV-2 infection rarely leads to symptoms in people below
20 years of age (18) and usually causes mild symptoms in
people up to the age of 50 years (19). Additional risk factors
(2, 4, 20) negatively impact the outcome, and may potentially
include high dose exposure in health care settings. Even though
COVID19 sometimes leads to need for treatment at intensive care
units (ICU) also for younger individuals, the virus appears most
dangerous for a selected group of the most vulnerable people.
In several countries, the average age of the deceased patients is
around or above 80 years. We must consider diverting our major
efforts to protect the vulnerable—elderly and patients with pre-
existing comorbidities—by providing safe and assisted isolation
and care; not least now that lockdown rules start to be relaxed.
The vulnerable have to receive the necessary support to stay
home, isolated, until it is safe again for them to return to normal
life with social and physical contacts.

1. Identify and provide uninfected caregivers who do not spread
the virus. Preferentially and ideally, these people will already
have had COVID19 and have cleared the infection. With blood
tests that measure antibodies against SARS-CoV-2 (21) we
now have the tool to identify a majority of individuals that
have had and cleared the infection. In some individuals the
SARS-CoV-2 antibody response may be too be too low to be
detected and before tests assessing T cell immunity become
available for routine use all subjects with negative tests must
be assured to be non-immune and tested by RNA-based tests
that can detect SARS-Co-V-2 RNA in respiratory specimens.
These tests must be performed routinely and regularly in
people who assist isolated people. The ability to test large
numbers of individuals, rapidly, repeatedly and effectively, for
the presence of the virus, and for the existence of immunity is
a cornerstone of this strategy. Certification of tests should be
fast-tracked, as time is of essence here.

2. Educate caregivers on how to avoid spreading the virus,
including hygiene rules and provision of personal protective
equipment, including respiratory protective and risk
mitigation measures.

3. Establish programs for home delivery of food, medications,
and other essential items, to avoid unnecessary exposure,
especially of the vulnerable populations. Clear protocols
for handling and cleaning the delivered goods must also
be established.

4. Provide shelter for those infected, isolating them from family
members, and to those who are already in the proximity

of infected family members to avoid transmission from
asymptomatic family members to vulnerable ones.

5. In parallel, isolation of individuals with symptoms, diagnosed
cases, and their contacts should continue (22).

These measures are per se not easy to accomplish but might be
more efficient than the universal lockdown that is being pursued
in different countries to different degrees.

HOW CAN WE MOST SAFELY AND
RAPIDLY REVERT TO “NORMAL”?

Here, we face two main options and some potentially risky and
tough choices.

A. The prolonged complete lockdown is not sustainable for an
extended period of time due to its drastic and increasing
economic and societal fallouts.

- Even if successful, universal curfews would have to
be implemented over many months, with unforeseeable
consequences on society in many ways. Still, there are
then billions of virus-naive people who could potentially
support new outbreaks.

- The economic collapse with mass unemployment will have
deleterious effects on health, including increasing mortality
also in younger age groups. As an example, the much less
severe economic turbulence of 2009 was calculated to cause
the death of 260,000 individuals just by cancer (5), and the
negative effects on health in the developing countries was
very large (6).

- In addition, these measures will, over time, destabilize
society, not only through tremendous economic losses,
but also through the risk of increasing social unrest and
the psychological consequences of social isolation (7, 9).
Selective damage to people with vulnerable job categories,
particularly in countries without adequate social network
safety, will put them in desperate situations and soon left
without options (8).

- Lastly, one could argue that a functioning economy and
intact supply chains will better enable us to protect the
more vulnerable and limit severe outcomes. We will then
have enough hospital/ICU beds to take care of those who
will need them.

B. Protect the vulnerable and then progressively ease overall
restrictions. We must carefully consider and follow the
emerging epidemiological data, especially the number of
infections with severe outcome in younger individuals and
those without preexisting conditions, before coming to
premature conclusions. However:

- the intensification of measures to protect the vulnerable
must be implemented in priority.

- Once these measures established, day-care centers, schools,
and colleges could re-open, to care for young children
whose parents are unable to provide full-time care due to
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essential professions to prevent them from being cared for
by grandparents, who need protection, not exposure.

- In the meantime, the general population of less vulnerable
and mostly younger people should still respect physical
distancing and hand hygiene standards. This includes
having sufficient sanitizers provided in public places, e.g., in
stores at checkout lines, or public transport. Anyone in this
group who exhibits any potential COVID-19 symptoms
should immediately follow the recommended self-isolation
procedures and not return to society until after having been
symptom-free for 2 days. Otherwise, they should live near
normally, work, go to school, go to shops, and consume to
prevent economic downturns.

- Economic support from governments and banks should be
provided, especially for those industries/small businesses
that experience a shortfall or have been forced to close
down (i.e., travel, hotels, restaurants, cruises, artists,
concert halls, etc.), because the vulnerable must stay
isolated. Urgent funding is also required for hospitals,
laboratories, and researchers to enable the fastest possible
development of diagnostic assays and new therapies.

- Gradually then, a substantial proportion of the less
endangered population will become infected by SARS-
CoV-2 and develop immunity, leading to a gradual end of
the epidemic (something that might already be happening
in hotspots). More universal testing for active virus and
anti-viral antibodies could then be used to determine when
it would be time to advise the vulnerable to resume a regular

and normal life again. We hypothesize that such a well-
controlled shorter bubble could work in our favor, allowing
resumption of societal functioning and resource generation
until clinically proven treatment options for the critically ill
and vaccines become available.

DISCUSSION

There have been several pandemics in recent decades such as the
Asian Flew, the Honkong flew, The Swine flew, etc., with great
losses of lives, but without the dramatic influence on societies as
the present pandemic. The approach to contrast the COVID19
(or SARS-CoV-2) pandemic varies greatly among countries.
Intensive testing coupled with tracking and isolation has at least
so far indeed bent the curve so far in South Korea and New
Zealand, possibly, also in Singapore, Hong Kong, and China (the
latter with rather drastic containment measures). However, these
measures have isolated subjects at risk, but have not increased
immunization of the population with so called herd immunity
through the transient infection of the less vulnerable. Hence, they
still leave plenty of risk for re-emerging outbreaks, as increasingly
reported. The strategy we propose is more sustainable in the
long term, protecting the vulnerable population while we wait for
herd immunity to be established, either through natural infection
among the lower-risk population or a vaccine. Otherwise, society
would be forced to remain closed, or return to lockdown.
Sweden has wused a policy rather similar to our
recommendations to protect vulnerable groups, without a
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total lock-down of the society. Day-care centers and schools,
shops, and even restaurants have remained open, while
maintaining hygiene and physical distancing recommendations
to slow down spreading of the disease. The COVID-19 curve
has been flattened enough to maintain 20-30% of ICU capacity
available (23). Difficulties to keep elderly completely isolated
has caused loss of many lives, but mainly among people >80
years (median age 84 years for those who have died) with
co-morbidities and limited life expectancy. Yet, the death rate
has remained similar or sometimes even lower than in several
other European countries hit by the epidemic at the same time
(Figure 1). All curves tend to a slower rate over 8 months
irrespective of the degree of lockdown measures implemented.
One explanation for the rather similar death rates caused by
the pandemic could be that in every country there are many
undocumented mild cases that spread the disease and overall a
degree of herd immunity is developing. Australia, due to strict
lockdown now has an increase, and the numbers of new cases
with Covid19 are increasing in several European countries with
previous strict lock-down.

Although some economic depression has been unavoidable
because of both decreased consumption and the dependence on
global economy, according to the European Union the economy
is expected to be less negatively impacted in Sweden than in
countries with total lock-down measures.
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In conclusion, we here offer some considerations on possible
paths to ease out of restrictions with a focus on protecting the
vulnerable, decreasing the load on hospital, health force and
caregivers, and promoting immunity in the population to reduce
the risk of future epidemics.

Politicians will have to face the natural unease accompanied
with releasing restrictions under such measured conditions. Still,
it is key to balance restrictions with the stage of the epidemic
in certain areas and with the long-term impacts that broad and
severe restrictions will have. Once we emerge from the acute
phase of this tragedy, we will have to divert much of our resources
to preventive measures to avert future impacts of emerging viral
and bacterial infections.
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The COVID-19 Pandemic and
Outbreak Inequality: Mainstream
Reporting of Singapore’s Migrant
Workers in the Margins
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Chua Thian Poh Community Leadership Center, National University of Singapore, Singapore, Singapore

Singapore saw a majority of COVID-19 infections plaguing low-skilled migrant
construction workers by late April 2020. In the initial phases of the outbreak, mainstream
frames were quick to highlight the gathering of low-skilled workers in open areas as sites
to be surveilled, shaping the divisive practices of othering in early frames on migrant
worker behaviors. These reports were manufactured as Singaporeans continued to
gather in public spaces in large groups during the outbreak. Mainstream reports were
quick to inform audiences of the surveillance and control on display for disciplining
migrant workers. As the crisis developed to impact migrant workers predominantly,
the erasures are recovered with mainstream press reporting worker vulnerabilities and
discussing the structural implications of managing migrant labor as neoliberal subjects.
The structural conditions of migrant labor were, in fact, centered in mainstream narratives,
and dormitories as public health threats were extensively discussed, shedding light on
discourses relating to outbreak inequality. The rights framework, however, remained
largely absent in mainstream news frames about migrant workers.

Keywords: COVID-19, migrant workers, outbreak inequality, mainstream press, voices, culture-centered analysis

INTRODUCTION

The media is a crucial source of information about migrants and migration, influencing how they
are portrayed and constructed. Studying the mainstream media for representing or limiting the
enactment of subaltern agency informs us the role of the media in shaping migrant narratives.
According to Bleich et al. (2015), the media creates openings for migrants and minorities to
engage in the public sphere that allows them to bring forward their representations, interests,
and identities. This paper interrogates how the mainstream media shaped frames about low-wage
migrant workers and the COVID-19 pandemic in Singapore.

In Singapore, despite the early onset and governance of the COVID-19 outbreak in January 2020,
the nation-state came under significant scrutiny by international media for outbreak inequality
among its migrant construction worker (MCW) community. By May 2020, MCWs made up 90%
of infections in the country (Ng and Ong, 2020; Yea, 2020). In discussing the context of migrant
workers and the COVID-19 infections in Singapore, Dutta (2020a) critiques the pernicious use
of neoliberal techniques in the control and management of low-wage migrant workers. He argues
that these techniques of labor management led to the rapid and exponential infections among this
vulnerable group of workers.
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Defined as extreme neoliberalism, the authoritarian
management and governmentality of low wage migrant
workers in Singapore (control, surveillance, and management)
exacerbated infection rates within these community of
workers (Dutta, 2020a). Through the adoption of neoliberal
governmentality, the various stakeholders extract from the
subaltern body maximum economic benefits, with limited
freedoms to organize and activate for themselves. These
techniques of management include policy frameworks that
govern low-waged migrant workers (MCWs and MDWs).
Regulations tied to work permits that bind them to a single
sponsor (Parrefias et al., 2020), silencing dissidence from workers
that protest these conditions, and disciplining their labor through
strict controls via work permit terms, tight visa restrictions, and
health surveillance (disease screening) are examples (Bal, 2015;
Dutta and Kaur-Gill, 2018; Kaur-Gill and Dutta, 2020). Dutta
(2020a) argues that this model of governmentality is exported
to Asia as a gateway for transnational capital. The poor housing
standards (cramped, unhygienic, unsanitary) such as dormitories
(Hamid and Tutt, 2019; Dutta, 2020b) and the absence of a labor
rights frameworks to protect migrant workers from exploitative
conditions are other ways we see the techniques of neoliberalism
exercised in the management of low-wage migrant workers in
Singapore. Such neoliberal techniques of management create
the rife opportunity for precarities and im(mobilities) for
low-wage temporary migrant workers working in the city-state
(Dutta and Kaur-Gill, 2018). These neoliberal tailored strategies
of labor-management leave vulnerable workers to several
exploitative conditions.

This paper, therefore, studies mainstream narratives in its
discussion of migrants and their health during the COVID-19
outbreak in Singapore, theorizing the operating logics of the
mainstream press in an authoritarian context of news production
(George, 2007, 2012; Ortmann and Thompson, 2020). Wald
(2008) positions the outbreak narrative during a pandemic as the
curation of a myth by architectural scripts of science, in which
journalistic stories impact and transform a new global order.
Wald’s (2008) points to the accumulation of contradictions that
begin appearing in an outbreak, “...obsolescence and tenacity
of borders, the attraction and threat of strangers, and especially
the destructive and formative power of contagion” (p. 33), where
belonging and citizenship are weaponized. The weaponizing of
belonging and citizenship during a crisis have health impacts for
those that are typically othered in society, due to their vulnerable
social positions.

THE COVID-19 PANDEMIC AND
LOW-WAGE MIGRANT WORKERS

Research during the COVID-19 pandemic caution how
healthcare systems may remain neglectful of international
migrant workers (Liem et al., 2020). For these workers, health
services already remain difficult to access. Furthermore, pre-
COVID-19 pandemic, international migrant workers already
suffer a lower quality of health that is potentially further
heightened during a pandemic (Liem et al., 2020). MCWs and

MDWs make up ~9.9% of the population in Singapore. At
555,100 workers as of December 2019 (Ministry of Manpower,
2020), in a population of 5.6 million, low-skilled migrant workers
make up a significant portion of Singapore society. The literature
on migrant worker mobility continues to indicate jarring
disparities faced by migrant workers during the migratory
process (Dutta, 2017a; Yeoh et al., 2017; Hamid and Tutt,
2019).

In Singapore, MCWs are hired in large numbers to partake
in what is known as 3(D) labor, dirty, dangerous, and difficult
(Dutta, 2017b), mostly working in the construction sector (Kaur
etal, 2016). MDWs, on the other hand, come from various parts
of South East Asia and South Asia, migrating to participate in
caregiving work within the confines of Singaporean households
(Dutta et al, 2018). Both MCWs and MDWs partake in
precarious work with restrictive conditions. Ordinarily, MCW's
partake in long working hours, dangerous work, are at high
risk to workplace fatality, and reside in poor living conditions
that create serious health concerns for this migrant community
(Dutta, 2017a,b). Rubdy and McKay (2013) describe,

their living conditions are invariably the most basic, as they are
packed in overcrowded, squalid and unsafe premises that violate
fire safety and land use laws, and that are located on the edge of
the island’s built up area, among derelict or industrial land, poorly
served by public transport links (p. 160).

Living conditions of MCWs have been a site of extensive debate
pre-COVID-19 crisis and further amplified during the COVID-
19 pandemic. Dutta (2017a) laid out a range of structural
conditions tied to labor that remain precarious to migrant
worker health. During the COVID-19 pandemic, the structural
conditions of migrant workers were amplified, with 90% of all
infections in Singapore disproportionately afflicting the MCW
community locally. Dutta’s (2017a) findings “point toward how
lived experiences with workplace safety are situated amidst the
shifting contexts of work, attending to the overarching socio-
cultural contexts of workplaces as well as spaces of everyday
living” (p. 10). During the COVID-19 pandemic in Singapore,
MCWs bore the brunt of the infections in the city-state, leading
to a spotlight on the inequitable living conditions FCWSs inhabit
in Singapore (Yeung and Yee, 2020).

In providing a framework to make sense of the rise in
infections, Dutta (2020a) surveyed n = 100 surveys and n =
45 interviews with MCWs living in dormitories. The findings
located that most workers described the structural barriers faced
in containing the infectious disease spread. MCWs discussed
accommodation standards concerning how it afflicted workers
from practicing social distancing. The acquiring of sanitizer
and soap remained challenging to access. Finally, fear and
anxiety of depressed wages and the infectious disease spread
were conveyed as mental health concerns. Lee et al. (2014)
study on health information seeking behaviors among the
migrant workers living in dormitories, indicated that while a
majority of MCWs were accessing healthcare services, there
were challenges with limited knowledge on insurance plans and
delays in accessing health facilities when required. To add, a
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population of workers surveyed in the study highlighted that they
would not seek treatment for serious health concerns. Harrigan
et al. (2017) study on MCWs shared the relationship between
migration and mental health in conversation with deportation
threats made by employers when conducting construction work.
These studies on MCW health make known to us the various
ways health disparities are magnified for these communities
of workers to the conditions of their labor. Baey and Yeoh
(2018) further reinforce precarity and precariousness of migrant
labor where a “growing vein of scholarship on migrant workers
undertaking low paid, insecure and irregular jobs have shown
how experiences of precariousness are inextricably linked to
broader patterns of intensifying neoliberalism, labor market
deregulation and the flexibilization of labor in post-industrialist
societies” (p. 268).

For MDWs, unequal power relations such as living and
working with their employers, create ambiguous and uncertain
conditions for rest hours, privacy concerns, confinement and
surveillance, mental health issues, food insecurity, and abuse
(Dutta et al., 2018). Precarious and im(mobile) work conditions
amplify health disparities for these workers. During the COVID-
19 pandemic where Singapore rolled out its circuit breaker
measures (Singapores framing of a lockdown), NGOs such
as the Humanitarian Organization for Migration Economics
(HOME) saw a 20% increase in distress calls from MDWs
during the circuit breaker relating to being overworked,
not receiving enough rest and the sustaining of verbal
abuse (Humanitarian Organisation for Migration Economics,
2020).

OTHERING OF MIGRANT WORKERS IN
MAINSTREAM DISCOURSE

Mainstream reports are often the early storytellers of an
outbreak and fundamentally shape the outbreak narrative.
When a pandemic threatens a global population, (Wald, 2008;
Mason, 2012) the new fear of a floating population that
moves as mobile migrants, passing mobile germs, fuels the
media practices of boundary building of nation-states. In the
context of globalized neoliberal economies, the racialization
of the COVID-19 pandemic moves beyond just race alone,
but interplays within the context of mobility and migration,
where the movement of racial people as transnational citizens
are centered in the discussion of epidemics (Briggs, 2003;
Mason, 2015). With disparities in migration and mobility,
pandemics become moments of governance of biosecurity threats
by nation-states, rendering unequal health effects when the
outbreak manifest (Briggs and Hallin, 2016; Sanford et al,
2016).

For example, Maunula’s (2017) discourse analysis of the
Canadian media on the HINI outbreak revealed, “expansion
of “risk space” makes possible a particular kind of “pandemic
subject” which operates as a neo-liberal bio-citizen” (p. ii),
referring to risk space as the expansion of HIN1 spread
by mobile citizens. In a study by Warren et al. (2010),
media frames of the HINI pandemic reveal the role of the

traveling body as a central actor in media discourse. Othering
practices surfaced in discourses that centered the mobile person,
where the frames of the “airport as a site for control and
the ethics of the treatment of the traveler as a potential
transmitter of disease” (Warren et al, 2010, p. 727). Dutta
(2016) suggests that the militaristic global operation to contain
the SARS virus amplified racist depictions of the Chinese
cultural practices in health communication messages. Lee et al.
(2005) inform how media portrayals of geographic borne spread
contribute to the stigma of specific peoples in a way that
is not proportionate to the risk as pandemics arouse stories
of the omnipresent and its mysteries. Specifically, discussing
the structural conditions of migrant labor in Singapore during
the COVID-19 crisis, Dutta (2020a) argues that the “extreme
neoliberal model of pandemic management” coupled with the
authoritarian tools of disciplining and surveilling migrant labor,
intensified the COVID-19 infections disproportionately for this
marginalized population.

Not only are the structural conditions of labor for MCWs
and MDWs impact health outcomes of workers, but migrant
workers also remain erased from mainstream society by
mainstream discourses. In discussing, public health and migrant
workers, Grove and Zwi (2006), pay attention to how othering
theory contributes to the subjugation of migrants in dominant
discourse. The techniques of othering are meant to keep
out subjects to not belong to the mainstream, naming the
other, and mark the difference to oneself (Dervin, 2012).
The creation of difference is aimed at stigmatizing the other
as divergent and peculiar, “to reinforce notions of our own
“normality,” and to set up the difference of others as a point
of deviance” (Grove and Zwi, 2006, p. 1933). Grove and Zwi
(2006) argue that the implications for othering migrants and
reinforcing their marginal social position have downstream
effects for public health. These include erasures of voice in
mainstream discourses, where their stories remain unheard
(Breen et al., 2006; Grove and Zwi, 2006). Tan’s (2014)
research on stereotypes in conversation with the integration
of migrant workers in Singapore revealed that the mainstream
press disseminated both positive and negative stereotypes
of migrant workers. Negative stereotypes included “migrant
workers as dangerous people” (p. 174) and “migrant workers
as people with low integrity” (p. 174), threatening local
livelihoods. Positive stereotypes circulated in the mainstream
press suggested that migrants were necessary labor for the
local economy.

Cheng’s (2016) study of migrant workers in broad media
entities in Taiwan often rendered workers as mere numerical
entities, “...that treats this group as a faceless collective existing
for the market need” (p. 2514). The absence of worker voices
amplifies the degrading portrayal of migrant workers via the
media through negative representations (Magpanthong and
McDaniel, 2016; Mintarsih, 2019). Mintarsih (2019) suggested
a lack of space for domestic workers both in their host and
destination countries to form their narratives in dominant
discursive spaces. The transience of migrant workers in state
rhetoric contributed to how they are discursively constructed as
the other in the media (Hamid, 2015; Kaur et al., 2016). Rubdy
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and McKay (2013) in studying language ideology and migrant
work in Singapore suggests that the circulation of the nation as
house metaphor,

lends logic to the portrayal of immigrants as “filth” that needs to
be swept out for the house to be kept clean, strongly reminiscent
of the colonial’s derogatory references to the subaltern native as
“dirty,” “filthy,” “degraded,” and “debased” (p. 165).

The social position of migrant workers in discourse and everyday
lived experiences cannot be divorced from the poor structural
conditions and health disparities faced by migrant workers.

Media Frames and Migrant Workers

Kaur et al. (2016) studied the role of the mainstream press
in reporting the Little India Riot. It refers to a conflict that
took place between MCWs in Singapore and the police on 8th
December 2013, after a fatal bus accident killed a MCW. This
led to a confrontation between workers and the police in the
Little India area where MCW s congregate on their off days. The
mainstream press centered voices of state actors in delivering
a cultural explanation regarding the cause of the riot. Migrant
worker voices remained predominantly absent in framing of
the riot in dominant discourse, where voices of rioters were
“violently silenced,” according to (Tan, 2016, p. 9) by mainstream
narratives. The mainstream press re-circulated cultural tropes of
South Asian FCWs that reinforced policies that sought to surveil,
discipline, and re-arrange migrant worker bodies in various
peripheral spaces across Singapore (Goh, 2019). Goh (2019) goes
on to “argue that the 2013 riot by migrant workers accelerated
the production of dormitory space to exclude migrant workers
from access to the city and reproduce their physical needs” (p.
356). These dormitories become a dominant point of discussion
during the COVID-19 outbreak concerning MCWs. Kaur et al.
(2016) concluded that mainstream narratives “left absent in the
frames were the alternative narratives grounded in the voices of
the FCW (Foreign Construction Workers)” (p. 27).

Kaur-Gill et al. (2019) study on the media representations of
MDWs revealed once again the absence of migrant worker voices
in the mainstream press, “...voices of FDWs in the reporting
of the news are often rendered absent, and when they are
represented, they are often quoted to reinforce FDW policies set
by the state” (p. 12). In discussing these representations located
in The Straits Times, the dominant discursive space renders
FDW voices peripheral, with civil society actors acting as proxies
for FDW advocacy. While discussion on migrant labor and
domestic workers were centered, the margins as sites for speaking
remained erased. The othering of migrant workers in Singapore
as outgroups are rooted in its post-colonial identity (Goh, 2008;
Anderson, 2013; Dirksmeier, 2020). Bal (2017) discussed media
representations of migrant workers as fraught, as victims, or
as threats to Singapore society. The criminal representation of
migrant workers surfaced throughout the 1990s (Bal, 2017),
similar to Cheng’s (2016) findings of migrant workers in Taiwan
as represented through criminality. However, in Singapore, these
representations were shifted when state voice actively dismissed

these stereotypes due to the state’s reliance on migrant workers to
develop its local infrastructural economy (Bal, 2017).

Migrant worker rights in dominant discourse have been
mostly absent. Goh et al. (2017) posit the limitations of a
rights discourse in illiberal contexts, illiberal contexts referring
to authoritarian governance that limit freedoms and coercively
subdues dissent through institutional, state, and legal entities.
According to Goh et al. (2017), the human rights discourse has
limited appeal in changing state behavior toward the treatment
of vulnerable migrants in places like Singapore. In studying the
framing of the day-off campaign in Singapore by civil society
actors, they purport the success of the campaign because it
used a “cultural mediation strategy of vernacularization” (p. 89),
where rights claims were framed in a manner that fit “with the
institutional logics and cultural repertoire of Singapore society”
(p. 89). However, (Goh et al,, 2017) conclude that migrant
workers must ultimately participate in advocacy about them,
centering migrant voices in mediating for themselves. Where
migrant worker voices were activated in advocacy efforts, the
rights discourse framed the central tenets of advocacy (Dutta
et al,, 2018). Dutta and Kaur-Gill (2018) argue that without
a rights framework in dominant mainstream discourse, the
seductive lure of neoliberal practices will continue to locate itself
in migrant labor management and governmentality.

THE PRESS IN SINGAPORE

The press in Singapore broadly falls under the Singapore Press
Holdings (SPH) and the broadcasting wing under Mediacorp.
While not government-owned, the SPH is primarily influenced
by the dominant political leadership in the country (George,
2012). Mediacorp, the broadcasting arm of the news, operates
through grants and subsidies provided by the state (George,
2012). While SPH runs the Straits Times (largest English
language newspaper) and The New Paper (packaged as a tabloid
press), Mediacorp runs the Today newspaper (George, 2012).
Ranked at 158th on the International Press Freedom Index
(Reporters without Borders, 2020), the mainstream media in
Singapore is said to operate through various steps of control by
the state (Tey, 2008), exercised through “political and punitive
coercion” (p. 884). George (2012) conceptualizes the press as
managed through calibrated coercion, where “Singapore can be
seen as a textbook case of a state that has adopted a long-
term view of power, deliberately reining in its use of force
in order to build ideological consent” (p. 96). Tey (2008)
discusses the state of the press in Singapore as pragmatic,
where news is manufactured to pivot nation-building ideologies.
Fundamentally, the press remains in harmony with the state,
often working in consensus with state ideology (Tey, 2008;
Kenyon, 2010; George, 2012). Therefore, the production of
news is said to be deeply rooted in the machinery of the
state. Critics and academics suggest that it remains challenging
for journalists to operate through the Fourth Estate with
limited freedoms of information laws, and “...a monolithic and
cohesive state machinery that is not prone to leaks” (George
and Venkiteswaran, 2019, p. 23). Out of bound (OB) markers
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determine what can and cannot be reported in the mainstream
press (George, 2012). OB markers in Singapore (George, 2012)
refer “... to the boundaries of political acceptability (p. 65)” in
journalistic reporting and remains a central aspect of what is
considered acceptable and responsible reporting by the state. OB
markers are present because of the state’s belief that journalism
should be about shaping a core national identity and setting
societal norms and agendas (George, 2012). The management
of journalism in Singapore, according to George (2012), is
sophisticated and calibrated through ideological control, rather
than the use of overt coercion. George (2012) concludes that we
cannot “overlook the power of ideology, and especially economic
incentives, as tools of cooptation and control” (p. 25) when
studying the news media in Singapore.

In an authoritarian context, the press takes a leading role
in conveying public health messages (Schwartz, 2012; Basnyat
and Lee, 2015). In Singapore, (Deurenberg-Yap et al, 2005)
revealed that there was high trust in the state and its institutions
in the management and knowledge transfers of the epidemic,
despite limited knowledge about control measures and the
SARS virus itself by Singaporeans. Kleinman and Watson’s
(2006) study of SARS in China, discussed the role of the
media in a contentious relationship with the state, where issues
of transparency and information control remained central in
heightening the outbreak, revealing detrimental impact for news
reporting. Leung and Huangs (2007) study of western led
English media (including The Straits Times) on the coverage
of SARS by China found that the ritual of othering was
entrenched in Western media representations, reflecting the
power dynamic present even as journalistic responses should
remain balanced and accurate. The study found that the
post-communist state was labeled inaccurately and unfairly
in the handling of the SARS crisis, othering its political
structure negatively.

FRAMING

Entman (1993) attempted to conceptualize framing amid a
fractured understanding of the theoretical concept. How texts
are communicated in the transfer of information by the
media requires systematic analysis. Framing refers to how
texts are selected and arranged for salience to communicate
a “problem definition, causal interpretation, moral evaluation,
and/or treatment recommendation for the item described” (p.
52). Entman (1993) states that the arrangement of text that
both center sources of information, pose issues as problems,
articulate stereotypical positions, and reinforce keywords tell
us how frames are produced. Similarly, the rendering absent
of positions also frame for readers schemas that inform
how and what to think about specific issues. For example,
Poirier et al. (2020) adopted framing analysis to make
sense of how the Canadian media framed the COVID-19
pandemic. The study revealed that there were different key
frames in the framing of the pandemic by anglophone media
(Chinese outbreak frame) vs. francophone media (economic
crisis frame).

Health communication frames by the press have been
critiqued by Seale (2002) and Dutta (2008) for not merely
portraying the known facts of viruses, but producing
knowledge that centers specific racialized actors and engaging
in information injections that politicize the health crisis. During
the COVID-19 outbreak, Atlani-Duault et al. (2020) have called
for health communication researchers to understand how
perceptions in online discourses in shaping virus blame must
be studied to mete out more robust health communication
responses. Studying frames of mainstream reports give
us rich insight into how invisible viruses conjure public
health emergencies as racialized threats. In interrogating
the role of the media in shaping discourses about migrant
workers and public health, these research questions are
posed, how did the mainstream media frame migrant
workers during the COVID-19 pandemic? Whose voices
were anchored in the discussion about migrant workers?
How was migrant health discussed in the context of media
as structure?

CULTURE-CENTERED MEDIA ANALYSIS

The culture-centered approach (CCA) studies the interactions
of culture, structure, and agency to unpack issues of health
marginality. It is predominantly offered as a meta-theoretical
framework to study marginalized populations through
ethnographic methods (Dutta-Bergman, 2004). However, the
intersections of culture, structure, and agency have theoretically
guided textually centered data in the analysis of discourses
as well (e.g., Sastry and Dutta, 2012). For this study, the
CCA provides theoretical input on the way communicative
inequalities play out in the media’s talk about the health of a
subaltern group. With the CCA’s roots deeply etched in the
critical project of health in the margins (Sastry et al., 2019), the
CCA is expressly concerned with identifying and mitigating
asymmetries of power and control within spaces of knowledge
production that are related to “health inequalities, the loss of
health status, and the concomitant erasure of the voices and
agendas of marginalized communities across the globe” (p.
2). The ontological commitments of the CCA theory are in
unpacking how health is spoken about and defined, how health is
discussed, and expressed by structural actors that limit the input
of subaltern voices (Dutta, 2008).

The CCA provides a theoretical lens in making sense of how
communicative inequalities play out in media infrastructures in
the discussion of health about subaltern groups (Dutta, 2016).
Several studies have adopted the theoretical tenets of the CCA
to explore textual data relating to health, including media frames.
Sastry and Dutta (2011), for example, critically interrogate media
frames in the US mainstream news media in the construction of
the Indian context of HIV/AIDS. Similarly, Khan (2014) studied
media messages of public service campaigns about HIV/AIDS,
adopting a textual analysis to unpack the discourse critically.
Khan’s (2014) study indicates the critical impulse required to
show how messages reinforce the domination of subordinated
groups. The CCA pays attention to how subalternity is created,
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perpetuated, and supported by the mainstream health discourses
(Dutta, 2008). Mainstream media entities are one of the ways
power structures determine the shaping of dominant health
discourses in society. With the CCA providing a framework
for a critical project, the mainstream is studied for how
it reproduces absences, calling for us to pay attention to
subaltern erasures in the circulation of dominant discourses
about them.

In using this approach, this paper studies how mainstream
discourses in the mainstream press reproduce communicative
inequalities about migrant workers and their health disparities
in Singapore during the COVID-19 pandemic. The mainstream
media infrastructure is read and interpreted as structural,
where “discourse constitutes material inequities, justifying
the poverty and silences at the margins of contemporary
mainstream political economies” (Dutta, 2011, p. 14).
Mainstream media is constituted as a medium of power,
a shifting, dynamic, and a contested space where different
actors in society clamor for spaces of representation
(Dutta, 2011).

The mainstream press in Singapore serves as a conduit that
circulates discourses entrenched in nation-building ideologies
(Bokhorst-Heng, 2002). On migrant workers, the authoritarian
neoliberal management of migrant labor is key to manufacturing
the profitabilities to Singapore’s economy in dominant discourse;
hence, their surveillance (Kaur et al, 2016). A CCA critique
would position the mainstream media as occupying a dominant
state voice in its media messages, rendering absent the margins
(migrant workers) in which it seeks to discipline and control.
The critical bent of the CCA serves to critique the role of such
mass media entities that are built into the logic of circulating
dominant ideologies of health and social change. In using this
alternative lens to make sense of media infrastructures, the paper
employs a culture-centered media analysis that critically pays
attention to how the media deploy erasures and absences in their
reporting of migrant workers. Also, how agentic articulations
of the margins are activated, represented, and portrayed by
local media infrastructures. By theorizing media as structure,
the CCA acts as a lens for how the relationships of power are
sustained and re-circulated via media messages. The CCA reads
a Marxist interpretation of structures, as institutions in our social
system that create functions of inequity both materially and
discursively for the vulnerable, and as sites that hold significant
institutional power, erasing subaltern sectors from conditions
of impoverishment (Dutta, 2011). Therefore, the CCA theorizes
media institutions’ as structural entities. Power is a central point
of understanding the organization of media entities with the
media structure co-opted by the state to serve its agendas. Thus,
the hegemon of the mainstream media in Singapore is a potent
site of erasure regarding discourses concerning the most voiceless
and marginalized in Singapore society, leaving the margins intact
when they remain unheard. How the othering practices of the
mainstream media create further vulnerabilities for the margins
require critical interrogation when dominant discourses translate
into material disadvantages for the margins. With mainstream
press as structure, are there openings for creating spaces for
structural transformation by narrativizing the margins to be

represented? How does the media organize structures in their
storytelling of migrant labor? Communicative inequalities in
the CCA refer to the absence or erasure of discourses from
the margins, but also co-constructing discourses in the margins
by prying open dialogic spaces, envisioning erased sites where
communicative social change can occur (Dutta, 2011).

METHOD

The study adopted a grounded theory analysis of n = 390
articles from three English-language mainstream newspapers in
Singapore (The Straits Times, Today, and The New Paper). The
article corpus was located through a search via a Factiva database
using the terms “Wuhan Virus,” “Coronavirus,” “COVID-19,” and
“migrant workers” from 5th January 2020 to 9th May 2020. The
search paused on 9th May as episodic frames (infection clusters),
and thematic articles (e.g., food, accommodation, treatment,
structural conditions, treatment, voices) about migrant workers
reached saturation with no novel categories emerging. Removed
from the analysis were articles that did not centralize migrant
workers in the Singapore context. This study specifically looked
at low-skilled migrants (domestic workers and construction
workers). Therefore, all articles that did not pertain to these
two groups of migrant workers were removed from the search
criteria. Other redundancies include articles related to migrant
workers not located in Singapore or when migrant workers were
mentioned for peripheral reasons (e.g., in an upcoming story).

The purpose of the study was to interrogate how migrant
workers were constructed in the context of the COVID-19
crisis and public health in Singapore. Articles included forum
letters, opinion pieces, and letters by the editors were all
considered for analysis as they are central in the manufacture
and production of dominant discourses about migrant work
in Singapore.

DATA ANALYSIS

With the evolving COVID-19 crisis, it remained integral to
study how the news shaped discourses about migrant workers
to unearth new themes and frames positioned by the media.
In adopting grounded theory to analyze news articles for
theme development, this research was able to move beyond
the already established categories on migrant worker frames
(e.g., Hilsdon, 2003; Kaur et al., 2016; Kaur-Gill et al., 2019).
Grounded theory analysis assisted with establishing inductive
insight without pre-conception on themes and allowing for
more significant discovery of how subaltern voice was erased
or represented (Charmaz and Belgrave, 2007). By immersing,
paragraph by paragraph, in examining the media content, I
was able to detail both the patterns of voice were represented,
along with the erasures. Erasures were coded for each article
(absence, presence, and salience) when migrant worker voices
were quoted in the news article (e.g., quotes, soundbites,
names, visibility). In Table A1, I provide an illustration of the
coding process.
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In connecting the open and axial (meanings to categories),
conceptual ideas begin concretizing, developing the selective
codes in the analysis (Charmaz, 2006). The axial stage involved
studying carefully why certain concepts were discussed or
positioned in particular ways, and how were specific meanings
of interactions applied to the text. Part of the process included
making sense of relational categories. The process allowed me to
analyze the dialectics of discourses, representations, noting how
the erasures of subaltern voice played out. At the selective coding
stage, core categories remain clear in centralizing the discussions
and tensions that appear (Bryant, 2017). The illustration of the
coding process is reflected in Figure Al. A culture-centered
analysis takes place at the level of selective coding conversation
with grounded theory foregrounds the interplays of culture,
structure, and agency in the construction of margins. Specifically,
in the context of migrant health and well-being, a culture-
centered analysis teases out the workings of structure, culture,
and agency in the constructions of migrant health, where the
analysis foregrounds how voice (agentic articulations) play out,
attending to how migrant voices emerge and are centered
in stories.

Three key themes are reported in the findings, Theme
1: Reporting the Other as Public Health Threat, Theme 2:
Othering Cultures and Habits, and Theme 3: The Other Speaks
Back. Emergent themes were discussed in conversation with
CCA theorizing of communicative inequalities as structural
inequalities, making sense of voice as agentic enactment in how
mainstream discourses addressed quotations from various actors
in its stories. The emergent themes were theorized using CCA’s
culture, structure, agency nexus on communicative absences,
inequalities, and voice. Saturation of the conceptual categories
were achieved when the media continued centering structural
explanations in dominant stories about migrant workers and
their health during COVID-19.

FINDINGS

Theme 1: Reporting the Other as Public
Health Threat

Migrant worker frames surfaced increasingly in media reporting
during the COVID-19 crisis due to infections primarily afflicting
the MCW community in the months of late March, April,
and May 2020. MCWs were discussed as infection victims
in mainstream reports. The structural conditions of migrant
labor were surfaced in light of the surge in infection rates
by the MCW community. The structural conditions of labor
were only discussed when infection rates surged exponentially,
crippling Singapore’s international reputation as a model nation
in the management of the COVID-19 pandemic in the earlier
months. In late April and early May 2020, headlines regarding
the structural conditions of migrant labor begin appearing,
“Workers’ dorms step up measures after 3 clusters emerge”
(Yang, 2020) discussing their living conditions as a public health
concern. Food received by migrant workers were another point
of conversation, “Over 10 m meals served to foreign workers
confined to dorms” (Tan and Ang, 2020). Finally, the crisis of
infections among the MCW community took up mainstream

news cycles at length. The conditions of migrant workers
surfaced; specifically, the positioning of structural factors relating
to migrant labor is attributable to the competing voices leveraged
by the media in the championing for better treatment of MCW's
discussed in Theme 3.

Separate categories on the rate of infections were reported for
MCWs in the mainstream press. Community cases included all
other categories of residents. The mainstream media obediently
picked up these categorizations after state actors positioned for
the press the discourse on two outbreaks, “Singapore facing
two separate outbreaks: in the community and foreign worker
dormitories” (Khalik, 2020). Reiterated in multiple reports:

Mr. Wong added that Singapore is “dealing with two separate
infections” — one happening in dormitories where numbers are
rising sharply, and another in the general population where
“numbers are more stable for now” (Phua and Ang, 2020, para 6).

The separation of MCW infections from the general population
were conferred to be epidemiologically necessary with an
academic expert cited to clarify the separation:

Dr. Jeremy Lim, co-director of global health at the NUS Saw
Swee Hock School of Public Health, said on Wednesday (May
6) the Government’s framing of Covid-19 as two separate
outbreaks—one in foreign worker dormitories and the other in
the community—was a “defensible” one from a public health
perspective (Ho, 2020, para 2).

The argument positioned in the mainstream press revealed
that due to the different strategies employed in managing
workers’ residing in dormitories, the infection categorizations as
separate for MCWs versus residents were deemed unavoidable.
The separation of categories, however, led to the discursive
constructions of COVID-19 infections as largely othered in
mainstream frames. Mainstream press centered state voice in
positioning why the outbreak required the narrative of two
curves, contributing to how MCWs were othered. As subjects
for exclusion, workers remain relegated to the peripheries of the
mainstream discourse even during the COVID-19 outbreak. The
press re-circulated the techniques of othering by reinforcing the
dual reporting of the infections instead of presenting datasets
as national figures. The press did not critically interrogate how
risk discourse is political, where limiting the communication of
risk to the general public becomes a political strategy. Therefore,
the communication of epidemiological insight is political, where
the segmenting of a population to mark out difference during an
outbreak is politically strategic (Lupton, 1993). How science is
deployed for communication remains politically situated during
a pandemic. Nevertheless, the mainstream press continued to
reinforce the duality as necessary, carving out the peripheries of
infections for its readers.

Information inequality among migrant workers was another
frame that emerged in the early reporting of the pandemic and
infections among MCWs. An article frames the narrative of
information inequality specifically relating to health information
seeking as being fraught for migrant workers. Citing an
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NGO spokesperson that “the language barrier makes it
difficult for migrant workers to follow news developments
about the outbreak. Many of them get their information
secondhand, not always accurately” (Ho, 2020). The press begins
cautioning readers about the challenges faced by migrants in
health information translation. The othering practices in the
representation of migrant workers as targets of misinformation
or misguided information are selected. The mainstream press
was also quick to report migrant workers as targets of fake news
and misinformation:

With fake news spreading faster than the coronavirus itself
among foreign workers, the Migrant Workers’ Centre (MWC) has
been relying on its network of volunteers who are also workers
themselves to disseminate accurate information on the ground in
a timely manner (Zhuo, 2020b, para 2).

Disciplining the Migrant Other

Early reporting also focused on MDWs singling out the
community for congregating on their off day, “Maids, employers
get coronavirus advisory amid reports of foreign domestic
workers denied rest days” (Menon, 2020). The surveilling and
disciplining of MDW bodies were picked up by the mainstream
press in anchoring state voice in the distribution of advisories.
In the early onset of the outbreak, the frame of disciplining
the migrant other emerged in mainstream news. The frame
remained the earliest shaping of the news regarding migrant
workers relating to the COVID-19 outbreak. In tracing the
discourse, mainstream press, specifically, The Straits Times begin
circulating news on the surveilling of FDWs on their off day
“Maids, employers get coronavirus advisory amid reports of
foreign domestic workers denied rest days” (Menon, 2020) and
“Advisory issued to maids, employers on rest-day arrangements”
(Menon, 2020). Before the majority of infections were found to
disproportionately afflict the MCWs (Ng and Ong, 2020), early
media reports focused their attention on MDWs oft days:

The advisory said households who have young children, the
elderly or those with illnesses or special needs at home, may
be concerned with the risk of transmission should their FDWs
become infected while out on their rest day (Menon, 2020, para 5).

In this report, the mainstream press picked up on a state advisory
cautioning against MDWs spending their day off in outdoor
spaces. The day-off remains a contentious issue for MDWs.
Only in 2013 were FDWs granted a mandatory day off, and
this continues to be a site of negotiation for MDWs with their
employers (Dutta et al., 2018). These advisories were followed
up with notices to not go out on their off days, with Ministry
of Manpower (MOM) officers breaking up migrant worker
congregations, “Coronavirus: MOM triples ground efforts to
disperse migrant workers who gather on Sunday” (Zhou, 2020b)
and “Coronavirus: MOM will revoke work passes of migrant
workers in large gatherings if they refuse to disperse” (Zhou,
2020a). This frame strongly cautions against migrant worker
gatherings, urging “On Wednesday, MOM advised foreign
workers to remain in their residence on rest days, and said

their employers and dormitory operators should “educate” them
on this” (Today, 2020). Disciplining the migrant other was
seen in how the mainstream press, more specifically The Straits
Times, remained unquestioning in their reports about why FDW's
were subjected to such disciplining and surveillance when local
Singaporeans were not. Two days later, on 11th February, a
headline by Today, “Despite MOM’s advisory, some employers
don’t intend to keep their domestic workers at home” (Today,
2020), begin critically engaging with various voices on these
advisories. The article centered migrant voices as following social
distancing rules yet were told to disperse by officers:

Ms. Ana Liza Dazo, 38, from the Philippines, was at the Kallang
field to have lunch with her friend after remitting money nearby.
“It’s our day off and our employer said we could head out while
taking care to observe the precautions,” said. These precautions
included eating separately, not sharing utensils or drinks, and
sitting more than 1 m apart. But this did not stop officers from
asking her to pack up and go home (Zhou, 2020b, para 15).

Mainstream press while quick to report these advisories issued by
MOM, centered alternative voices that touted such advisories as
otherizing FDWs:

One employer Rose Awang, 57, told TODAY that it would not be
morally right to restrict her domestic worker from going out even
during this public health crisis. We go out very often. Children
go to school every day. Why can’t she go out,” the real estate
professional asked” (Lim, 2020, para 9).

Here the article refers to a lack of restrictions on gatherings for
residents, but advisories were issued to domestic workers not
to head out or congregate on their rest days. The above quote
positioned in the article signals to readers through employer
voice how these contradictions surfaced. In othering workers,
the disciplinary mechanisms issued by the state remained salient
in the discussion of migrant workers in the mainstream press
during the outbreak. These disciplinary strategies that adopt
the language of health surveillance is a tacit strategy that has
been employed to surveil the bodies of migrant workers that
perpetuate their im(mobilities) in the host country (Dutta and
Kaur-Gill, 2018).

Benevolent Actors and the Grateful Other

With migrant workers centering news articles in more
pronounced ways by April 2020 due to the surge in the
number of workers testing positive for COVID-19, othering
techniques framed the role of the state and the migrant worker in
mainstream reports. Reports included “Minister shares migrant
worker’s note of heartfelt thanks” (Cheong, 2020), where media
reports shared the voice of state actors in highlighting worker
gratefulness for aid received during the COVID-19 outbreak,

A Bangladeshi worker’s heartfelt note thanking the Singapore
authorities and those helping migrant workers deal with the
Covid-19 outbreak was read out in Parliament yesterday by
Manpower Minister Josephine Teo. Mrs Teo had highlighted the
worker’s gratitude after pointing out efforts by the Government,
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community groups and companies to help migrant workers here
(Cheong, 2020, para 1).

State benevolence as frames in the mainstream press reflected
the state’s magnanimity for workers suffering in the peripheries
of the city-state. Such frames were articulated periodically in the
mainstream press. For example, the mainstream press presented
recovering workers in stark contrast to dormitory conditions,
“there are en suite toilets, in-cabin dining and strict infection
control and safe distancing measure aboard the ship, as well
as Wi-Fi, in-cabin entertainment and scheduled outdoor time”
(Phua and Ang, 2020). These articles parlayed how the state
managed and looked after MCWs during the recovery phase from
COVID-19 on cruise ships. Mainstream frames were also quick to
balm the conversations on the mediocre to poor quality of food
received by MCWs. State voice were centered in frames about
food such as the provision of food for migrant workers during
isolation and confinement:

He (state actor) said there are 34 professional caterers providing
meals to about 200,000 workers—akin to catering for the whole of
Ang Mo Kio GRC. The Government is footing the bill for all meals
in purpose-built dorms. It is not clear how much the caterers are
charging but one of them, Neo Group, said it charges only for
ingredients and labour costs (Tan and Ang, 2020, para 3).

NGOs and volunteers were highlighted for their acts of

benevolence shown to workers,

Foreign workers have been the focus of this year’s May Day
celebrations as they make up a disproportionately large group of
Covid-19 patients, and government leaders have assured them
their health and other needs will be taken care of. Public agencies
are also working with non-governmental organisations on these
efforts (Yeoh et al., 2020, para 5).

Singaporeans from all walks of life also stepped forward to
help, like Project Belanja, a community project to provide meals
to migrant workers. “It is this resilience and cohesive spirit of our
Singapore society—individuals, volunteers, front-line workers,
businesses and many others—that gives me the confidence that
we will overcome Covid-19 and emerge stronger” (Lim, 2020,
para 10).

A variety of articles centered the efforts of NGOs and the
local community in differing efforts to assist the disenfranchised
migrant, “More than 35,000 masks have been sewn and will be
distributed to workers through the Migrant Workers’ Centre
from this week” (Teng, 2020, para 17). Articles continued to
portray the benevolence of the local community in stepping
up for migrant workers, implicitly portraying migrant worker
subjects as the “helpless other”. These frames of benevolence
failed to interrogate the inequities faced by MCWs. The wearing
of masks became mandatory by 14th April 2020 (Tay, 2020). The
mainstream media had reported the provision of masks MCWs
on 19th April 2020 in framing benevolent actors. These frames
were manufactured to include how local corporate entities were
stepping up for migrant workers, “A total of 400,000 migrant

workers and 250,000 domestic helpers will receive face masks
as part of efforts to improve the safety of foreign workers,
said Temasek Foundation on Sunday (Apr 19)” (Today, 2020),
without interrogating the discrepancies of mask distribution
in the onset of the outbreak. Corporate and NGO entities
stepping in to provide for the helpless other continue to circulate
frames that remain uncritical of the state’s management and
response toward MCWs. This meant also centering advocacy
efforts within the scope of service delivery, rather than narratives
of structural overhaul. The free masks distribution exercise for
residents were completed on 12th April 2020 with the eligibility
criteria clearly stated as “Every resident with a registered
home address can collect one (1) Reusable Mask each from
collection points at designated Community Club/Centres (CCs)
and Residents’ Committee (RC) Centres” (Gov.sg, 2020). The
mainstream media did not clarify if these residents included with
dormitory addresses.

Separately, on 22nd March 2020, Today centered another
story on migrant worker NGOs, titled “Covid-19: Sharp
decline in volunteers for non-profit clinic, but migrant workers
have reason for cheer” (Today, 2020), pointing to how
grateful the workers were to be able to access healthcare
through telemedicine, “Whether they get to see a doctor in
person or not, migrant workers TODAY spoke to are simply
thankful that they could still come to the clinic” (Today,
2020). Workers are depicted as grateful subjects, play to
how the devices of othering operate in shaping outsiders
and therefore, grateful subjects to the host country. The
grateful subject is located within voices by state, NGO, and
local actors.

It is noteworthy to mention that even when operating tropes
of the “grateful other,; migrant worker conditions remained
salient throughout news reports discussing benevolence.
For example, despite re-narrating state voice on ensuring
worker conditions improve, the mainstream press also framed
the narrative of the grateful other concerning the poor
conditions faced:

The Government has been criticised recently for the quality,
quantity and type of food served to workers under lockdown.
Several hundred thousand foreign workers have been confined to
their dorms or other places of residence as part of efforts to curb
the outbreak (Cheong, 2020, para 3).

The Straits Times reporting reintroduces frames on the poor
conditions faced by workers even when centering frames of the
helpless subject as the grateful other. Here the press re-circulated
the continuing issues consistently on the questionable quality
food received by MCWs. In reports about migrant workers,
mainstream press shared, “The recent spike in coronavirus
infections among migrant workers in Singapore has put a
spotlight on the living conditions of a foreign workforce long
invisible to many” (Ho, 2020). Thus, while mainstream press
continued to uphold the state’s efforts in combating the crisis with
migrant workers and the COVID-19 outbreak, mainstream press,
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also pushed the OB markers, by constantly and consistently re-
visiting frames regarding the structural conditions of labor via
NGO voice or expert voice:

In a May Day statement, Home called for a close examination of
the systemic issues affecting migrant workers and to take concrete
steps to better their working and living conditions, and change
biases and attitudes toward them (Yeoh et al., 2020, para 11).

Dr. Imran Tajudeen, from the Department of Architecture
at the National University of Singapore, cited the lack of
social integration of migrant workers, who may be housed in
dormitories on the peripheries of society (Yeoh et al., 2020,
para 14).

Frames on structural conditions surfaced and re-surfaced even
in the presentation of the state and society’s benevolence to the
migrant subject. As previously discussed by Goh et al. (2017),
these structural conditions were often always parlayed in tandem
and not antagonism to state voice. Hence, the focus on their
benevolence. The production of benevolence on frames about
structural conditions operate to cooperate with the institutional
logics of migrant worker advocacy. A rights framework remained
absent in frames about migrant workers and the COVID-19
pandemic. Even when fundamentally advocating for a rights
framework through expert voice, “Legalising a framework for
worker-led and worker-owned unions and groups that represent
the needs of low-wage migrant workers” (Wong, 2020), the direct
pronouncement of a rights discourse were absent.

Theme 2: Othering Culture and Habits

The mainstream press published forum articles that singled out
MDWs as subjects for containment, with these letters activating
“dirty foreigner” tropes:

When meeting their friends, these foreign domestic workers take
food and beverages that they have prepared at home to consume
together at these gatherings. When they leave, empty food packs
and drink cans are strewn at these places (Chin, 2020, para 2).

In engaging with such cultural tropes, the mainstream press
published counter-narratives that sought to oppose such
perspectives, including an NGO response denouncing such
tropes, “it is unfair to target domestic workers and unnecessary
to restrict their gatherings in public places at this point in time”
(Kumar, 2020). Here, the mainstream press both created spaces
for such tropes to play out, while also positioning alternative
voices that referenced such letters as problematic.

As the pandemic manifested to afflict the MCW community
significantly by April 2020, the mainstream press continued to
discuss migrant workers in the context of cultures and habits.
With a controversy erupting over the publication of a forum
letter in the Chinese language mainstream press (a xenophobic
letter about MCWs). The letter only led to further discussion
on the cultures and habits of migrant workers in discursive
constructions and circulation of them in mainstream news. The
Straits Times picked up on the letter when a state actor cautioned
that the forum letter was xenophobic:

A forum letter published in Chinese daily Lianhe Zaobao that
linked the Covid-19 outbreak in dormitories to foreign workers’
personal hygiene and living habits showed racism and deep
insensitivity, Home Affairs and Law Minister K. Shanmugam said
yesterday (Lim, 2020, para 1).

In furthering the frame, a Straits Times forum piece was
published, denouncing the letter, “Forum: Culturally insensitive
to refer to workers’ eating habits as unhygienic” (Hoe, 2020).
At no point, migrant worker voices were activated to respond
directly to how dirty foreigner tropes about them were
represented. Today, solely relied on state voice throughout its
article to emphasize the xenophobic and racist nature of the letter,
and to reprimand the letter writer for airing such views:

“I think the letter reveals some underlying racism... Because it
typecasts an entire group—several hundred thousand of them—
as lacking in personal hygiene, on the basis of their background,
because they all come from backward countries,” he said in an
interview with Lianhe Zaobao on Friday (Apr 17) (Mahmud,
2020, para 2).

While state voice emphasized the lack of understanding
regarding transmissions among migrant workers, state voice was
strategically framed to depict the letter as xenophobic:

Mr Shanmugam also said that the letter is xenophobic and deeply
insensitive, and reflected a “lack of understanding of why we
have this transmission of COVID-19 amongst our foreign worker
population” (Mahmud, 2020, para 2).

NGO voice had begun cautioning against COVID-19 infections
and stigmatization concerning migrant workers early. Even
though a majority of infections became visible by late April 2020,
early reports citing NGO voice begin framing for the reader, how
migrant workers were potential targets of stigma relating to the
COVID-19 virus:

Home executive director Catherine James is concerned that
foreign workers may end up bearing the brunt of stigmatisation,
given the intense paranoia about the disease, which was first
reported in the Chinese city of Wuhan in December. In one case
she encountered, a Chinese worker stranded in Singapore due to
a salary claim was unable to find a dormitory that would take him
in and wound up sleeping in an Internet cafe until Home found
him shelter (Ho, 2020, para 26).

NGO voice was utilized in mainstream reports to sound the alarm
on the plight of migrant workers. We see the outbreak inequality
narrative forming by 3rd April 2020 (Yang, 2020). Frames of
culture and habits were played up in the narratives that discussed
the possibilities and impossibilities of integration of migrant
workers with the local community by NGO and expert voices:

Ultimately, said MWC’s Mr. Menon, it takes two hands to clap
and society must be more accepting. “We have tried to rally
the migrant workers to interact and hopefully integrate with
Singaporeans, but learned quite a painful lesson over time that
integration is a two-way street” (Ho, 2020, para 2).
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The mainstream media presented for the readers how the
tools and techniques of othering about migrants were pivoted
in mainstream discourse. Here, a state-affiliated NGO voice
discussed the challenges of integration of migrant workers by
speaking to how Singaporeans exclude MCWs, “If we don’t have
an equal number of Singaporeans willing to welcome and accept
them, it’s very difficult” (Ho, 2020). Other articles pushed further,
by directly addressing the prejudices of culture and habits in
comparison to the lives of Singaporeans as not being too different,

Never mind the fact that they gather under trees or on fields
because there are often no accessible or affordable places for
these workers to take a breather after a hard week’s work, in the
same way that Singaporeans kick back with beers with friends in
kopitiams, bars or at home (Yuen, 2020, para 13).

Here Yuen (2020) does not only seek to address xenophobia
toward migrants but provides a structural explanation rather
than a cultural one in tackling unfounded fears about their
behaviors by Singaporeans. In Kaur et al. (2016) previous
research on migrant worker portrayals, the mainstream press
connected cultural explanations in shaping the constructions
of MCWs in conflict with state voices. Here we see a shift
in how MCWs are discussed more specifically as victims of
structural injustices rather than adopting a cultural explanation
for their behaviors.

Dormitories as Spread and Contagion

Central to mainstream reporting about migrant workers were
dormitories as a site of spread and contagion, “Migrant workers
living in dormitories continue to be the most severely impacted
demographic, comprising the majority of the remaining cases”
(Yang, 2020). The discursive construction of dormitories as
spread and contagion sought to provoke discussions on the
responsibility of various actors for the poor treatment migrant
workers in the city-state. One the one hand, press reports
centralized the roles of dormitories as sites where social
distancing was required, “Coronavirus pandemic; Stricter rules
at foreign worker dormitories to enforce safe distancing” (Tan,
2020), with another article discussing strategies of containment:

Dormitory operators should also monitor the health of residents
in blocks, limit their movements and prevent mixing of workers
between blocks. They must stagger timings for kitchen and
shower use, and limit the number of people in recreational rooms
and minimarts. Operators must also put up signs telling workers
not to gather at common areas (Tan, 2020, para 6).

Keeping workers within dormitories as a strategy for
containment as problematic was reported by The Straits
Times, framing the conditions of the dormitories that make
social distancing challenging, “Coronavirus: Workers describe
crowded, cramped living conditions at dormitory gazetted as
isolation area” (Lim, 2020). Mainstream press emphasized the
conditions of dormitories as sites of spread, framing dormitories
as a threat to public health for workers,

At least six workers at the S11 Dormitory @ Punggol, where
there are 63 confirmed cases of Covid-19, told The Straits Times
that the rooms are infested with cockroaches and toilets are
overflowing. Workers have to queue for food with no social
distancing measures to keep them apart (Lim, 2020, para 2).

The article discusses the dehumanizing conditions of the
dormitory and the locking down of workers in these spaces,

Mr. Venkate said officers from the Ministry of Manpower (MOM)
visited the dormitory last Saturday night and, at around 9 p.m.,
one announced that the dormitory would be fully locked down,
with no one allowed to leave the premises (Lim, 2020, para 2).

Dormitories thus, were both discussed as a site where the spread
of COVID-19 infections took place rapidly due to the poor
conditions that enabled the surge in infections:

His comments came as the foreign worker community here
has been hit hard by the ¢ coronavirus pandemic, with more
than 2,600 workers in large dormitories infected. There are
about 200,000 migrant workers in these purpose-built dormitories
(Wong, 2020, para 6).

In the quote above, a spokesperson from a state-affiliated NGO
cites the scale and spread of infections in dormitories. These
sites also became the space where illegal confinement and poor
treatment of workers were amplified. NGO groups sounded the
alarm on the confinement of 20 workers, “A dormitory operator
who forcibly confined 20 workers in a locked room had been
given a stern warning from the Ministry of Manpower (MOM)”
(Zhuo, 2020a) that was picked up by mainstream media. With a
lack of space in dormitories and a positive Covid-19 worker, “the
reason given by the operator was to prevent them from moving
around after a close contact was confirmed positive for Covid-19,
said the MOM (Zhuo, 2020a).

The reporting of dormitories by the mainstream press,
presented competing voices regarding the state of dormitory
conditions. These competing voices called out the severe
structural reasons for the spread of infectious disease, as
well as the limitations of these sites for containment and
isolation of workers. The inmate treatment in the design of
dormitories (Rubdy and McKay, 2013) and peripheral locations
of these dormitories are reported extensively. An article by
Today published a study on worker treatment during the
COVID-19 crisis. The article anchored academic voice to
critically interrogate the othering practices embedded in the
ideological construction of these dormitories in peripheral and
marginal ways, “the power held by the employers and dormitory
owners, accompanied by the absence of transparent and safe
infrastructures for raising complaints translates into unhealthy
structures remaining intact,” he wrote in the white paper (Today,
2020). The article presented the interest of various actors
that amplified the public health threat within the dormitories
of MCWs.

The dormitory as news frame remained in the spotlight in
the discussion of migrant workers, where the dialectics of spread
and contagion remain absent in the analysis. The structural
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conditions of the dormitories also continued to occupy media
narratives, discursively engaging with the concept of peripheral
dormitories and migrant workers. Headlines in May 2020
reinforcing “structural and mindset changes needed to improve
wages and living conditions of foreign workers, say analysts”
(Ho, 2020). Expert and academic voices were referenced in the
presentation of dormitories as underlying structural conditions
that remained a public health threat for workers in the short-term
and long-term:

“These infrastructures are not adequate as there are often long
queues and the facilities remain unclean,” Prof. Dutta wrote.
All in all, the responses do point to the existence of “unhealthy
structures” which “most likely” contributed to the further spread
of Covid-19 in the foreign worker community, Prof Dutta said
(Ho, 2020, para 27).

Improving the wages and living conditions of foreign workers
in Singapore requires a whole-of-society effort. Not only must
the Government take the lead in making structural changes, but
Singaporeans, too, must change their us-versus-them mindset,
said analysts (Ho, 2020, para 1).

Dormitories, dormitory operators, employers, and the dormitory
regulators were discussed as key structural actors in the
management and spread of the virus among MCWs. While
mainstream press did not interrogate the dialectics of spread and
contagion, the press extensively discussed the role of dormitories
as unsanitary, inhuman, and a public health risk for migrant
workers (Tan, 2020).

Theme 3: The Other Speaks Back

While in other previous literature, migrant worker voice
remained in the margins of mainstream discourse (Kaur et al.,
2016; Tan, 2016), worker voices were spotlighted in moments of
this health crisis as rupture points. These voices were anchored
in a few ways. In spotlighting their structural conditions,
foreign worker voice appeared and re-appeared in moments of
heightened surveillance of their conditions during COVID-19 as
a public health threat. Voices were centered in the discussion of
their living conditions:

“There are many cockroaches in the kitchen and also in our
rooms. The urinals in the toilets are overflowing with urine and
the workers step on the urine and then walk to their rooms,” said
Indian national Venkate S.H., 34 (Lim, 2020, para 11).

Worker voices were anchored in the discussion of fear of spread
and contagion in dormitory settings,

“On Sunday, most of us woke up at 8 a.m. and were waiting for
our breakfast, which arrived at about 10 a.m. Everybody queued
together to get the food. There was no social distancing. We also
did not have masks. Only a few workers had their own masks”
(Lim, 2020, para 17).

Voices of workers were used to deploy serious public health issues
that threatened the rapid spread of infections in the migrant
worker dormitories when reports of infections begin surging in

the city-state and the abysmal absence of information regarding
the lockdown:

Said Mr. Venkate: “This happened suddenly. We did not stock
up on food. I can’t go out to buy my coffee. But some people have
food and they were cooking in the kitchen because dinner was still
not here at 8 p.m.” (Lim, 2020, para 21).

Migrant worker voices were deployed to break the news about
the conditions of the dormitories, but were also activated to
humanize workers,

We want our writing to change locals’ views of migrants and also
migrants’ views of themselves, “he says. All everyone thinks is that
we do dirty, dangerous and difficult work. But we can also be
poets, photographers, film-makers. We can be inspired by what
we do” (Ho, 2020, para 12).

The Straits Times piece created space for the margins to activate
for themselves by speaking back to Singaporeans about who they
are beyond just the label of MCWs. The article fronted how
MCWs were also volunteers,

In the days before he fell ill, he was volunteering with grassroots
initiatives to rally donations for workers restricted from leaving
their dormitories during circuit breaker measures and organise
the distribution of supplies, such as masks and sanitisers, to them
(Ho, 2020, para 15).

In humanizing workers by creating space for their voices to
speak back to tropes about them, mainstream press can be seen
pushing the OB markers for critical voices from the margins
to be heard. Even in Today’s reporting of MDW movements
during their off days, mainstream press anchored MDW voice to
disrupt the single thread of state voice regarding the advisories,
“it’s also status quo for Ms. Cristina Mandoza Fayco, a 57 year-
old domestic worker.” “My boss never said anything to me like,
“Don’t go out” or “Don’t do this or that”) she said (Today,
2020). Mainstream press configured reporting practices as radical
moments for the margins, centering competing actors as voice,
while also in moments of crisis voices of the margins for more
considerable change and advocacy.

Humanizing the Other: Structural Conditions of Labor
As the COVID-19 situation develops in Singapore with the
number of cases crossing 25,000 by early-mid May 2020, the
media actively centers and discusses migrant worker health with
the bulk of infections afflicting the MCW community. With
headlines such as “Covid-19 outbreak brings migrant workers
from margin to centre of Singapore’s attention” (Yuen, 2020),
suggests the mainstream media was attentive to migrant worker
treatment in Singapore. Articles such as Yuen’s (2020) points the
reader’s attention by dispelling prejudices about migrant workers,
concluding for the readers

Migrant workers are part of our community. Covid-19 has
brought them front and centre into our lives. It is time we
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stopped pushing them to the margins and started the hard work
of integrating them better into our society (Yuen, 2020, para 52).

While the discussion of the margins remained the center of this
story, the agentic voices of migrant workers remained absent even
when articles chose to position the margins as a frame for readers.
The structural conditions of labor are highlighted and reinforced
throughout the article to unpack the very conditions of labor that
limit migrant worker health,

Most Singaporeans turn a blind eye to this invisible class of
workers, who are out of sight and out of mind. Many locals
are unaware of the structural issues they face in terms of
housing or welfare. The issues in the past—the lack of trust and
interaction between the different groups—remain buried (Yuen,
2020, para 36).

The voices of multiple experts were presented in news articles in
discussing structural conditions of labour, including academics
and NGOs. Headlines in May 2020 focused on “Structural and
mindset changes needed to improve wages and living conditions
of foreign workers, say analysts” (Ho, 2020), “Solving Singapore’s
foreign workers problem requires serious soul searching, from
top to bottom” (Ng and Ong, 2020), and “Migrant worker
housing: How Singapore got here” (Ng, 2020). These articles
fronted quotes from academic experts and NGO voices in
discussing better treatment and solutioning through systemic
changes in the management of their labor. These articles
predominantly surfaced in late April-early May, where the
majority of infection clusters were located, sites where migrant
workers reside and work. Citing academic studies, a Today
article, for example, cited surveys conducted with migrant
workers on their current needs, “Almost eight in 10 workers
also find it a challenge to maintain a 1 m distance from others
due to “cramped conditions” at their dormitories, the survey
found” (Wong, 2020). On the discussion of structural conditions,
the mainstream media highlighted dormitory conditions, worker
wages, the economic model for the management of migrant labor,
ethical, and moral obligations in the treatment of migrant worker
rights, and health conditions. For example, Today reports,

With Singapore now facing what has been touted as “a crisis
of a generation,” some, like Assoc Prof Theseira and fellow
NMP Anthea Ong, have called for a committee of inquiry
into the foreign worker dormitory outbreak to work out the
structural changes that Singapore sorely needs (Ng and Ong, 2020,
para111).

This quote was presented under a sub-heading titled “Tweaking
Singapore’s Economic Model” (Ng and Ong, 2020) in the article,
highlighting the need to review the current system of labor
management. A Straits Times piece captures a quote from
an expert,

But a whole-of-society mindset change is needed for
the support to be sustained, said Dr. Lim. “The mental
model we have traditionally taken is that foreign workers
are part of the community but separate; we accept that

there should be different standards (for them)” (Ho, 2020,
para 7).

In centering such voices of change, these articles articulate
radical shifts in how migrant workers are treated in Singapore.
Ng and Ong (2020) humanized workers by including
their narratives and centered their lived experiences in
the report:

Mr Liton has reason to be worried—two of his friends, Asit and
Zakir, who live in the larger purpose-built dormitories, have been
diagnosed with the disease and hospitalised. We all want to go
home in good health ... My wife miss(es) me more and more, he
said (Ng and Ong, 2020, para 5).

While Mr Liton ponders over the future, his host country—
Singapore—will also have to reassess its whole relationship with
migrant workers like him, especially its “addiction” to cheap
migrant labour, and examine whether the lessons learnt from the
explosion of COVID-19 cases in the workers’ dormitories could
be used to implement meaningful changes (Ng and Ong, 2020,
para 10).

Efforts by Ng and Ong (2020) in reporting through voices of the
vulnerable shift the lens in which migrant workers are relegated
to the margins for audiences in mainstream discourse.

DISCUSSION

The mainstream press in Singapore is theorized as a structural
entity in close affiliation to the state’s reprimand (George,
2012; Dutta et al, 2019). However, during the COVID-
19 crisis, the role of mainstream media in reporting the
margins revealed moments of ruptures where the media created
openings for an in-depth discussion on low-wage migrants
and their structural conditions that require change. From a
CCA perspective, the discussion of structural conditions of
migrant workers points to critical transformative openings
by the media that are anchored in structural changes on
the systems of hire of migrant labor (Kaur-Gill and Dutta,
2020). In pandemic response, mainstream media created
openings in the discussion of these possibilities in dominant
communicative spaces.

By centering competing voices that curated a variety of
different threads on migrant workers and the COVID-19
crisis, structurally-centered articles about their treatment
in Singapore society were located by early May 2020.
Migrant worker voices were activated in shedding light
on the hazardous labor conditions discussed extensively in
mainstream reports in April and early May 2020. Conflicting
and contending positions articulated by expert voices (civil
society and academic experts) created avenues for structural
factors to emerge as salient in discussing the underlying
conditions the exacerbated infections among the migrant
worker community.
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Mainstream Media, the COVID-19

Pandemic and Transformative Openings

The mainstream press in Singapore has been rebuked for the
presentation and selection of frames that propel narratives
in participation with the state’s public relations performance,
limiting room for frames that provide alternative rationalities
and realities of the margins (George, 2012). In the reporting of
the COVID-19 crisis and migrant workers, the hegemonic tropes
are laid out for consumption, while also pushing for dissident
discourses on migrant worker issues. Reports by both Today and
the Straits Times pushed the OB markers by challenging the
status quo of worker labor conditions, where competing voices
did not fall in line with state narratives on the discussion of
migrant workers as in the past. During the COVID-19 crisis,
we see how the media structure in speaking for the agendas of
the powerful were disrupted. Transformative openings, where
agencies of the vulnerable are not just discussed, but activated.
Worker voices were presented but also activated in agentic ways
in news reporting in the mainstream press. While on the one
hand, the media structure continued to perpetuate the status
quo, as the state’s mouthpiece on issues on migrant workers
and their health. Under conditions of this pandemic, moments
were located where the media structure created openings for
the discussion of the margins in transformative ways where
the media structure reflected sites of transformative openings
in its discussion of the margins. The media created space for
advocacy tied to the structural conditions of labor, highlighting
systemic changes required for the better treatment of migrant
workers, but also discourses that centered a need for moral and
ethical change in the treatment of migrant workers in Singapore.
This finding might potentially indicate a shift in the frames of
discourse on migrant worker advocacy as culturally mediated
vernacular reported in Koh et al. (2017) study. The timeline of
how the crisis played out provides perspective on how shifting
discourses on migrant worker health were discussed at different
stages of news reporting. When expert and NGO voices dialogued
about these issues on various forums, the mainstream press
was quick to anchor these voices on articles about structural
conditions of migrant workers in Singapore by citing these
forums and webinars.

Another point where we see the OB markers shifting is when
the press produced news about the racializing of the neoliberal
migrant subject in pandemic response. It is worthwhile noting
that George (2012) posited that a key OB marker in Singapore
related to sensitives regarding race and religion. However, when
it came to the reporting of migrant workers as racialized
sick subjects, the media created space for the discussion of
xenophobic and racist discourses that contributed to the othering
of workers. George (2012) positions that “OB markers discourage
the media from initiating debates on matters that could stir
ethnic passions” (p. 66). However, these exclusions of ethnicity
concerning migratory figures were not limited in mainstream
news reporting. Reports included themes that othered cultures
and habits discussed in the findings, while also reflecting on
how such discursive constructions of the migrant other occupied
problematic assumptions in society.

Voices Framing Outbreak Inequality
Discourses on dormitories in mainstream news revealed the
implications the COVID-19 infections had on the state’s
management of a public health crisis among those residing
in the margins. The dormitories that housed migrant workers
revealed significant implications for infectious disease threats.
The media did not overtly position the migrant worker crisis
in Singapore as outbreak inequality, however, the narratives of
migrant worker infections through April and May 2020 point
to the jarring disparities migrant workers faced during the
COVID-19 pandemic. These frames also primarily occupied
media narratives that temporally compressed migrant worker
narratives as dominant protagonists and victims in news reports.
Furthermore, the disorderliness of the dialectics of spread and
contagion in the reporting of the dormitories are tensions that
are deeply anchored in how the crisis was managed in real-time,
creating ambiguity and uncertainty about the conflicting crisis
emerging out of spaces of marginality. Where the media focused
on the transnational migrant worker community as racialized
sick subjects in this pandemic, competing voices emerged in the
discussion of their current health crisis.

Competing voices included academic/expert
NGO voices, state voice, migrant worker voices, voices of
employers/dormitory operators, and voices of journalists in
opinion pieces about migrant worker health, and local voices.
Local voices were often used by mainstream reports to facilitate
contentious viewpoints about local perspectives on migrant
workers during the crisis. While local voices occupied spaces
in forum letters on migrant workers, migrant worker voices
remained absent in the discussion about them. What role does
the mainstream press, therefore, play, in leaving the margins
absent from speaking back to tropes that circulate about them via
mainstream discourse? Where migrant workers are left absent
from the engagement in the discursive constructions about
them, the mainstream press continues to act as a conduit that
anchors discourses for the dominant, providing limited entry
points for the margins to speak back. NGO voices were present
to fill that role and typically articulated the ethical and moral
obligations regarding the treatment of migrant workers via both
forum letters and as actives quotes in news reports. By late April,
early May, these voices actively called for systemic structural
changes of their conditions of labor alongside expert views. The
mainstream press did not centralize state voice in discussing the
structural conditions of labor and instead used competing voices
to push for social change in the better treatment of migrants. Goh
et al. (2017) argued that civil society actors did not pivot rights
centered discourses in illiberal contexts. This study informs us
that in political sites that are illiberal, controversial social issues
can be pivoted through credible voices that center opposing or
unpopular perspectives.

voices,

Margins and Voice

The study located that migrants worker voices were activated in
media reports to discuss their health crisis, they still remained
in the peripheries of reporting. However migrant worker voices
were not absent or largely erased as discussed in previous
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research (Kaur et al, 2016; Tan, 2016; Goh et al., 2017;
Kaur-Gill et al., 2019). A rights discourse, however, remained
inconsiderable in mainstream news about migrant workers and
their health. Migrant worker voices were present in various
news reports in dialectical ways, humanizing workers while also
framing them as victims of an exploitative system. Part of such
discursive constructions, both in humanizing and victimizing,
the constitution of the “migrant other” remained etched in
news frames.

On investigative reports on dormitory conditions, specific
articles created openings for migrant voices to position their
conditions and voice out about the treatment received. While
migrant worker voices were activated, they were also constructed
as the “helpless other”; as victims to the systemic exploitation of
their vulnerabilities. In framing the migrant worker as victims
of outbreak inequality, it suggests the margins as a site for
mediation, circulating hegemonic discourses of migrant workers
and their dormitories as sites for discipline, surveillance, and
management. However, it is noteworthy to mention that with
competing voices came competing threads on the discussion
of migrant workers and their health. Thus, while state voice
remained central in narratives on the Little India Riot episode
(Kaur et al.,, 2016), with Ahmed et al. (2019) citing that the
mainstream press reported the riot without diving into the cause
and reasons behind the conflict, attributing this to the stringent
press control that promotes the state’s position.

In this study, we see how competing voices diversify and
complexify migrant worker perils. The dialectics on migrant
workers, their health, their treatment, and management of labor,
indicated both emerging advocacy in mainstream journalistic
rituals, while also pandering to state rhetoric on disciplining and
surveilling of worker bodies in early reports. Scholars discussing
migrant workers and civil society in politically illiberal spaces
have indicated that when advocating for migrant workers, locals
were averse to a right-centered frame as it tipped “dominant
social and institutional logics® (Goh et al, 2017, p. 90)—
therefore re-framing a rights-centered discourse to a moral and
economic one through culturally-mediated vernacularization.
Nevertheless, (Goh et al, 2017) conclude that, ultimately,
migrant workers should center their advocacy, which remains in
line with the CCA’s position of migrant worker voices entering
dominant discourses and re-framing them. Similarly, Tan (2016)
shares that the denial of voice and the discourse failing to move
toward structural transformation limits the reimaginations of
change for the margins.

While the mainstream press created dialogic moments for
frames on structural remediation to emerge, unlike in previous
studies (e.g., Tan, 2016; Goh et al.,, 2017; Ahmed et al., 2019;
Kaur-Gill et al., 2019), the press also continued to center
sensationalist articles that evoked streams of xenophobia. The
various opposing dialectics play out in mainstream reporting.
The linearity of the press room as a mouthpiece of the state
(George, 2012; Whitten-Woodring and James, 2012; Kaur
et al, 2016), requires more significant interrogation, where
moments of crisis, points to possibilities of negotiation for
more significant representational spaces by the margins in
media representation. We see competing voices shifting the
hegemonic discourses on migrant labor and health, where

alternative voices, including subaltern voice progressing the
discourse toward a structural exploration of the conditions
experienced. In centering competing voices, the mainstream
press creates entry points for alternative possibilities of social
change. Narratives are grounded in the lived realities of
worker conditions, despite the illiberal management of the
mainstream media structure. However, there remain better
opportunities for the media to create entry points for centering
the margins, with Sastry and Dutta (2011) suggesting that
“when we start listening to these subaltern voices in mainstream
platforms of knowledge, policymaking, and intervention
development, alternative rationalities emerge in the discursive
space that question the implicit assumptions of the dominant
articulations within neoliberal frameworks of organizing health
care” (p. 531).

FUTURE STUDIES AND LIMITATIONS

There are several limitations, such as the timeline and selection
criteria of the articles that included collating articles within
a specific period. This limited a longitudinal analysis on how
frames about migrant workers play out in the mainstream
press throughout the crisis. Furthermore, the coding process
adopted a grounded theory analysis, eventually interpreting the
selective codes using a CCA framework. The interpretation
of findings, therefore, is grounded within a culture, structure,
agency reading narrowing the interpretations of the findings
to the dialectics of power and subaltern agency. Future studies
can interrogate how migrant health is constructed and shaped
in mainstream discourse post-COVID-19 crisis, tracing the
disruption of hegemonic discourses on migrant health and labor.
It is also worthwhile to trace the policy changes in migrant
worker treatment in the context of media advocacy about them
post-COVID-19 outbreak.

A critical discussion on the role of the mainstream press in
conveying migrant worker health during the pandemic includes
the medias role in pushing for alternative discourses that
sought to transform local attitudes and opinions toward migrant
workers. What role does the media play in both disrupting
societal norms, and intervening for structural change? Are
there spaces for the mainstream press to push the claw of
control from calibrated techniques of a neoliberal authoritarian
ideology of labor management? The culture-centered project of
coding and mapping absences creates opportunities to depict
how the context of the margins can be better situated in
media representations and the dialogic moments that rupture in
creating openings by mainstream press for the margins. As of
11th May 2020, 90% of cases in Singapore were primarily made
up of the migrant worker population (Ng and Ong, 2020), laying
out the scale of outbreak inequality among migrant workers
during COVID-19. Media discourses perform a central role in
articulating these gross disparities with significant implications
for structural change in the future. When mainstream sites create
opportunities for voices in the margins to emerge, it not only
seeks to debunk the assumptions of the status quo but allow
for bottom-up rationalities to be centered in policymaking and
intervention design.
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TABLE A1 | lllustration of newspaper articles and timeline.

Date Title No. of words Newspaper

09/02  Maids, employers get coronavirus 501 The Straits
advisory amid reports of foreign Times
domestic workers denied rest days

10/02  Advisory issued to maids, 649 The Straits
employers on rest-day Times
arrangements

11/02  Despite MOM’s advisory, some 628 Today
employers don’t intend to keep their
domestic workers at home

13/02  Covid-19: 8 more new cases in 1,003 Today
Singapore, 5 of these from Grace
Assembly of God cluster

16/02  Covid-19: SAF regular among 3 1,465 Today
new victims as Grace Assembly of
God cluster grows to 18 cases

19/02 Coronavirus: migrant worker NGOs 1,035 The Straits
under strain from outbreak, but Times
persisting

20/02  Coronavirus outbreak; Coronavirus: 1,023 The Straits
migrant worker NGOs under strain Times
but push on

23/02  Gifts of masks, food and flowers 1,195 The Straits

Times

25/02 Relief package of $10,000 to help 340 The New
infected migrant worker Paper

26/02  Parliament: MOM to issue 783 The Straits
guidelines to employers on 5-day Times

MC during coronavirus outbreak
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Prognostic Factors for COVID-19
Pneumonia Progression to Severe
Symptoms Based on Earlier Clinical
Features: A Retrospective Analysis

Huang Huang?, Shuijiang Cai?, Yueping Li, Youxia Li, Yingiang Fan, Linghua Li,
Chunliang Lei, Xiaoping Tang, Fengyu Hu, Feng Li** and Xilong Deng**

Guangzhou Eighth People’s Hospital, Guangzhou Medical University, Guangzhou, China

Approximately 15-20% of COVID-19 patients will develop severe pneumonia, and about
10% of these will die if not properly managed. Earlier discrimination of potentially
severe patients basing on routine clinical and laboratory changes and commencement
of prophylactical management will not only save lives but also mitigate the otherwise
overwhelming healthcare burden. In this retrospective investigation, the clinical and
laboratory features were collected from 125 COVID-19 patients who were classified into
mild (93 cases) or severe (32 cases) groups according to their clinical outcomes after
3—7 days post-admission. The subsequent analysis with single-factor and multivariate
logistic regression methods indicated that 17 factors on admission differed significantly
between mild and severe groups but that only comorbidity with underlying diseases,
increased respiratory rate (>24/min), elevated C-reactive protein (CRP >10 mg/L),
and lactate dehydrogenase (LDH >250 U/L) were independently associated with the
later disease development. Finally, we evaluated their prognostic values with receiver
operating characteristic curve (ROC) analysis and found that the above four factors
could not confidently predict the occurrence of severe pneumonia individually, though
a combination of fast respiratory rate and elevated LDH significantly increased the
predictive confidence (AUC = 0.944, sensitivity = 0.941, and specificity = 0.902). A
combination consisting of three or four factors could further increase the prognostic
value. Additionally, measurable serum viral RNA post-admission independently predicted
the severe illness occurrence. In conclusion, a combination of general clinical
characteristics and laboratory tests could provide a highly confident prognostic value
for identifying potentially severe COVID-19 pneumonia patients.

Keywords: COVID-19, SARS-CoV-2, risk factor, clinical manifestation, prognostic factor

BACKGROUND

The novel coronavirus (SARS-CoV-2) has seemed to sweep across the globe ever since its first
successful jump from bat to human being through a still unknown intermediate(s) in approximately
late Nov 2019; it still shows a tendency toward significant surges in incidence worldwide (1-3). The
SARS-CoV-2 virus seems more contagious than its sibling virus, severe acute respiratory syndrome
(SARS) virus, which broke out in 2003; as of March 11, over 120,000 individuals have contracted
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COVID-19 pneumonia within 3 months, which was about 15
times that of the total SARS cases (8,000 in 7 months) (4).
The surging increase in COVID-19 patients within a short
time window will severely impact the limited medical resources,
including physicians, nurses, protective suits, masks, and goggles.
Data from the Chinese mainland showed that the majority of
total infected patients will recover under simple supervision
management, such as quarantine in a compartment hospital
isolation ward, but that the overall case fatality rate was 2.3%
(5). For the clinical treatment of COVID-19 patients under
shortage of enough medical supplies, the critical issues and
priorities are to treat the severe COVID-19 patients [about
20% of the whole population (5)] and to save their lives with
preventive and intensive medical care. However, the clinical
presentation of COVID-19 patients differs substantially, and this
can include asymptomatic infection, mild upper respiratory tract
illness, and severe viral pneumonia (2, 6-8). The most crucial
issue is therefore to identify these patients and prioritize their
treatment strategy by applying prophylactic medical treatment
and management before they progress to the severe stage.

As we know, respiratory function worsens in the severe
stage. In clinical practice, saturated oxygen (<93% in rest
state), reparatory rate (>30 times/min), and deteriorated chest
radiology imaging (X-Ray and CT more high resolution) provide
references to confirm their severity (5, 9, 10). Because of the
hypoxia stress, most patients will experience an over-reactivated
immune storm, including elevated expression levels of some
specific immunological cytokines and changes in certain types of
immune cell counts (6, 11). Biopsy analysis also showed that the
lung bilateral diffuse alveolar damage with cellular fibromyxoid
exudates (12). However, CT imaging and immunology detection
is not only expensive but also largely unavailable an unable to
cope with the significant rise in suspected cases, particularly in
those hospitals that are not well-equipped. Can some routine
clinical characteristics or/and laboratory measurements (or their
combination) predict the occurrence of severe cases?

In this study, we retrospectively analyzed the clinical
characteristics of those patients who progressed to severe
pneumonia later and found that five simple clinical features
and laboratory detection at an earlier time point could serve
as prognostic factors facilitating discrimination of severe cases
in advance.

METHODS

Patients
COVID-19 diagnosis was determined according to the criteria
in the new Coronavirus pneumonia diagnosis and treatment
plan (trial version 6) issued by the National Health and Health
Commission (13). All 298 COVID-19 patients admitted to
Guangzhou Eighth People’s Hospital from January 20 to February
29, 2020, were included in this study. This study complied with
the medical ethics of Guangzhou Eighth People’s Hospital. We
obtained written consent from the patients.

For this analysis, inclusion criteria were the following: (1)
diagnosed as mild or ordinary on admission and (2) length of
hospitalization >3 days and overall duration of the disease >7

days. Qualified patients were then classified into a mild symptom
group and a severe symptom group based on the clinical
manifestation. The severe symptom diagnosis was determined
according to the following criteria: (1) respiratory distress, RR >
30 times/min in the resting state; (2) oxygen saturation <93% in
the resting state; and (3) arterial blood oxygen partial pressure
(PaO;)/oxygen concentration (FiO;) <300 mmHg). The rest of
the patients were in the mild group.

Data Collection

Patient general information, including gender, age, underlying
diseases, epidemic history, etc., and their clinical data including
symptoms, signs, clinical classification (course duration >7
days), laboratory test results, and SARS-CoV-2 viral test results
were obtained with standardized data collection forms from
electronic medical records.

Statistical Analysis

Quantitative data was firstly tested to be normality distribution
with the Kolmogorov-Smirnov method. Then, for normalized
distributed data, t-test and Tamhane T2 methods were used
for variance of even and uneven data, respectively. For non-
normal data, which was expressed as the median (quartile)
[M (P25, P75)], the Mann-Whitney U-test was employed.
The chi-square test (or Fisher exact probability method) was
utilized for analyzing qualitative data. Logistic regression analysis
and the receiver operating characteristic curve (ROC) analysis
was employed to analyze the independent risk factors. The
difference was statistically significant at P < 0.05. All analysis was
performed using SPSS software (version 20.0).

RESULTS

Patient General Information

A total of 298 COVID-19 cases (about 85% of total cases in
Guangzhou, China) were admitted to Guangzhou Eighth People’s
Hospital for treatment from January 20 to February 29, 2020
(Figure 1). According to the inclusion criteria, 173 cases were
excluded because 23 cases were already in the severe symptom
stage, 52 cases had a short hospitalization time of <7 days, and
98 patients had other defects, such as being short of a complete
set of detection. Finally, 125 cases, including 63 males and 62
females, were qualified to be included for further investigation,
and all their disease courses were over 7 days, with a maximum of
32 days. Based on the severity of disease at 3 days post-admission,
93 patients fell in the mild group (38 general cases and 55 mild
cases) and 32 patients in the severe group (25 severe cases and
seven critical cases).

All included patients were aged between 1.5 and 91 years
(averaged 44.87 4 18.55 years) (Table 1). Among them, 37 cases
had at least one underlying disease, including 20 cases with
hypertension, eight cases with diabetes, five cases with coronary
heart disease, two cases with chronic obstructive pulmonary
disease, two cases with chronic kidney disease, two cases with
chronic liver disease, and two cases with sleep apnea syndrome.
Five individuals with two or more basic disorders and 7 cases with
obesity (BMI > 26). Epidemiologically, 88 cases had a history of
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1. Already in severe stage on
Excluded 173 admission (23 cases)
cases 2. Diseases course <7 days (52 cases)
3. Other reasons (98 cases)
125 cases
Severe Mild
32 cases 93 cases

FIGURE 1 | Enrollment chart of COVID-19 patients. The clinical information of
a total of 298 patients admitted to the hospital was reviewed. Patients were
excluded according to the criteria (1) already in severe stages, (2) with a
disease course <7 days, and (3) other reasons such as incomplete detection
panel. Finally, 125 patients were further divided into two groups. The severe
group included the patients who developed severe COVID-19 pneumonia later
(>3 days post-admission). The patients remaining were kept in the mild group.

traveling to or living in the Hubei epidemic area before disease
onset. Interestingly, we observed that seven patients developed
serum SARS-CoV-2 viral RNA positive after admission but ahead
of diagnosis to be a severe symptom.

Factors Differed Between the Mild Group

and the Severe Group
The single-factor analysis was applied for each factor between
the mild group and the severe group (Table 1). More patients
in the severe group were old, obese (BMI > 26), and had
underlying diseases, particularly hypertension and diabetes (P
< 0.05), compared with the mild group. Among the general
factors, no significant difference could be seen with regards to
gender, history of traveling to or living in an epidemic region,
coughing, sneezing, muscle joint pain, headache, fatigue, and
gastrointestinal symptoms between these two groups (P > 0.05).
However, more patients in the severe group exhibited high fever,
chest tightness, and shortness of breath (fast respiratory rate)
(P < 0.05). The serum concentration of C-reactive protein,
procalcitonin, D-dimer, albumin, and lactate dehydrogenase
(LDH) increased significantly in the severe group (P < 0.05).
Compared to the mild group, patients in the severe group
had lower absolute lymphocyte counts, higher eosinophil
counts (P < 0.05), and similar levels of other parameters,
including white blood cells, neutrophils, platelets, hemoglobin,
prothrombin time, activated partial thromboplastin time, blood
lactic acid, blood creatinine, and creatine kinase. Interestingly,
the levels of glutamate aminotransferase (ALT) and aspartate
aminotransferase (AST) significantly increased for severe
patients (P < 0.05). However, the median values of ALT and AST
were still within the normal range, indicating that most of the
severe COVID-19 patients had no significant liver damage.
Importantly, all seven patients with the presence of SARS-
CoV-2 viral RNA in blood during the hospitalization, but before
being in the severe stage, finally progressed to the severe stage;
they included two severe cases and five critical cases (P < 0.05).

Binary Logistic Regression Analysis of
COVID-19 Severe Risk Factors

Next, all categorical variables were converted into covariates,
including age, presence of underlying diseases (Yes or No),
hypertension (Yes or No), diabetes (Yes or No), obesity (Yes or
No), Temperature (<37.4, 37.4-38.5, >38.5°C), fast respiratory
rate (Yes or No), elevated C-reactive protein (>10 mg/L),
decreased lymphocyte count (<I1.1¥10E9/L) and eosinophil
count (<0.02*10E9/L), elevated procalcitonin (>0.05 ng/L),
elevated D-dimer (>=2.25 1g/L), decreased albumin (<35 g/L),
and elevated lactate dehydrogenase (LDH, >250 U/L), and were
then subjected to single-factor logistic regression together with
multiple independent variables. Those variables with statistical
significance were chosen for subsequent binary logistic regression
analysis to test the model coefficients, goodness-of-fit, and
multicollinearity. Four factors identified to be significantly
relevant to the severity of COVID-19 were underlying diseases
(X1), fast respiratory rate (>24 times/min) (X2), elevated C-
reactive protein level (CRP > 10 mg/L) (X3), and elevated
lactate dehydrogenase level (LDH > 250 U/L) (X4) (Table 2).
Finally, the multifactor logistic regression equation was obtained:
P = —6.488 + 2.752X1 + 4.056X2 + 2.424X3 4+ 5.392X4.
The B values and odds ratios (OR) for each factor are shown
in Table2. The result indicated that elevated LDH ranks as
having the highest correlation to severe symptom development
(OR = 219.608), followed by the fast respiratory rate (OR
= 57.726), underlying diseases (OR = 15.67), and elevated
CRP (OR = 11.289).

The Prognostic Capacity for Severe

Symptom Development

To better evaluate the prediction capacity of each of the
independent risk factors, we plotted their receiver operating
characteristic curve (ROC) for the development of severe
COVID-19 pneumonia and calculated the area under the ROC
curve (AUC value), sensitivity, specificity, Cut-off value, Youden
index, and p-value (Table3) for all of them. According to
the general standard that AUC values between 0.7 and 0.9
mean a medium level of diagnostic values and AUC values
over 0.9 mean a high level of diagnostic values, we observed
that all the factors (AUC < 0.9) failed to provide a high
prognostic value when used alone. A two-factor combination
test then showed that the combination of fast respiratory
rate and elevated LDH could provide a highly confident
prediction (AUC = 0.944, sensitivity = 0.941, and specificity
= 0.902) (Table 3). The AUC values of elevated LDH plus
underlying diseases or plus elevated CRP were both over 0.9,
but their sensitivity or specificity was lower than 0.9. Then,
triple factor combination significantly increased the prognostic
efficacy, and all combinations had increased sensitivity and
specificity (Table 3). Finally, we calculated the prognostic value
of the combination of all four factors and found that the
AUC value was significantly increased to 0.985 (95% CI
0.968-1.000), the sensitivity to 0.912, and the specificity to
0.957 (Table 3).
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TABLE 1 | Characteristics of COVID-19 patients.

All cases Mild (n = 93) Severe (n = 32) p-value
Gender 0.96
Male 63 a7 16
Female 62 46 16
Age (years)™* 44.87 + 18.55 40.49 £ 17.66 59.43 £+ 13.47 <0.05
Underlying disease (cases) 37 17 20 <0.05
Hypertension (cases) 20 7 13 <0.05*
Diabetes (cases) 8 2 6 <0.05*
Obesity (BMI>30) (cases) 7 2 5 <0.05*
Travel to epidemic area (cases) 88 65 23 0.388
Temperature (cases) <0.05
<37.4°C 57 48 9
37.4-38.5°C 48 34 14
>38.5°C 20 ihl 9
Coughing (cases) 76 56 20 0.819
Running nose (cases) 21 14 7 0.533
Muscle joint pain (cases) 27 23 4 0.147
Headache (cases) 24 16 8 0.334
Fatigue (cases) 48 32 16 0.061
Digestive Symptoms (cases) 19 15 4 0.622
Fast respiratory rate (cases) 20 4 16 <0.05*
Serum viral RNA positive (cases) 7 0 7 <0.05*
White cell counts (10E9/L)*** 5.57 £1.76 5.656+1.73 5.33+1.86 0.411
Absolute neutrophil counts (10E9/L)*** 3.43 £1.43 3.26 +£1.28 34.97 £ 1.77 0.053
Absolute leukocyte counts (10E9/L)% 1.32 (1.05-2.18) 1.43 (1.23-2.21) 0.82 (0.57-1.05) <0.05*
Absolute eosinophil counts (10E9/L)% 0.02 (0-0.09) 0.04 (0.1-0.12) 0(0-0) <0.05**
Platelets (10E9/L)*** 200.56 + 56.24 206.01 + 55.61 182.46 + 55.47 0.052
Hemoglobin (g/L)*** 134.39 + 18.02 135.31 £17.92 131.32 £ 18.32 0.306
Prothrombin time (sec)*™* 13.69 + 1.13 13.66 + 0.89 13.80 + 1.70 0.668
Activated partial prothrombin time (sec)*** 39.30 £ 4.74 38.93 £ 4.49 40.49 £ 5.37 0.13
C-reactive protein (CRP) (mg/L)% 6.32 (1.63-23.50) 4.00 (1.06-12.41) 46.345 (28.97-60.50) <0.05**
D-dimer (png/L)% 910 (700-1,400) 780 (560-1,050) 1,760(1297.5-3,265) <0.05**
Procalcitonin (ng/mi)% 0.047 (0.03-0.076) 0.037 (0.027-0.063) 0.070 (0.051-0.145) <0.05**
Lactic acid (mmol/L)** 1.78 £0.71 1.72+£0.76 1.983 £0.55 0.207
Alanine aminotransferase (ALT, U/L)% 18.90 (13.40-25.20) 16.70 (12.40-22.15) 27.5(19.70-41.25) <0.05*
Aspartate aminotransferase (AST, U/L)¥ 18.40 (14.20-27.15) 17.20 (13.75-21.00) 31.50 (23.25-37.75) <0.05*
Albumin (g/L)*** 38.30 + 5.30 39.83 + 4.49 33.49 + 4.79 <0.05
Creatinine (umol/L)*™* 67.15 + 28.21 64.02 + 26.95 77.56 +42.19 0.271
Creatine kinase (CK, U/L)*** 82.89 + 48.39 77.93 + 46.05 100.27 £ 59.73 0.08
Lactate dehydrogenase (LDH, U/L)% 175 (1560-241.5) 161 (145-192) 322 (279.75-400) <0.05**

*Fisher’s Exact Test.

**Mann-Whitney U-Test.

***average + standard deviation (STD).
& average (95% confidence interval).

DISCUSSION

Our study showed that underlying disease, fast respiratory rate
(>24 times/min), elevated serum C-reactive protein level (CRP,
>10 mg/L), and elevated lactate dehydrogenase level (LDH,
>250 U/L) were four independent risk factors for predicting the
progression of some COVID-19 patients from mild to severe
conditions. Firstly, elevated lactate dehydrogenase levels ranked

as number 1 (OR = 219.332) and fast respiratory rate as number
2 (OR = 57.726) among the four factors (Table 2). Interestingly,
an elevated lactate dehydrogenase level was associated with severe
SARS infection (14), which broke out in 2003, but was absent in
the severe MERS infection (15), which is still circulating. When
used individually, all four factors have a moderate prediction
value for their low specificity and sensitivity (AUC values <
0.9) (Table 3). Secondly, we found that the combination of two
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TABLE 2 | Independent factors associated with severe symptom development in COVID-19 patients.

Variables [} S.E. chi-square P-value OR (95% confidence interval)

X1 Underlying disease 2.752 1.066 6.666 0.01 15.67 (1.94-126.55)

Xo Fast respiratory rate (>24 times/min) 4.056 1.183 11.76 0.001 57.726 (5.685-586.191)

X3 CPR (>10 mg/L) 2.424 1.004 5.823 0.016 11.289 (1.577-80.838)

Xa LDH (>250 U/L) 5.392 1.24 18.911 <0.001 219.608 (19.332-2494.742)

Intercept —6.488 1.499 18.738 <0.001 0.002

S.E., standard error;

OR (95% Cl), Odd Ratio (95% confidence interval).

TABLE 3 | Prognostic values for severe COVID-19 pneumonia development.
Factor AUC (95% CI) Sensitivity Specificity Cut-off value Youden Index P-value

Single factor Underlying diseases (1) 0.722 (0.614-0.829) 0.618 0.826 0.367 0.444 <0.001
Fast respiratory rate (2) 0.758 (0.648-0.867) 0.559 0.957 0.492 0.516 <0.001
Elevated CRP (3) 0.774 (0.685-0.864) 0.853 0.696 0.298 0.549 <0.001
Elevated LDH (4) 0.855 (0.766-0.944) 0.765 0.946 0.461 0.711 <0.001

Two factors M+ (@ 0.853 (0.767-0.939) 0.824 0.793 0.223 0.617 <0.001
1)+ 0.854 (0.779-0.928) 0.853 0.696 0.274 0.549 <0.001
M+ 0.940 (0.894-0.987) 0.971 0.783 0.156 0.754 <0.001
(2)+ () 0.870 (0.795-0.944) 0.912 0.663 0.18 0.575 <0.001
@2+ @ 0.944 (0.892-0.996) 0.941 0.902 0.315 0.843 <0.001
)+ @ 0.918 (0.856-0.981) 0.765 0.946 0.365 0.711 <0.001

Three factors 1 +@+@© 0.910 (0.850-0.969) 0.765 0.902 0.253 0.667 <0.001
1)+ @)+ @ 0.976 (0.955-0.998) 0.912 0.935 0.411 0.846 <0.001
1)+ @)+ 0.963 (0.933-0.993) 0.912 0.891 0.227 0.803 <0.001
(2)+ Q)+ 4 0.964 (0.919-1.000) 0.912 0.934 0.355 0.847 <0.001

Four factors M+ +OQ)+@ 0.985 (0.968-1.000) 0.912 0.957 0.374 0.869 <0.001

AUC (95% Cl), Area under receiver operating characteristic curve (95% confidence interval). The highlighted combinations are those with AUC > 0.900 plus sensitivity > 0.900 plus
specificity > 0.900, which indicates significant and reliable prognostic values for clinical practice.

factors, fast respiratory rate plus elevated LDH, could provide a
high prognostic value for severe symptom development (AUC =
0.944, sensitivity = 0.941, and specificity = 0.902). Combinations
of triple factors could significantly increase the prognostic value
(AUC > 0.9). Finally, a combination of all four factors, provide
an excellent prognostic efficacy, achieving AUC = 0.985 (95% CI
0.968-1.000) with high sensitivity (0.953) and specificity (0.968).

Our hospital has treated over 80% of COVID-19 patients in
Guangzhou city-—298 cases as of February 29, 2020—including
55 severe cases but only one death case. All the patients except
two patients recovered as of March 15. A retrospective analysis
of all the cases revealed that the extremely low fatality rate in our
hospital, one of 298 cases (0.0336%)—significantly lower than the
overall fatality rate (2.3%) in China (5), was largely attributed
to the effect of an expert panel, consisting of physicians from
multiple disciplines, including infectious diseases, respiratory
diseases, and intensive care unit (ICU), and radiology. Patients
newly admitted were reviewed by the panel, and patients
who meet several of the following criteria were transferred
immediately to the ICU isolation ward for close supervision,
including, (1) the illness onset has entered 7-10 days; (2) over
50 years old; (3) obesity, pregnant women, children; (4) with
underlying diseases, especially hypertension, diabetes, COPD; (5)

fast respiratory rate; (6) obvious decline in spirit and appetite;
(7) significant reduction and/or progressive decline of peripheral
blood lymphocytes; (8) decrease in albumin; (9) elevated C-
reactive protein; (10) elevated lactate dehydrogenase; and (11)
quickly deteriorated or with two or more lesions in lungs revealed
by chest imaging. Once they progressed to the severe stage,
they received treatment immediately. The above four prognostic
factors, as routine and affordable clinical characteristics, were
included in these criteria, and their immediate and preventive
therapies were facilitated retrospectively.

All seven patients who were detected to be serum viral RNA
positive developed severe symptoms very soon, which further
confirmed our previous observation that detectable 2019-nCoV
viral RNA in blood is a reliable indicator for further clinical
severity (16). However, as the viral RNA positive rate was low
high (seven of 32 cases, 21.8%) in this study and other reports
(17) and viral RNA detection is expensive, we do not recommend
the continuous detection of viral RNA. In this regard, we suggest
reserving the precious reagent for confirming virus infection.

In conclusion, our study indicated that underlying disease,
a fast respiratory rate, elevated serum C-reactive protein
level, and elevated lactate dehydrogenase level significantly
correlated to the development of severe COVID-19 pneumonia;
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additionally, elevated lactate dehydrogenase and a fast
respiratory rate (possibly plus one or two more other
factors) can serve as prognostic factors for the discriminating
potential severe cases among the mild COVID-19 patients.
Our study provided convenient, reliable, and affordable
references for both patients and physicians to make a
highly confident decision to commence management and
treatment safely.

SUMMARY

With our successful experience of treating COVID-19 patients,
we retrospectively found that routine clinical features could
reliably predict severe pneumonia development and could thus
provide quick and affordable references for physicians to save
patients with otherwise fatal COVID-19 using their limited
medical resource.
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The ongoing COVID-19 pandemic still requires fast and effective efforts from all
fronts, including epidemiology, clinical practice, molecular medicine, and pharmacology.
A comprehensive molecular framework of the disease is needed to better understand its
pathological mechanisms, and to design successful treatments able to slow down and
stop the impressive pace of the outbreak and harsh clinical symptomatology, possibly
via the use of readily available, off-the-shelf drugs. This work engages in providing a
wider picture of the human molecular landscape of the SARS-CoV-2 infection via a
network medicine approach as the ground for a drug repurposing strategy. Grounding
on prior knowledge such as experimentally validated host proteins known to be viral
interactors, tissue-specific gene expression data, and using network analysis techniques
such as network propagation and connectivity significance, the host molecular reaction
network to the viral invasion is explored and exploited to infer and prioritize candidate
target genes, and finally to propose drugs to be repurposed for the treatment of
COVID-19. Ranks of potential target genes have been obtained for coherent groups
of tissues/organs, potential and distinct sites of interaction between the virus and the
organism. The normalization and the aggregation of the different scores allowed to
define a preliminary, restricted list of genes candidates as pharmacological targets for
drug repurposing, with the aim of contrasting different phases of the virus infection and
viral replication cycle.

Keywords: COVID-19, network medicine, drug repurposing, network-based, pharmacologic (drug) therapy

INTRODUCTION

The worldwide ongoing COVID-19 pandemic outnumbers 23.9M confirmed cases and a death toll
above 819,000 (~3.4% global case fatality rate), at the time of writing' (Dong et al., 2020). Worse, in
several densely populated countries, especially those in the South of the world, it is still difficult to
forecast when a significant slowing down of the pace of the new infections will occur, and if, when

ISource: COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University
(JHU), available at https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467b48e
9ecf6, retrieved August 26th, 2020.
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and with what intensity a new global wave will arise. The
ultimate goal in fighting a pandemic is to completely stop the
spread, but slowing it down is also crucial, to mitigate otherwise
devastating effects on health and socioeconomic systems on
a local and global scale. Thus, it is necessary to interfere
by every possible means with the natural, deadly flow of the
outbreak, in order to reduce and flatten the epidemic curve and
relieve the pressure on hospitals capacity (Qualls et al., 2017;
Anderson et al., 2020).

this perspective, aside all already implemented
epidemiological, clinical and immunological measures and
efforts, a deployment, via drug repurposing, of the vast, existing
and potentially effective pharmacological arsenal is timely and
needed, witnessed by the numerous ongoing clinical trials on

In

several off-the shelf drugs (source: DrugBank)?. This work is
committed to aid in the fight against the health consequences of
the COVID-19 pandemic by providing a data-driven, viable drug
repurposing approach.

In this study, we give account of the complexity of the
molecular interactions and processes underlying the SARS-
CoV-2 host response, and provide an integrated molecular
picture to be exploited for a drug repurposing strategy. Such
a picture includes the charting of the protein interaction map
involving host genes that in the current state of knowledge
have been observed to interact with SARS-CoV-2 viral proteins,
and/or are considered critical in the host infection processes,
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FIGURE 1 | Scheme of the workflow adopted: starting from available human interactome data and the set of COVID-19 experimentally associated genes (A), a
network proximity approach (based on connectivity significance and heat diffusion) has been carried out to select genes that are proximal to the initial set of COVID
seed genes (B). Filtering via gene expression in specific tissues and association to the most common COVID-19 symptoms and phenotypes (C) allowed the design

of the proposed drug repurposing strategy (D).
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also considering previous knowledge related to other relevant
Coronaviruses. In the wider context of network medicine (Bauer-
Mehren et al., 2011; Silverman and Loscalzo, 2017), the protein-
protein interaction (PPI) framework provides a widely assessed
and effective heuristic approach for the identification of disease
genes (Taylor et al.,, 2009; Gustafsson et al., 2014; Tieri et al.,
2019; Silverman et al., 2020). The complexity of the organism’s
response to the viral invasion is mirrored by the wide variability
of the clinical symptoms observed in patients, ranging from
asymptomatic infections to extremely critical conditions, up to
the death of the patient in around 3.4% of cases worldwide
(see text footnote 1). With this study we therefore intended to
expand the molecular landscape of the host proteins observed
to directly interact with viral proteins (Gordon et al., 2020) to
include actors who could be neglected when focusing only on
the direct interactors set, and that could potentially prove to be
important pharmacological targets to engage in order to propose
an effective drug repurposing strategy aimed to improve the
clinical outcome of the disease.

MATERIALS AND METHODS

The workflow of our approach has been sketched in Figure 1.
Here we briefly describe each step of the method, providing
detailed explanations in forthcoming subsections. We
started by collecting updated human PPI data (Figure 1A)
-from which a network of 18,618 human proteins and
424,076 binary interactions has been built- and SARS-CoV-
2/Coronavirus/human PPI data, constituted by a set of 500
human genes potentially involved in the COVID-19 disease (see
section “COVID-19 Associated Host Genes, Protein-Protein
Interaction Data and Interactomes Reconstruction”). On such
data, a network medicine approach has been applied by using
connectivity significance and network diffusion algorithms in
order to provide a COVID-19 “proximity” or “involvement” gene
ranking (Figure 1B, details in section “Connectivity Significance”
and “Network Diffusion”).

The top 1,000 genes in the proximity ranking added to the
original 500 Sars-CoV-2 related genes gives the final dataset of
1,500 mostly involved proteins in the COVID-19 disease. In order
to further refine the selected list of genes, their gene expression
levels in COVID-19-relevant tissues have been investigated
(Figure 1C). The human tissues mostly involved in the COVID-
19 infection have been identified and divided into five groups
(see Figure 2 and section “Gene Expression Data”). The genes
that are not expressed in those tissues have been excluded. The
remaining genes, for each tissue group, are ranked based on the
most common COVID-19 symptoms. The rankings have been
provided through VarElect functional filtering, whose details have
been discussed in section “Functional Analysis;,” and they have
been aggregated (see section “Rank Aggregation”), so that a
restricted ranked list has been considered. Finally (Figure 1D),
the proposed drug repositioning strategy was designed and
implemented via dedicated drug-gene interaction information
(see section “Design of Drug Repositioning Strategy via Drug-
Gene Interaction Data”).
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FIGURE 2 | Graphical sketch showing the selected five groups of
organs/tissues representative of potential sites of interaction between
SARS-CoV-2 and the organism. Group 1: respiratory tract tissues; Group 2:
organs of the digestive system; Group 3: blood cells; Group 4: filtering organs;
Group 5: brain areas. Group-specific gene expression data have been
retrieved by the Human Protein Atlas web portal (www.proteinatlas.org).

COVID-19 Associated Host Genes,
Protein-Protein Interaction Data and

Interactomes Reconstruction

Protein-protein interaction data for interactome reconstruction
have been retrieved from the BioGRID (Oughtred et al,
2019), one of the most comprehensive interaction repositories
with freely provided data compiled through manual curation
efforts, currently containing more than 1.7 million protein
and genetic interactions from major model organism species,
including Homo sapiens. The repository provides both the whole
human-only interactome, as well as, in the effort to provide
valuable data to fight the pandemic, the SARS-CoV-2/human
protein interaction dataset, derived from several sources as
described on the dedicated BioGRID webpage®. For this study,
the latest version available at the time of the analysis of the
human interactome, and of COVID-19-associated host genes,
i.e, version 3.5.186 (.tab2 and .tab3 format types) have been
used. The dataset includes 338 human proteins interacting
with SARS-CoV-2 [i.e., the genes identified by the seminal
work of Gordon and colleagues (Gordon et al, 2020)], 47

3https://wiki.thebiogrid.org/doku.php/covid
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human proteins considered critical for the virus host entry and
response, and further 115 proteins experimentally observed to
interact with other, SARS-relevant Coronaviruses, finally totaling
500 involved human genes (Supplementary Table S1). The
reason for including the last 115 genes is found in the fact
that it is known that there is marked similarity and a close
relationship between SARS-CoV-2 and SARS-CoVs or SARS-like
bat CoVs (Wu A. et al, 2020), similarities that could play a
relevant role when comparing the host tropism and transmission
features of the SARS-CoV-2 and SARS-CoV and that are
thus worthy of investigation. Besides these considerations,
and despite the efforts in experimental PPI mapping, it is
also known that the number of missing interactions greatly
exceeds the number of experimentally detected interactions
(Kovécs et al,, 2019). In this perspective, these further viral-
human interactions related to other Coronaviruses provided
by BioGRID in the same dataset represent a very significant
information from the heuristic point of view, partly due to
structural similarities.

The whole human interactome has been gathered from
BioGRID data as well (BIOGRID-ORGANISM-3.5.186.tab3.zip),
and the largest connected component (LCC) has been
extracted to undergo network analysis, consisting of 18,618
genes and 424,076 unique pairwise interactions among them
(Supplementary File S1).

Connectivity Significance

The concept of connectivity significance, originally proposed
by Ghiassian et al. (2015), has been used to uncover
genes associated with a particular path phenotype, via the
observation that proteins associated to specific diseases show
peculiar patterns of interaction among each other, patterns
that in turn help in the identification of neighborhoods
not previously associated to the disease. An efficient
algorithm (ak.a. DIAMOnD, DIseAse MOdule Detection)
to compute this measure is publicly available (Ghiassian
et al, 2015), and it has been used to rank the genes in the
interactome showing the highest connectivity significance

TABLE 1 | Groups of tissue/organs matched with disease phenotypes (A) and number of target genes selected as potential candidates for drug repurposing by VarElect

aggregate and single group ranks (B).

(A) Groups of tissue/organs matched with disease phenotypes

Group # ID Organ systems Organs and tissues Disease phenotypes (symptoms or disease
manifestations)
Group 1 Respiratory tract Lungs, tongue, tonsils, olfactory “Fever” OR “cough” OR “pneumonia” OR
epithelium “dyspnea” OR “pain” OR “hemoptysis “ OR
“sore throat” OR “chills” OR “inflammation”
Group 2 Digestive system Stomach, esophagus, colon, “Fever” OR “diarrhea” OR “pain” OR “nausea”
duodenum, small intestine and rectum  OR “vomiting” OR “inflammation”
Group 3 Blood cells n/a “Fever” OR “chills” OR “inflammation” OR
“hemorrhagic”
Group 4 Filtering organs Spleen, liver, lymph nodes, kidney “Fever” OR “cough” OR “diarrhea” OR “pain”
OR “nausea” OR “vomiting” OR “chills” OR
“inflammation” OR “hemorrhagic”
Group 5a Brain areas Amygdala, Basal Ganglia, Cerebellum,  “Dizziness” OR “headache” OR
Cerebral Cortex, Hippocampus, “consciousness” OR “encephalopathy” OR
Hypothalamus, Midbrain, Olfactory “encephalitis” OR “seizures” OR “stroke” OR
region, Pons and Medulla, Thalamus “delirium”
Group 5b Brain areas Amygdala, Basal Ganglia, Cerebellum,  “Ageusia” OR “dysgeusia” OR “hypogeusia” OR

Cerebral Cortex, Hippocampus,
Hypothalamus, Midbrain, Olfactory
region, Pons and Medulla, Thalamus

“anosmia” OR “hyposmia” OR “myalgia” OR
“myelitis” OR “pain” OR “Guillain-Barre”

(B) Number of target genes selected as potential candidates for drug repurposing by VarElect aggregate and single group ranks

Group # ID Selected gene targets (potential  Selected genes Selection of the first 15 genes
candidates for drug repurposing)

Group 1+2+4 (G124) 101 See Supplementary Table S11 See Table 2

Group 1+2+3+4+5 (G12345) 99 See Supplementary Table S12 See Table 3

Group 3 (G3) 20 See Supplementary Table S13 See Table 4

Group 5a (G5a) 20 See Supplementary Table S14 See Table 5

Group 5b (G5b) 20 See Supplementary Table S15 See Table 6
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TABLE 2 | VarElect aggregated score obtained analyzing groups 1, 2, and 4 (G124; 15 top-ranking genes).

Aggregated Gene Gene Protein class Biological Molecular Disease Subcellular
score description process function involvement Location
(normalized)
0.999501151 TNF Tumor necrosis ~ Cancer-related genes, Candidate Cytokine Cancer-related Secreted
factor cardiovascular disease genes, genes, FDA
Disease related genes, FDA approved drug
approved drug targets, Plasma targets
proteins, Predicted intracellular
proteins, Predicted secreted
proteins
0.624534796 TNFRSF1A TNF receptor Cancer-related genes, Candidate Apoptosis, Receptor Amyloidosis,
superfamily cardiovascular disease genes, Host-virus Cancer-related genes,
member 1A CD markers, Disease related interaction Disease mutation, FDA
genes, FDA approved drug approved drug targets
targets, Plasma proteins,
Predicted membrane proteins,
Predicted secreted proteins
0.529423274 TP53  Tumor protein Cancer-related genes, Disease  Apoptosis,Biological Activator, Cancer-related Nucleoplasm
p53 related genes, Plasma proteins,  rhythms, Cell cycle, DNA-binding, genes, Disease
Potential drug targets, Predicted Host- Repressor mutation,
intracellular proteins, virus interaction, Li-Fraumeni
Transcription factors, Necrosis, syndrome, Tumor
Transporters Transcription, suppressor
Transcription
regulation
0.479435236 NLRP3  NLR family pyrin  Cancer-related genes, Disease  Immunity, Activator Amyloidosis,
domain related genes, Predicted Inflammatory Cancer-related genes,
containing 3 intracellular proteins response, Innate Deafness, Disease
immunity, mutation,
Transcription, Non-syndromic
Transcription deafness
regulation
0.406134194 TGFB1  Transforming Cancer-related genes, Candidate Growth factor, Cancer-related Golgi
growth factor cardiovascular disease genes, Mitogen genes, Disease apparatus,
beta 1 Disease related genes, Plasma mutation secreted
proteins, Predicted intracellular
proteins, Predicted secreted
proteins
0.404538712 EGFR  Epidermal Cancer-related genes, Disease ~ Host-virus Developmental Cancer-related genes, Plasma
growth factor related genes, Enzymes, FDA interaction protein, Host cell Disease mutation, FDA membrane
receptor approved drug targets, Plasma receptor for virus approved drug targets,
proteins, Predicted intracellular entry, Kinase, Proto-oncogene
proteins, Predicted membrane Receptor,
proteins, Predicted secreted Transferase,
proteins, RAS pathway related Tyrosine-protein
proteins kinase
0.393038016 ICAM1  Intercellular Cancer-related genes, Candidate Cell adhesion, Host cell receptor Cancer-related Plasma
adhesion cardiovascular disease genes, Host-virus for virus entry, genes, FDA membrane
molecule 1 CD markers, FDA approved drug interaction Receptor approved drug
targets, Plasma proteins, targets
Predicted intracellular proteins,
Predicted membrane proteins
0.37555677 FAS Fas cell surface  Cancer-related genes, Candidate Apoptosis Calmodulin-binding, Cancer-related genes, Plasma
death receptor  cardiovascular disease genes, Receptor Disease mutation membrane
CD markers, Disease related
genes, Predicted membrane
proteins, Predicted secreted
proteins
0.352296 STAT3  Signal Cancer-related genes, Disease  Host-virus Activator, Cancer-related Nucleoplasm,
transducer and  related genes, Plasma proteins, interaction, DNA-binding genes, Diabetes cytosol
activator of Predicted intracellular proteins,  Transcription, mellitus, Disease
transcription 3 Transcription factors Transcription mutation, Dwarfism
regulation
(Continued)
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TABLE 2 | Continued

Aggregated score Gene Gene Protein class Biological Molecular Disease Subcellular
(normalized) description process function involvement Location
0.337175731 STAT1  Signal transducer Disease related genes, Plasma  Antiviral defense, Activator, Disease mutation ~ Nucleoplasm,
and activator of  proteins, Predicted intracellular ~ Host-virus DNA-binding cytosol
transcription 1 proteins, Transcription factors interaction,
Transcription,
Transcription
regulation
0.336625898 KRAS KRAS Cancer-related genes, Disease Cancer-related Cytosol
proto-oncogene, related genes, Predicted genes,
GTPase intracellular proteins, RAS Cardiomyopathy,
pathway related proteins Deafness, Disease
mutation,
Ectodermal
dysplasia, Mental
retardation,
Proto-oncogene
0.324061896 CTNNB1 Catenin beta 1 Cancer-related genes, Disease  Cell adhesion, Activator Cancer-related Plasma
related genes, Plasma proteins,  Host-virus genes, Disease membrane
Predicted intracellular proteins interaction, mutation, Mental
Neurogenesis, retardation
Transcription,
Transcription
regulation, Wnt
signaling pathway
0.315947057 AKT1  AKT Cancer-related genes, Disease  Apoptosis, Developmental Cancer-related Nucleoplasm
serine/threonine  related genes, Enzymes, Carbohydrate protein, Kinase, genes, Disease
kinase 1 Potential drug targets, Predicted metabolism, Serine/threonine-  mutation,
intracellular proteins, RAS Glucose protein kinase, Proto-oncogene
pathway related proteins metabolism, Transferase
Glycogen
biosynthesis,
Glycogen
metabolism,
Neurogenesis,
Sugar transport,
Translation
regulation, Transport
0.314911716 CCND1  Cyclin D1 Cancer-related genes, Disease  Cell cycle, Cell Cyclin, Repressor  Cancer-related Nucleoplasm
related genes, FDA approved division, DNA genes, FDA
drug targets, Predicted damage, approved drug
intracellular proteins Transcription, targets,
Transcription Proto-oncogene
regulation
0.312644606 ERBB2 Erb-b2 receptor Cancer-related genes, CD Transcription, Activator, Kinase,  Cancer-related Plasma
tyrosine kinase 2 markers, Disease related genes, Transcription Receptor, genes, FDA membrane
Enzymes, FDA approved drug regulation Transferase, approved drug
targets, Plasma proteins, Tyrosine-protein targets
Predicted intracellular proteins, kinase

Predicted membrane proteins

with respect to the 500 COVID-19-associated seed genes
(in Supplementary Table S2 were reported the first
200 ranked genes).

Network Diffusion

Network diffusion (or network propagation) is a methodology
able to identify those genes which are proximal to a starting
list of seed genes by using network topology (and optionally
other features). In network medicine it can be used to identify
genes and genetic modules that underlie human diseases (Mosca

et al., 2014; Cowen et al., 2017; Sumathipala et al., 2019) or to
identify causal paths linking mutations to expression regulators,
or to discover significantly mutated subnetworks in cancer
(Vandin et al., 2011; Paull et al., 2013). The methodology exploits
the concept of heat diffusion, i.e., how the heat distribution
spreads over time in a medium, here consisting of the PPI
network, as it flows from nodes where it is higher toward
nodes where it is lower according to the diffusion coeflicient
and their mutual connections. In practice, starting with an
arbitrary subset of seed nodes (e.g., genes associated with a
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TABLE 3 | VarElect aggregated score obtained analyzing groups 1, 2, 3, 4, and 5 (G12345; 15 top-ranking genes).

Aggregated score Gene Gene Protein class Biological Molecular Disease Subcellular
(normalized) description process function involvement Location
0.999992851 TNF Tumor necrosis  Cancer-related genes, Cytokine Cancer-related
factor Candidate cardiovascular genes, FDA
disease genes, Disease related approved drug
genes, FDA approved drug targets
targets, Plasma proteins,
Predicted intracellular proteins,
Predicted secreted proteins
0.646667342 TNFRSF1A TNF receptor Cancer-related genes, Apoptosis, Receptor Amyloidosis,
superfamily Candidate cardiovascular Host-virus Cancer-related
member 1A disease genes, CD markers, interaction genes, Disease
Disease related genes, FDA mutation, FDA
approved drug targets, Plasma approved drug
proteins, Predicted membrane targets
proteins, Predicted secreted
proteins
0.469465581 TP53  Tumor protein Cancer-related genes, Disease  Apoptosis, Activator, Cancer-related Nucleoplasm
p53 related genes, Plasma proteins, Biological rhythms, DNA-binding, genes, Disease
Potential drug targets, Cell cycle, Repressor mutation,
Predicted intracellular proteins, Host-virus Li-Fraumeni
Transcription factors, interaction, syndrome, Tumor
Transporters Necrosis, suppressor
Transcription,
Transcription
regulation
0.415888546 TGFB1  Transforming Cancer-related genes, Growth factor, Cancer-related Golgi
growth factor Candidate cardiovascular Mitogen genes, Disease apparatus,
beta 1 disease genes, Disease related mutation Cytosol
genes, Plasma proteins,
Predicted intracellular proteins,
Predicted secreted proteins
0.413794221 NLRP3  NLR family pyrin ~ Cancer-related genes, Disease  Immunity, Activator Amyloidosis,
domain related genes, Predicted Inflammatory Cancer-related
containing 3 intracellular proteins response, Innate genes, Deafness,
immunity, Disease mutation,
Transcription, Non-syndromic
Transcription deafness
regulation
0.374658935 FAS Fas cell surface  Cancer-related genes, Apoptosis Calmodulin- Cancer-related Plasma
death receptor Candidate cardiovascular binding, genes, Disease membrane
disease genes, CD markers, Receptor mutation
Disease related genes,
Predicted membrane proteins,
Predicted secreted proteins
0.332023563 STAT1  Signal transducer Disease related genes, Plasma  Antiviral defense, Activator, Disease mutation ~ Nucleoplasm,
and activator of  proteins, Predicted intracellular  Host-virus DNA-binding Cytosol
transcription 1 proteins, Transcription factors  interaction,
Transcription,
Transcription
regulation
0.330861395 ICAM1  Intercellular Cancer-related genes, Cell adhesion, Host cell receptor ~ Cancer-related Plasma
adhesion Candidate cardiovascular Host-virus for virus entry, genes, FDA membrane,
molecule 1 disease genes, CD markers, interaction Receptor approved drug Cytosol
FDA approved drug targets, targets
Plasma proteins, Predicted
intracellular proteins, Predicted
membrane proteins
0.325734154 STAT3  Signal transducer Disease related genes, Antiviral defense, Activator, Plasma
and activator of  Predicted intracellular proteins, Host-virus DNA-binding membrane,
transcription 2 Transcription factors interaction, Cytosol
Transcription,
Transcription
regulation
(Continued)
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TABLE 3 | Continued

Aggregated Gene Gene Protein class Biological Molecular Disease Subcellular
score (normalized) description process function involvement Location
0.285387576 AKT1  Signal transducer Cancer-related genes, Disease  Host-virus Activator, Cancer-related Nucleoplasm
and activator of  related genes, Plasma proteins, interaction, DNA-binding genes, Diabetes
transcription 3 Predicted intracellular proteins,  Transcription, mellitus, Disease
Transcription factors Transcription mutation, Dwarfism
regulation
0.280849434 CTNNB1 Catenin beta 1 Cancer-related genes, Disease  Cell adhesion, Activator Cancer-related Plasma
related genes, Plasma proteins, Host-virus genes, Disease membrane
Predicted intracellular proteins  interaction, mutation, Mental
Neurogenesis, retardation
Transcription,
Transcription
regulation, Wnt
signaling pathway
0.267915871 SOD1  Superoxide Cancer-related genes, Disease Antioxidant, Amyotrophic lateral  Nucleoplasm,
dismutase 1 related genes, Enzymes, Oxidoreductase sclerosis, Plasma
Plasma proteins, Potential drug Cancer-related membrane
targets, Predicted intracellular genes, Disease
proteins mutation,
Neurodegeneration
0.267304947 SPP1  Secreted Cancer-related genes, Plasma  Biomineralization, ~ Cytokine Cancer-related Golgi apparatus
phosphoprotein 1 proteins, Predicted secreted Cell adhesion genes
proteins
0.266717153 KRAS KRAS Cancer-related genes, Disease Cancer-related
proto-oncogene,  related genes, Predicted genes,
GTPase intracellular proteins, RAS Cardiomyopathy,
pathway related proteins Deafness, Disease
mutation,
Ectodermal
dysplasia, Mental
retardation,
Proto-oncogene
0.25614674 PTEN  Phosphatase and Cancer-related genes, Disease  Apoptosis, Lipid Hydrolase, Protein  Autism spectrum Nucleoplasm,
tensin homolog related genes, Enzymes, metabolism, phosphatase disorder, Cytosol
Potential drug targets, Neurogenesis Cancer-related

Predicted intracellular proteins,
Predicted secreted proteins

genes, Disease
mutation, Tumor
suppressor

disease), a diffusion algorithm is applied to the initial values
assigned to the seed nodes that propagate through the network
according to its topology. Fixing a stopping time for the
diffusion algorithm, the final distribution of the propagated
values generates a proximity ranking that can be used to
identify a subset of genes that are closely associated to the
selected seed genes. The Cytoscape network analysis platform
(Shannon et al., 2003), version 3.7, and the Cytoscape-embedded
function “Diffuse,” based on a heat diffusion algorithm, have
been used for the analysis (Carlin et al., 2017). The diffusion
algorithm has been run considering as seed genes the 500
COVID-19-associated human genes with initial heat hs(0) = 1;
non-seed genes have been set with initial heat hne(0) = 0.
The heat diffusion has been observed at the following times t:
0.002, 0.005, 0.01, 0.02, 0.05 (arbitrary algorithm diffusion time
units; Supplementary Table S3), and the quantities of heat in
non-seed genes hys(t) have been computed. The appropriate
time has been identified by considering, for each time ¢, the
intersection of the most significant genes obtained via the

DIAMOnD algorithm and the most relevant genes in the
diffusion process, i.e., the ones with highest hp(t) values, and
selecting the time showing the largest overlap, that turned out
to be t = 0.005. More in detail, we considered the overlap of
the top 200 genes obtained via the DIAMOnD algorithm with
the top 1000 genes obtained via the heat diffusion algorithm
at each stopping time. The combination of the two methods,
the heat diffusion that favors genes well-connected to the seed
genes or with high degrees, and the DIAMOnD that privileged
those genes that are well-connected to the set of the seed
genes, generates a proximity ranking of topologically well-
connected genes to the COVID-19-associated genes. Moreover,
since the overlap in the intersection is about 50%, the number
of genes that is surely well-connected to the seed genes is
very significant.

Rank Aggregation
Rank aggregation deals with the aggregation of several lists of
preferences obtained from different methodologies. It is very
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TABLE 4 | VarElect aggregated score obtained analyzing group 3 (G3; 15 top-ranking genes).

Normalized Gene Gene Protein class Biological Molecular function Disease involvement Subcellular
score description process Location
1 TBK1 TANK Binding Disease related genes, Antiviral Kinase, Amyotrophic lateral Nucleoplasm,
Kinase 1 Enzymes, Potential defense, Serine/threonine- sclerosis, Disease Vesicles
drug targets, Predicted Host-virus protein kinase, mutation, Glaucoma,
intracellular proteins, interaction, Transferase Neurodegeneration
RAS pathway related Immunity,
proteins Innate immunity
0.855967078 TNFAIP3 TNF Alpha Cancer-related genes,  Apoptosis, DNA-binding, Cancer-related genes,  Vesicles
Induced Protein  Disease related genes, Inflammatory response, Hydrolase, Disease mutation
3 Enzymes, Plasma Ubl conjugation Multifunctional enzyme,
proteins, Potential drug pathway Protease, Thiol
targets, Predicted protease, Transferase
intracellular proteins
0.695473251 RANBP2 RAN Binding Cancer-related genes, mRNA RNA-binding, Cancer-related genes  Nuclear
Protein 2 Disease related genes, transport, Transferase membrane,
Plasma proteins, Protein Vesicles
Potential drug targets,  transport,
Predicted intracellular ~ Translocation,
proteins, Transporters  Transport, Ubl
conjugation
pathway
0.582167353 APP  Amyloid Beta Disease related genes, Apoptosis, Cell Heparin-binding, Alzheimer disease, Golgi apparatus;
Precursor FDA approved drug adhesion, Endocytosis, Protease inhibitor, Amyloidosis, Disease  Vesicles
Protein targets, Plasma Notch signaling Serine protease mutation, FDA
proteins, Predicted pathway inhibitor approved drug targets,
intracellular proteins, Neurodegeneration
Predicted membrane
proteins, Transporters
0.573662551 PPARG Peroxisome Cancer-related genes,  Biological Activator, DNA-binding, Cancer-related genes,  Nucleoplasm,
Proliferator Disease related genes, rhythms, Receptor Diabetes mellitus, Vesicles
Activated FDA approved drug Transcription, Disease mutation, FDA
Receptor targets, Nuclear Transcription approved drug targets,
Gamma receptors, Plasma regulation Obesity
proteins, Predicted
intracellular proteins,
Transcription factors
0.560219479 GAPDH Glyceraldehyde- Enzymes, FDA Apoptosis, Glycolysis, Oxidoreductase, FDA approved drug Plasma
3-Phosphate approved drug targets, Translation regulation ~ Transferase targets membrane,
Dehydrogenase Plasma proteins, Cytosol, Vesicles
Predicted intracellular
proteins
0.465569273 NEU1 Neuraminidase Disease related genes, Carbohydrate Glycosidase, Hydrolase Disease mutation Vesicles
1 Enzymes, Potential metabolism,
drug targets, Predicted Lipid
intracellular proteins degradation,
Lipid
metabolism
0.456241427 NTRK1 Neurotrophic Cancer-related genes,  Differentiation, Developmental protein, Cancer-related genes,  Vesicles, Cytosol
Receptor Disease related genes, Neurogenesis Kinase, Receptor, Disease mutation, FDA
Tyrosine Kinase Enzymes, FDA Transferase, approved drug targets,
1 approved drug targets, Tyrosine-protein kinase Proto-oncogene
Predicted membrane
proteins, RAS pathway
related proteins
0.438134431 MTOR  Mechanistic Cancer-related genes,  Biological Kinase, Cancer-related genes,  Vesicles, Cytosol
Target Of Disease related genes, rhythms Serine/threonine- Disease mutation,
Rapamycin Enzymes, FDA protein kinase, Epilepsy, FDA
Kinase approved drug targets, Transferase approved drug targets,
Plasma proteins, Mental retardation
Predicted intracellular
proteins
(Continued)
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TABLE 4 | Continued

Normalized Gene Gene Protein class Biological Molecular function Disease involvement Subcellular
score description process Location
0.427160494 LYN  LYN Proto- Cancer-related genes,  Adaptive Kinase, Transferase, Cancer-related genes,  Golgi apparatus,
Oncogene, Src Disease related genes, — immunity, Tyrosine-protein kinase  Proto-oncogene Plasma
Family Tyrosine  Enzymes, Potential drug Host-virus membrane
Kinase targets, Predicted interaction,
intracellular proteins Immunity,
Inflammatory
response, Innate
immunity
0.421124829 CHUK Component Of  Disease related genes, Kinase, Nucleoplasm,
Inhibitor Of Enzymes, Potential drug Serine/threonine- Vesicles, Cytosol
Nuclear Factor  targets, Predicted protein kinase,
Kappa B Kinase intracellular proteins, Transferase
Complex RAS pathway related
proteins
0.417283951 TPI1  Triosephosphate Cancer-related genes,  Gluconeogenesis, Isomerase, Lyase Cancer-related genes,  Nucleoplasm,
Isomerase 1 Disease related genes,  Glycolysis Disease mutation, Vesicles
Enzymes, Plasma Hereditary hemolytic
proteins, Potential drug anemia
targets, Predicted
intracellular proteins
0.376680384 ATM  ATM Cancer-related genes, Cell cycle, DNA DNA-binding, Kinase, Cancer-related genes,  Nucleoplasm,
Serine/Threonine Disease related genes, damage Serine/threonine- Disease mutation, Vesicles
Kinase Enzymes, Plasma protein kinase, Neurodegeneration,
proteins, Potential drug Transferase Tumor suppressor
targets, Predicted
intracellular proteins,
Predicted membrane
proteins
0.372565158 RUNX1 RUNX Family Cancer-related genes,  Transcription, Activator, DNA-binding, Cancer-related genes,  Nucleoplasm,
Transcription Disease related genes,  Transcription Repressor Disease mutation, Vesicles
Factor 1 Plasma proteins, regulation Proto-oncogene
Predicted intracellular
proteins, Transcription
factors
0.368998628 BSG Basigin (Ok Blood group antigen Blood group antigen Vesicles
Blood Group) proteins, CD markers,

Predicted intracellular
proteins, Predicted
membrane proteins,
Transporters

useful in all those situations in which preferences can be set
according to several features, none of them prevailing on the
others. This is actually our case with different lists of best
genes associated with the different preferences, none being
preferred over the others. Many methods have been proposed
in literature to aggregate rank, they are mainly divided into
three groups, namely heuristic algorithms, methods based on
Markov chains and stochastic optimization methods, see Lin
(2010) for a detailed overview. The most suitable method
in this particular situation turned out to be a stochastic
optimization method. Namely, a new ranking is obtained through
an optimization problem whose objective is to minimize the
distance between the new ranking and all the others. This
approach usually considers two distances, the L1, also known
in the rank aggregation literature as Spearman’s distance,
and the Kendall distance. The main difference between these
two measures is that the first one considers the distances

between the different scores of the genes in the different lists
of preferences, while the second one takes into account the
partial order of the ranking counting the number of pairwise
discordance between two lists of preferences. The optimization
has been carried out using the L1 distance over the list of
preference obtained from the VarElect tool detailed in section
“Functional Analysis.”

Gene Expression Data

Human tissue-specific gene expression data have been retrieved
by the Human Protein Atlas web portal* (Uhlén et al,, 2015).
The Tissue Atlas includes information about the expression
profiles of human genes on mRNA and protein level. The
protein data covers 15,313 genes (78%) for which there are
antibodies available. The mRNA expression data are derived from

4www.proteinatlas.org
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TABLE 5 | VarElect aggregated score obtained analyzing group 5 related to the central nervous system (G5a; 15 top-ranking genes).

Normalized Gene Gene Protein class Biological process = Molecular function Disease Subcellular
score description involvement Location
1 TNF Tumor Necrosis  Cancer-related genes, Cytokine Cancer-related
Factor Candidate genes, FDA approved
cardiovascular disease drug targets
genes, Disease related
genes, FDA approved
drug targets, Plasma
proteins, Predicted
intracellular proteins,
Predicted secreted
proteins
0.744887478 MAPT  Microtubule Candidate Alzheimer disease, Plasma
Associated cardiovascular disease Disease mutation, membrane
Protein Tau genes, Disease related FDA approved drug
genes, FDA approved targets,
drug targets, Plasma Neurodegeneration,
proteins, Predicted Parkinsonism
intracellular proteins
0.64954711 APP Amyloid Beta Disease related genes, Apoptosis, Cell Heparin-binding, Alzheimer disease, Golgi apparatus,
Precursor FDA approved drug adhesion, Protease inhibitor, Amyloidosis, Disease  vesicles
Protein targets, Plasma Endocytosis, Notch Serine protease mutation, FDA
proteins, Predicted signaling pathway inhibitor approved drug
intracellular proteins, targets,
Predicted membrane Neurodegeneration
proteins, Transporters
0.570314689 APOE  Apolipoprotein E  Cancer-related genes, Cholesterol Heparin-binding Alzheimer disease, Vesicles
Candidate metabolism, Lipid Amyloidosis,
cardiovascular disease metabolism, Lipid Cancer-related
genes, Disease related transport, Steroid genes, Disease
genes, Plasma proteins,  metabolism, Sterol mutation,
Predicted secreted metabolism, Hyperlipidemia,
proteins Transport Neurodegeneration
0.534036791 TP53 Tumor Protein Cancer-related genes, Apoptosis, Biological  Activator, Cancer-related Nucleoplasm
P53 Disease related genes, rhythms, Cell cycle, DNA-binding, genes, Disease
Plasma proteins, Host-virus Repressor mutation, Li-Fraumeni
Potential drug targets, interaction, Necrosis, syndrome, Tumor
Predicted intracellular Transcription, suppressor
proteins, Transcription Transcription
factors, Transporters regulation
0.530675133 IRF3 Interferon Disease related genes, Antiviral defense, Activator, Disease mutation Cytosol
Regulatory Predicted intracellular Host-virus DNA-binding
Factor 3 proteins, Transcription interaction, Immunity,
factors Innate immunity,
Transcription,
Transcription
regulation
0.530301615 PSEN1  Presenilin 1 Cancer-related genes, Apoptosis, Cell Hydrolase, Protease Alzheimer disease, Golgi apparatus,
Disease related genes, adhesion, Notch Amyloidosis, Nucleoplasm
Enzymes, Potential drug  signaling pathway Cancer-related
targets, Predicted genes,
intracellular proteins, Cardiomyopathy,
Predicted membrane Disease mutation,
proteins, Transporters Neurodegeneration
0.519422915 SPTANT1 Spectrin Alpha, Actin capping, Disease mutation, Vesicles,
Non-Erythrocytic Actin-binding, Epilepsy, Mental Microtubules
1 Calmodulin-binding retardation
0.503408348 SNCA  Alpha Synuclein  Disease related genes, Alzheimer disease,
Plasma proteins, Disease mutation,
Potential drug targets, Neurodegeneration,
Predicted intracellular Parkinson disease,
proteins, Transporters Parkinsonism
(Continued)
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TABLE 5 | Continued

Normalized Gene Gene Protein class Biological process Molecular Disease Subcellular
score description function involvement Location
0.485059296 UNC93B1 Unc-93 Adaptive immunity, Nucleoplasm
Homolog B1, Antiviral defense,
TLR Signaling Immunity, Innate
Regulator immunity
0.48440564 SOD1 Superoxide Cancer-related genes, Antioxidant, Amyotrophic lateral Nucleoplasm,
Dismutase 1 Disease related genes, Oxidoreductase sclerosis, Plasma
Enzymes, Plasma proteins, Cancer-related membrane
Potential drug targets, genes, Disease
Predicted intracellular mutation,
proteins Neurodegeneration
0.441777944 TBK1 TANK Binding Disease related genes, Antiviral defense, Kinase, Amyotrophic lateral Nucleoplasm,
Kinase 1 Enzymes, Potential drug Host-virus interaction,  Serine/threonine- sclerosis, Disease vesicles
targets, Predicted Immunity, Innate protein kinase, mutation, Glaucoma,
intracellular proteins, RAS immunity Transferase Neurodegeneration
pathway related proteins
0.424596134  TGFB1  Transforming Cancer-related genes, Growth factor, Cancer-related Golgi apparatus,
Growth Factor Candidate cardiovascular Mitogen genes, Disease Cytosol
Beta 1 disease genes, Disease mutation
related genes, Plasma
proteins, Predicted
intracellular proteins,
Predicted secreted proteins
0.420767579 ACADM  Acyl-CoA Disease related genes, Fatty acid metabolism, Oxidoreductase Disease mutation Mitochondria
Dehydrogenase  Enzymes, Potential drug Lipid metabolism
Medium Chain targets, Predicted
intracellular proteins
0.41894668 TSC2  TSC Complex Cancer-related genes, Host-virus interaction ~ GTPase activation Cancer-related Cytosol
Subunit 2 Disease related genes, genes, Disease

Plasma proteins, Predicted
intracellular proteins,
Predicted membrane
proteins

mutation, Epilepsy,
Tumor suppressor

RNA-seq of 37 different healthy individuals. Genes expressed
in 5 organs and tissue groups, representative of potential sites
of interaction between SARS-CoV-2 and the organism, were
first selected (Table 1 and Figure 2), based on up-to-date
information®. Indeed, it is actually recognized that, beside its
impact on the respiratory system, SARS-CoV-2 induces multi-
organ dysfunctions (Bal et al, 2020; Wu T. et al, 2020)
indicating a potential virus-host interaction extended to several
organs/systems. Respiratory tract tissues (lungs, tongue, tonsils,
and olfactory epithelium) were included in group 1. In group 2,
organs and tissues of the digestive system (stomach, esophagus,
colon, duodenum, small intestine and rectum) were included.
Groups 1 and 2 are therefore representative of the highest
probability of virus-host interaction, affecting the epithelial cells
(Cong and Ren, 2014). All blood cells were included in group
3. In group 4 the filtering organs and tissues (spleen, liver,
lymph nodes, and kidney) were included. Finally, all brain
areas for which RNA expression data were available in Protein
Atlas (Amygdala, Basal Ganglia, Cerebellum, Cerebral Cortex,
Hippocampus, Hypothalamus, Midbrain, Olfactory region, Pons
and Medulla, and Thalamus) were included in group 5. The

Wadman M. et al., “How does coronavirus kill? Clinicians trace a ferocious
rampage through the body, from brain to toes”. doi: 10.1126/science.abc3208

need to include tissues belonging to the nervous system in
the analysis derives from the emerging evidence of a specific
involvement of the latter in the development of symptoms
currently named Neuro-COVID (Ahmad and Rathore, 2020;
Helms et al., 2020; Mao et al., 2020). For each group, genes
with an expression level <2 (for details about normalized RNA
expression data see “Normalization of transcriptomics data”
section in the Protein Atlas web portal)® in all tissues/organs
belonging to each group were excluded from the analysis.
In each of the groups, the 1,500 mostly involved proteins
in the COVID-19 disease were selected according to their
expression level and used for the functional analysis through
the VarElect tool (Stelzer et al., 2016), see section “Functional
Analysis” for details.

Functional Analysis

We took advantage from the VarElect tool, a comprehensive
phenotype-dependent gene prioritizer, based on the widely used
GeneCards, which helps in identifying causal gene-phenotype
associations with extensive evidence (Stelzer et al., 2016).
The sets of COVID-host interacting genes, selected for each
group of tissue/organs, were matched with disease phenotypes

Chttps://www.proteinatlas.org/about/assays+annotation#rna
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TABLE 6 | VarElect aggregated score obtained analyzing group 5 related to the peripheral nervous system (G5b; 15 top-ranking genes).

Normalized Gene Gene Protein class Biological process Molecular Disease Subcellular
score description function involvement Location
1 NTRK1  Neurotrophic Differentiation, Neurogenesis  Developmental Cancer-related Evidence at protein  Vesicles, Cytosol
Receptor Tyrosine protein, Kinase, genes, Disease level
Kinase 1 Receptor, mutation, FDA
Transferase, approved drug
Tyrosine-protein targets,
kinase Proto-oncogene
0.460741389  APOE  Apolipoprotein E  Cancer-related genes, Cholesterol Heparin-binding Alzheimer disease, Vesicles
Candidate cardiovascular metabolism, Lipid Amyloidosis,
disease genes, Disease metabolism, Lipid Cancer-related
related genes, Plasma transport, Steroid genes, Disease
proteins, Predicted secreted  metabolism, Sterol mutation,
proteins metabolism, Hyperlipidemia,
Transport Neurodegeneration
0.457968476 MTOR  Mechanistic Cancer-related genes, Biological rhythms Kinase, Cancer-related Vesicles, Cytosol
Target Of Disease related genes, Serine/threonine- genes, Disease
Rapamycin Kinase Enzymes, FDA approved protein kinase, mutation, Epilepsy,
drug targets, Plasma Transferase FDA approved drug
proteins, Predicted targets, Mental
intracellular proteins retardation
0.378283713 COMT  Catechol-O- Disease related genes, Catecholamine Methyltransferase, FDA approved Vesicles
Methyltransferase  Enzymes, FDA approved metabolism, Transferase drug targets,
drug targets, Plasma Neurotransmitter Schizophrenia
proteins, Predicted degradation
intracellular proteins,
Predicted membrane proteins
0.369819031 APP Amyloid Beta Disease related genes, FDA  Apoptosis, Cell Heparin-binding, Alzheimer disease,  Golgi apparatus,
Precursor Protein  approved drug targets, adhesion, Protease inhibitor, Amyloidosis, vesicles
Plasma proteins, Predicted Endocytosis, Notch  Serine protease Disease mutation,
intracellular proteins, signaling pathway inhibitor FDA approved
Predicted membrane drug targets,
proteins, Transporters Neurodegeneration
0.319614711 SLC6A4 Solute Carrier Neurotransmitter FDA approved Golgi
Family 6 Member transport, Symport, drug targets apparatus,
4 Transport Vesicles
0.299036778  PPARG Peroxisome Cancer-related genes, Biological rhythms,  Activator, Cancer-related Nucleoplasm,
Proliferator Disease related genes, FDA  Transcription, DNA-binding, genes, Diabetes vesicles
Activated approved drug targets, Transcription Receptor mellitus, Disease
Receptor Gamma  Nuclear receptors, Plasma regulation mutation, FDA
proteins, Predicted approved drug
intracellular proteins, targets, Obesity
Transcription factors
0.288674839 LRRK2 Leucine Rich Cancer-related genes, Autophagy, GTPase activation, Cancer-related Nucleoplasm,
Repeat Kinase 2 Disease related genes, Differentiation Hydrolase, Kinase, genes, Disease Vesicles
Enzymes, Potential drug Serine/threonine- mutation,
targets, Predicted intracellular protein kinase, Neurodegeneration,
proteins Transferase Parkinson disease,
Parkinsonism
0.26619965 TNFAIP3  TNF Alpha Cancer-related genes, Apoptosis, DNA-binding, Cancer-related Vesicles
Induced Protein 3  Disease related genes, Inflammatory Hydrolase, genes, Disease
Enzymes, Plasma proteins, response, Ubl Multifunctional mutation
Potential drug targets, conjugation enzyme, Protease,
Predicted intracellular pathway Thiol protease,
proteins Transferase
0.260945709 SQSTM1 Sequestosome 1  Disease related genes, Apoptosis, Amyotrophic lateral  Vesicles, Cytosol
Predicted intracellular Autophagy, sclerosis, Disease
proteins Differentiation, mutation,
Immunity Neurodegeneration
0.24270286 GAPDH  Glyceraldehyde-3- Enzymes, FDA approved Apoptosis, Oxidoreductase, FDA approved drug Plasma membrane,
Phosphate drug targets, Plasma Glycolysis, Transferase targets Cytosol
Dehydrogenase proteins, Predicted Translation
intracellular proteins regulation
(Continued)
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TABLE 6 | Continued

Normalized Gene Gene Protein class Biological Molecular Disease Subcellular
score description process function involvement Location
0.214681845 DNM1L Dynamin 1 Like Biological rhythms,  Hydrolase Disease mutation Cytosol, Vesicles
Endocytosis,
Necrosis
0.193812026 TOR1A  Torsin Family 1 Disease related genes, Chaperone, Disease mutation, Nuclear membrane,
Member A Predicted intracellular Hydrolase Dystonia Vesicles
proteins
0.150175131 CAVIN1 Caveolae Transcription, RNA-binding, Congenital Plasma membrane,
Associated Transcription rRNA-binding generalized Vesicles
Protein 1 regulation, lipodystrophy,
Transcription Diabetes mellitus
termination
0.140642907 LDHA  Lactate Oxidoreductase Cancer-related Cytosol, Vesicles
Dehydrogenase A genes, Disease

mutation, FDA
approved drug
targets, Glycogen
storage disease

(symptoms or disease manifestations) that were considered
peculiar to each group of organs/tissues (Table 1). Accordingly,
for group 1 the phenotype query: “fever” OR “cough” OR
“pneumonia” OR “dyspnea” OR “pain” OR “hemoptysis “
OR “sore throat” OR “chills” OR “inflammation” was used
(Supplementary Table S5). Group 2 was analyzed for the
phenotype query: “fever” OR “diarrhea” OR “pain” OR “nausea”
OR “vomiting” OR “inflammation” (Supplementary Table S6).
Group 3 was analyzed for the phenotypes: “fever” OR “chills” OR
“inflammation” OR “hemorrhagic” (Supplementary Table S7).
The phenotype query for group 4 was: “fever” OR “cough”
OR “diarrhea” OR “pain” OR “nausea” OR “vomiting” OR
“chills” OR “inflammation” OR “hemorrhagic” (Supplementary
Table S8). For group 5 (brain tissues) 2 sets of disease-
related phenotypes were used in separate VarElect analyses,
accounting for the reported neurological symptoms related to the
central nervous system (group 5a, phenotype query: “dizziness”
OR “headache” OR “consciousness” OR “encephalopathy”
OR “encephalitis” OR “seizures” OR “stroke” OR “delirium,”
Supplementary Table S9) or the peripheral nervous system
(group 5b, phenotype query: “ageusia” OR “dysgeusia” OR
“hypogeusia® OR “anosmia” OR “hyposmia” OR “myalgia”
OR “myelitis” OR “pain” OR “Guillain-Barre,” Supplementary
Table S10) (Ahmad and Rathore, 2020; Lahiri and Ardila, 2020;
Tsivgoulis et al., 2020).

The VarElect scores related to each tissue group have
been normalized so that they can be compared and used in
a rank aggregation procedure. In particular, we considered
two rank aggregation, the first by aggregating groups
1,2, and 4 (G124) and the second by aggregating groups
1,2,3,4, and 5 (G12345).

The VarElect analysis on single and aggregate groups allowed
the selection of 260 (arbitrary cutoff, subject to extension in
forthcoming analysis) gene targets potential candidates for drug
repurposing (complete lists in Supplementary Tables S11-
S15, selection of the first 15 genes for each aggregate or

single group ranks in Tables 2-6). In particular, 101 genes
were selected for the aggregate rank G124 (Supplementary
Table S11), 99 genes were selected for the aggregate rank
G12345 (Supplementary Table S12), and 20 genes were
selected for each of the single analysis performed on group
3 (G3 blood cells, Supplementary Table S13), group 5a
(G5a brain, VarElect analysis related to the central nervous
system, Supplementary Table S14), and group 5b (G5b brain,
VarElect analysis related to the peripheral nervous system,
Supplementary Table S15).

Selected genes from aggregate ranks G124, G12345,
and from single ranks G3, G5a, and G5b and subjected

to the evaluation about the development of anti-
COVID-19 pharmacology based on the repositioning
of drugs already on the market (see section “Drug

Repurposing Strategy”).

Design of Drug Repositioning Strategy

via Drug-Gene Interaction Data

The DrugBank repository” (Wishart et al., 2018) was manually
queried for the selection of drugs on the basis of their possible
interference with the direct or indirect virus-host interaction.
The criteria applied for selecting a restricted list of gene
targets and the corresponding drugs were: (a) the highest
place occupied in the aggregate VarElect ranks G124 (Table 2
and Supplementary Table S11) and G12345 (Table 3 and
Supplementary Table S12) and in the single ranks G3, Gb5a,
and G5b (Tables 4-6 and Supplementary Tables S13-S15);
(b) the main cellular location of the target protein, selected
on the basis of the possible virus-host interaction during cell
entry (plasma membrane), RNA duplication (cytosol), RNA
translation (endoplasmic reticulum), viral protein maturation
and virus assembly (Golgi apparatus) and virus secretion

“https://www.drugbank.ca/
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TABLE 7 | Summary of drugs potentially relevant for COVID-19 chosen via the data-driven drug repositioning strategy.

Drug(s) DrugBank Target Possible COVID-19- Drug Status Approved Potential Reference/Note
ID gene compartment related description conditions alternative
for Target- phase targets
SARS-Cov-2
interaction
EGFR Plasma Virus entry ~ Small Approved Metastatic ERBB2, ERBB4
membrane Molecule Non-Small
Inhibitor Cell Lung Cancer,
Refractory,
metastatic
squamous cell
- Non-small cell lung
Afatinib DB08916
cancer
ERBB2 Plasma Virus entry ~ Small Approved Metastatic EGFR, ERBB4, https://www.
membrane Molecule, non-small cell lung boehringer-
Inhibitor cancer (NSCLC) ingelheim.us/
with common press-release/fda-
epidermal growth approves-new-
factor receptor indication-gilotrif-
(EGFR) mutations egfr-mutation-
positive-nsclc
Artenimol DB11638  FLNA Plasma Virus entry ~ Small Approved, Antimalarial agent ~ ANXA2, CAST, https://apps.who.
membrane Molecule investigational DPYSL2, DSP, int/iris/bitstream/
HSPB1, IQGAP1,  handle/10665/
MAP4, RPL4, 162441/
RPL10, RPL13, 9789241549127 _
RPL14, RPL35, eng.pdf;
RPL17, RPL18, jsessionid=
RPL19, RPL23A,  F0093888/
B29AEQ/
CE2AF698/
13FFCFF6FD?
sequence=1
LYN Golgi apparatus, Virus entry,  Small Approved Philadelphia BRC, ALB1, https://pubmed.
Plasma virus Molecule chromosome- HCK, SRC, ncbi.nlm.nih.gov/
membrane assembly positive (Ph+) CDK2, 23674887/
chronic MAP2K1,
myelogenous MAP2K2,
leukemia (CML) MAP3K2,
" CAMK2G
Bosutinib DB06616 ) -
SRC Plasma Virus entry ~ Small Approved Inhibitor for the LYN, HCK, https://pubmed.
membrane Molecule treatment of CDK2, ncbi.nlm.nih.gov/
Philadelphia MAP2K1, 23098112/
chromosome- MAP2K2,
positive (Ph+) MAP3K2,
chronic CAMK2G,
myelogenous ABL1, BCR,
leukemia (CML)
Calcium DB11348  CALR Endoplasmic Viral protein ~ Small Approved Calcium and CASR, CIB1, SR,
Phosphate reticulum synthesis Molecule phosphate CHP1, CANX,
supplement, FBN2, S100B,
antacid, CASQ2, RGN,
PEF1, S100A6,
TPTH, CIB2,
CALM1, FBN3
Calcium DB14481  CALR Endoplasmic Viral protein -~ Small Approved Counter calcium CASR, PDCD6,
phosphate reticulum synthesis Molecule and phosphate SPARC, CANX,
dihydrate supplement, S100A6, TPTH,
antacid CIB2, FBN2,
SRI, S100B,
CASQ2, RGN,
PEF1, CHP1,
(Continued)
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TABLE 7 | Continued

Drug(s) DrugBank Target Possible COVID-19- Drug Status Approved Potential Reference/Note
ID gene compartment related description conditions alternative
for Target- phase targets
SARS-Cov-2
interaction
Carboplatin DB00958 SOD1 Nucleoplasm,  Virusentry ~ Small Approved Antineoplastic XDH, MPO, https:
Plasma Molecule activity GSTT1, //patents.google.com/
membrane GSTM1, patent/US72592707
GSTP1, NQO1, 0q=07259270
MT1A, MT2A
Cetuximab DB00002 EGFR Plasma Virus entry  Monoclonal Approved Metastatic FCGR3B, http://www.ncbi.nlm.
membrane Antibody, Colorectal Cancer  C1QA, C1QB, nih.gov/pubmed/
Antagonist C1QC, 11408594
FCGR3A,
FCGR1A,
FCGR1B
Cisplatin DB00515 SOD1 Nucleoplasm,  Virus entry ~ Small Approved Sarcomas, small cell MPG, A2M, TF,
Plasma Molecule lung cancer, ovarian ATOX1
membrane cancer, lymphomas
and germ cell tumors
Docetaxel DB01248 MAPT Plasma Virus entry ~ Small approved, Anti-mitotic TUBB1, BCL2, https://pubmed.ncbi.
membrane Molecule investigational chemotherapy for MAP2, MAP4, nlm.nih.gov/18068131/
breast, ovarian, NR112,
non-small cell lung, CYP3A4,
androgen
independent
metastatic prostate,
gastric
adenocarcinoma
and head and neck
cancer.
Entacapone  DB00494 COMT Endoplasmic Viral protein  Small Approved Parkinson’s disease http://www.ncbi.nim.
reticulum, synthesis, Molecule, nih.gov/pubmed/
vesicles virus release  Inhibitor 11440283
Everolimus DB01590 MTOR Vesicles, Virus Small Approved Immunosuppressant
Cytosol replication ~ Molecule to prevent rejection
and release of organ transplants
Ferric DB15617 TFRC Plasma Virus entry ~ Small Approved Anemia, HBA1 https:
derisomaltose membrane Molecule non-hemodialysis //www.accessdata.fda.
dependent chronic gov/drugsatfda_docs/
kidney disease label/2020/
208171s000lbl.pdf
Fostamatinib DB12010 TBK1 Nucleoplasm,  Virus release Small Approved, Rheumatoid Arthritis CTSL, ABL1,  https://www.fda.gov/
vesicles Molecule investigational and Immune RPSBKAB, drugs/resources-
Thrombocytopenic ~ MET, TEK, information-approved-
Purpura (ITP) TGFBR1, drugs/fda-approves-
TGFBR2, SYK, fostamatinib-tablets-itp
Lansoprazole DB00448 MAPT Plasma Virus entry ~ Small approved, Ulcerative, ATP4A https://pubmed.ncbi.
membrane Molecule investigational gastroesophageal nlm.nih.gov/19006606/
reflux disease
(GERD), and other
pathologies caused
by excessive acid
secretion
ICAM1 Plasma Virus entry  Monoclonal Approved, Multiple sclerosis ITGA4, Natalizumab was
membrane Antibody Investigational FCGRSB, voluntarily withdrawn
FCGR1A from United States

Natalizumab  DB00108

market because of risk
of Progressive
multifocal
leukoence-phalopathy
(PML). It was returned
to market July, 2006

(Continued)
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TABLE 7 | Continued

Drug(s) DrugBank Target Possible COVID-19- Drug Status Approved Reference/Note
ID gene compartment related description conditions
for Target- phase
SARS-Cov-2
interaction
CD209 Plasma Virus entry  Monoclonal  Approved, Multiple sclerosis FCGR1A, ITGA4, Natalizumab was
membrane Antibody Investigational ICAM1, FCGR3B  voluntarily withdrawn
from United States
market because of
risk of Progressive
multifocal
leukoencephalopathy
(PML). It was returned
to market July, 2006
LYN Golgi apparatus, Virus entry, ~ Small Approved Pulmonary fibrosis, KDR, LCK, SRC, https:
Plasma virus Molecule systemic //www.accessdata.
membrane assembly sclerosis-associated PDGFRB, FGFR1, fda.gov/drugsatfda_
interstitial lung docs/label/2018/
disease, and FLT1, FLT3, FLT4, 205832s010lbl.pdf
non-small cell lung
cancer
SRC Plasma Virus entry ~ Small Approved Pulmonary fibrosis,  FLT1, KDR, FLT4, https:
membrane Molecule systemic //www.accessdata.
Nintedanib DB09079 sclerosis-associated PDGFRB, FGFR1, fda.gov/drugsatfda_
interstitial lung docs/label/2018/
disease, and FLT3, LCK, LYN, 205832s010Ibl.pdf
non-small cell lung
cancer (NSCLC)
FGFR1 Plasma Virus entry ~ Small Approved Pulmonary fibrosis, FLT1, KDR, FLT4, https:
membrane Molecule systemic //www.accessdata.
sclerosis-associated PDGFRB, FGFR1, fda.gov/drugsatfda_
interstitial lung docs/label/2018/
disease, and FLT3, LCK, LYN, 205832s010lbl.pdf
non-small cell lung
cancer (NSCLC)
Osimertinib DB09330 EGFR Plasma Virus entry ~ Small Approved Metastatic http://www.ncbi.nim.
membrane Molecule Non-Small Cell Lung nih.gov/pubmed/
Inhibitor Cancer 26522274
Palifermin DB00039  FGFR1 Plasma Virus entry ~ Small Approved Oral mucositis
membrane Molecule
Pertuzumab  DB06366 ERBB2 Plasma Virus entry  Monoclonal  Approved Metastatic https:
membrane antibody, HER2-positive //www.accessdata.
Inhibitor breast cancer. fda.gov/drugsatfda_
docs/label/2020/
125409s124lbl.pdf
Regorafenio  DB08896 FGFR1 Plasma Virus entry ~ Small Approved Metastatic colorectal FLT1, KDR, FLT4,
membrane Molecule cancer and
advanced PDGFRB, FGFR2,
gastrointestinal
stromal tumors
ABL1, RET, TEK,
Stiripentol DB09118  LDHA Cytosol, virus Small Approved Anticonvulsant drug https:
Vesicles replication ~ Molecule used in the Receptor (Protein  //www.accessdata.
treatment of epilepsy Group) fda.gov/scripts/cder/
daf/index.cfm?event=
reportsSearch.
process
Temsirolimus  DB06287 MTOR Vesicles, Virus Small Approved Renal cell carcinoma
Cytosol replication ~ Molecule (RCC)
and release

(Continued)
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TABLE 7 | Continued

Drug(s) DrugBank Target Possible COVID-19- Drug Status Approved Potential Reference/Note
ID gene compartment related description conditions alternative
for Target- phase targets
SARS-Cov-2
interaction
Tromethamine DB03754  APP Plasma Virus entry, ~ Small Approved Prevention and http://www.ncbi.nim.
membrane, virus molecule, correction of nih.gov/pubmed/
Golgi apparatus, assembly Inhibitor metabolic acidosis 8380642
vesicles
Urea DB03904 CTNNB1  Plasma Virus entry ~ Small Approved, ARG1, CA2,
membrane Molecule Investigational yedY, DHFR
Vandetanib DB05294 EGFR Plasma Virus entry ~ Small Approved Non-resectable, VEGFA
membrane Molecule locally advanced, or
Inhibitor metastatic medullary

thyroid cancer

(secretory vesicles); (c) the existence of approved drugs as suitable
candidates for repositioning.

RESULTS

Selection of Targets for Drug

Repurposing

The application of the methodology detailed in section “Materials
and Methods” leads to the selection of 260 target genes being
potential candidates for drug repurposing. It turned out that out
of these 260 genes, only 14 of them were ranked once (CDHI,
CHEK?2, TOP1, ADRB2, BIRC3, PRKARIA, IKBKG, NEU1,
CHUK, BSG, XPO1, WWOX, LDHA, and HSPA1A), while all
of the others were repeated in two or more different ranks, with
a total of 130 genes represented over 260 total entries in the
pooled ranks. As for the main cellular locations, the majority
of virus potential interactors were associated with cell nucleus
(51), with less gene products located on plasma membrane and
cytosol (15 each), Golgi/endoplasmic reticulum (12), vesicles
(11), and mitochondria (7). The molecular function most
represented was “enzyme” (46), while 16 activators/transcription
factors, 9 membrane-bound receptors, 10 secreted proteins, 27
DNA-binding, 7 RNA-binding, 6 chaperones, 8 repressors were
detected. Of note, 37 of the 130 unique gene targets were
indicated in the Protein Atlas database as generic Virus-Host
interactors, while 8 genes codify for proteins with antiviral
activities. Finally, the analysis of “protein class® fields in
Supplementary Tables S11-S15, revealed that 65 out of 130
genes were previously identified as non-COVID-19 specific
potential drug targets, yet subjected to evaluation or approved by
Regulatory Agencies (FDA and EMA).

Drug Repurposing Strategy

Following our extensive, multi-level analysis, we identified
high ranking genes that may be potential pharmacological
targets, fulfilling the requirements for a fast and safe drug
repositioning strategy (Table 7). Most of them are enzymes
(kinases, phosphatases, etc., i.e., AKT1, CDK4, LYN, MAPK14,

TBK1, CHEK2, ATM, LRRK2, CHUK, SRC, MTOR, and
MAPKI1) belonging to various downstream signaling pathways,
or involved in essential cell physiological processes, such as
DNA replication, RNA synthesis and translation (i.e., RANBP2,
SMARCAA4, FUS, XPO1, DDX58, CAVIN1, and IFIH1), protein
processing (i.e., PLAT, CASP8, PSEN1, APP, CASP3, XIAP,
SERPINGI1, and TNFAIP3) energy consumption (i.e., GLA,
NEU1) metabolic pathways (ie., LDHA, WWOX, HMOXI,
SDHB, SDHA, HADHA, ACADM, SOD1, GAPDH, PLODI, and
NOS2). Few proteins belongs to the class of secreted factors
(i.e., PLAT, FBN1, TGFBI1, SPP1, TNE SERPINGI, APOE,
C4A, FN1, and TNFRSF1A). Some of the identified targets,
based on their cellular compartmentalization, most probably
may be activated/repressed in the process of virus entry and
replication or viral proteins post-translational processing (i.e.,
HMOXI1, APP, LYN, XIAP, SODI1, HIF1A, EGFR, ICAMI,
FAS, CD209, CDH1, SRC, FLNA, DDX58, MAPT, CTNNBI,
ERBB2, ADRB2, GAPDH, HSPBI, and CAVINI), or may
interact with virus proteins during the last phase of virus
secretion through secretory vesicles (i.e., DNM1L, LDHA, NKX2-
1, SLC6A4, CAVINI1, APOE, TNFAIP3, COMT, NEUI, BSG,
SCARBI, MTOR, SQSTM1, NTRKI, and SPTANI1). A list of
18 potentially effective pharmacological targets with associated
approved drugs, is presented in Table 7. Such genes have
been selected prioritizing the existence of an already approved,
safe and effective pharmacology. Then, gene candidates that
were not considered as directly involved in virus-host protein
interactions were discarded, i.e., those located in cell nucleus
structures or those involved in essential, redundant and/or
non-targetable cell metabolic/physiologic processes. Finally,
all potential (and strong) candidates already under clinical
investigation as potential drug targets for COVID-19 pandemics
(i.e., TNF highest in more than one aggregate rank in the VarElect
analysis) were also excluded. The resulting list encompass plasma
membrane receptors (i.e., EGFR, ERRB2, FGFR1, among others),
proteins mainly localized in the Golgi and endoplasmic reticulum
(CALR, APP, LYN, and COMT), Cytosol (LDHA, MTOR),
vesicles (TBK1, COMT, APP, LDHA, and MTOR). Some of the
proposed genes are potentially targeted by the same or similar
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drugs (as evidenced in the “potential alternative targets” fields
in Table 6 drugs). Moreover, some of the proposed drugs are
potentially effective on pharmacological targets already identified
as potential drug targets or under investigation in ongoing
clinical trials on COVID-19 patients (i.e., VEGFA, C1QA, C1QB,
and C1QC)8. All of the selected genes were relatively high in their
aggregated ranks (see Tables 2-6).

DISCUSSION

In this work, we identified and prioritized a number of target
genes involved in different ways in the host SARS-CoV-2 invasion
and response via a network proximity-based procedure. Subsets
of such target genes were subsequently identified in different
organs and systems of the human organism, with the aim of
isolating and classifying, in functionally coherent tissue/organ
groups (respiratory and digestive epithelia, blood, filter/excretory
tissues, and nervous system), the mostly suited target genes for
the development of a pharmacology based on the repositioning
of drugs already on the market. For each group of tissues,
relevant target classifications have been established, on the basis
of the potentially associated pathological phenotypes, previously
described as characterizing the COVID-19 disease (Adhikari
et al., 2020). The highest target genes in the individual tissue
ranking were then grouped to reach the selection of 130 unique
targets, 90% of which were significant in two or more of the
tissues considered. Finally, by analyzing each relevant target, a
pharmacological proposal has been defined for 18 target genes
and expected to interfere with the virus-host interaction in the
various infectious phases and the viral replication cycle.
Computationally based approach has been already considered
for drug repurposing: for example Zhou et al. (2020) prioritize
sixteen potential repurposable drugs against SARS-CoV-2 using
a network proximity analysis. In particular, the authors
mapped the drug-target network into a selected COVID-
19 host interactome to search for cellular target; (Cheng
et al, 2020) proposed a combination of anti-inflammatory
and antiviral therapeutics using a network based approach in
which proximity measure quantifies the relationship between
COVID-19 disease modules and drug targets in the Human
PPIs network. Our computationally driven approach revealed
that it is possible to hypothesize unequivocal and functional
pharmacological interventions to counteract the development
of symptoms affecting various organs and systems. This
consideration arises from the evidence that some of the
pharmacological targets identified (i.e., EGFR, ERBB2, APP,
ICAM], and FAS), may be important to prevent the interaction
of the virus with the cell surface in different target organs.
However, it is also necessary to conceive pharmacological
strategies based on the combination of different drugs, able
to counter, by targeting different players of the virus-host
interaction, the various stages through which the infection
develops at the cellular level (virus entry, replication, viral
protein processing, and release of new virus). Finally, the

Shttps://www.drugbank.ca/covid- 19#drug-targets

association of therapies interfering with virus-host interaction
with strategies aimed at bringing back under control the
inflammatory phenomena, with which the body fights the
infection and which have often proved fatal (Astuti and Ysrafil,
2020), is deserved.

Computational criteria and methods brought to the definition
of COVID-19 proximal target genes. Then, biological criteria
lead to select the relevant interactions, potential targets for drug
repurposing, associated with different stages of viral infection
and the development of the constellation of symptoms already
described in COVID-19 patients (Adhikari et al., 2020; Ahmad
and Rathore, 2020). Virus-host interactions may stand as physical
interactions between viral and human proteins or as indirect
interactions based on the triggering, after virus challenge, of
the complex network of metabolic processes characterizing
eukaryotic cells. In the analysis presented in this work, in
addition to the classifications of relevant target genes, their
cellular localization was also taken into consideration, with
the aim of hypothesizing possible specific interactions for the
individual compartments of the cell, in which the viral proteins
could relate with human ones. Based on such rationale, plasma
membrane-bound proteins have been considered as alternative
interactors for virus entry. Cytoplasm-located proteins may
conceivably interact with the virus during its replication phase,
while endoplasmic reticulum and Golgi proteins could interact
with the viral M protein and the viral proteins post-translational
processing (Astuti and Ysrafil, 2020). Finally, vesicles-associated
interactors have been hypothesized to play a role in the
virus secretion.

It is known that the receptor-binding domains on the SARS-
CoV-2 S protein bind with high affinity to human ACE2
(Wrapp et al., 2020), an interaction accounting for virus entry
in the host cell and for its transmissibility. The analysis of
COVID-19 extended interactome indicates several membrane
bound gene/proteins (i.e., ICAMI1, EGFR, ERBB2, APP, ADR2,
FAS, CDHI, and MAPT), whose activity and/or expression
could be affected by SARS-CoV-2 challenge. Evidence for
alternative interaction of virus S protein with receptors other than
ACE2 have been not only already suggested by computational
analysis (Milanetti et al., 2020), but also demonstrated in vitro
(Ulrich and Pillat, 2020). Furthermore, some of the selected
proteins could also account for additional host interactions,
not necessarily related with the transmission of disease. RNA-
binding proteins present in the cytosol, part of the extended
interactome and with a high position in the VarElect ranks (i.e.,
RANBP2, XPO1, and CDKN2A), could reasonably participate
in the replication and translation phases of the viral RNA.
Similarly, proteins associated with the endoplasmic reticulum
and Golgi membranes (i.e., CALR, COMT, CAV1, and PTCH1)
could be involved in the translation processes of the viral RNA
and in the subsequent protein processing. Lastly, it is worth
mentioning the interactions foreseen by computational analysis
with secreted proteins. Among the most important are those
with TNE which plays a central role in the cytokine storm that
characterizes the most severe phase of the disease, and which
already constitutes a drug target challenged in intensive care
units worldwide.
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There are actually dozens of drug targets tested for COVID-
19 in more than 1200 clinical trials worldwide, as reported in
the DrugBank repository (see text footnote 8). Among these,
only TNF has been identified by our analysis as being part
of the COVID-19 host target genes. Recently, a list of more
than 300 possible target genes has been experimentally observed
to interact with Sars-CoV-2 proteins and thus considered for
the development of anti-COVID, repositioning-based therapies
(Gordon et al, 2020), of which only 11 (NEU1, SCARBI,
TBK1, COMT, HMOX1, FBN1, GLA, ACADM, DNMT1, PLAT,
and TORI1A) are shared with those predicted through the
methodology applied in the present work after a data-driven
prioritization. In addition, despite the apparent abundance
of potential pharmacological targets proposed through data
analysis, relatively few of these lend themselves to being used in
drug repositioning strategies. The final data of the present work,
summarized in the Table 6, indicate that among the potential
first 130 targets identified, because at the top positions in the
ranks of potential efficacy elaborated through our methodology,
only 18 preliminary appear as suitable candidates for drug
repositioning. The reasons lie in the lack, for most of the ranked
genes, of pharmacologically active drugs already approved by
the Regulatory Agencies, or in the impossibility of developing,
for many of them participating in essential processes in cellular
physiology, a pharmacological approach that modifies their
activity, or, finally, in the difficulty of using drugs with a
significant impact on physiology or with a high risk of inducing
side effects in patients already deeply debilitated by SARS-CoV-
2 infection.

CONCLUSION AND PERSPECTIVES

The pandemic caused by SARS-CoV-2 represents an open
and unresolved challenge for the global health system. The
need to identify drugs that demonstrate efficacy in countering
both the mechanisms of interaction of SARS-CoV-2 with host
cells and to control the devastating inflammatory phenomena
that characterize the late stages of viral infection, requires
increasingly urgent answers. The biomedical research approach
based on the repurposing of already approved drugs seems
to be one of the most viable strategies in this struggle. This
work, via a data-driven network-based procedure, provides a
viable and alternative drug repurposing strategy to be considered
for clinical trial. The proposed approach has been conceived
to support the comprehension of the molecular landscape of
COVID-19 as well as the identification of genes that are not
immediately associated to SARS-CoV-2 invasion, or not taken
into consideration in respect to the host defense regulation
and dynamics, and may thus suggest new directions for further
studies and analyses. We leave open the possibility of extending
our preliminary analysis by increasing the number of genes
present in the currently proposed COVID-19 proximal target
genes and/or by extending the selection of potential target
genes identified through functional analysis to a greater number
than the current one. Under the computational point of view

further approaches could be considered, for instance several
network topological measures and/or a combination of them
could be considered to select COVID-19 proximal candidate
target genes and to investigate whether/how changes in the
drugs proposal occur.
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On the 9th March 2020, the first patient with COVID-19 was admitted to ICU in the
Royal Gwent Hospital (RGH), Newport, Wales. We prospectively recorded the rate of ICU
admissions of 52 patients with COVID-19 over 60 days, focusing on the epidemiology
of ethnicity and deprivation because these factors have emerged as significant risk
factors. Patients were 65% (34 of 52) male and had a median (IQR) age of 55 (48-62)
years. Prevalent comorbidities included obesity (52%); diabetes (33%), and asthma
(23%). COVID-19 hospital and ICU inpatient numbers peaked on days 23 and 39,
respectively—a lag of 16 days. The ICU mortality rate was 33% (17 of 52). People
of black, Asian, and minority ethnic descent (BAME group) represented 35% of ICU
COVID-19 admissions (18 of 52) and 35% of deaths (6 of 17). Amongst the BAME
group, 72% (13 of 18) of patients were found to reside in geographical areas representing
the 20% most deprived in Wales, vs. 27% of patients in the Caucasian group (9 of
33). Less than 5% of the population within the area covered by RGH are of BAME
descent, yet this group had a disproportionately high ICU admission and mortality rate
from COVID-19. The interplay between ethnicity and deprivation, which is complex, may
be a factor in our findings. This in turn could be related to an increased prevalence of
co-morbidities; higher community exposure; larger proportion of lower band key worker
roles; or genetic polymorphisms.

Keywords: COVID-19, ethnicity, BAME, deprivation, mortality

INTRODUCTION

Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) infection, originating from
Wuhan, China is the underlying cause of coronavirus disease-2019 (COVID-19) (1). The pandemic
reached Italy in February and caused significant strain on the Lombardy critical care units (2). The
first known patient with SARS-CoV-2 infection was discovered in Wales on the 2nd March 2020.
The first COVID-19 patient admitted to an ICU in Wales was admitted to the Royal Gwent Hospital
(RGH) in Newport on the 9th March. Heeding the warning from Italy, the RGH moved early to
cancel elective activity and prepare for a significant increase in admissions (3).

The RGH in Aneurin Bevan University Health Board (ABUHB) is the major specialist center,
which provides secondary services to a population of ~400,000 people. The overall geographical
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region from which RGH’s acute admissions are received, known
as the catchment area, includes a higher number of deprived
neighborhoods than any other hospital in Wales according
to the 2011 Census data from the UK Office of National
Statistics (ONS).

We have previously reported that social deprivation is
an independent risk factor of long-term outcome following
critical care discharge (4). Social deprivation is often linked
to reduced access to healthcare and this has been a particular
problem amongst the Black, Asian and Minority Ethnic
(BAME) population group. The acronym “BAME” is used
for research purposes in the UK and includes people not of
Caucasian ethnicity. BAME is an umbrella term, which the UK
census reports as four broad subgroups: black/black British,
Asian/Asian British, mixed-race, and other non-Caucasian
minority ethnic people.

During the first wave of the COVID-19 pandemic, data
emerged indicating that people of BAME descent in the UK are
at higher risk of intensive care unit (ICU) admission and death
with COVID-19 (5). In this case-series analysis we report the
epidemiology of the first wave of COVID-19 patients in South-
East Wales admitted into ICU, and describe the connection
between ethnicity and social deprivation using data from the first
60 days of the COVID-19 pandemic in the RGH.

METHODS

Conceptualization and Approval

Our prospective service evaluation on the ICU was developed
before the first patient with COVID-19 was admitted. The
ABUHB Risk Review Committee approved the project and
waived the need for written informed consent. All data collected
was fully anonymised and summarized as an absolute number
(with percentage), or as a median value (with interquartile range),
as appropriate.

Setting

RGH is a medium-size district general hospital with 800 inpatient
beds in Newport, South Wales. The critical care unit is normally
a 16-bedded combined ICU (maximum of 12 beds for invasive
ventilation with 1:1 nurse:patient ratios) and high-dependency
unit (for patients needing other organ support, including non-
invasive ventilation with 1:2 nurse:patient ratios) located in
two areas on the same floor. We have previously described
the case-mix and our approach to flexibly use the critical care
resources (6).

During the first-wave of COVID-19 admissions, the critical
care capacity has been upscaled to a 40 bedded ICU spanning
three separate areas with increased nurse-to-patient ratios (3).
All patients with suspected or confirmed COVID-19 disease were
enrolled in a multicenter clinical trial as appropriate (7, 8). We
have not used any novel disease modifying agents or therapies
outside these clinical trials.

Clinical Data Sources
Data on COVID-19 patients admitted to the ICU was collected
prospectively from 9th March 2020 (day 1) to the 7th May

2020 (day 60). COVID-19 was defined as confirmed (respiratory
failure and radiological changes with SARS-CoV-2 RNA detected
on PCR testing), or suspected (respiratory failure and radiological
changes consistent with COVID-19 but without a confirmed
PCR test result). We recorded patient age; sex; BMI; need for
any assistance with daily activities; APACHE II score; time from
hospital admission to ICU, and ICU mortality.

Epidemiological Data Sources

To put the ICU admissions into context and to aid in national
comparisons, we utilized the daily situation report data from the
Welsh Government Acute Secondary Care COVID-19 Group,
available from the 23rd March 2020 (day 16) onwards. This
administrative data summarized the daily patient admissions and
discharges, including the COVID-19 related deaths reported in
each Welsh hospital.

We recorded ethnicity for each patient in the study according
their Caucasian or BAME subgroup status, while background
data on ethnicity within RGH catchment area was obtained
from the ONS 2011 census data. We used patients’ postcodes in
order to place them into their respective census neighborhood
localities - known as “lower super output areas” (LSOAs). In
census terms, LSOAs are geospatial statistical units possessing
a similar population size, and homogeneity regarding tenure of
households and dwelling type.

Deprivation within each LSOA was ranked using the Welsh
Index of Multiple Deprivation (WIMD) quintiles from the
ONS. Patients’ postcodes (assumed to be a surrogate marker of
deprivation) and ethnicity were plotted in their corresponding
LSOAs using the interactive online WIMD map tool at https://
wimd.gov.wales/.

RESULTS

Overview

Between 9th March 2020 (day 1) and 7th May (day 60), 52
patients (46 confirmed and 6 suspected) with COVID-19 disease
were admitted to the ICU. All patients were mechanically
ventilated on admission. Table 1 describes the demographics of
the 52 patients admitted to the ICU. One out of 52 patients
needed assistance with daily activities of living before admission.
Figure 1 shows the daily ICU admission figures from 9th March
and their relation to the total number of patients in the hospital
with COVID-19 disease from 23rd March onwards (day 15).

Exceeding Maximum Capacity

The RGH critical care unit went exceeded normal maximum
capacity on the 28th March, 20 days after the first admission
with COVID-19 and remained above maximum capacity for 40
days (Figure 2). Ward inpatient numbers peaked on the 31st
March (day 23) while ICU numbers peaked, after a 16 day lag,
on the 16th April (day 39), when calculated using a seven-day
moving mean across the 60 day study. Figure 3 demonstrates
how the first patient was discharged alive on the 25th March, 17
days following the first admission with COVID-19, while the first
death occurred on the 31st March (day 23).
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TABLE 1 | Demographics of COVID-19 ICU patients.

Patients (n = 52)

Age; years 55 (48-62)
Gender
Female 18 (34.6%)
Male 34 (65.4%)
APACHE Il score on admission 12 (10-15)
Hospital admission to ICU time; days 1.32 (0.36-3.66)
Ethnicity
White 34 (65.4%)
Mixed 0 (0.0%)
Asian/Asian British 12 (23.1%)
Black/Black British 3 (5.8%)
Other 3 (5.8%)
Wales index of multiple deprivation
Quintile 1—least 6 (11.5%)
Quintile 2 7 (13.5%)
Quintile 3 11(21.2%)
Quintile 4 5(9.6%)
Quintile 5—most 22 (42.3%)
Common comorbidities
Essential hypertension 18 (34.6%)
Diabetes (type 1 and 2) 17 (32.7%)
Asthma (all severities) 12 (23.1)
Ischaemic heart disease 4(7.7%)
Chronic kidney disease 2 (3.8%)
BMI
18.5-<25 6 (11.5%)
25-<30 17 (32.7%)
30-<40 24 (46.2%)
40+ 3 (5.8%)
Unknown 2 (3.8%)

Values are median (IQR) or number (proportion).

Ethnicity, Admissions, and Mortality

We contrasted the admission and death rates of ICU of patients in
the Caucasian and BAME subgroups to their local representation
in the 2011 census of the RGH catchment area background
population (Table 2). Asians/British Asians had the highest ICU
admission rate (116.4 per 100,000) and ICU death rate (48.5 per
100,000) of any ethnic group, compared to Caucasians at 8.6 per
100,000 ICU admissions and 2.8 per 100,000 ICU deaths.

Ethnicity and Deprivation
In terms of deprivation, nine out of 33 patients (27%) in the
Caucasian group compared to 13 of 18 patients (72%) in the
BAME group, lived in areas in the bottom quintile of the WIMD
(most deprived). The Asian/British Asian subgroup had the
highest proportion, 11 of 13 (85%), within the bottom quintile.
Out of patients in the BAME group, 12 of 18 patients (66%)
lived in a multi-generational household; three of them were
unemployed, and eight of them were employed in a lower band
key-worker role. In contrast, none of the Caucasian patients lived

in a multi-generational household; one was a pensioner; one was
unemployed, and none worked in key-worker roles.

The absolute number of deaths was highest in the bottom
quintile for both Caucasian and BAME patients. More patients
died in the BAME group within the bottom quintile: 4 of 6
deaths vs. 3 of 11 deaths in the Caucasian group. Figure 4 shows
the interplay between socioeconomic deprivation, ethnicity
and outcome.

DISCUSSION

During the first wave of the COVID-19 pandemic, we found
that patients from the BAME group are at significantly higher
risk of ICU admission and death from COVID-19. Although the
hospital’s catchment area covers an overwhelmingly white ethnic
population, over a third of the admissions to the critical care unit
were from the BAME group. Notably, we observed a significant
interplay between deprivation and ethnicity.

The lag between the peak of hospital admissions and the peak
of ICU admissions provides an important buffer and could be
used in future modeling of ICU capacity for anticipated further
waves of COVID-19 outbreaks. We have further observed a sharp
decline in hospital admissions, but a much slower return to
normal number of patients cared for on the ICU after the stricter
lockdown measures were implemented in Wales. This is in part
explained by our long ICU length of stay for both survivors
and non-survivors.

As our patient population was relatively young, with fewer
comorbidities and frailty than the Welsh average, we have opted
for keeping active treatment as long as feasible in a bid to improve
outcomes (3, 9). Compared to some large European cohorts, our
patients were significantly younger, however this was in line with
the national experience in the UK and Wales and similar to the
United States (10-13). The relatively low APAPCHE II scores
on admission were also in line with the data from the whole of
UK and likely represent the fact that our patients were primarily
admitted with single organ lung failure, as opposed to the more
traditional multi-organ involvement seen in other community
acquired illnesses (13). Our cohort was closely matched in terms
of age, sex, comorbidities and need for assistance for daily
living to the ventilated cohort of 7,425 patients in the ICNARC
database (13).

Wales has a significantly lower number of critical care beds
compared to England or the rest of Western Europe, a shortage
which has been known for over 20 years (3, 14). Despite
increasing ICU surge capacity to 9.0/100,000 population from a
baseline of 4.2/100,000, and thereby reaching the pre-surge level
in Lombardy, initial estimations of excess death from COVID-19
predicted that the Welsh ICU capacity could be a limiting factor
in the response (2, 15).

Fortunately, the lockdown measures reduced the pressures
on critical care capacity and allowed critical care units to
manage beyond their normal maximal capacity, albeit with
increased nurse-to-patient ratios. Importantly, we did not see any
correlation between peak ICU occupancy and mortality. Despite
initial concerns that critical care units may be overwhelmed
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FIGURE 1 | Daily ICU COVID-19 admissions (blue bars) alongside corresponding percentage of total hospital COVID-19 inpatients in ICU (orange line).

160

140

120

100

80

60

40

20

PATIENT NUMBERS ON EACH STUDY DAY (n=)

o

0 5 10 15 20 25 30 35 40 45 50 55 60
DAYS SINCE FIRST COVID-19 ICU ADMISSION
FIGURE 2 | Change in daily inpatient numbers in RGH: COVID-19 ward numbers (black line), COVID-19 ICU numbers (blue line), and total ICU numbers (yellow line).

Pre-pandemic ICU maximum capacity for invasively ventilated patients (red dashed line); upscaled pandemic maximum capacity for invasively ventilated patients
(green dashed line).

with admissions, there were no ethical dilemmas of having At the beginning of the pandemic wave, critical care patients
to triage patients out of the ICU required (16). Despite the  represented ~10-15% of the patients admitted to hospital,
operational difficulties, RGH mortality figures compare favorably =~ however after day 35, when the lockdown started to curb
with others reported in the international literature and in the  the number of hospital admissions, this had doubled. The
UK (10, 11, 13, 17). reducing number of patients on the general wards enabled
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TABLE 2 | COVID-19 ICU admissions and mortality by ethnicity —Causasian
group and BAME subgroups.

RGH catchment
area—Background

RGH ICU—Covid-19 patients

population Admissions Mortality
(n = 415,617) (n=52) (n=17)
Caucasian 396,101 (95.3%) 34 (65.4%) 11 (64.7%)
BAME: 19,516 (4.7%) 18 (34.6%) 6 (35.3%)
Mixed 4,529 (1.1%) 0 (0.0%) 0(0.0%)
Asian/Asian British 10,309 (2.5%) 12 (23.1%) 5 (29.4%)
Black/Black British 2,964 (0.7%) 3(5.8%) 1(5.9%)
Other 1,732 (0.4%) 3 (5.8%) 0 (0.0%)

Values are numbers (proportion).

the redeployment of staff to the much higher work-intensity
areas, including the ICU. This flexibility helped to maintain
operational capabilities even when the RGH reached over 250%
of conventional ICU occupancy levels (18).

The higher risk of death in the BAME group and in patients
living in the most deprived areas of the country has been
highlighted recently in the UK (4). The weekly analysis of the
data supplied to the Intensive Care National Audit and Research
Centre (ICNARC) showed that Asian/Asian British ethnic origin
and living in an area at the bottom quintile of the deprivation
index scale are both independently associated with mortality (19).
Our results are in agreement with the findings of these reports.

Furthermore, we postulate that BAME status and social
deprivation may have a synergistic effect in our population. It
is known that in the UK, the BAME population is more likely
to have comorbidities associated with higher susceptibility for
severe COVID-19 disease such as diabetes and hypertension. One

or more of these attributes were present in every patient of BAME
descent in our study. Interestingly, the APACHE II scores did not
differ between the Caucasian and BAME population (data not
shown), further emphasizing the potential deleterious effects of
the combination of chronic comorbidities and other deprivation
not detected by the APACHE II score.

The risk of adverse health events, ICU admission and death
are thought to be higher in people living in more deprived areas
and this has been indicated in England and more recently in our
study in Wales (3, 20). Interestingly international comparisons
do not support this, notably in France multiple studies have
shown no adverse association with low socioeconomic status and
initial severity of illness on ICU admission or long-term outcome
(21, 22). Currently, there is no definitive data on this subject in
relation to COVID-19 disease.

Based on previously published data from England and
evaluating mortality figures up to the end of April 2020, Razaq
et al. proposed a risk matrix to evaluate the risk of increased
vulnerability due to SARS-CoV-2 exposure in the BAME group
(19). Interestingly, most of our patients admitted to the ICU were
in the low risk group: aged between 30 and 69 and living in a
multigenerational household.

Our data indicates that low socio-economic status in the
BAME group disproportionately increases the risk of ICU
admission and death from COVID-19. The exact mechanisms
for this increased risk and vulnerability from COVID-19 are
not clear. There has been speculation that this may be due to
the higher prevalence of particular health conditions, such as
cardiovascular disease or diabetes, or predisposing factors such as
low vitamin D levels, among the BAME population. The findings
of the OpenSAFELY collaborative, based on 17 million adult
patients in England with more detailed primary care data, show
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that this is only a small part of the excess risk (23). Increased
susceptibility for SARS-CoV-2 infection in BAME people due
to genetic polymorphisms of the ACE-2 gene has also been
postulated, however, this will need to be confirmed in large
multi-center studies such as the one run by the ISARIC 4C
Collaborators (24, 25).

Our results suggest that poorer outcomes in BAME people
in COVID-19 disease may be due to exposure risks in the
community, as our patients were over-represented in lower socio-
economic groups. This may include higher household density
with increased risk of transmission due to the lockdown, or
disproportionate employment in lower band key worker roles,
who either work in high exposure care environments or are
unable to implement safe social distancing due to their roles, as
was the case for the vast majority of our BAME patients. It is also
possible that BAME status combined with low socioeconomic
status delayed the presentation of patients to healthcare facilities,
leading to more severe disease on admission. However, we
haven’t observed significant differences in the acute physiology
of our patients, further pointing toward the combined chronic
deleterious effect of ethnicity and deprivation.

There are significant limitations to our study: the sample size
is limited and our findings might be unique to the significantly
over-represented low socio-economic areas within the RGH
catchment area. The small sample size also precludes more
sophisticated analysis beyond simple descriptive statistics. There

also might be selection bias, due to the admission policies of
the ICU, however, criteria for admission into ICU have not
been based on race or age. It is still possible that change in
referral threshold from the other primary and secondary care
providers have changed the case-mix of our population. However,
comparison with the national ICNARC report suggests our case-
mix is similar to elsewhere in the UK, when looking at patient
factors other than socio-economic deprivation, and our findings
could be extrapolated to other areas (13).

We could not compare ethnicity between hospitalized patients
and those who were admitted to the critical care unit as this
information has been generally poorly recorded in the hospital
information system. To date there is no reliable information in
the UK to corroborate our data presented here.

In conclusion we report that the first 52 patients with
suspected and confirmed COVID-19 admitted to the Royal
Gwent Hospital ICU has significantly stretched the critical care
capacity, and it appears that the effect of the lockdown prevented
the health service from being overwhelmed beyond additional
capacity created in preparation for the COVID-19 pandemic.
We observed a disproportionately higher admission rate and
mortality rate amongst the BAME group, and it appears this
may be closely linked to socio-economic deprivation which is
highly prevalent in the area. Improving access to healthcare,
including increasing critical care bed numbers might prevent
excess mortality in this population.
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In resource-limited countries, early detection of novel pathogens is often challenging,
due to financial and technical constraints. This study reports the efficacy of family-wide
polymerase chain reaction (PCR) in screening, detecting, and identifying initial cases
of the novel SARS-CoV-2 in Thailand. Respiratory secretions were collected from
suspected individuals traveling from Wuhan, China to Thailand at the beginning of
January 2020. Family-wide PCR assays yielded positive results for coronavirus in one
traveler within 12 h on January 8, 2020. Nucleotide sequences (290 bp) showed 100%
similarity to SARS-CoV-2. The whole genome sequence was further characterized by
Next Generation Sequencing (NGS) for confirmation. Combining family-wide PCR, as a
rapid screening tool, with NGS, for full genome characterization, could facilitate early
detection and confirmation of a novel pathogen and enable early containment of a
disease outbreak.

Keywords: SARS-CoV-2, coronavirus, COVID-19, family-wide PCR, novel pathogen, NGS, Thailand

BACKGROUND

The accurate and timely identification of novel pathogens presents an obvious challenge in
resource-limited settings, requiring expensive laboratory infrastructure and equipment along
with the associated consumable supplies and reagents, and highly-trained technical staff. Timely
diagnosis helps contain or prevent potential outbreaks, as in the case of the first imported Middle
East Respiratory Syndrome (MERS) case in Thailand (1).

Bangkok was among the highest risk locations for the pneumonia-causing Corona Virus
Disease 2019, given the large number of Chinese visitors annually. From beginning of 2020
until January 28, 2020 alone, Immigration Division 2, Thailand indicated that Thailand received
930,965 Chinese travelers, of whom 20,271 were from Wuhan (2). Total 41,000 people traveled
from Wuhan to Thailand between December 1, 2019 and January 30, 2020 (2). According to the
official Immigration Bureau website, Thailand received 1,054,891, 170,840, and 65,617 travelers
from China in January, February, and March 2020, respectively (3).
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A cluster of pneumonia of unknown origin in Wuhan, China
in December 2019, presented a challenge for laboratories in
resource-limited countries. Currently, the most straightforward
approach to identifying unknown pathogens in humans and
animals is metagenomics next generation sequencing (NGS)
technology, which however has the disadvantage of being costly
and time-consuming (4-6).

Family-wide polymerase chain reaction (PCR) assays have
previously been used to detect various pathogens such as
paramyxoviruses and MERS-CoV (7-10). Our laboratory
modified and applied an existing family-wide PCR assay (11-14)
to detect the novel pathogen from individuals suspected of
being part of the Wuhan outbreak. We detected and successfully
identified the virus on January 8, 2020. On January 10, 2020, the
novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) was publicly identified as the cause of the outbreak (15).
In the weeks following the viral genome publication, numerous
diagnostic PCR assays with specific primers and probes became
available both publicly and commercially (16-18). In the interim,
however, diagnostically applicable data were unavailable, and
family-wide PCR was used to screen and confirm 14 COVID-19
patients in Thailand. Here, we report the process of rapidly
detecting the novel virus in an imported case of COVID-19 from
Wuhan to Bangkok, Thailand.

METHODS

Beginning on January 3, 2020, Thailand implemented measures
for screening patients arriving at four international airports
from Wuhan and stepped up surveillance at public and private
hospitals. Public health nurses evaluated all arriving passengers
for signs of fever (>37.5°C) and respiratory symptoms.
Between January 4 and 8, 2020, specimens were collected
from five individuals exhibiting fever or signs of respiratory
symptoms [patients under investigation (PUIs)] identified by the
Department of Disease Control (DDC), Ministry of Public Health
Thailand, and sent to laboratories for diagnostic testing. Two
specimen types were collected from each PUI, sputum (SP), and
nasopharyngeal and throat swabs (NT) placed in viral transport
media. All PUIs were transported to the Bamrasnaradura
Infectious Disease Institute (BIDI) and quarantined.

All specimens collected were sent to three separate
laboratories to test for 33 common respiratory pathogens
using a commercial diagnostic multiplex PCR assay (Fast Track
Diagnostics, Luxembourg) at BIDI, PCR analysis for SARS-
and SARS-related coronaviruses (CoVs) at the Department of
Medical Sciences laboratory, Ministry of Public Health (DMSc),
and to the Thai Red Cross Emerging Infectious Diseases Health
Science Centre (TRC-EID) laboratory, where family-wide PCR
testing was performed for influenzas and coronaviruses using
established protocols (11-14) (Table 1).

The family-wide approach uses three pan-CoV nested Reverse
Transcription PCR (RT-PCR) assays labeled W, Q, and C
to amplify different regions of the RNA-dependent RNA
polymerase gene (RdRp) (8-10). All three PCR assays were run
separately using the same reagents for all patient samples. The

5 uL RNA template was added to 45 wL One Step RT-PCR
master mix reagents (Qiagen) containing 10 pL of 5x buffer, 2
pL of ANTP (10 mM), 2 pL of Enzyme mix, and 1.5 pL of each
primer (10 pwL). Thermal cycling was performed according to
each published protocol (12-14).

All PCR positive amplicons were further characterized by
direct sequencing for confirmation. Additionally, whole genome
sequencing (WGS) using NGS technology was performed on
respiratory specimens from patients whose family-wide CoV
PCR was positive for SARS-CoV-2. WGS was performed using
TruSeq RNA library preparation and an Illumina MiSeq 3000
sequencer, according to the manufacturer’s instructions with
subsequent de novo assembly and reference mapping analysis.
WGS was also performed at DMSc (19).

Once specific primer was available, real-time PCR
(QPCR) assay targeting the receptor-binding domain
of the spike gene using SYBR-Green One Step RT-

PCR was later performed according to the published
protocol (17) on respiratory tract specimens from patients
whose SARS-CoV-2 testing was previously positive by
family-wide PCR.

RESULTS

Detailed results of the 5 PUIs are shown in Table 1, where
Patients #1-4 were negative for SARS-CoV-2, and positive for
various different pathogens. Patient #5, whose specimen was
collected on January 8, 2020, was found positive for novel
coronavirus, which was later confirmed as SARS-CoV-2. The
patient’s NT and SP specimens were positive for 2 pan-CoV PCR
protocols (Q and C), and negative for protocol W and all other
viruses. Upon further investigation, sequence mismatch (up to 7
in 20 nucleotides) between the primers in protocol W and SARS-
CoV-2 (GenBank accession no. NC_045512.2) was observed,
which seemed to reduce the efficacy of the assay for SARS-CoV-2.

Direct sequencing was conducted from these PCR amplicons
and the nucleotide sequences from both Q and C protocols
[290 and 182 base pairs (bp), respectively] which were both
positive for SARS-like-CoV, albeit different regions of the RdRp
gene. A GenBank BLAST search performed on January 9,
2020 showed the sequences were best-matched (83.1% and
93.4%, respectively) to bat SARS-like-CoV isolate 4231 (GenBank
accession no. KY417146.1). Repeat analysis on January 11,
2020, 1 day following the online publication of the novel 2019
CoV (i.e., SARS-CoV-2, GenBank accession no. MN908947.3)
genome (15), showed a complete match (100% concordance) for
both fragments (the 290 nucleotide sequence from sputum is
published in GenBank; Accession no. MN970003).

WGS of this patient’s NT specimen using NGS, (GenBank
Accession no. MT447155), yielded a 29,805 nucleotide sequence
identified as SARS-CoV-2, based on a 100% (29,805/29,805 bp)
match to the virus identified in patients at the beginning of the
outbreak in Wuhan (GISAID accession no. PI_ISL_402124) (17).

Upper and lower respiratory tract specimens from the index
patient were retested over 7 subsequent days, with positive results
in most specimens (Table 2). Testing was discontinued after
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TABLE 1 | PCR results of 33 known respiratory pathogen and family-wide PCR detection for 5 PUls identified.

Specimen Type Known pathogen detected

Pan-Influenza A PCR
(Sequencing result)

3 CoV family-wide PCRs
(Sequencing result)

PATIENT #1

Throat Swab Influenza A virus
Moraxella catarrhalis
Haemophilus influenzae

Suction Influenza A virus
Moraxella catarrhalis
Haemophilus influenzae

PATIENT #2

Nasopharyngeal and throat swabs Respiratory Syncytial Virus A/B
Staphylococcus aureus

Klebsiella pneumoniae

Sputum Respiratory Syncytial Virus A/B
Influenza C virus
Staphylococcus aureus
Klebsiella pneumonia
Haemophilus influenzae
PATIENT #3

Nasopharyngeal and throat swabs Haemophilus influenzae
Sputum
PATIENT #4

Nasopharyngeal and throat swabs

Haemophilus influenzae

Coronavirus OC43
Haemophilus influenzae

PATIENT #5
Nasopharyngeal and throat swabs Staphylococcus aureus

Haemophilus influenzae

Sputum Staphylococcus aureus

Haemophilus influenzae

Negative Positive
(Influenza A virus)

Negative Positive
(Influenza A virus)

Negative Negative

Negative Negative

Negative Negative

Negative Negative

Positive—Protocol W Negative

Positive—Protocol Q

Positive—Protocol C

(Coronavirus OC43)

Positive—Protocol Q Negative

Positive—Protocol C

(SARS-CoV-2)

Positive—Protocol Q Negative

Positive—Protocol C
(SARS-CoV-2)

yielding negative results on 2 consecutive days and the patient
returned to China.

To determine the sensitivity and specificity of family-wide
PCR, the specimens from the index patient were re-tested using
qPCR (17). The qPCR analysis gave concordant results to family-
wide PCRs (both Q and C protocols) when the qPCR threshold
cycle (ct) was lower than 29.6 (Table 2). The qPCR provided
better sensitivity than family-wide PCR in specimens with lower
viral load. Specimens from Patients 1 to 4 were all negative when
re-tested with qPCR using specific primer for SARS-CoV-2.

DISCUSSION

The magnitude of an outbreak can substantially be reduced by
rapid and early identification of cases (20). This report shows
the value of family-wide PCR when applied to detect unknown
viruses, which led to the rapid identification of SARS-CoV-
2 in Thailand. This report focuses on diagnoses of the initial
patients and is not a comprehensive examination of the clinical,

epidemic, and laboratory review of early COVID-19 cases in
Thailand. SARS-CoV-2 was detected and identified in Thailand
1 day before China confirmed the cause of the Wuhan epidemic
(15). The suspected importation of the novel coronavirus was
unofficially communicated to the World Health Organization
in-country office. All positive PCR amplicons were further
sequenced for confirmation, to identify the viral species and
verify that it was not a false positive from non-specific binding
or contamination. The efficient detection of this pathogen is the
result of coordinated public health efforts with collaborations
between several Thai laboratories, allowing rapid results and
proficient outbreak containment measures. Despite being the
first country to confirm a case of COVID-19 outside of China at
the beginning of January, <100 confirmed COVID-19 cases were
registered in Thailand for more than 2 months, until the marked
increase in new cases in mid-March (21).

The short PCR amplicon from family-wide PCR generates
less sequence information when compared to the sequence
information from NGS. This study showed that the two
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TABLE 2 | PCR results of the specimens from Patient #5 collected during January 8 to January 18, 2020.

Collection date Specimen # Specimen Type CoV PCR Protocol Q CoV PCR Protocol C qPCR
(threshold cycle)
8 January 200040-NT NT 100% identity 100% identity to 20.166
2020 to SARS-CoV-2 SARS-CoV-2
200040-SP Sputum 100% identity 100% identity to NA*
to SARS-CoV-2 SARS-CoV-2
9 January 200049-NT NT Not Detected Not Detected 30.847
2020 200049-SP Sputum Not Detected Not Detected 29.628
12 January 200107-NT NT 100% identity 100% identity to 22.949
2020 to SARS-CoV-2 SARS-CoV-2
200107-SP Sputum 100% identity 100% identity to NA*
to SARS-CoV-2 SARS-CoV-2
14 January 200129-NTH NT Not Detected Not Detected 32.032
2020 200129-SP1 Sputum 100% identity 100% identity to 21.929
to SARS-CoV-2 SARS-CoV-2
200129-NT2 NT Not Detected Not Detected 32.032
200129-SP2 Sputum 100% identity 100% identity to 23.516
to SARS-CoV-2 SARS-CoV-2
15 January 200136-NT NT Not Detected Not Detected 31.47
2020 200136-SP Sputum 100% identity 100% identity to 25.66
to SARS-CoV-2 SARS-CoV-2
16 January 200154-SP Sputum 100% identity 100% identity to 29.2
2020 to SARS-CoV-2 SARS-CoV-2
17 January 200182-NT NT Not detected Not detected Not Detected
2020
18 January 200209-NT NT Not Detected Not Detected Not Detected
2020

*NA, specimen was not available for testing. NT, Nasopharyngeal and throat swabs.

family-wide PCR protocols (protocol Q and C) exhibited
similar sensitivities despite having different amplicon fragment
lengths (328 and 228 bp, respectively), which could potentially
affect diagnostic accuracy, as sequence length correlates with
specificity. Our data from Patient #5 (Table2) suggests that
the sensitivity of family-wide PCR is lower than qPCR, which
may result in false negative results if the viral load in
the specimen is low. The qPCR (commercially available or
published in-house protocols) has been used at our laboratory
for routine diagnosis of COVID-19 once specific primers and
probes were available, which provides more rapid results. A
shortcoming to family-wide PCR is the need for guesswork
involved in choosing which viral family to amplify. CoV and
influenza viral families were chosen for first tier testing during
this investigation as these are common respiratory pathogens
causing pneumonia.

Despite the shortcomings, family-wide PCR is convenient
and sensitive as a screening assay for an unknown pathogen.
Moreover, the method has several advantages, notably being
more cost effective (about 100 less costly), more efficient (2-4x
faster than NGS), and simpler, as no special training is required
for laboratory personnel beyond routine PCR. Previously, this
laboratory approach was successfully used to identify the first
MERS case in Saudi Arabia from viral culture specimens (8).
Family-wide PCR has also been used for pathogen detection in

wildlife under USAID’s PREDICT project, Emerging Pandemic
Threats (EPT) program since 2010 (9, 10). It is conventionally
recommended as a supplemental method for the detection of
novel viruses rather than the main detection assay, as it is less
sensitive than qPCR (11).

CONCLUSION

Our results demonstrate the practical applications of family-
wide PCR as the initial detection assay for novel viruses of
extreme pathogenicity in limited-resource setting when specific
primers are not available, generating results within 12h. The
short turnaround time is much preferred to NGS which can be
both time-consuming and costly. The efficient containment of
an outbreak of any novel pathogen requires rapid identification
of the novel pathogen, and family-wide PCR was well suited to
this purpose.
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Background: Coronavirus disease (COVID-19) is a current global public health
emergency. However, current research on the blood test results of pregnant women with
COVID-19 is insufficient.

Methods: A case-control study was carried out based on clinical blood test results.
Pregnant COVID-19 patients, pregnant COVID-19 patients with diabetes, and pregnant
COVID-19 patients with hypertension, were assessed in this study. Also, 120 controls
were matched by age, parity, fetus number, and presence of chronic disease. T-tests,
Chi-square tests, Wilcoxon signed-rank tests, and Kruskal-Wallis tests were used to
compare data from the blood tests and liver function indices among the selected groups.

Results: Between January 24 and March 14, 2020, 60 pregnant COVID-19 patients
delivered at the Maternal and Child Health Hospital of Hubei Province. The average
maternal age of pregnant COVID-19 patients was 30.97 years and the mean gestational
period was 37.87 weeks. 71.67% (43/60) of pregnant COVID-19 patients gave birth by
cesarean delivery. In total, 21.67% (13/60) were diagnosed with diabetes and 18.33%
(11/60) were diagnosed with hypertension during pregnancy. Compared to controls,
pregnant COVID-19 patients showed significantly lower numbers of blood lymphocytes
and higher numbers of neutrophils, as well as higher levels of C-reactive protein and
total bilirubin. Among the three groups, pregnant COVID-19 patients with diabetes
had significantly higher levels of neutrophils and lower levels of total protein. Aspartate
transaminase levels were higher in pregnant COVID-19 patients with hypertension than
in pregnant COVID-19 patients with no comorbidities and controls with hypertension.

Interpretations: Blood and liver function indices indicate that chronic complications,
including hypertension and diabetes, could increase the risk of inflammation and liver
injury in pregnant COVID-19 patients.

Keywords: COVID-19, blood lab test, case-control, pregnancy with hypertension, pregnancy with diabetes

INTRODUCTION

SARS-CoV-2, which causes coronavirus disease (COVID-19), is a new coronavirus discovered in
2019. It is similar to previously studied zoonotic viruses, including the severe acute respiratory
syndrome coronavirus (SARS-CoV-1) and the Middle East respiratory syndrome coronavirus
(MERS-CoV) (Liu Y. et al., 2020). Since its first report in Wuhan, China in December 2019,
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over 3.8 million people have been infected with SARS-CoV-2,
and it has caused over 260,000 deaths worldwide (Rothan and
Byrareddy, 2020; World Health Organization, 2020). The World
Health Organization (WHO) declared the SARS-CoV-2 outbreak
to be a public health emergency of international concern on
January 30, 2020, indicating a high global risk (Sohrabi et al.,
2020).

To provide practical evidence for the prevention and control
of COVID-19, many studies have been conducted on the general
population. However, pregnant women are more vulnerable
to COVID-19 because they are in an immunocompromised
state (Liang and Acharya, 2020). Pneumonia arising from any
infectious etiology is an important cause of morbidity and
mortality among pregnant women (Schwartz and Graham,
2020). In addition, both hypertension and diabetes are common
complications during pregnancy, which have long-term negative
health impacts on both mothers and their offspring (Davenport
etal., 2018). Thus, pregnant women, especially those with chronic
complications, should be evaluated as a high-risk group during
the current COVID-19 pandemic (Liu D. et al., 2020).

To date, most studies (Chen H. et al., 2020; Chen N. et al,,
2020; Schwartz, 2020) on pregnant women with COVID-19
have described their clinical characteristics including symptoms,
pregnancy outcomes, CT manifestation, and mother-child
vertical transmission. However, the indication for the adoption
of cesarean delivery was controversial at the beginning of
COVID-19 epidemic because parturient with COVID-19 might
be associated with increased risk of miscarriage, preterm birth,
and neonatal death (Boelig et al., 2020; Chen Z. et al., 2020; Wu
etal., 2020). And there are few studies assessing pregnant women
with COVID-19 who have comorbidities including hypertension
and diabetes. The purpose of this study was to compare blood
test results and liver function indices among pregnant COVID-19
patients and control groups of ordinary pregnant women.

METHODS

Participants

Patients included in the study delivered at the Maternity and
Child Health Hospital in Wuhan, Hubei province. In 2018,
22.55% of newborns in Wuhan were delivered at this hospital,
making it the largest maternal hospital in Hubei. From January
24 to March 14, 2020, 3,730 pregnant women delivered in
this hospital, and 60 of them (1.61%) were confirmed to have
COVID-19 by laboratory and clinical diagnosis (Juan et al., 2020).
Moreover, we retrospectively selected 120 controls matched by
age (within 3 years), parity, fetus number, and chronic disease
(including diabetes, hypertension, hypothyroidism, and hepatic
disease). Control patients were selected 1 year before the COVID-
19 epidemic. Sociodemographic information and blood samples
were collected upon admission and results were obtained from
medical health records. All research subjects were recruited in the
third trimester.

Abbreviations: CRP, C-reactive protein; TBil, total bilirubin; TP, total protein;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; WBC, white
blood cell; ALB, albumin; GLB, globulin.

Data Analysis

Maternal and neonatal characteristics of continuous variables are
presented as mean £ SD. T-tests, Chi-square tests, Wilcoxon
signed-rank tests, and Kruskal-Wallis tests were used to compare
the characteristics between the pregnant COVID-19 patients
and control groups. Data analyses were conducted using the
Statistical Analysis System (SAS 9.4). Two-sided p < 0.05 were
considered statistically significant.

RESULTS

Sociodemographic characteristics of pregnant COVID-19
patients and control groups are shown in Table 1. The average
age of the pregnant COVID-19 patients was 30.97 years and

TABLE 1 | Sociodemographic characteristics of pregnant COVID-19 patients and
control group.

COVID-19 patients Control patients P

N (%)/N + SD N (%)/N = SD
Age 30.97 +4.13 29.97 £3.43 0.0871
Parity
1 40 (66.67) 80 (66.67) -
2 19 (31.67) 38 (31.67)
3 1(1.67) 2(1.67)
Fetus number
1 59 (98.33) 118(98.33) -
2 1(1.67) 2(1.67)
Chronic disease
None 36 (60.00) 72 (60.00) -
Diabetes 10 (16.67) 20 (16.67)
Hypertension 8(13.33) 16 (13.34)
Diabetes and hypertension 3 (5.00) 6 (5.00)
Hypothyroidism 2(3.33) 4(3.33)
Hepatic disease 1(1.67) 2(1.67)
Gestational week of delivery 37.87 £2.36 38.81 +£1.81 0.0078
Gestational week of delivery
<37 10 (16.67) 9 (7.50) 0.0599
>37 50 (83.33) 111 (92.50)
Delivery
Vaginal delivery 17 (28.33) 69 (57.50) 0.0002
Cesarean delivery 43 (71.67) 51 (42.50)
First symptoms
None 26 (28.33) 0 -
Fever before or during delivery 11 (18.33) 0
Fever after delivery 23 (38.33) 0
Respiratory symptoms 9 (15.00) 0
Neonatal birthweight (g) 3220 + 622 3251 £520  0.7247
1-min Apgar scores
10 38 (63.33) 14 (58.33) 0.5152
<10 22 (36.67) 10 (41.67)
5-min Apgar scores
10 57 (95.00) 23 (95.83) 0.8105
<10 3 (5.00) 1(4.17)
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the mean gestational period was 37.87 weeks. These patients
presented with mild COVID-19 infection. A high percentage
of diabetes and hypertension was detected among the pregnant
COVID-19 patients (21.67 and 18.34%, respectively). The
majority of pregnant patients gave birth by cesarean delivery
(71.67%), significantly higher than that of control groups
(42.50%). Most pregnant COVID-19 patients showed no fever
or respiratory symptoms, and only 15% reported respiratory
symptoms during hospitalization. There were 61 live-birth
newborns without COVID-19 infection. Moreover, Table S1
presents the characteristics of maternal COVID-19 patients with
chronic disease. The difference of clinical symptoms showed no
statistical significance between pregnant COVID-19 patients
with chronic disease and COVID-19 patients without chronic
disease. Cesarean delivery in COVID-19 patients with chronic
was significantly higher than in COVID-19 patients without
chronic disease (91.67 vs. 58.33%, p = 0.0054).

Blood test results of the study groups are presented in
Table 2. There was a statistically significant difference in the
number of blood lymphocytes, neutrophils, and C-reactive

protein (CRP) between pregnant COVID-19 patients and
control women. Moreover, blood total bilirubin (TBil) levels
in pregnant COVID-19 patients were significantly higher than
those in controls (8.25 vs. 6.57, p < 0.05). The results of
Chi-square analysis further confirmed that the proportion of
lymphocytopenia among COVID-19 patients was significantly
higher than control groups (43.33 vs. 15.83%, p = 0.0003)
(Table S2). The proportion of COVID-19 patients with elevated
CRP was higher than the control groups (60.00 vs. 38.33%, p
= 0.0061). The blood test results of liver function showed that
the proportion of COVID-19 patients with elevated aspartate
aminotransferase (AST) was higher than the ordinary patients
(8.33 vs. 0.83%, p = 0.0084). Moreover, the proportion of
COVID-19 patients with decreased blood TBil level was lower
than the control groups (11.67 vs. 29.17%, p = 0.0091).

Blood test results of pregnant COVID-19 patients and controls
with diabetes are presented in Table 3. The white blood cell
(WBC) count of pregnant COVID-19 patients without diabetes
was significantly higher than that in the pregnant controls with
diabetes (10.20 vs. 8.49, p < 0.05). The number of neutrophils

TABLE 2 | Blood test results of pregnant COVID-19 patients and control group.

COVID-19 patients Control patients P
Mean SD Mean SD
WBC, 10%/L 10.68 3.87 9.60 3.00 0.0771
Lymphocytes, 10%/L 1.25 0.53 1.66 1.18 0.0001
Neutrophils, 10%/L 80.83 8.88 7717 6.10 0.0051
CRP, mg/L 20.16 41.96 8.87 20.41 0.0015
ALT, U/L 15.07 25.21 10.03 4.81 0.7200
AST, U/L 22.33 26.81 16.59 5.00 0.1796
TBIl, umol/L. 8.25 3.24 6.57 2.81 0.0010
TR g/L 66.79 4.70 66.91 4.78 0.8843
ALB, g/L 35.86 3.03 35.78 3.40 0.9853
GLB, g/L 30.93 3.63 31.43 4.15 0.5720

WBC, white blood cell; CRR, C-reactive protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin; TF, total protein; ALB, albumin; GLB, globulin. Bold

represented statistical significance.

TABLE 3 | Blood test results of pregnant COVID-19 patients and control pregnant patients with diabetes.

COVID-19 patients
with diabetes

COVID-19 patients
without diabetes

Control patients

with diabetes

WBC, 10%/L 9.95 3.08
Lymphocytes, 10°/L 1.22 0.43
Neutrophils, 10%/L 80.98 7.73
CRP, mg/L 10.61 22.96
ALT, U/L 14.45 10.08
AST, U/L 19.79 10.77
TBil, umol/L 7.76 3.74
TP, g/L 64.64 3.74
ALB, g/L 35.48 2.76
GLB, g/L 29.17 3.28

10.20 3.38 8.49 2.16
1.57 1.16 1.49 0.36
78.67 7.56 75.61 4.75
13.65 28.64 3.60 1.77
11.69 17.16 9.87 4.42
18.67 18.20 16.16 3.41
7.23 3.1 5.93 1.83
66.69 4.80 68.52 4.51
35.61 3.40 36.92 2.83
31.35 4.18 31.60 3.38

WBC, white blood cell; CRR, C-reactive protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin; TP, total protein; ALB, albumin; GLB, globulin. Bold

represented statistical significance.
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in pregnant COVID-19 patients with diabetes was higher than
that in both pregnant COVID-19 patients without chronic
disease and controls with diabetes (80.98 vs. 78.67 and 75.61,
respectively, p < 0.05). The TBil level in COVID-19 patients
without diabetes was higher than that in pregnant controls with
diabetes (7.23 vs. 5.93, p < 0.05). Finally, total protein (TP)
levels in the pregnant COVID-19 patients with diabetes were
significantly lower than that in the controls with diabetes (64.64
vs. 68.52, p < 0.05). Table S3 shows that the proportion of
participants with decreased albumin (ALB) was higher than the
ordinary patients with diabetes (46.15 vs. 19.23%, p = 0.042).

Blood test results of pregnant COVID-19 patients and controls
with hypertension are presented in Table 4. WBC, lymphocytes,
neutrophils, and CRP were unchanged across the different
groups. In contrast, AST levels in pregnant COVID-19 patients
with hypertension were significantly higher than that in pregnant
COVID-19 patients without chronic disease and controls with
hypertension (38.97 vs. 16.61 and 19.09, respectively, p < 0.05).
Additionally, ALB levels in pregnant COVID-19 patients with
hypertension were significantly lower than that in pregnant
COVID-19 patients without hypertension (33.67 vs. 36.08, p <
0.05). Table S4 shows that the proportion of lymphocytopenia
of COVID-19 patients with hypertension was significantly higher
than that of control patients with hypertension (18.18% vs. 9.09,
p=0.049).

DISCUSSION

This is an updated case-control study comparing the blood
test results of pregnant women with COVID-19. Among the
pregnant COVID-19 patients, there were 43 of 60 cases (71.67%)
underwent cesarean section. This result is in line with previous
studies which reported a range of 56-93% of cesarean section
(Chen L. et al,, 2020; Huntley et al., 2020; Walker et al., 2020;
Yang et al., 2020). The high adoption of cesarean delivery might
be partly explained by the COVID-19 infection combined with
the presents of chronic disease and the concern about the

effects of COVID-19 on the pregnancy. We found that the most
prevalent symptom of pregnant COVID-19 patients was fever,
and a majority had no respiratory symptoms. These findings
are consistent with other studies (Chen L. et al., 2020; Guan
et al., 2020). Zaigham and Andersson (2020) also reported that
most COVID-19 patients did not have any symptoms upon
admission. Therefore, it is necessary to separate COVID-19
infected patients from ordinary patients by laboratory indicators
upon hospital admission. Moreover, maternal symptoms of
COVID-19 during the first or second trimester of pregnancy
require further research.

This study showed a high percentage of diabetes and
hypertension among pregnant COVID-19 patients. A previous
study based on 30 pregnant COVID-19 patients confirmed that
the most common comorbidities were hypertension (16.7%) and
diabetes (6.6%) (Wang et al., 2020). The associations between
COVID-19 infection and the development of diabetes and
hypertension among pregnant women were still unclear. The
potential mechanism might be explained by the expression of
Angiotensin-converting-enzyme 2 (ACE2), the receptor for the
COVID-19 spike protein, on pancreatic f3 cells can have a direct
effect on P cell function, which might result in the development
of diabetes among pregnant COVID-19 patients (Bornstein et al.,
2020). Moreover, the hyper-inflammatory state in COVID-19
may be associated with a higher risk of developing pre-eclampsia
(Abbas et al., 2020).

As far as we know, this is the first study to explore the
blood test results of pregnant women with chronic disease
who are diagnosed with COVID-19. Compared to the pregnant
women without COVID-19, the blood indices of pregnant
COVID-19 patients showed a significantly lower lymphocyte
count than the controls. Other indices including neutrophil
count and CRP levels of the pregnant COVID-19 patients were
significantly higher than those of the control pregnant women.
These differences in inflammatory indices are in accordance with
typical clinical characteristics of pneumonia. Chen L. et al. (2020)
reported that lymphopenia was present in 51 of 116 pregnant

TABLE 4 | Blood test results of pregnant COVID-19 patients and control pregnant patients with hypertension.

COVID-19 patients
with hypertension

COVID-19 patients
without hypertension

Control patients

with hypertension

WBC, 10%/L 8.95 2.39
Lymphocytes, 10°/L 1.39 0.36
Neutrophils, 10%/L 77.10 8.91

CRP, mg/L 26.01 59.39
ALT, U/L 28.56 5117
AST, U/L 38.97 56.56
TBil, umol/L 7.25 2.18
TP, g/L 65.10 4.68
ALB, g/L 33.67 2.89
GLB, g/L 31.44 2.68

9.87 3.11 10.72 4.29
1.54 1.14 1.55 0.46
78.59 717 77.68 7.57
10.16 20.77 15.66 29.94
10.62 8.70 9.39 3.87
16.61 7.30 19.09 5.28
7.19 3.18 6.22 2.29
67.03 4.47 66.35 6.28
36.08 2.94 35.09 4.92
30.95 3.23 32.85 7.53

WBC, white blood cell; CRR, C-reactive protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin; TP, total protein; ALB, albumin; GLB, globulin. Bold

represented statistical significance.
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women diagnosed with COVID-19, while. Liu D. et al. (2020)
found that among 15 pregnant COVID-19 patients, 12 had a
decreased lymphocyte count and 10 had increased CRP values.
It is recommended that the blood indices of pregnant COVID-19
patients should be carefully monitored and the changes in these
inflammatory indices were correlated with the prognosis of
patients (Chen L. et al, 2020). The long-term effects of the
COVID-19 infection and treatment on blood indices of pregnant
COVID-19 patients need further study.

Additionally, pregnant women with COVID-19 showed
significantly higher TBil values. Elevated TBil levels are
considered biomarkers for liver disease (Weaver et al., 2018).
Thus, COVID-19 could affect the liver function of pregnant
women. However, there was no difference in ALT and AST levels
in pregnant women with COVID-19. A cohort study (Guan
etal., 2020) containing 1,099 COVID-19 cases showed that 10.5%
of patients presented with abnormal bilirubin, 21.3% with ALT
elevation, and 22.2% with AST elevation. It has been reported
that 2-11% of patients with COVID-19 have liver comorbidities
and 14-53% have abnormal levels of AST and ALT during disease
progression (Zhang et al., 2020). The limited number of pregnant
COVID-19 patients in this study may limit the power to detect
changes in ALT and AST. Moreover, the majority of the COVID-
19 patients in this study had a mild infection and liver injury
was not obvious. Therefore, liver damage caused by COVID-19
during pregnancy is still unclear and needs further research.

In our study, pregnant COVID-19 patients with chronic
diseases, including diabetes or hypertension, showed a stronger
inflammation response and markers of liver injury compared
to pregnant COVID-19 patients without chronic diseases and
control pregnant women with chronic diseases. Compared
to the other two groups, pregnant COVID-19 patients with
diabetes had significantly higher neutrophil counts and lower
TP values. The main feature of diabetes is hyperglycemia, which
can increase the oxidative stress response and enhance the
inflammatory response. Diabetes could also compromise the
ability of the liver to regenerate (Mendes-Braz and Martins,
2018). Insulin resistance in diabetes influences liver cell apoptosis
and causes liver dysfunction (Schattenberg and Schuchmann,
2009). Hajam and Rai (2019) found that diabetic rats had a
significant increase in lipid peroxidation (LPO) in the liver,
while ALT, AST, and ALP levels were significantly decreased in
the antioxidative enzymatic system. Thus, under the combined
effects of COVID-19 and diabetes, suboptimal inflammatory
processes and liver function biomarkers might indicate a worse
prognosis in pregnant women.

Moreover, pregnant COVID-19 patients with hypertension
showed a significantly higher level of blood AST, which is an
important indicator of liver function (Sookoian and Pirola,
2015). Arima et al. (2014) reported that hypertension exacerbated
liver injury and hepatic fibrosis in spontaneously hypertensive
rats. Han et al. (2015) revealed that trophoblastic mitochondrial
damage may result in liver injury in preeclampsia-like mouse
models. Therefore, it was hypothesized that pregnant COVID-
19 patients with hypertension are more likely to suffer from liver
injury than the other groups. However, few studies have focused
on liver injury caused by hypertension and this hypothesis
requires further verification.

Our study has several limitations. First, pregnant women
with COVID-19 were only enrolled during their third trimester.
The effects of COVID-19 on pregnant women in their first or
second trimester are not clear. Second, this study only assessed
pregnant COVID-19 patients during hospitalization, but long-
term effects on the liver and other organs as well as newborns
require further research. Third, we only compared the blood
indices of pregnant COVID-19 patients with hypertension and
diabetes. The mechanisms underlying the effects of COVID-19
on these parameters also need further exploration.

CONCLUSION

The results of this study indicate that chronic diseases may
strengthen the inflammatory response to COVID-19 and mediate
liver damage in pregnant women. Therefore, during the
treatment of pregnant women with COVID-19, focusing on
inflammation and liver injury is necessary, especially for those
with chronic diseases.
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INTRODUCTION

Since the outbreak of coronavirus disease 2019 (COVID-19), this public health emergency has
caused 5,701,337 infections and 357,688 deaths (1). As one of the first few affected countries, China
has gradually gained control of the emergency. The West China Hospital of Sichuan University is a
regional public health center located in Chengdu, Sichuan province, which mainly provides medical
services for southwest China. Our center is also a certified COVID-19 tertiary care hospital and
designated hub center within the Sichuan province. The daily volume of our center is ~80,000 visits.
For better management of patients with chest pain and those who need percutaneous coronary
intervention (PCI), our Department of Cardiology and Chest Pain Center issued a workflow for
PCI at the beginning of COVID-19 pandemic. From January 1, 2020, to May 31, 2020, over 4,300
PCIs were performed. However, there were no hospital-acquired COVID-19 cases.

PCI WORKFLOW AND PATIENT TRIAGE

In our medical center, the Chest Pain Center is attached to the Department of Emergency for
better management of patients with chest pain, especially those who need emergency medical
intervention. Once patients who present with chest pain come to our Chest Pain Center, their
vital signs and health status will be evaluated within 10 min. If cardiac emergencies, including
acute coronary syndrome, bradyarrhythmia, severe myocarditis, or other situations needing
endovascular intervention, are considered, patients will be enrolled in our PCI workflow and
patient triage process. The workflow consists of three steps and is presented in Figure 1.

Step 1. Tele-Communication

The resident, chief resident, and attending-on-shift of the Cardiac Catheterization Laboratory
(Cath Lab) are required to tele-communicate with residents of the Department of Emergency
and get the exact information of the enrolled patients. The information includes temperature,
epidemiological history of COVID-19, and COVID-19-related symptoms (i.e., fever, cough, fatigue,
etc.). Based on the information, patients are classified into two categories, non-suspected COVID-
19 patients and suspected COVID-19 patients, according to the Novel Coronavirus-Pneumonia
diagnostic criteria and treatment regimens defined by the National Health Commission of the
People’s Republic of China (2).

Step 2. Consultation
The medical consultation is carried out by the resident of Cath Lab. The consultation route from
Cath Lab to Chest Pain Center is set and managed by our center.
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FIGURE 1 | PCI workflow and patient triage process. General protection: medical uniforms, surgical mask, medical cap, and rubber gloves. Comprehensive

For non-suspected COVID-19 patients, consultation doctors
are required to wear medical uniforms, surgical mask, medical
caps, and rubber gloves. The COVID-19-related information
will be checked again, and the temperature will be re-taken.
PCI will be carried out in non-suspected COVID-19 patients if
endovascular intervention is deemed necessary.

For suspected COVID-19 patients, a reminder will be
generated on the consultation system. Consultation doctors ares
required to fetch gowns, medical N95 masks, goggles, medical
caps, and rubber gloves, and put on the personal protective

equipment before the consultation. If PCI is not necessary, a
medical regimen and transfer plan to the Center of Infectious
Disease or Respiratory Intensive Care Unit (RICU) should be
made. If emergent thrombolysis is required, the chief resident
should instruct the thrombolysis in the negative-pressure ward
of the Chest Pain Center. A further transfer plan to the Center
of Infectious Disease or RICU should then be made. When PCI
is deemed necessary, consultation doctors should report to the
attending-on-shift and the director. Additionally, a report to
the Infection-Control Department and Department of Medical
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Affairs is required so that the hospital can react immediately
if any unexpected situation takes place. Then the suspected
COVID-19 patient can be sent to the Cath Lab.

Step 3. Transfer and Procedure

Before the transfer of suspected COVID-19 patients, all medical
workers are required to wear a full set of protective equipment
including apron, N95 mask, goggles, and rubber gloves,. The
protective equipment is available at the Cath Lab. Only after the
staff are equipped with protection is the transfer administrated.
The transferring route (including the elevator), Cath Lab, and
the entrance are previously set. After the procedure, patients
who do not need further life support will be transferred to the
Center of Infectious Disease, while patients who need further life
support are transferred to the RICU. Additionally, the patients’
families and companions will be evaluated by the Infection-
Control Department and appropriate isolated measures will
be taken. Comprehensive disinfection is carried out after
the procedure.

DISCUSSION

Since the outbreak of COVID-19, public health systems
worldwide have been confronted with great challenges on
medical supply and hospital management. Certain adaptations
must be made in the face of COVID-19 (3). During the pandemic,
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some reforms and suggestions have been made (4). Some centers
have also designed crisis management plans (5). An optimized
and effective management of PCI workflow will also help control
the spread of COVID-19.

Our center is located in Chengdu, where medical resources
are not overwhelmed. With the implementation of the proposed
workflow, no hospital-acquired COVID-19 has been reported in
our Chest Pain Center or Cath Lab. Centers that share similar
situations with us may find it useful to implement our workflow.
A better management of patients with chest pain will help in this
world pandemic.

AUTHOR CONTRIBUTIONS

YH and MC had the idea for this article. QL, SH, and T-YX
contributed to the writing of the manuscript. YP, J-FW, CL,
YZ, LZ, MW, HW, M-XZ, YB, and Y-LW participated in the
workflow design and update. All authors contributed to the
article and approved the submitted version.

ACKNOWLEDGMENTS

We thank all the medical workers during the COVID-
19 pandemic. They are the ones who support and protect
our societies.

Stephens EH, Dearani JA, Guleserian KJ, David MO, James ST, Carl
LB. et al. COVID-19: crisis management in congenital heart surgery.
Ann  Thorac Surg. (2020) 110:701-6. doi: 10.1016/j.athoracsur.2020.0
4.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liu, He, Xiong, Peng, Wei, Li, Zhu, Zhang, Wang, Wang, Zheng,
Bao, Wang, He and Chen. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

130

October 2020 | Volume 7 | Article 567598


https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200529-covid-19-sitrep-130.pdf?sfvrsn=bf7e7f0c_4
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200529-covid-19-sitrep-130.pdf?sfvrsn=bf7e7f0c_4
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200529-covid-19-sitrep-130.pdf?sfvrsn=bf7e7f0c_4
http://www.nhc.gov.cn/yzygj/s7653p/new_list.shtml
https://doi.org/10.1056/NEJMp2000821
https://doi.org/10.1016/S2213-2600(20)30161-2
https://doi.org/10.1016/j.athoracsur.2020.04.001~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

'," frontiers
in Public Health

OPINION
published: 21 October 2020
doi: 10.3389/fpubh.2020.552409

OPEN ACCESS

Edited by:

Zisis Kozlakidis,

International Agency for Research on
Cancer (IARC), France

Reviewed by:

Venerando Rapisarda,

University of Catania, Italy

lo Cheong,

School of Medicine, Shanghai Jiao
Tong University, China

*Correspondence:
Ming Chen
mingchenseu@126.com

Specialty section:

This article was submitted to
Infectious Diseases - Surveillance,
Prevention and Treatment,

a section of the journal

Frontiers in Public Health

Received: 16 April 2020
Accepted: 28 September 2020
Published: 21 October 2020

Citation:

Mao W and Chen M (2020) Timely
Sharing of Data on Infection and
Death of Medical Workers.

Front. Public Health 8:552409.
doi: 10.3389/foubh.2020.552409

Check for
updates

Timely Sharing of Data on Infection
and Death of Medical Workers

Weipu Mao and Ming Chen*
Department of Urology, Affiliated Zhongda Hospital of Southeast University, Nanjing, China

Keywords: COVID-19, medical workers, infection, death, overwork

INTRODUCTION

Since December 2019, an outbreak of a new type of coronavirus pneumonia (COVID-19) has
attracted worldwide attention. COVID-19 has rapidly evolved into a global pandemic that has
required urgent action from the international community (1). The epidemic has now spread all
over the world, with the number of confirmed cases and deaths still rising. As of 2:00 a.m. CEST,
August 1, 2020, there have been 17,406,428 confirmed cases worldwide, of which 669,740 have
died (2).

BASELINE CHARACTERISTICS OF DEATH MEDICAL WORKERS
IN CHINA, THE UNITED STATES AND ITALY

According to incomplete statistics from official and public reports (3, 4), as of August 1, 2020,
at least 64 medical workers in China have given their lives whilst working to prevent and control
COVID-19, compared to at least 851 in the United States (of which 156 have complete clinical data),
and these numbers continue to increase (Supplementary Table 1). The virus has resulted in the
death of a higher proportion of male medical workers in both China (79.7%) and the United States
(55.8%). In China, the most deceased medical workers were between 50 and 59 years old
(Supplementary Figures 1A,B), accounting for ~54%, with a median age of 50 years (48.4 & 12.8
years). Among both male and female workers in the United States, the age group with the highest
number of deaths among medical workers was 60-69 years old (Supplementary Figures 1A,B),
about 35.3%, with a median age of 57 years (55.2 & 12.8 years). In addition, nearly half of Chinese
medical workers died of other diseases due to overwork, 24 (38.7%) died from COVID-19 infection,
and eight died from accidents (Supplementary Table 1).

According to statistics, the peak months for medical workers’ deaths were February and April
in China and the United States, respectively (Supplementary Figures 1C,D). In China, most of the
medical worker deaths were doctors (37, 57.8%), while in the United States, nurses accounted for
the majority of deaths among medical workers (75, 48.1%). In both China and the United States,
medical worker deaths were more concentrated in the hardest-hit areas (New York and New Jersey
in the United States and Hubei Province in China).

In China, the peak of medical worker deaths occurred ~1 week after the highest number of daily
new cases, whereas in the United States and other countries such as Italy, the number of medical
worker deaths has increased since the COVID-19 pandemic (Supplementary Figures 1C,D). In
the United States, it appears that the number of medical worker deaths ceased to increase in June,
but the above data do not include the deaths of medical workers due to incomplete clinical data,
overwork, and other accidental factors.
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DISCUSSION

Compared with the current basic stability of the epidemic
in China, the situation abroad is still relatively serious. In
the United States, Brazil and India, more than 1.5 million
cases have been confirmed, especially in the United States,
where the number of confirmed cases has exceeded 4 million.
Moreover, the number of new confirmed cases in India is
increasing exponentially. In some states of the United States,
medical personnel account for as many as 20% of known
coronavirus cases (4). With the increasing severity of the
epidemic, the number of confirmed cases has skyrocketed,
and the workload, working hours, and burden of medical
workers have also increased (5, 6). In addition, infections
among medical workers are also a worrying problem (7).
With the increasing number of COVID-19 patients, there is a
severe shortage of personal protective equipment for medical
workers, including masks, goggles, protective clothing, and
so on. Due to the severe shortage of protective equipment,
medical workers are forced to reuse disposable masks and
homemade protective clothing, which is still facing a huge risk
of infection.

There are also serious issues concerning the infection of
medical workers in Spain. According to the Spanish Ministry
of Health, as of April 6, 2020, ~19,400 medical workers were
confirmed to be infected with COVID-19, accounting for about
14% of the confirmed cases. Of these, 13 medical workers have
died, including 11 doctors, 1 nurse and 1 health worker.

In the United States, as of August 1, 2020, there were
11 emergency medical technicians among deceased medical
workers. These first-responders work in ambulance and
emergency medical services and were often the first medical
professionals to have contact with patients with COVID-
19. Infections of these personnel may therefore be due
to a failure to take adequate preventive measures and
insufficient protection in the epidemic (8). First-line emergency
personnel need clearer measures and to be given adequate
protective equipment.
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With the intensification of the pandemic, medical health care
systems across the world continue to overloaded. The sacrifice of
medical workers reminds governments that they need to invest
in more medical resources, strengthen the protection of medical
workers, give priority to ensuring the supply of resources to
front-line medical workers, and take good care of the physical
and mental health of these workers by reducing stress. This may
involve more rational arrangements for the rotation of shifts
and transfer of staff to allow for rest and to enhance medical
confidence and resistance to the epidemic (9). The timely sharing
of data on the infection and related deaths of medical workers
by governments could enable us to better understand and assess
the risks faced by medical workers, enabling us to provide real-
time guidance, early intervention and better responses to the
COVID-19 pandemic.
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Coronavirus disease 2019 (COVID-19) is highly contagious, and thus has become
an emerging health crisis worldwide. The optimal strategies to prevent the spread of
this disease are inconclusive, and therefore, the adopted measurements to combat
COVID-19 varies in different countries. In mid-March and late-August 2020, we
performed internet searches to collect relevant information, from sources such as the
website of the World Health Organization. The epidemiological data of COVID-19 from
several countries were collected and we found that Taiwan had a comparably successful
story for combating the pandemic. As of mid-March, Taiwan had high rates of diagnostic
testing (688.5 tests per million citizens) with a lower infection rate (49 cases, 2.1
cases per million people). As of late-August, there were 488 cases (20 cases per
million people). Furthermore, Taiwanese government-guided strategies and hospital data
were also reviewed. We summarized some important strategies to combat COVID-19,
which include: (1) border control; (2) official media channel and press conferences; (3)
name-based rationing system for medical masks; (4) TOCC-based rapid triage, outdoor
clinics, and protective sampling devices; and (5) social distancing, delaying the start of
new semesters, and religious assembly restriction. In conclusion, Taiwan had lower rates
of COVID-19 compared with other countries, and Taiwan government-guided strategies
contributed to the control of the disease’s spread.

Keywords: novel coronavirus, COVID-19, SARS-CoV-2, quarantine, 2019-nCoV, pandemic, government strategy

INTRODUCTION

In December 2019, novel coronavirus disease (COVID-19), caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), was detected in central China and
then spread throughout the country and to the rest of the world rapidly (1-4). The
number of infected people increased exponentially, and more than 150,000 confirmed
cases were reported by mid-March 2020; the phenomenon was officially recognized
as a pandemic by the World Health Organization (WHO) on 11 March 2020 (1, 5).
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The basic reproductive value of the virus was estimated at 2-3,
and the case fatality rate was ~3% (1, 6-8). There are no effective
antiviral drugs or vaccines available. The clinical manifestations
are protean, and it is estimated that 80% of infected people are
asymptomatic or experience mild cases; therefore, it is difficult to
detect potentially infected patients at an early stage and disrupt
the transmission chains (9-11). International cooperation is
especially crucial to combat this disease.

Due to the recent emergence of SARS-CoV-2 in humans,
researchers are developing best practices in real-time to combat
this new virus. Several strategies were adopted very early to block
transmission, including the unprecedented lockdown of Hubei
and other provinces, and travel bans within China and many
other countries globally (1, 6, 12). But geographic characteristics,
medical resources, population densities, and social norms vary
widely across countries and the adopted strategies facing
COVID-19 differ widely too. Based on the observed high degree
of contagiousness of SARS-CoV-2, blocking the spread of this
disease poses steep challenges. However, by focusing upon
slowing down the speed of transmission and flattening the curve
of coronavirus cases, governments have been able to prevent
the collapse of their medical systems, reduce mortality, and buy
time for the development of antiviral drugs and vaccinations
(13). Furthermore, technological advances may be beneficial in
combating the pandemic. Big data analytics, new technology, and
proactive testing have been applied in Taiwan to combat COVID-
19 (14, 15). These strategies may be collectively beneficial in
reducing virus transmission.

Taiwan is a small and populous island which is geographically
very close to China. Social interaction between China and Taiwan
is frequent, thus leading to a high risk of virus transmission.
Central Epidemic Command Center (CECC) was assembled to
combat the COVID-19 pandemic in Taiwan on 20 January 2020.
The commander of the CECC was the Taiwanese Ministry of
Health and Welfare minister, and the organization’s members
included experts from various fields. The CECC executed several
strategies to reduce disease transmission and its government-
guided strategies may have contributed to mitigating the disease’s
spread. Taiwan’s first confirmed case was detected on 21 January
2020, and by mid-March there were 49 cases (16). As of
late August, there were more than 25 million confirmed cases
worldwide; but Taiwan has a lower incidence of infection
with only 488 cases reported in total. We conducted this
retrospective study to investigate the incidence of COVID-19 in
some countries and the varying effects of government-guided
strategies. Reviewing these measurements and experiences may
be helpful for policy makers and healthcare providers.

STUDY DESIGN AND DATA COLLECTION
Study Design and Incidences of COVID-19

Our study was approved by the ethical committee of MacKay
Memorial Hospital, Taipei, Taiwan (registry number:
20MMHIS140e). As of mid-March 2020, we prospectively
searched the websites of WHO, Taiwan Centers for Disease
Control (CDC)—which is a key department under the Ministry
of Health and Welfare and is responsible for disease prevention

and control—and other websites to extract data regarding patient
numbers and diagnostic tests of COVID-19 in some countries
based on the epidemic conditions and completeness of publicly
available data (1, 16-18). The total population of each country
was also obtained to calculate the case numbers per million
citizens. The trend chart was also plotted.

Government-Guided Strategies and

Hospital-Adopted Measurements

Taiwan’s CECC delivered information to the populace via
public broadcasting; this included television, newspaper, and the
internet (16). Additionally, official documents were provided
to each hospital or healthcare clinic. In accordance with
the government-guided strategies, individual healthcare units
adapted the optimal measurements according to their own
equipment, patient characteristics, human resources, and clinical
settings. We retrospectively reviewed the government-guided
strategies and our hospital measurements. Some photos are
provided to demonstrate practical situations.

RESULTS OF EPIDEMIOLOGICAL DATA

Incidences of COVID-19 and Diagnostic

Tests Performed

As of 13 March 2020, 49 cases were confirmed as COVID-19 in
Taiwan with an overall low incidence rate (2.1 cases per million
citizens, Table 1). Compared with other countries, aggressive
tests for COVID-19 were also observed in Taiwan and 16,089
people had received diagnostic testing (688.5 tests per million
citizens). The positivity rate was relatively low (49/16 089, 0.3%).
Additionally, Taiwan kept a relatively low rate of increase for
disease transmission (Figure 1A). The number of infected people
increased exponentially and there were more than 25 million
infected people worldwide as of late August 2020 (Figure 1B).
There were 488 cases in Taiwan, and Taiwan retained a low
positive rate (20 cases per million citizens, Table 1).

MAJOR MEASURES OF
GOVERNMENT-GUIDED STRATEGIES AND
HOSPITAL-ADOPTED MEASUREMENTS

Taiwan’s CECC has executed many strategies to combat COVID-
19. We have summarized five important strategies and hospital-
adopted measurements.

Border Control

Many Taiwanese people either work or have business in China,
and it is impossible to cut off all transportation between the
two regions. With gradually decreased flights, the number of
incoming people from China declined from more than 100,000
per month in 2019 to 5,000 in February 2020. At the same
time, the CECC cooperated with other government departments
to perform immediate border inspections. For people traveling
from endemic areas, home quarantine for 14 days was required
and enforced by chiefs of villages (16). If people went out
without permission, they were searched by police and fined
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TABLE 1 | Tests for COVID-19 and positive patients in selected countries.

Tests performed Population (millions)

Tests per million citizens

Positive cases Positive test rate (%) Positive cases

per million

citizens
As of 11 March 2020
South Korea 210,144 51.3 4,099 7,755 3.69 151.3
Italy 60,761 60.5 1,005 10,149 16.70 167.9
UK 26,261 67.9 387 456 1.73 6.7
USA 8,554 331 26 696 8.08 21
Japan 9,600 126.5 76 568 5.92 4.5
Taiwan 16,089 23.4 688.5 49 0.31 21
As of late August 2020
South Korea 1,909,329 51.3 37,236 19,400 1.02 378
Italy 8,410,510 60.4 139,138 265,409 3.16 4,391
UK 16,273,209 67.9 239,611 331,644 2.04 4,881
USA 80,305,101 331 242,383 6,097,763 7.59 18,405
Japan 1,420,589 126.4 11,238 65,573 4.62 519
Taiwan 86,983 23.4 3,651 488 0.55 20

up to 300,000 New Taiwan Dollars (roughly 10,000 USD). The
definition of endemic areas changed over time according to the
risk assessment of the CDC.

Official Media Channel and Press
Conference

Whenever there was a new confirmed case or important
policy, the CECC gave a press conference to announce the
current information. As the pandemic’s events changed rapidly,
the frequency of press conferences was almost daily. Fear
comes from ignorance and misinformation. Fake news is not
uncommon in the internet era, especially during a pandemic (19,
20). Fake news causes panic, violence, unnecessary stockpiles,
discrimination, and an increase in the spread of disease (21).
Therefore, in Taiwan, people who release fake news are fined.
An authorized and timely official channel was helpful to reduce
fake news and public anxiety. Line® is one of the most popular
instant messaging applications in Taiwan, thus, the CECC has
built an official Line® channel to deliver correct information
(Supplementary Figure 1). The application of new technology is
beneficial in providing timely and correct information (14, 15).

Name-Based Rationing System of Mask

Plan

The CECC recruited all mask factories and governed the
allocation of masks. For the general public, a “name-based
rationing system of mask plan” was performed. Everyone could
buy two masks per week at corner pharmacies. As the production
capacity increased, everyone could purchase nine masks over a 2-
week period beginning in April. In April, masks were donated
to other countries and, starting in June, masks could be sent
to people abroad. New technology was applied to the rationing
plan and the purchase process was certificated by each citizen’s
national health insurance card. A real-time “mask map” website

was also created to provide a clear instruction of storage and
people could also make mask reservations using a mobile app
(16) (Supplementary Figure 2).

TOCC-Based Rapid Triage, Outdoor

Clinics, and Protective Sampling Device
TOCC refers to travel, occupation, contact, and cluster, which
has been promoted in Taiwan for years. Patients who look
for medical aid will always be asked their TOCC history.
Hospitals can potentially be places for disease to spread, hence,
outdoor tent clinics were set up to provide medical care
for patients with travel or contact history (Figure 2). Patients
with travel or contact history of COVID-19 were guided to
specific outdoor clinics to prevent the virus spread within
hospitals. Inside the special outdoor clinics, healthcare providers
wore medical masks, gloves, and isolation gowns to protect
themselves. If COVID-19 was suspected, a nasopharyngeal
swab was performed using a homemade sampling shield—
or a protective cover transformed from an old incubator
to offer the clinician protection against exposure (Figure 3)
(22). Physicians and patients were also separated by polyvinyl
chloride clear sheets. This creates a physical barrier to block
the aerosols, droplets, or vomitus during sampling. Telemedicine
was also used to assist in medical care and to reduce exposure.
For people under quarantine having mild medical illness,
such as itching skin rashes or superficial burn injuries, a
history-taking and inspection was arranged via telemedicine
(Supplementary Figure 3).

Social Distancing, Delay of New
Semesters, Restriction of Religious
Assembly

Education and religion are essential, but crowds of any
kind pose a high risk for virus transmission. In order to
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FIGURE 1 | (A) Trend chart of cumulative cases of COVID-19 in some countries and government-guided strategies in Taiwan (as of 11 March 2020). (B) Trend chart
of cumulative cases of COVID-19 in some countries (as of late August 2020).

reduce transmission of COVID-19 in schools, the CECC religious assembly in Taiwan which is listed in the UNESCO
cooperated with the Ministry of Education to postpone the Intangible Cultural Heritage. It is usually held in late
second semester of all schools to late February. Moreover, —March and spans 9 days and 8 nights; millions of people
religion is an important cultural component, but several participate. The religious assemblies were also postponed
outbreaks of COVID-19 tied to religious assembly have been = for months (no local cases for ~2 months) to mitigate
reported (1). The Dajia Matsu pilgrimage is an important  viral transmission.
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FIGURE 2 | Tents as “outdoor clinics”.

FIGURE 3 | Homemade “sampling shield” for nasal swab testing.

MINOR MEASURES, SOME DETAILS OF
IMPLEMENTATION, AND DISCUSSION

The coronavirus pandemic is a severe crisis worldwide and the
optimal strategies to combat COVID-19 in each country remain
unclear. Our study found Taiwan had aggressive diagnostic tests
(high number of tests performed per million citizens) and low
infection rates compared with other countries; in fact, it had
one of the lowest incidences in the world. Government-guided
strategies contributed to controlling the disease’s spread and
may be beneficial for reference by other countries” health policy
makers and healthcare providers.

Timely quarantine and identification of infectious sources
are essential to reduce virus transmission (23, 24). However,
people may be afraid of quarantine and may even conceal
their travel history. Taiwan’s broadly covered health insurance

system also shows an advantage. By rapidly connecting its
medical and immigration systems, the government was able
to generate a notice of travel-abroad history within 30 days
to remind healthcare providers when the health insurance
card was connected (16). Prompt disposition and management
could be arranged. Additionally, isolation and quarantine may
create huge psychological stress (25), and in order to provide
humane support, a quarantine bag was delivered to people
under quarantine, which included instant noodles, food, rice,
facemasks, hand sanitizer, and coupons for in-home movies and
music, such as Netflix and Line TV (Supplementary Figure 4).
If people under quarantine felt sick, they could use a
hotline (1922) to be scheduled at a designated hospital for
further assistance. These measures and strategies cumulatively
contributed to reduced exposure and breaking transmission
chains in local transmission.

Public education with correct information about virus
transmission and disease prevention is crucial during a
pandemic. The CECC invited famous internet celebrities and
YouTubers to make videos in various languages and to share
correct information. For health personnel, teleconferences were
held to share knowledge and standard procedures of medical
care. All these measurements reduce unnecessary fear and panic.

The innovative “name-based rationing system for masks”
was believed to have contributed to disease control during the
COVID-19 pandemic (26). The major route of transmission of
COVID-19 is thought to be through respiratory droplets and
wearing mask is a simple and effective step to prevent infection
(1, 16, 27-29). Stockpiling masks and hand sanitizer is not
reasonable and is hazardous for disease control as it may cause
some individuals to lack necessities (30). Taiwan’s government-
guided strategy to recruit mask factories and re-allocate
masks ensured that healthcare providers had enough personal
protective equipment (PPE) to care for highly contagious
patients. PPE played a vital role in the battle against COVID-
19 and shortages of PPE was an important issue. In a large-
scale study in China, 3.8% of infected individuals were healthcare
personnel, and the risk of healthcare-associated infection was
emphasized (6). Allocation of PPE by the government and
reducing stockpiling behaviors were beneficial for front-line
healthcare providers. For the general public, the name-based
rationing system for masks ensured everyone could have an
adequate supply of masks. This strategy avoided mask stockpiling
and public panic also decreased. Community transmission might
be reduced when all residents wear a mask.

Unnecessary hospital visits were prohibited. Patients who
look for medical aid in Taiwan are always asked for TOCC
history. At the hospital entrance, a short version of COVID-19
symptoms was posted to provide a simple, graphic, and clear
reminder of the disease (Supplementary Figure 5). People were
asked about the purpose of their hospital visits and TOCC
history was confirmed. If entry was allowed, the visitor then
went through infrared thermal imagers, which decreases contact
during body temperature reading (Supplementary Figure 6),
and they must then apply hand sanitizer to clean their
hands. These measures contributed to a decreased risk
of exposure.
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Our study had some limitations. First, we recognize that there
is no single best strategy and that the true impact of each strategy
remains unclear. The optimal strategy will differ by geographic
region, culture, population density, and healthcare resources and
norms. Second, due to the lack of relative quantification of the
impact for each one of the components that are mentioned as
part of the public health strategy, it’s difficult to investigate the
independent impact of each measurement.

CONCLUSION

In conclusion, the emerging COVID-19 pandemic is an
important health crisis worldwide. The number of infected
people increased exponentially in many areas, while
Taiwan experienced a relatively controllable situation. These
government-guided strategies may contribute to the reduction
of disease transmission.
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Importance: Currently, there is no unified framework linking disease progression
to established viral levels, clinical tests, inflammatory markers, and investigational
treatment options.

Objective: It may take many weeks or months to establish a standard treatment
approach. Given the growing morbidity and mortality with respect to COVID-19, this
systemic review presents a treatment approach based on a thorough review of scholarly
articles and clinical reports. Our focus is on staged progression, clinical algorithms, and
individualized treatment.

Evidence Review: We followed the protocol for a quality review article proposed
by Heyn et al. (1). A literature search was conducted to find all relevant studies
related to COVID-19. The search was conducted between April 1, 2020, and April
13, 2020, using the following electronic databases: PubMed (1809 to present); Google
Scholar (1900 to present); MEDLINE (1946 to present), CINAHL (1937 to present);
and Embase (1980 to present). The keywords used included COVID-19, 2019-nCov,
SARS-CoV-2, SARS-CoV, and MERS-CoV, with terms such as efficacy, seroconversion,
microbiology, pathophysiology, viral levels, inflammation, survivability, and treatment and
pharmacology. No language restriction was placed on the search. Reference lists were
manually scanned for additional studies.

Findings: Of the articles found in the literature search, 70 were selected for inclusion in
this study (67 cited in the body of the manuscript and 3 additional unique references in
the Figures). The articles represent work from China, Japan, Taiwan, Vietnam, Rwanda,
Israel, France, the United Kingdom, the Netherlands, Canada, and the United States.
Most of the articles were cohort or case studies, but we also drew upon other information,
including guidelines from hospitals and clinics instructing their staff on procedures to
follow. In addition, we based some decisions on data collected by organizations such as
the CDC, FDA, IHME, IDSA, and Worldometer. None of the case studies or cohort studies
used a large number of participants. The largest group of participants numbered <500
and some case studies had fewer than 30 patients. However, the review of the literature
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revealed the need for individualized treatment protocols due to the variability of patient
clinical presentation and survivability. A number of factors appear to influence mortality:
the stage at which the patient first presented for care, pre-existing health conditions, age,
and the viral load the patient carried.

Conclusion and Relevance: COVID-19 can be divided into three distinct stages,
beginning at the time of infection (Stage I), sometimes progressing to pulmonary
involvement (Stage I, with or without hypoxemia), and less frequently to systemic
inflammation (Stage ll). In addition to modeling the stages of disease progression along
with diagnostic testing, we have also created a treatment algorithm that considers age,
comorbidities, clinical presentation, and disease progression to suggest drug classes or
treatment modalities. This paper presents the first evidence-based recommendations for
individualized treatment for COVID-19.

Keywords: COVID 19, infectious disease, disease management, directed treatment, cover-19 testing, clinical

course

HIGHLIGHTS

- Question: What are the most effective treatment
recommendations for COVID-19?

- Findings: COVID-19 can be divided into three distinct
Stages, beginning at the time of infection (Stage I), sometimes
progressing to pulmonary involvement (Stage II, with
or without hypoxemia) and less frequently to systemic
inflammation (Stage III). In addition to modeling the stages
of disease progression, we also created a treatment algorithm
which considers age, comorbidities, clinical presentation,
and disease progression to suggest drug classes or treatment
modalities.

- Meaning: This paper presents the first evidence-based

recommendations for individualized treatment for COVID-19.

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has spread
throughout the globe. According to the Centers for Disease
Control and Prevention (CDC), in the United States alone there
were 5,460,429 cases along with 171,012 deaths, as of August
19, 2020 (2). A mathematical model created by The Institute
for Health Metrics and Evaluation (IHME) predicts that in the
United States the number of deaths may climb to over 295,000 by
December 1, 2020 (3). This creates a critical and immediate need
for medical treatment and resources.

Preliminary data in the US suggests that COVID-19 may
be more infectious and lethal than Influenza HIN1. To
place this in context, Figure 1 provides a comparison of the
reproduction rate and case-fatality rates for major respiratory
virus pandemics (4-6). In the general population, case-
fatality rates for COVID-19 are about 1.4% (7). Data strongly
emphasizes early intervention to reduce case-fatality and inhibit
reproductive rates.

To date, a number of articles have been published on the
clinical course and treatment of the disease (8-10). The majority
of patients present with more than one symptom on admission,

O SARS-CoV
COVID-19 ‘

O Influenza 1957
O Influenza 2009

Influenza 1918

Basic Reproductive Rate
N

2% 15%
Case Fatality Ratio

FIGURE 1 | Reproduction rate and case-fatality rates for major respiratory
virus pandemics (4, 5). Rectangle donates case fatality range from multiple
publications.

although the combination of fever, cough, and shortness of breath
is rare. Siddiqi and Mehra proposed a staged progression model
based on observed clinical courses in published studies (11). In
Stage 1, or the mild phase, the virus multiplies and establishes
residence in the host, predominantly in the respiratory tract. In
Stage 2, there is viral multiplication and localized inflammation
in the lungs. Stage 3 is marked by extra-pulmonary systemic
hyperinflammation syndrome. The prognosis and recovery from
Stage 3 is generally poor. Rapid recognition of which stage the
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treatments are currently FDA approved for COVID-19 treatment. The FDA has approved remdesivir and convalescent plasma for inpatient use.

patient is in and the deployment of appropriate therapy may have
the greatest yield.

Common correlating factors that tend to lead to poorer
outcomes include age, hypertension, diabetes, coronary artery
disease, chronic lung disease, and malignancies (12). Research
also finds variations in outcomes due to a dysregulated and
exuberant immune response. Patients requiring intensive care
have significantly higher levels of IL-6, CRP, ferritin, and
D-Dimer. An important therapeutic modality may be to
downregulate the cytokine storm, particularly in severe illness
(13). The literature also suggests that disease progression can
be predicted. During the severe acute respiratory syndrome
(SARS) pandemic, a retrospective analysis revealed that 2-week
cumulative case data could help estimate the total case numbers
with accuracy—well before the date of the last reported case (14).

As we have found, there is no unified framework linking
disease progression to established viral levels, clinical tests,
inflammatory markers, and investigational treatment options.
Given that it may take many weeks or months to establish a
standard treatment approach and that rates of morbidity and
mortality are increasing, we present an initial treatment approach
based on a thorough review of currently available scholarly
articles and clinical reports. Our focus is on staged progression,
clinical algorithms, and individualized treatment.

METHODS

We followed the protocol for a quality review article proposed
by Heyn et al. (1). A literature search was conducted to
find all relevant studies related to COVID-19. The search was
conducted between April 1, 2020, and April 13, 2020, using
the following electronic databases: PubMed (1809 to present);
Google Scholar (1900 to present); MEDLINE (1946 to present),
CINAHL (1937 to present); and Embase (1980 to present).
The keywords used in this search included COVID-19, 2019-
nCoV, SARS-CoV-2, SARS-CoV, and MERS-CoV, with terms
such as efficacy, seroconversion, microbiology, pathophysiology,
viral levels, inflammation, survivability, and treatment and
pharmacology. No language restriction was placed on the
search. Reference lists were manually scanned for additional
studies. From this systematic review, a model was created that
incorporated clinical course, diagnostics, disease management,
and treatment.

Our results focus on recommendations for individualized
treatment, by selecting the most appropriate drug or modality for
the patient, carefully weighing risks and benefits. Clinicians and
patients should understand the staged progression of COVID-
19 (Figure 2). As such, we present a treatment algorithm that
recommends no treatment for some and specific treatment
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FIGURE 3 | Treatment algorithm for COVID-19+ patients based on clinical presentation and therapeutic staging. *High risk patient: Anyone that is >65 y/o or meets
comorbidities criteria as defined below. **Comorbidities: Defined as any two of the following: HTN, DM, CVD, CKD, Pre-existing lung disease, CHF, diabetes >7.6%,
use of biologicals, HIV+, history of transplant, morbid obesity (BMI > 40) (21, 22). **Symptoms Mild: Fever, cough, fatigue, myalgia, headache, anosmia. Rarely,
patients may also present with diarrhea, nausea, and vomiting (8, 21, 23). Moderate: Symptomatic viral pneumonia with possible hypoxemia (PaO2/FiO2 < 300).
Confirmed by chest imaging (CXR or CT) which demonstrate bilateral infiltrates or ground glass opacities (21). Severe symptoms: Systemic (extra-pulmonary)
hyperinflammation with one of the following: respiratory rate > 30 or SpO, < 92% on room air (11, 17). Will also include abnormal chest imaging (CXR, CT scan, or
lung ultrasound) characterized by bilateral opacities that are not primarily due to volume overload or lung collapse (partial or full). Echocardiogram can be used rule out
of primary cardiac causes (24, 25). ****See Table 1 for appropriate Rx for stage. Treatment must be individualized to the patient by considering risks, benefits, and
contraindications of the particular Rx. Note: there may be a potential for combining multiple agents if no drug interaction exists, as there are pleural mechanisms of
actions. “****Convalescent plasma can be used during any stage, though likely more beneficial earlier in the disease course (63).

for others, depending on age, comorbidities, and symptom
severity (Figure 3).

RESULTS

Based on our thorough review of the literature, we correlated
the disease course to COVID-19 testing, diagnostic options, and
treatment strategies (see Figure 2). COVID-19 can be divided
into three distinct stages, beginning at the time of infection
(Stage I), sometimes progressing to pulmonary involvement
(Stage II, with or without hypoxemia), and less frequently
to systemic inflammation (Stage III). We also created a
treatment algorithm that considers age, comorbidities, clinical
presentation, and disease progression to suggest drug classes or
treatment modalities (see Figure 3). The specific treatments are
summarized in Table 1 (15, 21-62, 64).

Comorbidity

Data exists for early identification of cases at high risk of
progression to severe COVID-19. One promising model created
in China found that patients who developed severe COVID-
19 possessed one of the following diseases: hypertension,
diabetes, coronary heart disease, chronic respiratory disease,
or tuberculosis. The same model cited age and various
serological indicators [such as C-reactive protein (CRP), lactate
dehydrogenase (LDH), bilirubin, and others] as factors associated
with worse outcomes (65). Additional research confirmed,
in a case-control study, that subjects with high Sequential
Organ Failure Assessment (SOFA) scores, with age >65, with
hypertension, diabetes, and/or coronary heart disease were at
greatest risk (66). Lastly, research focusing on viral load and
survival found that higher initial viral load is independently
associated with worse prognosis (2).
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TABLE 1 | Summary of investigational treatments by COVD-19 effect.

Agent Effect Dosing Stage Mechanism Commentary
Remdesivir AV e 200mg IV x 1, followed by 100 mg -l * RNA polymerase inhibitor (26) e Adverse effects include elevated ALT and AST, phlebitis, constipation,
qd for 5-10 days headache, nausea.
e Theoretical risk of renal injury.
e Should not be used in pregnancy due to lack of data.
® Has limited drug-drug interactions (no significant CYP effect)
e Clinical trials underway in the US, UK, and China
e Showed efficacy in COVID-19 treatment (27)
Lopinavir/Ritonavir AV ® 200 mg/50 mg/capsule, 2 capsules -1l ® Protease inhibitor (28) ® Nearly 14% of patients cannot complete a course due to Gl side
PO bid for no more than 10-14 effects (29).
days * Ritonavir is a potent CYP3A4 inhibitor (interacting with Rx such as
apixaban, tacrolimus, and amiodarone).
® In rare cases, Lopinavir/Ritonavir can cause liver injury, pancreatitis,
and cardiac toxicity.
e Treatment in mostly Stage II-ll patients was not found to be superior
to standard of care. Subgroup analysis suggestive that earlier
treatment (Stage I) might be beneficial (28)
Favipiravir AV e 1,600 mg PO bid x1d, then 600 mg -l e Broad spectrum inhibitor of e Increases liver function parameters (AST, ALT, and total bilirubin)
PO bid for up to 14 days RNA-dependent RNA polymerase o Testis toxicity and has a risk for teratogenicity and embryotoxicity
(30, 31) e Was found to be superior to Lopinavir/Ritonavir in a small controlled
study (32)
Umifenovir AV e 200 mg g8h for up to 14 days -1l ¢ S protein/ACE-2 membrane fusion e Metabolism by CYP3A4. Caution with strong inhibitors or inducers.
inhibitor (33) e Hypersensitivity risk increases in children under 2 years of age
e |imited clinical evidence shows promise in COVID-19 (34)
Hydroxychloroquine AV e Stage I-Il =400 mg PO bid for first -l e AV replication-neutralization of the e Adverse effects include: rash, nausea, and diarrhea. Gl symptoms can

A-IN day followed by 200 mg bid daily
for 5 days (35, 36)

Stage lll—May consider extending
treatment (200 mg bid) for up to 14
days (35)

pH cellular organelles for gene
replication

A-IN: inhibition of macrophage
activation and reducing release of
tissue TNF-a, IL-1, IL-6 (37-39)
A-IN: interfere with lysosomal
activity and autophagy, disrupt
membrane stability, alter signaling,
and transcriptional activity, which
can then inhibit immune activation
and cytokine production (38)

be mitigated by taking with water; use with caution in diabetic patients
may cause hypoglycemia (40)

Increased risk of retinopathy with a recommended maximal daily dose
of 5.0 mg/kg. Avoid if history of retinal disease, macular degeneration,
or previous treatment with tamoxifen (41)

Caution in patient at risk for QT prolongation. EKG at baseline
and following initiation is generally advised, particularly in critically ill
patients.

Contraindicated with Epilepsy, Porphyria, G6PD, and Myasthenia
Gravis

Not proven effective for Pre-Exposure/Post-Exposure prophylaxis.
IDS recommends for patients hospitalized with Pneumonia, as part
of a clinical trial (29)

No definitive evidence from randomized controlled trials that it is
effective (29)
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TABLE 1 | Continued

Agent Effect Dosing Stage Mechanism Commentary
Chloroquine AV e Stage I-Il =500 mg bid for 5 days -l e A-IN: decrease secretion and/or e Has greater adverse event profile than Hydroxychloroquine and
A-IN e Stage lll—may consider extending receptor expression of cytokines possibly less efficacy. Most common symptoms include abdominal
treatment for up to 10 days such as TNF-a (39, 42) cramps, nausea, anorexia.
¢ Interfere with lysosomal activity and e Can increase QTc and result in hematologic effects (including
autophagy, similar to hemolysis with G6BPD deficiency). Can cause retinal toxicity and
Hydroxychrloroquine (38) hypoglycemia.
e As with Hydroxychloroquine, additional clinical trial data is necessary
to determine efficacy and safety in COVID-19 patients (43).
¢ No definitive evidence from randomized controlled trials that it
is effective
Ivermectin AV e 45-64 kg: 9mg orally single dose -l e Broad-spectrum antiviral activity in e May consider prophylactic use of Ivermectin in patients on
® 65-84 kg: 12 mg single dose vitro through inhibition of nuclear corticosteroids who have high risk of Strongyloides hyperinfection
e 85kg or more: 0.15 mg/kg orally import of host and RNA viral e Possible considerations as adjunct therapy or replacement when
single dose proteins (44) other agents contraindicated
e Contraindicated in Pregnancy
Ribavirin AV ¢ |V 500 mg each time, bid or tid, no 111 ¢ |nhibits viral RNA dependent RNA e Can cause birth defects or death in an unborn baby (45)
more than 10 days polymerase * Hematologic toxicity is observed in dose-dependent fashion.
e Caution when used with azathioprine or HIV/AIDS medicines
* Ribavirin is likely not effective when used alone and must be used in
combination with IFN-a or lopinavir/ritonavir
Convalescent plasma donor AV ® 200-250 mL of ABO-compatible -1l * Neutralizing activity against * Allergic transfusion reactions
containing A-IN convalescent plasma x 2 SARS-CoV-2 e |ikely most beneficial in early disease course (e.g., Stage | or Stage
SARS-CoV-2-specific (achieving 400 mL in total) on the Il), as its mechanism of action is to neutralize viral particles (46)
antibody (IgG) same day it was obtained from the
donor
Azithromycin A-IN ® 500mg qd x 1, then 250 mg bid (111} ¢ Inhibits RNA-dependent protein ® Previous studies have shown some efficacy against viruses such as
for 4 days synthesis Influenza, Ebola, RSV, and Rhinovirus (48)
* Multiple immunomodulatory e May confer benefit when added to Hydroxychloroquine (36, 49)
effects (47) e Should be used if superimposed bacterial Pneumonia.
e Does increase QT interval, especially when added to
Hydroxychloroquine. An EKG is recommended prior to start (and
EKG or telemetry monitoring while on Tx is recommended) (50)
Doxycycline and other A-IN e 200mg qd x 1, then 100 mg qd for 111 e Downregulation of NFkB pathway e May confer benefit when added to Hydroxychloroquine.
Tetracyclines 4 days. May consider extending as well as TNFa, IL-1B and IL-6 * Should be used if superimposed bacterial Pneumonia
treatment for up to 14 days e Possible inhibition of RNA
replication (51)
Prednisone CS ® 40-60 mg prednisone PO or 111 e Multiple immunomodulatory e Should not be used in Stage | (unless another indication) as it may
Methylprednisolone 30-60 mg methylprednisolone IV, or effects, including suppression of increase viral load (53)
Dexamethasone 5-10mg dexamethasone IV qd for PMN migration and reversal of e Indicated for asthma or COPD exacerbation or any shock with a
Hydrocortisone up to 7 days increased capillary permeability (52) history of chronic steroid use in excess of 10mg prednisone daily.

* 50mg hydrocortisone IV q6H until
improvement in shock

Also used for multipressor (>2 pressor) shock.
Use in patients with hypoxemia may confer a mortality benefit. If
ARDS, higher doses may be required (54, 55)
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TABLE 1 | Continued

Agent Effect Dosing Stage Mechanism Commentary
Tocilizumab and other IL-6 A-IN e 4-8 mg/kg IV (usually 400mg) x 1 Il ¢ Inhibits inflammatory cytokine ¢ Side effects include upper respiratory tract infections, mild stomach
inhibitors dose. If inadequate response, may storm cramps.
repeat one time after 12h (56) ¢ Inhibits IL-6 and signal transduction e Black box warning for a risk of serious infections, including
of RNA viruses but not of DNA tuberculosis and other opportunistic infections. Patients treated with
viruses (57) this medication should be tested for latent tuberculosis prior to
discharge from the hospital
e Caution in neutropenia or thrombocytopenia
e May interact with cholesterol-lowering medications, seizure
medications, heart rhythm medications
* May be beneficial for use in Cytokine Activation Syndrome (58)
IFN-a and other Type 1 AV e 5 million U or equivalent dose each lIb-1l e |nterfere with viral replication e |nhalation pharmacodynamics and pharmacokinetics have never been
Interferons A-IN time, 2 times/day for Vapor ® Slowdown of cell metabolism and assessed.
inhalation secretion of cytokines e |V and SC modes of administration are well-described and proven
safe in several clinical trials (under expert use), with similar
pharmacodynamics and pharmacokinetics (59)
Prazosin and other alpha-1 A-IN e 1mg bid or tid, titrating up as -l e Reduces catecholamine and e Contraindicated if hypotension.
adrenergic receptor (AR) tolerated cytokine response through alpha-1 e No current evidence for starting the Rx if patient is not already on it.
antagonists AR antagonism A recent retrospective review found that patients previously treated
with alpha-1AR antagonists had improved end points (60)
Atorvastatin and other A-IN ® Atorvastatin 40 mg ghs -l Pleiotropic effects, anti-inflammatory e |f there is an indication for a statin, the statin should be started or
Statins continued (15)
Baricitinib A-IN e Eli Lilly and National Institute for lb-1ll * JAK1/JAK2 inhibitor e FDA approved for treatment of rheumatoid arthritis.
AV? Allergies and Infectious Diseases e Theoretic (but proven) e Side effects include upper respiratory tract infection and reactive of
(NIAID) announced that the drug antiviral properties herpes simplex and herpes zoster.
will begin its first large randomized ® Black box warning for serious infections including TB. Patients must
trial in COVID-19 patients, in late be tested for TB prior to starting treatment.
April in the U.S., and additional e Increase risk of malignancy (including Lymphoma), and
sites in Asia/Europe (61) thromboembolism (61)
Colchicine A-IN ® 1.5mg loading dose + 0.5 mg after 1=l ® Anti-inflammatory, through a variety * FDA approved for the treatment of gout and familial Mediterranean
60 min, and then 0.5 mg bid for up of mechanisms including inhibition fever
to 3 weeks (62) of neutrophil chemotaxis and IL-1 * Most common adverse effects are abdominal pain and diarrhea.
activation e Adequate cardiovascular safety profile
Heparin, Enoxaparin, and AC e DVT Prophylaxis Dosing (e.g., 111 Tissue factor pathway inhibition (54) e Indicated as DVT prophylaxis for all hospitalized patients (Stage II)

other Anticoagulants

Enoxaparin 40 mg SC qd, or
Heparin 5000 SC tid)

Full anticoagulation —individualize
to patient

without contraindication for anticoagulation.

Full anticoagulation may be beneficial in Stage Ill, as it has shown
benefit for those suffering from sepsis associated coagulopathy,
ARDS, or D-Dimer levels >6-fold the upper limit of normal (54)

AV, Antiviral; A-IN, Anti-inflammatory; CS, Corticosteroid; AC, Anti-coagulant.
*None of these Rx are considered standard of care for treatment of COVID-19, and ideally should be used as part of a clinical trial. Moreover, this table is not meant to be a comprehensive review of adverse effects and drug-drug
interactions. Treatment must be individualized to the patient, considering the patient’s age, comorbidities, clinical course, drug interactions, and hypersensitivities. Lastly, this table is meant to be updated as new evidence (and perhaps

new agents or classes of agents) is presented.
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FIGURE 4 | Percent change in clinical measures between survivors and
non-survivors. Source: (21).

Disease Progression

The most common presenting symptoms are fever and cough,
followed by myalgia and fatigue. Less commonly, patients
may present with sputum production, headache, or abdominal
symptoms like diarrhea (21). In terms of disease progression,
a case study of the first five patients diagnosed with COVID-
19 in Europe points the way to two different clinical evolutions
of the disease: 1. Presenting few symptoms, but showing high
viral load from the respiratory tract; 2. A two-step disease
process, with worsening of symptoms around 10 days of
symptom onset despite decreased viral load in respiratory
samples. In our model, we plot the disease progression
as a function of infection, survivability, and inflammation
(Figure 2).

We identify the inflection point where survival decreases as
inflammation increases—approximately day 10 from symptom
onset. Support for this is found in research by Chen et al
published in The Journal of Infection (37). Their research
found that sepsis and ARDS in hospitalized patients start
at around days 10 and 11, respectively. They also found
temporal changes in inflammatory laboratory markers beginning
at day 4 of illness onset. These included temporal changes
in D-dimer, IL-6, serum ferritin, high-sensitivity cardiac
troponin I, and lactate dehydrogenase. The differences were
statistically significant between survivors and non-survivors
for all time points. Figure4 provides the percent change
between survivors and non-survivors from day 4. In addition,
Yang et al. found that the patients admitted to the ICU
with severe hypoxemia had a 50% probability of survival
at day 7 of ICU admission (corresponding to Day ~17 in
Figure 2) (16).

Stage |

The incubation period is on average 5 days. In most
patients, initial presenting symptoms are mild (though a
small number of patients can be asymptomatic throughout
the disease). Stage I symptoms include fever, cough, fatigue,
and body aches. In a minority of cases, symptoms may
also include headache, abdominal symptoms, anosmia, as well
as others. The duration of initial symptoms is 5-7 days,
correlating with a peak in viral load (21). During this time,
the appropriate diagnostic test is a nasopharyngeal PCR.
Laboratory studies may include an elevated D-Dimer and
prothrombin time, as well as lymphopenia (see Figure 2).
Given that symptoms in this stage are mild, and correlated
with viremia, the appropriate treatment modality is supportive
care or antiviral medication. Nevertheless, treatment must
be individualized, based on a patients age, comorbidities,
presenting symptoms, and drug interactions (see Figure 3
and Table 1).

Stage Il

Some patients progress into Stage II, which is characterized by
a decrease in viral levels and an increase in inflammation that
initially localizes to the lungs. Infiltrates are typically seen on
chest x-ray (CXR) or computed tomography (CT). Similar to
symptom duration in Stage I, the typical symptom course in Stage
IT is also 5-7 days. Treatment with antivirals is still indicated, but
given an average decrease in viral levels during this stage, that
treatment is theoretically less effective than in Stage I. Moreover,
Stage II is divided into two sub-stages (IIA and IIB), depending
on whether a patient is hypoxemic or not. This distinction is
important for management (see Figure2). In Stage IIB, the
patient is significantly dyspneic and may benefit, depending on
age and comorbidities, from the use of corticosteroids or other
anti-inflammatory treatments (see Figure 3).

Stage Il

Although only a minority of patients (estimated at 10-15%)
progress to Stage III, mortality within this stage is considerable
(estimated at 20-30%). The morbidity and mortality are generally
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due to uncontrolled inflammation, which at this point is systemic.
The most important symptom is respiratory distress (correlating
in a typical patient to a Pulse Ox < 92%). Laboratory markers
include significantly increased CRP and IL-6 levels (16, 67). As
in Stage II, treatment may include antivirals (if the patient is still
viremic), but agents to counteract inflammation and its effects
(such as microthrombi) must be considered (see Figure2). A
summary of investigational therapies can be found in Table 1.
It should be noted that many ongoing clinical trials will more
clearly define COVID-19 specific treatment risks and benefits.

Pre-exposure and Post-exposure
Prophylaxis

A number of clinical trials are exploring pre-exposure and
post-exposure prophylaxis. There is no definitive evidence that
any particular treatment modality is effective but antivirals,
anti-parasitics, and convalescent plasma have been proposed.
Antivirals, like Remdesivir, may prove beneficial at any stage
of disease (26, 27). Convalescent plasma provides the antibody
support needed to envelop and destroy the virus while preventing
the exuberant immune response or cytokine release that leads to
significant pathology, particularly in Stages ITb and III (46).

LIMITATIONS

This review has several limitations. First, the incredible
volume and speed at which data is published about the
treatment of COVID-19 indicates that research findings and
recommendations may change. Second, the research used to
create this review came from small studies, often-times with very
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In this study, we analyzed full-length SARS-CoV-2 genomes from multiple countries to
determine early trends in the evolutionary dynamics of the novel COVID-19 pandemic.
Results indicated SARS-CoV-2 evolved early into at least three phylogenetic groups,
characterized by positive selection at specific residues of the accessory proteins ORF3a
and ORF8. Also, we are reporting potential relevant sites under positive selection at specific
sites of non-structural proteins nsp6 and helicase. Our analysis of co-evolution showed
evidence of epistatic interactions among sites in the genome that may be important in
the generation of variants adapted to humans. These observations might impact not only
public health but also suggest that more studies are needed to understand the genetic
mechanisms that may affect the development of therapeutic and preventive tools, like
antivirals and vaccines. Collectively, our results highlight the identification of ongoing
selection even in a scenario of conserved sequences collected over the first 3 months of
this pandemic.

Keywords: evolution, epistasis, positive selection, COVID-19, SARS-CoV2

INTRODUCTION

The first case of pneumonia confirmed to be caused by the novel virus severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was a patient admitted in a hospital of Wuhan, Hubei
province, China on December 12, 2019 (Wu et al., 2020). As of April 9, 2020, the World
Health Organization (WHO) has confirmed 1,439,516 cases, 85,711 deaths, and the presence
of COVID-19 in 209 countries, areas, or territories. Of the confirmed cases, 71% are from
seven countries: United States of America (395,030), Spain (146, 690), Italy (139, 422), Germany
(108,202), China (83,249), France (81,095), and Iran (66,220). As of the writing of this report,
the number of COVID-19 cases continue to increase worldwide, with multiple epicenters.
Remarkably, by the time of the revision of this manuscript (September 21, 2020), the number of
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both confirmed cases and deaths has dramatically increased
to 30,905,162 and 958,703, respectively, becoming the Americas
the center of the pandemic with 15,580,622, and 530,373
confirmed cases and deaths, respectively, and corroborating
the huge impact of this pandemic for the public health around
the world.!

The International Committee on Taxonomy of Viruses (ICTV)
initially named this pathogen 2019-nCoV (also referred to as
COVID-19 by WHO) and included it within the Coronaviridae
viral family (Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses, 2020). Later, based on
the close phylogenetic relationship of COVID-19 with other
human and bat SARS-CoVs, ICTV renamed the virus as SARS-
CoV-2 (Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses, 2020).

The Coronaviridae family encompasses a group of single-
stranded, positive-sense RNA viruses with a genome length
varying between 27 and 32 kb. These are zoonotic viruses
with the potential to infect humans and animals. Coronaviruses
may cause acute and chronic respiratory, enteric, and central
nervous system infections (Weiss and Navas-Martin, 2005;
Phan et al, 2018). In the case of SARS-CoV-2, a meta-
analysis of 50,466 patients indicates that fever and cough
are the most common symptoms (95% CI: 81.8-94.5% and
65.7-78.2%, respectively; Sun et al., 2020). The disease may
worsen, and the percentages of severe cases and fatality rate
vary between 12.7 and 24.3% and 2.7 and 6.1% (95% CI),
respectively (Sun et al, 2020). Interestingly, new clinical
evidence obtained by the time of this revision shows the
ability of SARS-CoV-2 to produce arrhythmia, septic shock,
coagulation dysfunction, and multiple organ functional failure
(Wang et al., 2020).

The genome organization of SARS-CoV-2 is similar to viruses
from the genus Betacoronavirus, one of the four genera included
in the Coronaviridae subfamily Orthocoronavirinae. The ~29,903
nucleotide (nt) genome is organized as follows, 5' to 3": replicase
ORFlab, S (encoding the structural spike glycoprotein), ORF3a
(ORF3a protein), E (structural envelope protein), M (structural
membrane glycoprotein), ORF6 (ORF6 protein), ORF7a (ORF7a
protein), ORE7b (ORF7b protein), ORF8 (ORF8 protein), N
(structural nucleocapsid phosphoprotein), and ORF10 (ORF10
protein). ORF1ab (~21,291 nt) encodes 16 non-structural proteins:
leader protein, nsp2, nsp3, nsp4, 3C-like proteinase, nsp6, nsp7,
nsp8, nsp9, nspl0, RNA-dependent RNA polymerase, helicase,
3' to 5' exonuclease, endoRNAse, 2'-O-ribose methyltransferase,
and nspll (Wu et al.,, 2020).

Much speculation regarding the origin of SARS-CoV-2
emanates from unfounded theories, such as a man-made
laboratory origin; however, a recent study supports the hypothesis
that SARS-CoV-2 was the result of cross-species transmission
followed by natural selection in the novel human host (Andersen
et al., 2020). This hypothesis is strongly supported by studies
examining amino acid differences between SARS-CoV-2 and
some phylogenetically related betacoronaviruses (e.g., Bat-RatG13
isolate and the human SARS-CoV isolate Urbani) at the

'https://www.who.int/emergencies/diseases/novel-coronavirus-2019

receptor-binding domain (RBD) of the spike protein, where
such differences seem to increase the ability of SARS-CoV-2
to bind to the human receptor angiotensin-converting enzyme 2
(ACE2; Andersen et al.,, 2020). This increased affinity for binding
ACE2 might help to explain the infectiousness of SARS-CoV-2 in
human populations (Wan et al., 2020).

Considering the extraordinary plasticity shown by other
human viral RNA pathogens, for example, HIV-1, Influenza
viruses, SARS-CoV, and hepatitis C virus, to undergo adaptative
changes to evade innate and adaptive immune responses, develop
drug resistance, or establish an infection in a new host (Frost
et al,, 2018), multiple questions arise regarding the adaptative
changes that SARS-CoV-2 has undergone during the pandemic.
SARS-CoV-2 has spread throughout many countries resulting
in the infection of people with diverse immunological
backgrounds and demographics (age, sex, environmental
conditions, etc.) that potentially impose significant selective
pressures on SARS-CoV-2.

Here, we evaluate the phylogenetic and evolutionary dynamics
of SARS-CoV-2 during the early phase of the COVID-19
pandemic. Using different analyses based on a codon-based
phylogenetic framework, we identified critical sites in the
genome undergoing positive selection, which might favor viral
divergence and emergence of multiple viral variants. Our findings
are discussed in terms of the potential effects that the early
evolution of SARS-CoV-2 might have on the outcome of
this pandemic.

MATERIALS AND METHODS

Data Collection

Eighty-six full-length SARS-CoV-2 genomes representing early
viral isolates from patients living in diverse geographic regions
were used for this study. Viral sequences available to
be downloaded from the NCBI SARS-CoV-2 data hub as of
March 10, 2020 represent the total number of full-length viral
genomes at the time that the analysis was conducted (Figure 1).

Phylogenetic Analysis

A phylogenetic tree of SARS-CoV-2 was reconstructed using
a Bayesian approach on the program MrBayes 3.2.7 (Huelsenbeck
and Ronquist, 2001; Ronquist and Huelsenbeck, 2003). For
this propose, Hasegawa-Kishino-Yano 85 (HKY85) was used
as nucleotide substitution model (Hasegawa et al., 1985). This
model was chosen based on the Bayesian information criterion
(BIC) score (84484.082), and in its availability on MrBayes.
HKY85 represented the third best option among 24 substitution
models (Supplementary Figure 1). This analysis was conducted
on the software Mega 7 (Kumar et al., 2016)

Settings on MrBayes included: number of substitutions types
(Nst) = 2 (allowing transitions and transversions have potentially
different rates), rates = Gamma, and Markov Chain Monte
Carlo (MCMC) = 100,000,000. The run was diagnosed using
Tracer 1.7.1 (Rambaut et al., 2018) to ensure an ESS larger
than 200. The tree was built using a 15% burnin proportion
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Genbank accession  Genome
number bases isolation source Host Country State/City/Province Collection Date
LC528232.1 29902 throat swab Homo sapiens Japan Kanagawa 10-Feb-20
LC528233.1 29902 throat swab Homo sapiens Japan Kanagawa 10-Feb-20
LR757995.1 29872 N/A Homo sapiens China ‘Wuhan 26-Dec-19
LR757996.1 29868 N/A Homo sapiens China ‘Wuhan 1-Jan-20
LR757998.1 29866 N/A Homo sapiens China ‘Wuhan 26-Dec-19
MN908947.3 29903 N/A Homo sapiens China Wuhan Dec-19
MN938384.1 29838 nasopharyngeal swab Homo sapiens China Shenzhen 10-Jan-20
MN975262.1 29891 sputum Homo sapiens China Shenzhen 11-Jan-20
MN985325.1 29882 oropharyngeal swab Homo sapiens USA Washington 19-Jan-20
MN988668.1 29881 bronchoalveolar lavage fluid Homo sapiens China ‘Wuhan 2-Jan-20
MN988669.1 29881 bronchoalveolar lavage fluid Homo sapiens China ‘Wuhan 2-Jan-20
MN988713.1 29882 sputum Homo sapiens USA Illinois 21-Jan-20
MN994467.1 29882 nasopharyngeal swab Homo sapiens USsA California 23-Jan-20
MN994468.1 29883 nasopharyngeal swab Homo sapiens USA California 22-Jan-20
MN996527.1 29825  bronchoalveolar lavage fluid Homo sapiens China ‘Wuhan 30-Dec-19
MN996528.1 29891 bronchoalveolar lavage fluid Homo sapiens China Wuhan 30-Dec-19
MN996529.1 29852  bronchoalveolar lavage fluid Homo sapiens China ‘Wuhan 30-Dec-19
MN996530.1 29854  bronchoalveolar lavage fluid Homo sapiens China ‘Wuhan 30-Dec-19
MN996531.1 29857 bronchoalveolar lavage fluid Homo sapiens China Wuhan 30-Dec-19
MN997409.1 29882 buccal swab Homo sapiens UsA Arizona 22-Jan-20
MT007544.1 29893 N/A Homo sapiens Australia Victoria 25-Jan-20
MT012098.1 29854 throat swab Homo sapiens India Kerala 27-Jan-20
MT019529.1 29899 bronchoalveolar lavage fluid Homo sapiens; male; age 65 China ‘Wuhan 23-Dec-19
MT019530.1 29889  bronchoalveolar lavage fluid Homo sapiens; female; age 49 China ‘Wuhan 30-Dec-19
MT019531.1 29899  bronchoalveolar lavage fluid Homo sapiens; male; age 41 China ‘Wuhan 30-Dec-19
MT019532.1 29890 bronchoalveolar lavage fluid Homo sapiens; female; age 52 China ‘Wuhan 30-Dec-19
MT019533.1 29883  bronchoalveolar lavage fluid Homo sapiens; male; age 61 China ‘Wuhan 1-Jan-20
MT020781.2 29806 N/A Homo sapiens Finland N/A 29-Jan-20
MT020880.1 29882 nasopharyngeal swab Homo sapiens USA Washington 25-Jan-20
MT020881.1 29882 oropharyngeal swab Homo sapiens USA ‘Washington 25-Jan-20
MT027062.1 29882 nasopharyngeal swab Homo sapiens USA California 29-Jan-20
MT027063.1 29882 oropharyngeal swab Homo sapiens USA California 29-Jan-20
MT027064.1 29882 oropharyngeal swab Homo sapiens UsA California 29-Jan-20
MT039873.1 29833 sputum Homo sapiens; male China Hangzhou 20-Jan-20
MT039887.1 29879 nasopharyngeal swab Homo sapiens USA Wisconsin 31-Jan-20
MT039888.1 29882 oropharyngeal swab Homo sapiens USA Massachusetts 29-Jan-20
MT039890.1 29903 N/A Homo sapiens South Korea N/A Jan-20
MT044257.1 29882 sputum Homo sapiens USA Illinois 28-Jan-20
MT044258.1 29858 respiratory swab Homo sapiens USA California 27-Jan-20
MT049951.1 29903 sputum Homo sapiens China Yunnan 17-Jan-20
MT050493.1 29851 throat swab Homo sapiens India Kerala 31-Jan-20
MT066156.1 29867 sputum Homo sapiens Ttaly N/A 30-Jan-20
MT066175.1 29870 N/A Homo sapiens Taiwan N/A 31-Jan-20
MT066176.1 29870 N/A Homo sapiens Taiwan N/A 5-Feb-20
MT072688.1 29811 oropharyngeal swab Homo sapiens Nepal N/A 13-Jan-20
MT093571.1 29886 N/A Homo sapiens Sweden N/A 7-Feb-20
MT093631.2 29860 throat swab Homo sapiens China ‘Wuhan 8-Jan-20
MT106052.1 29882 nasopharyngeal swab Homo sapiens USA California 6-Feb-20
MT106053.1 29882 nasopharyngeal swab Homo sapiens USA California 10-Feb-20
MT106054.1 29882 sputum Homo sapiens USA Texas 11-Feb-20
MT118835.1 29882 bronchoalveolar lavage Homo sapiens USA California 23-Feb-20
MT121215.1 29945 throat swab Homo sapiens China Shanghai 2-Feb-20
MT123290.1 29891 oropharyngeal swab Homo sapiens China Guangzhou 5-Feb-20
MT123291.2 29982  bronchoalveolar lavage fluid Homo sapiens China Guangzhou 29-Jan-20
MT123292.2 29923 sputum Homo sapiens China Guangzhou 27-Jan-20
MT123293.2 29871 stool Homo sapiens China Guangzhou 29-Jan-20
MT126808.1 29876 nasopharyngeal swab Homo sapiens Brazil N/A 28-Feb-20
MT135041.1 29903 N/A Homo sapiens China Beijing 26-Jan-20
MT135042.1 29903 N/A Homo sapiens China Beijing 28-Jan-20
MT135043.1 29903 N/A Homo sapiens China Beijing 28-Jan-20
MT135044.1 29903 N/A Homo sapiens China Beijing 28-Jan-20
MT152824.1 29878 mid-nasal swab Homo sapiens USA Washington 24-Feb-20
MT159705.1 29882 nasopharyngeal swab Homo sapiens UsA N/A 17-Feb-20
MT159706.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159707.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159708.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159709.1 29882 oropharyngeal swab Homo sapiens USA N/A 20-Feb-20
MT159710.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159711.1 29882 nasopharyngeal swab Homo sapiens USA N/A 20-Feb-20
MT159712.1 29882 oropharyngeal swab Homo sapiens USsA N/A 25-Feb-20
MT159713.1 29882 nasopharyngeal swab Homo sapiens USA N/A 18-Feb-20
MT159714.1 29882 nasopharyngeal swab Homo sapiens USA USA 18-Feb-20
MT159715.1 29882 nasopharyngeal swab Homo sapiens UsA N/A 24-Feb-20
MT159716.1 29687 nasopharyngeal swab Homo sapiens USA N/A 24-Feb-20
MT159717.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159718.1 29882 nasopharyngeal swab Homo sapiens USA N/A 18-Feb-20
MT159719.1 29882 nasopharyngeal swab Homo sapiens USA N/A 18-Feb-20
MT159720.1 29882 nasopharyngeal swab Homo sapiens USA N/A 21-Feb-20
MT159721.1 29882 oropharyngeal swab Homo sapiens USA N/A 21-Feb-20
MT159722.1 29882 nasopharyngeal swab Homo sapiens USA N/A 21-Feb-20
MT163716.1 29903 N/A Homo sapiens USA ‘Washington 27-Feb-20
MT163717.1 29897 N/A Homo sapiens USA Washington 28-Feb-20
MT163718.1 29903 N/A Homo sapiens UsA ‘Washington 29-Feb-20
MT163719.1 29903 N/A Homo sapiens USA ‘Washington 1-Mar-20
MT163720.1 29732 N/A Homo sapiens USA Washington 1-Mar-20
NC_045512.2 29903 N/A Homo sapiens China ‘Wuhan Dec-19
FIGURE 1 | Sample summary. Description of the 86 SARS-Cov-2 full-length genome sequences included in this study. All sequences were obtained form | from
the NCBI severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) data hub, accession number, genome length, isolate name, source, host, and country of
origin are provided. N/A indicates information not available.
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and the half compatible rule in order to collapse all the nodes
with a posterior probability lower than 0.5. The final tree was
visualized using Figtree 1.4.3.

Rates of Evolutionary Change

Rates of evolutionary change of SARS-CoV-2, expressed as
substitutions/site/year, were calculated using the programs
BEAST2.4.3, BEAUti, and Tracerr, introducing the sampling
date as a trait (Drummond et al., 2012). MCMC was run for
100 million generations, using the HKY85 substitution model
and a gamma distribution with four categories as the site
heterogeneity model. The resulting file was analyzed with Tracer
1.7 to check for convergence and to determine the
evolutionary rate.

Population Structure Analysis

The extent of genetic differentiation (population structure)
between different phylogenetic groups of SARS-CoV-2 was
evaluated by the fixation index (Fs; Hudson et al., 1992). This
test was developed by Sewall Wright and determines the overall
genetic divergence among subpopulations by evaluating the
difference between mean pairwise intra-subpopulation diversity
with mean pairwise inter-subpopulation diversity in order to
establish population structure. Fg; values range between 0 and
1, reflecting undifferentiated to fully differentiated populations,
respectively. Overall, a value <0.33 for viral populations suggests
lack of genetic divergence between subpopulations (Wei et al.,
2009; Zu et al., 2019). Analysis was conducted on the software
HyPhy (Pond et al, 2005), and a randomization test with
1,000 replicas was carried out to determine statistical significance
(p < 0.001).

Pairwise Distance Calculations

Nucleotide and amino acid pairwise distance calculations
among SARS-CoV-2 sequences were conducted using the
SSE 1.3 Sequence Distances program (Simmonds, 2012), as
previously described for the genome characterization of
hepatitis C virus genotype 7 (Salmona et al., 2016). However,
based on the high level of identity found in the set of
SARS-CoV-2 sequences evaluated in our research, we decided
to use a sliding window of 50 nt, instead of 300 nt as
reported by Salmona et al. (2016), with a shift of 25 nt.
Additionally, p-distances in nucleotide and amino acid
sequences between phylogenetic groups were calculated using
MEGA 7 (Kumar et al., 2016).

Evolutionary Rate per Site Analysis

Mean (relative) evolutionary rates for each site in the alignment
were estimated under the General Time Reversible model,
including all three codon positions. These rates were scaled,
considering the average evolutionary rate across all sites is 1.
This means that sites showing a rate < 1 are evolving slower
than average, and those with a rate > 1 are evolving faster

*http://tree.bio.ed.ac.uk/software/figtree

than average. This analysis was conducted using MEGA 7
(Kumar et al., 2016).

Inference of Selective Pressures

Since natural selection can be manifested as different modes
(diversifying, directional, or purifying), we used a combination
of different evolutionary analyses to enhance the detection of
relevant sites in the genome of SARS-CoV-2 experiencing
diversifying (positive) and purifying (negative) selection: single
likelihood ancestor counting (SLAC; Kosakovsky Pond and Frost,
2005), fixed effects likelihood (FEL; Kosakovsky Pond and Frost,
2005), mixed effects model of evolution (MEME; Murrell et al.,
2012), and fast unbiased Bayesian approximation (FUBAR; Murrell
et al, 2013). These methods use a maximum likelihood or
Bayesian approach (FUBAR) to infer nonsynonymous (dN) and
synonymous (dS) substitution rates on a per site basis for given
coding alignment and corresponding phylogeny (Weaver et al.,
2018). SLAC, FEL, and FUBAR were methods used to identify
sites experiencing pervasive diversifying or purifying selection,
while MEME was used to detect sites experiencing both pervasive
and episodic diversifying selection (Spielman et al., 2019).

The presence of recombination in the sequence dataset
potentially affecting the detection of positive selection was
assessed using the algorithm genetic algorithm for recombination
detection (GARD; Kosakovsky Pond et al., 2006). All methods
were performed on the adaptive evolution server Datamonkey
2.0 (Weaver et al., 2018).

Evidence of directional selection was assessed on amino
acid sequences using the directional evolution of protein
sequences (DEPS) method, implemented on the Datamonkey
webserver (classic; Delport et al, 2010). This method is a
model-based phylogenetic maximum likelihood test that looks
for evidence of preferential substitution toward a given residue
at individual positions of a protein alignment (Kosakovsky
Pond et al, 2008). DEPS has the ability to overcome diverse
evolutionary scenarios that confound most existing evolutionary
tests (Kosakovsky Pond et al, 2008). For additional details
about the evolutionary methods used in this research, see
Supplementary Figure 2.

Coevolution Analysis

Evidence of coevolution among different sites in the SARS-
CoV-2 genome was evaluated using the method Bayesian
Graphical Models for co-evolving sites (BGM; Poon et al,
2007). This method detects coevolutionary interactions between
amino acids in a protein, where amino acid substitutions are
mapped to branches in the phylogenetic tree.

Blosum 62 Substitution Matrix

Blosum 62 substitution matrix (BSM62) was used to infer
the nature of amino acid replacements found during the
evolutionary analysis of SARS-CoV-2, where positive values
reflect that the substitution is most likely a product of random
substitution, while negative values may be indicative of selection
(Henikoff and Henikoff, 1992).
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RESULTS

Phylogenetic Dynamics of SARS-CoV-2

To evaluate potential divergence events of SARS-CoV-2, indicating
the rise of new variants early during the pandemic,
we reconstructed the evolution of SARS-CoV-2 using full-length
genome sequences of viruses collected between late December
of 2019 and early March of 2020 from patients infected in
different countries around the world. The results of the
phylogenetic analysis demonstrate the rapid divergence of SARS-
CoV-2 into three distinct phylogenetic groups (A, B, and C).
The divergence of these groups was strongly supported by
high values of posterior probability that range from 0.82 to 1
(Figure 2A). Interestingly, Fsr analysis also supported the early
divergence of these three groups, showing statistical significant
values (p < 0.001), and Fsr values >0.33 between all group
comparisons (~0.51 s 0.4; Figure 2B).

Group A includes one of the first viral sequences generated
during the outbreak in Wuhan, China, collected on December
of 2019 (NC_045512.2), as well as multiple viral isolates from
different Chinese provinces. The position of these sequences
among multiple branches within the Group A cluster suggests
the emergence of multiple viral variants in China, especially
from Wuhan before the start of the global pandemic. Furthermore,
the basal branch position of some of these variants indicates
that they were the ancestors of viral isolates obtained from
patients in the United States, Japan, Finland, Taiwan, Nepal,
and India between January and February of 2020.

Similarly, in the Group B cluster, we found viral isolates
from multiple Chinese provinces between December of 2019
and January of 2020. These isolates are likely ancestors of viral
isolates recovered from patients in the United States, India,
and Taiwan between January and March of 2020. Interestingly,
one isolate from Wuhan (LR757995.1) is part of the Group
B cluster, supporting the hypothesis that multiple viral variants
emerged in China before the start of the pandemic.

The Group C cluster was the only cluster that did not
contain sequences from China. This cluster includes viral isolates
collected from the United States, Italy, Australia, Sweden, Brazil,
and South Korea between January and February of 2020. The
absence of viral isolates from China and the increased genetic
distance from Group A suggests that the emergence of these
variants might have come from a second wave of transmission
outside of China after the start of the pandemic.

Importantly, by the time of the revision of this manuscript
(September 20, 2020), different classifications have been published
regarding the clade and lineage nomenclature of SARS-CoV-2.
In this sense, the groups arbitrarily named and reported in
our study as A, B, and C are now classified as follows: A as
B, L, or 19A, B as A, S, 19B, and group C as B.2, V, or 19A
(Alm et al., 2020).

Evolutionary Divergence in the Genome of

SARS-CoV-2

Once we reconstructed the phylodynamic of SARS-CoV-2
isolates obtained early during the pandemic event, we attempted

to determine which nucleotide positions in the SARS-CoV-2
genome were related to the early divergence of this virus.
Overall, the evolutionary rate of SARS-CoV-2 is 1.15 x 107
substitutions/site/year (95% HPD 7.41 x 107*-1.57 x 107),
while pairwise analysis at nucleotide and amino acid levels
revealed an average identity of 99.93-99.98% and 99.86-99.97%,
respectively. Given the short divergence time, a high level of
identity is to be expected; however, a few synonymous and
non-synonymous substitutions were observed in the ORFlab,
S, OFR3a M, ORFS8, N, and OFR10 genes (Figures 3A,B).
When pairwise distances were calculated based on gene length,
the highest levels of divergence were observed within genes
ORF10 and ORF8 when considering synonymous and
non-synonymous substitutions, respectively (Figures 3C,D).

Also, the estimated per site evolutionary rate in the coding
regions revealed that 98.85% of the sites in the genome are
evolving at expected rates of evolution, while 1.15% of the
sites are evolving faster than expected (Figure 3E). In this
context, and consistent with the length of the OFRlab gene,
most of these synonymous and non-synonymous substitutions
(82 sites) were distributed among different protein-encoding
segments of this gene; the segment encoding nsp3 had the
highest number of polymorphic sites (Figure 3E).

Detection of Purifying and Diversifying
Selection

Once we identified fast-evolving positions within different genes
of SARS-CoV-2, we used a combination of different algorithms
centered on a codon-based phylogenetic framework to detect
specific codons evolving under natural selection. Overall, no
recombination events potentially affecting the results of these
analyses were detected using the GARD algorithm.

Using SLAC, we obtained a broad picture of the extent
of natural selection acting upon the SARS-CoV-2 genome.
We found an overall dN/dS ratio of 0.937 along the
genome. In particular, 75 codons located within five genes
(ORFlab > S > N > ORF8 > ORF3a) showed evidence of
increased fixation of non-synonymous mutations (dN/dS >1).
Conversely, a small number of codons (35 codons) located within
five genes (ORFlab > N > § > M = ORF10) were accumulating
a higher number of synonymous mutations (dN/dS < 1).
Interestingly, evaluation of dN/dS at the level of individual genes
showed higher ratios for the ORF3a and ORF8 genes (Figure 4A).

Significant purifying (negative) selection was observed in
12 out of the 35 codons evolving at dN/dS < 1 using the
FEL (12 sites), SLAC (1 site), and FUBAR (1 site) methods;
the codons were located in the ORFlab, S, and N genes
(Figure 4B). At these codons, increased fixation of synonymous
substitutions seems to be favoring the phenotypic preservation
of SARS-CoV-2 at specific residues of the proteins encoded
by these genes. Interestingly, negative selection of codon position
84 was the only codon supported by statistical significant values
of all three methods, highlighting the relevance of this result.

Furthermore, by tracking these mutations within different
isolates, we observed that these changes could explain the divergence
of different viruses within different phylogenetic groups. In some
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FIGURE 2 | Phylogeny and population structure analysis of SARS-Cov-2. (A) Bayesian tree reconstructed using 86 SARS-Cov-2 full-length genomes collected from
patients naturally infected at different countries, showing the existence of three phylogenetic groups: A (blue), B (red), and C (green). Numbers over the nodes represent
their posterior probability. Information in the brackets corresponds with the current nomenclature proposed to describe different lineages reported in our study (https://
www.gisaid.org/references/statements-clarifications/clade-and-lineage-nomenclature-aids-in-genomic-epidemiology-of-active-hcov-19-viruses/). (B) Intra- and inter-
subpopulation diversity among phylogenetic groups was compared to determine the extent of population structure. Fsr values >0.33 (o < 0.001) were consider significant.

cases, mutations were associated with multiple isolates, supporting
the relevance of these findings.

On the other hand, evidence of diversifying positive selection
on non-synonymous sites was detected in just 4 of the 75
codons evolving at dN/dS > 1 in genes ORFlab and ORF3a,

with the FUBAR and FEL methods providing the highest power
of detection (Figure 4C). Based on this analysis, these four
sites appear to be evolving under pervasive diversifying selection.

Interestingly, all sites detected under positive selection were
found in at least two isolates, and in case of codon 3606
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FIGURE 3 | Pairwise distance analysis. Pairwise distance analysis at (A) synonymous and (B) non-synonymous nucleotide sites was conducted using the program
Sequence Distances (software SSE). Red bars represent pairwise distance comparisons using a sliding window of 50 nucleotides. Average nucleotide pairwise
distance for different genes is shown at (C) synonymous and (D) non-synonymous sites. (E) Fast-evolving synonymous and non-synonymous sites at each coding
region are shown. For these sites, evolutionary rates oscillated between 4.97 and 4.95. Red numbers represent nucleotides at: (1) leader protein, (2) nsp2, (3) nsp3,
(4) nsp4, (5) nsp6, (6) nsp7, (7) nsp8, (8) nsp10, (9) RNA independent polymerase, (10) helicase, (11) 3' to 5' exonuclease, (12) endoRNAse, and (13) 2'-O-ribose

methyltransferase.

(nsp6), positive selection was significantly supported by three
different tests. Also, the selection of this site was observed in
isolates from all three phylogenetic groups, thus supporting
the reliability of these findings. As a way to assess the nature
of different amino acid substitutions, we used the Blosum score.
In two cases at ORFlab codons 75 (D-E = 2) and 3,606
(L-F = 1) replacements were made between amino acids with
similar biological characteristics. Conversely, at codons 251 of
the ORF3a (G-V; BSM62 = —3) and ORFlab codon 2,244
(I-T; BSM62 = —1) replacements were made between amino
acids of different biological proprieties. Interestingly, change
at codon position 251 is highly conserved within isolates of
group C, suggesting that this change might have promoted
the divergence of this group.

Detection of Directional Selection
To maximize the inference of potential sites experiencing positive
selection, amino acid alignments of SARS-CoV-2 were analyzed

using the DEPS algorithm. Overall, DEPS identified a total of
four amino acid residues that are experiencing directional
selection. Of these four residues, isoleucine (I) has the strongest
bias, affecting 16 out of 19 sites evolving via directional selection
(Figure 5A).

The majority of selected sites were located in nonstructural
proteins (nsp) encoded by the ORFlab gene, with nsp3
accounting for the highest proportion (Figure 5B). Overall,
just a low proportion of the total number of predicted sites
resulted in a conservative amino acid substitution (residues
at positions 902, 1,769, 2,235, and 2,908). Remarkable, among
those residues experiencing replacements between amino
acids with different biological properties, residue 84 of protein
OREF8 appeared to be synapomorphic in all Group B sequences.
Also, similar to previous algorithms, DEPS identified
positive selection of residue 251 of ORF3a, supporting the
potential significance of this site in the early evolution of
SARS-CoV-2.
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FIGURE 4 | Diversifying and purifying selection on SARS-CoV-2. (A) General overview obtained by SLAC analysis, showing the evolutionary rate (dN-dS or dN/dS)
along the genome and at individual genes of SARS-CoV-2. Statistically significant codons were inferred by multiple evolutionary tests used in this study. Red
asterisks represent codons with significant evidence for selection. Codons evolving at (B) purifying (negative) or (C) diversifying (positive) selection are shown
numbers in red represent evolutionary tests with significant values according to the analysis: SLAC, FEL, MEME (p = 0.1), and FUBAR (posterior probability = 0.9).
The criteria for considering a site positively or negatively selected was based on their identification by at least one of the tests. The phylogenetic group column
(assigned according with Figure 2A) shows also the isolates carrying the substitutions. LP, leader protein; 3LP, 3C-like proteinase; n9, nsp9; 3'-5' exo, 3'to &'
exonuclease; EN, endoRNAse; and 2'M, 2'-O-ribose methyltransferase.

Evidence of Coevolution Among Sites

Finally, we attempted to find coevolutionary correlations between
different codons within the genome that result in the positive
selection of sites. Analysis by BMG produced evidence of 14
coevolving codon pairs; these interactions took place mostly
within codons located within the ORFBlab gene (Figure 6).
Although most of the interactions were detected between
nonsynonymous codons, coevolution between codons 4,090-4,269

and 818-4,320 was detected by a synonymous substitution at
one of the codons. Also, based on the nature of the amino
acid replacement, just 6 of the 14 interactions resulted in
replacements between amino acids with different biological
properties. Interestingly, 8 of the 14 interactions appeared
associated with sites evolving under some type of positive
selection, suggesting that the selection of these sites might
be the result of epistatic events.
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FIGURE 5 | Directional selection analysis on SARS-CoV-2. (A) An amino acid alignment was evaluated by DEPS and four different residues producing 19
directionally evolving sites in the proteome of SARS-CoV-2 are reported. Values of p show the statistical significance of each residue considering a model test of
selection vs. not selection. Bias term: alignment-wide relative rate of substitution toward target residue. Proportion of affected sites: percentage of sites evolving
under a directional model vs. a standard model with no directionality. Directionally evolving sites: number of sites that show evidence of directional selection for focal
residue. (B) Description of 19 directionally evolving sites. Sites were detected by Empirical Bayesian Factor (EBF) considering a cut-off of 100 or more. Numbers in
red represent replacements between amino acids with different properties. The phylogenetic group column (assigned according with Figure 2A) shows also the
isolates carrying the substitutions.
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FIGURE 6 | Coevolution between codon pairs in the genome of SARS-CoV-2. BMG analysis was conducted to detect coevolving codon pairs. Evidence of 14
coevolving codon pairs was detected and the specific locations of those in the genome of SARS-CoV-2 are presented. Posterior probability of pair associations was

supported by Markov Chain Monte Carlo Analysis at cut-off of 50 or more. Numbers in red represent replacements between amino acids with different properties.
The phylogenetic group column (assigned according with Figure 2A) shows also the isolates carrying the substitutions. “'Represents viral isolated where the
changes were not detected. Red + represents codons under positive selection, in which coevolution with other codon might represent and epistatic event.

DISCUSSION

Herein, we evaluated the phylogenetic and evolutionary
dynamics of SARS-CoV-2 during the first month of the
pandemic event in 2020. Our phylogenetic analysis revealed
the complex dynamic of the spread of infection throughout
the world, suggesting that multiple viral variants might have

emerged in China before the start of the pandemic event.
The evolutionary rate calculated for SARS-CoV-2 in this study
was consistent with previous reports for SARS-CoV (Salemi
et al., 2004; Zhao et al., 2004), explaining the high levels of
identity at nucleotide and amino acid levels calculated for
SARS-CoV-2 in our study. In this context, the high conservation
observed in the genome of SARS-CoV-2 early during the
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pandemic might also be attributed to the unique RNA correction
machinery of coronaviruses (Ferron et al., 2018).

However, and despite the relative genome stability observed
in SARS-CoV-2 at this stage of the pandemic, we were able
to describe the existence of at least three phylogenetic groups.
Interestingly, these findings are consistent with the results of
a previous research published just 2 days before the submission
of our manuscript (Forster et al, 2020). Nevertheless, both
studies have significant methodological differences, which
increases the reliability of the results obtained. First, different
datasets were analyzed in both studies: sequences reported by
Forster et al. (2020), were obtained from The Global Initiative
on Sharing Avian Influenza and Coronavirus public-private
partnership database (GISAID).? Second, although similar cut-offs
were considered for the analysis of viral sequences (spanning
for December 2019 to March 4 and 10, 2020 for Forster et al.,
2020 and ours, respectively), our analysis was conducted with
about half the number of sequences used by Forster et al.
(2020). Since both studies revealed similar clustering patterns,
it may indicate that the sequences sampled in the present
study accurately represent the existent diversity. Lastly, the
methodologies employed used to infer the early evolutionary
events of SARS-CoV-2 were different. In the present study, a
Bayesian phylogenetic analysis was carried out (Nascimento
etal, 2017). Forster et al. (2020) utilized a phylogenetic network
analysis (Bandelt et al., 1999), an alternative methodology used
to visually represent the evolutionary relationships between
different taxa, when the levels of data incongruence are large
(Schliep et al., 2017). Although phylogenetic tree based methods
appear as the most common analytical choice, the use of one
of the two methodologies can be justified based on the
evolutionary complexity of the data (Schliep et al., 2017). Also,
the similarity between the our results and the ones obtained
by Forster et al. (2020) can help to clarify some concerns
regarding the usefulness of the phylogenetic networks to infer
the evolution of SARS-CoV-2 (Sanchez-Pacheco et al., 2020).

In this context, we consider that the limited number of
variable sites in the genome of SARS-CoV-2 at the early phase
of the pandemic might represent a real challenge for different
phylogenetic reconstruction methods. As a part of our research,
multiple attempts to infer early evolutionary trends in the
evolution of SARS-CoV-2 were conducted using neighbor joining
and maximum likelihood approaches. Still, in both cases, these
methods failed to give optimal clade resolution and significant
statistical support to the evolutionary inferences (data not
shown). Conversely, we found that Bayesian phylogenetic analysis
offers a good alternative to reconstruct the evolutionary trends
of SARS-CoV-2.

Furthermore, we supported the results of our phylogenetic
analysis by conducted a Fsr analysis. This analysis has been
applied to infer population structure in other RNA viruses
like deformed wing virus, Israel acute paralysis virus (Cornman
et al., 2013), black-streaked dwarf virus (Zu et al., 2019), and
rice stripe virus (Wei et al., 2009). Since the interpretation of
statistically significant Fsr values can vary among different

*https://www.gisaid.org/

species, being, for example, values between 0.05 and 0.2
considered significant for mammal populations
(vonHoldt et al., 2016), we decided to use a conservative value
for viral populations (>0.33; Wei et al., 2009; Zu et al., 2019).
The average Fsr values of 0.51 depicted between the pair
comparisons among all three different SARS-CoV-2 phylogenetic
groups indicates that 50% of the genetic variation in the SARS-
CoV-2 population analyzed in our study might be attributed
to genetic differentiation rather than genetic flow.

Given the presumed origin of SARS-CoV-2 (Andersen et al.,
2020), where the infectious cycle in nature of these viruses is
mostly maintained between bats or rats and domestic or wild
animals (Ye et al., 2020), it may be expected the existence of
early events of divergence in SARS-CoV-2 as a result of
adaptation to human populations. In this context, similar results
were seen during the evolution of the epidemic of SARS-CoV,
where phylogenetic analysis shows the existence of early
evolutionary events during this epidemic is possible to see
that strains originated form early and middle phases of the
epidemic event showed higher diversity (appearing in distinct
phylogenetic clusters) than strains originated late during the
epidemic, thus supporting the hypothesis that multiple strains
originated the epidemic event of SARS-CoV (Yip et al., 2009).

Interestingly, our evolutionary analysis supported the
hypothesis regarding that early divergence events produced
during the pandemic of SARS-CoV-2 might be associated with
positive selection of specific sites at ORF3a and ORF8. By
using a combination of different evolutionary algorithms,
we attempted to maximize the detection of codon sites that
may be promoting the divergence of SARS-CoV-2 by diversifying
or directional selection. In this sense, two primary considerations
must be addressed regarding the biological relevance of multiple
sites detected in this study. First, a considerable number of
polymorphisms were detected in just one viral isolate, which
might be a consequence of the small number of viral isolates
available at the time we started this study. Another possibility
is that some of the polymorphisms might be due to sequencing
errors. Second, it is important to consider that some of the
codons detected as a positive selected sites might have been
product of a false positive results, since all these algorithms
are not exempt of this issue (Murrell et al., 2013).

In this context, MEME might be expected to be the most
sensitive test since it can detect both pervasive and episodic
selection (Spielman et al,, 2019). However, in our analysis,
we observed a superior performance of FUBAR over the other
three codon-based tests. This fact is consistent with a previous
research showing that FUBAR is expected to have a better
performance over SLAC and FEL over most circumstances
(Murrell et al., 2013), being also methodological differences
between different algorithms another factor to explain the
differences observed in our study (Spielman et al.,, 2019). On
the other hand, despite of the discrepancies among different
algorithms, in all cases, positive codons detected by FUBAR
showed large dN-dS values with borderline p-values in the
other tests. Hence, we may assume that these sites are likely
to be under diversifying selection. Also, as previously reported
(Kosakovsky Pond et al., 2008), we observed that the addition of
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DEPS as a part of our methodology increased the detection
of potential important residues of SARS-CoV-2 by detecting
sites evolving under directional selection, suggesting that the
combination of both FUBAR and DEPS may be used to support
future evolutionary analysis of SARS-CoV-2.

Additionally, we used the Blosum 62 matrix score to evaluate
if physicochemical properties of different amino acid replacements
were preserved or modified by the evolutionary process.
Interestingly, we observed larger negative scores indicating
changes in the physicochemical properties on selected residues,
promoting the divergence among three different phylogenetic
groups (ORF3a V251G, score 3, and ORF8 184S, score 2),
indicating that these changes may produce potential effects in
the function of these proteins. Conversely, positive selection
of residue 3,606 [ORFlab was associated with a conservative
replacement (L-F, score 1)]. However, and despite the nature
of this replacement, a previous amino acid stability analysis
in SARS-CoV-2 indicated that this change might confer lower
stability to the nsp6 structure, thus potentially affecting viral
autophagy (Benvenuto et al.,, 2020). In all cases, experimental
evidence is needed to define the relevance of these findings
in SARS-CoV-2.

Based on the results of different evolutionary algorithms,
and supported by the number of sequences affected by these
polymorphisms, we are reporting four potentially relevant
residues that may be driving the early evolution of SARS-
CoV-2 in human populations. Firstly, the positive selection of
residue 3606 (nsp6) supported by three different tests, indicating
that this residue is under strong pervasive diversifying selection,
affecting isolates from three different phylogenetic groups. As
explained above, this change might be relevant for the virulence
of SARS-CoV-2 since the function of nsp6 in different coronavirus
is implicated in limiting autophagosome expansion, potentially
favoring viral infection by limiting the delivery of viral proteins
for degradation (Cottam et al, 2014).

Secondly, residue 251 of the ORF3a protein appears to
be positive selected by FUBAR and DEPS tests, suggesting,
as seen in influenza virus, that diversifying and directional
selection processes are not mutually exclusive (Kosakovsky
Pond et al,, 2008). The selection of this site in SARS-CoV-2
seems to be relevant since it might be related to the emergence
of viruses in phylogenetic Group C. The early selection of
this site might have a biological relevance since the ORF3a
protein has been associated with virulence of human
coronaviruses by controlling not only the expression of cytokines
and chemokines but also inducing necrotic cell death (Shi
et al,, 2019). In fact, a recent publication comparing the ability
of ORF3a proteins between SARS-CoV and SARS-CoV-2 to
induce apoptosis indicates that ORF3a of SARS-CoV-2 decreases
levels of apoptosis in infected cells, potentially allowing the
virus to spread more widely during the infection (Ren et al., 2020).

Thirdly, a residue located at position 84 of the ORF8 protein
was found to be evolving under directional selection and might
be related to the emergence of Group B. Mutations at ORF8
might be highly relevant since this protein has been implicated
in viral pathogenesis by regulating the initial innate response
in SARS-CoV (McBride and Fielding, 2012; Shi et al.,, 2019).

In this context, a potential mechanism in which ORF8 can
regulate the virulence of SARS-CoV-2 might be associated with
its ability to interact MCH-1 molecules to downregulate their
surface expression in different cell types, disrupting antigen
presentation and viral clearance by cytotoxic cells (Park, 2020;
Zhang et al, 2020). Furthermore, in terms of evolution, and
based on the notably increased dN-dS values, our results indicate
that early during the pandemic, the ORF8 gene was under
intense evolutionary pressure. These results are consistent with
SARS-CoV evolutionary signatures, suggesting that ORF8 might
facilitate cornaviruses-host shifts (Forni et al., 2017). Conversely,
relaxed purifying selection rather than positive selection must
be considered an alternative to explaining the high dN-dS
values in ORF8 observed in our study. This evolutionary
signature was already described in the evolution of ORF8 gene
during the epidemic of SARS-CoV, suggesting that this gene
might not have had an important adaptative role during this
epidemic (Forni et al, 2017). Further studies are needed to
confirm these findings in SARS-CoV-2.

Additionally, we found that residue 5,865 (ORF1lab/helicase)
is evolving under directional selection and might be related
to the divergence of five isolates from Washington, United States,
forming a sub-cluster in Group B. The relevance of this residue
in SARS-CoV2 helicase’s ability to inhibit interferon production
in infected cells (Yuen et al.,, 2020) remains to be established.

Finally, our analysis of coevolution revealed some potential
epistatic interactions that might be driving the evolution of
SARS-CoV-2. This mechanism has been proposed to explain
the emergence of an Ebola virus variant in 2014 (Ibeh et al,,
2016), and its relevance in the evolution of coronaviruses
should be explored in future studies. Also, it is interesting
to mention that most of the co-evolving sites were located
in nsp3; given the role of this protein in the virulence of
coronaviruses (Fehr et al., 2015), this observation may be key
in understanding the evolution of SARS-CoV-2. Furthermore,
since two of the interactions detected by BGM were associated
with synonymous mutations, the relevance of this type of
substitution to viral fitness should not be underestimated,
since selection of synonymous substitutions has been
reported in other RNA viruses like VSV (Novella et al., 2004;
Velazquez-Salinas et al., 2018).

Collectively, our results describe the early evolutionary events
of SARS-CoV-2 during the current pandemic and the findings
may support the hypothesis that different variants of SARS-
CoV-2 might be circulating in the world. However, in the
absence of experimental work showing phenotypic differences
among different isolates of SARS-CoV-2, we cannot rule out
the alternative hypothesis claiming that early events of divergence
of SARS-CoV-2 might have been the product of founder effects
(Chookajorn, 2020; Mavian et al., 2020). In this context, the
results reported in our research must be taken with caution.
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Coronavirus Disease 2019 (COVID-19) has been classified as a global threat, affecting
millions of people and kiling thousands. It is caused by the SARS-CoV-2 virus, which
emerged at the end of 2019 in Wuhan, China, quickly spreading worldwide. COVID-19is a
disease with symptoms that range from fever and breathing difficulty to acute respiratory
distress and death, critically affecting older patients and people with previous
comorbidities. SARS-CoV-2 uses the angiotensin-converting enzyme 2 (ACE2) receptor
and mainly spreads through the respiratory tract, which it then uses to reach several
organs. The immune system of infected patients has been demonstrated to suffer
important alterations, such as lymphopenia, exhausted lymphocytes, excessive
amounts of inflammatory monocytes and macrophages, especially in the lungs, and
cytokine storms, which may contribute to its severity and difficulty of establishing an
effective treatment. Even though no specific treatment is currently available, several
studies have been investigating potential therapeutic strategies, including the use of
previously approved drugs and immunotherapy. In this context, this review addresses the
interaction between SARS-CoV-2 and the patient’s host immune system during infection,
in addition to discussing the main immunopathological mechanisms involved in the
development of the disease and potential new therapeutic approaches.

Keywords: Severe Acute Respiratory Syndrome Coronavirus 2, Coronavirus Disease 2019, immunopathology,
cytokine storm, cellular exhaustion, treatment, coronavirus

INTRODUCTION

The ongoing outbreak of Coronavirus Disease 2019 (COVID-19) has been classified as a threat of
international concern and a public health emergency, having affected almost 30 million people and
killed more than 900,000 around the world so far, according to the World Health Organization
(WHO) (1). The etiologic agent of this pandemic is Severe Acute Respiratory Syndrome
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Coronavirus 2 (SARS-CoV-2), the third coronavirus to have
emerged as a public health issue and to cause an outbreak in the
human population over the past two decades (2). This is the
nomenclature referred to in this paper (3), which is derived from
its similarity to the SARS-CoV virus that caused the outbreak in
2003, which is now known as “SARS-CoV-1".

Coronaviruses belong to a group of single-stranded RNA
viruses and are regarded as one of the main types of viruses that
affect the human respiratory system. SARS-CoV-2 is the seventh
coronavirus known to have infected humans; SARS-CoV-1,
MERS-CoV, and SARS-CoV-2 can cause serious illness,
whereas HKU1, NL63, OC43, and 229E are associated with
mild symptoms (4).

SARS-CoV-2 emerged at the end of 2019 in Wuhan, China, with
reports of infection in humans and quickly spread around the
world. The virus causes COVID-19, which consists of a spectrum of
clinical syndromes, ranging from fever and breathing difficulty to
acute respiratory distress and death, critically affecting older patients
and people with comorbidities, including heart disease, diabetes,
and other health conditions (5).

SARS-CoV-2 infection can be subdivided into the following
three general phases: the spread of the virus in the body - known
as viremia —; the acute phase with the appearance of clinical
signs; and the stage of convalescence, which progresses either to
recovery or death (6).

The pathological mechanism, so far unraveled, has proposed the
role of the host’s angiotensin-converting enzyme 2 (ACE2) and its
affinity with viral receptors, especially the glycoprotein spike. The
high affinity between these molecules facilitates viral dissemination
in the body and allows the infectious condition to be established (7,
8). The immune systems of infected patients have demonstrated
important changes, such as lower effector T cells, loss of the antiviral
capacity of CD8" T lymphocytes and natural killer cells (NK), and
the excessive release of inflammatory mediators, which may
contribute to the disease severity and difficulty in establishing an
effective treatment (9, 10).

This is a highly transmissible virus, whose contagion usually
occurs through droplets released by infected individuals when they
cough, sneeze, or talk, directly contaminating other people by
reaching mucous membranes on the face or contaminating the
environment, later acting as a transmission source. Until now, we
have relied on quarantine, social isolation, and infection-control
measures to prevent disease spread, as well as supportive care for
infected individuals. A specific antiviral agent to treat the infected
individuals and decrease viral transmission (11, 12) is yet to be
found. Several research groups around the world have been working
on possible therapeutic strategies against SARS-CoV-2 by applying
commercially available drugs, hoping to accelerate the discovery of
an effective treatment (13, 14).

Since many studies are made available online on a daily basis,
both in journals and in preprint servers, for this review we used only
studies already published and peer-reviewed in order to avoid biased
information. In this scenario, understanding the virus dynamics and
host response is essential to formulate strategies for antiviral
treatment, vaccination, and epidemiological control of COVID-19.
Thus, our goal is to review SARS-CoV-2’s interaction with the

patient’s host immune system during infection and discuss the main
immunopathological mechanisms involved in COVID-19, as well as
potential new therapeutical approaches.

CORONAVIRUS: AN OVERVIEW

Coronaviruses (CoVs) consist of a group of enveloped, non-
segmented, positive-sense single-stranded RNA viruses from the
order Nidovirales, family Coronaviridae, and subfamily
Orthocoronavirinae. Coronaviruses have the largest genome of
all RNA viruses, encoding viral proteins involved in transcribing
viral RNA, replication, structure, and accessory proteins (15).
The virus has four main proteins - spike, envelope, membrane,
and nucleocapsid (S, E, M, and N, respectively) — important for
the virus to enter and replicate in the host cell (16), also
representing the main molecules used for diagnosis, antiviral
treatment, and potential vaccines.

According to antigenic and genetic criteria, CoVs are
classified into three groups: a-CoVs, B-CoVs and y-CoVs (17).
Coronaviruses of human infection (hCoVs) are detected in both
0-CoVs (hCoV-229E and NL63) and B-CoVs (MERS-CoV,
hCoV-OC43, hCoV-HKUI, SARS-CoV-1, and SARS-CoV-2)
(18). In addition to infecting humans, o-CoVs and B-CoVs
can infect several species of mammals, including bats and pigs,
while y-CoVs infects birds, wild cats, pigs, and some species of
marine mammals (19-22). CoVs have a high potential of
jumping between species and their genome is characterized by
high-frequency recombination and a high mutation rate (23).

hCoVs are responsible for the common cold and other
respiratory pathologies with different degrees of severity,
especially in babies, the elderly, and immunocompromised
patients, characterized by human-to-human transmission (24).
Coronavirus severe acute respiratory syndrome (SARS) and
Middle East respiratory syndrome (MERS) (25-27) are caused
by human B-CoVs and represent a serious illness with a case-
fatality ratio of 9 - 10% and 35%, respectively (8, 28).

In contrast, according to data provided by the WHO,
COVID-19 caused by SARS-CoV-2 shows an estimated
lethality of ~5% of reported cases (data reported until July
2020) (29), reaching rates of up to 15% among elderly patients
and patients with comorbidities. Despite the lower case-fatality
rate, the high viral transmissibility of SARS-CoV-2 generates an
overall number of cases that far outweighs SARS or MERS for
spreading more easily among people (5, 28).

The first report of a COVID-19 case in Wuhan, China,
occurred in December 2019, and in February the WHO
declared the matter a public health emergency of international
concern. Until now (September 2020), reports of COVID-19
account for almost 30 million cases and more than 900 thousand
deaths in more than 220 countries, territories, or areas (1, 29).
Imperial College, UK (30) proposed a mathematical model
whose prospects indicate 7 billion infections and 40 million
deaths in 2020 in the absence of mitigation measures.

Both SARS-CoV and MERS-CoV were initially believed to
have resulted from a zoonotic spread from a bat population (31).
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0-CoVs and -CoV:s are believed to have evolved over thousands
of years, restricted to bats and intermediate mammalian hosts
(civet cats for SARS-CoV-1 and dromedary camels for MERS-
CoV), which probably contributed to the zoonotic transmission
of the new coronavirus to humans (32).

Regarding SARS-CoV-2 transmission, several works have
demonstrated that coronaviruses found in pangolins (Manis
javanica) and SARS-CoV-2 share a genomic similarity of
approximately 91%. The presence of the virus in samples of
pulmonary fibrosis in pangolins found around the COVID-19
outbreak suggests that these animals were the hosts responsible
for spreading the virus among humans (4, 21, 33). In contrast, some
researchers claim that SARS-CoV-2 did not come directly from
pangolins since, despite their similarity, the viruses found in
these animals do not have the essential tools needed to infect
human cells (4, 34). Thus, the possibility of other animals, such as
ferrets and snakes, acting as intermediate hosts for SARS-CoV-2
and being responsible for zoonotic transmission is still under
consideration (35).

Since SARS-CoV-2 genomes’ information is still scarce and
genomes of other coronaviruses closely related to this virus have
limited availability (36), the evolutionary origin of SARS-CoV-2 is
yet to be fully understood. So far, it is known that, compared with
other B-CoVs, SARS-CoV-2 shows 50, 79, and 88 - 96% of genome
similarity with MERS-CoV, SARS-CoV-1, and the bat SARS-like
virus, respectively (37, 38).

The genomic changes of SARS-CoV-2 appear in both non-
structural and structural proteins — notably in proteins S, M, and

N - affecting viral multiplication, encapsulation, tropism, and
transmission (39). Two important characteristics were described
in the genome of SARS-CoV-2 that lead to alterations in the S
protein: (i) receptor-binding domain (RBD), which is the most
variable part of the viral genome, appears to be optimized for
binding to the human ACE2 receptor, and (ii) presence of a
polybasic (furin) cleavage site at the S1 and S2 boundary, via the
insertion of twelve nucleotides, which allows effective cleavage by
furin and other proteases and has a role in determining viral
tropism, infectivity, and host range (4).

Such genomic changes also affected the recognition of these
viruses by immune cells. Baruah and Bose (40) demonstrated that
Sars-CoV-2 has specific regions for B cell and cytotoxic T cell
glycoproteins recognition, which does not coincide with those
found in bat-derived CoV, SARS-CoV-1, or MERS-CoV (Figure
1). Such distinguished interaction of cells and viruses can promote
unusual immunomodulation or immune responses that contribute
to the severity of the disease. All aspects of immunomodulation and
immune evasion will be discussed in the subsequent topics.

PATHOGENESIS OF SARS-COV-2
Viral Entry and Replication

A virus starts its infection by binding viral particles to the host’s
surface cellular receptors. The recognition of cellular receptors is
the first step towards viral entry into host cells, in addition to
determining their tropism. The ability to engage receptors and
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FIGURE 1 | Genetic evolution of SARS-CoV-2 and its consequences. Compared with other B-CoVs, SARS-CoV-2 has similarities of 50, 79, and 88 - 96% to
MERS-CoV, SARS-CoV-1, and bat SARS-like-CoV genome, respectively, with 91% similarity with SARS-like CoV found in pangolins. The virus resulted from
mutations that caused changes in important proteins for its virulence; notably, the spike, matrix, envelope, and nucleocapsid proteins caused alterations in host cell
interactions, which culminated in a new aggressive disease (COVID-19). RBD (receptor binding domain), S1 (subunit 1) S2 (subunit 2).
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the affinity of binding can define the efficiency of a virus when
infecting an organism, while the amount of these receptors
present in cells can indicate the intensity of infection. Viruses
that have a high capacity to bind to more conserved receptors are
more likely to migrate between different species, which may also
reflect the susceptibility of hosts and increase viral pathogenicity
(40, 41).

As well as the other B-CoVs, the SARS-CoV-2 genome has a
long open reading frame (ORF) 1lab region, followed by regions
that encode S, E, M, and N proteins (42). Homotrimers of S
proteins are present on the viral surface and are responsible for
attaching to host receptors (43). The E protein plays a role in the
assembly and release of the virus, in addition to being involved in
viral pathogenesis (44). The M protein has three transmembrane
domains and shapes the virions, promotes membrane curvature,
and binds to the nucleocapsid (45, 46). Lastly, the N protein
contains two domains that can bind to the RNA virus and is also
an antagonist of interferon (IFN) and a virally-encoded repressor
of RNA interference, which appears to benefit viral replication
(47, 48).

The S protein of SARS-CoV-2 plays an important role in
determining tropism for being able to activate receptors in host
cells and induce the invasion process. This protein is cleaved by
proteases into the S1 and S2 subunits, which are responsible for
receptor recognition and membrane fusion, respectively (39).
Several articles have experimentally demonstrated that the RDB
in the S protein, especially in the S1 region, binds to the peptidase
domain (PD) of the ACE2 receptor, which is part of the renin-
angiotensin-aldosterone system, an enzyme present in the
plasma membrane mainly of pulmonary, endothelial, cardiac,
renal, and intestinal cells (7, 22, 38, 49, 50). The S2 subunit is
known to contain the fusion peptide, in which it is inserted into
the host cell membrane to trigger the fusogenic reaction (7, 51,
52). The interaction of the S glycoprotein with the CD26 receptor
and CD209L (39, 53, 54) is also suggested, however, its role
remains unclear.

The binding of the virus to the ACE2 receptor causes
stabilization of the RBD in the standing-up state and triggers
conformational changes in the S complex, resulting in the release
of the S1 subunit and activation of S2 fusogenic activity (55). The
S2 subunit contains an N-terminal fusion peptide (FP), heptad
repeat 1 (HR1), heptad repeat 2 (HR2), a transmembrane region
(TM), and a cytoplasmic tail (CT). During the fusion process, the
FP portion is exposed and inserts into the membrane of the
target cell, leading to a modification in S2, then the HR1 and HR2
come together to form a six-helical bundle (6-HR) structure,
which allows the fusion between the membranes (55-57).

Therefore, CoVs need to elicit exogenous proteases to
perform modifications of their binding receptors necessary for
the connection to occur. SARS-CoV-2 has its own furin-like
proteases, which play a role in these changes, providing it with an
evolutionary advantage in relation to other coronaviruses and
improving the process of cell infection and viral dissemination.
Concerning exogenous proteins, SARS-CoV-2 can also use host
proteins to prepare its S glycoprotein for receptor binding (49).
Hoffman et al. (7) demonstrated in vitro that strains of the virus

isolated from COVID-19 patients can use both the host protease
transmembrane serine protease 2 (TMPRSS2) and cathepsins B/
L to prime the S protein.

The entry mechanism of CoVs in host cells depends on the
strain and species considered, as well as tissue and cell-type
specificities (receptor/protease availability and local
microenvironment) (58). After binding to a target host cell via
interactions with cellular receptors, viral entry of CoVs can occur in
two manners: (i) the endosomal pathway and (ii) the non-
endosomal pathway (59, 60). The endosomal pathway is
facilitated by low pH and pH-dependent endosomal cysteine
protease cathepsins, helping to overcome the energetically
unfavorable membrane fusion reaction and facilitating endosomal
cell entry of CoVs (61, 62). The non-endosomal pathway is
dependent on TMPRSS2, which allows the activation of the S
protein for viral entry (63).

Once the viral genome is inside the host cell cytoplasm,
translation of viral RNA produces RNA-dependent RNA
polymerase (RdRp), which uses viral RNA as a template to
generate virus-specific mRNAs (subgenomic mRNAs) from
subgenomic negative-strand intermediates (64-66). Translation of
subgenomic mRNAs leads to the production of structural and
nonstructural viral proteins. Thus, after their formation, structural
proteins are inserted into the membrane of the endoplasmic
reticulum or Golgi, and viral particles germinate into the
endoplasmic reticulum-Golgi intermediate compartment. Finally,
the vesicles containing the virus particles fuse with the plasma
membrane to release the virus (65, 67, 68).

Another possible mechanism for CoV entry may occur
through antibodies. During the binding of the virus-antibody
complex, simultaneous binding of viral proteins to antigen-
binding fragment (Fab) regions of immunoglobulin G (IgG)
and of the fragment crystallizable (Fc) portion of the antibody to
Fc gamma receptors (FcyRs) that are expressed by immune cells
occurs, promoting viral entry without the use of the ACE2
receptor (69, 70). However, the presence of viral RNA in the
endosomes signals via the Toll-like 3 (TLR3), TLR7, or TLR8
receptor, activating the host cell to release pro-inflammatory
cytokines that lead to exacerbated tissue damage, a phenomenon
called antibody-dependent enhancement (ADE) (71).

Such a mechanism for SARS-CoV-2 is not yet fully
understood, but previous coronavirus infections or SARS-CoV-
2 convalescent patients with different SARS-CoV-2 strains could
promote ADE, as experimentally shown for antibodies against
the MERS-CoV or SARS-CoV-1 spike S protein (72). Several
studies have shown that sera administration induced increased
SARS-CoV-1 viral entry into cells that express the Fc receptor,
and serum-dependent SARS-CoV-1 entry does not pass through
the endosome pathway (73, 74).

This mechanism was characterized by Yip et al. (75) and
Wang et al. (76), who revealed that the anti-Spike protein
antibodies were in fact responsible for the infection of immune
cells, and the enhancement of the infection can be improved by
increasing the dilutions of antibodies. In relation to MERS-CoV,
a similar mechanism has been demonstrated, since neutralizing
monoclonal antibodies (nAb) are able to bind to the spike-S
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surface protein, allowing conformational changes and being
subject to proteolytic activation. Meanwhile, nAb binds to the
cell surface IgG Fc receptor, guiding viral entry through
canonical pathways dependent on the viral receptor (77).
Recent studies with COVID-19 patients reported that there
was a strong IgG antibody response against the nucleocapsid
protein and a delay in eliminating the virus, leading to an
increase in the severity of the infection and contributing to the
hypothesis of ADE of SARS-CoV-2 (78).

In view of this, the geographic discrepancy in pathogenesis
can be explained, since individuals who have experienced
previous exposure to coronaviruses are experiencing the effects
of ADE due to the heterogeneity of the antigenic epitope (79). In
addition, the potential of human antibodies for vaccination will
depend on whether antibodies play a role in disease progression
or in protecting against viral infection (70).

As an evasion mechanism, CoVs use a glycan conformational
shield to prevent the recognition of the virus by the immune
system, and, for this reason, S glycoproteins are found in trimers
form and require structural alterations to engage with cellular
receptors. In most of the hCoVs described, these S trimers are
found in a naturally closed conformation, however, this
mechanism also causes a delay in the process of cell infection
due to the need for major changes in the glycoprotein
conformation. It was described that, in SARS-CoV-2, the S
trimers seem to exist in a partially open state, which prevents
recognition by the immune system, but accelerates the initiation
of conformational changes in the receptor and the processes of
binding and fusion (49).

Pathogenic Mechanisms

Considering the similarity between SARS-CoV-1 and SARS-
CoV-2, it is likely that their biochemical interactions and
pathogenesis are also similar (80, 81). Once SARS-CoV-2 was
reported to use ACE2 to enter host cells, it is suggested that the
virus may target a cell spectrum similar to SARS-CoV-1 (38, 82,
83). SARS-CoV-1 is known to mainly infect macrophages and
pneumocytes in the lungs, as well as other extrapulmonary
tissues that express ACE2, which can also be expected for
SARS-CoV-2 (82-84). However, the affinity of SARS-CoV-2 to
ACE2 is 10-20-fold higher than that of SARS-CoV-1, which
could explain its higher transmissibility and demonstrate that it
can bind more efficiently to host cells, having a robust infection
in ACE2" cells in the upper respiratory tract (7).

ACE2 is an enzyme belonging to the renin-angiotensin system,
located on the cell surface of type II alveolar epithelial cells in the
lungs and cells of other tissues, and plays a crucial role in controlling
vasoactive effects in the body. Despite their similarities, ACE and
ACE2 have different substrate specificities with distinct
functionalities that perform opposite actions in the body. In brief,
ACE cleaves angiotensin I to generate angiotensin II, the peptide
that binds and activates angiotensin type 1 receptor (ATIR) to
constrict blood vessels, thereby raising blood pressure. In contrast,
ACE2 inactivates angiotensin II (Ang-II) while generating
angiotensin 1-7 (Ang-1-7), a potent heptapeptide that acts in
vasodilation and attenuation of inflammation (85).

Therefore, considering that SARS-CoV-2 uses ACE2 to enter
cells, the main hypothesis of pulmonary pathology is that the
increased activity of ACE (Ang-II) over ACE2 (Ang-1-7) may
cause acute lung injury since the binding of the S protein to
ACE2 leads to its blockage. Thus, the suppression of ACE2
occurs due to the increased internalization and release of
ACE2 from the cell surface, which leads to a decrease in tissue
ACE2 and the generation of Ang-1-7, and consequently higher
Ang-II levels. Because of this, as shown in an experimental
SARS-CoV-1 model, this process can drive an Ang II-AT1R-
mediated inflammatory response in the lungs and potentially
induce direct parenchymal injury (67, 80, 86, 87).

Another hypothesis states that SARS-CoV-2 infection blocks
ACE2 function when binding to host cells, inhibiting its role of
cleaving bradykinin and, as a consequence, bradykinin
accumulates in the lung, promoting pulmonary edemas due to
vasodilator activity and consequent respiratory failure. The
increased bradykinin activation in the pulmonary endothelium
can also induce neutrophil migration, enhancing tissue damage
caused by the respiratory burst of these cells (88).

ACE2 is also highly expressed and co-expressed with
TMPRSS2 in nasal epithelial cells, chalices, and hair cells (89).
This finding is in accordance with the high detection of viral
RNA in the upper airways present in nasal swabs and throats of
both symptomatic and asymptomatic patients, demonstrating
that the nasal epithelium is an important site for the infection to
initiate and can represent an essential reservoir for viral
dissemination and transmission (38).

Although the virus mainly affects the lungs, there are reports
that SARS-CoV-2 also has organotropism, accompanied by
dysfunction, in multiple organs, including the kidneys, liver,
heart, and brain, which can influence the course of the disease
and possibly worsen pre-existing conditions. It has been reported
that ACE2, TMPRSS2, and cathepsin L can be expressed on glial
cells and neurons, cardiomyocytes, liver cells, bile duct cells, and
renal tubular cells (90, 91).

Evidence indicates that SARS-CoV-2 “neuroinvasion” can
establish a direct entry along the olfactory nerve, mainly through
the nasal olfactory epithelium, which expresses ACE2 and
TMPRSS?2, allowing access to the central nervous system (CNS).
The spread of the virus through the hematogenous or transsynaptic
pathway has also been widely discussed, however, it is known that
the different levels of neurotropism and neurovirulence in patients
with COVID-19 can be explained by a combination of viral factors
and their interaction with the host (41, 92, 93).

Regarding the evolution of infected individuals, aging,
comorbidities, and weakening of the immune system are
factors that generally cause the infection to intensify at the
acute phase, leading to the manifestation of more severe
conditions (6). Thus, according to epidemiological studies, it is
known that patients with chronic conditions, such as
hypertension, diabetes, and chronic obstructive pulmonary
disease (COPD), are more likely to develop a critical form of
the disease (94-96).

The risk of applying medication commonly used in
hypertension treatments to COVID-19 patients (97, 98) has
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raised different hypotheses over the issue of invoking a higher
expression of ACE2 (99-101). A systematic review assessing the
clinical outcomes for SARS-CoV-2-infected individuals
regarding treatment using angiotensin-converting enzyme
inhibitors (ACEIs) or angiotensin receptor blockers (ARBs)
concluded that these types of drugs have no deleterious effects
and should continue to be used in COVID-19 patients (102),
reinforcing the recommendations of several medical societies,
including the American Heart Association (103) and European
Society of Cardiology (104).

Respiratory diseases, such as COPD and asthma, cause a
reduced lung function and greater susceptibility to lung
inflammation, and are expected to show a potentially critical
course of COVID-19. COPD patients are already considered
more susceptible to the development of pneumonia based on the
clinical characteristics exhibited, such as lung structural damage,
alterations in local/systemic inflammatory response, impaired
host immunity, microbiome imbalance, persistent mucus
production, and the presence of potentially pathogenic bacteria
in the airways (105). Additionally, in the scenario of COVID-19,
smokers and individuals with COPD have shown to have
increased airway expressions of ACE-2 (106). It is still worth
mentioning that patients who have this type of disorder often use
corticosteroid immune-suppressing drugs, whose effect of
reducing the immunity to respiratory infections may represent
another contributing factor to a higher risk of infection (107).

Clinical and Radiological Changes

Most COVID-19 patients exhibit mild to moderate symptoms,
but approximately 15% progress to critical pneumonia and 5%
eventually develop acute respiratory distress syndrome (ARDS),
septic shock, multiple organ failure, and death (26, 108). Once
the infection is installed, the spectrum of clinical presentations
has been reported to range from asymptomatic infection to
critical respiratory failure.

According to the severity of symptoms, patients can be
classified as mild, severe, and critical. In general, the most
commonly reported symptoms are fever, cough, myalgia,
fatigue, pneumonia, dyspnea, as well as the loss of smell and
taste, whereas less common reported symptoms include
headache, diarrhea, hemoptysis, and a runny nose (108, 109).
Most critically ill patients present progressive respiratory failure
due to alveolar damage caused by hyper inflammation, which can
result in lethal pneumonia (26).

A retrospective study conducted by Liu et al. (110)
demonstrated that older patients with SARS-CoV-2 showed
higher pneumonia severity index scores and had a higher
chance of multiple lobe involvement compared with young
patients. Elderly adults are more susceptible to SARS-CoV-2
and have a high risk of morbidity and mortality (111). This can
be explained by factors such as physiological changes and
multiple age-related comorbidities, in addition to associated
polymedication (112).

Regarding the potential involvement of COVID-19 in the
CNS, studies have investigated the neurological changes
developed throughout the course of the disease. Nonspecific

symptoms (dizziness, headache, and seizure) and specific
symptoms (loss of smell or taste and stroke) were described
(91, 113-115). Epidemiological studies have reported that some
patients infected with SARS-CoV-2 did report headaches (8%),
nausea, or vomiting (1%). A more recent study investigating 214
COVID-19 patients found that about 88% of critically ill patients
displayed neurologic manifestations, including acute
cerebrovascular diseases and impaired consciousness (26, 116).

Among patients diagnosed with SARS-CoV-2, it has been
reported that renal dysfunction is characterized by high levels of
blood urea nitrogen, creatinine, uric acid, and D-dimer, associated
with proteinuria and hematuria (90, 117-119). Recent studies have
reported an incidence between 3-9% of acute kidney injury in
COVID-19 patients, demonstrating renal abnormalities (94, 96,
111, 120). Cardiovascular complications are also associated with
COVID-19 infection, including myocardial injury, myocarditis,
acute myocardial infarction, heart failure, dysrhythmias, and
venous thromboembolic events, being significant contributors to
the mortality associated with this disease (121, 122).

Several studies found that CoVs can also affect other body
regions, such as the gastrointestinal tract and ocular tissues (123,
124); some of them specifically investigated changes in the
gastrointestinal tract and identified the presence of SARS-CoV-
2 RNA in samples of anal/rectal swabs and feces of infected
patients, establishing that the virus could be transmitted orally or
fecally as well. Additionally, symptoms such as diarrhea,
vomiting, and intestinal pain (125) have also been reported for
SARS-CoV-2-positive patients, which can be associated with the
expression of ACE2 in gastrointestinal epithelial cells, present
especially in the small and large intestines, contributing to viral
infection and replication in these cells (126).

Regarding ocular tissues, some studies have also identified the
manifestation of conjunctivitis in patients with COVID-19 (<1%)
(96), however, it is an underestimated number (127). Currently, it is
still unclear how SARS-CoV-2 can cause conjunctivitis, but theories
include: (i) conjunctiva can be a direct inoculation site for the virus,
(i) the virus can reach the upper respiratory tract through the
nasolacrimal duct, or (iii) infection can occur via hematogenous
through the lacrimal gland (123).

Histologically, biopsy samples of lungs reveal evident
desquamation and hyaline membrane formation of pneumocytes,
in addition to bilateral diffused alveolar damages along with cellular
fibromyxoid exudate, indicating ARDS. In addition, the cytopathic
effects found include multinucleated syncytial cells, increased
atypical pneumocytes, and the presence of inflammatory
infiltrates of mononuclear cells (26, 108).

More recently, reports on COVID-19 have included the
occurrence of coagulation abnormalities in most critically ill
patients (128-131). Tang et al. (132) reported the occurrence of
disseminated intravascular coagulation in 71.4% of non-
surviving COVID-19 patients and in only 0.6% of surviving
patients, suggesting a high frequency in severe COVID-19
patients. Autopsies performed on patients with COVID-19 also
demonstrated small fibrinous thrombi in pulmonary arterioles
with endothelial tumefaction, the presence of megakaryocytes,
and indications of coagulation cascade activation (133).
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Although it is important to consider the direct procoagulant
properties of SARS-CoV-2, the combination of immobility,
systemic inflammation, platelet activation, endothelial
dysfunction, and stasis of blood flow can lead to thrombotic
complications that mimic systemic coagulopathies associated with
severe infections, such as sepsis-induced coagulopathy (SIC),
disseminated intravascular coagulation (DIC), and thrombotic
microangiopathy (130). However, COVID-19 has some distinct
features that may establish a new category of coagulopathy,
denominated COVID-19 associated coagulopathy (CAC), whose
main markers are higher D-dimer concentration and fibrinogen
levels, a relatively lower platelet count, and longer prothrombin time
(129). In COVID-19 patients, CAC has been associated with higher
mortality (131).

Chest computed tomography (CT) in patients with COVID-
19 has commonly demonstrated multifocal “ground-glass”
opacity (GGO) in the lungs, which can occur concurrently
with consolidation in posterior and peripheral areas, suggesting
a pneumonia pattern in the organization of lung injury and
indicating disease progression (134-136). Another important
manifestation found through chest CTs is reticular pattern
formation with interlobular septal thickening, which might be
associated with interstitial lymphocyte infiltration and determine
the disease course (108, 137, 138).

CT has highlighted many other alterations, including the
“crazy-paving” pattern, which may result from the alveolar
edema and interstitial inflammation in acute lung injury, and
air bronchogram with a pattern of air-filled (low-attenuation)
bronchi, but with gelatinous mucus and several airway changes,
such as bronchiectasis and bronchial wall thickening resulting
from the destruction of bronchial wall structure, proliferation of
fibrous tissue, and fibrosis (137-140).

IMMUNE RESPONSE AGAINST SARS-
Cov-2

Cytokine Storm

Antiviral immune response is usually coordinated by IFN-type
cytokines that activate cells and intensify the response against
these invading agents, triggered by the recognition of pathogen-
associated molecular patterns (PAMPs) by pattern recognition
receptors (PRRs), such as toll-like receptors (TLR), fundamental
for pathogen recognition and activation of innate immunity.
Type 7 of TLR (TLR7) - expressed on the surface of endosomes
predominantly in the lungs, placenta, and spleen — might play a
central role in COVID-19. This receptor has been reported to
quickly recognize single-stranded SARS-CoV-1 RNA, inducing
the production of pro-inflammatory cytokines such as TNF-q,
IL-6, and IL-12 in plasmacytoid dendritic cells (141-143).

The recognition of SARS-CoV-2 RNA by TLR7 can mediate the
release of cytokines in response to the virus, a context in which IL-6
may play an important role. It has been well described that IL-6 is a
pleiotropic cytokine with distinct functions in different contexts in
the immune system, being fundamental for the formation of

follicular T helper lymphocytes and the generation of long-lived
plasma cells. However, this cytokine can also inhibit the activity of
CD8" cytotoxic lymphocytes by inducing the expression of PD1 in
these cells, in addition to inhibiting suppressors of cytokine
signaling 3 (SOCS3), an important protein responsible for
controlling cytokine production, leading to an excessive release of
inflammatory mediators (144).

The pathophysiology of COVID-19 is yet to be fully elucidated
and several gaps still need to be filled, however, several studies have
shown an increase in cytokines, notably pro-inflammatory, in the
serum of infected patients, which has been associated with hyper
inflammation and the lung injury particular to the disease. The
main cytokines described include TNF-o, IFN-y, IL-1f, IL-1Ra, IL-
2R, IL-6, IL-7, IL-8, IL-9, IL-10, basic FGF, G-CSF, GM-CSF, IP-10,
MCP-1, MIP-1a, PD6F, and VEGEF, in addition to an increase in
other inflammation biomarkers, such as C-reactive protein, ferritin,
and procalcitonin. However, mediators related to the complement
system, such as C3 and C4, did not present any difference in healthy
individuals. Furthermore, even higher levels of these mediators were
found in patients of critical COVID-19 cases, suggesting that the
severity of the disease may be associated with this huge amount of
inflammatory mediators, called cytokine storm, which overloads the
immune system with information, preventing the establishment of
an effective immune response (26). For example, a study published
by Valle et al. showed that COVID-19 patients have higher levels of
IL-6, IL-8, and TNF-alpha than healthy individuals on hospital
admission; moreover, when they stratified the population by low
versus high cytokine levels and applied a risk competition model, it
was found that each cytokine is an independent predictive factor of
the patients’ overall survival and is significantly associated with
worse clinical outcomes (145).

On the other hand, in theory, a type I IFN-mediated response
activates the JAK-STAT signaling pathway that should be able to
suppress viral replication and prevent the virus from spreading
early in the infection. This is probably what occurs in
asymptomatic individuals who can establish an effective
response against SARS-CoV-2 (9, 141). However, in several
viruses, viral proteins can modulate the production of this type
of IFN, impairing the generation of an effective antiviral response
(141, 143, 146, 147). Li et al. (148) conducted an in vitro
experiment that revealed a strong capacity of ORF6, ORFS,
and nucleocapsid proteins of SARS-CoV-2 to inhibit IFN-f
and NF-kB activity, in addition to genes containing interferon-
stimulated response elements (ISREs), suggesting that the virus
has an important IFN antagonist activity.

By monitoring the production of type I IFN in SARS-CoV-2-
positive patients, Trouillet-Assant et al. (149) found a peak in
IFN-02 production between 8 and 10 days after the onset of
symptoms, in general, which reduces overtime. However, as
many as one critically ill patient in five was unable to produce
any amount of type I IFN and had a higher viral load, respiratory
failure, and worse clinical outcome. Nonetheless, Zhou et al.
(150) conducted a study that demonstrated that SARS-CoV-2
infection induced a markedly elevated expression of IFN-related
inflammatory genes, which appears to decrease over time in mild
cases, but not in severe ones.
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Additionally, Major et al. (151) described the role of types I
and III of IFN in lung repair during viral infection. The
production of IFN-0/f and IFN-A in C57BL/6 mice was
detected immediately at the early stage of influenza virus
infection and decreased over time, having reached undetectable
levels at the onset of epithelial recovery. Interestingly, the
treatment with IFN-o, B, or A during the recovery phase
reduced the proliferation type II alveolar epithelial cells by
activation of IFN-induced p53, aggravating lung injury, disease
severity, and susceptibility to coinfections. Therefore, time and
duration of IFN are critical factors for viral infection response
and should be thoroughly considered as a COVID-19
therapeutic strategy.

Similarly, an experimental study conducted with MERS
patients indicated that type I IFN has protective activity
against this infection and the blockade of its signaling resulted
in delayed virus clearance, enhanced neutrophil infiltration, and
impaired MERS-CoV-specific T cell responses. Additionally,
early treatment using this type of IFN prevented fatal
infections in mice. However, the late treatment did not cure
the animals and failed to effectively inhibit virus replication,
increased infiltration, and activation of monocytes, macrophages,
and neutrophils in the lungs, in addition to having enhanced
proinflammatory cytokine expression, which led to fatal
pneumonia, indicating that type I IEN plays a central role at the
very beginning of the infection (152).

Therefore, using IFN in SARS-CoV-2 treatment seems to be
beneficial at the early infection stage, especially for patients
unable to produce this type of response. Furthermore, as the
disease progresses, the use of inflammatory cytokine blockers for
patients who fail at regulating their production over time could
represent a better strategy.

COVID-19 patients also have high levels of production of anti-
inflammatory cytokines, such as IL-10, perhaps as a way of
compensating for the exacerbated inflammatory response, which
can lead to a picture of immune dissonance and anergy towards the
infection (26, 153-155). It is fundamental to perform further studies
that elucidate the mechanisms of the immune response and the
balance between pro-inflammatory and anti-inflammatory response
patterns to understand the immunopathogenesis of COVID-19.

IL-7 is a pleiotropic cytokine that plays an essential role in the
differentiation and clonal expansion of lymphocytes. Chi et al.
(156) described the production of IL-7 in COVID-19 patients;
when compared to healthy controls, both asymptomatic and
symptomatic individuals in the acute phase show an increase in
the levels of this cytokine, however convalescent individuals
return to the basal state equal to that observed in healthy
individuals. When symptomatic individuals were stratified
according to the severity of the disease, those with moderate to
severe conditions had higher levels of IL-7. In addition, SARS-
CoV-2-specific T cells from the peripheral blood of convalescent
individuals of COVID-19 show high expressions of CD127, a
receptor necessary for homeostatic cell proliferation triggered by
IL-7, which may be related to the recovery observed (157).
Patients with a severe COVID-19 condition, on the other
hand, have an increased IL-7 production, but contradictorily

they also have severe lymphopenia. Thus, we speculate that the
deficiency in the expression of CD127 might occur in severely ill
patients, which culminates in the deficiency of cell proliferation
induced by IL-7 and consequent lymphopenia. However, studies
that seek to evaluate the expression profile of IL-7 and CD127 in
COVID-19 patients need to be carried out. In addition, the use of
IL-7 as a treatment for COVID-19 patients has been evaluated
and will be discussed further.

Several pro-inflammatory cytokines have been described in
COVID-19 patients and are associated with the disease’s
immunopathogenesis. Among them, IL-1 and TNF-o stand
out for playing a central role in this context (26, 156). The
respiratory failure characteristic of SARS-CoV-2 infection,
especially in individuals who develop the most severe forms of
the disease, occurs independently of infection or viral replication
in the epithelial bronchial cells and probably occurs due to
exacerbated inflammatory dysregulation, resulting from
activation of the NLRP3 inflammasome pathway and
consequent release of IL-1B (158). However, although several
articles have shown an increase in IL-1 production in COVID-
19 patients and early treatment with IL-1 receptor blockers has
helped prevent respiratory failure (159), its exact role in the
immunopathogenesis of the disease has not yet been
fully described.

Cytokine storms may have great relevance in the pathogenesis
of COVID-19. The induction of inflammatory mediators can
induce cell damage, especially in lung tissues, causing respiratory
failure. In addition, several of these mediators have potent
vasodilator activity, which at the local level can cause
pulmonary edemas, while at the systemic level leads to septic
shock, worsening the clinical condition of these individuals.
Similarly, several studies have shown that viral infections can
induce cytokine storms, or take advantage of it, to establish
infection and escape from the immune system, intensifying
pathological phenomena such as those observed in sepsis, in
addition to increasing the mortality rate of this population
(160, 161).

Despite the absence of direct evidence of the role of cytokines
and chemokines in lung injury, initial studies have shown that
the increase in these pro-inflammatory mediators is associated
with lung injury in patients with COVID-19 and has a central
role in the pathogenesis of the disease (153). The balance of the
innate immune response is essential at the beginning of the
infection, while its imbalance can culminate in excessive
inflammation, which hinders the establishment of an effective
immune response against the virus.

Therefore, using hemoperfusion can be an important tool to
treat severe COVID-19 patients who developed cytokine storms,
as well as other treatments focusing on controlling and reducing
hyper inflammation using specific blockers or monoclonal
antibodies directed against the mediator or to antagonize its
receptor (144).

Innate Immune Response
The innate immune system is the first line of defense against
pathogens through the activation of PRR in macrophages,
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neutrophils, and dendritic cells by the interaction with PAMPs.
An effective innate immune response against viruses like SARS-
CoV-2 is essential not only to initiate the response but also to
structure the basis for the production of a robust and more
specific adaptive response (162). Changes in this process,
commonly observed in viral infections, can cause an immune
imbalance and susceptibility of the host (163).

Patients who develop severe COVID-19 exhibited a marked
increase in neutrophil and reduced lymphocytes counts
compared with patients with mild signs of the disease (10). A
general increase in the number of circulating neutrophils and the
reduction of lymphocytes enhance the neutrophil/lymphocyte
ratio, which has been used as a predictor of the infection severity
and development of pneumonia. In addition to being a predictor
of a worse prognosis, an increase in this ratio also indicates a
serious immune imbalance in these patients (153).

In addition to having high levels of cell-free DNA,
myeloperoxidase-DNA, and citrullinated histone H3 -
important markers of neutrophil extracellular traps (NETSs) -,
the serum of COVID-19-positive patients was able to strongly
trigger NETosis in healthy neutrophils in vitro (164). Despite
representing important strategies to eliminate pathogens by
neutrophils, NETs damage healthy tissue and induce
inflammation (165), in addition to featuring a variety of
oxidizing agents and being involved in several vascular
diseases, as well as pathogen-induced acute lung injury. The
release of NETs by neutrophils can be triggered by several
factors, such as virus-damaged epithelial cells, activated
platelets, activated endothelial cells, and inflammatory
cytokines, such as IL-1f, IL-8, and G-CSF, among others (95,
166-169). In this context, it is fundamental to conduct studies
assessing the role of neutrophils and NETs to better understand
COVID-19 pathogenesis.

Concerning monocytes, COVID-19 patients have shown an
abundant circulation of CD14" CD16" cells, with a sharper
increase in patients who developed severe respiratory
syndrome. This subtype of monocytes can over-secrete TNF-0,
IL-1B, and IL-6 and expand quickly in systemic infections,
implying that they must play an important role in the rapid
defense against pathogens. Controversially, these cells are the
main producers of IL-10, which makes their exact function in
immune responses elusive (170, 171). Additionally, Dutertre
et al. (172) demonstrated that CD14" CD16" monocytes
are responsible for TNF overproduction in HIV infections and
might be considered the major actor in immune hyperactivation
in disease (172).

A study assessing bronchoalveolar lavage of SARS-CoV-2-
positive individuals found an abundance of monocytes-derived
inflammatory macrophages in critically ill patients. In addition,
the authors observed through single-cell analysis that these
macrophages can contribute to local inflammation by
recruiting inflammatory monocytes and neutrophils through
CCRI and CXCR2 chemokine receptors. However, in patients
who presented a moderate form of the disease, macrophages
produced chemo-attractants for the recruitment of T cells, such
as CXCR3 and CXCRé. Such a difference in response might be

the key to understanding the pathogenesis of respiratory failure
in COVID-19 (173).

Furthermore, critically ill patients have also manifested rapid
proliferation of another subpopulation of monocytes
characterized by GM-CSF" IL-6", which may be related to
inflammatory risk and impairment of the lungs when
migrating in large quantities (170). GM-CSF has been
described as an active part of the pathogenesis of autoimmune
and inflammatory diseases, mainly in the involvement of
myeloid cells, such as monocytes, which can initiate tissue
damage in a dependent manner on this marker (174, 175). In
addition, high levels of mediators, such as IL-6, TNF-, and IL-10,
found in these patients are likely to have been produced by these
monocytes and to be highly involved in cytokine storm and
pathogenesis of SARS-CoV-2, since as the disease progresses
these mediators reduce, which is correlated to the restoration of
the immune function of CD4" and CD8" T lymphocytes, which
is further discussed later (154).

Critical COVID-19 patients have shown excessive activation
of circulating HLA-DR™ monocytes, which has been associated
with the onset of respiratory failure, suggesting its role as a
predictive factor. The lack of expression of HLA-DR in
monocytes may indicate a modulatory capacity of the virus,
which prevents the antigen presentation and hampers the
formation of an adaptive immune response (176, 177).

During an in vitro experiment, Yang et al. (178) found that,
despite being permissive to infection by SARS-CoV-2, human
monocyte-derived macrophages and dendritic cells are not able
to effectively produce viral replicates. Despite their central role in
pathogenesis, this may indicate that these cells are not important
reservoirs for viruses. In addition, neither of the cell types
developed a response based on type II IFN, but macrophages
had lower production of type I and III IFN than the control,
indicating that the virus can inhibit a response mediated by these
types of IFNs. Additionally, macrophages were able to trigger an
exacerbated inflammatory response with higher TNF-o, IL-8,
IP10, MIP1q, and IL-1B. Dendritic cells had not been reported to
show such inflammatory phenomenon, which is due to the
ability of SARS-CoV-2 to inhibit STAT1 phosphorylation.
Such important attenuation of dendritic cell response caused
by the virus may have important implications for humans to
develop effective immunity, therefore, further studies should seek
to better elucidate such a relevant relationship.

Similarly, in the presence of IFN-o. and GM-CSF, circulating
monocytes should quickly differentiate into monocyte-derived
dendritic cells (mDC), which are important antigen-presenting
cells capable of phagocyting viruses and initiating the adaptive
immune response process, as well as activating CD4" T cells,
generating immune memory in the process, and refining the
body’s defense against infections (179, 180).

The number of mDCs has not increased in patients infected
with SARS-CoV-2 compared with healthy controls, even in the
most severe cases of the disease. Interestingly, the levels of GM-
CSF in the serum of these patients are highly elevated, which
should lead these cells to increase, demonstrating that the virus
may have a mechanism to control the production of IFN-o and
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consequent differentiation of mDCs (9, 26). In the same way,
individuals infected and not infected with SARS-CoV-2 have
similar levels of IL-12, an important cytokine produced by mDC
that is involved in the differentiation of naive T cells (9, 181).

Thus, we hypothesize that the lack of mDC generation and
consequent inability of the infected individual to produce IL-12
may be among the main factors of innate immunity-related
pathogenesis of COVID-19. As further discussed, the increase in
naive T cells, reduced cell functionality of CD4", CD8", and
natural killers (NK), and delay in the appearance of humoral
response found in these patients indicates a failure in the
generation and function of mDC. Therefore, it is urgent to
carry out studies aimed at analyzing the effect of SARS-CoV-2
on dendritic cells.

T Helper Cells

Establishing and maintaining immune response and memory
generation against viruses depends on the activity of T cells.
These lymphocytes originate from bone marrow progenitor cells
and migrate to the thymus for maturation, selection, and
peripheral export. Peripheral T cells are subdivided into groups
that include naive T cells, which are capable of responding to
new antigens, memory T cells derived from previous antigen
activations and maintain long-term immunity, and regulatory T
cells that coordinate the immune response (163).

The immune response begins when naive T cells encounter
antigens and co-stimulatory molecules presented by antigen-
presenting cells, such as dendritic cells that phagocytize the virus,
resulting in the production of IL-2, proliferation, and
differentiation of effector T cells, which migrate to various sites
to promote the elimination of pathogens (163, 182).

Inflammatory factors induced by viruses can trigger a storm
of mediators that cause changes in the differentiation and
activation of T cells, disturbing the homeostasis of the immune
system. In patients with COVID-19, the overall percentage of T
lymphocytes is generally reduced, especially CD4* CD3" T
lymphocytes, which have an activation phenotype, a reduction
much more pronounced in severely ill patients. Furthermore, a
higher percentage of CD4" CD45RA™ naive cells and lower CD4"
CD3"* CD45RO" memory T cells were also found in COVID-19
patients (10, 153, 183, 184).

Polyfunctional CD4" T cells are characterized by the
expression of activation markers as well as their capacity to
produce IFN-y, IL-2, and TNF-o. These cells have been linked to
an excellent response against viral infections and during the
development of immunity by vaccination (185, 186). Even
though COVID-19 patients have shown an increase in the
expression of molecules related to T CD4" activation, such as
CD69, CD38, and CD44, molecules related to their function,
such as intracellular IFN-y, IL-2, and TNF-a, are reduced,
especially in individuals with a more severe stage of the disease
(9, 170), indicating an impairment of polyfunctional T cells.

Li et al. (187) demonstrated that patients infected with SARS-
CoV-1 had elevated levels of polyfunctional CD4" T cells,
especially those in a severe condition but who progressed to
clinical improvement. In contrast, critically ill patients with
SARS-CoV-2 demonstrated a drastic reduction of this cell

subtype, which may indicate that this virus has developed its
own mechanisms to control cellular responses, thus differing
from other coronaviruses (9).

Similarly, Chen et al. (154) demonstrated that CD4" T
lymphocytes from COVID-19 patients showed increased
expressions of T cell immunoglobulin-3 (Tim-3), a type I
transmembrane protein that acts as a negative regulator of Thl
pattern. CD4" cells showed low expression of this marker at the
early phase of infection, having progressively increased over
time, indicating that the exhaustion of these cells occurs as the
disease progresses.

Many studies with SARS-CoV-2 positive patients have
described the generation of these exhausted pathological
lymphocytes that exacerbate the inflammatory response at the
early stage of infection, initiating a cytokine storm, followed by
cell exhaustion and loss of functionality, a phenomenon that has
appeared mainly in more severe cases of the disease (9, 10,
170, 188).

The vast majority of studies to date show impairment of
proliferation, maturation, and response of T cells, especially in
sicker patients. This may indicate that SARS-CoV-2, similarly to
other viral infections, can interfere with the function of CD4"
cells at the very beginning of the infection, causing excessive
release of inflammatory mediators and exhaustion of the
response capacity of these cells over time, reducing the host’s
antiviral immunity (189). What seems to happen in COVID-19
is that the total lymphocyte count is reduced in these patients
and, among the remaining T cells, the highest percentage is from
naive CD4" T lymphocytes, while the activated subpopulations,
although few, present a phenotype with excess and reduced
markers related to activation and function, respectively,
indicating that, despite overactivation, these cells fail to
exercise effective immune activity.

Another important point is the reduction of regulatory T cells
CD4" CD25" Foxp3™ verified in these patients. These cells have a
fundamental role in the negative regulation of inflammation,
control of cell proliferation, and the effector function of several
cells, which probably has contributed to the excessive
inflammation observed in critically ill patients (153, 190). It
has been described that regulatory T cells play a central role in
mitigating the immune response in several viral infections (191);
reducing the number of these cells in patients with COVID-19
can lead to loss of regulatory functions and consequent
cytokine storm.

It has been described in several studies that COVID-19
patients have a reduced number of circulating Treg cells,
which may be due to the increase in soluble IL-2 receptors (IL-
2R or CD25) that potentially scavenges IL-2, reducing their
bioavailability for binding to CD25 on the cell surface, thus
preventing the induction of the clonal expansion signal of Treg
cells (153, 192, 193).

Cytotoxic Cells

T lymphocytes CD8" and NK are essential to control viral
infections due to their cytotoxic effect. These cells become
activated after recognizing antigens attached to molecules of
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MHC-I presented by infected cells, which usually leads to the
death of the infected cell by effector mechanisms (163).

Kamiya et al. (194) demonstrated that SARS-CoV-2 infection
in humans dramatically reduces the total CD8" and NK cell
count, especially in patients who have developed more severe
disease. The inhibition of these cells was characterized by an
increase in the expression of NK inhibitory receptor CD94/NK
group 2 member A (NKG2A), a type C lectin receptor of
cytotoxic cells that acts as a potent suppressor when binding to
minimally polymorphic MHC-I that present peptide sequences
of other MHC-I molecules, inducing an inhibitory signal
through two receptors with tyrosine-based inhibition motifs
that suppress cytokine secretion and cytotoxic activity.

In patients who recovered from COVID-19, CD8" and NK
cell counts and the reduction in NKG2A expression were
restored, suggesting that the inhibition of these cells is a result
of SARS-CoV-2-mediated immunomodulation (10).
Corroborating these data, it has been reported that other viral
infections also manage to increase the expression of NKG2A in
NK cells as a way to escape from the immune system (195).

SARS-CoV-2 studies involving CD8" T cells have shown
exhaustion of the effector capacity of these cells over time by
the reduction of granzyme B, perforins, and lysosome-associated
membrane protein 1, also known as LAMP-1 or CD107a,
described as a marker of cytotoxic cells’ degranulation and an
important parameter to assess the activity of these cells. CD8" T
cells from COVID-19 patients have a very marked activation
phenotype with an increase in CD69, CD38, CD137, and CD44,
especially in critically ill patients. However, despite presenting an
increase in these activation molecules, these cells also have
enhanced cell exhaustion proteins, such as PD1, Tim3, CTLA-
4, and TIGIT, especially in more critically ill patients (9,
154, 170).

TIGIT receptor, present in T and NK cells, can bind to dendritic
cell CD155 receptors and induce an increased expression of IL-10
and reduce IL-12, in addition to inhibiting T cell activation and
blocking cytotoxicity of NK cells (196). The use of specific blockers
for these receptors, such as anti-PD1 and anti-TIGIT, has helped in
the recovery of the function of these cells. Therefore, it is logical to
assume that specific NKG2A blockers could be an important tool to
assist in the treatment of SARS-CoV-2 infections, restoring the
functionality of cytotoxic cells (10, 195).

Together, these data described the increase in activation
markers and cellular exhaustion, in addition to the reduction
in functionality markers indicating that, like CD4" T
lymphocytes, these cells were probably hyperactivated right at
the beginning of the infection, collaborating with the generation
of a cytokine storm, until they became exhausted and lost their
functional capacity, causing reduction of antigen-specific
response and loss of its antiviral effects (Figure 2).

Humoral Response

Detecting a humoral response against SARS-CoV-2 has been the
focus of attention to developing faster and more accurate
diagnostic tools. A study assessing the presence of IgA, IgM,
and IgG against SARS-CoV-2 in infected patients found that IgA

levels begin to rise in the first seven days after the onset of
symptoms and continue increasing until it stabilizes near the 14
day after the onset of symptoms. Additionally, IgM production
appears as early as IgA, the antibody titration in the first seven
days after the onset of symptoms was very low, starting to
increase only from the eighth day, reaching a plateau after the
14™ day. The average time of appearance of specific IgG against
SARS-CoV-2 starts 14 days after the appearance of symptoms
and grows exponentially until the 21°* day (197).

These data corroborate the disease stages proposed by Lin
et al. (6) (presented in the introduction), and the changes in the
immune response present in the disease. The early appearance of
IgA results from the first contact of the virus with the individual’s
mucosa at the moment of contagion and continues to increase
until the acute phase. Despite viremia and symptom onset, IgM
levels only begin to rise from the eighth day after symptom onset,
indicating anergy in the immune response during this period,
perhaps caused by dysfunction in antigen-presenting cells, such
as dendritic cells, and also by reducing the amount of activated T
helper cells, which play a central role in triggering the immunity
acquired by the activation and clonal expansion of B
lymphocytes, in addition to the formation of germinal centers
and generation of plasma cells that produce high affinity and
avidity antibodies (198, 199).

The appearance of IgG near the third stage of the disease may
be related to the clinical evolution of patients and those who fail
to establish an efficient immune response might be at risk of
death. Interestingly, Guo et al. (197) found that approximately
22% of COVID-19 patients confirmed by RTq-PCR did not
present detectable levels of IgM. Most of these individuals were
tested in the first seven days after the onset of symptoms,
therefore the lack of IgM can be justified by the delay in
generating a humoral response against SARS-CoV-2. However,
some critically ill patients followed for a longer period remained
negative for IgM even 22 days after the onset of symptoms. As for
IgG levels, some patients took 30 to 40 days after the appearance
of symptoms to show some detectable level of IgG, suggesting a
possible failure in the production of antibodies that may have
contributed to the severity of the disease. It is possible that the
generation of antibodies in more advanced stages of COVID-19
does not benefit the recovery process since most pathological
mechanisms at this stage might be more related to the excess of
inflammatory mediators than the presence of the virus itself.

In recovered patients, the magnitude of the production of
neutralizing antibodies (nAb) against SARS-CoV-2 is positively
correlated with the severity of the disease; while asymptomatic
individuals have little or no capacity to produce nAb, individuals
who recovered from severe cases of COVID-19 had robust nAb
production. Also, these severe recovered patients showed an
increase in B cell receptor (BCR) rearrangement, which may
demonstrate that the effective production of nAb requires
enhanced and prolonged BCR stimulation. Asymptomatic or
mild symptomatic patients may possibly mount robust SARS-
CoV-2 specific CD8 + T cell responses, which can provide
protection by directly eliminating the target cells infected by
the virus. However, due to the lack of immunity provided by
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storms and immune impairment. The second (acute) phase, characterized by the appearance of COVID-19 symptoms, presents a profile of immune cells stil
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nAb, these individuals might suffer from SARS-CoV-2
reinfection (200, 201).

In the same way, Zhang et al. (202) also demonstrated that
patients who recovered from severe COVID-19 have high levels
of BCR clonal expansion and B cell activation, indicating a more
robust humoral response than patients with mild disease, thus
asymptomatic individuals or those with mild COVID-19
probably have different cell and humoral responses than
individuals who developed the severe form of the disease.

In an article published by Chen et al, the serum of 26 patients
who recovered from COVID-19 were analyzed for the production
of IgG anti-SARS-CoV-2 S1 protein antibodies. It was found that,
despite the majority of patients presenting high IgG titers, only three
individuals had antibodies that effectively neutralized the binding of
the viral glycoprotein to the human ACE2 receptor. In addition, the
authors successfully managed to clone two different neutralizing
antibodies from these patients with the ability to inhibit virus-cell
binding, opening up the potential for using them as a possible
source of treatment for COVID-19 (203).

In theory, the production of specific neutralizing antibodies
against SARS-CoV-2 should be able to combat the virus and
reduce viral load. The production of immune memory verified in
the blood of recovered patients has also been used to treat COVID-
19 patients, as we will discuss further (204).

COVID-19 TREATMENT

To date, no effective vaccines or therapeutic antiviral agents have
been approved for the treatment of COVID-19 or any other
human CoV infection. The main approach to disease
management focuses on supportive care. To contain the viral
transmission and disease, rapid public health interventions using
immune cell-based therapies, antibodies, antivirals, new drugs,
or vaccine strategies have focused on reducing mortality, virus
spread, and mitigating potential future outbreaks. In this context,
we conducted a survey of the main SARS-CoV-2 drugs/
treatments following three criteria: peer-reviewed published
scientific literature, with clinical trials that are underway, and
that display a broad spectrum of action in the face of various viral
and parasitic disease. The researched data (until September
2020) for ongoing and completed trials were searched
in “clinicaltrials.gov”.

Enhancing Immunity

As exposed in the previous topics, currently there are no proven
treatments for SARS-CoV-2 infections, thus, much has been
discussed about the maintenance of a healthy immune system. In
this sense, the use of vitamins and other essential components for
the proper functioning of the immune response can be an
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important approach in times of risk like this (205). Several
studies have shown that the use of supplements helps in
enhancing the immune response and recovery from viral
infections, as is the case with the use of vitamin A and D or
selenium to improve the humoral immunity of individuals
vaccinated against influenza virus (206, 207), or the use of zinc
to improve the immune response of individuals infected with
torquetenovirus (208).

Among vitamin supplements, vitamin D stands out for having
an immunomodulatory effect on both adaptive and innate immune
responses, helping in the development of B, T, and NK cells. In
addition, it has the ability to stimulate the production of antioxidant
responses and microbicidal molecules such as defensins and
cathelicidins (209). The use of vitamin D has also been associated
with the prevention of respiratory diseases associated with viral
infections (210), and epidemiological data suggest that vitamin D
deficiency increases the susceptibility to acute viral respiratory
infections (211). However, a study in the United Kingdom that
evaluated plasmatic concentrations of vitamin D in samples from
COVID-19 patients found no association between circulating
vitamin D levels and the risk for disease severity (212).

The use of supplementation with other types of vitamins has
also been described in viral infections; the use of vitamin C, for
example, a potent antioxidant and an important enzyme
cofactor, contributes to the development of the immune
response, helping in the production of type I IFN. However, a
systematic review with meta-analysis found no evidence that the
use of vitamin C has any effect in preventing common cold
infections (213). As for vitamin E, it has been shown that its
deficiency can impair cellular and humoral immune responses
(214). However, the use of vitamin E has been associated with an
increased risk of pneumonia and has shown no significant effect
in preventing lower respiratory tract infections (215, 216).

In view of the controversial results, more than 50 ongoing
clinical trials are seeking to clarify the role of vitamins, minerals,
and other dietary supplementation in the prophylaxis and
treatment of COVID-19, analyzing parameters such as the risk
of infection, risk of hospitalization, and clinical outcome.

Immunotherapy

Antibody-Based therapy

Considered an efficient method for the clinical treatment of
different infectious diseases, including MERS-CoV and SARS-
CoV-1 (217), antibody-based immunotherapy has been studied
as a potentially applicable tool to treat COVID-19. The
mechanisms involved with its effects against SARS-CoV-2 are
related to preventing the virus from entering the host cells,
blocking its replication.

The virus entry block was studied for acting both in the cell
receptor ACE2 and directly on the virus (neutralizing antibodies
[nAbs]), specifically in the S1 subunit of the S protein (218-220).
Regarding the blocking of ACE2 receptors, the application of
some mechanisms stand out: the soluble version of ACE2 fused
to an immunoglobulin Fc domain (ACE2-Fc), RDB domain
attached to Fc (RDB-Fc), and receptor-targeted monoclonal
antibodies (mAb) (221).

Viral neutralization by nAbs is also an immunotherapeutic
approach and directly recognizes epitopic regions of SARS-
CoV-2. This effect can be achieved either directly through
mAbs manufactured in laboratories or by using polyclonal
antibodies (pAbs) (218). nAbs act directly on the virus,
preventing its infectivity by activating several pathways, such
as the complement system, cell cytotoxicity, and phagocytic
clearance (222-224).

The therapeutic use of mAbs has shown good outcomes, mainly
due to its high specificity. Recently, several mAbs against viruses
have been developed, including SARS-CoV-1 and MERS-CoV, in
which the S protein is the major target described both in vitro and in
vivo. According to some studies, the specific nAbs against SARS-
CoV-1 RBD in the S protein could effectively block SARS-CoV-2
entry (218, 225). However, Wrapp et al. (226) tested several
published SARS-CoV-1 RBD-specific nAbs and found that they
do not have substantial binding to the S protein of SARS-CoV-2,
suggesting that the cross-reactivity may be limited. Thus, the
combination of nAbs with different viral targets and sources
could improve treatment efficacy. In addition to experimental
studies, to date, more than 10 clinical trials have aimed at testing
human mAbs against SARS-Cov-2 (227-235), which could also
represent an alternative, effective treatment.

Furthermore, some immunomodulatory mAbs have been tested
in the context of COVID-19. It is remarkable that until now most of
the data published regarding the use of immunomodulatory mAbs
derive from studies using either anti-IL-6 or anti-IL-6R, probably
because using IL-6 blockers seems promising at controlling the
cytokine storm associated with the development of ARDS in more
aggressive patterns of SARS-CoV-2 infection. However, clinical
observations remain controversial.

Although some studies found considerable clinical
improvements resulting from treatment with IL-6 blockers
(236-239), others do not report any significant difference
between the clinical features of groups treated with anti-IL6/
IL-6R mAbs and their respective controls (without anti-IL-6/IL-
6R) (240-243). These controversial results can be explained by
the pleiotropic function of IL-6, which also play an important
anti-inflammatory role, questioning the use of IL-6 blockade to
suppress inflammation-induced tissue damage (244).
Additionally, severe side effects have been associated with the
use of IL-6 blockers, including enhanced hepatic enzymes,
thrombocytopenia, severe bacterial and fungal infections, and
sepsis (241, 245). In general, data from analyses on the use of this
type of mAbs remain inconclusive (243, 246, 247).

Recent findings are optimistic, but data validation by robust
scientific evidence has been hampered by the small sample size in
most case reports and studies on the use of mAbs blocking other
immune mediators, such as IL-1B, GM-CSF, and complement
protein C5 (238, 248-250). However, seeking to verify the
effectiveness of using mAbs blocking inflammatory mediators,
dozens of clinical trials are currently underway.

Aiming at reducing the hyper inflammation found in the
lungs of SARS-CoV-2-infected patients, different clinical studies
are currently investigating the activities of mAbs anti-JAK, anti-
GM-CSEF, anti-GM-CSF receptor, anti-M-CSF receptor, anti-CD14,
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anti-IFNYy, anti-VEGF, anti-BKT, anti-CCR5, anti-IL-6, anti-IL-6
receptor, anti-TNFo, anti-IL1J3, anti-IL1B receptor, and
complement C5 inhibitor (220, 251, 252). Similarly, ongoing
clinical trials have sought to reverse the hyper-thrombotic state
found in critically ill patients by using anti-P-selectin, anti-CTGF,
and factor XITa antagonist mAbs (253, 254). Furthermore, to restore
the exhausted T lymphocytes’ and NK cells’ immunity, other
clinical studies applied anti-PD1 mAbs under the hypothesis of a
stimulus of anti-viral response and prevention of ARDS (255-257).

More recently, the passive administration of pAbs has also
been tested in COVID-19 patients (222-224, 258-267), also
known as convalescent plasma (CP) or immune plasma, which
is already used effectively and safely in the treatment of other
severe acute respiratory syndrome infections of viral etiology,
such as SARS, MERS, and HIN1, and offers only a short-term
but rapid immunity to the susceptible individuals (268).

A strict criterion to select the CP donor states that the
individual must show clinical recovery and test negative for the
virus presence. Thus, after being confirmed, a high titer of
neutralizing antibodies against SARS-CoV-2 must be stored in
blood banks (269, 270).

Some reviews related to patients who received transfusion
with CP showed a reduction in viral load, improvement in
clinical symptoms, better radiological findings, and improved
survival (260, 261, 271-273). In addition, after having received
CP containing nAbs, COVID-19 patients had significant
improvements from the beginning of treatment (until 22 days),
presenting lower fever, decreased viral load, and higher nAbs
levels. Further, 60% of the patients were discharged one month
after the treatment (271). Better outcomes were found in early
administration of CP (before SARS-CoV-2 seroconversion),
preferably on day 5, for obtaining maximum efficacy (268).

More recently, Li et al. found no statistically significant
clinical improvement or mortality reduction in a randomized
clinical trial with CP-treated COVID-19 patients (274).
However, the authors reported that CP treatment is potentially
beneficial to critically ill patients by suggesting a possible
antiviral efficiency of high titer of nAbs. Notably, there are
clinical controversies, ethical issues, and potential risks
associated with convalescent plasma therapy (275), such as the
possibility of ADE development, exacerbating the disease
severity, and causing a significant illness in future exposure to
coronaviruses infection (268, 276, 277) (REF). Divergences
between studies may be caused by variations in the
composition of CP, which is highly variable and includes a
variety of blood-derived components, timing of CP
administration, titer of the specific antibody in administered
plasma, and presence of blood borne pathogens (268).
Nonetheless, understanding the efficacy and safety of CP
therapy relies on the completion of the ongoing clinical trials.

Another therapeutic strategy using antibodies is intravenous
immunoglobulin (IVIg) that contains polyclonal IgG isolated
from healthy donors, which can be further enhanced by using
IgG antibodies collected from recovered COVID-19 patients in
the same geographical region as the patient. Results have been
mostly positive, although many of these therapies have not been

formally evaluated through a randomized, double-blind,
placebo-controlled clinical trial (278). According to recent
studies, IVIg can be used effectively in early stages of SARS-
CoV-2 infection (before the initiation of systemic damage),
reducing the use of mechanical ventilation, preventing the
progression of pulmonary lesions, and promoting early
recovery (268). Also, cross-neutralization activity was shown
against SARS-CoV-2 in commercial IVIg manufactured prior to
the COVID-19 pandemic and are currently under evaluation as
potential therapies for COVID-19 (279). Thus, intravenous use
of immunoglobulins can prove helpful in therapy against SARS-
CoV-2, however, adjustments in the therapeutic regimen are
necessary for all IVIg possibilities, as well as a complete
understanding of the possible adverse effects, such as the risk
of ADE (278, 279), that are being studied in more than 10
ongoing clinical trials.

Some works have shown that therapies focusing on the
interaction between SARS-CoV-1 and the ACE2 receptor may
be extended for use in SARS-CoV-2 patients as an
immunotherapy tool (218). However, other authors refute this
idea based on the fact that recent studies showed limited cross-
neutralization between SARS-CoV-1 antibodies and SARS-CoV-2
(280, 281). Furthermore, it was shown that SARS-CoV-2 S
protein binds ACE2 with a higher affinity than SARS-CoV-1,
suggesting that such interaction differs between the two
viruses (266).

Immune Cell-Based Therapy

In addition to antibody-based therapies, scientists have been
studying immune cell-based therapies as a tool to combat
COVID-19, focusing especially on NK and T cells. The
importance of NK cells as the first antiviral responders can be
seen in patients with NK cell deficiency and immunocompromised
individuals who have increased susceptibility to viral infections
(282). In this sense, Market et al. (282) gathered the main reports
so far addressing potential therapies focusing on mediating NK cell
activity to mitigate the immunopathological consequences of
COVID-19, and consequently lighten the load on our
health systems.

Some ongoing clinical trials have been studying the use of NK
cell therapy through different approaches. A randomized phase I/
II trial studied the infusions of CYNK-001 cells, an allogeneic off-
the-shelf cell therapy enriched for CD56"/CD3" NK cells
expanded from human placental CD34" cells in 86 hospitalized
patients with moderate COVID-19 disease (283). Another
randomized phase I/II study explored the use of NKG2D-
ACE2 CAR-NK cells with each common, severe, and critical
type COVID-19. The authors hypothesize that these cells target
the S protein of SARS-CoV-2 and NKG2DL on the surface of
infected cells with ACE2 and NKG2D, respectively, seeking out
the elimination of SARS-CoV-2 virus particles and their infected
cells (284).

The unregulated profile of the immune response in critically
ill COVID-19 patients may be due to the reduction of Treg cells,
which culminates in excessive release of inflammatory mediators
and cytokine storms (153, 191-193). Thus, the use of adoptive
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transfer of these cells as a measure of inflammatory control in
critically ill patients is a promising therapeutic approach. The
infusion of autologous polyclonal Treg has already been used to
treat inflammatory diseases, such as type 1 diabetes (285),
however the use of autologous cells takes a long time, due to
the period necessary for differentiation and clonal expansion,
making this an unviable and costly method for infectious
diseases, as is the case with COVID-19 (286).

A viable alternative is the use of allogeneic human leukocyte
antigen-matched umbilical cord-derived Tregs (UBC-Treg)
which can be widely expanded and used on a larger scale. A
recent case study used 1x10° administration of UBC-Treg in two
patients with COVID-19 who had severe respiratory failure, and
both demonstrated significant clinical improvement and reduced
inflammatory markers four days after starting treatment (287).

There are currently two clinical trials underway that aim to
infuse Treg cells in patients with severe COVID-19 and ARDS.
The first one is a multi-center, prospective, double-blinded,
placebo-controlled phase 1 randomized clinical trial, which has
45 patients who will receive cryopreserved UBC-Treg (288). The
second one is a randomized, double-blind, placebo-controlled
phase 2 study with 88 participants who will receive off-the-shelf
allogeneic hybrid Treg/Th2 cells (RAPA-501-ALLO). RAPA-
501-ALLO cells will be generated from healthy donors,
cryopreserved, banked, and made available for oft-the-shelf
therapy. The cells are manipulated ex vivo to differentiate into
two anti-inflammatory phenotypes simultaneously, generating
hybrid Treg/Th2 cells, with the potential to reduce inflammation
and mediate a protective effect on tissues (289).

In addition to therapeutic approaches using Treg cell
infusion, another three clinical trials are underway with the
aim of evaluating treatment using specific SARS-CoV-2 T cells
isolated from individuals who recovered from COVID-19 (290-
292). The use of virus-specific T cells for off-the-shelf treatment
has been used in several viral infections, such as cytomegalovirus,
HHV®6, adenoviruses, Ebola virus, and BK virus (293-296).
Although vaccination provides T cells-based virus-specific
immunity, the path to its development is long, so the use of
adoptive cell transfer techniques from healthy individuals who
recovered from COVID-19 and developed an effective cell
response is probably the fastest way to treat critically ill
individuals (297). Besides that, as mentioned before,
asymptomatic or mild symptomatic patients may possibly
mount robust SARS-CoV-2 specific CD8+ T cell responses
(200, 201), therefore, the use of these individuals’ cells to treat
critically ill patients with COVID-19 can be a promising tool.

The clinical use of IL-7 has been implemented in the
treatment of cancer patients and infectious diseases, mainly
with the objective of improving the immune response by
stimulating the generation of lymphocytes (298, 299). In
addition, IL-7 administration has been reported to increase
CD4 + and CD8 + T lymphocyte counts without inducing the
production of pro-inflammatory mediators, making it a
promising method of recovering immune function in patients
with disorders related to cytokine storms, such as sepsis and
COVID-19 (300).

In a case study conducted by Monneret et al. (301),
compassionate administration of IL-7 to a patient with severe
COVID-19 significantly improved total lymphocyte count and
HLA-DR expression in circulating monocytes four days after
administration of the first dose. The patient also showed a
significant improvement in lung involvement and negative
viral load. Another study conducted by Laterre et al. (302),
who administered IL-7 to COVID-19 patients found that there
was a significant improvement in the lymphocyte count after
starting treatment, in addition, the patients did not show any
change in TNF-o levels, IL-1B, and IL-12p70, which may
indicate that IL-7 therapy may be safe for patients with severe
inflammatory changes. Thus, the use of IL-7-based
immunotherapy can be an important tool to be used in future
clinical trials in patients with severe lymphopenia.

Therefore, the data available to date do not ensure the
success of immunotherapy applied in patients with COVID-
19, thus, further studies specifically targeting SARS-CoV-2
should be performed to provide more specific data. However,
immunotherapy is effective and of immediate use, being of short
duration. This approach also presented limitations, such as the
possibility of abnormal reactions and other serious risks, such as
induction of severe acute lung injury or ADE (225). Although we
are living through a unique moment in science, with some
mismatched information and novel, important discoveries
being made every day, immunotherapy seems to be a possibly
effective option to help patients until an effective, safe vaccine or
treatment is developed.

Drug Options Against SARS-CoV-2

Although some drugs appear to be effective against SARS-CoV-2
and are able to improve COVID-19 symptoms, there is no
specific antiviral compound for this virus. In the face of such a
global health emergency, several clinically used drugs are being
reviewed and redirected to be tested in patients who have critical
complications of COVID-19 in an attempt to eliminate the virus
and modulate the patient’s immune response.

Antivirals

Due to the large amount of experimental and clinical studies
assessing the effectiveness of antiviral therapy against SARS-
CoV-2, we have seen the importance of this class of drugs in
reducing the viral load peak at the beginning of the infection.
Evidence from laboratory, animal, and clinical studies
demonstrate that the use of associated or isolated antivirals can
delay the progression of lung lesions and decrease the possibility
of respiratory transmission of SARS-CoV-2. In this study, we
selected the following most promising treatment options:
lopinavir/ritonavir, arbidol, ribavirin, remdesivir, favipiravir,
and type I IFN.

In the context of discovering new drugs, it is efficient to test the
efficacy of existing antiviral drugs regarding the treatment of related
viral infections. After the emergence of SARS in 2003, the screening
of approved drugs identified an effective SARS-CoV-2 antiviral-
drug candidate: the combination of the human immunodeficiency
virus (HIV) protease inhibitors lopinavir and ritonavir. However,
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lopinavir has insufficient oral bioavailability for significant
therapeutic activity due to rapid catabolism by the cytochrome
P450 enzyme system. Thus, ritonavir is a cytochrome P450 and
glycoproteins inhibitor, which increases the lopinavir plasma half-
life, enhancing the pharmacokinetic and pharmacodynamic
activities against the viral HIV-protease (303).

Chu et al. (304) described the possible mechanism of action of
these drugs on SARS-CoV-1, suggesting that they act by
inhibiting intracellular viral multiplication, preventing the
action of the protease enzyme, which leads to the formation of
an immature and less infectious virus with no ability to replicate.

Choy et al. (305) were successful at demonstrating the
antiviral effect of lopinavir against SARS-CoV-2, but this was
not the case for ritonavir. In turn, Kang et al. (306) found a lower
viral load in infected SARS-CoV-2 Vero cells treated with
lopinavir/ritonavir in relation to the untreated infected control.
Although no consensus has been reached on its efficacy, dosage,
or administration period, the literature includes some case
reports, case series, and observational studies reporting a
protective effect of the lopinavir/ritonavir combination in
COVID-19 patients (110, 307-312).

Conversely, Cao et al. (313) conducted a controlled open-
label study with 199 hospitalized severe COVID-19 patients
randomly divided into two groups: a standard care group and
a lopinavir/ritonavir treatment group (400 mg/100 mg). No
benefit was observed in the lopinavir/ritonavir treatment
group, showing no significant results for faster clinical
improvement, lower mortality, or decreased viral RNA
detectability. Although there are 85 clinical trials in progress
testing lopinavir/ritonavir associated with other drugs on SARS-
CoV-2 and/or COVID-19, WHO stopped the study of lopinavir/
ritonavir in the Solidarity Trial.

Deng et al. (312) have studied the association of lopinavir/
ritonavir with arbidol treatment and demonstrated a significant
improvement in COVID-19 patients compared with a group
treated only with lopinavir/ritonavir. Arbidol (umifenovir) is a
broad-spectrum antiviral and immunomodulatory compound
used to treat influenza and many other viruses (314). Analyses
of molecular dynamics and structure-guided drug-binding have
suggested an efficiency of arbidol at blocking or hampering the
trimerization of the SARS-CoV-2 spike glycoprotein, in addition
to inhibiting virus-cell interactions, which supports the potential
use of arbidol to treat COVID-19 (315).

Chen et al. (316) demonstrated that arbidol therapy was able
to shorten the course of the disease and promote clinical
improvement, resulting in low fever and improvements in dry
cough without side effects faster than the control group. Zhu
et al. (317) also demonstrated the effects of arbidol by
retrospectively analyzing the clinical data from 50 COVID-19
patients. The study demonstrated that the use of arbidol
monotherapy, without association with other drugs, was more
effective than the treatment with lopinavir/ritonavir, showing
clinical improvement of the disease, presenting a total
elimination of viral load over a shorter duration; in addition,
no fever or ARDS were reported compared with those in the
lopinavir/ritonavir group.

Ribavirin is another antiviral drug used in association with
lopinavir/ritonavir to treat SARS-CoV-1 and was able to reduce
viral load, risk of adverse clinical outcomes, ARDS, or death in
SARS patients (304, 318). Ribavirin has a broad antiviral
spectrum as it is a nucleotide analog that competes for the
active site of RdRp, a crucial enzyme in the life cycle of RNA
viruses, inhibiting viral replication and transcription (221,
319, 320).

Elfiky (320) conducted an in silico study demonstrating that
ribavirin and other antivirals such as sofosbuvir can strongly
bind to coronavirus RdRp, preventing the transcription of new
copies of viral RNA. Only a few clinical studies have investigated
the effect of ribavirin on COVID-19 patients, with the studies
available generally focusing on the association of ribavirin and
other therapeutic schemes (321-323). Nevertheless, China’s
government (324) has recommended the use of ribavirin in
COVID-19 patients.

Remdesivir (RDV) is also among the several potential drugs
tested for SARS-CoV-2 treatment. Originally developed to treat
Ebola virus infection, RDV is active against RNA viruses from
different families, including Coronaviridae (e.g., SARS-CoV-1
and MERS-CoV) (325). RDV showed an in vitro effective
antiviral activity against SARS-CoV-2 (326). Grein et al. (327)
conducted a cohort study with 53 COVID-19 patients treated
with RDV and found that 68% of them had improved oxygen-
support class, whereas 57% of the patients receiving mechanical
ventilation were extubated. Overall mortality reached 13% over a
median follow-up of 18 days, however, viral load data were not
collected to confirm the antiviral effects of RDV. The biggest
issue with this study is that the authors did not include a group
without RDV, which hampers the performance of comparative
statistical analyses to prove whether the data found resulted from
the treatment with RDV.

Another double-blind, randomized, placebo-controlled
trial of intravenous RDV conducted in adults hospitalized
with COVID-19 with evidence of lower respiratory tract
involvement was performed in different parts of the world
(328). The study of Beigel and colleagues (328) enrolled 1,063
COVID19 pneumonia patients, 538 of whom were assigned to
the treatment with RDV and 521 to a placebo, showed the
effectiveness of RDV in treating COVID-19 patients. The drug
was superior to the placebo in reducing the recovery time in
hospitalized COVID-19 patients and decreased the mortality
rate in the RDV group, however, this result did not reach
statistical significance.

Antionori et al. (329), analyzing patients with severe COVID-
19 pneumonia in an intensive care unit (ICU) who were treated
for 10 days with RDV, found that on the 28™ day, 38.9% showed
improvement, 16.7% were still on mechanical ventilation, and
44.4% died. The data suggest that this treatment can benefit
hospitalized patients who are not in the ICU, where the clinical
result was better and adverse events are observed less frequently.

Alternatively, the randomized, double-blind, placebo-
controlled, multicenter trial with 273 ill individuals performed
by Wang et al. revealed that RDV intravenous administration
was well-tolerated in COVID-19 patients. However, the authors
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did not find any clinical improvement or significant antiviral
effect. Goldman et al. (330), in another phase 3 clinical trial on
397 patients with severe COVID-19 without mechanical
ventilation support, also did not find differences between 5-day
and 10-day courses of RDV therapy. The RDV data currently
available are still controversial, however, dozens of clinical
studies are currently using this drug as an alternative treatment
for COVID-19, possibly further elucidating its effects.

The efficiency of favipiravir, another anti-influenza RdRp
inhibitor, has also been clinically assessed and was approved
for COVID-19 treatment in China, March 2020 (331, 332). An
experimental study carried out with the VERO cell line showed
that the drug has in vitro activity against SARS-CoV-2 (326).
Aiming at comparing the effects of favipiravir and lopinavir/
ritonavir, Cai et al. (333) conducted an open, non-randomized,
before-after controlled study with 80 patients and found that
favipiravir favored viral clearance and improved chest CT,
having caused fewer adverse effects than the lopinavir/ritonavir
group. Currently, 31 clinical trials using this medication are
in progress.

Regarding antivirals, type I IFN is a group of cytokines
comprising the o and [ subtypes, among others, with an
important role in antiviral immunity that interferes with viral
replication, as discussed above. Many studies have shown the
protective effect of type I IFN associated with antiviral therapies
for patients with SARS and MERS [reviewed by Sallard et al.
(334)], which arouses the interest of the scientific community in
type I IFN as a potential treatment against SARS-CoV-2 (334-
337). Despite their efficacy against SARS-CoV-2 (338, 339), the
results of in vitro studies using IFN-ot and -f3 to treat COVID-19
patients remain inconclusive.

Such uncertain nature of the results is associated with biases
present in these studies, which include limited-size sample,
heterogeneous experimental designs/clinical status, and the
type of IFN isoform tested. In addition, since COVID-19
treatments rarely involve monotherapy, it is difficult to assess
whether the results derived from the tested IFN or the drugs used
in combination (322, 323, 340-343). It is also worth mentioning
that, as discussed above, type I IFN appears to exacerbate
inflammation in the progression to severe COVID-19; the
timing of administration and subgroups targeted for treatment
with type I IFN need to be considered with caution.

A recent retrospective multicenter cohort study of 446
Chinese patients with COVID-19 reported that among severe
to critical COVID-19 patients, early administration (<5 days
after admission) of IFN-0:2b decreased mortality in comparison
with no admission of IFN-02b, whereas no significant benefit
was associated with IFN-02b use in moderately ill patients.
However, late use of IFN-02b increased mortality and delayed
recovery of severe to critical COVID-19 patients (344).

Zhou et al. (341), investigated the isolated effect of IFN-ot in a
cohort study comparing 77 patients with moderate COVID-19
treated with nebulized IFN-02b (5 mU b.i.d.), oral arbidol (200
mg t.i.d.), or a combination of both. Although the study did not
include a control group, the treatment with IFN-o2b, either
containing arbidol or not, significantly reduced the duration of

detectable virus in the upper respiratory tract and the circulating
of inflammatory markers (IL-6 and C-reactive protein levels).

Still, in a retrospective multicenter cohort study with 141 mild
COVID-19 patients by Xu et al. (342), the arbidol/IFN-o2b
combination proved more effective in accelerating pneumonia
recovery than IFN-02b monotherapy, but this was not the case
for viral clearance or reducing the length of hospital stay than
IFN-02b monotherapy.

Hung et al. (322) assessed the effect of IFN-f3 on COVID-19
patients and found that the triple combination of IFN-B1b,
lopinavir/ritonavir, and ribavirin was safer and more effective
than lopinavir/ritonavir alone at alleviating symptoms,
shortening the duration of viral shedding and hospital stay in
patients with mild to moderate COVID-19. Similarly, an open
randomized clinical trial was carried out by Danoudi-Monfared
et al. (345), analyzing treatment with IFN-B-1a. The IFN group
of COVID-19 patients (n=42) received IFN B-1a in addition to
the protocol medications (hydroxychloroquine plus lopinavir-
ritonavir or atazanavir-ritonavir) while the control group (n=39)
received only the protocol medications. The IFN-f-1la-treated
patients showed a significantly increased discharge rate on day
14 and decreased mortality within 28 days. A better survival rate
was also observed when patients received IFN- B-1a in the early
stage of the disease.

The COVID-19 treatment guidelines of many countries
already recommend the use of IFNs o/f (335). Currently, all
over the world, more than 20 clinical trials are using IFN-ot and/
or B3 alone or in association with other drugs.

Chloroquine and Hydroxychloroquine

Chloroquine and hydroxychloroquine have been used worldwide
for more than 70 years, and they are part of the WHO model list
of essential medicines (346). They were synthesized specifically
for the treatment and chemoprevention of malaria, but their
immunomodulatory activity led these drugs to be used against
autoimmune diseases, such as rheumatoid arthritis, systemic
lupus erythematosus, and other inflammatory rheumatic
diseases; they also show broad-spectrum antiviral effects
(347-349).

Regarding the chemical structure, hydroxychloroquine differs
from chloroquine in the presence of a hydroxyl group at the end of
the side chain: the N-ethyl substituent is B-hydroxylated. Both
drugs have similar pharmacokinetics, with rapid gastrointestinal
absorption and renal elimination, but different clinical indications
and toxic doses, in which hydroxychloroquine is less toxic and
more clinically used in the malaria model (348, 350).

The action mechanism of these drugs has direct molecular
effects on lysosomal activity, autophagy, and signaling pathways
(347). As antivirals, chloroquine is known to block SARS-CoV-
1-infection by increasing endosomal pH required for virus entry,
as well as interfering with the glycosylation of cellular receptors
(351, 352). The possible mechanism against SARS-CoV-2 is the
inhibition of virus entry by altering the glycosylation of ACE2,
reducing the binding efficiency between ACE2 in host cells and
the S protein on the surface of the SARS-CoV-2, thus preventing
the virus from binding to target cells (348, 351, 353). In addition
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to a potent antiviral inhibition, the immunomodulatory activity
of these drugs is well established in the literature. Proposed
effects of chloroquine on the immune system include increasing
the export of soluble antigens into the cytosol of dendritic cells,
the blocking of TLR7 and TLR9 signaling, thus reconstructing
CD8" cytotoxic viral response, and inhibiting and/or reducing
the production of inflammatory cytokines like IL-1, IL-6, TNF,
and IFN-a (347, 354-359), which has an important role in the
immunopathogenesis of COVID-19, as previously reported in
item 4.1.

In vitro studies on SARS-CoV-2 have demonstrated the low-
dose action of these drugs, having found the lowest half-maximal
effective concentrations (EC50s). In addition, their association
with azithromycin significantly inhibited viral replication (326,
360-362). In humans, a study by Gao, Tian, and Yang (363)
showed that patients treated with chloroquine phosphate had
inhibited exacerbation of pneumonia, improving lung imaging
findings, promoting a virus-negative conversion, and shortening
the COVID-19 course.

The association of hydroxychloroquine with other drugs is
also suggested, with emphasis on studies using azithromycin, a
broad-spectrum macrolide antibiotic primarily used to treat
respiratory, enteric, and genitourinary bacterial infections.
Despite not yet being approved for antiviral therapy, it has
been studied in vitro and in clinical trials for activity against
several viruses (364).

Gautret et al. (365) demonstrated the effectiveness
of the hydroxychloroquine-azithromycin combination in a
non-randomized clinical trial with 36 COVID-19 patients. A
57.1% rate of cure was attributed to the patients treated
with hydroxychloroquine, however, when combined with
azithromycin, 100% of the patients were cured. The authors
suggested a synergistic effect of the drug combination since
both were reported to have antiviral and immunomodulatory
activity in the literature.

Gautret et al. (366) conducted another analysis to provide
evidence of a beneficial effect of co-administration of
hydroxychloroquine with azithromycin in a non-comparative
and uncontrolled observational study with 80 mildly infected
SARS-CoV-2 patients. The hydroxychloroquine/azithromycin
treatment showed that 81.3% of the patients had a favorable
result with a rapid decrease in nasopharyngeal viral load at day 8
(93%), reducing the mean length of stay in the hospital.

Arshad et al. (367) performed a multicenter observational
study, which included 2541 COVID-19 patients. Patients
were separated into four groups: untreated (n=409), treated
with hydroxychloroquine (n=1202), the association of
hydroxychloroquine and azithromycin, and azithromycin only
(n=147). The authors suggested that the treatment with
hydroxychloroquine alone and in combination with
azithromycin was associated with a reduction in the hazard ratio
for death when compared with receipt of neither medication.

However, a lot of controversy has been raised about these data,
and many important limitations of this study were considered by
several authors (368-373), threatening the validity of the reported
findings. Among these, there is the potential for immortal time bias

and selection bias, the administration of corticosteroids in most
patients treated with hydroxychloroquine than in other groups, and
a disproportionately high share of patients with cardiovascular
comorbidity in the untreated group.

Seeking to analyze the efficacy of early treatment using
hydroxychloroquine and azithromycin, Million et al. (374)
carried out a retrospective study with 1061 SARS-CoV-2
infected patients. In the study, 91.7% of the patients reached
good clinical results and virological cure within 10 days, while
4.3% had a poor outcome associated with advanced age.
However, it is worth mentioning that the study did not include
a control group to establish a comparison.

To assess the use of hydroxychloroquine as a prophylactic
measure, Boulware et al. (375) performed a randomized, double-
blind trial in adults who had been exposed to individuals
diagnosed with COVID-19, either in the home or work
environment. The authors found that postexposure prophylaxis
did not prevent the development of the disease.

An important question that may be considered about
chloroquine and its derivate is the numerous adverse effects
reported, such as nausea, pruritus, headache, hypoglycemia,
neuropsychiatric effects, and idiosyncratic hypersensitivity
reactions. In long-term treatments, effects such as retinopathy,
vacuolar myopathy, neuropathy, restrictive cardiomyopathy, and
cardiac conduction disorders are also reported. Furthermore, its
concomitant use with azithromycin may predispose patients to
arrhythmias (213), which represents a major negative implication.

Huang et al. (376) conducted a randomized clinical trial with
22 patients in China to compare the effects of chloroquine and
lopinavir/ritonavir. Even though chloroquine led to some clinical
improvement, half of the patients experienced adverse effects
such as vomiting, abdominal pain, nausea, diarrhea, skin rashes,
cough, and shortness of breath.

Satlin et al. (377), Magagnoli et al. (378), Rosenberg et al.
(379), and Ip et al. (380) reported that treatment with
hydroxychloroquine, azithromycin, or both were not associated
with a survival benefit among patients and there were no
significant differences in mortality for patients receiving
hydroxychloroquine during hospitalization. Similarly, Mahévas
et al. (381) analyzed the efficacy of hydroxychloroquine in
patients hospitalized with coronavirus pneumonia who needed
oxygen but not intensive care, through a comparative
observational study. 181 patients were analyzed, 84 of whom
received hydroxychloroquine. Data showed there was no effect
on reducing admissions to intensive care or deaths on day 21
after hospital admission and the hydroxychloroquine treatment
did not have any effect on survival without acute respiratory
distress syndrome on day 21 after hospital admission.

Tang et al. (382) carried out a multicenter, open, randomized,
and controlled clinical trial evaluating 150 patients admitted with
confirmed mild to severe COVID-19; of these, 75 were treated
with hydroxychloroquine. The authors demonstrated that
treatment does not contribute to the elimination of the virus.

Borba et al. (383) conducted a phase IIb, double-blind,
randomized clinical trial comparing the effects of high doses
(600 mg/twice daily for 10 days) and low doses (450 mg twice
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daily at day 1 and once daily for 4 days) of chloroquine in 81 and
40 patients, respectively. The results did not evidence lower viral
load in respiratory secretions, not even in combination with
azithromycin. The mortality rate for the high-dose group was
over twice as high as the low-dose group (39.0% vs. 16.0%).
Additionally, some patients, mainly in the high-dose group,
showed adverse effects, such as increased creatine
phosphokinase (CK) and CK-MB, while the high-dosage group
exhibited more corrected QT (QTc) interval prolongation.
Neither of the dosages was able to influence lethality. The
authors concluded that critically ill patients should not receive
chloroquine at high doses.

In the meantime, a cohort study with 201 patients showed that
the use of chloroquine or hydroxychloroquine combined with
azithromycin generated a higher increase in QT prolongation than
chloroquine or hydroxychloroquine monotherapy (384). More
recently, another large observational study involving 1376 cases
of COVID-19 from New York found no significant association
between the use of hydroxychloroquine and intubation or
death (385).

Currently, chloroquine and hydroxychloroquine are the most
largely studied compounds in the context of COVID-19 treatment,
encompassing at least 320 ongoing clinical trials. However,
considering that more recent studies failed to prove any favorable
effect of their use in COVID-19 patients, the WHO discontinued the
study of hydroxychloroquine in the Solidarity Trial (13).

Antihelminthics

Amid the COVID-19 pandemic, the search for active molecules
against the coronavirus should use advanced tools of
computational biology and artificial intelligence for the
recognition of drugs already approved and commercialized
with potential effects on the replication of SARS-CoV-2 (386).

In this context, over the past few years, research has shown
the antiviral potential in vitro, especially against RNA viruses, of
Ivermectin, the best known and most widely used antiparasitic
drug in human and veterinary medicine, with promising results
against SARS-CoV-2 (387). The model of Vero/hSLAM cells
infected with a SARS-CoV-2 isolate showed the ivermectin
antiviral effect in which 24h-ivermectin treatment reduced 93%
of RNA viral load in the cell supernatant and 99.8% of the
intracellular viral RNA. The authors hypothesized that its
probable mechanism of action occurs through the inhibition of
nuclear import of importin-o/fl1-mediated the IMPa/B1
heterodimer of viral proteins, as shown for other RNA viruses
(387, 388). Corroborating, Lehrer and Rheinstein (389) identified
the ivermectin docking site between the region of leucine 91 of
viral spike and the histidine 378 of the ACE2 receptor, which
may interfere with the attachment of the spike to the human
cell membrane.

Although the in vitro proliferation inhibition effect of Ivermectin
against SARS-CoV-2 has been shown, there is no evidence that the
IC50 of ~ 2 uM determined by Caly and colleagues can be achieved
in the clinic where pharmacokinetics studies showed that even the
maximum tested dosage of 1700 pg/kg presented only 0.28UM of
plasma concentration (390).

According to Navarro et al. (391), no adverse effects of high
doses of ivermectin have so far been demonstrated in clinical
studies with patients, with only a few transient ocular events in
those who experienced high doses (up to 400 ug/kg). However,
Duthaler et al. (392) demonstrated that the adverse effects of
ivermectin in the body can vary according to the patient’s
nutritional status, and the effects of high doses can be harmful,
especially in patients with malnutrition levels. The general
consensus of the authors is that further studies are needed to
evaluate the efficacy and safety of ivermectin administered in
high doses against SARS-CoV-2.

Xu et al. (386) published a review article regarding
niclosamide, an old anthelmintic used to treat tapeworm
infections, showing promising antiviral activity against various
viral infections, such as SARS-CoV-1 and MERS-CoV. This drug
has shown to act in vitro by enhancing autophagy and efficiently
reducing MERS-CoV replication.

Originally developed as an antiprotozoal agent, nitazoxanide
is another broad-spectrum antiviral agent that has been currently
developed to treat influenza and other viral respiratory
infections. Nitazoxanide exhibited in vitro activity against
MERS-CoV by inhibiting the expression of viral N protein, in
addition to reducing the production of IL-6 in an in vivo model
(393, 394).

Despite the lack of studies in the literature showing the effect
of these anthelmintics on the COVID-19 model, clinical trials
have currently included this type of antiviral agent in many
countries; there are 37 clinical trials using ivermectin alone or
associated with hydroxychloroquine, and 19 with nitazoxanide.
These studies are yet to be published and preliminary results are
expected in the second half of 2020.

Anticoagulants

A high mortality risk in severe COVID-19 patients has been
described, especially due to the development of disseminated
intravascular coagulation and coagulopathy (395). Patients with
sepsis and disseminated intravascular coagulation may develop
thromboembolic complications or microvascular clot deposition,
contributing to multiple organ failure. In patients with severe
pneumonia, the activation of vascular endothelium, platelets, and
leukocytes results in the unregulated generation of thrombin,
both locally, in the lungs, and systemically, leading to fibrin
deposition and subsequent tissue damage and microangiopathy
(396). In COVID-19 patients, severe pulmonary inflammation is
believed to be associated with the regulation of pro-inflammatory
cytokines, which can cause the dysfunction of endothelial cells
and consequently higher thrombin production. Therefore, the
use of anticoagulant therapy could be beneficial for COVID-19
patients (397).

In a retrospective study with 449 patients with severe
COVID-19, Tang et al. (395) observed a lower mortality rate
in individuals treated with prophylactic heparin associated with
coagulopathy compared with those who had not been treated
with an anticoagulant. The study associated the use of
thrombosis prophylaxis with lower 28-day mortality in
COVID-19 patients, but only for those presenting a high value
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of either sepsis-induced coagulopathy score (=4) or D-dimer
(=3.0 mg/L).

Paranjpe et al. (398) carried out a large cohort analysis with
2773 COVID-19 patients in the United States, among which 28%
received anticoagulant therapy, and also found an association of
anticoagulant-based treatment with lower mortality risk. The
mortality rate in patients who required mechanical ventilation
and received anticoagulant therapy was lower than those who
had not been treated with an anticoagulant.

It is important to highlight that heparin has an anti-
inflammatory effect that can bind to inflammatory cytokines,
chemokines, and proinflammatory proteins, inhibiting
neutrophil chemotaxis and leukocyte migration (399-401). In
the current COVID-19 context, there are over 60 ongoing clinical
trials covering the use of thromboprophylaxis, which will
certainly clarify the potential role of anticoagulants in patients
with COVID-19.

Dexamethasone

Recent studies have demonstrated great interest in the role of
corticosteroids to attenuate the pulmonary and systemic damage
in COVID-19 patients because of their potent anti-inflammatory
and antifibrotic properties, especially dexamethasone, a synthetic
corticosteroid which is on the list of essential medicines of the
World Health Organization and is readily available worldwide at
low cost. This drug acts as a broad-spectrum immunosuppressor
and has greater activity in inflammatory and autoimmune
conditions (402, 403).

Recently, the randomized RECOVERY study, conducted by
the University of Oxford, declared dexamethasone as the world’s
first treatment proven effective in reducing the risk of death
among severely ill COVID-19 patients. The trial accompanied a
total of 2104 patients treated with dexamethasone and 4321 who
received conventional care. The dexamethasone group showed
reduced 28-day mortality in COVID-19 patients receiving
invasive mechanical ventilation or oxygen therapy without
invasive mechanical ventilation, but not in patients who were
not receiving any respiratory support (404).

Similar results were published by Tomazini et al. (405) in a
Brazilian multicenter, randomized, open-label, clinical trial
involving 299 adults with moderate or severe ARDS due to
COVID-19. The study showed that 144 patients who received
dexamethasone treatment plus the standard treatment showed
a significant increase in the number of days without mechanical
ventilation during the first 28 days. In the same way, Villar et al.
(406) also published a multicenter randomized clinical trial and
showed that early administration of dexamethasone in COVID-
19 patients who had moderate and severe ARDS presented an
increased average number of days without mechanical
ventilation, as well as reduced mortality compared to the
control group. There are currently 29 clinical trials evaluating
the therapeutic efficacy of dexamethasone in COVID-
19 patients.

In the face of the huge amount of studies involving clinical
trials to test drugs for SARS-CoV-2 and COVID-19 treatment, in
addition to the different research methodologies and criteria

addressed, on March 22, 2020 the WHO and partners launched
the “SOLIDARITY”, an international clinical trial. The purpose
is to help find an effective treatment for COVID-19, seeking to
establish consistent endpoints, control arms, and inclusion-
exclusion criteria for this umbrella trial (13).

The SOLIDARITY trial includes hospitalized patients with
COVID-19 from more than 90 countries around the world to
compare treatment options with standard care and assess their
relative effectiveness against SARS-CoV-2. By enrolling patients
from multiple countries, the SOLIDARITY trial aims at rapidly
discovering if any of the drugs mitigate disease progression or
improve survival. According to the WHO director-general, the
study will dramatically cut the time needed to generate robust
evidence on how the drugs work. Thus, the two most promising
treatment options selected were Remdesivir or Lopinavir/
Ritonavir with IFN-fB. Other drugs can be added based on
emerging evidence (13).

CONCLUSION

In conclusion, this collection of works suggests that the
genomic changes of SARS-CoV-2 are responsible for its
higher transmissibility rate and severity in relation to other
hCoVs. Furthermore, the process of tropism and invasion of
the virus is favored by its capacity of high-affinity bonding to
the human ACE2 receptor. Cytokines have a direct role in the
immunopathogenesis of COVID-19 by inducing the hyper
inflammation and lung injury peculiar to the disease. Benefits
of IFN-mediated response seem to occur only during early
infection, and the failed control of its production over time
might be related to the worsening of the disease. Monocytes
and macrophages have an important role in respiratory failure
during COVID-19; several studies have reported that these
cells migrate to the lungs, producing pro-inflammatory
cytokines, like IL-6, and inducing epithelial damage.
Controversially, at later stages, COVID-19 patients present
an impaired immune response due to exhausted phenotype
and lower effector T cells, CD8" T lymphocytes, and NK cells,
culminating in antiviral immunity loss. Theoretically, the
production of specific antibodies against SARS-CoV-2 by
the immune system should be able to combat the virus and
reduce viral load, but in critically ill patients, it does not seem
to occur effectively, contributing to the severity of the disease.
Unfortunately, no effective vaccines or therapeutic antiviral
agents have been approved for the treatment of COVID-19 so
far, but immunotherapy and some repositioned drugs
originally used to treat inflammatory and coagulation
disorders and viral and parasitic infections are ongoing
clinical trials. This is a unique moment in science and
humanity, with some mismatched information, as well as
novel, important discoveries being made every day,
therefore, all information must be interpreted carefully. Our
review encompassed the most relevant articles in the area
seeking to disseminate good-quality information.
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The emergence of a new coronavirus (SARS-CoV-2) outbreak represents a challenge for
the diagnostic laboratories responsible for developing test kits to identify those infected
with SARS-CoV-2. Methods with rapid and accurate detection are essential to control the
sources of infection, to prevent the spread of the disease and to assist decision-making
by public health managers. Currently, there is a wide variety of tests available with different
detection methodologies, levels of specificity and sensitivity, detection time, and with
an extensive range of prices. This review therefore aimed to conduct a patent search
in relation to tests for the detection of SARS-CoV, MERS-CoV, and SARS-CoV-2. The
greatest number of patents identified in the search were registered between 2003 and
2011, being mainly deposited by China, the Republic of Korea, and the United States.
Most of the patents used the existing RT-PCR, ELISA, and isothermal amplification
methods to develop simple, sensitive, precise, easy to use, low-cost tests that reduced
false-negative or false-positive results. The findings of this patent search show that
an increasing number of materials and diagnostic tests for the coronavirus are being
produced to identify infected individuals and combat the growth of the current pandemic;
however, there is still a question in relation to the reliability of the results of these tests.

Keywords: coronavirus (2019-nCoV), COVID-19 (condition), MERS (middle east respiratory syndrome), SARS,

ELISA (enzyme linked immuno sorbent assay), isothermal amplification, RT-PCR—polymerase chain reaction with
reverse transcription

INTRODUCTION

Coronaviruses (CoVs) are enveloped positive-sense RNA viruses that belong to the Coronaviridae
family, phylogenetically subdivided into the a, B, y, and 8 genera (1). B-coronaviruses include
SARS-CoV, MERS-CoV, and SARS-CoV-2 (2), with these viruses being identified as the causative
agents of zoonotic infections (3). The first one, Severe Acute Respiratory Syndrome (SARS),
emerged in Southern China in 2003 (1). Middle East Respiratory Syndrome (MERS-CoV) appeared
in Saudi Arabia, almost a decade after the SARS-CoV outbreak (1, 3). The last one, Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), started in the Chinese province of
Guangdong in November 2019 (4).
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Commercially available CoV tests currently fall into two major
categories: (A) Molecular assays for detection of viral RNA using
RT-PCR-based techniques or nucleic acid hybridization-related
strategies and (B) Serological and immunological assays that
largely rely on detecting antibodies produced by individuals as
a result of exposure to the virus or on through the detection of
antigenic proteins in infected individuals (5).

CoVs may cause hepatic, neuronal, and gastrointestinal
diseases (6) and various symptoms, such as lower respiratory
tract disease, which can lead to progressive and potentially lethal
atypical pneumonia with clinical symptoms that include fever,
malaise, lymphopenia, breathing difficulty, and in some cases
also diarrhea (6, 7). There are many ways to transmit the virus,
including close person-to-person contact, aerosol transmission,
and touch transmission. “Hidden” transmission can occur
through asymptomatic infected individuals transmitting the
virus (8).

The rapid and accurate detection of CoVs has been shown to
be useful in preventing the spread of the disease, and also in the
decision-making of public health managers (9). The first step in
identifying the possible presence of the virus is through taking
individuals’ temperatures, and physical examination may help to
identify patients with a more severe condition (6). Furthermore,
samples, such as saliva, nasal swabs, trachea and nasopharynx
extracts, lung tissue, sputum, feces, and blood should be isolated
and used for testing (10, 11). Virus isolation and viral nucleic
acid detection are the principal ways of identifying the pathogen
(11). Real-time reverse-transcriptase polymerase chain reaction
(rRT-PCR) has been the main CoV diagnosis method, and is
characterized by rapid detection, good sensitivity, and specificity
(9, 12). Although PCR is the “gold standard” for virus detection,
other methods have also been developed for the detection of
CoVs RNA, these include several molecular, non-PCR-based
methods, such as isothermal nucleic acid amplification (Loop-
mediated isothermal amplification—LAMP), and nucleic acid
sequence-based amplification (9).

In addition, virus detection using methods such as
immunofluorescence assay, direct fluorescent antibody assay,
protein microarray, semiconductor quantum dots, MAb-based
rapid nucleocapsid protein detection, and microneutralization
assays, that can be used to rapidly investigate the presence
of viruses, have also been proposed (6, 11). Immunoassays
are particularly advantageous as they can use monoclonal
antibodies to detect viral antigens in <30 min without the need
for expensive instruments (6).

Detection kits can accelerate accurate diagnosis, but they have
different levels of test sensitivity and specificity (8, 13). The
sensitivity of a test is characterized by its ability to detect a true
positive, that is, to correctly identify individuals who have the
disease. On the other hand, specificity identifies true negative,
correctly identifying individuals who do not have the disease
(14). However, achieving the specificity and sensitivity values
claimed by the tests can be affected by how the tests are applied
and by how the samples are treated. Parameters that can be
modified include the process for the collection of the sample, its
transportation and storage, and the preparation and testing of
the sample (15). The tests need to be fast and reliable to identify

virus outbreak sites and enable health authorities to promote
appropriate measures (16).

Thus, this review aims to assess patents that address trends
in strategies for the diagnosis of those infected with SARS-CoV,
MERS-CoV, and SARS-CoV-2. Through providing these data, we
aim to contribute to efforts to combat the current pandemic.

METHODS

In the present patent review, the European Patent Office
(EPO) and World Intellectual Property Organization (WIPO)
databases were searched for titles and abstracts that contained the
descriptors “coronavirus and MERS,” “coronavirus and COVID,”
“coronavirus and 2019-nCoV;” and “coronavirus and SARS.” A
total of 402 patents were identified for preliminary assessment
from the databases, of which 224 were excluded due to being
duplicates. After a careful check of the titles and abstracts, 120
patents were excluded for being outside the focus (diagnosis of
the disease) of our review. A further 18 were excluded because
the full-texts were not available. After reading the full patents
13 more patents were excluded for being outside the scope of
the review. This selection process resulted in 27 patents being
selected for our critical analysis according to the study objective.
Figure 1 illustrates the systematic search and screening strategy
used in this review, which was based on the PRISMA statement.

PATENT SEARCH AND SCREENING

This review covered patents published between 2003 and 2020, a
period that encompasses the emergence of SARS-CoV epidemics
in Asia, MERS-CoV in Saudi Arabia, and the current SARS-
CoV-2 pandemic. The largest number of patents on diagnostic
methods targeting these pathogens were registered between 2003
and 2011 (19 patents) (Figure 2A).

China (CN) produced the most patents, with nine, followed by
the Republic of Korea (KR) with six patents, and the United States
(US) with four patents (Figure 2B). These countries are usually
well-represented in the field of patent filing due to their
advanced technological and scientific sectors and, in this area,
their strong records of innovation in the production of disease
diagnosis methods. Moreover, a large number of healthcare and
biotechnology companies (including startups) are based in these
countries which are world leaders in the sector of diagnostics and
molecular biology (17, 18).

A patent can be applied for by several different scientific
entities, including industrial laboratories, universities, and/or
independent researchers. As expected, the industrial laboratory
sector applied for the largest number of patents (19 out
of a total of 27 patent applications) (Figure2C). In the
industrial sector, companies applying for patents included
Gen-Probe Incorporated, Biomerieux B.V., Beijing Applied
Biological Tech Co. Ltd., Adaltis Inc., the Korea Research
Institute of Bioscience and Biotechnology, Shanghai Institute
Biological Sciences, Mogam Biotechnology Institute, and
Samsung Electronics Co. Ltd. Universities filed eight patents,
sometimes in partnership with companies, and sometimes
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FIGURE 1 | Flowchart of patent search and screening.
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independently. Of the patents identified in the review, seven
were filed by independendent researchers. The cooperative
process between universities and industry for the development
of innovative health products and in other areas is a global
trend that yields benefits for both universities and industry,
and, ultimately, for society (19). Every patent filed has an
International Patent Classification (IPC), which classifies
the invention based on the technological area to which it
belongs. In the present review, the code C12Q, which refers to
“Measuring or testing processes involving enzymes, nucleic acids
or microorganisms; compositions or test papers therefore, processes
of preparing such compositions; condition-responsive control
in microbiological or enzymological processes” was presented
in 15 patents (Figure 2D), followed by C07K (Peptides) and
GOIN (Investigating or analyzing materials by determining
their chemical or physical properties) with four patents each.
The patents identified in the review used two main techniques
target amplification and enzyme linked immunosorbent
assay (ELISA).

TECHNIQUES AND METHODS USED IN
THE PATENTS

Target Amplification Techniques

Amplification techniques seek to use different methods to
repeatedly amplify certain regions of a genetic material present
in the sample to detectable levels of diagnostic. Different methods
improve both the sensitivity and specificity of technique, whether
by adding oligonucleotides and enzymes or by controlling
specific reaction conditions. Most methods are automated and
provide quantitative and accurate results in a short period
of time. They also eliminate the need for specialized training
and reduce the risk of contamination and human error
(20). These techniques can produce cost-effective, reproducible
tests with high sensitivity and specificity that provide reliable
diagnoses (21). There are two main amplification techniques:
polymerase chain reaction (PCR), and isothermal amplification
technologies (IAT), each with a number of methods that are
described below.
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D
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FIGURE 2 | Final selection of patents. (A) Publication date. (B) Country of patent publication. CN, China; KR, Republic of Korea; US, United States of America. Others:
CA, Canada; DE, Germany; JP, Japan; NL, Netherlands; SG, Singapore; WO, World Intellectual Property Organization. (C) Patent applicant. (D) International Patent
Class (IPC). Others: A61K, Preparations for medical, dental, or toilet purposes; CO7H, Sugars; derivatives thereof; nucleosides; nucleotides; C12N, Microorganisms or
enzymes; compositions thereof; propagating, preserving, or maintaining microorganisms; mutation or genetic engineering; culture media; nucleic acids.

Polymerase Chain Reaction (PCR)

PCR is an enzymatic method that separates the two strands of
DNA to produce numerous copies of a gene, using a primer
to mark the location and a DNA polymerase to continuously
assemble a copy in each segment (9). Real time reverse-
transcriptase PCR (rRT-PCR) is a recently developed PCR-
based detection method used to detect and quantify multiple
species from a sample (22). Viral antigens, viral RNA, DNA,
and biomarkers can be detected using rRT-PCR blood/serum
and tissue samples (23). rRT-PCR is a popular method as it
has multiple advantages including its speed in providing a
simple and sensitive quantitative assay (9, 24). However, there
have been situations in which rRT-PCR has produced false
positives, thereby limiting its clinical use in detection (25).
Another recognized disadvantage of rRT-PCR is its relative
high costs related to equipment acquisition, maintenance and
the required reagents when compared to other methodologies
(26). It is noteworthy that a lack of the reagents required
for rRT-PCR during the SARS-CoV-2 outbreak has been a
serious limitation on the use of this methodology, especially in
developing countries (27).

The amplified product and probe melting during rRT-
PCR were recognized by continuous fluorescence (25), and
is measured after each cycle, with its intensity reflecting the
amount of DNA in the sample at a time-specific (28). Several
kinds of rRT-PCR have been developed such as multiplex rRT-
PCR, which produces results based on the amplicon size of the
pathogen in gel electrophoresis. However, this method exhibits
some disadvantages in comparison to conventional PCR, such as
the inability to monitor the amplicon size without opening the
system and its incompatibility with some other platforms (29).
Quantitative rRT-PCR (RT-qPCR) uses the same methodology,

but the technique is more efficient than multiplex rRT-PCR, and
also avoids contamination (30).

RT-PCR test kits suffer from some limitations, such as their
complicated operation; long turnaround times, taking on average
over 2-3 h to generate the results; their inability to function with
a low viral load or with samples that have not been very carefully
collected; variation in the diagnosis rate; and the requirement
of expensive equipment and trained technicians to use them
(31, 32). The experimental method leads to the efficiency of
the technique. For example, in RT-PCR tests the number of
thermal cycles can reflect in the concentration of viral RNA,
through the increase of the cycles leading to higher uncertainty
in the test accuracy, due to the small viral load (33). For this
reason, high false-negative rates of COVID-19 infection have
been reported (34).

Patents identified in the review using PCR

Table 1 presents a summary of published patents of SARS and
MERS coronavirus tests. Mei et al. (39), in 2004, patented a multi-
channel combined micro-fluidic chip suitable for SARS virus
detection. The invention uses the PCR method to realize RT-
PCR intermodal detection to provide better accuracy, sensitivity,
stability, ease of operation, and fast detection. The test takes
25min and is low-cost because the primer does not need a
fluorescent label. In general, nested double PCR is used to
detect pathogens; however, its operation is considered tedious
and accuracy is only 40-60%. However, SARS virus can be
detected at very low concentrations, with the detection limit
reaching 1072 copies/100 L. The type of sample used is the
patient’s saliva. The microfluidic chip is based on a pipeline,
a liquid containing tank, and a reaction tank arranged on a
sample feeding pipeline between the liquid containing tank.
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The materials that compose the PCR micro-fluidic chip such as
polycarbonate (PC) plastic, quartz, and glass are resistant to light
permeability. The structure of the chip comprises a plurality of
liquid reservoirs, microchannels, and millimeter-sized reaction
tubes or reaction wells (pools) (62, 63).

Artus Ges Fuer Molekular Biolog (40) in 2004 described a
quantitative real-time PCR method for SARS detection. The kits
use oligonucleotides to detect the SARS virus using a biological
sample, such as body fluid (in particular sputum), feces or blood.
The inventors state the invention provides an efficient, sensitive,
and reliable qRT-PCR method for virus detection, and is able to
detect all known variants of the virus and excluded all other near-
related Coronaviridae. The method brings as an advantage, the
quantitative detection of SARS-associated virus with a theoretical
yield point of 10 genome, corresponding to 120 RNA copies per
ml of the biological sample. Therefore, the RT-PCR method is
correct in at least 95% of the cases examined.

Briese et al. (36) in 2004, developed a PCR and RT-PCR assay
for SARS-CoV detection. The invention uses biological samples,
such as body fluids, including cerebrospinal fluid, pericardial
fluid, peritoneal fluid, saliva, serum, feces, and urine, and allows
a rapid, sensitive and specific molecular diagnosis of the virus.
In addition, the invention provides a synthetic nucleic acid
sequence comprising 10-30 consecutive nucleotides, including
the N region of SARS. Moreover, the synthesized DNA strands
can subsequently serve as additional templates for the same
primer sequences, and the PCR can therefore be used to detect the
existence of a defined sequence in a DNA sample. The sensitivity
of the method showed 500 copies in ~100 ng of total RNA
extracted post-mortem from a SARS victim.

Wu and Gao (43) in 2004 patented a target sequence to
identify SARS-related CoV using a gene diagnosis technology
with an RT-PCR primer, a short-handle circular ring probe,
and a kit. The invention uses blood to determine the presence
of the virus, in a rapidly, timely, specific and sensitive way.
The detection can be done in 2h, for 1-10 numbers of copies,
which greatly improves the sensitivity of hybridization detection.
Moreover, the target point selection was performed with a stable
point without a mutated region having a length in the range of
120-180 bp. The invention kit includes the RNA extract, the PCR
solution, a positive control, and a self-contained reagent.

The invention by Inoue and Hong (44), in 2005, provided
a simple, sensitive, and specific diagnostic test when compared
to three commercial tests available. A one-step PCR method
rather than the usual two was used to detect SARS-CoV. This
test is based on a qualitative nucleic acid amplification assay for
the detection of SARS-CoV in patient samples, such as plasma,
throat swab, serum, saliva, sputum, and uses specific primer pairs
designed from the SARS-CoV non-structural protein 1 (NSPI),
a putative proteinase. The invention provides a gel-based RT-
PCR detection kit, which includes one or more primers and/or
probes, and may contain a positive control nucleic acid or at least
a portion, thereof comprising the NSPI region, as either RNA
or DNA.

The primers used in the invention should be between 16 and
20 nucleotides in length, and the amplification product can be
detected by determining the amplification product’ length. The

preferred part of the NSP1 region for amplification is between
4,609 and 7,003 nucleotides. Three other tests (Eiken, Artus, and
Roche SARS diagnostics) were used to compare the efficiency
of the invention, which provided the most sensitive detection.
The invention is sufficiently sensitive to detect a few molecules
of RNA in each RT-PCR reaction, with the results being acquired
in hours.

Kostrikis (45) in 2005, described a molecular-beacon-based
multi-allelic qRT-PCR assay for the detection and discrimination
between SARS-associated and other CoV isolates in clinical
samples, such as nasopharyngeal aspirate, stool or whole blood.
The method comprises mismatch-tolerant molecular beacons,
four sets of PCR primers for four different viral genes, and four
different molecular beacons, an exogenous RNA standard that is
added to the sample that can be reverse-transcribed and amplified
by one of the primer sets, and a fifth molecular beacon that is
labeled with a different fluorophore, specific for the exogenous
RNA standard.

The multiple targets sequences of the invention are the S, E,
M, and N genes in the SARS-CoV. The samples tested using the
four genes showed 100% specificity. Therefore, the detection of
the four target alleles in the same tube minimizes the likelihood
of missing the presence of the virus in the sample, and increases
the sensitivity and specificity of the method. The kit contains
reagents for performing amplification reactions including PCR
and also for sample pretreatment including the reagent required
for CoV release and/or purification (45).

In 2005, Lim et al. (46) developed a PCR method and kit for
detecting SARS-CoV. This invention provides a set of primer-
CoV specific primers, and the targets were the ORF1lab, S, E, M,
N genes of the virus. The primer set could specifically detect a
virus without cross-reactivity with other CoV, and reducing the
possibility of detecting false or false positives. PCR can be carried
out in a variety of materials, such as polypropylene tubes, a 96-
well plate, or in a silicon-based micro PCR chip. However, when
used in a silicon-based micro PCR chip, PCR also can be carried
out by thermal cycling, shortening the reaction to 30 min.

Park et al. (50) in 2006, patented a kit to detect SARS using
oligonucleotides including a primer and/or a probe, designed
to be more sensitive and specific than conventional tests. The
invention could detect the early stage of infection using RT-
PCR and biological samples such as feces to isolate and purify
viral RNA. The method can mix the enzymes comprising the
DNA polymerase and/or reverse transcriptase with a reaction
mixture comprising the oligonucleotides, and can add an RNA
specimen to the prepared mixture, and the amplifying reaction
solution comprising the specimen RNA prepared using an RT-
PCR process.

In 2008, Park (51) described a method using nucleocapsid
or a spike protein antigen to diagnose SARS-CoV. The
invention includes a solution containing SARS ATP-ceramide-
N_monoclonal antibody, a chromogenic substance. The antibody
comprises a monoclonal antibody, and the chromophore
comprises an enzyme or gold. The method uses blood as a sample
type, and IgG or N and S genes as a target to detect the virus.
The patient can only be diagnosed if two different samples test
positive or the same sample tests positive twice.

Frontiers in Public Health | www.frontiersin.org

October 2020 | Volume 8 | Article 563095


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Nascimento Junior et al.

Coronaviruses Diagnosis: A Patent Review

TABLE 1 | Published patents of SARS and MERS coronavirus tests.

References Year Country Product Test type Target Sample type and/or Benefits

result time

Wang (35) 2003 CN Reagent kit diagnosis IBT [e[€] Serum sample Comprehensive antigens, high
of SARS-CoV antibody sensitivity and strong specificity

Briese et al. (36) 2004 US Synthetic nucleic acid RT-PCR N gene Feces and blood. High sensitivity and specificity
sequence to detect
SARS-CoV

Che et al. (37) 2004 CN Monoclonal antibodies ~ ELISA IgG1 orlgG2b  Serum and lung tissue  High specificity, good
that bind to the repeatability, easy operation, low
SARS-CoV N protein cost

Houde and 2004 CA Diagnostic peptides for  ELISA, [e[€] Serum or biological High sensitivity and specificity

Lacroix (38) SARS-CoV Immunochromatography; fluid

Antigen filter test

Mei et al. (39) 2004 CN Multi-channel rRT-PCR NS Saliva. 25 min. High sensitivity, precise, stable
combined microfluidic and easy to operate, specificity,
chip to detect fast detection speed, low cost
SARS-CoV

Artus Ges Fuer 2004 DE SARS-CoV detection rrRT-PCR NS Sputum, feces, or Efficient, sensitive and reliable

Molekular Biolog kit blood.

(40)

Sillekens and 2004 NL Nucleic acid sequences NASBA N gene Nasopharyngeal NS

Biomerieux (41) as primers for detection aspiration, feces, or
of SARS-CoV blood

Vijaysri et al. (42) 2004 CA Oligonucleotide for Amplification test Rep gene Hours. Sensitivity
detecting SARS-CoV

Wu and Gao (43) 2004 CN Short-handled circular rRT-PCR NS Blood. 2h. High specificity and sensitivity
probe system

Inoue and Hong 2005 SG Test to detect rRT-PCR NSP1 Plasma, throat swab, Fast, sensitive and specific

(44) SARS-CoV sérum, saliva, sputum.  compared to available

Hours. commercial tests

Kostrikis (45) 2005 US Multi-allelic molecular rRT-PCR S, E,Mand N Nasopharyngeal High sensitivity and specificity
detection of SARS-CoV genes aspiration, feces, or

whole blood

Lim et al. (46) 2005 KR Primer set for detecting  rRT-PCR ORF1ab, S, 30 min. Reduces the possibility of
SARS-CoV E, M, N genes determining false or false
silicone-based micro positives; detect SARS virus
PCR chip without cross-reactivity

Ma and Jie (47) 2005 CN Antibody against a Test strip N protein Serum, plasma, urine, Sensitivity 10 pg/ml recombinant
SARS-CoV NC protein semen, saliva, sweat, protein N

tears. 10 min.

Minekawa et al. 2005 JP SARS-CoV detection RT-LAMP ORF1ab, R2,  Any sample derived High sensitivity and speed, does

(48) method R3 from human living not require temperature control

body; 20-35min.

Qin et al. (49) 2005 CN Antigenic determinant Enzyme immunoassay  1gG and IgM Sputum or serum High affinity for SARS anti-virus
of SARS-CoV NC antibodies, simple, sensitive
protein epitope method and high precision

Park et al. (50) 2006 KR Oligonucleotides to rRT-PCR NS Feces Detects virus at the initial stage.
detect SARS Good specificity and sensitivity

Park (51) 2008 KR Detection of SARS by ELISA or PCR lgGorNand  Blood Fast and safe
NC antigen or S protein S gene

Lou et al. (52) 2009 US Oligonucleotide for All types of Rep gene Any sample that Analytical sensitivity and
detecting SARS-CoV amplification reactions contains SARS nucleic  specificity

acid. Hours.

Kacian (53) 2010 US Detection probe for TMA ORF1ab Nasopharyngeal swab  Selective and sensitive detection
SARS-CoV genes

Jeong et al. (54) 2012 KR Aptamer specific to rRT-PCR or ELISA N protein or NS NS
SARS-CoV 19G

(Continued)
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TABLE 1 | Continued

References Year Country Product Test type Target Sample type and/or Benefits
result time
Kaiyuan et al. (55) 2012 CN Multiplex fluorescent rRT-PCR NS Nasopharyngeal swab Detection of 5 types of CoV in
PCR in tube for 5 types one tube. Sensitive, fast,
of CoV—0C43, 229E, accurate, saves materials, and
NL63, HKU1 and SARS reagents
Yana et al. (56) 2017 JP Antibodies against ELISA, 19G Serum, plasma, urine, Specifically detects only
MERS-NP Immunochromatography; semen, saliva, sweat, MERS-CoV. Precision, speed
Antigen filter test tears. and simplicity.
Ahn et al. (57) 2018 KR Primer set for detection ~ RT-LAMP ORF1b and N Sputum, lung tissue High specificity, does not need
MERS-CoV gene temperature control, or
expensive equipment
Wang et al. (58) 2018 CN Primer probe set and RPA NS 25min. Short time, good specificity,
kit for detecting minimum detection limit, lower
SARS-CoV and cost, prevention of false
MERS-CoV negatives
Zhou et al. (59) 2018 CN Fluorescent primer rRT-RAA NS Throat Swab; 20 min. Closed reaction, does not
MERS-CoV depend on PCR, tested at
normal temperature 37-39°C.
High specificity and sensitivity
Han et al. (60) 2019 KR Fusion protein based ELISA [el€} Blood, body fluid, Standard positive/negative
on MERS-CoV NC and saliva, and sputum. control; High sensitivity and
mAbs specificity.
Jeong et al. (61) 2019 WO/KR Antibody to detect ELISA [e[€] 10-15min High specificity

MERS-CoV binding to
the fusion protein of the
N-terminal and
C-terminal domain
fragment of the NC
protein

ITB, Immunoblotting; mAbs, Monoclonal antibodies; NASBA, Nucleic acid sequence-based amplification; NS, Not Specified; NSP1, Non-structural protein 1; RPA, Recombinase
Polymerase Amplification; RT-LAMR, Reverse Transcription Loop-Mediated Isothermal Amplification Method; rRT-PCR, Real time Reverse Transcription Polymerase Chain Reaction;
RT-PCR, Reverse Transcription Polymerase Chain Reaction; rRT-RAA, Real Time Reverse Transcription Recombinase Aid Amplification; RT-RAA, Reverse Transcription Recombinase
Aid Amplification; TMA, Transcription-Mediated Amplification; WO, World Intellectual Property Organization.

Countries: CN, China; JR, Japan; KR, Republic of Korea; TW, Taiwan; US, United States of America.

In 2012, Jeong et al. (54) formulated an oligonucleotide
of a specific sequence and pharmaceutical composition as a
physiologically acceptable carrier that can be used for detecting
SARS-CoV. The invention provides a method of treatment and
diagnosis using an oligonucleotide aptamer that has a special
affinity with the nucleocapsid, and has more effect than an
antibody, being smaller in size. Furthermore, the nucleotide
molecule is not sensitive to temperature changes, and regenerates
within a short time. The target used in this invention can
be an N protein or IgG. The aptamers used in the invention
include single-stranded DNA ligands because they have a
high affinity and complex structure that binds to the target
protein and can be identified using the systemic evolution of
ligands by exponential enrichment (SELEX). The SELEX method
separates high-affinity DNA and RNA ligands into the target
molecules, including proteins and organic small molecules. The
pharmaceutical composition may be prepared by mixing and
using substances, such as lubricants, disintegrants, solubilizers,
dispersants, stabilizers, suspending agents, pigments, and others.
However, its use is limited as samples analyzed by this method
need to be processed in certified laboratories, causing a delay in
the results (64).

In 2012, Kaiyuan et al. (55) described a tube multiplex
fluorescent PCR detection method for five types of human
coronavirus, OC43, 229E, NL63, HKU1, and SARS, which can
be used as a detection reagent for scientific research and clinical
uses. The sample used in this technique is a nasopharyngeal swab,
and the probes can hybridize with the nucleic acid sequence
amplified by the primers.

Isothermal Amplification of the Target

Unlike PCR, isothermal amplification methods require only
one temperature, thus eliminating the need for thermal cyclers
(65). The method is fast, sensitive, does not require strong
energy sources, and is easy to implement in service locations
or in situations with limited resources. However, the method
has some disadvantages, such as the challenge of designing
compatible primer pairs, the potential to generate non-specific
amplified products (20, 66). Target isothermal amplification
technologies include nucleic acid sequence-based amplification
(NASBA), transcription-mediated amplification (TMA), loop-
mediated isothermal amplification (LAMP), recombinases aided
amplification (RAA), and recombinase polymerase amplification
(RPA), which are discussed below (67).
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Introduced in 1991 by Compton, NASBA is a technique
commonly used for selective amplification of RNA fragments
(68). It is a transcription-sensitive system, ideal for specific
replication of nucleic acids in vitro (69), which uses two
specific oligonucleotide primers and three avian myeloblastosis
virus (AMV) reverse transcriptase enzymes (70). RNAase H,
RNA polymerase, and T7, together with the primers, amplify
the RNA targets at 41°C (71), producing at the end of the
reaction the terminal product, ssRNA, detected by methods, such
as electrochemiluminescence, gel electrophoresis, sphere-based
enzymatic detection, and enzyme-linked gel assay (20).

Similar to NASBA, TMA also uses isothermal amplification
with the use of reverse transcriptase to produce cDNA from
the target RNA. RNA polymerase then generates complementary
RNA derived from ¢DNA, thus amplifying the original target
RNA of interest. It presents fast kinetics, producing up to 1,000
copies of target RNA per reaction. The obtained amplicons can
be detected by gel electrophoresis or oligonucleotide probes
(20, 72). Like NASBA, it needs the reaction temperature needs
to be carefully controlled to denature the secondary structures.
The results from commercially available TMA assays for Human
Immunodeficiency Virus (HIV), Hepatitis C Virus (HCV), and
Hepatitis B Virus (HBV) are similar to those for commercial
RT-PCR (73).

Over the past 10 years, LAMP has become a frequently used
technique due to its effectiveness, sensitivity, and specificity
for diagnosis. The method is based on the use of four
specific external and internal primers responsible for amplifying
nucleic acid (65). It presents fast detection (around an hour),
ease-of-use, and only a single temperature for incubation
(74). Several LAMP assays have been applied to detect a
variety of pathogens, such as parasites, bacteria, and viruses,
including influenza, Ebola, Zika, yellow fever, MERS-CoV,
and SARS-CoV-2 (75). Moreover, it can be performed with
a variety of samples, such as blood, urine, saliva, and
semen (76).

In a study by Wang et al. (77), the LAMP assay demonstrated
100% sensitivity and specificity, with the reaction being
completed in 60 min, while a RT-PCR assay required 82 min. The
results obtained were visual and easy to observe. The method
appeared to be a powerful tool to monitor suspected patients and
risk groups through the identification of SARS-CoV-2. A study
by Park et al. (78) used a non-purified sample directly with the
LAMP technique because its high amplification efficiency made
it possible to detect the results through colorimetric methods.
Studies have already demonstrated that the RT-LAMP assay can
be used for MERS-CoV detection, using primers directed to the
viral N protein sequence.

RPA is characterized by a minimum need for sample
preparation, a low operating temperature (37°C), the use of
freeze-dried reagents, simplicity, sensitivity, selectivity, and rapid
amplification (about 104 times in 10 min). This technique uses
two primers and one probe, and the unwinding of the DNA and
annealing of the primers uses recombinase enzymes (79, 80). It
can use several samples, such as blood, serum, plasma, feces,
urine. Also, as it is reagents have been freeze dried, the RPA kit
can be kept at room temperature for several months (81).

RAA makes use of two primers, three specific enzymes, and
three proteins to amplify DNA at 39°C in about 30 min. The
enzymes include a UvsX recombinase extracted from E. coli to
anneal the model DNA primers, single-stranded DNA binding
protein (SSB), to form a D-loop structure to maintain a single-
stranded state of model DNA, with the help of DNA polymerase
for amplification and extension (82). In this methods, it is
possible to use reverse transcriptase with or without a fluorescent
probe for real-time detection of RNA amplicons (83, 84) has
high specificity and sensitivity, is easy to use, and can produce
a clinical diagnosis in minutes (85).

Patents using isothermal amplification of the target

In the patents identified in this review, Silleke and Biomerieux
B.V. (41) used nucleic acid sequences as primers for SARS-
CoV detection through NASBA. The target regions chosen for
amplification correspond to the gene that encodes the SARS-
CoV nucleocapsid protein. The invention also addresses the use
of the methodology and the proposed primers to quantify the
virus before and after therapy, through sample collection from
nasopharyngeal aspiration, feces, or blood. When the analytical
sensitivity of the primers was evaluated, they showed 2.5 copies
of RNA in vitro in the amplification (41).

The 2005 invention by Mineka et al. (48) also uses a method to
detect SARS-CoV through RT-LAMP by detecting ORFlab, R2,
and R3 genes in 20 to 35 min, with the presence of 2.5-10 copies.
An oligonucleotide primer was first prepared that selectively
hybridizes to a nucleotide sequence specific to the SARS-CoV,
and then uses the LAMP method to identify the virus.

The 2010 patent by Kacian and Gen-Probe Inc. (53), describes
a detection method for SARS-CoV through TMA. The tests
obtained a sensitivity of 100-1,000 copies, having 100% reactivity,
with an endpoint of detection of 80 copies/mL. The tests were
performed using a nasopharyngeal swab as a sample. In assessing
specificity and sensitivity, the detection probe did not cross-react
with HIV, HBV, parvovirus, and HCoV-229E (viral nucleic acid
from the human coronavirus strain).

The 2018 patent by Ahn et al. (57) used primers targeting
the ORF1b and N genes in sputum and lung tissue samples
to identify MERS-CoV. The method has high specificity and
does not require temperature control so the equipment was
relatively inexpensive. To verify the specificity of the primers in
relation to MERS-CoV six different viruses were used: influenza-
A (H1), influenza-A (H3), influenza-B1, influenza-B2, human
metapneumovirus (MPV), and 229E were submitted to RT-
LAMP. The primers amplified only the sample containing MERS-
CoV, thus proving its specificity. Finally, the efficiency of LAMP
was compared with that of RT-PCR assays available in the
market, and was shown to have better sensitivity and a shorter
reaction time.

The 2018 patent by Wang et al. (58) describes a kit to
detect SARS-CoV and MERS-CoV using RPA. The specificity
of the probe and primer were evaluated and no cross-reactions
with other types of viruses tested were observed. The minimum
detection limit was 10 copies in the SARS-CoV model and 100
copies in the MERS-CoV model. The tests were shown to have a
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useful life 1 year, being one of the main advantages of this test, in
addition to its low-cost and prevention of false negatives.

The patent by Zhou et al. (59) published in 2018 describes
a reverse transcription RAA (RT-RAA) method for detecting
MERS-CoV using a primer and a fluorescent probe using. The
tests take ~20 min and use a nasopharyngeal swab sample. It
presented a detection limit of 10 copies/mL and specificity was
proven by submitting common pathogens, such as influenza-
A HIN1 virus, influenza-N, respiratory syncytial virus and
rhinovirus to the method.

Enzyme Linked Immunosorbent Assay
(ELISA)

Finally, quantitative analytical methods that perform antigen-
antibody reactions through colorimetric change with the aid of
an enzyme conjugate and substrate are useful for quantitative
and qualitative results in respect of molecules in biological fluids.
One of the most popular of these methods is the enzyme linked
immunosorbent assay (ELISA) because it can be used to quantify
substances at very-low concentrations (86).

This method consists of an analytical biochemical assay with
high sensitivity and specificity for the detection and qualitative
or quantitative analysis of an analyte without using expensive
and sophisticated devices. Any substance, whether it is a
specific protein or a mixture of it, can be used as an analyte.
Its methodology comprises the production of monoclonal
or polyclonal antibodies using antigens. Radioimmunoassay
techniques, with the use of radioisotopes or fluorescence markers,
are often selected to detect proteins. In the latter method, protein
quantification occurs indirectly, with the absorbance of the color
generated by the chemical bond due to the the presence of the dye
being proportional to the amount of protein. These techniques
demonstrate good sensitivity and detection limits, and ability to
quantify below the nanoscale (87). A study developed by Xiang
et al. (88) reported the use of ELISA in tests for IgM and IgG
antibodies directed at the diagnosis of COVID-19, obtaining
strong sensitivity and specificity in relation to their detection.

However, false-negative results can occur in tests based on
antibody detection. The IgM antibodies are produced as part
of the early immune response during the initial stage of the
infection, while the IgG antibodies indicate that the disease
has entered a recovery period, or may be present if there has
been prior infection (89, 90). The antibody tests are used in
cases where RT-PCR is negative and there is an epidemiological
bond to SARS-CoV-2 infection and during the period when
symptons are first presented and the viral load is high (91). The
false-negative cases, in this type of test, can occur in situations
where the antibodies are close to the germline, being able to
bind to the SARS- CoV-2 antigens (92). Another issue that the
immunological assay presents is the high incidence of false-
positive cases in seronegative patients. This is probably related
to inappropriate sample collection time in relation to the stage
of the infection, as well as to naive IgM antibodies, which can
produce an incorrect result due to the antibodies low action.
However, the search for class-switched isotypes, in this case IgG,
might help to decrease the risk of errors. In addition, a target

antigen is also essential when the virus being tested is capable of
mutating because the same viral antigens will be present in its
structure (93).

Patents Using ELISA

In 2004, Che et al. (37) developed and patented a group
of monoclonal antibodies belonging to IgGl or IgG2b with
specific binding capacity to the SARS-CoV N protein through
a hybridoma, in addition to providing the reagent for SARS-
CoV antigen deletion. In a clinical application study, the double
antibody sandwich ELISA kit detected the SARS-CoV antigen
in the patients’ serum, obtaining high specificity and sensitivity.
There was no cross-reactivity with cell cultures that were not
infected with SARS-CoV.

Houde and Lacroix (38) in 2004, created an in vitro diagnostic
method for detecting the presence or absence of antibodies
indicative of SARS-CoV by binding them to a peptide, or analog
of it, to form an immune complex. In the ELISA assay the peptide
was adsorbed or covalently coupled in wells of a microtiter plate
treated with the serum, or the biological fluid to be tested. After
washing with anti-human IgG or anti-human IgM, IgA was
labeled with peroxidase and added to the wells and for peroxidase
determination with a corresponding substrate. Clinical samples
can range from cultured cells, cell supernatants, cell lysates,
serum, plasma, biological fluid to tissue samples.

In 2005, Qin et al. (49) developed the SARS-CoV nucleocapsid
protein epitope. This polypeptide has a high affinity for SARS
anti-virus antibodies and the antibody developed in the invention
has a high affinity for SARS-CoV. The detection method was
reported to be simple, sensitive and with high precision. It uses
IgG and IgM and serum or sputum samples from patients to
detect the virus. Park (51) formulated a method to diagnose
SARS-CoV using a nucleocapsid protein antigen (SARS-CoV-
N) or spike protein (SARS-CoV-S). The method uses HRP-
conjugated human anti-IgG antibody or the SARS-CoV-N
monoclonal antibody mixed with a sample containing SARS-
CoV to adsorb the SARS-CoV-N antibody. Finally, in 2019, Jeong
et al. (61) and Han et al. (60) developed an antigen for MERS-
CoV diagnosis using the NC fusion protein which included a
fragment of the N-terminal domain and a fragment of the C-
terminal domain of the CoV N protein. They used IgG and
compared their innovations with a kit already available in the
market from Euroimmun®. The invention by Han et al. showed
positive results for human serum diluted 128 times, while the
commercial kit showed positive results only in serum diluted 16
times. This patent used blocking ELISA, and as samples blood,
body fluid, saliva, and sputum. Although both patents revealed
high specificity, the latter one exhibited higher sensitivity (60).

DIAGNOSTIC TESTS FOR COVID-19

A similar search of Google Patents was performed using the
keywords “SARS-CoV-2 and diag*” with the IPC C12Q for
patents published from January 2020 for tests to identify the
new coronavirus. This allows current trends in this area to be
highlighted, and similarities and differences in the patented tests
for SARS-CoV-1 and MERS-CoV to be compared with those
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TABLE 2 | Published patents of SARS-CoV-2 (COVID-19) tests.

References Year Country Product Test type Target Sample type and/or Benefits
result time
Xu et al. (94) 2020 CN Novel nucleic acid kit Real-time NS Throat swab, Simple, economical, reduction of
for rapidly detecting fluorescent nasopharynx extract, cross contamination.
SARS-CoV-2 PCR sputum. 2h
Gu et al. (95) 2020 CN Primer pair with Real-time N gene Throat swab, alveolar Avoids phenomena of sensitivity
mutation resistance fluorescent lavage, saliva, blood, reduction and false negatives
quantitative urine, and feces
PCR
Yan et al. (96) 2020 CN COVID-19 nucleic acid Multiple ORF1ab gene Pharyngeal swab, Good sensitivity and specificity
detection kit fluorescence sputum, and alveolar
PCR lavage fluid. 70 min
Wang et al. (97) 2020 CN Novel micro-drop Digital PCR ORF1ab and NS Stability, repeatability, detection
digital PCR kit N genes of low viral load, reduction of
false negatives
Song and Baek 2020 KR Primer sets for Isothermal N gene 90min NS
98) detecting SARS-CoV-2 amplification
Wan et al. (99) 2020 CN Rapid detection kit for LAMP ORF1ab and Oneor2h Detection reagent storage at
SARS-CoV-2 dry N genes room temperature
powder LAMP
Cui et al. (100) 2020 CN Novel rapid detection LAMP ORF1ab gene 30min Good specificity, sensitivity, and

kit for SARS-CoV-2

visual identification of the result

related to SARS-COV-2. Table 2 shows the main patents found
and the characteristics of each invention.

Some of the patents identified also used PCR methods
similarly to the previous patents. In one of the inventions, Xu
et al. (94) published a SARS-CoV-2 rapid detection kit was
developed using the fluorescent RT-PCR method and a hydrolysis
probe. The kit consists of the probe, primers and a positive
and negative control for detection. Three fragments of reverse
transcription of segments of the virus and complementary
human DNA were used as the positive and negative controls,
respectively. Among the advantages of the kit described by
the inventors are simplicity of use, savings on reagents and a
reduction in cross contamination. The detection time was around
2h, demonstrating good specificity by using three regions of
the virus for amplification and detection. Samples obtained by
pharyngeal swab, nasopharynx extract and sputum can be used
in the kit [A].

Gu et al. (95) described a primer pair invention for detecting
viral RNA of the new coronavirus by quantitative fluorescence
PCR. The nucleocapsid gene is the target of amplification in this
invention, as it allows high detection due to its low molecular
weight and the generation of a high number of amplified copies.
In addition, the developed primer is resistant to mutation of the
virus, thereby avoiding reduced sensitivity and the generation of
false negatives. The method allows the use of several samples,
such as pharyngeal swab, alveolar lavage, saliva, blood, urine
and feces.

Using the same PCR methodology of multiple fluorescence,
Yan et al. (96) developed another kit was to simultaneously detect
several SARS-CoV-2 genes. It has a 70-min detection process
and can be used with pharyngeal swabs, sputum, and alveolar
lavage fluids. The test showed a minimum detection limit of 2

pg/mL. Another patent by Wang et al. (97) used a digital PCR
micro-drop kit to detect SARS-CoV-2 by amplifying the ORFlab
and N genes. The advantages of this test are described as being
the production of results with a more direct interpretation, and
greater detection sensitivity than quantitative PCR, as well as
high stability, repeatability, low viral load detection capacity and
a reduction in false negatives.

Other patents related to COVID-19 wused isothermal
amplification methods, kits and components for the detection
of SARS-CoV-2 were also patented. Song Min-Seok and Baek
Yoon-hee (98) developed a set of primers to allow the detection
of the virus by any method of isothermal amplification within
90 min from the nucleocapsid gene. In the same vein, another
invention by Wan et al. (99) presented a kit for rapid detection
using the LAMP method, having as target genes ORFlab and N.
In this invention, the detection reagent was obtained by freeze
drying, enabling its transport at room temperature rather than
in the severe storage conditions at —20°C that these reagents
often need to be kept in. The kit has a detection time of around
1-2h and can be read by the naked eye. The LAMP method
was also used in another invention by Cui et al. (100), using the
ORF1lab target gene. The applied methodology makes it possible
to identify the presence of the virus by a change in the color of
the sample. After a detection time of 30 min, a bright green color
indicates a positive result, while yellow/orange a negative result.

Alternative Test Methodologies

Peptide-based =~ magnetic =~ chemiluminescence  enzyme
immunoassay (101, 102) is another method with good sensitivity
but was not found in the search for patents. It can also be used
in combination with rRT-PCR, having a rate positivity for IgG
and IgM of 71.4 and 57.2%, respectively. Therefore, combining
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this immunoassay with real-time RT-PCR may enhance the
diagnostic accuracy of COVID-19 (103-106).

Regarding the ELISA method, it is usually well-used, due to
its practicality, low-cost and easy execution, ideally with each
country developing with its own technologies, purifying its local
antigens for good test performance (107-109).

Other methodologies not found in our survey, but with
promising features are CRISPR-based methodologies (110-
113), lateral flow immunoassay (5), viscoelastic testing (114),
and biosensors for COVID-19 (115), being conceived as
alternatives to the usual methods. In the patents identified,
isothermal amplification proved to be a faster, simpler, and
more sensitive method for detecting SARS-CoV-2 (116-
119).

Possible Limitations of Patented Tests

We know that antibody testing is necessary, but reagent I1gG
results may not guarantee new positive results for rRT-PCR,
and further studies are needed to demonstrate protection against
COVID-19 in reagent IgG patients (109, 120). There is a huge
range of tests, but they are being used with literature-based
criteria, because only mass testing can guarantee criteria for
opening and closing cities (47, 121-125). The specificity and
sensitivity of the tests described in this review may change
due to environmental factors. According to Younes et al.
(126), in ELISA assays, false-positive results may occur because
protein N is the most conserved viral protein among human
beta-coronaviruses. Thus, the antigens used in the kits can
produce inaccurate results. Among the other possible reasons
for inaccurate results are cross-linking with other coronaviruses
(MERS-CoV, SARS-CoV-1) or because the antigens used have
the ability to react with viruses responsible for the common
cold (HKUI1, 229E, OC43, NL63) in the winter when they
circulate in large quantities (126). To circumvent this problem,
diagnostic methods have been improved with the use of the
spike protein, which detects two domains of protein S (S1 and
$2) (127).

In a study by Yang et al. (128), LAMP demonstrated similar
sensitivity to PCR, and specificity of 99% in the 208 clinical
samples tested. This was due to the use of six to eight
initiators to identify different regions. Despite being considered
the gold standard, PCR is susceptible to environmental factors
that can cause changes in the parameters discussed. Issues
related to viral load, and slow or no antibody response can
interfere in the results. Its use is recommended from the
third day of symptom onset, when there is a high viral load
(129, 130). Interestingly there is also a noticeable lack of
technology-based products coming from developing countries
and even from countries in Europe that normally play an
important role in the development of diagnostic products.
Thus, there is a need for greater investment to develop
practical, fast and reliable technologies that can be used to
provide the mass testing required to win this battle against
COVID-19. Moreover, the current public patent knowledge
can be a limiter in the development of new pharmaceutical
product or processes, and at a particular time like a COVID-
19 outbreak, so these barriers should be on the ground. Thus,

these gaps in knowledge only create more doubts that build a
foundation (131).

STRENGTHS AND LIMITATIONS

Among the strengths of this study is the focus on patents in the
review, which provides an overview of the situation and growth
trends in a particular area of knowledge or product of interest.
In addition, patents often have technological information that
is not found in its entirety in articles, as companies are careful
to protect their inventions, and this can provide a better overall
understanding of the tests. Regarding the limitations of this
review, some innovative diagnostic methods are not patented
immediately, with authors preferring to have their data published
quickly by means of scientific articles. Thus, most of the patents
found for the diagnosis of COVID-19 are based on known
methods such as PCR, isothermal amplification and ELISA.
The potential bias in the identification and inclusion patent
can occur because to the 18-month confidentiality period that
patent offices grant to inventors. However, the search was carried
out on the relevant patent databases and using comprehensive
search terms and a careful selection process, in order to avoid
this risk.

CONCLUSION

It is known that making a fast and reliable diagnosis of a disease
is of paramount importance to take fundamental measures for
the control and treatment of the disease. This is particularly
so in the case of viruses, especially CoVs, which affect humans
in a number of different ways and can require rapid and
special care in case of infection. We describe the patents that
contain diagnostic methods focused on CoV, essential for the
detection of SARS-CoV, MERS-CoV, and SARS-CoV-2. We
also presented in this review some data from studies of trials
already carried out by researchers as well as from patents aimed
at other infections caused by CoV. Molecular methods, such
as RT-PCR, ELISA, and isothermal amplification technologies
positively contribute to simple, fast, sensitive, specific, and
low-cost tests. The knowledge obtained with other types of
CoV can contribute to the fight against COVID-19 and the
current pandemic.
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Understanding the systems biology approaches for promoting the development of new
therapeutic drugs is attaining importance nowadays. The threat of COVID-19 outbreak
needs to be vanished for global welfare, and every section of research is focusing on it.
There is an opportunity for finding new, quick, and accurate tools for developing treatment
options, including the vaccine against COVID-19. The review at this moment covers
various aspects of pathogenesis and host factors for exploring the virus target and
developing suitable therapeutic solutions through systems biology tools. Furthermore, this
review also covers the extensive details of multiomics tools i.e., transcriptomics,
proteomics, genomics, lipidomics, immunomics, and in silico computational modeling
aiming towards the study of host—virus interactions in search of therapeutic targets against
the COVID-19.

Keywords: systems biology, multiomics, in silico, database (DB), COVID-19, coronavirus, pathogenicity

INTRODUCTION

COVID-19 (coronavirus disease 2019) outbreak is caused by an animal virus belonging to the family
Coronaviridae (Ahmed et al., 2020; Cascella et al., 2020). This animal virus is transmitted to humans and
causes severe respiratory syndromes (Mohd et al., 2016; Fung et al., 2020). The associated syndromes are
Middle East respiratory syndrome (MERS) (Wernery et al., 2017), severe acute respiratory syndrome
(SARS) (Lai et al,, 2020), acute respiratory distress syndrome (ARDS) (Wu et al,, 2020b), and most
recently coronavirus disease (COVID-19). With the outbreaks related to the above mentioned
coronavirus related syndromes, it is evident that human pathogenic coronavirus related mutants and
strains occur and emerge from infected animal livestock during the past decade (Deng and Peng, 2020).
In the present situation, COVID-19 has been spread globally (Khachfe et al., 2020). This crisis started in
China in December 2019. The Wuhan market (China) was associated with animals and their meat
products for domestic cooking purposes. The consumption of coronavirus infected meat products by
nearby local people is the starting point of the pandemic (Schwartz and Graham, 2020). Within one
month approximately, 9,066 positive coronavirus infected cases were found, and 213 patients died till
January 2020 (Riou and Althaus, 2020). Moreover, the cases increased continuously at multiple rates
around the world, leading to a global health emergency. The coronavirus outbreak has proven a threat to
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humanity. The coronavirus associated with COVID-19 shows 75-
80% similarity with the severe acute respiratory syndrome
coronavirus (SARS-CoV) and is more directly connected to
numerous bat coronavirus. Unlike other coronaviruses, COVID-
19 grows better in epithelial cells of human airway rather than in the
cultured cells in the laboratory. It uses human angiotensin-
converting enzyme 2 as its cellular receptor, so the infection is
transmitted only after the infection of the lower respiratory tract
(Perlman, 2020). The novel coronavirus causes severe respiratory
disease, COVID-19. The patients suffer from pneumonia. They
develop a cold, dry cough and a sudden rise in body temperature
(Zhu et al., 2020). Human to human transmission of COVID-19
occurs through respiratory droplets of the sneezed particles or from
the close contact of an infected person (Chen, 2020). The WHO
(World Health Organization) is currently engaged in managing the
pandemic situation with nations around the world by releasing
guidelines for health workers. For the novel coronavirus 2019, the
unavailability of vaccine tenders the importance of antiviral drugs
and therapeutics for pandemic control programs and preventive
measures in pandemic reoccurrence (Sohrabi et al, 2020). The
current outbreak can be controlled by maintaining social
distance and reducing the person to person transmission.
The immediate step required to control disease (Archana
et al., 2015) outbreak includes isolation, early diagnosis, and
other supportive treatment (Czernin et al., 2020). It can also
be preventive by maintaining personal hygiene, avoiding
crowded places, wearing of fitted masks, and ventilation.
Special measures should be taken for the children, old age,
and immuno-compromised people as they are more prone to
COVID-19 (Marchand-Senécal et al, 2020). The therapeutic
drugs available to clinical workers for the treatment of
coronavirus infections are only as a temporary option. This new
demand gives the opportunity for researchers to save humankind
from this menace. The SARS viruses are difficult and quite
dangerous to handle in vivo, but the information of their genes,
proteins, or the RNA acquired by sequencing is simple and easy to
handle through artificial intelligence. The expectation from systems
biology for therapeutic agent development is mentioned.
Furthermore, the role of different components of multiomics is
discussed for virulence assessment of coronavirus. Along with the
importance of artificial intelligence in generating data for drug
development and the requisite of data mining from the database, the
in silico appeal for host-virus interaction study (viz. protein—protein
interaction, computational modeling) and vaccine development are
also described. Molecular docking studies have been used for the
detection of medications to inhibit SARS-CoV-2 spike protein and
protease enzyme in the past. Thus, molecular docking can pave the
way for computational drug designing, which can further be utilized
for the treatment of COVID-19 (Hall and Ji, 2020).

PATHOGENESIS AND VIRULENCE
STRATEGY

Coronavirus is an enveloped and single-stranded RNA virus. It
is classified into four categories: @-coronavirus, -coronavirus,

O-coronavirus, and j-coronavirus (Yang and Wang, 2020).
Earlier, there were six coronaviruses that infect humans
and cause diseases. Despite the SARS-CoV and MERS-CoV,
COVID-19 is caused by the seventh member of the coronavirus
family to infect human, the novel SARS coronavirus and SARS-
CoV share almost 79% genome similarity (Dawood, 2020).
Like SARS-CoV and MERS-CoV, COVID-19 is considered in
the family of B-coronavirus (Guo et al,, 2020). These two
(SARS-CoV and SARS-CoV-2) have identical domains for
receptor binding and use angiotensin-converting enzyme
2 (ACE2) as the receptor. Significantly, S protein present on
the surface is responsible for the identification of the receptors
in the target host, facilitating the entry into the host
cell (Hofmann and P6hlmann, 2004). The binding efficiency
of SARS-CoV-2 is ten times higher than the SARS-CoV.
This shows that ACE2 could be a possible candidate
for treatment (Wang X. et al., 2020). The fact that there is
less information about the pathogenesis of SARS-CoV-2
and also that systems biology and omics technology cannot
cover every specific cellular or physiological process for
hindering the virulence strategy of virus are the main
limitations. Patients suffering from COVID-19 have
symptoms similar to SARS-CoV and MERS-CoV like fever,
fatigue, non-productive coughs, myalgia, pneumonia, and
decrease leukocyte count (Daga et al., 2019). Metabolic
acidosis showing dysfunction of microcirculation was also
observed. Additionally, kidney and liver functions were also
affected in some patients. The blood and lower respiratory tract
specimen cultures turned out to be negative for bacteria and
fungus in 76% sepsis patients in a COVID-19 cohort.
Therefore, viral sepsis would be more accurate to describe the
clinical manifestations of severe or critically ill COVID-19
patients. Understanding the mechanism of viral sepsis in
COVID-19 is warranted for exploring better clinical care for
these patients (Zhou et al., 2020).

Therefore the pathogenesis mechanism of SAR-CoV and
MERS-CoV will help in understanding the pathogenesis of
SARS-CoV-2. Significantly spike proteins are determined to
facilitate the entry of the virus into the host body (Xia et al,
2020). They bind to the receptor of the cells like ACE2 and
CD209L. Initially, it was reported that the virus enters the cell by
the fusion of the virus with the plasma membrane. The
proteolytic cleavage of spike protein at position S2’ is essential
for membrane fusion following viral infection (Belouzard et al.,
2009; Walls et al., 2020). While in MERS-CoV, the membrane
fusion was initiated by furin activation. Besides, SARS-CoV-2
uses clathrin-dependent and independent endocytosis methods
to enter into the cell (Wang et al., 2008). The virus releases RNA
genome into the cell to begin the process of replication. The
glycoproteins form to facilitate the formation of the
nucleocapsid. The germination of the virus particle takes place
in an endoplasmic reticulum golgi intermediate compartment
(ERGIC) (Risco et al.,, 2002). Afterward, the virus particle fused
to the plasma membrane to release.

After entering into the host cell, the antigen peptides presented
by major histocompatibility complex (MHC) and virus-specific
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cytotoxic T lymphocytes (CTLs) help in the identification.
Therefore, the knowledge of antigen presentation of SARS-CoV-
2 will significantly assist in interpreting the pathogenesis of
COVID-19 (Prompetchara et al., 2020). As there is
less information about antigen presentation for COVID-19,
so the information behind SARS-CoV and MERS-CoV
will significantly help the researchers in planning the
methodologies (Yuen et al., 2020). Mainly SARS-CoV involves
MHC I molecules for antigen presentation and also susceptible to
different HLA (Human Leukocyte Antigen) polymorphisms.
Most of the alleles like HLA-A#0201, HLA-DR0301, and HLA-
Cw1502 help in the protection from SARS disease. The alleles,
like HLA-DRB1x%11:01 and HLA-DQB1x%02:01 are more
sensitive to MERS-CoV disease (Risco et al., 2002). Nguyen
et al., 2020 studied the binding efficiency of HLA and mentioned
that HLA-B*15:03 is responsible for maximum binding with
conserved peptide of SARS CoV2. Additionally Wang W. et al.
(2020) applied next generation sequencing method and found
that HLA-C*07:29 and B*15:27 are highly significant in COVID-
19 infected patients.

The mannose-binding lectin (MBL) is an important molecule
in innate immunity and starts its function before the response of
a specific antibody (Ip et al., 2005). People infected with COVID-
19 have low level of MBL in their serum as compared to healthy
ones. It is observed that MBL is associated with antigen
presentation and is also linked with the infection of SARS
(Mason and Tarr, 2015). Furthermore, this evidence will be a
helping hand in understanding the mechanism of SARS-CoV-2
infection. In comparison with the humoral response, cellular
immunity is more significant in the case of coronavirus (Wang F.
et al., 2020).

Immune dysfunction such as severe respiratory failure is
observed in COVID-19 patients in a case study by Giamarellos-
Bourboulis et al. (2020). The macrophage activation syndrome,
less human HLA-DR expression along with the reduced number
of CD4 lymphocytes, natural killer cells, and CD19 lymphocytes
were shown in severe respiratory failure along with sustained
production of TNF-o and IL-6 (Magro et al., 2020). The inhibition
of HLA-DR expression was performed by plasma of COVID-19
patients, and it could be partially restored via IL-6 blocker. Herein,
IL-6 based HLA-DR expression is a characteristic feature and deals
with hyper inflammation and cytokine production. Generally
SARS-CoV-2 causes hyper inflammation by impairing the host
immune response and subsequently dearranging the renin-
angiotensin-aldosterone system (Henry et al., 2020a). Acute
lung injury and coagulopathy were caused by an imbalance in
RAAS (renin-angiotensin-aldosterone system) and hyper
inflammation. RAAS is an essential hormone system that
performs the function of blood pressure regulation and is also
helpful in balancing the fluid within the body. Moreover, it would
result into fibrinolysis, immunothrombosis, and multiple organ
damage (Henry et al, 2020a). The patients in later stage have
deteriorated conditions and die within a short period of time
because of organ failure and acute respiratory distress syndrome.
All these happen due to cytokine storm and it is significant in
increasing the symptoms. Cytokine storm was also validated by

clinical studies studying critical patients. Hence, the suppression of
cytokine storm is another way to treat COVID-19 infected patients
(Ye et al., 2020).

Host Factors

During the 2002-2003 SARS epidemics, the human population
got infected from the cross-transmission of civet, raccoon, and
Chinese ferret-badger. Initially, the animal handlers got infected
from the wet market (Perlman and Netland, 2009). Although
they do not have any symptoms of SARS-CoV during detection,
their serum gave a high positive result. The infection rate
increases when a physician gets infected by treating them, and
consequently, the epidemic started. The genetic analysis of the
isolated virus reveals its fast rate of adaption in the host cell. It
was found in the live animal market and isolated from
Rhinolophus spp. Hence the virus is transmitted from bats to
mammals and then to humans (He et al.,, 2014). In civets and
humans, the virus gets entry through the ACE2 receptor, which
was not observed in the case of the bat. Apart from its wild
ruminants, canine and feline were also susceptible to
contamination with the same virus (Malik et al., 2020).

The study by sequence data analysis and molecular biology
reveals that approximately 60 novel bat coronaviruses were found
in Africa, North America, Europe, and China (Hu et al.,, 2015).
This strain probably originated from the same source and got
diverted based on adaption in a different host. The coronavirus
isolated from Delphinapterus leucas was also categorized in sub-
group, infecting mammals. The spike protein of SARS-CoV and
new SARS-CoV-2 shares around 76.5% amino acid identity
(Zhang et al., 2020). The coronavirus can quickly enter into the
host cells via spike protein. The spike protein undergoes cleavage
before entering into the target cell. Mostly, SARS-S involves
angiotensin-converting enzyme 2 (ACE2) for receptor and also
incorporate TMPRSS2, a cellular serine protease that is clinically
proved to block the entry of the virus into the cell (Hoffmann et al.,
2020). The study about SARS-S/ACE2 elucidated that it
contributes an essential role in virus transmission, pathogenesis,
and target as a therapeutic agent. SARS-CoV mainly infects
pneumocytes and macrophages present in the lungs (Liu J. et al,,
2020). Apart from lungs, ACE2 was also expressed in the extra-
pulmonary surface. SARS-CoV-2 enters the cell by membrane
diffusion and slows down the regulation of ACE2 receptor (Qian
et al,, 2013; Silhol et al., 2020). TMPRSS2 based entry of SARS-
CoV-2 has been observed when cleavage of the S1/S2 site is
mediated by furin in the virus-infected cell (Coutard et al,
2020). Thus, it can be deciphered that TMPRSS2 is a vital host
factor responsible for COVID-19 spread like coronavirus and
influenza A viruses. Iwata-Yoshikawa et al. (2019) reported that
TMPRSS2 is a drug target as it contributes to the development of
homeostasis. The Camostat mesylate is a serine protease inhibitor
that can be sufficient to block the function of TMPRSS2, and Japan
approved it for humans (D’Amico et al, 2020). Therefore, the
above-discussed compounds possess antiviral activity and were
suggested for the treatment of COVID-19. In SARS-CoV,
lysosomotropic agents make the infection more severe and
sensitive by disturbing endosomal pH (Docea et al, 2020). In
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SARS-CoV infection, mainly protease treatment nullifies the effect
of blocking mediated by lysosomotropic-agent. Cathepsin L,
which is an endosomal protease, can also block the SARS-CoV-
2 infection (Liu T. et al., 2020) and is also significant in triggering
the membrane fusion and is one of the extraordinary phenomena
in the pathogenesis of SARS-CoV (Smieszek et al., 2020). The age
is also an important factor in COVID-19 infection. In a clinical
research, Lighter et al. (2020) reported that people more than sixty
years are at higher risk of the infection. However, Jin et al., in a
study found that men are more prone to the infection and their
surviving potency is lower than females (Jin et al., 2020).
Conditions of the patient become more severe if they are
suffering from other diseases like hypertension, respiratory
disorder, and cardiovascular diseases. Involvement of these
diseases may enhance the mortality in this case (Yang Y.
et al., 2020).

Drugs Available and Treatment

Presently, no specific drug and vaccine are available to combat
COVID-19 infection. Although, various drug compounds are in
the experimental and trial pipelines till now. EIDD-2801 is one of
the potential clinical candidates for seasonal and pandemic
influenza (Hampton, 2020). Hence, it can be suggested as a
potential drug to treat COVID-19 only after clinical trials.
Besides the implementation of neuraminidase inhibitors, RNA
synthesis inhibitors, Lopinavir/Ritonavir, and peptide (EK1) can
be used for its treatment (Rothan and Byrareddy, 2020). However,
they are not sufficient to combat SARS-CoV-2 infection.
According to recent reports, the antiviral remdesivir and
chloroquine have safe records and can be efficiently
implemented to treat COVID-19 infection (Zhang and Liu,
2020). Initially, it was suggested by the Washington Department
of Health to use remdesivir intravenously to protect against
COVID-19. Remdesivir is sufficient to block RNA synthesis by
targeting RNA-dependent RNA polymerase and is being
potentially used as an antiviral drug for the various RNA viruses
(Patankar, 2020). Subsequently, remdesivir and chloroquine were
implanted to treat COVID-19 infection. Favipiravir, ribavirin, and

galidesivir are the nucleoside analog to be potentially used. Non-
structural proteins i.e., chymotrypsin and papain-like protease, are
required for virus replication and host immune response
inhibition (Chen Y. W. et al,, 2020). Inhibitors against them like
cinanserin, flavonoids, and PLP inhibitors can be alternatively
used for the treatment of the disease. More novel therapeutic
agents are urgently required globally to fight against it.
Furthermore, a list of non-specific drugs available to cure
COVID-19 infection is mentioned in Table 1. Alternatively,
some antiviral, ie., nucleoside analogs and HIV-protease
inhibitors, can be used to attenuate coronavirus viral infection.
The treatment course included various drugs such as oseltamivir,
lopinavir, and ritonavir. Along with the intravenous
administration of ganciclovir, the patients are advised to take
them twice a day for 3 to 14 days (Tobaiqy et al., 2020). However,
in first-line treatment, paracetamol is used to treat fever, and
expectorants (guaifenesin) should be given for non-productive
cough. Oxygen therapy is required in critical conditions like severe
acute respiratory infection and hypoxemia. The oxygen supply
rate is 5 L/min in most of the children and non-pregnant women.
However, in pregnant women, the supply rate is more than 92-
95% (Huang et al., 2020). Patients suffering from AKI (acute
kidney injury) should be subjected to renal replacement therapy.
Antibiotic therapy starts within one hour after the confirmation of
the symptoms. The bacterial and fungal infections can occur in the
patients in the late and middle stages of diseases. So, it should be
advisable to follow conventional and rational antibiotics followed
as precision medicine applicable to a patient’s condition under
critical care units (Figure 1). The implementation of IFN-o. and
lopinavir/ritonavir is recommended by the National Health
Commission of the People’s Republic of China (Wang and Zhu,
2020). The implementation of the above medicines reduces the
mortality rate in SARS infected patients (Chu et al, 2004).
Methylprednisolone may also consider the children for a
maximum of five days (Mouton et al., 2020). The patients
suffering from the severe immune response are advised to take
glucocorticoids. Different vaccine types such as subunit vaccines,
attenuated viruses, and viral vector-based vaccines, inactivated

TABLE 1 | List of proposed therapeutic agents for the treatment of COVID-19.

S.No. Proposed Drugs Action of mechanism References

1. Ribavirin Inhibit RNA synthesis Khalili et al., 2020

2. Ritonavir Inhibit HIV viral proteinase enzyme Cheng et al., 2020

3. Methylprednisolone Activation of specific nuclear receptors, alter gene expression and inhibit cytokine production Yang Y. et al., 2020

4. Hydrocortisone Inhibitor of neutrophil apoptosis, phospholipase A2, NF-Kappa B Russell et al., 2020

5. Mycophenolate mofetil Inosine monophosphate dehydrogenase inhibitor Seminari et al., 2020

6. Hexamethyleneamiloride Inhibitor of HCoV-229E and inhibit replication of parent coronaviruses Farag et al., 2020

7. Chloroquine Increase endosomal pH for virus/cell fusion, and interfere with glycosylation of cellular receptors of Wang M. et al., 2020
SARS-CoV

8. Chlorpromazine Inhibit clathrin-mediated endocytosis Zumla et al., 2020

9. Amodiaquinedihydrochloride Heme polymerase activity inhibition Lee et al., 2020

10. Lycorine Cell division inhibition, antineoplastic and antiviral LiuT. et al., 2020

11. Emetine RNA, DNA, and protein synthesis inhibition, antiviral Bleasel and Peterson,

2020

12. Mycophenolic acid Inhibitor of inosine-5’-monophosphate dehydrogenase. WeiBbarth et al., 2020

13. Pyrviniumpamoate Mitochondrial respiration complex 1 inhibition and suppression of unfolded protein response Jeon et al., 2020

14. Remedisivir Nucleic acid inhibition Choy et al., 2020
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FIGURE 1 | The diagrammatic flow chart showing the implementation of drug to prevent the human health from COVID-19 infection.

viruses, DNA vaccines, and recombinant proteins can probably be
used to cure COVID-19 infection (Saif, 2020). Trials on animal
models are conducted to study the biological behavior of COVID-
19. Presently, researchers worldwide are working for the
development of a non-human primate model to know the
mechanism of its interaction with the host (Chen et al., 2019).

Development of Novel Biomarkers

The COVID-19 patients are generally diagnosed based on the
clinical data. This takes time as the symptoms are generated after
the infection sets deeper in the lungs. In such a situation, it
becomes difficult for healthcare workers to treat the patients
speedily. Biomarker identification provides an advantage over
clinical diagnosis. Ulhaq and Soraya identified interleukin-6 (IL-6)
as a potential biomarker for COVID-19 infection. As COVID-19
is linked with swift replication and a propensity to infect the
lower respiratory tract, so it results in an increased response of
IL-6-promoted severe respiratory distress. Thus, the levels of
IL-6 can be linked to the disease progression in patients which
can prove helpful in further treatment (Ulhaq and Soraya, 2020).
C-reactive protein (CRP) is produced by the liver and induced by
a range of inflammatory intermediaries such as IL-6. Regardless
of its non-specificity, this acute phase reactant is used clinically as
a biomarker for different inflammatory situations; an
augmentation in CRP intensity is related with an increase in
severity of disease. Lactate dehydrogenase is related to severity of
pneumonia. Significant rise in LDH levels was observed among
refractory COVID-19 patients. The COVID-19 infection leads to
thrombocytopenia so platelet count is also a reliable marker for
diagnosis of disease severity (Kermali et al., 2020). The

Hematologic biomarkers include increase in leukocyte count as
a distinguishing factor among infected and non-infected people.
In a meta-analysis (Yang ] . et al., 2020) carried out by Henry and
colleagues in 2020, they found that among 2,984 COVID-19
patients there was significant difference in leukocyte count
among severe and non-severe patients (Henry et al., 2020b).
According to Bernheim et al., 2020, chest tomography (CT)/X-
ray imaging is also a vital component to diagnose COVID-19
suspects when the number is large for diagnosis. In a study they
found that CT scan of 56% infected individuals of COVID 19
came normal. Thus it has limited sensitivity and negative
predictive value in the early stage of infection (Bernheim
et al., 2020).

THE EXPECTATION FROM SYSTEMS
BIOLOGY FOR THERAPEUTIC AGENTS

With the advent of next-generation technologies, the systems
biology (Hu et al., 2020; Tang et al., 2020) is applied for the
assessment of microbial virulence and associated pathogens
(Pezeshki et al., 2019; Cakur et al., 2020; Eckhardt et al., 2020).
Information and risk assessment of novel pathogens that
emerged with time due to mutations, recombinants,
horizontal/vertical gene transfer and reoccurrence of outbreaks
need to be presented into the databases (McCormick, 2003;
Pybus et al.,, 2007; Escobedo-Bonilla, 2013; Hartzell and
Blaylock, 2014; Kaiser et al., 2015; Deneke et al., 2017; Liu
et al,, 2019; Olanya et al., 2019).
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This update to the existing databases of newly emerged or
novel pathogens create a challenge and an opportunity for
multiomics experts to collect information/data, reunite and
organize new standard datasets/databases or update the already
existing databases (Kong et al., 2006; Winnenburg et al., 2007;
Schumacher et al., 2014; Xie et al., 2017; Bloch and Bailin, 2019;
Dong et al, 2019; Duncan et al,, 2019; Yan et al., 2019; Chan
et al., 2020). The new information will help the clinical and
medical researchers to plan research methodologies for
therapeutic and drug development. For instance, the novel
coronavirus is a newly emerged pathogen which is creating
nuisance to humankind. It is estimated that, globally,
approximately 0.2 million patients out of thirteen million
infected cases died with coronavirus infection, and the rates
are still increasing (Baud et al., 2020; Chaurasiya et al., 2020;
Kobayashi et al.,, 2020). The risk, hazards, and exposure
characterization and assessment (Njage et al., 2019; Perera
et al.,, 2019; Pavelic et al., 2020) are essential for building the
background knowledge to evaluate the possibilities of novel
therapeutics and drugs discovery against coronavirus. The
systems biology majorly consists of multiomics, databases, and
in silico studies (Arora and Singh, 2018). In silico approach is
mainly dependent on computational designing (Koutsoukas
et al., 2011; Lavecchia and Cerchia, 2016) and analyzing the
interaction of proteins (Bultinck et al.,, 2012; Oany et al., 2014).
The database mining also contributes to the in silico approach
(Loging et al., 2007; Rao et al., 2014). As prerequisite to the
database (Boissel et al,, 2004; Nagata and Pastan, 2009),
researching the information is required for the practical
planning of methodologies (Wu et al, 2011). The study of
heritable phenotypic changes, called as epigenomics, is
supposed to play an important role in understanding the
mortality rate among black and white individuals (Holmes
et al,, 2020). These changes may be inherited by the cell system
as the memory (Holliday, 1987). The covalent modifications on
lysine acetylation, lysine methylation, arginine methylation,
serine, and threonine phosphorylation, lysine ubiquitination
are the major epigenetic mechanisms which can determine the
many genetic and phenotypic modulations (Holliday, 1987;
Zhang et al., 2019). The heterogeneity in treatment success is
also believed to be influenced by these epigenomic changes
(Holmes et al., 2020). As the corona virus targets on the lung
cells (Conti et al., 2020), the epigenetic control of ACE2 in the
lungs cannot be denied. As Woo and Alenghat highlighted the
regulation of transcription during host-microbe interaction
under the epigenetic modifications, it may be possible that the
rate of transcription of virus may be negatively influenced under
genetic environmental pressure e.g. strong immune cells. Hence,
the more epigenetic exploration is needed to prevent the corona
virus infection (Woo and Alenghat, 2017). DNA methylation
may be one of the major factors in providing fewer sites for
attack of the viral genetic material. The components related to
biological entities like DNA, RNA, proteins, metabolites (Jacob
et al,, 2019; MacMullan et al., 2019) correspond to genomics,
proteomics, and metabolomics, respectively (Yan et al,, 2019;
Jenkins and Orsburn, 2020). Various other systems biology

approaches which can be utilized for the development of a
potent drug against COVID-19 include immunomics, host
lipid omics, public health omics and quantitative dynamic
omics. This multiomics approach (Figure 2) is also taking
attention to therapeutic development (Donovan et al, 2019
Lee and Ruppin, 2019).

Host Virus Interaction Study by
Computational Tools—In Silico Approach
The interaction of any protein with its receptors always depends
on the receptor-binding domains on the proteins (Lan et al,
2020a). These receptor binding domain recognizes their
interactive sequences on the receptors and binds them with
mostly non-covalent bonds in the human system. However,
the SARS-Cov-2 viruses mainly attack the mucus membranes
of the human system as their first site of attachment, but they are
then bound to their receptors, i.e., angiotensin-converting
enzyme 2 (ACE2), and finally helps the viruses to come inside
the host cells (Lan et al., 2020b). Moreover, after entering the cell,
they start their replication with the help of replication proteins
and followed by multiplication steps, as shown in schematic
Figure 3.

During the multiplication and their amplification steps,
SARS-CoV-2 are responsible for the release of some proteases,
which leads to the generation of reactive oxygen species (ROS) in
the host cell (Chen Y. et al., 2020; Nasi et al., 2020). These ROS
are toxic to the cell system and its environment. On the other
hand, host defense mechanism activates in the form of their
immune system, and the free-flowing neutrophils of the blood
reached the target site, the lungs (mainly in the alveoli, where the
severe acute respiratory virus reached after attaching the nasal,
oral or mucus surfaces). In addition to neutrophils, monocytes
differentiate into specific tissue macrophages, in response to the
infection. However, neutrophils, basophils, monocyte etc. are
myeloid progenitor cells and are parts of the innate immunity.
These cells, upregulated in any foreign particle, enter into the
human body, specifically the virus (van de Laar et al., 2016). The
release of cytokines is also supposed to be initiated through
adaptive and innate immunity cell signaling. In response to
toxicity and foreign particles, the metabolism of the
macrophages fluctuates, and they tend to release the
inflammatory cytokines which finally affects the molecular
signaling of responsive target cells and their neighbor cells.
When the normal cellular signaling fluctuates either by ROS
stress or by inflammatory cytokines resulting from the SARS-
CoV-2 entering the host system, they lead to mucus
accumulation in the lungs, abnormal and painful breathing,
abnormal BP, efc. Here, a small study through computational
biology and in silico tools for a better understanding of host—
virus interaction is designed.

The Homo sapiens angiotensin I-converting enzyme 2
(ACE2), transcript variant 1, mRNA of Human origin, with a
length of 3,339 bp, was extracted from the NCBI with the
accession number NM_001371415.1. The mRNA was
converted to the protein sequence by ExPASy; its 5-3 and 3-5
predicted sequences were found. Further, through protein blast,
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angiotensin-converting enzyme 2 precursor was finalized for the
study based on its 100% identity with our query sequence. The
accession number of the angiotensin-converting enzyme 2
precursor was NP_001358344.1, and this was the only protein
showing 100% identity with our ExPASy query sequence.

The 3D modeling of the protein was done using SWISS-
MODEL. The obtained protein model was a monomer containing
ligands, as N-acetyl-D-glucosamine and Zinc. The template used by
the SWISS-MODEL (Table 2) for model prediction was 6m17 PDB,
and it showed the 100% sequence identity coverage with the
predicted model, and that is angiotensin-converting enzyme 2.
Now, interestingly, this ACE2 showed to be responsible for acting
as a receptor for the coronavirus entry to the cells. The QMEAN
value for the predicted protein model was —0.99 and is supposed to
be of good quality to be used for the study. Figure 4 depicts the
overall protein 3D model with side and top views, along with its
QMEAN value to examine its quality. The Quality of the predicted
model was also validated through the ProSA web server, based on
NMR and X-ray data. For further validation of the protein model,
the ProQ webserver was used, and it predicts the model of extreme
quality was good based on the LG score. The Ramachandran plot
assessment also suggests its 98% amino acids in the favored region
of the plot.
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FIGURE 2 | The multiomics approach for the systemic use of technologies for the development of new drug targets for coronavirus.

Similarly, the spike S1 protein of the coronavirus (source
organism; Wuhan seafood market, Pneumonia virus) was
downloaded from the RCSB protein data bank with the PDB
ID, 6M17 (Yan et al., 2020). It was present as a 2019-nCoV RBD/
ACE-BOAT1 complex in its PDB format, but to check the
protein-protein interaction, the PDB file was modified except
for one of the SARS-CoV-2 receptor binding domain. The 3D
structure of the protein is shown in Figure 5.

The tentative protein-protein interactions are crucial to
understand further mechanisms, and a preview of protein—protein
docked complex is presented in Table 3 (van de Laar et al., 2016).
Among all the docked complexes, the best structure of cluster 5
complex was depicted in Figure 5 for its molecular interactions. The
cluster 5 has the best HADDOCK score (883.4 +/- 9.7), the lowest
Van der Waals energy (-171.7 +/- 9.8), and the Z-score (-2.2). This
gives a good understanding towards future tools for understanding
such interactions.

Role in Vaccine Development

Vaccine development is in demand due to the increasing rate of
mortality and morbidity of COVID-19 infection. Vaccines play
an important role in the reduction of toxicity and the elimination
of diseases (Dubey et al., 2018; Amanat and Krammer, 2020).
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TABLE 2 | n silico tools used in present study (Protein-protein/Protein-ligand study for drug target and protein target inhibition).

S. No. In silico tool Function References

1. Chemdraw Ligand structure analysis Cousins, 2011

2. SWISS-MODEL Protein structure homology modeling Waterhouse et al., 2018

3. ERRAT Protein structure validation Colovos and Yeates, 1993
4. ProSA Protein structure validation Wiederstein and Sippl, 2007
5. ProQ Protein structure validation Wallner, 2005

6. RAMPAGE Protein structure validation Lovell et al., 2003

7. UCSF Chimera Protein analysis Dromey, 1996

8. PyMOL Protein analysis Del.ano, 2002

9. AutoDock Molecular docking Norgan et al., 2011

10. Schrédinger Molecular docking Schrodinger, 2011

The conventional technologies of vaccine designed have many
limitations, including time consumption, laborious, costly, and
many more. Perhaps somehow, the involvement of ix silico tools
is sufficient to overcome the mentioned limitations (Rauch et al.,
2018). Immunoinformatics approach like reverse vaccinology,
epitope prediction, rational vaccinology, and structural
vaccinology is advantageous to be used for the designing of
vaccines (Kazi et al., 2018). Moreover, side chain and backbone
modeling are significant in designing the antibody structure to
act as vaccine target. SCWRL and SCAP are the in silico tools
used to identify the mutation in the proteins (He et al., 2015).
RAMBLE and RAPER are the additional software applied for
side chain prediction analysis. Multivant scaffolding is another
tool applied for the designing of potential epitope (He et al,
2015). However, an epitope can be grafted by using multigraft

interface technology. ORF-FINDER, GS FINDER, and
GLIMMER are some of the in silico tools that performed the
screening of ORFs and selected the most immunogenic peptide
that alternatively help in vaccine designing (Davies and
Darren, 2007).

Structural biology is an important area of immunoinformatics
and the basis for the structure of proteins. On the basis of
structure, rational vaccinology analyzes the structure of novel
protein antigens that will be targeted as potential vaccine
candidates (Hegde et al., 2018). Rational technology of vaccine
design was significantly used against viral pathogens like
influenza, HIV (Van Regenmortel, 2019) and Hepatitis C (He
and Zhu, 2015). Furthermore, approaching systems biology
enhances the understanding of host-pathogen interaction and
also develops adjuvant that provides long-lasting immunity.
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showing the statistical representation of the protein model quality.

FIGURE 4 | The 3D structure of angiotensin-converting enzyme 2 isoform X1, (A) side view and (B) top view, and (C) the QMEAN value for the protein model
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Vaxijen is another important computation tool that contributes
to vaccine development. It is an online software that uses the
alignment-free approach to predict the antigenic nature of the
proteins (Sinha and Shukla, 2019; Bappy et al., 2020). Majorly
the critical process in vaccine development is the identification of
epitopes that can be targeted as a vaccine candidate. A number of
epitope prediction tools are available that can be significantly
used for epitope prediction (Naz et al., 2020). The B-cell and T-
cell epitopes of novel SARS-CoV-2 were analyzed by Ahmed
et al. by approaching IEDB and other computational tools
(Grifoni et al, 2020). Ong et al. (2020) reported the reverse
vaccinology and machine learning approach were used to
identify the potential vaccine candidate against COVID-19
infection (Ong et al., 2020). As reported by Chen and Wu
(2020), ABCpred and BepiPred and IEDB are the epitope

prediction tools used for the identification of epitopes in the
novel SARS-CoV-2. Besides, the multigraft, multivalent
scaffolding, codon optimization, and antibodyomics tools are
also helpful in the recognition and construction of potential
vaccine candidates (Sunita et al, 2020). However, at present
computational tools are the first to be used for vaccine designing
of emerging diseases. Later on, these will be validated by
experimental studies. Collectively, the actual implementation of
these disciplines accelerates the process of vaccine development
(Chin et al., 2019).

The Chemdraw software is used to draw the molecular
structure of a molecule or compound in the computer and is
easy to handle in an offline mode. This gives an immediate and
clear sharp image of the structure and can be saved in many file
types, eg; mol file. The file needs not to be redrawn if any
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FIGURE 5 | (A) The protein-protein docked complex (cluster 5) of ACE2 isoform X1of Human cell (red color), and spike S1 protein (blue color) of corona virus,
showing the close interaction. (B) The plot between HADDOCK score and RMSD values of the protein—protein docked clusters, showing the best suitability of cluster
5 in the plot and hence to be used to depict the interaction results of ACE2 and spike protein.

TABLE 3 | The docking approaches between ACE2 isoform X1 and spike S1
protein of the corona virus by HADDOCK.

S.No. S.No. Cluster Haddock score Vander Waals energy Z-score
1. 5 883.4 +/- 9.7 -171.7 +/- 9.8 -2.2
2. 22 950.7 +/- 37.6 -141.7 +/- 134 -1.1
3. 21 987.2 +/- 46.9 -114.0 +/- 11.9 -0.5
4. 14 987.5 +/- 24.8 -139.6 +/- 11.2 -0.5
5. 4 1,023.0 +/- 22.6 -115.2 +/- 5.7 -0.1

correction has to be added. Hence this provides an immediate
output of the structures to be used in any docking study. The
software, SWISS-MODEL is designed for the homology
modeling of the proteins. The software works easily in
windows system and gives the output in a simple manner so as
the beginners in the field of systems biology can easily benefit.
The protein model quality is also validated on the basis of Q
mean score, which is the collective information of many
parameters e.g. X-ray and NMR. After protein homology
modeling, there is a need of the formed structure validation,

and this task can be done by many online software applicatioms
e.g; ERRAT, ProSA, ProQ, RAMPAGE etc. Further, the ProQ
also gives its own score called as LG score, for the highest ranked
models in protein validation. This model validation can be
analyzed based on their scores (software gives different scores
more or less similar based on their inbuilt programming).

The Ramachandran plot provides the quantitative data for
favored and unfavored regions, which basically used the protein
backbone dihedral angles and is necessary for protein validation.
The Schrodinger and AutoDock software is used for the
molecular docking of protein-ligand or protein-protein.
However, both the software programs can be used for the
docking, but an expert should be needed to deal with these
software programs, and it needs some prior knowledge to work
with them. The software programs, UCSF Chimera and PyMOL
are used for the molecular structure analysis, and it need some
knowledge to handle the software programs correctly. But with
basic knowledge of molecules and bioinformatics, the online
tools can be handled easily and can give the best results in the
drug discovery and exploration of proteins. The HADDOCK
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online server provides the quantitative description for the
protein-protein molecular interaction. It provides many
clusters of protein—protein interactions based on the possibility
of the bond formations and the analysis involved many
parameters eg; Haddock score, Z-score. These parameters are
necessary for choosing the best cluster for further analysis of the
molecular interactions using systems biology approach. Van der
Waals interaction is the distance dependent interaction between
atoms, and Haddock provides us the series of interactions
(strongest to weaker). However, so software can easily give
results based on their input algorithm, we have to analyze the
parameters for the perfect study.

Role of Omics Techniques for Virulence
Assessment

The MRA (Microbial Risk Assessment) (Brul et al., 2012;
Haddad et al., 2018) is a clinical evaluation of virulence
associated with pathogen, mainly foodborne pathogens i.e.,
animal meat and their products (Wassenaar et al., 2007; Franz
et al,, 2016). Nowadays, the utilization of multiomics datasets for
improving and redesigning the role model of microbial risk
assessment is being practiced by researchers (Buchanan et al.,
2000; denBesten et al., 2018). The dose-response models are
designed by clinical researchers for studies, especially for diseases
associated with RNA viruses (Gale et al., 2014). This probabilistic
approach firstly consists of the evaluation of viral infections via
oral path, i.e., the host and virus interaction via cellular receptors
with and without conquering the host defense system and
replication in the host cell (Voysey and Brown, 2000; Huang
and Haas, 2009), followed by designing the models to study
disease progress immediately after infection. The virulence
markers are the viral gene sequences representing the viral
disease-related traits (Haddad et al., 2018; Liang J. et al., 2020).
Therefore, it is observed that the above-discussed appeal must be
undertaken for coronavirus probabilistic virulence assessment
(Benvenuto et al., 2020). Since dose-response models are
particular for RNA viruses thus, the possibility and chances of
multiomics application (Zhang et al., 2018) to search the antiviral
targets rise for the development of therapeutics and drugs against
coronavirus (Fritsch et al., 2018; Jeon et al., 2020).

Genomics

Genomics offers the task to reveal the characteristics of drugable
genomes (Hopkins and Groom, 2002), which consist of
sequences and alignments signifying the virulence trait (Losada
et al., 2016; Lee et al.,, 2017). Data mining from databases can
make it possible for the researcher to seek out queries related
to coronavirus (Hatcher et al., 2017). For the purposive research
regarding the newly emerged virus, the National Institute of
Health (NIH) of United States created a resource (http://www.
niaid.nih.gov), an integrated surveillance data for supporting
researchers in collaboration with various research institutes
working on systems biology (Squires et al., 2012; Uyeki et al.,
2016). The main aim is to make the comparative genomic
research for correlative analysis of coronaviridae family-related
genus and strains for the predicted data and annotated
genome sequences (Zhu et al, 2016; Liang J. et al, 2020;

Randhawa et al, 2020). In this process, the MSA (Multiple
Sequence Alignment) signifies the closely related RefSeq
constructing the virus ortholog groups with associated protein
playing role in virulence (Fumagalli et al., 2010; Chapman et al,,
2011; Claytor et al., 2017). Till now, there is very little scientific
data and literature available related to coronavirus. The
genomics approach is leading and generating the manually
curated research data (Brister et al., 2015; Manzoni et al., 2018)
about the clinical coronavirus strains aiding the scientific
literature country-wise in the above-discussed manner (Huang
et al., 2007).

Transcriptomics and Metabolomics

Transcriptomics is mainly concerned with gene expression
profile (Irigoyen et al., 2016) i.e., by ribosome profiling
(Irigoyen et al., 2016), RNA sequencing (Depledge et al., 2019),
and high throughput DNA microarrays (Wang et al., 2009). The
dose-response models are developed to study the factors
affecting gene expression (Hashem et al., 2019) at different
concentrations of virulence proteins (Haas, 2020). They also
check the mRNA abundance at various levels of infection
progression (Albarifio et al., 2018). The metabolic enzymes run
cellular metabolism (Ahmed Idris et al., 2020). The cellular
metabolism is revealed through the intense study of genomics,
transcriptomics, and proteomics (Fanos et al., 2020), which are
directly and indirectly linked to pathways involved in
metabolomics (Haas et al., 2016). The primary significance of
metabolomics comes for diagnostic assessment (To et al., 2016).
The concentrations of metabolites (Sinha et al., 2019) are detected
by NMR (Nuclear Magnetic Resonance), HPLC/MS (High-
performance Liquid Chromatography/Mass Spectrometry) (Peng
and Liu, 2017). Metabolic profile analysis would reveal the binding
and inactivation of metabolites by drugs (Eisfeld et al., 2017) that
would arrest further disease progression (Zhao and Lin, 2014). In
this manner, transcriptomics and metabolomics increase the
possibility for developing therapeutics and drugs against
the coronavirus.

Proteomics

Proteomics study reveals the functional role of proteins
associated with host and pathogen (Zheng et al., 2018). With
available resources of database and drug targets obtained by
previous studies on influenza virus (Sadewasser et al., 2017),
hepatitis C virus (Lupberger et al., 2019), poxvirus (Grossegesse
et al., 2017), Nipah virus (Vera-Velasco et al,, 2018), etc,, it is
feasible to develop novel drugs. The studies on GPCR (G-protein
coupled receptors) (Sriram and Insel, 2018), ion channels (Lin,
2019; Duncan et al,, 2020), and enzymes (Ding et al., 2017)
provide the platform for researchers to study drug-target
interactions. Zheng and Perlman, in 2018 discussed the
importance of proteomics in the host immune system and
respiratory virus interaction response. They insighted the
landscape proteomics analysis formed by prediction of clinical
data and the role of immune response gathered via host lipid
omics, immunomics, phosphoproteomics, and public health
omics (Zheng and Perlman, 2018). The recent study done by
Kang et al., 2020, the western blotting, protein categorization, gel
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digestion, SDS-PAGE analysis, SILAC labeling for protein
analysis, protein identification, separation and quantification
methodologies for identification of structural proteins of
coronavirus, mainly bronchitis virus particles were done. The
above-discussed method is likely to be the strategy for finding the
novel antiviral against coronavirus.

Immunomics

Immunomics is based on the efficiency of the host to eliminate
pathogens that enter the human body. The immune system of
organisms contains many cellular, molecular, and physical
components that provide defense against invasive microorganisms.
Dysregulation of immune cells such as inflammatory monocyte-
macrophage and type I interferon (IFN) led to the occurrence of
lethal pneumonia in mice infected with SARS-CoV (Channappanavar
et al, 2016). This indicates that immune cells play a vital role in
combating pathogens. The immune memory cells are able to
protect the host from the early invasion of respiratory pathogens.
Bioinformatics tools and sequence homology can be used to find
potential immune targets and designing of a vaccine against
COVID-19. Grifoni et al. used the Immune Epitope Database
(IEDB) and Analysis Resource for prediction of COVID-19.
They used SARS-CoV to predict epitope responses as it shows
higher similarity to SARS-CoV-2. They found conserved regions
in SARS-CoV and SARS-CoV-2 caused COVID-19. Vaccination
approach proposed to target the immune response toward these
conserved epitope regions could generate immunity. This will not
only protect from Betacoronaviruses but also against moderately
challenging virus that will emerge in future (Grifoni et al., 2020).
Carbohydrates present on the host and viral proteins are potential
targets for modulating the immune response. The use of
computational tools and integrated omics approaches can lead
to the development of vaccines and drugs for such targets of viral
infection and receptors (Zheng and Perlman, 2018).

Host Lipid Omics

Lipids play a vital role in the interaction of the virus with the host
cells. Lipids can act straightly as the receptors or co-factors of entry
for viruses at the surface of cell or endosomes. Viral replication
complex highly depends on them, and lipids also provide energy
for replication of the virus. Lipids can help to order the suitable
cellular allocation of viral protein and also the trafficking,
assemblage, and liberation of viral particles. Thus, host lipid
studies can play indispensable role in understanding virus
propagation (Diamond et al, 2010; Das, 2020). Coronaviruses
seize intracellular membranes of the host cells to produce fresh
partitions called double-membrane vesicles (DMVs). These
partitions help in the viral genome amplification. A current
study showed that a primary lipid processing enzyme, cytosolic
phospholipase A2 enzyme (cPLA2¢), was directly linked with
DMVs’ development and replication of coronaviruses (Miiller
et al., 2018). Coronaviruses require a specific composition of
lipids for their replication. If this lipid homeostasis is broken,
then the viral replication is affected. Yan and his co-workers found
in a study that glycerophospholipids and fatty acids (FAs) were
considerably increased in the HCoV-229E-infected cells, and the

linoleic acid (LA) to arachidonic acid (AA) metabolism was
strikingly disturbed upon infection of HCoV-229E. Exogenous
supplementation of LA and AA decreased the replication of
coronavirus. They came to the conclusion that there was an
upregulation of lipids that were responsible for replication and
membrane synthesis. The virus maintains homeostasis for its
better replication, but when this homeostasis is broken by
supplying lipids from outside the cell, the replication of the virus
is disturbed. Thus, lipidomics can provide better treatment
strategies if integrated with immunological data (Yan et al., 2019).

Public Health Omics

Public health omics takes into consideration the entire kinetic
response of the host. In public health omics, the expressions of
genes and transcriptome are studied. The interaction and
regulation of different transcriptome datasets are studied. It
takes into consideration the upregulation and down-regulation
of different genes during infection. It takes account of molecular
as well as clinical conditions of the host and pathogen. The
pathway interaction and response of host are analyzed after the
infection by utilizing this methodology. This renders the whole
set of the idea in host-pathogen interaction with respect to the
time of infection. Such systems biology methods draw attention
to the significance of time-related factors in the study of
multifactorial diseases such as influenza and coronavirus. A
study by Dimitrakopoulou and his group revealed the temporal
effect of the influenza virus by studying the interactome and
signaling pathways. Their findings cooperatively update the
budding area of public health omics and potential clinical trials
intended to interpret dynamic host reactions to pathogens
(Dimitrakopoulou et al., 2014). This is perhaps the unnoticed
field of omics technology, but its application can give better
results for understanding the spread of COVID-19. This
technique will help in the development of time dependent drug
development in case of infection (Pawelek et al., 2012).

ARTIFICIAL INTELLIGENCE FOR DATA
GENERATION AND DRUG DEVELOPMENT

Artificial intelligence plays a vital role in this global scenario to
fight against COVID-19. Artificial intelligence and machine
learning techniques have helped to group data of genomic
taxonomic classification, detection assay based on CRISPR
(Dangi et al., 2018; Vashistha et al., 2018), endurance
calculation of patients, and identifying probable drug
candidates for COVID-19. Metsky et al. screened SARS-CoV-2
by machine learning designs employing a CRISPR-based virus
detection system with high speed and sensitivity (Metsky et al.,
2020). Similarly, artificial intelligence can be used for the
management of critical patients of COVID-19. Rahmatizadeh
et al. applied a three-stage model based on input, process, and
output. They took into consideration paraclinical, clinical,
epidemiologic data, personalized medicine, diagnosis, risk
stratification, treatment, prognosis, and management.

The AI (Artificial Intelligence) approach is helpful in stratifying
patients and their timely cure (Rahmatizadeh et al., 2020).
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Thus, computational tools not only help in virus detection but
also in drug development. Wu and his co-workers analyzed the
proteins coded by the SARS-CoV-2 virus and modeled them for
target prediction. They predicted potential targets and probable
drugs against them. They screened 3-chymotrypsin-like protease
(3CLpro), spike, RNA-dependent RNA polymerase (RdRp), and
papain like protease (PLpro) thoroughly. 78 generally used
antiviral drugs and compounds from ZINC database were used
for positioning and structural analysis. Thus, in silico studies
provide drug repositioning to treat COVID-19 (Wu et al,
2020a). A deep-learning based analysis structure of thoracic
CT images was built for computerized recognition and
observation of COVID-19 patients over time. Swift
development of computerized diagnostic systems based on
artificial intelligence and machine learning cannot only give
improved diagnostic accurately and rapidly, but will also
defend healthcare workers by diminishing their contacts with
COVID-19 patients (Alimadadi et al., 2020).

CONCLUSION AND FUTURE
PERSPECTIVE

The present review gives an insight into the applicability of
systems biology tools for developing drugs against COVID-19
infection. The ultimate aim is to find the possible viral targets by
exploring the pathogenicity and virulence strategy of
coronavirus. The promising in silico application of molecular
interaction and simulation study is done purposely for the
understanding of host (human) and virus interaction to plan
the future strategies for managing the situations of virus
pandemics. It is worthy to mention that omics data and
systems biology algorithms can combine data from cytokines,
blood cell populations, proteomics, transcriptomics, clinical
parameters, and epidemiological data to develop personalized
medicine strategies and patient stratification based on omics.
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An Overview of Epidemiology of
COVID-19 in Macau S.A.R

Sin Man leng and lo Hong Cheong*

Smoke-Free & Healthy Life Association of Macau, Macau, China

The Greater Bay Area of southern China has a population of over 71 million people. The
area is well-connected with Hubei province, the epicenter of the COVID-19 outbreak.
Macau, as the most densely populated city in the world, is very vulnerable to infectious
disease outbreaks. Since its return to the sovereignty of China 20 years ago, the city has
experienced outbreaks such as severe acute respiratory syndrome (SARS), Swine flu,
and COVID-19. At the time of writing, 10 confirmed imported/local transmission cases
were recorded. The government undertook measures to attain and then maintain 40 days
without new cases. In this article, we report on the 10 confirmed cases and discuss the
measures that the Macau Special Administrative Region (S.A.R.) government undertook
during the COVID-19 pandemic.

Keywords: COVID-19, Macau, Greater Bay Area, China, coronavirus (2019-nCoV) outbreak

INTRODUCTION

Since the beginning of the COVID-19 pandemic (formerly known as the “novel coronavirus”),
the government of the Macau S.A.R has undertaken serious actions to prevent its spread in the
community. The Macau S.A.R is located in the megalopolis of the Greater Bay Area, together with
the Hong Kong S.A.R. and cities in the Pearl River Delta in Guangdong province. The Greater
Bay Area (GBA) has a population of 71 million, the fourth largest bay area in the world after
the New York metropolitan area, the San Francisco Bay area, and the Greater Tokyo area. Rapid
infrastructure development has meant that the 71 million residents can commute from one city
to another within an hour in the area. This region is only 5h away from Wuhan by high-speed
train. There are four international airports in the GBA: Hong Kong, Guangzhou, Shenzhen, and
Macau, the region is well-connected. When the severe acute respiratory syndrome (SARS) outbreak
hit the region in 2003, the Macau S.A.R. recorded one imported case, while the rest of the region
was badly affected by the outbreak. At that time, traffic and economy from mainland China and
Hong Kong were restricted by policies and limited infrastructure. The Macau S.A.R. is the most
densely populated region in the world [a population of ~670,000 and a population density of 21,717
people per square km (1)] with up to 38 million tourists per year (2), so ineffective infectious disease
control can be catastrophic. Despite the potential risk factors for local outbreaks, Macau managed
to keep the number of confirmed patients with COVID-19 at 10 for 40 consecutive days (since the
last confirmed case on February 4, 2020). Despite its good profile on infectious control, very limited
documentation has been published regarding the outbreak response in Macau. This article reviews
official publications available in the public domain regarding the COVID-19 pandemic in Macau,
with focus on clinical data of the initial 10 confirmed cases and on the strategies that the Macau
government adopted to minimize the impact caused by this worldwide pandemic.
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Epidemiology of COVID-19 in Macau

EARLY RESPONSE TO THE LOCALIZED
WUHAN OUTBREAK

On January 3, 2020, the government of the Macau S.A.R.
announced its concern of the cluster of cases of unknown
pneumonia in Wuhan, Hubei province, China. At that time,
there were 44 cases of pneumonia of unknown etiology reported
from Wuhan, 11 (25%) of the patients were severely ill (3).
In response to this, the government has kept in close contact
with the National Health Commission of People’s Republic of
China from the beginning and has also embraced immediate
preventative measures. These measures included measuring the
body temperature of arriving air passengers from Wuhan, and
also requiring that they complete a health declaration form. The
implementation of a health declaration form was also legislated
during the 2003 SARS outbreak, arriving visitors were required
to declare their personal contact details, travel history in the past
14 days, and health conditions, later the declaration was applied
to everyone that entered the Macau S.A.R.

After a cross-departmental meeting, the Health Bureau of
Macau issued a Level III Alert on January 5 in response to the
outbreak in Wuhan. This system was revised since the 2003
SARS outbreak, the alert meant that there was a moderate risk
to public health and activated the following: (1) the Macau
Customs Service implemented temperature monitoring at all
ports, (2) the Municipal Affairs Bureau executed strict animal
import regulations, (3) the Tourism Office kept in close contact
with the tourism sector and assisted the Health Bureau in
providing infectious control training to the hospitality sector,
(4) casinos were obligated to have appropriate equipment to
monitor the body temperature of employees and visitors, (5) the
Government Information Bureau issued the latest updates on
the viral outbreak and information on preventative measures for
the public, and (6) paramedics and relevant healthcare-related
staff guaranteed the supply of personal protective equipment
(PPE) when managing suspicious cases. Visitors and staff to
any governmental offices were advised to wear surgical masks
and to seek early medical assistance if they experienced fever or
respiratory symptoms. Furthermore, government representatives
(including the Director of the Health Bureau Center for Disease
Control and Prevention) visited Wuhan to inspect the local
situation and to reference their approach on diagnosis, treatment,
and prevention of the virus. On January 21 2020, the Macau
Government established the “Novel Coronavirus Response and
Coordination Center.” This 24 h operating center was responsible
for coordinating all cross-departmental strategies and polices
regarding the prevention, and if necessary, the control of the
outbreak (at the time of writing, there were no new confirmed
cases of COVID-19 in Macau).

REINFORCEMENT ON PREVENTATIVE
MEASURES

The first confirmed case of COVID-19 infection in Macau
was confirmed on January 22 2020. Thereafter, the government
embraced further action to prevent a community outbreak by

implementing several public measures. For instance, trained
medical personnel were allocated in addition to the existing body
monitoring facilities across all the ports and operation hours
in these ports were also reduced. The government also urged
those who were still in China to return to Macau as soon as
possible, preferably within 14 days, to self isolate in case they
were asymptomatic. Tour groups from Wuhan were su