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ABSTRACT: The current COVID-19 pandemic has elicited extensive repurposing efforts
(both small and large scale) to rapidly identify COVID-19 treatments among approved
drugs. Herein, we provide a literature review of large-scale SARS-CoV-2 antiviral drug
repurposing efforts and highlight a marked lack of consistent potency reporting. This
variability indicates the importance of standardizing best practicesincluding the use of
relevant cell lines, viral isolates, and validated screening protocols. We further surveyed
available biochemical and virtual screening studies against SARS-CoV-2 targets (Spike,
ACE2, RdRp, PLpro, and Mpro) and discuss repurposing candidates exhibiting consistent
activity across diverse, triaging assays and predictive models. Moreover, we examine
repurposed drugs and their efficacy against COVID-19 and the outcomes of representative
repurposed drugs in clinical trials. Finally, we propose a drug repurposing pipeline to
encourage the implementation of standard methods to fast-track the discovery of
candidates and to ensure reproducible results.

KEYWORDS: COVID-19, SARS-CoV-2, drug repurposing, chemical libraries, high-throughput screening, virtual screening, docking,
main protease, spike protein

■ INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a
single-stranded RNA virus that causes many outcomes,
including pulmonary infection and respiratory distress.
COVID-19 was declared a pandemic by The World Health
Organization in March 2020,1 months after the original Wuhan
outbreak occurred in 2019.2 As of June of 2021, there were
more than 170 million confirmed cases and 3.7 million deaths
worldwide.1 This novel betacoronavirus displays genomic and
clinical features similar to the earlier severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respira-
tory syndrome coronavirus (MERS-CoV) and is speculated to
be of a zoonotic origin, with very few credible therapeutic
options available to date.3

Traditionally, development of therapeutics requires greater
than two billion dollars and may take up to 10−15 years.4

Thus, the repurposing of FDA-approved drugs remains an
attractive, rapid, and economic option to address SARS-CoV-2
infection. Consequently, an explosion in scientific publications
and preprints describing a myriad of computational and
experimental drug repurposing studies has emerged. Hundreds
(if not thousands) of virtual screening campaigns have been
reported, describing drugs that could bind to one of the six
main therapeutic targets encoded by SARS-CoV-2 or the host’s
cell, including the viral receptor binding domain (RBD) of the
spike glycoprotein (S protein), main protease (Mpro) and
papain-like protease (PLpro) enzymes, and RNA-dependent

RNA polymerase (RdRp), as well as the host cell’s angiotensin
converting enzyme 2 (ACE2)a human receptor serving as
the viral entry pointand the transmembrane protease serine
2 (TMPRSS2).5 Simultaneously, a large number of high-
throughput screening (HTS) campaigns have been reported
identifying broadly acting (target unspecific) inhibitors for
SARS-CoV-2 virus and/or its specific target proteins. These
experimental and computational efforts generated valuable
drug repurposing informationalthough frequently contra-
dictive, thereby requiring rigorous benchmarking, standardiza-
tion and postprocessing.
Computer-aided discovery of repurposed drugs helps avoid

costly trial-and-error experiments involving cultured cells,
biochemical screenings, and live systems.6 As an example,
baricitinib (a rheumatoid arthritis drug) was predicted using
artificial intelligence as a repurposed drug7,8 and was later
granted an FDA-emergency approval for treatment of COVID-
19 in combination with redemsivir.9,10 However, most of the
computational studies in the COVID-19 repositioning land-
scape were found to be lacking support from experimental
results. In this review, we sought to reconcile in vitro, in silico,
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and biochemical repositioning studies to identify promising
drugs. Prior to using empirical evidence to support in silico
findings, we assessed the consensus drug activities among cell-
based and biochemical screenings. Our strategy is summarized
in the flowchart in Figure 1. We chose to use cell-culture
repositioning studies to benchmark in silico and biochemical
screening studies, as well as other cell-culture studies,
benefiting from the large amount of cell-based experiments
in the literature.
Several reviews reported progress on SARS-CoV-2 drug

repositioning;11−17 we present an extensive overview of the
drug classes, the mode of action (MOA) in SARS-CoV-2
patients, the screening protocols that were used to identify
them (accentuating interlab consensus findings), and the
contradictory clinical trial outcomes.

■ CELL-BASED HIGH-THROUGHPUT SCREENS

We investigated half-maximal effective concentration (EC50),
half-maximal inhibitory concentration (IC50), and half-maximal
activity concentrationAC50, as well as half-maximal cytotoxic
concentration (CC50) values, for the 19 experimental cell-
based articles reviewed and compared overlapping hits
identified from multiple independent studies (cross-valida-
tion).18−37 Reported hits were reviewed in the National Center
for Advancing Translational Sciences (NCATS) database.38,39

Notably, the rich NCATS databases were trained in the
computational model REDIAL-20a user-friendly web
program to retrieve activity against SARS-CoV-2 targets
through DrugBank.40 Cross-validation of hits between different
HTS studies and NCATS results derived from the cytopathic
or cytopathogenic effect (CPE) screening results are illustrated
in Figure 2. While these studies utilized Vero E6 cells and
similar viral MOIs, differing experimental conditions are
probable sources of variability.
Active Compounds from Cell-Based HTS Repurpos-

ing Campaign Show Weak Consistency. Initially cell-
based HTS experiments dominated in vitro COVID-19 drug
repositioning research, involving a large number of assay
variables, which in turn may have led to the low consistency in
reported drug potency (Figure 2). However, unlike measure-
ments of KI, IC50 data are assay protocol specific.41 The
following subsections explore some of the cell-based
experimental variables derived from SARS-CoV-2 screening
campaigns.

Cell Lines. A number of cell-based HTS studies used the
Vero 76 cell line or a lineage thereof such as Vero
E6.18−22,22−29,31−37,42,43 Vero E6 cells, originally cloned from
the Vero 76 cell line,44 are African green monkey kidney
epithelial cells and are highly permissive to SARS-CoV-2
infection.45 Vero E6 is broadly considered as the “gold
standard” cell line for assaying SARS-CoV-2 viral-induced
CPE.27 Similarly, the ACE2 expression level is significantly
elevated in Vero E6 cells.46 Vero E6 cells are also interferon
deficient which makes them more susceptible to viral
infection.47 Moreover, the engineered lineage, VeroE6/
TMPRSS2 cells, displays 10-fold greater mRNA expression
levels of cellular TMPRSS2, responsible for S protein
cleavage,48,49 compared to normal human lung tissue and
other human cell lines, making them an attractive choice for
use in SARS-CoV-2 repositioning screenings.45

Calu-3 cells (human lung epithelial cells) and Huh 7.5 cells,
derived from parental cell line Huh-7 (human liver cells), are
both infection-permissive human-derived cells.20 However,
Huh-7 cells were considered less desirable in some studies due
to the low level expression of ACE2 and the lack of TMPRSS2
expression.50,51 Caco-2 used in other repurposing studies31,52 is
an immortalized cell line derived from human colorectal
adenocarcinoma cells, observed to differentiate into a mixture
of intestinal-like cells with heterogeneous properties in
cultures.53 Both Caco-2 and Calu-3 cells (at a lower MOI)
were shown to be more efficient in propagating SARS-CoV-2
infectionin contrast to Huh-7 cells and other human-derived
cell lines.54

The differences in infection efficiencies and cell lines
translate into variable CPE outcomes in drug screenings
which in turn result in inconsistent reported drug activities. For
instance, Dittmar et al.20 evaluated a library (3000 drugs and
drug-like molecules) via an HTS campaign using Vero E6,
Huh-7.5, and Calu-3 cell lines (Figure 3). The authors
identified six and 23 active compounds from Vero E6 and
Huh-7.5 screens, respectively, with nine out of the Huh-7.5
active compounds displaying Calu-3 activity. Two drugs (Y-
320 and salinomycin) demonstrated high potency in the three
cell lines. In the same study, known antivirals, remdesivir and
hydroxychloroquine (HCQ), displayed Huh-7.5 EC50 values
more than 10-fold lower than those observed in Vero E6 cells.
Additionally, HCQ, chloroquine, and structurally related

Figure 1. Proposed flowchart depicting how a promising COVID-19 drug could be identified across screening studies through consensus matching.
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compounds were demonstrated to have little to no activity in
Calu-3 cells compared to Vero E6 and Huh-7.5 cell lines.20

Variability in potency employing different cell lines was
reported in the study by Touret et al.,31 who validated their
drugs in Caco-2 cells and reported Arbidol to be less potent in
the Vero E6 cells.31 Viral infection efficiency appears to be cell
line dependent and may require optimal endosomal acid-
ification for entry into the host cell.20,31 Not surprisingly, it was
demonstrated that drug potency in Caco-2 cells was similar to

other human cell lines (e.g., Calu-3 cells) compared to
nonhuman cells (Vero E6 or BHK-21) and in particular for
inhibitors associated with blocking virus entry into the host
cell.52

Variations in Experimental Conditions Used to
Determine EC50 Values. The phenotypic outcome associated
with CPE measurements varies with culture conditions and
with viral MOI.22,55 Reported MOI values that were chosen in
various SARS-CoV-2 cell-based repurposing studies ranged

Figure 2. EC50 heatmap for SARS-CoV-2 active drugs in Vero E6 cells, identified in at least two independent studies. Values are compared with
results from NCATS database (last column). Cells are colored in white where the drug activity or inactivity was not reported by the specific study.
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between 0.00131 and 5.22 Increasing MOI was shown to induce
stochastic gene expression profiles which may hinder precise
and reproducible readouts for EC50 values.

56 An MOI of 0.02
resulted in approximately 95% cell mortality and 72 h post
infection (hpi) in one study,22 while a MOI of 0.016 resulted
in only 75% cell mortality within the same hpi time frame in
another study.29 In contrast, Weston et al. reported
insignificant variation in the EC50 readouts as a function of
MOI.18

Dose−response curves (DRC), from which EC50 values are
extrapolated, are calculated using a variety of different viral
indicessuch as reverse transcription polymerase chain
r e a c t i o n ( RT - PCR ) t o q u a n t i f y v i r a l RNA
(vRNA).18,20,23,25,26,31,33,43 In other studies, DRCs were
calculated using CPE mixed analysis of cell morphology,
fluorescence intensity of viral markers, position properties of
cells, and cell confluence followed by fitting data with
sigmoidal dose−response models.21,22,32,52 Other works
extrapolated EC50 values by measuring viral nucleoprotein
levels from supernatants of drug-treated cells that were
preinfected with SARS-CoV-2.29 Importantly, EC50 values are
also impacted by duration of viral infection.57 While infection
time was highly variable in drug screening assays, 72 h
infection assessment was the most commonly reported.
Choice of Viral Isolate. Cell-based drug screening assays

are generally conducted on the beta coronavirus HCoV-HKU1
or viral isolates obtained from COVID-19 patients of different
origins.18,20−23,25,27,29,31−33,43,52 Few exceptions were reported
in the literature. Drayman et al. resorted to a different
betacoronavirus predecessor, HCoV-OC43, which is a much
less potent version and consequently a safer alternative as a
viral isolate in screenings experiments.30 A singular SARS-CoV
isolate was used for the repositioning HTS by Fan et al.,
derived from a dead smuggled pangolin in 2017 (whose spike
protein shares 92.2% amino acid identity with the spike protein
of SARS-CoV-2).28 Ultimately, different coronavirus lineages
might have resulted in reported EC50 variable outcomes due to
differences in ACE2-dependent cell entry RDBs affinities.51

Some Active Compounds from Cell-Based HTS
Repurposing Campaign Show Promising Similarities.
Despite the interlab variability in potency, some compounds
were reported as active against SARS-CoV-2 at low
concentration by multiple studies and are confirmed by
NCATS experiments and are candidates for future COVID-

19 treatments. The chemical structures of these candidate
drugs, their speculated MOAs from experimental and/or
computational studies involving molecular dynamics (MD),
and stages of clinical evaluation are summarized in Table 1.

■ TARGET-BASED SARS-COV-2 REPOSITIONING
SCREENINGS

Compared to cell-based assays, biochemical assays and high-
throughput virtual screenings (HTVS) provide more insights
into the MOA. In contrast to Mpro-enzymatic and cell-based
assays, there was little COVID-19 drug repositioning data for
five SARS-CoV-2-encoded targets (Spike, ACE2, RdRp, PLpro,
and TMPRSS2). Docking studies, similarly, largely favored
prioritizing the Mpro as the target in their screenings, although
many drugs were demonstrated to have inhibitory effects
against a different viral protein. Remdesivir, for example, which
was cocrystallized with RdRp,67 appeared in numerous Mpro

computational docking campaigns as a predicted hit.68−72 On
the other hand, it is possible that identified drugs in a target-
specific virtual repurposing campaign could act synergistically
on more than one SARS-CoV-2 targeas speculated for
chloroquine inhibiting Mpro activity and interfering with the
endosomal acidification process associated with SARS-CoV-2
viral entry.73 The lack of sufficient biochemical data, in turn,
may render it challenging to rule out off-target activity.
In the case of Mpro, only drugs that were predicted to be

active by at least two different computational studies and
displayed activity also in cell-based assays were retained
(presented in Figure 4).

Repositioning Screenings against the Spike/ACE2
Interface. The glycosylated trimeric spike protein, encoded by
SARS-CoV-2, is the ligand by which SARS-CoV-2 enters the
host cell.74 The larger binding interface and higher affinity of
the S protein to host the ACE2 receptor likely contributes to
its greater virulence compared to the S proteins expressed in
SARS-CoV.75 Additionally, the S protein, localized to the
plasma membrane, can trigger receptor-dependent syncytia
formation,76 which is a process not addressed during vaccine
development. The crystal structure of the S protein receptor-
binding domain complexed with the ACE2 receptor (6M0J)77

has been used in many virtual screening campaigns for
identifying repurposed drugs.78−80 Viral entry inhibition may
be evaluated [under biosafety level 2 (BSL-2)] using
pseudotyped virus particles coated with S glycoproteins that

Figure 3. Cell-based SARS-CoV-2 actives determined in the HTS by Dittmar et al.20 Drug hits with their corresponding EC50 in three different cell
lines.
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Table 1. Consensus Drugs from Independent Cell-Based HTS Campaigns, External Evaluation of MOA, and Corresponding
Current Clinical Trial Stage, If Applicablea
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encapsulate a luciferase reporter RNA which, in turn, is used to
monitor the rate of infection in ACE2-expressing cells.81

Remdesivir (EC50 = 1.8 μM),19 chloroquine (EC50 = 4.5
μM),19 HCQ (EC50 = 2.7 μM),19 favipiravir (EC50 > 40
μM),20 darunavir (EC50 = 46.41 μM),26 lopinavir (EC50 = 9.12
μM),21 mefloquine (EC50 = 4.3 μM),21 ribavirin (EC50 = 4.09
μM),36 amodiaquine (EC50 = 0.13 μM),19 and methylene blue
(EC50 = 20 μM)32 have been identified in in silico studies
targeting Spike/ACE2,78−80 in addition to having demon-
strated activity in cell-based assays. NCATS drug screening
data on drugs that could play a role in the S protein−ACE2
distraction revealed important intersections of the aforemen-
tioned drugs, which were in silico and cell-based consensused,
with drugs emerging from biochemical assays: remdesivir
(AC50 = 22.53 μM), lopinavir (AC50 = 4.22 μM), and
methylene blue (AC50 = 7.52 μM).39

Repositioning Screenings against RdRp. The RNA-
dependent RNA polymerase (RdRp) is the principal
component of the multi-subunit complex facilitating viral
replication.82−84 During the proteolytic cleavage products of
the 16 nonstructured proteins (NSPs), RdRp is generated from
NSP 12 which requires the attachment of NSP 7 and two NSP
8 molecules to assemble a minimally functioning complex.83

RdRp shares significant homology within the RNA virus
Coronaviridae family and is a popular target for SARS-CoV-2
repositioning studies due to a given drug’s prospect of high
selectivity and low probability of associated cytotoxicity.82,83

Many nucleoside analogues have been proposed due to low
RdRp replication fidelity.85 Due to the inhibitory potential of
remdesivir for the RdRp in Ebola virus,67,86 several virtual
screening campaigns were conducted.83−85,87 Despite the lack
of consensus for hits identified among the virtual repurposing

campaigns, two of the in silico shortlisted drugs were reported
among the hits identified in cell-based repurposing studies,
namely, digoxin (a cardiac glycoside; EC50 = 0.07 μM)20 and
ritonavir (an HIV protease inhibitor; AC50 = 22.53
μM).21,23,26,88

Repositioning Screenings against PLpro. During SARS-
CoV-2 replication, 16 NSPs are generated from two large
overlapping polyproteins (PPs): PP1a and PPab.89 Two types
of cysteine proteases process these PPs, of which the N-
terminal termini are proteolytically processed by the papain-
like protease (PLpro).90 Moreover, SARS-CoV-2 PLpro

efficiently inhibits ISGylation of the central interferon (IFN)
regulatory factor thereby diminishing IFN-mediated innate
viral immunity.91 Therefore, PLpro inhibition has been the
focus of many SARS-CoV-2 drug repositioning studies as it
may impede viral replication and help restore innate viral
immunity.91,92

The anti-inflammatory drug ebselen was reported as an
effective PLpro inhibitor93 and a potent Mpro inhibitor.94 Only
two drugs, ribavirin (an antiviral) (EC50 = 4.09 μM)36 and
oxprenolol (a beta-blocker) (EC50 = 20.22 μM),31 were
identified in silico as potential PLpro ligands and were effective
in cell-based assays.23,31,87

Targeting PLpro may be challenging in translational develop-
ment since host deubiquitinases and PLpro recognize the same
C-terminal human ubiquitin domain.95,96

Repositioning Screenings against Mpro. The C-terminal
termini of PPs are proteolytically cleaved by a chymotrypsin-
like cysteine protease [aka Mpro; 3C-like protease (3CLpro)],
hydrolyzing the Gln-Ser peptide bond in the Leu-Gln-Ser-Ala-
Gly recognition sequence.97

Only one FDA-approved compound, boceprevir, was found
to be active and in consensus among the Mpro biochemical
repositioning screening studies.24,96,98−101 Additionally, the
large-scale X-ray crystallographic study led by Günther et al.
and its lack of identifying similar compounds in Mpro screens
suggests significant inconsistencies.101 The authors conducted
SARS-CoV-2 Mpro cocrystallization experiments using a 5935-
drug library and identified 37 Mpro ligands binding at different
pockets.101 Of note, the crystallographic finding in one paper30

documented masitinib (an antineoplastic drug) as an Mpro

active site ligand and was not reproduced by Gunther et
al.30,101 This inconsistency might be explained by the inherent
technical difference between crystal soaking and cocrystalliza-
tion experiments.102 However, drugs have been found to be
active in both the Mpro target-directed biochemical and cell-
based assays (Table 2).

Table 1. continued

aEC50 values are reported for Vero E6 cells. †No results were posted. ND: no data. NA: not applicable.

Figure 4. Histogram depicting drugs found to be in consensus among
multiple in silico screenings directed against Mpro which were also
found active in in cell-based screenings.
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With in silico drug repositioning against Mpro, only a handful
of molecules were found to be common in multiple studies.
These molecules were active in cell-based repurposing
screenings: dolutegravir, elbasvir, nelfinavir, atazanavir, lopina-
vir, ritonavir, darunavir, saquinavir, indinavir, oseltamivir,
c h l o r o q u i n e , a n d r e m d e s i v i r ( F i g u r e
4).19,21,23,26,30,31,52,58,68,69,69−73,98,103−116

Active compounds identified in in silico and cell-based assays
were compared with biochemical assayNCATS screening
data.39 Only the drug darunavir (AC50 = 39.8 μM) satisfied
this triplex consensus.39

Repositioning Screenings against the TMPRSS2
Protease. TMPRSS2 is a type II serine protease and is
primarily expressed in respiratory and gastrointestinal epithelial
cells.117 This serine protease cleaves a specific sequence from
the S protein upon ACE2 interaction, thereby promoting
cellular endocytosis of the virus and potential syncytia
formation.117 Recently, TMPRSS2 knockout mice demon-
strated coronavirus-infection resistance,118 suggesting this
cellular host protein is a potential drug target.

Camostat mesylate was the only drug predicted by multiple
in silico studies.119,120 The drug is a trypsin-like serine protease
inhibitor and blocked coronaviral cell entry via TMPRSS2
inhibition.121 Recent biochemical HTS reported camostat
mesylate activities of IC50 = 6.7117 and 2.7 nM.119 Similarly,
biochemical HTS identified nafamostat, FOY 251, and
gabaxate with low nanomolar potency ranges.117,119 Five
shortlisted drugs were identified by combining computational
and cell-based screenings: nafamostat (EC50 = 0.04 μM),
camostat mesylate (EC50 = 0.64 μM), lopinavir (EC50 = 5.73
μM), olaparib (EC50 = 10.34 μM), and midostaurin (EC50 =
6.47 μM).25,26,36,52,84,119,120,122

■ COVID-19 CLINICAL EFFECTIVENESS OF
REPURPOSED DRUGS

The above-discussed in vitro SARS-CoV-2 active drugs include
antivirals, antimalarials, anticancer therapeutics, immunomo-
dulators, antibacterial agents, antipsychotics, and calcium
channel blockers. Inevitably, repurposed drugs will act on
their ontological targets and potentially exhibit synergistic
complications with adverse side effects.19 In the following

Table 2. Common Hits in Mpro- and SARS-CoV-2-Infected Cell Line Screenings with Corresponding Current Stage of Clinical
Trials, If Applicablea

aEC50 values are from studies reporting the most potent values. †No results were posted. NA: not applicable.
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subsections, the possible direct and indirect actions of a given
drug, or its class, and the results of any clinical trials on
COVID-19 patients are discussed.
Direct-Acting Antivirals. COVID-19 treatment strategies

include antiviral drugs that interfere with SARS-CoV-2
replication enzymes, i.e., proteases and RdRp. Remdesivir is
proposed to treat COVID-19 by disrupting the SARS-CoV-2
RdRp machinery.123 Briefly, remdesivir triphosphate competes
with adenosine triphosphate for incorporation into the
replicating viral RNA chainresulting in early termina-
tion.123,124 Remdesivir was used either as a reference
drug21,52 or a positive control19 for many repositioning studies,
yet, it was also reported as a hit by Choy et al.23 and Touret et
al.31

Clinical effectiveness appeared to be generally inconclusive
for repurposed antivirals. For instance, remdesivir, favipiravir,
ribavirin, a ritonavir−lopinavir combination, and Arbidol were
reported to be effective in some clinical trials125−128 but
ineffective in others.129−138 Emtricitabine−tenofovir, a pre-
scription medicine for HIV, revealed reduced viral titers in
infected ferrets after 8 days post infection (dpi) in comparison
to the control; but after 10 dpi, both the control and the
treated ferrets exhibited insignificant statistical outcomes.50

Thus, SARS-CoV-2 efficacy of current antiviral drugs remains
to be determined through further clinical investigations.
Antimalarial Drugs. The exact MOA for antimalarials for

treating COVID-19 is still ambiguous. Notable antimalarials
(like amodiaquine, which has been widely used for prophylaxis
and treatment of malaria for over 60 years) were identified as
lead hits by Bocci et al.19 after they evaluated an FDA drug
library based on the chemical Morgan Fingerprint similarity to
HCQ. These drugs exhibit broad spectrum antiviral activity
and inhibit infection by other SARS, influenza, and Ebola
viruses.50,139 The potency of other antimalarial drugs (e.g.,
chloroquine and HCQ) were attributed to interfering with the
glycosylation pattern of the host’s ACE2 extracellular
receptorsthereby disrupting the SARS-CoV-2 spike-medi-
ated entry.59 Furthermore, HCQ increases endosomal/
lysosomal pH, which in turn interferes with the viral replication
process.19

Extensive antimalarial in vivo trials were conducted with
variable and indeterminate outcomes; despite this, many
antimalarial agents were deemed promising for clinical studies.
For instance, amodiaquine was withdrawn from use in the
United States due to rare occurrences of agranulocytosis and
liver damage after high doses or prolonged treatment.140 FDA
also cautioned against the use of HCQ and chloroquine
outside a hospital setting due to risks of arrhythmia.141 While
several studies advocated HCQ’s and chloroquine’s anti-SARS-
CoV-2 potency,34,142−148 Weston et al. and others reported
ineffective outcomes for either drug during in vivo stud-
ies.18,149−151

Immunomodulators, Antineoplastic Therapeutics,
and Antibacterial Drugs. Important severe COVID-19
infection manifestations are shared with neoplasia, inflamma-
tion, immune dysfunction, and coagulopathy.152 Regulation of
several cytokines is disordered in the peripheral blood of SARS
patients evidenced by an increase in the levels of cytokines and
chemokines and a decrease in the levels of anti-inflammatory
cytokines such as IL-10.153,154 Notably, the release of pro-
inflammatory cytokines, especially interferon (IFN)-α and
IFN-γ, was observed to correlate with lethal SARS.155 The
cytokines associated with increased levels in fatal SARS

patients are IL-6, IL-1β, IFN, and CXCL10which are mainly
secreted by dendritic cells and macrophages, indicating that
innate immunity may play a pivotal part in lethal SARS.154

Therefore, anticancer and immunomodulatory drugsNF-κB
and STAT3 regulatorshave been used to manage the
“cytokine storm” that is often observed in SARS-CoV-2
patients. In addition, PARP-inhibiting cancer agents and IL-1β
and Il-6 inhibiting immunomodulators could prevent caspase-
8-mediated necroptosis, whose activation is one of the
reported hallmarks of SARS-CoV-2 viral infection.156

Antibacterial azithromycin, identified by Touret et al.,31 was
reported to decrease viral entry into cells by upregulating type I
and III IFN expressions (especially IFN-β and IFN-λ), as well
as upregulating genes involved in virus recognition (e.g.,
MDA5 and RIG-I).31,157 Another antibacterial, salinomycin,
reported by Dittmar et al.20 as an ionophore, may attenuate
viral entry by disrupting endosome acidification.20,158

Disagreement in clinical studies include immunosuppressive
drugs like tocilizumab and dexamethasone which were
demonstrated to be effective in one study138 but were rebuffed
in other works.159,160 It is still questionable if immunomodu-
latory corticosteroids are useful since they have been associated
with increased mortality and delayed viral clearance in
coronavirus infectious diseases.161

Antipsychotics. Several FDA-approved drugs with anti-
psychotic-acting ontology were reported as active against
SARS-CoV-2. The MOA of chlorpromazine (CPZ), a lead
drug identified by Weston et al.,18 entails the inhibition of
clathrin coating in cells, thereby disrupting infection by many
viruses that require clathrin-mediated endocytosis (e.g., SARS-
Cov-2).162 It is still unclear whether other antipsychotic
dopaminergic antagonists like spiperone, reported to exhibit
inhibit human pathogenic polyomaviruses,31,163 have a similar
effect in SARS-CoV-2 infection. Indeed, clinical evaluations of
the antipsychotic CPZ revealed ineffective outcomes in vivo.18

Calcium Channel Blockers. Several antiviral candidates
belong to the calcium channel blockers (CCBs) drug class.
Since CCBs block intracellular calcium influx, any anti-SARS-
CoV-2 effect may reduce the intracellular calcium level.164

Indeed, Vero E6 cells treated with serial concentrations of
calcium chelators BAPTA-AM or 2APB3 and then infected
with SARS-CoV-2 exhibited significant inhibition of virus
replication in a concentration-dependent manner, confirming
the dependent role of intracellular Ca2+ for SARS-CoV-2
replication.165 Calcium chelator drugs were also shown to
reduce SARS-COV-2 viral titers in infected Vero E6 cells in a
dose-dependent manner while also reducing cell viability.166

Multiple CCBs were evaluated by Touret et al.31 and Ko et
al.167 for efficacy in vitro with Calu-3 cells and exhibited no
activity. While some studies report efficacy of CCB in patients
with pre-existing hypertension,165 their efficacy in vivo remains
to be clearly assessed.

■ EXPERIMENTAL VALIDATION OF SELECTED
DRUGS AGAINST MPRO

Since many repurposed drug MOAs were speculated to act on
Mpro as a target, drugs that showed promising consensus
between cell-based assays and biochemical or virtual screenings
(Table 2) were evaluated in-house. A method was adapted
from the SARS-CoV fluorescence-based cleavage assay
previously described by Hamill et al.168 with the substrate
(Abz-AVLQSGFR-Y (3-NO2) G-NH2; PL Laboratories Inc.)
used for SARS-CoV-2 screening.
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Prior to screening drugs, we validated the robustness of the
Mpro assay using a two-compound approach169,170 based on the
primary control, GC-376,171 and the secondary control, 17a172

analogue (Figure 5a). The minimum standard ratio (MSR)
derived was 2.55, indicating that the assay was robust and
reproducible (<7.5).170 Interestingly, only boceprevir and Z-
FA-FMK out of the nine selected drugs (boceprevir, nelfinavir,
MG-132, darunavir, elbasvir, indinavir, Z-FA-FMK, saquinavir,
and disulfiram) displayed IC50 values within the low micro-
molar potent range in this Mpro biochemical assay (Figure 5c
and d). Due to the minimal activity observed, a few takeaways
were discussed. First, the vast majority of repurposed drugs
possess undetermined MOAs and therefore are “moonshot
candidates” for COVID-19 clinical trials. Second, the MOA
remains to be evaluated rigorously via biochemical assays
(Figure 5). Third, the in-house IC50 values for boceprevir and
MG-132 were notably different from the values reported in
literature, thereby reinforcing the notion of the implementa-
tion of standardized evaluation protocols in the research
community.

■ LESSONS LEARNED
Throughout the landscape of drug repositioning research, a
minority of proposed drugs had undergone a thorough triaging
validation. There is a considerable need to implement best
practices using a consensus rapid approach to exclude false
positives before translational evaluation.
All SARS-CoV-2 antiviral entities must be evaluated in live

virus cellular assays (2D cellular assays or 3D organoids) and
potential animal models (ferrets, huACE-2 transgenic mice).
However, screening thousands of compounds adhering to BSL-
3/CL3 safety protocols is time consuming and very expensive.
Therefore, our workflow (Figure 6) encourages the use of

rigorous computational docking analysis as the first step,
thereby prioritizing the biochemical assays experiments for a
subset of candidate drugs to evaluate their MOA hypothesis.
Subsequent cell-based screenings could then be carried out

Figure 5. In-house assay validation of consensus drugs against the Mpro target in SARS-CoV-2. (a) Summary of IC50 runs on the secondary control
(17a analogue) and the primary control (GC376) to derive MSR validation of the Mpro assay. IC50 curves for (b) primary control compound
GC376, (c) Z-FA-FMK, and (d) boceprevir in the Mpro assay.

Figure 6. Proposed pipeline for triaging repurposed drugs in SARS-
CoV-2 repositioning screenings.
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using standardized protocols: EC50 determination using all
three Huh-7, Caco-2 and Calu-3 cell lines; CC50 determination
to evaluate cytotoxicity; and calculation of the therapeutic
index (ratio CC50:EC50) to determine relevance for in vivo
studies. Since SARS-CoV-2 was reported to have preferential
tropism toward nasal epithelial cells, pneumocytes, and
enterocytes in the bowel,173 we recommend that all three
cell linesHuh-7, Caco-2 and Calu-3be used to orthogo-
nally validate drug potencies but not the Vero E6 cell line due
to the factors discussed earlier (see Cell-Based High-
Throughput Screens).
EC50 value determination may be standardized by (a)

determining viral t iters by RT-qPCR quantifica-
tion18,20,23,25,26,31,33,43 and (b) standardizing the MOI. The
most common MOIs reported among the cell-based
repositioning studies were 0.01 and 0.1; however, using MOI
of 0.2 was effective in all three human cell lines with viral titers
peaking at 48 hpi.174,175 Finally, independent orthogonal
validation assays such as the viral titers reduction assay may be
performed to concretize results from cell culture experi-
ments.19

Additionally, the SARS-CoV-2 clinical isolate and its
genome must also be evaluated for its relevance before cell-
based screenings take place.176 For example, the D614G
mutation affecting the S protein of SARS-CoV-2 strains had
been experimentally reported to exhibit more cell infectivity
than other known strains.177,178 The D614G mutation is
reportedly the most dominant variant to date178 and thus
might be the most currently relevant SARS-CoV-2 model to
test repurposing drugs against. Due to the rapid emergence of
the variants of concern (VOCs),179 it is recommended that the
investigator review the WHO and U.S. CDC updates and
determine the VOCs most relevant for in vivo experiments and
clinical development.
Using relevant primary tissue organoid or explant models to

clarify pharmacological properties (kinetics, absorption,
cytotoxicity, and dosage) was seen as a necessary integration
in the workflow proposed by Si et al.50 The authors suggested
to test anti-SARS-CoV-2 compounds in an airway chip that
contains highly differentiated human lung epithelium cells
expressing high levels of serine proteases involved in viral
entry.50 The human organ chip model was claimed to have
successfully predicted the inability of chloroquine, HCQ, and
Arbidol to work in animals and human patients, thus validating
recent reports.180−182

The penultimate “rung” in the flowchart is evaluating the
repurposed drug in an appropriate COVID-19 animal
model.183 The K18-hACE2 mouse, in which transgenic
human ACE2 expression is driven by the human K18 promoter
in mouse epithelial cells, is a powerful model for SARS-COV-2
virus nasal administration. Post infection, the mice experiences
severe respiratory illness and succumbs in 4 days. This model
has been used to evaluate the antiviral efficacy of an inhibitor
to TMPRSS2.184

■ CONCLUDING REMARKS
The route of identification of antiviral candidates through drug
repositioning is convenient, saves preclinical development
time, and has been deemed safe by regulatory agencies
following clinical trials. However, few repositioning efforts have
borne fruit since the concept was deployed.185 Excluding
serendipitous findings or drugs retailored based on rational
MOA, the challenge remains to reposition drugs to the new

target tissue. For COVID-19 treatment, the plethora of
autonomous protocols to assess antiviral activity, such as
sparse independent triaging, internal orthogonal validation and
external data validation data, makes drug repurposing
unreliable Therefore, the COVID-19 research community
should implement a collective effort to standardize and
coordinate screening protocols and deploy the proposed
pipeline to identify drug candidates for clinical translation.
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■ LIST OF ABBREVIATIONS
COVID-19 coronavirus disease 2019
SARS-CoV-2 severe acute respiratory syndrome coronavirus
2
SARS-CoV severe acute respiratory syndrome coronavirus
MERS-CoV Middle East respiratory syndrome coronavirus
RBD receptor binding domain
S protein spike glycoprotein
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Mpro main protease
PLpro papain-like protease
RdRp RNA-dependent RNA polymerase
ACE2 angiotensin converting enzyme 2
TMPRSS2 transmembrane protease serine 2
HTS high-throughput screening
MOA mode of action
EC50 half-maximal effective concentration
IC50 half-maximal inhibitory concentration
AC50 half-maximal activity concentration
CC50 half-maximal cytotoxic concentration
NCATS National Center for Advancing Translational
Sciences
CPE cytopathic or cytopathogenic effects
MOI multiplicity of infection
HCQ hydroxychloroquine
Hpi hours post infection
DRC dose−response curves
RT-PCR reverse transcription polymerase chain reaction
vRNA viral RNA
MD molecular dynamics
HTVS high-throughput virtual screenings
NSP nonstructured proteins
PPs polyproteins
IFN interferon
CPZ chlorpromazine
CCBs calcium channel blockers
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