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Recurrent waves of COVID19 remain a major global health concern. Repurposing either FDA-approved or
clinically advanced drug candidates can save time and effort required for validating the safety profile and FDA
approval. However, the selection of appropriate screening approaches is key to identifying novel candidate drugs
with a higher probability of clinical success. Here, we report a rapid, stratified two-step screening approach using
pseudovirus entry inhibition assay followed by an infectious prototypic SARS CoV2 cytotoxic effect inhibition

assay in multiple cell lines. Using this approach, we screened a library of FDA-approved and clinical-stage drugs
and identified four compounds, apilimod, berbamine, cepharanthine and (S)-crizotinib which potently inhibited
SARS CoV2-induced cell death. Importantly, these drugs exerted similar inhibitory effect on the delta and om-
icron variants although they replicated less efficiently than the prototypic strain. Apilimod is currently under
clinical trial (NCT04446377) for COVID19 supporting the validity and robustness of our screening approach.

1. Introduction

COVID19, caused by SARS CoV2, continues to be a major global
health concern. Despite the rapid development and relatively wide-
spread administration of vaccines, we are into the third year of this
pandemic. Vaccine hesitancy and unavailability in several parts of the
world are enabling the emergence of newer variants despite the steady
increase in vaccination rates. Furthermore, the emergence of highly
transmissible variants which also possess the ability to evade the pro-
tection conferred by vaccines undermine our ability to effectively bring
this pandemic to an end. For instance, the most widely administered
vaccines such as Pfizer BioNtech, Moderna and AstraZeneca vaccines,
which are directed against the spike protein of the prototypic Wuhan
strain, have shown reduced neutralizing ability against the Delta variant
which has 9 mutations in the spike protein region (Edara et al., 2021;
Planas et al., 2021). The recently identified Omicron variant has 30
mutations in the spike region, further increasing the risk of immune
escape. Consistent with this, most of the currently approved vaccines
have proven to be less effective in neutralizing the Omicron variant.

Thus, there is an acute need for broad-acting anti-viral drugs which can
be produced and distributed widely. As of now, FDA has approved three
drugs namely, Remdesivir, Molnupiravir and Paxlovid for treating
COVID19 patients. Use of other drugs such as lopinavir, Baricitinib,
chloroquine and hydroxychloroquine, which were initially thought to be
effective (Consortium, 2021; Liu et al., 2020; Marconi et al., 2021; Wang
et al., 2020) have now been proven to be ineffective in reducing
COVID19 related illness, hospitalization or death, and FDA has now
revoked the emergency use authorization for these drugs to treat
COVID-19. Repurposing FDA-approved and late stage clinical drug
candidates can save time and effort required for validating the safety
profile and FDA-approval for novel candidate drugs. However, selection
of appropriate screening approaches is key to identifying novel candi-
date drugs that will have higher probabilities of clinical success.

SARS CoV-2 is an enveloped single-stranded RNA beta coronavirus
and its RNA genome encodes 4 structural proteins; i) Spike (S), ii)
Membrane (M), iii) Envelope (E) and iv) Nucleocapsid (N) protein and
16 nonstructural proteins (NSPs).Two virus proteases namely,
Papain-Like Protease (PL-Pro) and 3C-Like protease (3CL-Pro alias M-
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Pro) mediate the proteolytic processing of NSP1-4 and NSP5-16
respectively (Rajpoot et al., 2021). The life cycle of SARS CoV2 starts
with the virus entry into host cells, fusion and uncoating, viral RNA
replication, translation and assembly and exocytosis (V'Kovski et al.,
2021). Human Angiotensin Converting Enzyme-2 (ACE2) is the most
common receptor for SARS CoV2 which binds to the Receptor Binding
Domain (RBD) of the SARS CoV2 spike protein to facilitate the attach-
ment. Upon binding to ACE2 receptor, host proteases such as trans-
membrane serine protease 2 (TMPRSS2) (Hoffmann et al., 2020a) and
lysosomal cysteine protease such as Cathepsin cleaves the spike protein
into S1/S2 subunits followed by fusion of S2 subunit into the endosomes
(Zhao et al., 2021; Zhu et al., 2021). While early studies with chloro-
quine and hydroxychloroquine inhibited SARS CoV2 entry and infection
of Vero E6 cells (Liu et al., 2020) these drugs failed in clinical trials (Ho
et al., 2021). Subsequently, it was shown that chloroquine did not
inhibit SARS CoV2 infection in TMPRSS2 overexpressing Vero (Vero
TMPRSS2) cells (Hoffmann et al., 2020b) which is consistent with a lack
clinical efficacy of the drug. Interestingly, Camostat mesylate, a TMPRSS
inhibitor, also failed in the clinical trials which reveals the insufficiency
of targeting a single mode of action to prevent virus entry (Gunst et al.,
2021). Collectively, these studies highlight the importance of using
appropriate screening approaches to identify effective drug candidates
with higher probability of clinical success.

We have developed a two-step approach for screening FDA approved
and clinical candidate drug libraries using pseudovirus entry inhibition
assay followed by an infectious prototypic SARS CoV2 (Isolate USA-
WA1/2020, Lineage A) cytotoxic effect (cell death) inhibition assay. In
the first stage, we screened the drug libraries for SARS CoV2 pseudovirus
entry inhibitors using human ACE2 overexpressing HEK293T (293T-
ACE2) cells which is a highly permissible host cell line for SARS CoV2
entry. In the second stage, we further screened selected hits for their
ability to inhibit virus induced cell death using three different cell lines
with varying susceptibility to SARS CoV2 infection such as 293T ACE2,
Vero E6 and Vero TMPRSS2 cells. Using this approach, we screened a
library of 2985 drug compounds including FDA-approved compounds
and drugs that are under various phases of clinical trials. Our screening
identified four compounds: apilimod, berbamine, cepharanthine and
(S)-crizotinib that exerted potent inhibition of SARS CoV2-induced cell
death in all three cell lines. Among these, apilimod is currently tested
under clinical trial (NCT04446377) for COVID19, demonstrating the
validity and robustness of our screening approach in identifying
potentially clinically relevant COVID-19 treatments. More importantly,
these compounds exerted similar efficacy against the other variants of
concern (VOCs) such as delta (Lineage: B.1.617.2) and omicron variants
(Lineage: B.1.1.529).

2. Materials and methods
1. Drug libraries

We combined two well-annotated drug libraries purchased from
TargetMol (Wellesley Hills, MA). The L1000, approved drug library
contained 2111 compounds which included drugs approved by FDA,
EMA (Europe), PMDA (Japan), CFDA (China) and other countries.
L3400 Clinical compound library contained 1336 compounds which
were under phase I-IV clinical trials. The overlapping compounds be-
tween two libraries were eliminated from one of the libraries and our
final drug library contained 2985 unique compounds.

2. Pseudovirus entry inhibition assay

All experiments were approved and performed per the guidelines set
forth by the Institutional Biosafety Committee (IBC) and the Environ-
mental Health and Safety Office (EHSO) at the University of Illinois at
Chicago. SARS CoV2 pseudotyped virus particles were produced by
using the Wuhan-Hu-1 Spike-Pseudotyped Lentiviral Kit (NR-52948)
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obtained from BEI resources. The kit contained 1) pHDM expressing the
SARS CoV2 Wuhan-Hu-1 Spike envelope Glycoprotein 2) lentiviral
backbone plasmid-pHAGE-CMV-Luc2-IRES-ZsGreen that expresses
luciferase and ZsGreen reporters.3) pHDM-Hgpm2-lentiviral helper
plasmid expressing HIV Gag-Pol. 4) pHDM-tatlb: lentiviral helper
plasmid expressing HIV Tat.5) pRC-CMV-Rev1b plasmids. Pseudovirus
particles were produced by transfecting HEK293T cells with the above-
mentioned plasmids using Lipofectamine 3.0 transfection reagent
(Invitrogen, Thermo Fisher Scientific, MA). Mock pseudovirus particles
were produced as described above without spike glycoprotein.

For pseudovirus entry inhibition screening, 25 x 10% human ACE2
expressing 293T cells in 100 pl of 5% DMEM medium containing 0.2%
DMSO were seeded in a 96 well plate and pre-treated with 1 pM con-
centration of the library of drugs for 1 h followed by infection with mock
pseudovirus and SARS CoV2 spike pseudotyped virus particles. 72 h
post-infection, the cells were lysed, and the luciferase activity was
determined. Briefly, 60 pl of the cell lysis buffer reagent (Promega Inc.)
was added to each well after removing media and plates were incubated
with shaking for 15 min 40 pl of luciferin substrate was added to each
well and luminescence was read with 1 min integration and delay time.
The Percentage inhibition was calculated as follows: 100 x [1 - (X -
MIN)/(MAX - MIN)]. X = Test RLU; Min = RLU of Mock without en-
velope; Max = RLU of infected control. Assay was done in triplicates.
Compounds that showed more than 50% inhibition were selected for the
next stage of the screen. Cathepsin-L inhibitor (CAS 108005-94-3, Cal-
biochem, EMD Millipore Sigma, MA) was used as positive control in
each plate.

3. Cell death assay using infectious SARS CoV2

For the cell death screening, we used four cell lines 293T-ACE2 and
Human ACE2 and TMPRSS2 overexpressing Vero E6 (Vero E6-
TMPRSS2-T2A-ACE2) (BEI resources), Vero E6 (ATCC) and human
TMPRSS2 expressing Vero E6 cells (Vero TMPRSS2) (Sekisui XenoTech,
LLC, KS). Briefly, 25 x 10 cells/well were seeded into opaque 96 well
plates in 100 pl of 5% DMEM medium containing 0.2% DMSO. SARS-
CoV-2, Isolate USA-WA1/2020 (Lineage A; BEI Cat # NR-52281),
Isolate hCoV-19/USA/PHC658/2021 (Lineage B.1.617.2; Delta
Variant; NR-55611) and SARS-CoV-2, Isolate hCoV-19/USA/MD-
HP20874/2021 (Lineage: B.1.1.529, Omicron Variant BEI Cat # NR-
56461) obtained from BEI resources were used to infect the cells. 100
pl of the infection medium (2% DMEM) containing 10 x TCID50 virus
was used to infect cells. Assay was performed in triplicates with unin-
fected/infected cells with or without inhibitors (200 nM, 1 pM and 5
pM). Cytopathic effect was quantified 72 h post-infection by an ATP-
based cell viability assay. Briefly, 100 pl of spent medium was
removed and 100 pl of the Cell Titer Glo assay reagent (Promega Inc.)
was added to each well. Plates were incubated for 15 min with shaking.
Luminescence was read with 1 min integration and delay time. The virus
induced % cell death was calculated as follows: 100 x [1 - (X - MIN)/
(MAX - MIN)].X = Test compound RLU; Min = RLU of infected control
wells; Max = Mean RLU of uninfected control wells.

3. Nucleocapsid protein staining by flow cytometry

Vero-TMPRSS2 and Vero-ACE2-TMPRSS2 cells were infected with
different variants of SARS CoV2, and 24 h post infection cells were fixed
and permeabilized using nuclear antigen staining buffer set (Tonbo
Bioscience, San Diego, CA). SARS CoV2 nucleocapsid positive cells were
stained using anti-rabbit SARS CoV2-nucleocapsid monoclonal anti-
body at 1:400 dilution (ab271180) and Alexa Fluor® 488 conjugated
secondary antibody at 1:2000 dilution (ab150077) from Abcam, MA,
USA. Anti-rabbit IgG was used as isotype control. Samples were
analyzed using CytoFLEX flow cytometer and Kaluza v2.1 software
(Beckman and Coulter, CA, USA).
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4. Results

4.1. Pseudovirus entry inhibition screening of drug library in 293T ACE2
cells

Initially, we tested HEK 293T (human embryonic kidney epithelial
cells), human ACE2 expressing HEK 293T (293T-ACE2) cells, human
ACE2 expressing A549 (human lung carcinoma epithelial cells), and
human TMPRSS2 overexpressing Vero E6 (African monkey kidney
epithelial Vero-TMPRSS2 cells) cell lines for their permissiveness to
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SARS CoV2 entry using SARS CoV2 spike protein pseudotyped virus
particles (Fig. 1A-D). Among these, 293T-ACE2 and Vero-TMPRRS2
cells were found to be more permissive to SARS Cov2 pseudovirus
entry. Between these two cell lines, the signal-to-noise ratio was better
with 293T-ACE2 cells (Fig. 1B & D) Moreover, expression of human
ACE2 in 293T-ACE2 cells rendered them more suitable for studying the
effect of the drugs to inhibit human ACE2-SARS CoV2 spike interaction.
Furthermore, we validated the sensitivity of the assay by infecting 293T-
ACE2 cells with 10-fold dilutions of the pseudovirus particles which
resulted in a dose-dependent reduction of the RLU values (Fig. 1E).
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Fig. 1. Pseudovirus entry inhibition screening of drug library. A-D) 293T, 293T-ACE2, A549-ACE2 and Vero TMPRSS2 cells were transduced with SARS CoV2
pseudotyped virus particles containing luciferase reporter gene and luminescence was measured after 72 h. Bar graph shows respective Relative Light Units (RLUs)
from Mock (Blue) without envelope and SARS CoV2 spike pseudotyped virus particle (Red) transduced cells. E) RLU values from 293T-ACE2 cells transduced with
serially diluted SARS CoV2 spike pseudotyped virus particles. F-I) Bar graphs show RLU values from pseudovirus entry inhibition assay where 293T ACE2 cells were
pre-treated with 1 uM of indicated drugs for 1 h and then transduced with SARS CoV2 spike pseudotyped virus particles. Cathepsin-L inhibitor CAS 108005943 was
used as a positive control. J) Bar graph shows summary of percent pseudovirus entry inhibition values for each drug. Values represent Mean + SEM, n = 3 and two

independent experiments.
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Using this system, we screened a library of 2985 compounds for the
SARS CoV2 pseudovirus entry inhibitory activity. We found 231 com-
pounds showing more than 60% mean inhibition of the pseudovirus
entry. Respective RLU values of the compounds identified to have po-
tential antiviral activity against SARS Cov2 in our subsequent studies

Virology 572 (2022) 64-71

shown in Fig. 1F-I and the summary of the percent pseudovirus entry
inhibition is shown in Fig. 1J. Cathepsin-L inhibitor was used as a pos-
itive control in our experiments, as it has been shown to be one of the
key factors mediating SARS CoV entry by our previous studies and other
groups (Elshabrawy et al., 2014; Simmons et al., 2005; Zhao et al.,
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Fig. 2. Validation of cell death inhibition assay. A) Cells were infected with serial dilutions of SARS CoV2 (10"-2 to 10"-8) and cell death was quantified by Cell-Titer-
Glo cell viability assay and TCID50 for each cell line was determined at 72 h. B) Cells were pre-treated with different concentrations of Remdesivir followed by
infection with 10 TCID50 of SARS CoV2 and the effect on cell death inhibition was quantified. C-E) Dose response effect of candidate drugs apilimod, berbamine,
cepharanthine and (S)-crizotinib on USA/WA1 SARS CoV2 induced cell death in 293T-ACE2, Vero E6 and Vero-TMPRSS2 cells was analyzed. F) Vero TMPRSS2 cells
were infected with 10TCIDso SARS CoV2 and the nucleocapsid positive (NP+) cells were enumerated by flow cytometry 24 h post infection. Numbers in the his-
tograms show the percentage of NP + cells. G) Bar graph shows the % inhibition in NP + cells in the presence of candidate drugs. Values represent Mean + SEM, n =
3 and two independent experiments.
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4.2. SARS CoV2-induced cell death inhibition assay screening

SARS coronaviruses are known to replicate and induce cytopathy in
several susceptible cell lines (Kaye, 2006) and Vero E6 is one of the first
cell lines used to isolate SARS CoV and SARS CoV2(Ksiazek et al., 2003;
Ogando et al., 2020). Many drug screening studies have used Vero E6 as
the target cell line to determine the antiviral effects of the candidate
drugs (Riva et al., 2020; Yan et al., 2021). As discussed above, the ability
of chloroquine to inhibit SARS-CoV2 infection varied depending upon
the cell line used for screening ((Liu et al., 2020), (Ho et al., 2021), and
failed in clinical trials (Hoffmann et al., 2020b).

We determined the susceptibility of three different cell lines to SARS
CoV2-induced cytotoxicity by infecting 293T-ACE2, Vero E6 and Vero-
TMPRSS2 with different dilutions of the prototypic SARS CoV2, quan-
tified cell death and determined TCIDsq values. Interestingly, despite
increased permissiveness to SARS CoV2 pseudovirus, TCID50 for 293T
ACE2 was found to be least susceptible to cell death induction and
required much higher amount of virus (5 logs;o more) relative to Vero
E6 and Vero-TMPRSS2 cells (Fig. 2A). Moreover, Vero-TMPRSS2 cells
were more susceptible to cell death induction relative to (required ~1
log TCID50 less virus) compared to Vero E6 cells (Fig. 2A). Interestingly,
in spite of their high susceptibility to cell death induction, Vero E6 cells
did not show more than 60-70% cell death even at the highest con-
centration of virus (102 dilution). We further validated this assay using
the FDA-approved drug Remdesivir which is a known inhibitor of SARS
CoV2 replication and exhibited dose-dependent effect on the inhibition
of SARS CoV2-induced cell death in all three target cell lines. In line with
the susceptibility of the cells line to SARS CoV2-induced cell death, the
lowest concentration of Remdesivir (200 nM) showed strong inhibition
in the least susceptible 293T ACE2 cells, followed by Vero E6 and Vero-
TMPRSS2 cells (Fig. 2B).

Next, we subjected the 231 hits from our pseudovirus entry inhibi-
tion assay that showed more than 60% pseudovirus entry inhibition to
the cell death inhibition assay in three different cell lines. More than
50% SARS CoV2-induced cell death inhibition in at least one of the
tested doses was seen with 32 compounds in 293T-ACE2 cells, 10
compounds in Vero E6 cells and 17 compounds in Vero-TMPRSS2 cells
(Table 1). Moreover, four compounds, apilimod, berbamine, cepha-
ranthine and (S)-crizotinib scored positive in all the three tested cell
lines (Fig. 2C-E). Apilimod mesylate and berbamine dihydrochloride
showed similar inhibition in our assays. Furthermore, we validated our
results by staining the SARS CoV2 infected Vero-TMPRSS2 cells for SARS
CoV2 nucleocapsid protein (NP). Consistent with our cell death inhibi-
tion assay results, we noted a marked reduction in SARS CoV2-NP + cells
in the presence of apilimod, berbamine, cepharanthine and (S)-crizoti-
nib compared to vehicle treated control cells (Fig. 2F&G).

Next, we tested the efficacy of these compounds against other VOCs
such as lineage B.1.617.2: Delta Variant and lineage: B.1.1.529, Omi-
cron Variant. To compare the efficacy of virus entry and cell death
inducing characteristics of these variants, we performed NP-staining and
cell death assays in Vero-TMPRSS2 cells with different dilutions of the
variants. Interestingly, both delta and omicron variants were less effi-
cient in infecting these target cells compared to the prototypic USA/
WAL1 stain (Fig. 3A) as evidenced by the differences in the percentage of
NP + cells. To test if overexpression of human ACE2 in Vero-TMPRSS2
cells can increase the susceptibility to infection, we performed similar
experiments using Vero-ACE2-TMPRSS2 cells (Fig. 3B). While the
overexpression of human ACE2 increased susceptibility to infection and
cell death in case of the prototypic strain compared to Vero-TMPRSS2
cells, no significant increase in infectivity or cytotoxicity was seen
with delta and omicron variants (Fig. 3B). Consistent with these results,
both delta and omicron variants had higher TCIDsq values compared to
the prototypic strain in Vero-TMPRSS2 cells (Fig. 3C). In contrast to no
significant difference in the NP+ cells between Vero-TMPRSS2 vs Vero-
ACE2-TMPRSS2 cells infected with delta and omicron variants, the
cytotoxic effect of the variants was more pronounced in Vero-ACE2-
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Table 1
Summary of CPE inhibition screening.
Compound 293T-ACE2 Vero E6 Vero-TMPRSS2
Tilorone dihydrochloride Yes No No
JNK-IN-7 Yes No No
Berbamine Yes Yes Yes
Succinobucol Yes No No
Tetrandrine Yes No No
Azithromycin Yes No No
(S)-crizotinib Yes Yes Yes
Melitracen hydrochloride Yes No No
Apilimod mesylate Yes Yes Yes
Apilimod Yes Yes Yes
Olmutinib Yes No Yes
Azithromycin dihydrate Yes No No
Anidulafungin Yes No No
Lazertinib Yes No No
Fupentixol Dihydrochloride Yes No No
Daurisoline Yes No No
Chloroquine diphosphate Yes No No
Bithionol Yes No No
Halofuginone hydrobromide Yes No No
SB1317 hydrochloride Yes No Yes
Chlorpromazine hydrochloride Yes No No
OTSSP167 Yes No No
Sunitinib Malate Yes No No
Berbamine dihydrochloride Yes Yes No
Amiodarone hydrochloride Yes No No
Balicatib Yes Yes No
Omipalisib Yes Yes No
Gilteritinib Yes No No
XL019 Yes No No
CBL0137 hydrochloride Yes No No
Cepharanthine Yes Yes Yes
Bardoxolone No Yes Yes
Masitinib No Yes Yes
Balicatib No Yes No
LXS196 No No Yes
HS-10296 hydrochloride No No Yes
Dauricine No No Yes
Quinacrine dihydrochloride No No Yes
GSK369796 Dihydrochloride No No Yes
Ozanimod No No Yes
Dauricine No No Yes
Crizotinib hydrochloride No No Yes
Azeliragon No No No

TMPRSS2 cells compared to Vero-TMPRSS2 cells (Fig-3C-D). Further-
more, we tested the efficacy of the selected drug compounds to inhibit
cytotoxic effects of the delta and omicron variants in Vero-TMPRSS2 and
Vero-ACE2-TMPRSS2 cells. Among these compounds, apilimod showed
superior efficacy in inhibiting both delta and omicron-induced cyto-
toxicity at all doses starting from 200 nM (Fig-3E-H). (S)-crizotinib was
found to be the least effective drug against the delta variant especially in
the highly susceptible Vero-ACE2-TMPRSS2 cells (Fig. 3E-H).

5. Discussion

The development of antiviral drugs for SARS CoV2 is impeded by not
only the novelty of this virus, but also by the requirement of using
biosafety level-3 facilities to perform challenging viral infection
screening experiments, and a lack of validated in vitro screening
methods. There is a lack of clinically validated antiviral screening
methods and therefore, drugs that show promising results in cell culture
often fail in clinical trials. To an extent, this limitation can be overcome
by deploying a more elaborate screening involving multiple screening
tests, different cell lines with varying susceptibility to virus infection and
different virus variants. Although these approaches cannot replace
clinical trials, the stratified screening approach with highly susceptible
host cell lines and viral variants that we used could identify potential
candidate antiviral drugs with higher accuracy and probability of suc-
cess in newer variants.
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Here, we used a two-step screening strategy using FDA approved and
clinical stage drug candidate libraries in a pseudovirus entry inhibition
assay followed by further screening of selected hits for their SARS CoV2-
induced cell death inhibitory effect on different cell lines that show
varying degrees of susceptibility to SARS CoV2 induced cell death. Using
this approach, we screened a library of 2985 compounds and identified 4
compounds, apilimod, cepharanthine, berbamine and S-crizotinib that
inhibited pseudovirus entry and infectious virus induced cell death in all
three cell lines i.e. 293T-ACE2, Vero E6, Vero-TMPRSS2 and Vero-ACE2-
TMPRSS2 cells against VOCs such as delta and omicron.

Apilimod is an inhbitor of 5-phosphoinositide kinase (PIKfyve ki-
nase) which mainly resides in early endosomes. Inhibition of PIKfyve
kinase by apilimod can result in the blockade of trafficking between
lysosomes and endosomes, and the trans-Golgi network (Rutherford
etal., 2006). Lyso/endosomal pathway is important for SARS Cov2 entry
and lysosomal proteases such as cathepsins play a key role in mediating
SARS Cov2 entry. Previous studies have shown that apilimod can pre-
vent viral infection by preventing release of the viral contents from
endosomes by inhibiting cathepsin (Kang et al., 2020).

Berbamine, a bis-benzylisoquinoline alkaloid, has been shown to
impair Ca2+ signaling required for viral entry. An earlier report has
shown that berbamine inhibits SARS-CoV-2 entry into the target cells by
impairing Transient Receptor Potential cation channel, MucoLipin
subfamily (TRPMLs)-mediated endolysosomal trafficking of ACE2
(Huang et al., 2021) and could inhibit S-mediated cell-cell fusion.(Zhang
et al., 2022). Cepharanthine, a naturally occurring alkaloid extracted
from the plant Stephania cepharantha Hayata, has been previously re-
ported to inhibit SARS-CoV-2 binding to target cells and thereby prevent
virus entry (Ohashi et al., 2021). Cepharanthine in combination with
Neflonvair, a HIV protease inhibitor, showed impressive antiviral ac-
tivity against SARS CoV2 in Vero E6 and Vero TMPRSS2 cells (Ohashi
et al., 2021).

(S)-Crizotinib, is the (S)-enantiomer of (R)-crizotinib which is an
FDA-approved drug for treating non-small cell lung cancer. (S)-Crizonib
is a selective inhibitor of human 7, 8-Dihydro-8-oxoguaninetriphospha-
tase MTH1 (NUDT1) (Dai et al., 2017; Huber et al., 2014). The molec-
ular mechanism by which (S)-Crizotinib inhibited SARS CoV2 entry
remains to be determined. We have used highly stringent approach by
deploying different cell lines with varying sensitivity to SARS CoV2
induced cell death and a higher TCID50 dose of the virus. The variability
in the sensitivity of different cell lines to different drugs could be related
to both the virus entry and replication kinetics of the virus in those host
cell lines.

Almost all the combinations of the previously FDA-approved mAbs
such as imdevimab plus casirivimab, tixagevimab plus cilgavimab, and
etesevimab plus bamlanivimab that were effective against the alpha and
delta variants have proven to be less effective against the omicron
variant (Takashita et al., 2022). This is due the novel mutations
harbored in the spike and RBD regions of the omicron variant compared
to the previous strains. Similarly, increased immune evasion and
reduced neutralization of omicron variant by sera from vaccinated in-
dividuals and monoclonal antibodies have been reported (Dejnirattisai
et al., 2021; Syed et al., 2022). The drugs identified in our screen
inhibited delta and omicron variants-induced cell death to a similar
degree to that of prototypic SARS CoV2, implying that the entry
mechanisms utilized by these strains are conserved and these antiviral
drugs could be effective in treating omicron variant infections.

Emerging studies showed that the omicron variant is more depen-
dent on endosomal cathepsin pathway for the entry rather than
TMPRSS2 (Hui et al., 2022; Pia and Rowland-Jones, 2022). Moreover,
this variant showed weaker replication and cell-cell spread than delta
and other strains in Calu3, Vero-TMPRSS2 cells (Meng et al., 2022; Zhao
etal., 2022) and in the human lung parenchyma (Hui et al., 2022). These
results are consistent with our observation of reduced NP + cells and
cytotoxicity effect seen in Vero-TMPRSS2 and Vero-ACE2-TMPRSS2
cells caused by the omicron variant compared to the delta and the
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prototypic USA/WAL strains. While the reduced severity of the COVID
pathology caused by the omicron variant can be attributed to its weaker
replication efficiency, the greater transmissibility could be attributed to
the dependency of the endosomal pathway for entry (Hui et al., 2022;
Meng et al., 2022; Pia and Rowland-Jones, 2022; Zhao et al., 2022).
Hence, the observed superior inhibitory effect of the identified drug
candidates against omicron could be because of their mechanism of
action related to the endosomal pathway.

While repurposing of existing drugs for COVID saves considerable
amount of time and efforts than de novo drug discovery efforts, a recent
study has raised an admonitory tale on the efficacy of repurposed drugs
and the screening approach. This study showed a strong correlation
between the anti-SARS CoV2 activity and drug-induced phospholipi-
dosis. (Tummino et al., 2021). More importantly, several cationic
amphiphilic drugs (CADs) including cepharanthine, have been shown to
accumulate in endosomes and inhibit endosomal lipid processing path-
ways which are critical for coronavirus replication (Muller et al., 2018).
Therefore, the translational potential and in vivo efficacy of these drugs
have been called in to question by this study (Tummino et al., 2021).
Moreover, many of the protease inhibitors can play a critical role in the
MHC-class II antigen-processing and presentation pathways and there-
fore, their interaction with host immune responses needs to be taken
into consideration (Hsing and Rudensky, 2005). We believe future in
vivo studies testing the safety and efficacy of these drugs are warranted
given that they are effective against several VOCs even at higher doses of
the viruses. Besides, further refinement/modification can be made to
these candidate drugs to minimize the adverse effects while enhancing
the antiviral properties.
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