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ABSTRACT

Coronavirus Disease 2019 (COVID-19) caused by the emerging severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is associated with a crude case fatality rate of about 0.5-10 % depending on locality. A few
clinically approved drugs, such as remdesivir, chloroquine, hydroxychloroquine, nafamostat, camostat, and
ivermectin, exhibited anti-SARS-CoV-2 activity in vitro and/or in a small number of patients. However, their
clinical use may be limited by anti-SARS-CoV-2 50 % maximal effective concentrations (ECso) that exceeded
their achievable peak serum concentrations (Cmax), side effects, and/or availability. To find more immediately
available COVID-19 antivirals, we established a two-tier drug screening system that combines SARS-CoV-2
enzyme-linked immunosorbent assay and cell viability assay, and applied it to screen a library consisting 1528
FDA-approved drugs. Cetilistat (anti-pancreatic lipase), diiodohydroxyquinoline (anti-parasitic), abiraterone
acetate (synthetic androstane steroid), and bexarotene (antineoplastic retinoid) exhibited potent in vitro anti-
SARS-CoV-2 activity (ECso 1.13-2.01 uM). Bexarotene demonstrated the highest Cmax:ECs, ratio (1.69) which
was higher than those of chloroquine, hydroxychloroquine, and ivermectin. These results demonstrated the
efficacy of the two-tier screening system and identified potential COVID-19 treatments which can achieve ef-
fective levels if given by inhalation or systemically depending on their pharmacokinetics.

1. Introduction

Coronaviruses are positive sense, single stranded, enveloped RNA
viruses that have repeatedly crossed species barriers to cause disease in
human and animals [1]. In the past two decades, three novel human-
pathogenic coronaviruses have emerged to cause epidemics of severe

respiratory infection among human, including severe acute respiratory
syndrome coronavirus (SARS-CoV) in 2003, Middle East respiratory
syndrome coronavirus (MERS-CoV) since 2012, and most recently
SARS-CoV-2 since December 2019 [2-4]. Within just 4 months, the
number of patients with SARS-CoV-2 infection, or Coronavirus Disease
2019 (COVID-19), has exceeded the total number of cases of SARS and
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MERS by nearly 100 times, with more than 1.2 million confirmed cases
and over 60,000 deaths globally [5]. The clinical severity of COVID-19
ranges from asymptomatic infection to fatal disease. The disease is
usually mild in children, but severe infection in immunocompromised
and elderly patients may be associated with a crude case fatality rate of
about 15 % [6-8]. Patient with severe COVID-19 may develop acute
respiratory distress syndrome, multiorgan dysfunction syndrome, and
other extrapulmonary manifestations such as lymphopenia, diarrhea,
confusion, deranged liver and renal function tests, and elevated b-
dimer, fibrinogen, lactate dehydrogenase, and inflammatory marker
levels [9,10]. A major reason for the poor clinical outcome of COVID-19
patients and difficulty in controlling the expansion of the pandemic is
the lack of effective vaccine or antiviral for treatment and prophylaxis.

Similar to other emerging viral infections, the de novo development
of antiviral drugs would inevitably lag behind the rapid progression of
the epidemic [11]. Drug repurposing is therefore a feasible strategy to
quickly identify clinically approved drugs with known pharmacological
properties and safety profiles that can be immediately used in clinical
trial settings. A number of existing drugs, such as remedsivir, chlor-
oquine, hydroxychloroquine, nafamostat, camostat, and ivermectin,
have been reported to exhibit anti-SARS-CoV-2 activity in vitro and/or
in a very small number of patients [12-15]. Remdesivir is a nucleotide
analogue with broad-spectrum antiviral activities including against
SARS-CoV-2 [12]. Chloroquine and hydroxychloroquine are mildly
immunosuppressive drugs used in the treatment of autoimmune dis-
eases and malaria that exhibited 50 % maximal effective concentration
(ECso) at or above the peak serum concentration (Cmax) achievable
with standard dosing in human [12,16]. A recent non-randomized
small-scale clinical study showed that hydroxychloroquine with or
without azithromycin significantly reduced the viral load and duration
of virus shedding in 20 COVID-19 patients [13]. Nafamostat and ca-
mostat are a serine protease inhibitor used in the treatment of chronic
pancreatitis and reflux esophagitis [14]. Ivermectin is a macrocyclic
lactone used in the treatment of various parasitic infections [15].
However, data from well-designed randomized controlled trials for
these drugs are not yet available. Therefore, there is an urgent need to
search for additional drug compounds with anti-SARS-CoV-2 activity
among clinically approved drugs. In this study, we first established a
robust two-tier drug screening system by combining SARS-CoV-2 en-
zyme-linked immunosorbent assay with cell viability assay, and then
applied it to screen an FDA-approved drug compound library. We
successfully identified a number of drug compounds with anti-SARS-
CoV-2 activity, including bexarotene which has broad-spectrum anti-
coronaviral activity and a higher Cmax to ECsq ratio than most other
reported potential anti-SARS-CoV-2 agents.

2. Materials and methods
2.1. Viruses, cell lines, and drug compounds

SARS-CoV-2 HKU-001a (GenBank accession number: MT230904)
was isolated from the nasopharyngeal aspirate specimen of a labora-
tory-confirmed COVID-19 patient in Hong Kong [17]. MERS-CoV EMC/
2012 strain (GenBank accession number: NC_019843.3) was kindly
provided by Ron Rouchier (Erasmus Medical Center, Rotterdam, the
Netherlands) [18]. The viruses were propagated in VeroE6 cells and
kept at —80 °C in aliquots until use. Plaque forming unit (PFU) and
TCIDs, assays were performed to titrate the cultured SARS-CoV-2.
VeroE6 (ATCC® CRL-1586™) and Caco2 cells (ATCC® HTB-37™) were
purchased from ATCC and maintained in Dulbecco’s modified eagle
medium (DMEM, Gibco, CA, USA) culture medium supplemented with
10 % heat-inactivated fetal bovine serum (FBS, Gibco), 50 U/mL pe-
nicillin, and 50 pg/ml streptomycin as previously described [17]. All
experiments involving live SARS-CoV-2 and MERS-CoV followed the
approved standard operating procedures of the Biosafety Level 3 facility
at the Department of Microbiology, The University of Hong Kong, as
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previously described [19,20]. The FDA-approved drug library (Cat#
HY-L022) and all the tested drug compounds were purchased from
MedChem Express (Monmouth Junction, NJ, USA).

2.2. Cell viability assay and CPE inhibition assay

The CellTiterGlo® luminescent assay (Promega Corporation,
Madison, WI, USA) was performed to detect the cytotoxicity of the
selected drug compounds as previously described [21]. Briefly, VeroE6
cells (4 x 10* cells/well) were incubated with different concentrations
of the individual compound for 48 h, followed by the addition of sub-
strate and measurement of luminance 10 min later. The CCsy of the
drug compounds were calculated by Sigma plot (SPSS) in an Excel add-
in ED50V10. The CPE inhibition assay was performed as previously
described with slight modifications to evaluate the individual drug
compounds’ cell protection effects against SARS-CoV-2 infection [21].
Briefly, VeroE6 cells seeded in 96-well plates were infected with SARS-
CoV-2 for 1 h with 0.01 multiplicity of infection (MOI), followed by
washing with phosphate-buffered saline (PBS) and replacement of fresh
DMEM medium containing serially diluted drug compounds and 0.1 %
DMSO as negative control. The cell viability of each well was de-
termined at 3 days post-infection (dpi) by the CellTiterGlo® luminescent
assay.

2.3. ELISA

ELISA was performed to determine the amount of viral N protein
expression in the culture supernatant of SARS-CoV-2-infected cells
using a similar approach as previously described [22]. Briefly, 500 ng/
well of mouse-anti-SARS-CoV-N monoclonal antibody (clone
14E7A11A8) was coated in 96-well ELISA plates for overnight in-
cubation at 4 °C, followed by blocking with 2.5 % FBS plus 2.5 % FBS in
PBS with Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) for 2 h at 37
°C. After washing, the infectious culture supernatants were transferred
to the ELISA plates accordingly (50 pL, incubated at room temperature
for 2 h), followed by intensive wash and addition of another 50 pL/well
rabbit anti-SARS-CoV-N polyclonal antibody (1:4000), the secondary
goat-anti-rabbit horseradish peroxidase (HRP) antibody (1:1500, In-
vitrogen, Carlsbad, CA, USA), the 3,3’,5,5’-tetramethylbenzidine (TMB)
solution (Invitrogen), and the stop solution (0.1 M HCI). Subsequently,
the optical density of each well was read at 450 nm (OD450) using
VICTOR 3 multi-label plate reader (PerkinElmer, Inc., Waltham, MA,
USA). The rabbit anti-SARS-CoV-N monoclonal antibody showed good
cross-reactivity against SARS-CoV-2-N [17,23].

2.4. FDA drug compound library screening

To identify anti-SARS-CoV-2 inhibitors, confluent VeroE6 cells in
96-well culture plates (4 X 10* cells/well) in triplicates were infected
with SARS-CoV-2 at 0.004 MOIL. One hour after virus adsorption, the
inoculum was removed and then drug-containing medium (10uM) was
added. Next, after 72 h, 20 pL of cell culture supernatant was diluted
into 80 pL of PBS before adding to the antibody-coated ELISA plate for
SARS-CoV-2-N detection, while another 20 pL/well of CellTiterGlo®
substrate was added to the original cell culture plates for cell viability
evaluation by CPE inhibition assay.

2.5. Viral load reduction assay

Viral load reduction assay was performed on VeroE6 and Caco2
cells, as described previously with modifications [24,25]. Supernatant
samples from the infected cells were harvested at different time-points
for qRT-PCR analysis of virus replication. Briefly, 100 pl of viral su-
pernatant was lyzed with 400 pl of AVL buffer and then extracted for
total RNA with the QIAamp viral RNA mini kit (Qiagen, Hilden, Ger-
many). Real-time one-step qRT-PCR was used for quantitation of SARS-
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Fig. 1. Development of a two-tier system for anti-SARS-CoV-2 drug compound screening. VeroE6 cells seeded in a 96-well plate were infected with SARS-CoV-2
of various multiplicities of infection (MOIs)) as indicated, followed by phosphate buffered saline (PBS) wash and replacement of fresh Dulbecco’s modified eagle
medium (DMEM). Various time points of data collection were performed for (A) Cytopathic effects (CPE) observed by a bright-field at 20 X magnification. (B) Cell
viability of each treatment group normalized with that of the mock-infected cells. (C) Cell culture supernatant was collected at the indicated time points with viral
copy number determined by quantitative RT-PCR (qRT-PCR). (D) The supernatant was concomitantly applied for ELISA to measure the SARS-CoV-2-nucleoprotein
(NP) protein amount. The experiments were carried out in triplicate. The results are shown as mean + standard deviation.

CoV-2 and SARS-CoV viral load using the QuantiNova Probe RT-PCR kit
(Qiagen) with a LightCycler 480 Real-Time PCR System (Roche) as
previously described [26]. Each 20 pl reaction mixture contained 10 pl
of 2x QuantiNova Probe RT-PCR Master Mix, 1.2 pul of RNase-free
water, 0.2 pl of QuantiNova Probe RT-Mix, 1.6 pl each of 10 uM for-
ward and reverse primer, 0.4 pl of 10 uM probe, and 5 pl of extracted
RNA as the template. Reactions were incubated at 45 °C for 10 min for
reverse transcription, 95 °C for 5 min for denaturation, followed by 45
cycles of 95 °C for 5 s and 55 °C for 30 s. Signal detection and mea-
surement were taken in each cycle after the annealing step. The cycling
profile ended with a cooling step at 40 °C for 30 s. The primers and
probe sequences were against the RNA-dependent RNA polymerase/
Helicase (RARP/Hel) gene region of SARS-CoV-2: Forward primer: 5
CGCATACAGTCTTRCAGGCT-3’; Reverse primer: 5-GTGTGATGTTGA-
WATGACATGGTC-3’; specific probe: 5-FAM TTAAGATGTGGTGCTTG
CATACGTAGAC-IABKFQ-3’ [26].

2.6. Plaque reduction assay

Plaque reduction assay was performed to plot the 50 % antiviral
effective dose (ECso) as we previously described with slight modifica-
tions [24,27]. Briefly, VeroE6 cells were seeded at 4 x 10° cells/well in
12-well tissue culture plates on the day before carrying out the assay.
After 24 h of incubation, 50 plaque-forming units (PFU) of SARS-CoV-2
were added to the cell monolayer with or without the addition of drug
compounds and the plates were further incubated for 1 h at 37 °C in 5%
CO, before removal of unbound viral particles by aspiration of the
media and washing once with DMEM. Monolayers were then overlaid
with media containing 1% low melting agarose (Cambrex Corporation,
New Jersey, USA) in DMEM and appropriate concentrations of in-
dividual compound, inverted and incubated as above for another 72 h.

The wells were then fixed with 10 % formaldehyde (BDH, Merck,
Darmstadt, Germany) overnight. After removal of the agarose plugs, the
monolayers were stained with 0.7 % crystal violet (BDH, Merck) and
the plaques counted. The percentage of plaque inhibition relative to the
control (i.e. without the addition of compound) wells were determined
for each drug compound concentration. The ECs, was calculated using
Sigma plot (SPSS) in an Excel add-in ED50V10. The plaque reduction
assay experiments were performed in triplicate and repeated twice for
confirmation.

2.7. Time-of-drug-addition assay

Time-of-drug-addition assay was performed for the selected com-
pound as previously described with slight modifications [25]. Briefly,
VeroE6 cells were seeded in 24-well plates (2 x 10° cells/well). The
cells were inoculated with SARS-CoV-2 (MOI = 0.500) and then in-
cubated for 1 h for virus internalization. Drugs were added at different
time points of the virus replication cycle, including: pre-treatment
(From -2 h post infection (hpi) to -1 hpi), co-infection with virus (-1 to 0
hpi) or post-infection (0 to +1 hpi). Dimethyl sulfoxide (0.5 %) was
included as a negative control. Other details were depicted as schematic
representations in Fig. 6.

2.8. Immunofluorescence staining

Antigen expression in SARS-CoV-2-infected cells was detected with
an in-house rabbit antiserum against SARS-CoV-N protein, which cross-
reacted with the SARS-CoV-2-N protein due to their high amino acid
homologies [17,23]. Cell nuclei were labelled with the DAPI nucleic
acid stain from Thermo Fisher Scientific (Waltham, MA, USA). The
Alexa Fluor secondary antibody was obtained from Thermo Fisher
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Scientific. Mounting was performed with the Diamond Prolong Antifade
mountant from Thermo Fisher Scientific.

3. Results
3.1. Characterization of SARS-CoV-2 replication kinetics

To develop a drug screening system for SARS-CoV-2, we first
characterized the viral replication kinetics of SARS-CoV-2 in VeroE6
cells and compared the signal dynamic range utilizing three ap-
proaches. These approaches included luminescent cell viability assay
with CellTiterGlo® for evaluation of virus induced-cytopathic effects
(CPE), viral load quantitation assay with quantitative RT-PCR (qRT-
PCR) targeting the viral RNA-dependent RNA polymerase (RdRp)/ he-
licase (Hel) genes, and viral nucleocapsid (N) protein expression with
enzyme-linked immunosorbent assay (ELISA). VeroE6 cells were used
because they robustly support SARS-CoV-2 replication [17]. Time-de-
pendent observation of CPE development was recorded using different
multiplicities of infection (MOI) (1.000, 0.250, 0.063, 0.016, and
0.004). SARS-CoV-2 infection (MOI = 1.000) caused significant CPE in
VeroE6 cells as early as 48 h post-infection (hpi) (Fig. 1A). At 72 hpi,
prominent CPE were detected in the virus-infected VeroE6 cells even
with the lowest MOI of 0.004, while the morphology of the non-infected
VeroES6 cells remained intact. This observation was in line with the cell
viability determined by using the CellTiter-Glo® substrate, which is a
reagent that generates a luminescent signal directly proportional to the
amount of adenosine triphosphate (ATP) present and is proportional to
the number of metabolically active cells. As shown in Fig. 1B, there was
approximately 75 % reduction in cell viability at 48 hpi with MOI of
1.000, 0.250, or 0.063 and at 72 hpi with MOI of 0.016 or 0.004. In the
qRT-PCR assay, viral RNA load in the culture supernatant markedly
increased by =2 logs gene copies per reaction within 24 hpi (~2 logs
for 0.004 MOI, ~ 3 logs for 0.016 MOI, and ~ 3.5 logs for 0.063, 0.250,
and 1.000 MOI) (Fig. 1C). Regardless of the MOI, the viral RNA load
plateaued at 48 hpi. The viral N protein expression followed a delayed
but similar pattern as that of the viral RNA load, with the peak viral
antigen expression being observed at 72 hpi (Fig. 1D).

3.2. Establishment of a two-tier drug screening system for rapid
identification of antivirals against SARS-CoV-2 from an FDA-approved drug
compound library

The signal window is determined by the upper and lower bound-
aries of the assay readout and is considered a major parameter for the
overall assay quality measurement. The qRT-PCR assay exhibited the
highest signal window (~4 log difference between SARS-CoV-2-in-
fected and non-infected samples) but was laborious, and was thus in-
efficient as a high-throughput drug compound screening assay. On the
other hand, the ELISA (~6 folds) and cell viability assay (~4 folds)
also exhibited reasonably high signal differences between infected cells
and baseline at 72 hpi and provided a wide signal window. Therefore,
we exploited the combination of ELISA and cell viability assay as a two-
tier drug screening system for finding potential SARS-CoV-2 antivirals.
This combinational screening system is rapid, non-labor-intensive, and
can easily exclude false-positive results due to cytotoxicity. Using this
newly established system, we screened an FDA-approved drug library
containing 1528 drug compounds under the optimized conditions of
0.004 MOI at 72 hpi with each drug concentration fixed at 10uM. At 72
hpi, 20 pL/well of cell culture supernatant was harvested for SARS-CoV-
2-N detection before addition of another 40 pL/well CellTiter-Glo®
substrate for determination of cell viability (Fig. 2). Among the 1528
drug compounds, we identified 34 primary hit drug compounds with
> 4-fold reduction of detection signal in ELISA. In the secondary screen
by cell viability assay, 19 of these 34 drug compounds showed < 10 %
CPE at 72 hpi (Table 1). Notably, hydroxychloroquine, nafamostat, and
ivermectin which were previously shown to exhibit anti-SARS-CoV-2
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activity were also identified in our primary screen with ELISA, but they
showed > 10 % CPE at 72 hpi and were therefore excluded from the 19
drug compound list. Camostat was not detected in the primary screen
but this might be related to its ECso being higher than 10uM which was
used in our primary screen. Remdesivir was not included in the library
and was therefore not identified.

3.3. In vitro antiviral evaluation of the selected drug compounds

Next, these 19 primary hit drug compounds were subjected to viral
load reduction assay for prioritization based on their dose-dependent
anti-SARS-CoV-2 effects. Four drug compounds, namely, cetilistat,
diiodohydroxyquinoline, abiraterone acetate, and bexarotene were
identified as the most potent anti-SARS-CoV-2 drug compounds using
the cut-off of 90 % effective concentrations (ECyg) < 10 uM after
treating VeroE6 cells with 0.01 MOI of SARS-CoV-2 for 48 h. Using
plaque reduction assay, the ECso of the drug compounds were de-
termined to be 1.13 uM (cetilistat), 1.38uM (diiodohydroxyquinoline),
1.94 uM (abiraterone acetate), and 2.01 uM (bexarotene) (Fig. 3A-D).
At 48 hpi, the 50 % cytotoxic concentrations (CCsg) of cetilistat, diio-
dohydroxyquinoline, abiraterone acetate, and bexarotene were > 100
uM, > 100 pM, 92.35 pM, and 38.21 pM, respectively (Table 2). The
selectivity index of these four drug compounds were > 88.50 (cetili-
stat), > 72.46 (diiodohydroxyquinoline), 47.60 (abiraterone acetate),
and 19.01 (bexarotene), respectively.

To more clearly demonstrate the anti-SARS-CoV-2 activities of these
four identified drug compounds, we included remdesivir as a com-
parator drug. Similar to remdesivir, treatment with any one of the four
drug compounds below the non-toxic drug concentration of 10uM,
markedly suppressed SARS-CoV-2-N protein expression (Fig. 4). As
shown in Fig. 5A, all four drug compounds exhibited dose-dependent
viral load reduction with magnitudes of 1 log to 3 logs. At 10uM of drug
concentration, treatment with cetilistat exhibited about 3 logs reduc-
tion at 48 hpi, as comparable level achieved by remdesivir which de-
monstrated an ECsg of 1.04uM in our study. Similar levels of dose-de-
pendent viral load reduction were observed in SARS-CoV-2-infected
Caco2 (human colorectal adenocarcinoma) cell culture supernatants
and cell lysates (Fig. 5B). In addition to viral load reduction, treatment
with any one of these four drug compounds provided cell protection
effects. In the CPE inhibition assay, treatment with 10uM of cetilistat
completely inhibited CPE development in VeroE6 cells at 72 hpi, while
diiodohydroxyquinoline, abiraterone acetate, and bexarotene achieved
up to ~70 % CPE inhibition (Fig. 5C). Overall, these results demon-
strated that cetilistat, dilodohydroxyquinoline, abiraterone acetate, and
bexarotene inhibited the viral load, viral antigen expression, and in-
fectious viral particle production of SARS-CoV-2, and protected SARS-
CoV-2-induced cell damages at comparable levels of remdesivir.

3.4. Modes of action of cetilistat, diiodohydroxyquinoline, abiraterone
acetate, and bexarotene against SARS-CoV-2

To investigate which steps of the SARS-CoV-2 replication cycle were
interrupted by the selected drug compounds, we performed a time-of-
drug-addition assay by treating virus-infected VeroE6 cells to each drug
compound at different time points, followed by viral titer measure-
ments at 9 hpi, when the first round of progeny virions were detectable
in the cell culture supernatant. VeroE6 cells were infected by 0.500 MOI
of SARS-CoV-2, before and after which four different treatments were
carried out (Fig. 6A). Addition of cetilistat, diiodohydroxyquinoline, or
abiraterone acetate at 0 hpi and 3 hpi, but not pre-treatment with host
cells or during virus adsorption (co-infection) significantly reduced
viral replication, suggesting that these three drug compounds disrupted
the post-entry events of the SARS-CoV-2 replication cycle (Fig. 6B). In
contrast, bexarotene was only effective when co-infected with cells,
suggesting that it interfered with virus entry either by blocking the host
ACE2 receptor or the viral components required for cell attachment and
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Fig. 2. Schematic representation of the study design. Using the newly established two-tier drug compound screening system, an FDA-approved drug compound
library consisting 1528 drug compounds was screened for potential anti-SARS-CoV-2 agents. Primary screening by ELISA identified 34 drug compounds with 4-fold
reduction in the detection signal. Secondary screening by cell viability assay further selected 19 of the 34 drug compounds that exhibited =90 % cell viability. Four
drug compounds were then prioritized for cytotoxicity and antiviral activity evaluation by plaque reduction and viral load reduction assays.

entry. To further delineate the step of SARS-CoV-2 entry that is affected
by bexarotene, VeroE6 cells were placed at 4 °C for 2 h which only
permitted virus attachment to the cell surface and then at 37 °C for 1 h
which enabled virus internalization (Fig. 6C). As shown in Fig. 6D,
bexarotene did not block virus-host receptor binding, but significantly
reduced viral load during virus internationalization. These results
suggested that bexarotene interfered with SARS-CoV-2 internalization
without blocking its binding to the host cell surface. Interestingly,
bexarotene also demonstrated antiviral activity against the highly
virulent MERS-CoV (ECs of 2.12 pM), suggesting that it has the po-
tential of being a “pan-coronavirus” antiviral (Fig. 6E).

4. Discussion

The newly established two-tier screening system in this study was
robust and able to identify other drug compounds that were shown to
exhibit anti-SARS-CoV-2 activity, including chloroquine, hydroxy-
chloroquine, ivermectin, and nafamostat. This allowed us to rapidly and
systematically screen a drug library consisting 1528 FDA-approved
drug compounds and identify four drug compounds that showed anit-
SARS-CoV-2 activities at low micromolar concentrations (ECsq =
1.13-2.01). Cetilistat is a pancreatic lipase inhibitor that blocks fat
digestion and absorption used in the treatment of obesity [28]. Diio-
dohydroxylquinoline, also known as uidoquinol, is a quinolone
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Primary hit drug compounds identified from an FDA-approved drug library with a two-tier drug screening platform for SARS-CoV-2.

Compound

Drug class

Main clinical use(s)

Abiraterone (acetate)
Asenapine (hydrochloride)
Azacytidine

Bexarotene

Candesartan (Cilexetil)
Cetilistat

Chloroquine (diphosphate)
Ciclesonide
Diethylstilbestrol
Diiodohydroxyquinoline
Fluoxetine (hydrochloride)
Micafungin (sodium)
Permethrin

Pimavanserin

Raloxifene (hydrochloride)
Sofalcone

Tamoxifen (Citrate)
Tilorone (dihydrochloride)

Synthetic androstane steroid

Atypical antipsychotic

Nucleoside analogue

Retinoid (retinoid X receptor activator)
Angiotensin receptor blocker
Pancreatic lipase inhibitor
4-Aminoquinoline

Glucocorticoid

Nonsteroidal estrogen

Quinoline derivative

Selective serotonin reuptake inhibitor
Echinocandin

Insecticide

Atypical antipsychotic

Selective estrogen receptor modulator
Synthetic sophoradin analogue
Selective estrogen receptor modulator
Interferon inducer

Prostate cancer

Schizophrenia

Myelodysplastic syndrome and acute myeloid leukemia
Cutaneous T cell lymphoma

Hypertension and congestive heart failure
Obesity

Malaria and amoebic liver abscess

Asthma and allergic rhinitis

Prostate cancer

Amoebiasis

Depression

Fungal infection

Scabies and lice

Parkinson’s disease psychosis

Osteoporosis

Gastrointestinal tract mucosal protection
Breast cancer, infertility, and gynecomastia
Antiviral

Tocofersolan Synthetic vitamin E

Vitamin E deficiency
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o
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Fig. 3. Identification of four FDA-approved drug compounds with potent anti-SARS-CoV-2 activity. Chemical structures of the selected compounds and photos
of plaque reduction assay are shown: (A) cetilistat, (B) diiodohydroxyquinoline, (C) abiraterone acetate, and (D) bexarotene.

derivative that is used as a luminal amebicide for the treatment of
amoebiasis [29]. Cetilistat is rapidly hydrolyzed into its metabolites in
the presence of bile and diiodohydroxylquinoline is poorly absorbed
into circulatory system [28,30]. Importantly, about 15-20 % of COVID-
19 patients develop gastrointestinal symptoms with some also having
detectable viral RNA and even infectious virus particles [31]. In a SARS-
CoV-2-infected hamster model, it was found that the animals’ intestines
exhibited severe inflammation with detectable viral RNA and abundant
viral nucleocapsid protein expression [23]. These findings showed that
like in SARS, feces might also be a potential source of infection in
COVID-19 [2,32]. Thus, besides being administered by inhalation, oral
cetilisat and diiodohydroxylquinoline might have a role as topical

Table 2
Antiviral activity and cytotoxicity of the four most potent drug compounds.

luminal antivirals to reduce viral shedding in the gastrointestinal tract.

Both abiraterone acetate and bexarotene are non-chemotherapeutic
antineoplastic drugs with limited immunosuppressive effects.
Abiraterone acetate is used in combination with corticosteroid to treat
refractory prostate cancer through androgen deprivation by inhibition
of the androgen synthesizing enzyme CYP17A1 [33,34]. Bexarotene is a
third-generation retinoid used in the treatment of cutaneous T cell
lymphoma, non-small cell lung cancer, and breast cancer [35-38]. We
showed that abiraterone acetate and bexarotene potently inhibited
SARS-CoV-2 replication in vitro with ECsy of 1.94 pM and 2.01 pM,
respectively. Of particular interest is bexarotene which has a peak
serum concentration (Cmax) of 3.39 uM after an oral dose of 300 mg/

Compound CCso (UM) ECgp (UM) ECso (UM) Select index
(CellTiterGlo®)" (viral load reduction assay) (plaque reduction assay) (CCs0/ECs0)
Cetilistat > 100.00 2.90 1.13 > 88.50
Diiodohydroxyquinoline > 100.00 4.50 1.38 > 72.46
Abiraterone (acetate) 92.35 8.40 1.94 47.60
Bexarotene 38.21 9.40 2.01 19.01

Abbreviations: CCsg, 50 % cytotoxic concentration; ECsg, 50 % maximal effective concentration; ECgg, 90 % maximal effective concentration.

a

> 100 indicates the highest drug concentration tested in the cytotoxicity assay was 100uM.
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Abiraterone acetate

Bexarotene

DMSO

Remdesivir

Fig. 4. Imnmunofluorescence staining showing the anti-SARS-CoV-2 effects of the four selected drug compounds. Fixation and staining were performed on
SARS-CoV-2-infected (MOI = 0.100) VeroE6 cells after treatment with cetilistat, diiodohydroxyquinoline, abiraterone acetate, or bexarotene (10uM each) and
incubated at 37 °C with 5% CO, for 24 h. The SARS-CoV-2-N antigens and cell nuclei (DAPI) were stained in green and blue, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

m? [39]. The Cmax to ECsg ratio of bexarotene for SARS-CoV-2 (1.69) is
higher than those achieved with standard dosing of chloroquine, hy-
droxychloroquine, and ivermectin (0.02-1.04). Moreover, the time re-
quired to achieve Cmax (Tmax) with standard oral dosing of bexarotene

SARS-CoV-2 SARS-CoV-2
5 Vero-E6 37 Vero-E6
© 2 z
3 8 E T
3 2 B
2 = S 33
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s 3 g3
28 39
o £ 504 T
Oy E 3

8 254 B
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001 01 1 10

Concentration (uM)

is short (2.5 h), which is important especially in COVID-19 patients who
are acutely ill with rapid clinical deterioration [39]. We have pre-
viously shown that AM580 and tamibarotene, which belong to the same
drug class as bexarotene, exhibited broad-spectrum antiviral activities

I Diiodohydroxyquinoline
Abiraterone acetate
Bexarotene

B Remdesivir

SARS-CoV-2
bl il W Cetilistat
Caco2
o
T 1 1 T T T T T 1 T
O © P O O 9D A O QS ©H A O O ©H H O S 9D 0
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Concentration (uM)
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Fig. 5. Characterization of the anti-SARS-CoV-2 activity of each of the four selected drug compounds in vitro. (A) VeroE6 and (B) Caco2 cells were infected
with SARS-CoV-2 and treated with different concentrations of the selected drug compounds as indicated. The viral load under each condition was collected at 48 hpi
for viral load reduction assay by qRT-PCR. Intracellular viral loads were normalized by human B-actin. (C) VeroE6 cells were infected with SARS-CoV-2 and treated
with different concentrations of the selected drug compounds as indicated and evaluated by the CPE inhibition assay at 72 hpi. Remdesivir was used as a positive
control in all of these experiments. One-way ANOVA was used to compare the treatment groups with the OuM (negative control) group. *P indicates < 0.05 and **
indicates P < 0.01 (Student’s t-test). All the experiments were performed in triplicate and replicated twice. The results are shown as mean * standard deviations.
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Fig. 6. Anti-SARS-CoV-2 modes of action of the four selected drug compounds. (A) Time-of-drug-addition assay was performed to determine the steps of the
viral replication cycle targeted by each of the four identified drug compounds. The assay was conducted at 37 °C. (B) Viral load in the treated VeroE6 cell culture
supernatants normalized by DMSO as control. (C) Virus entry assay with or without bexarotene addition. Viral attachment was performed at 4°C and then shifted to
37°C to enable virus internalization. (D) Intracellular viral load in the treated VeroE6 cells normalized by DMSO as control. (E) Viral load reduction assay showing the
dose-dependent anti-MERS-CoV activity of bexarotene (10uM). VeroE6 cells were infected with MERS-CoV (MOI = 0.01) and treated with bexarotene, and the
culture supernatant was then collected at 48 h post-inoculation for viral load quantitation by qRT-PCR. *P indicates < 0.05 and ** indicates P < 0.01 (Student’s t-
test). All the experiments were performed in triplicate and replicated twice. The results are shown as mean + standard deviations.

against coronaviruses (MERS-CoV and SARS-CoV), influenza viruses,
enterovirus A71, Zika virus, and adenovirus [21]. We therefore ad-
ditionally tested the antiviral activity of bexarotene against the highly
virulent MERS-CoV, and showed that it indeed also inhibited MERS-
CoV with an ECsq of 2.12 uM. The potential of bexarotene and its re-
lated analogue compounds as “pan-coronavirus” agents should be fur-
ther evaluated in suitable animal models for COVID-19 and other
human-pathogenic coronaviruses.

In conclusion, the robust two-tier drug compound screening system
established in this study represented a novel platform for conducting
drug discovery programmes for COVID-19. The topical and/or systemic
effects of cetilistat, dilodohydroxylquinoline, abiraterone acetate, and
bexarotene should be further evaluated in suitable ex vivo human organ
culture or organoids, animal models, and/or clinical trials.
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