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The emergence of the novel SARS coronavirus 2 (SARS-CoV-2) in 2019 has triggered an ongoing 

global pandemic of severe pneumonia-like disease designated as coronavirus disease 2019 

(COVID-19)1. The development of a vaccine is likely to require at least 12-18 months, and the 

typical timeline for approval of a novel antiviral therapeutic can exceed 10 years. Thus, 

repurposing of known drugs could significantly accelerate the deployment of novel therapies for 

COVID-19. Towards this end, we profiled a library of known drugs encompassing approximately 

12,000 clinical-stage or FDA-approved small molecules. We report the identification of 100 

molecules that inhibit viral replication, including 21 known drugs that exhibit dose response 

relationships. Of these, thirteen were found to harbor effective concentrations likely commensurate 

with achievable therapeutic doses in patients, including the PIKfyve kinase inhibitor apilimod2–4, 

and the cysteine protease inhibitors MDL-28170, Z LVG CHN2, VBY-825, and ONO 5334. 

Notably, MDL-28170, ONO 5334, and apilimod were found to antagonize viral replication in 

human iPSC-derived pneumocyte-like cells, and the PIKfyve inhibitor also demonstrated antiviral 

efficacy in a primary human lung explant model. Since most of the molecules identified in this 

study have already advanced into the clinic, the known pharmacological and human safety profiles 

of these compounds will enable accelerated preclinical and clinical evaluation of these drugs for 

the treatment of COVID-19.

Introduction

In January 2020, the novel SARS coronavirus 2 (SARS-CoV-2) was identified as the 

causative agent of a severe pneumonia-like coronavirus disease (COVID-19) outbreak in 

Wuhan, China1. SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA 

betacoronavirus, related to the viruses that caused the severe acute respiratory syndrome 

(SARS) and Middle East respiratory syndrome (MERS) outbreaks in 2002-2004 and 2012-

present, respectively. The World Health Organization (WHO) declared the rapidly spreading 

disease a pandemic on March 11th, 2020, and, as of July 5th, more than 11.2 million 

confirmed cases and 528,000 deaths have been recorded worldwide in 216 countries5.

It is anticipated that production of a SARS-CoV-2 vaccine will require 12-18 months6, and 

de novo development of antiviral therapies usually requires 10-17 years7. Thus, 

repositioning clinically evaluated drugs represents one of the most practicable strategies for 

the rapid identification and deployment of treatments for emerging infectious diseases such 

as COVID-19. Toward this end, the repurposing of several approved antiviral therapies has 

been the focus of clinical investigations, including HIV-1 protease inhibitors lopinavir/

ritonavir8, hepatitis C virus protease inhibitor danoprevir9, and the influenza antiviral 

favipiravir (T-705, Avigan)10. Additionally, Remdesivir, a viral RNA polymerase inhibitor11, 

has been granted the investigational antiviral drug remdesivir emergency use authorization 

(EUA) by the FDA for the treatment of COVID-19 based on clinical trial data demonstrating 

a reduction in time to recovery12,13.

While these targeted repurposing strategies provide potentially rapid trajectories toward an 

approved treatment, additional therapies for SARS-CoV-2 infection are required to enhance 

clinical efficacy, extend world-wide drug supplies, and address potential emergence of viral 

resistance. An unbiased large-scale evaluation of known drugs can identify additional 
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unanticipated therapeutic options that can be positioned for accelerated preclinical and 

clinical evaluation. Here, we describe a high-throughput reprofiling screen using the 

ReFRAME (Repurposing, Focused Rescue, and Accelerated Medchem) drug library, a 

comprehensive open-access library of ~12,000 that have been either FDA-approved or 

registered outside the US, entered clinical trials, or undergone significant pre-clinical 

characterization14, to identify existing drugs that harbor antiviral activity against SARS-

CoV-2 in a cell-based assay14,15. The ReFRAME library has previously been used to 

successfully identify potential therapies for tuberculosis16, Cryptosporidium17, and 

fibrosis18. Each of the compounds in this collection has been previously optimized for 

efficacy, safety, and bioavailability. This enables the leveraging of considerable investments 

in research and development to compress the timeline required for drug discovery and 

development19. Using this approach, we identified 100 known drugs that inhibit SARS-

CoV-2 replication in mammalian cells, including 21 compounds for which a dose-response 

relationship with antiviral activity could be established. Rapid experimental and clinical 

evaluation of these therapeutics for in vivo antiviral efficacy and amelioration of disease-

associated pathologies can provide an important opportunity for the accelerated development 

of potential therapies for COVID-19.

Results

Optimization of a high-throughput screen for inhibitors of SARS-CoV-2 Replication.

Given the urgent need for therapeutics to treat SARS-CoV-2 infection, we developed a high-

throughput assay to enable large-scale screening of known drugs. Vero E6 cells, kidney 

epithelial cells derived from an African green monkey, have been shown to be highly 

permissive to SARS-CoV-2 infection20 and viral replication can be assessed through 

measurement of viral-induced cytopathic effects (CPE)21. A clinical isolate of the SARS-

CoV-2 virus (SARS-CoV-2 HKU-001a)22 was utilized for assay development and screening. 

Assay parameters, including cell seeding density, multiplicity of infection (MOI), and 

timepoints, were optimized in Vero E6 cells by measuring virus-induced CPE in a 384-well 

format.

To assess robustness and reproducibility of the optimized assay in a high-throughput 

screening (HTS) configuration, we initially evaluated the assay utilizing the collection of 

known bioactive molecules (LOPAC®1280). At the time this effort was initiated, no 

compound with activity against SARS-CoV-2 in Vero E6 cells had been reported. Based on 

studies that indicate that inhibition of the PIKfyve kinase inhibits entry of viruses such as 

Ebola23,24, we evaluated and confirmed the potential antiviral activity of the PIKfyve kinase 

inhibitor APY0201 against SARS-CoV-2 (Figure ED1a). This enabled a benchmarking of 

the dynamic range of the assay based on a reliable positive control. SARS-CoV-2-induced 

CPE activities corresponding to each well was normalized to the median of each plate 

(Log2FC). The average Z′ factor for the replicate screens was 0.4, and the correlation 

coefficient (R2) was 0.81 (Figure ED1b–c). Twenty-eight compounds were selected for 

further confirmation based on activities in replicate screens (Figure ED1b, red circles). 

These included the HIV protease inhibitor nelfinavir mesylate hydrate and the antagonist of 
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the serotonin receptors 5-HT1B and 5-HT1D, GR 127935 hydrochloride hydrate, which 

have been previously shown to efficiently block either SARS-CoV-1 or 2 infection25–29.

Repositioning analysis of the ReFRAME Drug Repurposing Library.

Having established that these assay conditions were suitable for progression towards a large-

scale screen, we used this experimental design to screen the comprehensive ReFRAME drug 

repurposing collection (Figure 1a). Specifically, the potential antiviral activity of 11,987 

compounds against SARS-CoV-2 was assessed in Vero E6 cells. The assay, conducted at a 

final compound concentration of 5 μM was designed to capture multicycle replication, based 

upon low viral input (MOI = 0.01) and an extended endpoint measurement (72 hours post-

infection). A reasonable dynamic range between positive and negative controls (Figure 1b, 

1d, ED1d and ED1f) and a positive correlation between the replicates were observed (Figure 

1c and ED1e), enabling the identification of compounds with potential antiviral activities 

(see Supplementary discussion).

We next evaluated enrichment of known targets and target classes within the screen data. 

Using a gene set enrichment analysis (GSEA) tool, we examined the distribution of antiviral 

activities of the compounds within individual target classes to determine if certain 

therapeutic mechanisms harbored more active compounds than would be expected by 

chance30,54. We found that 15 target classes and 51 drug targets were found to be enriched in 

the ranked hit list (Figure 2a and Figure ED2, ED3a, ED4 and Table S1), including 

allosteric modulators of the benzodiazepine, cytosolic NADPH-dependent oxidoreductase 

aldose reductase, potassium channels, cholesterol homeostasis, serine proteases, and retinoic 

acid receptor agonists. Interestingly, we observed that inhibition of viral replication by 

retinoic acid receptor agonist tazarotene could be reversed through direct chemical 

antagonism of the transcriptional activator RAR antagonist Ro41-5253 (Figure 2b). 

Additionally, RNA-seq analysis performed on Vero E6 cell to assess the transcriptional 

impact of viral challenge in this system revealed a significant decrease (P = 0.0006) in the 

mRNA levels of genes related to the retinol metabolism after infection with SARS-CoV-2 

(Table S2). These data are consistent with previously reported RNA-seq analysis of 

nasopharyngeal swabs55 (Table S2), and suggest that retinol metabolism and signaling may 

act as a critical host-pathogen interaction circuit in controlling viral infection.

To elucidate the expression pattern of the molecular targets of putative antiviral compounds 

from this cell-based screen, we utilized a previously reported dataset to analyze the 

transcriptional profile of these genes across cell types within the respiratory tract56. 

Critically, a majority of the mapped targets of active compounds also harbored expression in 

relevant respiratory epithelial cells, suggesting these may be physiologically relevant drug 

targets (Figure ED5).

Orthogonal validation of selected anti-SARS-CoV-2 compounds.

Approximately 300 compounds were identified for validation studies based on criteria 

outlined in Materials & Methods (also see supplementary Discussion). We assessed the 

activity of selected hits at 2.5 and 1 μM, in contrast to the 5 μM concentrations employed in 

the original screen, using an orthogonal assay readout. Specifically, Vero E6 cells treated 
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with selected compounds were challenged with another SARS-CoV-2 isolate (SARS-CoV-2 

USA-WA1/2020), and viral infection directly quantified through immunostaining for the 

virally encoded NP protein. This configuration likely biased this validation towards 

confirmation of early inhibitors (also see Supplemental Discussion). Approximately thirty 

percent of compounds (100 compounds) were found to reduce viral replication by at least 40 

% (Table S3).

Several validated compounds were members of enriched GSEA target classes (Figure 2a, 

ED2), including retinoic acid receptor agonists (LGD-1550, tretinoin, tamibarotene, 

acitretin, tazarotene, RBAD), the aldose reductase inhibitor AL 3152, benzodiazepine 

receptor agonists (ZK-93426, zaleplon GR, pagoclone) and antimalarial drugs (AQ-13 and 

hanfangchin A; Table S3). In addition, six drugs with regulatory approval in the US or Japan 

were amongst the molecules confirmed to inhibit SARS-CoV-2 replication. These include 

the antimalarial drug chloroquine, the anti-psoriatic molecule acitretin and the anti-histamine 

astemizole (Table S3).

Dose response and synergy analysis.

Although highly dependent on a compound’s pharmacokinetic properties, therapeutic dose 

ranges are typically expected to track to cellular EC50s below 1 μM concentrations. 

Therefore, we conducted a dose response analysis to determine the relationship between 

compound concentration and antiviral activity (Figure 3a–b and ED6b–c). In addition to 

remdesivir, 20 compounds harbored discernable dose-dependent antiviral activities, most of 

which could be segregated based on broad functional, structural, or target-based classes 

(Figure 3a–b, ED6b–c). Importantly, we observed a significant divergence between cellular 

toxicity and antiviral activities (Figure 3a and ED6a), underscoring that the impact of these 

compounds on replication is well outside a range where cytotoxic or cytostatic activities of 

the molecules may be impacting measurements of viral growth (Table S4).

We next evaluated potential synergies between known drugs confirmed in dose-response and 

remdesivir. Four compounds were observed to have notable levels of synergy with 

remdesivir, including hanfangchin A (also known as Tetrandrine), which was one of the two 

antimalarials validated in this study (Figure 3c). Hanfangchin A is a bis-benzylisoquinoline 

alkaloid that has been shown to inhibit multiple Ca+2 channels57, and has previously been 

reported to antagonize entry of Ebola virus in vitro and in vivo through the targeting of 

endosomal two pore channels (TPCs)58. However, the cellular antiviral activities of 

chloroquine derivatives have not been recapitulated in clinical trials59,60, possibly due to the 

inability to achieve a safe and efficacious concentration required for antiviral activities in 

patients61. These data suggest that a combinatorial approach should be further investigated 

to determine if in vivo and clinical synergies exist between the two drugs at acceptable 

safety margins.

Validation across human cell lines

We next sought to ensure that observed efficacies were not restricted to Vero E6 cells. We 

thus evaluated compound efficacies on two additional human cells lines that support SARS-

CoV-2 replication. Specifically, we employed Huh-7 and 293T cells transduced with ACE2. 
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Dose titration analysis found that nearly all (19/21) of the evaluated compounds inhibited 

viral replication in one or both of these cell lines at potencies equivalent to or greater than 

those observed in Vero E6 cells. (Figure 5a–b and ED7a–b). 13 compounds harbored EC50s 

< 500 nM in at least one cell line (Figure 5a–b and ED7), suggesting that they inhibit viral 

replication at doses can may be achievable in vivo. These include the PPAR-γ agonist 

DS-6930, which, similar to the RAR agonists, likely governs a nuclear hormone receptor-

dependent transcriptional program that functions to obstruct viral replication. In addition, 

clinical stage non-nucleoside HIV-1 reverse transcriptase inhibitor R 82913 inhibited 

replication with an EC50 of 210 nM, and these observed efficacies are consistent with 

reported cell-based antiviral activities against HIV-162,63. Further investigation will be 

required to determine R 82913 inhibits SARS-CoV-2 replication through inhibition of 

polymerase function, or through alternative mechanisms. Furthermore, Clofazimine, an 

FDA-approved molecule on the WHO Model List of Essential Medicines (EML), possessed 

an antiviral EC50 of 310 nM. This molecule possesses antimycobacterial and anti-

inflammatory activity64, and is used for the treatment of leprosy. Further studies are required 

to understand the mechanism by which this drug blocks the replication of SARS-CoV-2.

Impact of Antivirals on the SARS-COV-2 Life Cycle.

We next performed studies to evaluate if five of the most potent compounds identified in this 

study, apilimod, VBY-825, ONO 5334, Z LVG CHN2 and MDL 28170, act on entry or post-

entry steps of the viral life cycle. We first conducted time of addition studies, where 

compared the effect of the compound either administered concurrently with viral infection, 

or two and five hours after viral challenge, to allow for viral entry (Figure 4a). To further 

corroborate these results, we also evaluated the impact of these molecules on infectivity of a 

VSV-based virus-like particles (VLPs) pseudotyped with SAR-CoV-2 S protein, MERS S 

protein, or VSV G protein (Figure 4b). Data from these two experiments indicate that these 

compounds inhibit the entry step of viral replication. Importantly, the protease inhibitors 

VBY-825, ONO 5334, Z LVG CHN2 and MDL 28170, were found to lack potent inhibitory 

activity upon 3C‐like protease (3CLpro) and papain‐like protease (PLpro) encoded by 

SARS-CoV-2 targeting, indicating that antiviral activities are based on inhibition of host 

proteases (Figure ED8). Z LVG CHN2 targets cysteine proteinases produced by group A 

streptococci, and has also been shown to suppress herpes simplex virus (HSV) replication by 

inhibiting the enzymatic activity of HSV-encoded cysteine protease65. Thus, Z LVG CHN2 

likely acts through inhibition of an endosomal protease, although its precise cellular target is 

unknown. MDL 28170 is a cathepsin B inhibitor that also impairs infection by SARS-

COV-1 and Ebola virus (EBOV)29,66, ONO 5334 is a cathepsin K inhibitor, and VBY-825 

acts as a reversible cathepsin protease inhibitor. Human cysteinyl cathepsins are required for 

the proteolytic processing of virally encoded proteins during infection67–69, and cathepsin 

activity is likely required for proper processing of the SARS-CoV-2 S protein within the 

endosome in order to activate its fusogenic acitivity45. Importantly, ONO 5334 was found to 

be well tolerated in phase II clinical trials for the treatment of osteoporosis, and development 

was only discontinued due to an unfavorable competitive landscape70,71.

Riva et al. Page 7

Nature. Author manuscript; available in PMC 2021 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Evaluation in Primary Human Cell Models

ONO 5334, MDL 28170, and apilimod were further evaluated for antiviral activity in human 

pluripotent stem cell (iPSC) -derived pneumocyte-like cells (see Materials and Methods). 

Cells were differentiated and then incubated with respective compounds, and challenged 

with SARS-CoV-2. Treatment with antivirals resulted in a significantly decreased viral 

replication in these primary cell types. ONO 5334 reduced the number of infected cells by 

72 % (Figure 5c), MDL 28170 by 65 % (Figure 5d), while apilimod blocked SARS-CoV-2 

challenge by 85 % (Figure 5e; Figure ED9a–c). Finally, we assessed the antiviral activity of 

apilimod in an ex vivo lung culture system. Briefly, donor lung tissue was infected with 

SARS-CoV-2 and treated with apilimod or a positive control (remdesivir). Twenty-four 

hours after viral challenge, RNA from cells were harvested, and viral transcripts were 

quantified (Figure 5f). Supernatant was also processed at 24 h for quantification of viral titer 

by plaque assay (Figure 5g).

These data reveal that apilimod potently antagonizes viral replication in tissues that reflect 

the primary site of SARS-CoV-2 replication. Apilimod is a specific PIKfyve kinase inhibitor 

and was also found to inhibit viral replication during entry (Figure 4a–b), consistent with 

observations that PIKfyve predominately resides in early endosomes and plays an essential 

role in maintenance of endomembrane homeostasis72. Apilimod has been found to be well 

tolerated in humans, showing a desirable safety profile at doses of ≤ 125 mg BID2,73 and a 

Cmax of 0.265 +/− 0.183 μM, indicating that therapeutic dosing may be achieved in patients 

at concentrations likely to promote antiviral activity. Apilimod has been evaluated in phase 

II clinical trials for the treatment of active Crohn’s disease, rheumatoid arthritis (RA), and 

common variable immunodeficiency (CVID)2,3, as well as phase I studies for the treatment 

of follicular lymphoma74. Interestingly, apilimod also efficiently inhibits EBOV, Lassa virus 

(LASV), and Marburg virus (MARV) in human cell lines, underscoring its potential broad-

spectrum antiviral activity23,75. Evaluation of in vivo efficacy in suitable animal models will 

be highly instructive for the development of this molecule as a COVID-19 therapy.

Discussion

Since the beginning of January 2020, an extraordinary number of investigational programs 

and clinical trials has been initiated in a concerted effort to identify therapeutics against the 

rapidly growing COVID-19 pandemic. Critically, remdesivir was recently granted EUA for 

the treatment of COVID-19 based on data from a clinical trial conducted by NIAID which 

demonstrated significantly improved time to recovery (47 %) in treated patients76. However, 

this therapeutic endpoint is far from optimal, and the elucidation of additional candidate 

therapies would enable the development of combinatorial regimens (“cocktails”), which 

would reflect the current treatment strategies for HIV-1 and hepatitis C virus (HCV)77–79.

Here, we report the high-throughput analysis of approximately 12,000 known drugs 

evaluated for activity against SARS-CoV-2 replication, revealing approximately 100 known 

drugs with antiviral activities (Figure ED10). Based on the known compound mechanisms of 

action, we extrapolated a cell map of druggable targets, pathways, biological processes and 

small molecules that modulate the SARS-CoV-2 replication cycle (Figure ED4). Several 

major target classes were found to be enriched for activity in this analysis, including ion 
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channels, GPCRs, proteases, and kinases (Table S3, Figure 3a). It is important to note that 

selectivity and off-target activities of the identified compound can vary, and thus observed 

antiviral activities may derive from either modulation of the annotated drug target, or an off-

target activity based on binding to a protein in the same or divergent family. For example, 

while found that the activities of a RAR agonist could be reversed with the application of a 

RAR antagonist (Figure 2b), however similar relationships could not be established for 

several GPCR agonists that were evaluated (Figure ED3b). This is potentially suggestive of 

off-target activities underlying the antiviral effects of some of these molecules.

We report the identification of 21 molecules, including remdesivir, which were confirmed to 

possess dose/activity relationships, and 13 of these compounds were found to harbor EC50 

values <500 nM in at least one cell line (Figure 3b, 5a–b, ED6c, ED7). The pharmacokinetic 

properties of each individual compound, including factors such as serum protein binding and 

bioavailability in the lung, will impact potential in vivo antiviral efficacy. However, in 

conjunction with safety data from phase I multiple ascending dose studies, as well as 

reported peak serum concentrations in humans (Cmax), these cellular potencies suggest that 

many of these known drugs may harbor sufficient antiviral activities during therapeutic 

administration. To enable prioritization of known drugs for in vivo preclinical and clinical 

evaluation for the treatment of SARS-CoV-2, a summary of the publicly disclosed and 

relevant preclinical and clinical properties of the most advanced among these molecules are 

annotated in Table S4. Thus, the availability of human safety and pharmacological data of 

clinical-stage molecules is expected to enable rapid preclinical and clinical assessment of 

these compounds. However, expedited regulatory review under EUA guidelines also 

provides a rationale for the development of earlier stage candidate molecules that can be 

deployed for use during the current pandemic outbreak. It is critical that multiple therapeutic 

options that demonstrate efficacy against SARS-CoV-2 become available to mitigate 

potential emergence of drug resistance, as well as enable the evaluation of optimal 

therapeutic cocktails that are broadly curative for COVID-19 disease.

Materials and Methods

Cells and viruses

The SARS-CoV-2 HKU-001a strain was isolated from the nasopharyngeal aspirate specimen 

of a laboratory-confirmed COVID-19 patient in Hong Kong31. The nasopharyngeal aspirate 

specimen was inoculated on Vero E6 cells (ATCC® CRL-1586™). The inoculated cells 

were monitored daily for cytopathic effects by light microscopy and the cell supernatants 

were collected daily for quantitative RT-PCR (qRT-PCR) to assess the viral load. Significant 

cytopathic effects were observed at 72 hours post-inoculation (hpi) and positive SARS-

CoV-2 replication was confirmed by qRT-PCR using specific primers and probes against 

SARS-CoV-2. Whole-genome sequencing for the SARS-CoV-2 isolate was done using an 

Oxford Nanopore MinION device (Oxford Nanopore Technologies, Oxford, UK) 

supplemented by Sanger sequencing as previously described32. SARS-CoV-2 HKU-001a 

(GenBank accession number: MT230904) was propagated and titered in VeroE6 cells 

utilizing plaque assays. The virus was passaged three times before being used for the 

experiments33. The SARS-CoV-2 USA-WA1/2020 strain, isolated from an oropharyngeal 
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swab from a patient with a respiratory illness who developed clinical disease (COVID-19) in 

January 2020 in Washington, USA, was obtained from BEI Resources (NR-52281). The 

virus was inoculated on Vero E6 cells transfected with exogenous human ACE2 and 

TMPRSS2, collected after one passage and stored at −80 °C in aliquots. Plaque forming unit 

(PFU) and TCID50 assays were performed to titrate the cultured virus. Vero E6 cells were 

maintained in Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented with 10 % 

heat-inactivated fetal bovine serum (FBS, Gibco), 50 U/mL penicillin, 50 μg/mL 

streptomycin, 1 mM sodium pyruvate (Gibco), 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, Gibco), and 1X MEM non-essential amino acids 

solution (Gibco). Huh-7 and HEK293T cells stably expressing ACE2 (Huh-7-hACE2/

HEK293T-hACE2) were generated by transducing Huh-7 (Apath LLC, Brooklyn) and 

HEK293T (ATCC®CRL-3216™) cells with ACE2-expressing lentivirus, followed by 

selection of resistant cells with puromycin (InvivoGen) at 2 μg/ml for 14 days. The resistant 

cells were maintained in Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented 

with 10 % heat-inactivated fetal bovine serum (FBS, Gibco), 50 U/mL penicillin, 50 μg/mL 

streptomycin, and 1 μg/ml puromycin. The expression of ACE2 in these ACE2 stable cell 

lines was determined by western blot analysis. BHK-21/WI-2 cells (Kerafast, MA) were 

maintained in Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented with 10 % 

heat-inactivated fetal bovine serum (FBS, Gibco), 50 U/mL penicillin, 50 μg/mL 

streptomycin. Cell lines were directly ordered from their distributors and not authenticated. 

All cells were tested negative for mycoplasma contamination, except for Huh-7-ACE2 cells. 

All experiments involving live SARS-CoV-2 followed the approved standard operating 

procedures of the Biosafety Level 3 facility at the University of Hong Kong34 and Sanford 

Burnham Prebys Medical Discovery Institute.

Chemical libraries

The LOPAC®1280 library is a collection of 1,280 pharmacologically active compounds, 

covering all the major target classes, including kinases, GPCRs, neurotransmission and gene 

regulation (Sigma). The ReFRAME (Repurposing, Focused Rescue, and Accelerated 

Medchem) library, built at the California Institute for Biomedical Research (Calibr)35, 

contains approximately 12,000 high-value molecules assembled by combining three 

databases (Clarivate Integrity, GVK Excelra GoStar and Citeline Pharmaprojects) for fast-

track drug discovery. This library contains U.S. Food and Drug Administration (FDA)-

approved/registered drugs (~35 %), investigational new drugs (~58 %), and preclinical 

compounds (~3 %).

Drug screening

Compounds from the LOPAC®1280 and ReFRAME libraries were transferred into F-

BOTTOM, μCLEAR®, BLACK 384-well plates (Greiner) using an Echo 550 Liquid 

Handler (Labcyte). All compounds were diluted in culture media to a final concentration of 

5 μM during screening. Briefly, Vero E6 cells were seeded in 384-well plates, on top of pre-

spotted compounds, at a density of 3,000 cells per well in 40 μl using a microFlo™ select 

dispenser (BioTek Instruments). Sixteen hours post-seeding, the cells were infected by 

adding 10 μl of SARS-CoV-2 HKU-001a per well at an MOI of 0.01. Cytopathic effect 

(CPE) was indirectly quantified as the presence of ATP in live cells by using the CellTiter-
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Glo (Promega) luminescent cell viability assay at 72 hours post-infection. Data were 

normalized to the median of each plate. For the ReFRAME library, the Z-score was 

calculated based on the log2(Fold Change) [log2FC] with the average and standard deviation 

of each plate. The screen was performed in duplicate by running the assay in parallel for the 

LOPAC®1280 library or as two independent experiments for the ReFRAME collection. 

Twenty-eight compounds from the LOPAC®1280 library were selected according to the 

cutoff of >5*Stdev Log2FC and included in a dose-response confirmation assay. Compounds 

from the ReFRAME collection were ranked according to their Z-score. The top 100 hits 

from each replicate were selected (25 overlapping). Seventy-five additional hits were chosen 

according to their ranking based on the average Z-score. The last 48 hits were selected 

according to drug target and pathway enrichment analysis. The 298 prioritized hits were 

included in a dose-response confirmation assay.

Immunofluorescence assay and quantification of SARS-CoV-2 infection

At several points throughout experimentation, infected Vero E6 and human 293T-ACE2 or 

Huh-7-ACE2 cells were subjected to orthogonal validation using an immunofluorescence-

based imaging assay, labeling the viral nucleoproteins (NP) within infected cells. In each 

assay detailed below, including dose response assays, time-of-addition assay, and drug 

synergy quantification assay, infected cells were fixed at the indicated time post-infection 

with 5 % paraformaldehyde (PFA) for 4 hours and permeabilized with 0.5 % Triton X-100 

for 5 min. After blocking with 3 % bovine serum albumin (BSA) for 30 min, the cells were 

incubated for 1 hour at room temperature with rabbit-anti-SARS-CoV-1 NP serum, which 

exhibits strong cross-reactivity with SARS-CoV-2 NP. After two washes with phosphate-

buffered saline (PBS), the cells were incubated with Alexa Fluor 488-conjugated goat-anti-

rabbit IgG (Thermo Fisher Scientific, USA) for 1 hour at room temperature. After two 

additional washes, PBS supplemented with 0.1 μg/ml antifade-4 6-diamidino-2-phenylindole 

(DAPI) (BioLegend, USA) was added to the cells for at least 30 min before imaging. Images 

were acquired using the Celigo Image Cytometer (Nexcelom). The assay results and data 

analysis enabled us to determine infectivity and viability/cytotoxicity. Based on all 

infectivity and cytotoxicity values, a 4-parameter logistic non-linear regression model was 

used to calculate EC50 and CC50 concentration values whenever required.

High-throughput orthogonal validation of the primary hits and potency evaluation

The selected hits were further validated by immunofluorescence in an 8-point dose response 

experiment to determine EC50 and CC50 concentration values. Briefly, 3,000 Vero E6 cells 

were added into 384-well plates pre-spotted with compounds, in a volume of 40 μl. The final 

concentration of compound ranged from 1.1 nM to 2.5 μM. Sixteen hours post-seeding, 10 

μl of SARS-CoV-2 USA-WA1/2020 were added to each well, at an MOI of 0.75. Twenty-

four hours post-infection, cells were fixed and subjected to a cell-based high-content 

imaging assay to detect SARS-CoV-2 NP within infected cells, as described in the 

“Immunofluorescence assay and quantification of SARS-CoV-2 infection” section.

Enrichment analysis

Compounds were annotated in the three databases used to assemble the ReFRAME library 

(Clarivate Integrity, GVK Excelra GoStar and Citeline Pharmaprojects [Informa MOA]) 
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according to a variety of properties, including targets, pathways, indications, and 

mechanisms of actions (MOA). Each annotation property was tested for enrichment among 

the screening hits using the gene set enrichment analysis (GSEA) software36,37. The 

compounds annotated for each property were treated as a “gene set”. For each set of vendor 

annotations, the background compound set was defined as the set of compounds annotated 

for any property by that vendor. Enrichment results at P < 0.05 and FDR q-value < 0.33 were 

defined as significant. Additional enrichment analyses were performed using the free online 

meta-analysis tool Metascape38 P-values were generated using a one-sided hypergeometric 

test and values were corrected for multiple hypothesis testing by the Benjamini-Hochberg 

method38.

Gene expression analysis

Vero E6 cells were either mock-infected or infected with SARS-CoV-2 USA-WA1/2020 

(MOI = 0.3). Twenty-four hours after infection, cells were harvested, and total RNA was 

extracted using the Qiagen® RNeasy® Plus Mini Kit. Three replicates were performed for 

each group, resulting in a total of six samples. The quality of the extracted RNA was 

assessed with the Agilent® 2100 Bioanalyzer. Libraries were prepared from total RNA 

following ribosome RNA depletion using standard protocol according to Illumina®. Total 

RNA sequencing was then performed on the Illumina® NextSeq system; 150 bp paired-end 

runs were performed and 100 million raw reads per sample were generated (GEO accession 

number: GSE153940). STAR39 was used to align the reads to reference the genome of the 

African green monkey (Chlorocebus sabaeus, https://useast.ensembl.org/

Chlorocebus_sabaeus/Info/Annotation), with the SARS-CoV-2 genome (https://

www.ncbi.nlm.nih.gov/nuccore/NC_045512), selected as the reference genome. The R 

package DESeq240 was used for differential expression (DE) analysis between the virus-

infected and the control samples. P-values (pval) were computed by DESeq2 with 

generalized linear models testing for the difference in log-transformed expression values 

between control and virus-infected samples (i.e. they are essentially two-sided P-values); 

adjusted P-values (padj) were computed with the Benjamini-Hochberg method. GSEA 

analysis41 was performed on the DE results using KEGG and Reactome pathway 

annotations obtained from the MSigDB database42, using the R package fgsea. Empirical P-

values (pval) were computed by fgsea using a permutation test (two-sided), and were 

adjusted (padj) using the Benjamini-Hochberg method. Specifically, this step was performed 

to check whether the enriched drug-targeting pathways as given in Figure ED3a showed 

significant enrichment by the GSEA analysis in the virus-infected samples compared to the 

control. Gene expression analysis on human data was based on a publicly available RNA-seq 

dataset of nasopharyngeal swab specimens taken from SARS-CoV-2 infected patients43 and 

a publicly available single-cell RNA-seq dataset consisting of profiled samples from four 

macro-anatomical locations of human airway epithelium in healthy living volunteers44 

(Figure ED5). We used the pre-calculated raw gene counts and inferred cell types from this 

dataset. For each gene, the fraction of cells with non-zero expression values was calculated 

in nasal, tracheal, intermediate, and distal samples from multiple donors. Values for each 

sampling location were averaged across donors. To analyze gene expression levels in 

different cell types, the fractions of cells with non-zero expression values were determined 

in all cells of a given cell type across samples. Cell types with a total of less than 250 cells 
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detected were excluded from the analysis. Clustered heat maps were generated in R using 

the pheatmap and viridis packages.

Time-of-addition assay

Twenty thousand Vero E6 cells were seeded in 96-well plates. The following day, cells were 

infected with SARS-CoV-2 USA-WA1/2020 (MOI = 1.5). After 1 hour, the viral inoculum 

was removed and cells were washed with ice-cold PBS, before addition of fresh medium. 

DMSO vehicle or 2.5 μM of the indicated compound was added at different time points, 

according to the timeline illustrated in Figure 4a. Cells were fixed at 10 hours post-infection 

and subjected to an immunofluorescence assay targeting SARS-CoV-2 NP, in order to 

quantify the percentage of infected cells, as described above in the “Immunofluorescence 

assay and quantification of SARS-CoV-2 infection” section.

Pseudotyping of VSV and Pseudotype-based inhibition assay

Vesicular Stomatitis Virus (VSV) pseudotyped with spike (S) proteins of MERS and SARS-

CoV-2 were generated according to a published protocol45. Briefly, BHK-21/WI-2 cells 

(Kerafast, MA) transfected to express the S proteins were inoculated with VSV-G 

pseudotyped ΔG-luciferase VSV (Kerafast, MA). After a 2-hour incubation at 37 °C, the 

inoculum was removed and DMEM supplemented with 5 % FBS, 50 U/mL penicillin, and 

50 μg/mL streptomycin were added back to cells. Pseudotyped particles were collected 24 h 

post-inoculation, then centrifuged at 1,320×g to remove cell debris and stored at −80 °C 

until use. To determine the effect of the selected compounds on viral entry, Vero E6 cells 

were treated with each compound at a concentration of 2.5 μM for 1 h prior to inoculation 

with respective pseudotyped VSV. After 2 hours inoculation in the presence of the 

compounds, the inoculum was removed, and fresh medium was added to cells for further 

culture. The activity of firefly luciferase as a readout of infected cells was measured using 

the bright-Glo™ luciferase assay (Promega) for quantitative determination at 16 hours post-

transduction.

Inhibition of SARS-CoV-2 papain-like protease (PLpro) and main protease (Mpro) and by 
compounds

SARS-CoV-2 (GenBank accession number: MN908947) PLpro (polyprotein residues 

1564-1874) and Mpro (polyprotein residues 3259 to 3569) were expressed and purified from 

E.coli according to established methods46. Briefly, PLpro was expressed with a N-terminal 

(His)6-tag and purified by (Ni2+)-affinity chromatography. The (His)6-tag was removed by 

TEV-protease digestion and then passed over a size-exclusion chromatography column for a 

final purification step. Mpro was also expressed with a n-terminal (His)6-tag that is removed 

during expression by an Mpro catalyzed autocleavage reaction. Mpro was purified by a 

combination of anion-exchange, hydrophobic interaction, and size-exclusion 

chromatographic steps. SARS-CoV-2 PLpro enzyme inhibition assays were performed in 

triplicate in Costar 96-well black microplates using the peptide substrate Arg-Leu-Arg-Gly-

Gly-AMC (RLRGG-AMC) at a final concentration of 50 μM which is well below the Km 

value for this substrate which is >1 mM. Assays were performed in buffer composed of 50 

mM HEPES, pH 7.5, 0.1 mg/mL BSA, 5 mM DTT and 50 μM RLRGG-AMC substrate in a 

final assay volume of 100 μL. Selected compounds were included in the assays at varying 
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concentrations ranging from 1 to 50 μM. Compounds GRL-0617 and 3k, known SARS-CoV 

PLpro inhibitors47,48, were used at a concentration of 50 μM as control inhibitors of SARS-

CoV-2. Each of these compounds inhibits SARS-CoV-2 at 95 to 100 % at this concentration. 

The final concentration of DMSO after the addition of compounds at all concentrations is 1 

%. Enzyme reactions were initiated with enzyme (final concentration of ~150 nM) and 

product formation was monitored over time at an emission wavelength of 460 nm with an 

excitation wavelength of 360 nm using a CLARIOstar Plus Microplate Reader. Enzyme 

activity in the absence (zero percent inhibition control) and presence of compounds were 

used to calculate the percent inhibition at each compound concentration. SARS-CoV-2 Mpro 

enzyme inhibition assays were performed in triplicate in Costar 3694 EIA/RIA 96-well half-

area, flat bottom plates using the UIVT-3 peptide substrate (HiLyte Fluor488™-

ESATLQSGLRKAK-QXL520™-NH2) that was custom synthesized by Anaspec. The final 

concentration of substrate used was 2 μM which is well below the Km of this substrate which 

is >250 μM. Mpro assays were performed in assay buffer (50 mM HEPES pH 7.50, 0.1 

mg/mL bovine serum albumin (BSA), 0.01 % Triton X-100, 2 mM DTT, 1 % DMSO) by 

preincubating enzyme at a final concentration of 200 nM with inhibitor (1 to 50 μM) for 20 

minutes. After this time, the reaction was initiated by adding 20 μL of the UIVT3 substrate. 

The increase in fluorescence intensity was measured over time at an emission wavelength of 

530 nm with an excitation wavelength of 485 nm using a CLARIOstar Plus Microplate 

Reader. Compound 10, a potent inhibitor of SARS Mpro49, was used as a control inhibitor 

of SARS-CoV-2 at a concentration of 50 μM. This compound inhibits SARS-CoV-2 at 95 to 

100 % under these reaction conditions. Enzyme activity in the absence (zero percent 

inhibition control) and presence of compounds were used to calculate the percent inhibition 

at each compound concentration.

Drug Synergy quantification

Four thousand Vero E6 cells were seeded in 384-well plates pre-spotted with indicated 

compounds, concentration ranging from 0.001 to 2.5 μM in a dose-response manner. Either 

DMSO vehicle or remdesivir (320 nM, 800 nM or 1,200 nM) was added to the medium. 

Sixteen hours later, cells were infected with SARS-CoV-2 USA-WA1/2020 (MOI = 0.75). 

Twenty-four hours post-infection, cells were fixed and an immune-fluorescence assay 

targeting SARS-CoV-2 NP was performed as described in the “Immunofluorescence assay 

and quantification of SARS-CoV-2 infection” section. Synergy of drug combinations was 

assessed using the Bliss independence model50, that predicts that if two drugs DA and DB 

with experimentally determined fractional effects fA and fB have an additive effect, their 

expected fractional combinatorial effect is: fAB = fA + fB - (fA x fB).

Validation of antiviral activity in human cell lines

Six thousand ACE2-transduced 293T cells and six thousand ACE2-transduced Huh-7 cells 

were seeded in 384-well plates, pre-spotted with either a single dose (5 μM) (Figure 5a) or 

varying doses (final concentration ranging from 0.001 to 2.5 μM) (Figures ED7) of each 

compound. After 16 hours, cells were infected with SARS-CoV-2 USA-WA1/2020 (MOI = 

0.3 and 0.2 respectively). Twenty-four hours post-infection, cells were fixed with 5 % PFA 

and an immune-fluorescence assay detecting SARS-CoV-2 NP was performed, as described 

in the section “Immunofluorescence assay and quantification of SARS-CoV-2 infection”.
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Validation of antiviral activity in human iPSC-derived pneumocyte-like cells

Human embryonic stem cell lines hPSC1 (H9,WiCell) and hPSC2 (Lis38-derived, kindly 

provided by Dr. Jacob Hanna, ISM ESCRO Project #14-005) were cultured with mTeSR 

(STEMCELL Technologies, 85850) on Vitronectin XF (STEMCELL Technologies, 07180) 

coated tissue culture plates and split in a ratio of 1:6 to 1:12 every four to six days with 

Versene (Life Technologies, 15040066). When cells were 70-80 % confluent, cells were 

collected with Gentle dissociation reagent (STEMCELL Technologies, 07174) and 2 million 

cells per 10 cm2 were plated on Vitronectin coated tissue culture plates in mTeSR. Definitive 

endoderm differentiation was induced following the protocol described by Jacob et al. 

(2017)51. Cells were split after 4 days and maturated for 6 more days or further induced to 

differentiate based on an adapted alveolar differentiation protocol52 in Iscove’s modified 

Dulbecco’s medium (IMDM, Life Technologies, 31980030) supplemented with 10 % FBS 

(Sigma, F4135), 2 mM L-glutamine (Life Technologies 25030081), 0.5 μM all-trans-retinoic 

acid (Sigma, R2626), 10 ng/ml FGF-10 (R&D Systems, 345-FG-025), 10 ng/ml EGF (R&D 

Systems, 236-EG-01M), 100 ng/ml Wnt3a (R&D Systems, 5036-WN-010), 10 ng/ml KGF 

(R&D Systems, 251-KG-050) and 5 ng/ml BMP-4 (R&D Systems, 314-BP-010). Viral 

infections were performed on day 11 of differentiation. DMSO or the indicated compound 

was added to the medium two hours before infection. ONO-5334 and MDL28170 were 

tested with hPSC1; VBY-825 and Apilimod were tested with hPSC2 cells at Stage 1 or 2, 

respectively. Cells were then infected by inoculation with 1×105 PFU of SARS-CoV-2 USA-

WA1/2020. Two days post infection cells were harvested for flow cytometry (CoV-NP 

staining) quantifications. The gating strategy is described in the supplementary Figure S1. 

An MTT assay was also performed on non-infected samples, in order to assess the 

cytotoxicity of the compounds.

Validation of antiviral activity in human ex vivo lung tissues

Human lung tissues for ex vivo studies were obtained from patients undergoing surgical 

operations at Queen Mary Hospital, Hong Kong as previously described53. The donors gave 

written consent as approved by the Institutional Review Board of the University of Hong 

Kong/Hospital Authority Hong Kong West Cluster (UW13-364). The freshly obtained lung 

tissues were processed into small rectangular pieces and were rinsed with advanced 

DMEM/F12 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented 

with 2 mM of HEPES (Gibco), 1×GlutaMAX (Gibco), 100 U/ml penicillin, and 100 μg/ml 

streptomycin. The specimens were infected with SARS-CoV-2 HKU-001a with an inoculum 

of 1×106 PFU/ml at 500 μl per well. After two hours, the inoculum was removed, and the 

specimens were washed 3 times with PBS. The infected human lung tissues were then 

cultured in 1 ml of advanced DMEM/F12 medium with 2 mM HEPES (Gibco), 

1×GlutaMAX (Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin, 20 μg/ml vancomycin, 

20 μg/ml ciprofloxacin, 50 μg/ml amikacin, and 50 μg/ml nystatin. Supernatants were 

collected at 24 hours post-inoculation (hpi) for plaque assays. The lung tissues were 

harvested at 24 hpi in RLT buffer (Qiagen, Hilden, Germany) with DTT (Qiagen) for 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of viral 

load and normalized by human GAPDH.
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Extended Data

Figure ED1. High-throughput repositioning screens for SARS-CoV-2 antivirals.
(a-c) Data from preliminary LOPAC®1280 library primary screen. (d-f) Data from 

ReFRAME collection screen. (a, d) Log2 fold change (Log2FC) of ATP levels after 

normalization to the median of each plate for SARS-CoV-2 infected all positive (APY0201) 

and negative (DMSO) controls, as well as for non-infected cells, across all screening plates. 

Error bars represent mean ± SD for at least n=40 and n=376 (d) independent wells. (b, e) 

Correlation plot indicating the Log2FC of each compound of two replicate screens. (c, f) 

Distribution of activities for each compound according to the average of the log2FC of each 

replicate. Each datapoint indicates the Log2FC average of each drug in screen (black dots). 
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Values corresponding to DMSO (orange dots), APY0201 (cyan dots) and non-infected cells 

(purple dots) are also represented. Red circles indicate the activities of selected compounds 

chosen for follow-up for the LOPAC®1280 screens. R squared value indicates the linear 

correlation coefficient for the replicates of LOPAC®1280 (b) and ReFRAME (e) screens.

Figure ED2. Supplemental GSEA analysis.
Gene set enrichment analysis (GSEA) of primary screening data according to the average Z′ 
factor. GSEA enrichment plots of additional ten target classes that were enriched in the 
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primary HTS assay are shown, including beta adrenoreceptor antagonists, platelet 

aggregation inhibitors, progesterone receptor agonists, protein synthesis inhibitors, 

phosphodiesterase inhibitors, angiotensin II 1 antagonists, GPIIB IIIA receptor antagonists, 

thromboxane A2 receptor antagonists, leucotriene B4 antagonists, serine protease inhibitors 

(P-value < 0.05, FDR q-value < 0.25). Z-scores distributions of compound activities within 

the screen are depicted below each plot (Ranked list metric). P-values were calculated as 

indicated in the materials and methods.

Figure ED3. Enriched biological pathways and processes of putative antiviral compound targets
(a) Bar graph of enriched biological pathways and putative proteins targeted by the antiviral 

compounds identified by HTS analysis. Molecular targets contained within enriched GSEA 

classes, as well as those of the 326 compounds selected for validation, were assessed for 

enrichment of pathways and biological function. The x-axis corresponds to -log10(P-value) 

while the y-axis indicates the enriched terms. The analysis was performed using the online 

tool Metascape and P-values were calculated as indicated in the materials and methods. (b) 

Chemical epistasis analysis of GPCR agonists and antagonists on viral replication. Vero E3 

cells were treated with antagonists of the serotonin receptor 1A (elopiprazole, 5 μM), 

serotonin receptor 1B (CGS-12066-A maleate, 2.5 μM), Dopamine D2 and D3 receptors 

(NAD 299 hydrochloride, 5 μM) and Platelet-Activating Factor (PAF) receptor 

(SDZ-62-434, 5 μM) and challenged with SARS-CoV-2. Infection was determined in the top 

panels as described in Figure 3. Similarly, Vero E6 cells where pretreated with an antagonist 

of the serotonin receptor 1A (quinelorane hydrochloride, 5 μM), serotonin receptor 1B 

(SB-616234-A, 2.5 μM), Dopamine D2 and D3 receptors (elopiprazole, 5 μM) and Platelet-

Activating Factor (PAF) receptor (PAF, 5 μM), either alone or in combination (combo) with 

the corresponding antagonist (left panel). Cellular toxicity was measured through 

enumeration of cell numbers (bottom panels). Data are normalized to the average of DMSO-

treated wells and represent mean ± SEM for n=3 independent experiments.
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Figure ED4. A cellular map of SARS-CoV-2 antiviral targets.
Reported targets or target classes of confirmed SARS-CoV-2 antiviral compounds (Table S1) 

were mapped to a cell based on known or inferred subcellular localization, function, and 

potential intersection with the viral life cycle.
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Figure ED5. Expression profiles of compound-targeted genes in human airway samples.
Expression profiles of ACE2, TMPRSS2, and indicated targets of putative antiviral 

compounds identified in the HTS screen was analyzed using previously reported single-cell 

RNA profiling data from human airway samples of healthy donors. Clustered heat maps 

show the fraction of gene-expressing cells separated by sampling locations (left panel) or 

cell type (right panel).
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Figure ED6. Cell number and IF relative to dose-response orthogonal validation in Vero E6 cells.
(a) Vero E6 cells were pre-treated for 16 h with increasing concentrations of the indicated 

compound and then infected with SARS-CoV-2 with MOI = 0.01. 24 h post-infection, cells 

were fixed, and immunostained, and imaged. For each condition, the total amount of cells 

stained with DAPI was calculated. Data are normalized to the average of DMSO-treated 

wells. The heatmap represents the normalized cell number of the indicated 21 compounds in 

dose-response, on a scale from 0 to 1, on the average of five independent experiments. 

Compounds are associated in clusters, based on their classification category. Concentrations 

are rounded. Corresponding antiviral activities of these compounds are shown in Fig. 3A. † 

Indicated compounds were evaluated at a concentration of 0.85 μM instead of 1 μM. (b) 

Representative immunofluorescence images corresponding to one of the three dose-

responses illustrated in Figure 3. For each condition, the corresponding entire well is shown 

Riva et al. Page 21

Nature. Author manuscript; available in PMC 2021 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(4x objective). Scale bar=1.35 mm. (c) Dose-response curves for additional antiviral 

compounds. Vero E6 cells were pre-treated for 16 h with increasing concentrations of the 

indicated compound and then infected with SARS-CoV-2 with MOI = 0.01 in the presence 

of the compound. 24 h post-infection, cells were fixed, and an immunofluorescence was 

performed. For each condition, the percentage of infection was calculated as the ratio 

between the number of infected cells stained for CoV NP and the total amount of cells 

stained with DAPI. Dose-response curves for both infectivity (black) and cell number (red) 

are shown. Data are normalized to the average of DMSO-treated wells and represent mean ± 

SEM for n=5 independent experiments. * indicates compounds for which EC50 values were 

calculated based on observed values at the highest concentrations.
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Figure ED7. Dose-response curves of additional antiviral compounds in 293T and Huh-7-ACE2 
expressing cells.
HEK-293T (a) and Huh-7 cells (b), both transduced with ACE2, were pre-treated for 16 h 

with increasing concentrations of the indicated compound and then infected with SARS-

CoV-2 with MOI = 0.3, in the presence of the compound. 24 h post-infection, cells were 

fixed, and immunostained, followed by imaging. For each condition, the percentage of 

infection was calculated as the ratio between the number of infected cells stained for CoV 

NP and the total amount of cells stained with DAPI. Compound concentrations range 

between 1 nM and 2.5 μM with 3-fold dilutions. Dose-response curves for both infectivity 

(black) and cell number (red) are shown. Data are normalized to the average of DMSO-

treated wells and represent mean ± SEM for n=4 independent experiments. EC50 for each 

compound was calculated as 4-parameter logistic non-linear regression model and are 

indicated.

Figure ED8. In vitro protease assay on SARS-CoV-2 papain-like protease (PLpro) and main 
protease (Mpro).
Purified SARS-CoV-2 Mpro (A) and SARS-CoV-2 PLpro (B) enzymes were incubated with 

varying concentrations of each compound, ranging from 1 to 50 μM. Activity of purified 

SARS-CoV-2 Mpro and SARS-CoV-2 PLpro enzymes was measured using the UIVT-3 

peptide substrate (HiLyte Fluor488TM-ESATLQSGLRKAK-QXL520TM-NH2) and the 

peptide substrate Arg-Leu-Arg-Gly-Gly-AMC (RLRGG-AMC) respectively. Enzyme 

activity in the absence (zero percent inhibition control) and presence of compounds were 

used to calculate the percent inhibition at each compound concentration. Data are presented 

as mean ±SD for n=3 independent experiments.
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Figure ED9. Cell viability in human iPSC-derived pneumocyte-like cells.
(a-c) MTT assay performed on human iPSC-derived pneumocyte-like cells corresponding to 

the ones used for infectivity assay in Figure 5c–e. Data represents mean ± SEM for n=3 

(DMSO, ONO-5334 (a), MDL 28170 (b) and apilimod (c)) and n=2 (remdesivir) biological 

replicates.
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Figure ED10. Triaging strategy and workflow.
An overview of the down-selection strategy and accompanying selection criteria for the 

study is shown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. High-throughput ReFRAME collection repositioning screen for SARS-CoV-2 
antivirals.
(a) A schematic of the screening strategy employed for the repositioning analysis of the 

ReFRAME library. Classification of the approximately 12,000 compounds in the ReFRAME 

collection across different stages of clinical development is depicted in the pie chart. For the 

HTS screen, compounds were pre-spotted in 384-well plates at a final concentration of 5 

μM. 3,000 Vero E6 cells were added to each well and pre-incubated with each compound for 

16 h, followed by infection with a clinical isolate of SARS-CoV-2 (HKU-001a) with MOI of 

0.01. ATP levels in each well were measured 72 h post-infection using a Cell Titer Glo 

viability assay as a surrogate measurement of viral cytopathic effect (CPE). (b) Z-scores 

after normalization to the median of each plate for all positive (APY0201) and negative 

(DMSO) controls, as well as for non-infected cells, across all the screening plates are shown. 

Error bars represent mean ± SD for n=376 independent wells (at least). (c) Correlation plot 

indicates the activity (Z-score) of each compound in the two replicate screens. (d) The 

activity distribution of each compound based on the average of the Z-score of each replicate 

is also presented. Each dot indicates the Z-score of each drug in each replicate of the screen 
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(black dots). Values corresponding to DMSO (orange dots), APY0201 (cyan dots) and non-

infected cells (purple dots) are also represented. R squared indicate the linear correlation 

coefficients for the replicates (b, e).
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Figure 2. Gene set enrichment analysis and target gene expression.
(a) Enriched targets and mechanisms of action of potential antiviral compounds were 

determined through Gene Set Enrichment Analysis (GSEA). GSEA enrichment plots 

provide the distribution of the enrichment score (green line) across compounds that were 

annotated to molecular targets, ranked in order of antiviral activities (left to right). Vertical 

black lines reflect the positioning of each compound within a specific target class across the 

ranked dataset, where again, the leftmost position indicates most potent antiviral activity 

(red), and the rightmost position indicates inactivity in the HTS screen (blue). Enriched 

target clusters are shown, including retinoic acid receptor agonist, benzodiazepine receptor 

inhibitor, aldose reductase agonist, potassium channel agonist, cholesterol inhibitor, and 

antimalarials (P-value < 0.05, FDR q-value < 0.33). Additional enriched target classes are 

shown in Figure ED2. P-values were calculated as indicated in the materials and methods. 

(b) Chemical epistasis analysis of Retinoic Acid Receptor Agonist Antiviral Activity. Vero 

E3 cells were treated with 5 μM of the RAR agonist tazarotene and challenged with SARS-

CoV-2, and infection was determined as described in Figure 3. Similarly, Vero E6 cells 

where pretreated with 5 μM of the RAR antagonist Ro41-5253, either alone or in 

combination with 5 μM of tazarotene (left panel). Cellular toxicity was measured through 

enumeration of cell numbers (right panel). Data are normalized to the average of DMSO-

treated wells and represent mean ± SEM for n=3 independent experiments. One-way 

ANOVA followed by Dunnett post-test was performed as statistical analysis. ** P ≤ 0.01, 

*** P ≤ 0.001.
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Figure 3. Dose-response relationships of selected antiviral compounds and synergy with 
remdesivir.
(a-c) Vero E6 cells were pre-treated for 16 h with increasing concentrations of the indicated 

compound and then infected with SARS-CoV-2 at MOI = 0.01. 24 h post-infection, cells 

were fixed, and immunofluorescence imaging was performed. For each condition, the 

percentage of infection was calculated as the ratio between the number of infected cells 

stained for CoV NP and the total amount of cells stained with DAPI. (a) Heatmap 

representing normalized infection of the indicated 21 compounds in dose-response, on a 

scale from 0 to 1, depicting the average of n=5 independent experiments. Compounds are 

grouped in predicted function clusters. † concentration of 0.85 μM instead of 1 μM at the 

second highest dose. Extrapolated EC50 values are listed on the left of the heatmap. (b) 

Dose-response analysis of most potent compounds in (a) are shown, depicting both 

infectivity (black), cell number (red), and cellular EC50 values (also see ED6). (c) 

Compounds at indicated doses were combined with 800 nM remdesivir or a negative control 

(DMSO), and antiviral dose response relationships were determined in Vero E6 cells using 

experimental conditions described in (b). 800 nM remdesivir alone inhibited viral infection 

by 20 % (black dotted line). Predicted additive combinatorial activity of remdesvir and 

indicated compound (see materials and methods) is denoted by red dotted line. Observed 

activity of remdesivir in combination with the indicated compound is shown with a solid red 

line, and shaded portions of graph indicate differential of predicted and observed 
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combinatorial activities. EC50s for compound alone (black lettering), predicted (pink 

lettering), and observed (red lettering) are also presented. Data are normalized to the average 

of DMSO-treated wells and represent mean ± SEM for n=3 (apilimod, MDL 28170, Z LVG 

CHN2, VBY-825, and SL-11128) (b,c) and n=5 (ONO 5334 ,clofazimine, DS-6930 and 

R82913) (b) independent experiments. * indicates compounds for which EC50 values were 

calculated based on observed values at the highest concentrations.
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Figure 4. Apilimod and protease inhibitors block SARS-CoV-2 entry.
(a) Time-of-addition assay. To synchronize infection, Vero E6 were infected for 1 h with 

SARS-CoV-2, and the inoculum was then removed. Cells were also incubated with the 

indicated compound at a concentration of 2.5 μM at timepoints indicated. Infection was 

quantified 10 hpi after fixation and staining for CoV NP. Data are normalized to the average 

of DMSO-treated wells for each corresponding time point and are presented as mean ± SEM 

for n=3 independent experiments. Two-way ANOVA followed by Tukey post-test was 

performed as statistical analysis. Bafilomycin was used as a positive control. (b) Virus-like 
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particle (VLP) assay. Vero E6 cells were pre-treated for 2 h with the indicated compounds 

(2.5 μM) and then infected for 2 h with SARS-CoV-2, MERS or VSV pseudotyped particles 

harboring firefly luciferase (see Materials and Methods). Inoculum was removed after 

another 2 h, and Firefly Luciferase signal was quantified 24 h post-inoculation. Error bars 

represent SEM for n=2 independent experiments. One-way ANOVA followed by Dunnett 

post-test was performed as statistical analysis. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** 

P ≤ 0.0001.
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Figure 5. Assessment of antiviral activity in human cell models.
HEK-293T (a) and Huh-7 cells (b) transduced with ACE2 were pre-treated for 16 h with 

increasing concentrations of the indicated compound and then infected with SARS-CoV-2 

(MOI = 0.3). 24 h post-infection, cells were fixed, and immunostained, and imaged by 

immunofluorescent microscopy. For each condition, the percentage of infection was 

calculated as the ratio between the number of infected cells stained for CoV NP and the total 

amount of cells stained with DAPI. Compound concentrations ranged between 1 nM and 2.5 

μM. Dose-response curves for infectivity (black) and cell number (red) are shown. Data are 

normalized to the average of DMSO-treated wells and represent mean ± SEM for n=4 

independent experiments. EC50 for each compound was calculated as 4-parameter logistic 

non-linear regression model and is indicated. (c-e) iPSC-derived pneumocytes were 

incubated with 5 μM of the indicated compound two hours prior to infection, and then 

infected with 105 pfu of SARS-CoV-2. Two days post infection, cells were harvested, and 

viral infection was quantified by flow-cytometry (Cov NP staining). Data represent mean ± 

SEM for n=3 biological replicates. One-way ANOVA followed by Dunnett post-test was 

performed as statistical analysis. (f-g) Ex vivo lung tissues were infected with SARS-CoV-2 

with an inoculum of 5×105 PFU. After two hours, the inoculum was removed, and the 

indicated compound was added at a 5 μM concentration. 24 hours post-infection, 

supernatants were collected for quantification of viral titer by plaque assay (f) and cells 

harvested for quantification of intracellular viral RNA (g). Error bars represent SEM for n=3 
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biological replicates. One-way ANOVA followed by Dunnett post-test was performed as 

statistical analysis. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001.
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