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Nadav Scher,1 Emilie Giraud,2 Jaouen Tran-Rajau,2 Fabrice Agou,2 Haim Michael Barr,3 and Ori Avinoam1,4,*
SUMMARY

The COVID-19 pandemic highlighted the need for antivirals against emerging coronaviruses (CoV). Inhib-
iting spike (S) glycoprotein-mediated viral entry is a promising strategy. To identify small molecule inhib-
itors that block entry downstream of receptor binding, we established a high-throughput screening (HTS)
platform based on pseudoviruses. We employed a three-step process to screen nearly 200,000 small
molecules. First, we identified hits that inhibit pseudoviruses bearing the SARS-CoV-2 S glycoprotein.
Counter-screening against pseudoviruseswith the vesicular stomatitis virus glycoprotein (VSV-G), yielded
sixty-five SARS-CoV-2 S-specific inhibitors. These were further tested against pseudoviruses bearing the
MERS-CoV S glycoprotein, which uses a different receptor. Out of these, five compounds, which included
the known broad-spectrum inhibitor Nafamostat, were subjected to further validation and tested against
pseudoviruses bearing the S glycoprotein of the Alpha, Delta, and Omicron variants as well as bona fide
SARS-CoV-2. This rigorous approach revealed an unreported inhibitor and its derivative as potential
broad-spectrum antivirals.

INTRODUCTION

Coronaviruses (CoVs) have garnered global attention due to their potential for causing severe diseases in humans. The most notable among

these are SARS-CoV, MERS-CoV, and SARS-CoV-2, each responsible for significant disease outbreaks.1 As zoonotic pathogens, CoVs

continue to pose a constant threat to global health due to the potential for cross-species transmission, underscoring the need for broad-spec-

trum antiviral inhibitors.

The viral spike (S) glycoprotein of CoVs mediates fusion of the viral envelope with the host cell membrane, which is essential for infection

and delivery of the viral geneticmaterial into host cells.2–4 This process is conserved across all coronaviruses, positioning the S glycoprotein as

a promising target for broad-spectrum antiviral strategies.5,6 The S glycoprotein is a class I viral fusogens, comprised of two subunits: S1,

involved in host cell recognition and binding, and S2, which mediates membrane fusion.3,7

Current therapies for CoV infection largely aim to disrupt the S1 domain-mediated host recognition.8 However, these strategies face

significant limitations, particularly with the emergence of SARS-CoV-2 variants carrying mutations in the S1 domain that enhance receptor

binding and facilitate immune evasion.9–12 Additionally, the variability in the cellular receptors recognized by different CoVs presents a

challenge for achieving broad inhibition with S1 domain-targeted strategies. For instance, SARS-CoV and SARS-CoV-2 recognize

angiotensin-converting enzyme 2 (ACE2),13,14 while MERS-CoV interacts with dipeptidylpeptidase 4 (DPP4).15 Further, the identification of

other SARS-CoV-2 receptors, such as TMEM106B16 highlights the adaptability of CoVs in exploring alternative receptors.

Strategies to inhibit host proteases like transmembrane protease serine 2 (TMPRSS2)17–19 and cathepsins,20,21 which facilitate CoV entry by

cleaving the S protein and activating the fusogenic activity of the S2 domain, have also been explored. Protease inhibitors like nafamostat22

and camostat19 have demonstrated some efficacy against multiple CoVs.23,24 However, their inhibition spectrum remains uncertain due to the

adaptability of CoVs in exploring alternative proteases,25 and their evolution to include a polybasic furin cleavage site,26,27 thereby limiting the

strategy of targeting a single protease for broad-spectrum inhibition.

In contrast, the S2 domain presents as a promising target for managing CoV infection. Cross-reactive neutralizing antibodies (nAbs)

against the S2 domain have been identified in individuals who have not contracted SARS-CoV-2, as well as patients infected with various

CoVs.28,29 This compelling evidence is reinforced by the essential role of the S2 domain in the universally conserved biophysical process of

membrane fusion. Additionally, in comparison to the S1 domain, the S2 domain has exhibited lower mutation rates in emerging

SARS-CoV-2 variants, which is further supported by phylogenetic analyses showing a higher degree of sequence conservation in the S2
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Figure 1. Production of high titer VSVDG pseudoviruses and quantification of single infection events

(A) A schematic representation of the VSVDG pseudoviruses production process. Viral glycoproteins (yellow) are expressed by plasmid transfection on cell

surface. Transfected cells are subsequently infected with recombinant VSV in which the endogenous G glycoprotein (VSV-G) was replaced with a fluorescent

reporter (VSVDG) and complemented with VSV-G (VSVDG-G). 1 h post-infection, the residual VSVDG-G is thoroughly washed and the culture is replenished

with medium. This results in the production of pseudovirus particles capable of a single round of infection, baring the desired glycoproteins on their surface.

Nevertheless, all downstream experiments are performed in the presence of a neutralizing anti-VSV-G antibody (a-G). (B) A widefield image of cells infected

with VSVDG pseudoviruses expressing a fluorescent reporter (GFP; green). Infected cells become round after infection due to the virus-induced cytopathic

effect (CPE).
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Figure 1. Continued

(C) (Left) A high magnification overlay image showing the infected GFP-positive cells (green) and nuclei (blue). (Right) The respective segmentation showing

infected cells (yellow) and nuclei (cyan).

(D–F) Pseudoviral titers in infectious units/mL. To remove any residual infections from VSVDG-G, the neutralizing a-G antibody was added to all pseudoviruses,

ensuring accurate titration. The activity of a-G was tested using VSVDG-G in the presence and absence of a-G. Two-tailed unpaired t tests were used to evaluate

the statistical significance of a-G activity (p **% 0.01, ****% 0.0001. Nexperiments = 3, nrepeats = 9. (D) Titer of VSVDG-SW in different cell types showing infection

improves upon over-expression of the innate receptor ACE2 and host protease TMPRSS2. (E) Titer of VSVDG-SW in HEK-293T-ACE2-TMPRSS2 cells showing the

effect of modifications to the cytosolic tail of SW. (F) Titer of VSVDG-G, Wuhan (SW), Alpha (Sa), Delta (Sd), Omicron (So), and MERS-CoV S (SM) showing similar

infection levels, with and without DPP4. VSVDG-G pseudoviruses infected all cell lines at similar levels (D and F).

(G) Pseudoviral infectious units/mL of VSVDGRFP-G and VSVDGGFP-SW separately or simultaneously result in equivalent titer measurements. (Right) A high

magnification overlay image of a well showing VSVDGRFP-G and VSVDGGFP-SW infected cells (white and green, respectively). Scale bar is 100 mM (B, C, and

G). Error bars represent the SEM.
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domains of diverse CoV clades.12,30–33 These characteristics of the S2 domain suggest its potential as a broad-spectrum therapeutic target.

However, targeting the S2 domain is challenging because it cannot be expressed independently of the S1 domain. Hence, current FDA-ap-

proved drugs for treating COVID-19 patients, such as Remdesivir,34 Molnupiravir,35 and Nirmatrelvir,36 do not specifically target the S2

domain.

High-throughput screening (HTS) has been used to identify antiviral leads for various viruses.37–39 With the emergence of SARS-CoV-2,

several HTS assays were swiftly developed, predominately focusing on FDA-approved drugs, to reduce the development time by re-purpos-

ing existing drugs.40–44 Despite numerous efforts, few efficient antivirals were identified.45–49 Furthermore, while numerous in silico and in vitro

HTS approaches targeting viral entry or viral replication have been developed, efforts specifically dedicated to the identification of broad-

spectrum CoV antivirals through HTS have been sparse.50,51

To address this gap, we adopted a pseudotyped vesicular stomatitis virus (VSV) model52 that permitted robust quantification of CoV spike

glycoprotein mediated infection. We established an HTS platform and screened approximately 200,000 diverse chemical compounds. We

targeted the S2 domain of the S glycoproteins by screening against the glycoproteins of two distinct CoVs that bind different cellular recep-

tors.30,53–55 Our extensive HTS efforts resulted in the identification and validation of a previously unreported broad-spectrum antiviral

compound.

RESULTS

Pseudoviruses expressing fluorescent reporters enable robust infection quantification

To develop an effective high-throughput screening (HTS) assay for SARS-CoV-2, we produced pseudoviruses featuring the S glycoprotein of

the SARS-CoV-2 Wuhan variant (VSVDG-SW) on a VSV backbone lacking VSV-G (VSVDG) (Figure 1A). We chose to work with VSVDG which

expresses a fluorescent reporter from the viral genome after infection (Figure 1B). We employed a fluorescent reporter, instead of the

more commonly used luciferase, because it allows direct visualization and robust quantification of single infection events, overcoming the

need for averaging and the additional processing steps for the luciferase enzymatic reaction56 (Figure 1C).

We confirmed the tropism of the VSVDG-SW pseudoviruses by comparing infected ACE2-overexpressing human embryonic kidney (HEK-

293T-ACE2) cells and ACE-2-deficient baby hamster Kidney (BHK-21) cells (Figure 1D). To eliminate potential residual infections from VSVDG-

G that might have been left over during production, we performed all experiments in the presence of a neutralizing antibody against VSV-G.

We observed 10,000-fold more infections in HEK-293T-ACE2, with an additional 3.8-fold increase in cells co-expressing TMPRSS2 (HEK-293T-

ACE2-TMPRSS2), consistent with the tropism of SARS-CoV-2 (Figure 1D).

We then explored methods to enhance virus titers, comparing modifications to the cytosolic tail of the S glycoprotein and optimizing

the production and infection procedures (Figures 1E, S1A, and S1B). Modifications included truncating the 19-amino acid ER retention

sequence57,58 and adding an HA, flag, or C9 tag to the C-terminus of the S glycoprotein.19,59 Optimal titers were achieved with C9-

and HA-tagged S glycoproteins without further modifications (Figure 1E). Moreover, we obtained peak titers when the cell supernatant

containing VSVDG-SW was harvested 30 h after infection with the VSVDG-G helper virus. Notably, infection rates doubled when cultures

were centrifuged post-infection (Figures S1A and S1B). These optimizations significantly improved the sensitivity and reproducibility of

infection counts.

Subsequently, we produced and obtained high titer pseudoviruses featuring the S glycoproteins of MERS-CoV (VSVDG-SM) and

SARS-CoV-2 variants Alpha (VSVDG-Sa), Delta (VSVDG-Sd), and Omicron (VSVDG-So) and quantified infection rates in both HEK-293T-

ACE2-TMPRSS2-DPP4 and HEK-293T-ACE2-TMPRSS2 cell lines (Figure 1F). Importantly, we assessed the infection rates of VSVDG pseudo-

viruses expressing either GFP or RFP and featuring the S glycoprotein (VSVDGGFP-SW) or VSV-G (VSVDGRFP-G), respectively (Figure 1G). Our

results showed that comparable titers were achieved in both single and multiplexed infections, demonstrating the feasibility of multiplexing

the assay using pseudoviruses expressing different fluorophores (Figure 1G).

Optimization and validation of a high-throughput screening assay for infection inhibitors

Building on the robust segmentation and quantification capabilities of our automated imaging system and the fluorescence-based assay us-

ing VSVDG pseudoviruses (Figures 1B and 1C), we tailored the assay for high-throughput screening (HTS) in a 384-well format (Figure 2A). To

streamline the plating process and ensure robust and reproducible quantification, compounds in DMSO were pre-plated in 384-well plates.
iScience 27, 110019, June 21, 2024 3



Figure 2. The pseudovirus-based HTS platform demonstrates high reproducibility

(A) Schematic of the high content screening pipeline: plating, imaging, and analysis. Compounds were pre-plated, and pseudoviruses, pre-incubated with a-G to

neutralize any residual VSVDG-G infection, were added in individual wells before introducing HEK-293T cells stably overexpressing SARS-CoV-2 receptor ACE2

and protease TMPRSS2. After 24 h, the nuclei were stained, and the plates were imaged. Images were subsequently segmented and quantified. (B) Overview

image of a portion of a 384-well screening plate (orange box in A). The neutral control (yellow wells) indicates 100% infection, and the positive control

(magenta wells) signifies 0% infection or 100% inhibition. The green well depicts an example of a compound with �90% inhibition.

(C) Scatterplot of 2,489 compounds tested as single point, on two different days. Blue line is the fit for the compounds that inhibited >35%. The inhibitions were

reproducible with a high correlation fit (R2 = 0.85). Black line represents the fit for the rest of the compounds (R2 = 0.60). (Right) Examples of two inhibitors showing

similar inhibition values after normalization and despite having different total cell and infection counts.
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Then, 10 mL of a pseudovirus suspension that contained between 500 and 1,000 infectious units, due to variations in production, was added to

each well. Subsequently, 10,000 HEK-293T-ACE2-TMPRSS2 cells were added to each well and the plates were centrifuged and incubated for

24 h (Figure 2A).
4 iScience 27, 110019, June 21, 2024
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After infection, the nuclei were stained to estimate cell count. AutomatedHTS imagingwas then used to obtain images of the infected cells

and nuclei in each well. These images were automatically segmented and analyzed by a dedicated pipeline (Figures 1C and 2B). The first

columns of each plate, which contained viruses and cells, were used as a neutral control, providing the baselines for the infection and cell

number counts (Figures 2B and S2). The raw infection and cell number counts from each well were normalized with the geometric means

of the infection and cell number counts in the neutral control to determine the baselines for the inhibition and cytotoxicity profiles for

each compound (Figures 2B and S2). The second columns contained only cells and served as the baseline for 0% infection as the geometric

mean of counts in these wells, which also served as the positive controls (Figures 2B and S2). For consistency, all wells without compounds

were supplemented with DMSO to achieve a final concentration of 0.1%.

To test the reproducibility of the assay and ascertain if a one-time screen at a single concentration for each compound would be likely to

identify putative inhibitors, we ran a pilot screen with a subset of 2,489 compounds, approximately 1.25% of the entire compound library

(Figure 2C). Each compound was assessed at a concentration of 10 mM for its ability to inhibit VSVDG-SW in two separate experiments. Com-

pounds were reliably detectedwith similar inhibition levels (R2 = 0.60), independent of day-to-day variations, regardless of the number of cells

or the raw infection counts (Figure 2C), confirming the robustness of the assay, with Z0 factors 0.66G 0.04 and 0.76G 0.07 for the respective

runs. To set a cut-off threshold for the screen, we chose compounds showing at least 35% inhibition, as this level of inhibition showed high

reproducibility in the pilot screen (R2 = 0.85).

A three-tiered screen identifies CoV entry inhibitors downstream of receptor binding

To identify potential S2-domain-specific inhibitors, we divided our screening process into three distinct tiers (Figure 3A). The primary screen

evaluated an extensive library of approximately 200,000 compounds against VSVDG-SW at a single concentration of 10 mM. This process iden-

tified 733 compounds capable of inhibiting VSVDG-SW infection by at least 35% while maintaining cell viability of 65% (Table S1). For the sec-

ondary screen, the 733 compounds were tested against VSVDG-G to distinguish SW-specific inhibitors from non-specific ones. Since VSVDG-

SW and VSVDG-G share the VSVDGbackbone and only differ in the surface glycoproteins, compounds inhibiting VSVDG-SWbut not VSVDG-G

were deemed SW-specific. The screening identified 65 spike-specific inhibitors that inhibited VSVDG-SW infection by at least 35% without in-

hibiting VSVDG-G infection by more than 35% (Table S2).

Subsequently, these 65 compounds were subjected to a tertiary screen against VSVDG-SM, to differentiate them from receptor binding

inhibitors. Since MERS-CoV utilizes DPP4 as its host receptor, compounds inhibiting both VSVDG-SW and VSVDG-SM likely act downstream

of receptor binding. This screen yielded 22 such inhibitors that reduced VSVDG-SM infection by at least 35% (Table S3). Out of these, we chose

the 11 most drug-like inhibitors that were previously unreported, and Nafamostat, a known TMPRSS2 protease inhibitor, which we used as a

positive control in subsequent experiments.22

To evaluate the screening platform, we calculated HTS parameters such as Z0 factor, signal-to-background (S/B), and coefficient of vari-

ation (%CV) for 569 plates from all three screening levels60 (Figure 3B). These showed the robust performance of the screening platform

with a high Z0 factor (0.8 G 0.09) and a very high S/B (103), suggesting excellent sensitivity and accuracy. In addition, the low %CV (1.9 G

0.74% for neutral controls and 0.1 G 0.03% for positive control) indicates the high reproducibility and precision of the platform. Plates

that failed to meet the accepted Z0 cut-off of 0.5 underwent manual checks for errors in the infection counts of the positive and negative con-

trols, and any outlier wells were excluded before data normalization.

To ensure the reliability of the HTS platform and rule out potential false positives due to compound degradation of quality, we resourced

4 of the 11 previously unreported compounds (PCM-0068389, PCM-0166392, PCM-0179622, PCM-0163855; Table S3) and Nafamostat that

were available from alternative vendors and reassessed their activity against VSVDG-SW VSVDG-G, and VSVDG-SM, (Figures 3C and 3D).

These compounds demonstrated varied inhibitory activity against VSVDG-SW (38%–87%) and VSVDG-SM (27%–94%) but did not significantly

inhibit VSVDG-G (�23%–0%) confirming their selectivity (Figure 3D).

Dose response and cytotoxicity of putative candidate compounds

Next, we evaluated the cytotoxicity (CC50) and IC50 value for each compound using a concentration range of 0.3125–40 mM against

VSVDG-SW, VSVDG-G, and VSVDG-SM, as well as VSVDG-Sa, VSVDG-Sd, and VSVDG-So. Since the purity of these compounds ranged from

70% to 95% and as an additional validation step, we performed these experiments on the compounds before and after HPLC purification.

All compounds showed low to moderate cytotoxicity before and after purification (Figures S3 and 4, respectively).

Nafamostat showed similar IC50 values against VSVDG-SW (0.90 mM vs. 1.31 mM) and VSVDG-SM (0.13 mM vs. 0.21 mM) before and after

purification, with no significant activity against VSVDG-G, and was also active against VSVDG-Sa (0.92 mM vs. 0.93 mM), VSVDG-Sd (0.31 mM

vs. 0.94 mM), and VSVDG-So, but the latter only after purification (Not calculated vs. 1.81 mM) (Figures S3 and 4). PCM-0068389, while showing

extremely promising activity and selectivity before purification, lost all activity against VSVDG-SW, its variants and VSVDG-SM after purification

and showed some activity against VSVDG-G at concentrations higher than 10 mM (Figures S3 and 4). PCM-0166392 and PCM-0179622 while

retaining relatively high activity against VSVDG-SW and its variants were not selective against VSVDG-SM yielding dose-response curves that

were not significantly different from VSVDG-G (Figures S3 and 4).

PCM-0163855 retained high selectivity to VSVDG-SW (0.60 mM vs. 0.70 mM), VSVDG-Sa (0.37 mM vs. 0.40 mM), and VSVDG-Sd (0.45 mM vs.

0.49 mM), with only moderate activity against VSVDG-So (41.18 mM vs. 30.77 mM) but was inactive against VSVDG-SM, showing no significant

difference from VSVDG-G above 10 mM concentration (Figures S3 and 4). Consistently, PCM-0163855 inhibited the replication of bona fide

SARS-CoV-2 Delta (B.1.617.2) in VeroE6 cells with and without TMPRSS2 overexpression (6.71 mM and 6.43 mM, respectively; Figure S4A).
iScience 27, 110019, June 21, 2024 5



Figure 3. A three-tiered screen identifies putative entry inhibitors of CoVs

(A) Schematic showing primary screening of �200,000 compounds against Wuhan SARS-CoV-2 Spike (VSVDG-SW) yielded 733 putative spike-specific and non-

specific inhibitors. SW specific inhibitors were identified by a secondary screen against VSV-G (VSVDG-G) yielding 65 putative inhibitors. The tertiary screen with

MERS-CoV spike (VSVDG-SM) and initial validation resulted in 5 compounds that were putatively broad-spectrum inhibitors.

(B) Plots showing HTS parameters to determine the robustness of our screen: Z0 factor, signal-to-background, percentage of coefficient of variance for positive

and negative for the primary screen. Red line denotes the cut off for a robust plate. Five plates that failed tomeet the cut-off for Z primeweremanually checked for

data quality.

(C) The chemical structures of the four previously unreported compounds and nafamostat that were commercially resourced.

(D) Plot of the inhibition of the resourced compounds against the three viruses. All the compounds selectively inhibit SARS-CoV-2 andMERS-CoV Spikes without

inhibiting VSV-G. Error bars represent the range. Values represent mean inhibitions G standard deviations.
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A PCM-0163855 derivative is a broad-spectrum CoV inhibitor

Following up on these promising results, we synthesized PCM-0163855 and its sulfoxide derivative PCM-0282478 (Figure S5). We evaluated

their IC50 value against VSVDG-Sd, VSVDG-So, VSVDG-G, and VSVDG-SM, and bona fide SARS-CoV-2 variants, Delta (B.1.617.2), XBB.1.5, and

CH.1.1 (Figures 5A and S6A). Dose-response curves demonstrated that PCM-0282478 was approximately 10 times more potent than synthe-

sized PCM-0163855 against VSVDG-Sd (1.13 mM and 14.40 mM, respectively) and selective against VSVDG-So and VSVDG-SM (14.67 mM and
6 iScience 27, 110019, June 21, 2024



Figure 4. Dose-response activity and cytotoxicity of HPLC-purified compounds

(Left) Dose-response plot of the purified candidates against VSVDG-SW, VSVDG-SM, or VSVDG-G and their cytotoxity profile.

(Right) Dose-response plots of hits against pseudoviruses with glycoproteins of SARS-CoV-2 variants (VSVDG-Sa: Alpha, VSVDG-Sd: Delta, and VSVDG-So:

Omicron). Dose-response curve were fitted with a variable slope (four-parameter logistic model). Error bars represent the SEM. ns are the readings where

there is no statistically significant difference between VSVDG-SM and VSVDG-G at a given concentration. For all other readings, the p < 0.05 (two-tailed

unpaired t tests).
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Figure 5. Validation of resynthesized PCM-0163855 and its sulfoxide derivatives

(A; Left) Structures of PCM-0163855 and its sulfoxide derivative PCM-0282478, and (Middle) corresponding dose-response plots comparing the inhibitory activity

against VSVDG-Sd, VSVDG-So, VSVDG-SM or VSVDG-G, showing that PCM-0282478 exhibits a broader selectivity for inhibition compared to PCM-0163855, which

was inactive against VSVDG-G and, after resourcing, against VSVDG-SM at all concentrations in pseudovirus based assay. (Right) The corresponding cytotoxicity

profiles and dose-response plots comparing the inhibitory activity of bona fide SARS-CoV-2 variants, Delta B1.617.2, XBB.1.5, or CH.1.1, viral replication in Vero

E6 cells.

(B; Left) Dose-response plots of two enantiomers of PCM-0282478 comparing the inhibitory activity against VSVDG-Sd, VSVDG-So, VSVDG-SM or VSVDG-G,

showing that only one enantiomer exhibits a broader selectivity for inhibition in pseudovirus based assay. (Right) The corresponding cytotoxicity profiles and
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Figure 5. Continued

dose-response plots comparing the inhibitory activity of bona fide SARS-CoV-2 variants. The active enantiomer, PCM-0296174 was also tested against

Delta.B1.617.2 in presence of themultidrug resistance protein 1 (MDR1) inhibitor, CP100356. (A and B) Error bars represent the SEM. The statistical significance of

the inhibitions was also determined. p *% 0.05, **% 0.01, ***% 0.001 ****% 0.0001 (multiple unpaired t tests comparing group means, accounting for individual

variance in each concentration and pseudovirus). Nexperiments R 2, nrepeats R 6.
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17.12 mM, respectively). Neither PCM-0163855 nor PCM-0282478 inhibited VSVDG-G up to 10 mM. Furthermore, only PCM-0282478 inhibited

bona fide SARS-CoV-2 Delta (B.1.617.2) replication in VeroE6 cells (4.49 mM; Figure 5A), and neither inhibited XBB.1.5 and CH.1.1 at the con-

centration range tested.

PCM-0282478was synthesized as a racemicmixture. To evaluate the contribution of each enantiomer, we separated them to PCM-0296173

and PCM-0296174, and evaluated their IC50 value against VSVDG-Sd, VSVDG-So, VSVDG-G, and VSVDG-SM (Figure 5B). Only PCM-0296174

potently inhibited VSVDG-Sd and was selective against VSVDG-So and VSVDG-SM (12.75 mM and 30.19 mM, respectively). The IC50 value

of PCM-0296174 against VSVDG-Sd was approximately half compared to the racemic mixture PCM-0282478 (0.56 mM vs. 1.13 mM, respec-

tively), showing a 2-fold increase in potency. Both PCM-0296173 and PCM-0296174 did not inhibit VSVDG-G up to 10 mM. Further, only

PCM-0296174 inhibited SARS-CoV-2 Delta (B.1.617.2) replication, and its IC50 improved by 2-folds in presence of an inhibitor against the

multidrug resistance protein 1 (MDR1) efflux transporter (1.88 mM vs. 0.89 mM, respectively; Figure 5B). Conversely, PCM-0296174 inconsis-

tently inhibited the Omicron variant CH.1.1 and did not inhibit XBB.1.5 (Figure 5B). Furthermore, PCM-0296174 reduced the infectious viral

titer by 2 logs in a plaque assay (Figure S7). Finally, PCM-0296174 did not inhibit spike-mediated receptor interactions (Figure S8). Taken

together, these experiments suggest that PCM-0296174 is a cell-permeable, selective S glycoprotein inhibitor that acts downstreamof recep-

tor binding.

DISCUSSION

To identify potential CoVs fusion inhibitors, we developed an HTS platform that relies on a phenotypic assay of infection using well-charac-

terized, replication-deficient VSVDG pseudoviruses that can be studied at biosafety level 2 (BSL-2) and express a fluorescent reporter upon

infection. This allowed us to produce and accurately titer pseudoviruses featuring the S glycoproteins from SARS-CoV-2 variants and

MERS-CoV, which was essential for establishing pseudoviruses preparation with titers of 104 infections per mL (Figure 1F). If the titers had

dropped below 103 infections permL, the feasibility of using 384-well plates would have been compromised, rendering the screening process

both economically and logistically prohibitive.

We chose a fast-replicating VSV-based system encoding a fluorescent reporter, instead of the commonly used luciferase. The advantages

of using a fluorescent reporter include direct measurement of single infection events as opposed to averaging across the whole population,

high signal-to-noise ratio, and reduced sample processing.49 The advantage of using a fast-replicating system is that infection can be quan-

tified after 24 h post-infection.43,44 Moreover, fluorescent reporters with different wavelengths enable the simultaneous examination of

multiple viruses under the same experimental conditions (Figure 1G). The disadvantage of using VSV is that not all glycoproteins can be pseu-

dotyped efficiently.

We leveraged the HTS platform to screen a comprehensive library of approximately 200,000 compounds, targeting potential CoV fusion

inhibitors (Figure 3A). Our three-tiered assay incorporated two class I viral glycoproteins fromphylogenetically distant CoVs (SARS-CoV-2 and

MERS-CoV) and a class III glycoprotein from VSV61,62 (Figure 3A). The primary screen against VSVDG-SW yielded 733 compounds with inhib-

itory activity, including known inhibitors of proteases, ubiquitin-specific peptidases, and viral gene expression regulated by theHSP90 protein

family. The secondary screen showed that most of these compounds also inhibit VSVDG-G, yielding only 65 putative spike-specific inhibitors.

Finally, the tertiary screen against VSVDG-SM is effective in identifying compounds that inhibit the entry of CoV-S pseudoviruses downstream

of receptor binding. Thus, the tertiary screen highlighted four compounds and the known TMPRSS2 inhibitor Nafamostat (Figures 3C and 3D).

Our three-tier assay, while effective in identifying compounds that specifically inhibit the entry of pseudoviruses bearing the SARS-CoV-2 and

MERS-CoV spike proteins, is unable to definitively distinguish between compounds that directly target the spike protein and those that act on

host cellular proteins involved in the S2-mediated fusion process.

Following validation, only PCM-0163855 was retained as an inhibitor of S glycoprotein-mediated entry, acting downstream of receptor

binding (Figure 4) and its sulfoxide derivative PCM-0282478 inhibited VSVDG-SW, VSVDG-So, VSVDG-SM, and bona fide SARS-CoV-2 Delta

virus replication (Figure 5). Finally, we showed that only one of the PCM-0282478 derived enantiomers, PCM-0296174, inhibits VSVDG-SW,

VSVDG-So, VSVDG-SM, and bona fide SARS-CoV-2 Delta virus replication, demonstrating its potential as a broad-spectrum inhibitor of

CoVs. Note that we observed the Omicron CH.1.1 variant yielded an IC50 value with higher variability and no inhibitory activity against the

XBB.1.5 variant (Figure 5). This may suggest that the unique mutations in the XBB.1.5 variant may alter the binding site for PCM-0296174

on the spike protein. Furthermore, given the likely poor solubility of PCM-0296174 (indicated by a calculated log D of 4), it is possible that

we are underestimating the calculated IC50 values for variants that are well inhibited and cannot calculate it for theCH.1.1 variant. Synthesizing

more soluble and active derivatives of PCM-0296174 will likely help clarify the breadth of selectivity andmode of action. Intriguingly, Nafamo-

stat failed to inhibit bona fide SARS-CoV-2 Delta virus replication, perhaps due to the capacity of CoVs to infect cells in a TMPRSS2-indepen-

dent pathway63,64 (Figure S4).

Our findings reinforce the utility of the HTS platform in identifying CoVs inhibitors with the potential to deepen our understanding of co-

ronavirus biology. It also highlights the significance of rigorous compound triage, which is instrumental in averting the dissemination of
iScience 27, 110019, June 21, 2024 9
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ambiguous results. The discovery of PCM-0296174, a previously unreported compound that we synthesized and separated from the racemic

mixture, as a promising compound with broad-spectrum antiviral will surely catalyze future research. Hence, the present study lays the

groundwork for potential development of small molecules, holding promise for mitigating the impacts of future pandemics.

Limitations of the study

We provide a proof-of-concept demonstration that VSVDG pseudotypes that express a fluorescent reporter can be used for robust high-

throughput phenotypic screening targeting viral entry. While we speculate that the identified compounds target the conserved S2-domain

of the CoV spike protein, our study does not provide direct evidence showing specific binding or the mode of action.

While PCM-0282478 and its active enantiomer exhibited promising broad-spectrum inhibitory activity against SARS-CoV-2 variants and

MERS-CoV in pseudovirus- and bona fide virus-based assays, the efficacy of these compounds in vivo remains to be determined. In conclu-

sion, our work provides a starting point for identifying potential antivirals.
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S., Krüger, N., Herrler, T., Erichsen, S.,
Schiergens, T.S., Herrler, G., Wu, N.-H.,
Nitsche, A., et al. (2020). SARS-CoV-2 Cell
Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease
Inhibitor. Cell 181, 271–280.e8. https://doi.
org/10.1016/j.cell.2020.02.052.

20. Bosch, B.J., Bartelink, W., and Rottier, P.J.M.
(2008). Cathepsin L Functionally Cleaves the
Severe Acute Respiratory Syndrome
Coronavirus Class I Fusion Protein Upstream
of Rather than Adjacent to the Fusion
Peptide. J. Virol. 82, 8887–8890. https://doi.
org/10.1128/jvi.00415-08.

21. Zhao, M.-M., Yang, W.-L., Yang, F.-Y., Zhang,
L., Huang, W.-J., Hou, W., Fan, C.-F., Jin,
R.-H., Feng, Y.-M., Wang, Y.-C., and Yang,
J.K. (2021). Cathepsin L plays a key role in
SARS-CoV-2 infection in humans and
humanized mice and is a promising target for
new drug development. Signal Transduct.
Targeted Ther. 6, 134. https://doi.org/10.
1038/s41392-021-00558-8.

22. Hoffmann, M., Schroeder, S., Kleine-Weber,
H., Müller, M.A., Drosten, C., and Pöhlmann,
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Chemicals, peptides, and recombinant proteins
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Acetonitrile Bio-Lab Cat# 012035-2.5L

Acetonitrile (HPLC grade) Merck Cat# 1000302500
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Bioactive Screening Libraries Selleck Chemicals NA

Sodium chloride Sigma Aldrich Cat# S9888

Calcein Life Technologies Cat# C3099
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DIVERset-CL Chembridge NA

Diversity Library ChemDiv NA

Drug-Like Set Enamine NA
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Critical commercial assays
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Experimental models: Cell lines
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Institute of Science)
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This paper NA
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This paper NA

N gene region of SARS-CoV-2

50-TAATCAGACAAGGAACTGATTA-30

50-CGAAGGTGTGACTTCCATG-30

This paper NA

Recombinant DNA

pCAGGS-G Prof. Benjamin Podbilewicz

(Technion - Israel Institute of

Technology)

https://doi.org/10.1126/

science.1202333

pCG1-SARS2-Spike-HA Prof. Gideon Schreiber

(Weizmann Institute of Science)

NA
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(Weizmann Institute of Science)

NA
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(Weizmann Institute of Science)
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(Weizmann Institute of Science)

https://doi.org/10.1038/
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pcDNA3.1-SARS-CoV-2-Sd-C9 This paper NA

pcDNA3.1-SARS-CoV-2-So-C9 This paper NA

pcDNA3.1-MERS-Spike-C9 This paper NA

Software and algorithms

CDD vault Collaborative Drug Discovery RRID: SCR_025149

Cellpose https://doi.org/10.1038/

s41592-020-01018-x

RRID: SCR_021716

D360 software Certara RRID: SCR_025159

Excel Microsoft RRID: SCR_016137

Genedata Screener Genedata RRID: SCR_022506

MetaXpress CME Molecular Devices RRID: SCR_016654

Prism GraphPad RRID: SCR_002798

ZEN blue software 3.1 Carl Zeiss RRID: SCR_013672

Other

100 mm dish Greiner Cat# 664160

6-well plate Corning Cat# 3516

384 well plate Greiner Cat# 781091

Blasticidin InvivoGen Cat# ant-bl-1

Dulbecco’s modified eagle medium Thermo Fisher Scientific Cat# 41965039; Cat# 31966047

Dulbecco’s Phosphate-Buffered Saline Biological Industries Cat# 02-020-1A

Fetal bovine serum Thermo Fisher Scientific Cat# 12657-029; Cat# 31966047

Geneticin Thermo Fisher Scientific Cat# 11558616

HEPES Biological Industries Cat# 03-025-1B

JetPrime transfection reagent Polyplus Cat# 101000015

Polybrene infection reagent Sigma Aldrich Cat# TR-1003-G

Penicillin-streptomycin Biological Industries/Thermo

Fisher Scientific

Cat# 03-031-1B/Cat# 15140148

Puromycin Sigma Aldrich Cat# P4512

Silica Sigma Aldrich Cat# 60737
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ori Avinoam

(ori.avinoam@weizmann.ac.il).

Materials availability

The plasmids and cells generated in this study will be available upon request.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any additional infor-

mation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Baby Hamster Kidney cells (BHK-21; ATCC, USA) were maintained in Dulbecco’s modified eagle medium (DMEM; Thermo Fisher Scientific,

USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 1% penicillin-streptomycin (PS, Biological Industries) and

25mM HEPES (Biological Industries).
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Human Embryonic Kidney-293T cells (HEK-293T; ATCC), HEK-293T overexpressing either ACE2 (HEK-293T-ACE2) or both ACE2 and

TMPRSS2 (HEK-293T-ACE2-TMPRSS2), or ACE2, DPP4 and TMPRSS2 (HEK-293T-ACE2-TMPRSS2-DPP4) were cultured in DMEM supple-

mented with 8.1% FBS, 1% PS, 25mMHEPES. HEK-293T-ACE2, HEK-293T-ACE2-TMPRSS2, and HEK-293T-ACE2-DPP4-TMPRSS2 weremain-

tained by supplementing the culture medium with 1 mg/ml Puromycin (Sigma-Aldrich, USA), and 1.5 mg/ml Blasticidin (InvivoGen, USA)

respectively. All cell lines were cultured in a 5% CO2 incubator at 37�C. HEK-293T-ACE2 and HEK-293T-ACE2-TMPRSS2 were a kind gifts

from Yosef Shaul (Weizmann Institute of Science).65 HEK-293T-ACE2-TMPRSS2-DPP4 cells were established by lentiviral transduction. 0.3 x

106HEK-293T-ACE2-TMPRSS2 cells were seeded in each well of a 6-well plate (Corning, USA) and cultured to 70-80% confluency. The growth

medium was replaced with 1 ml of medium containing human CD26/DPP4 pre-packaged lentiviral particles (G&P Biosciences, USA) at a mul-

tiplicity of infection (MOI) of 5. To enhance transduction efficiency, 1:1000 of polybrene infection reagent (Sigma-Aldrich) was added to the

medium. The cells were incubated with the lentivirus for 24h at 37�C with 5% CO2. After the transduction period, the viral supernatant was

removed, and a fresh growth medium containing 1 mg/ml Puromycin was added to the cells to initiate the selection process.

Vero E6 (ATCC) and Vero E6-TMPRSS2 (NIBSC, UK) were maintained in DMEM supplemented with 10% FBS, 1% PS. Vero E6-TMPRSS2

were maintained by supplementing the culture medium with 1 mg/ml Geneticin (Thermo Fisher Scientific).

All the cell lines were tested for mycoplasma contamination.

SARS-CoV-2 virus

Delta B.1.617.2: The variant was supplied by Virus and Immunity Unit in Institut Pasteur headed by Olivier Schwartz. It was isolated from a

nasopharyngeal swab of a hospitalized patient who had returned from India. The swab was provided and sequenced by the Laboratoire

de Virologie of the Hopital Européen Georges Pompidou (Assistance Publique des Hôpitaux de Paris).

XBB.1.5: The strain hCoV-19/France/PDL-IPP58867/2022 was supplied by the National Reference Centre for Respiratory Viruses hosted

by Institut Pasteur (Paris, France) and headed by Dr. Etienne Simon-Lorière. The human sample from which strain hCoV-19/France/

PDL-IPP58867/2022 was isolated has been provided from the Centre Hospitalier de Laval.

CH.1.1: The strain hCoV-19/France/NAQ-IPP58166/2022 was also supplied by the National Reference Centre for Respiratory Viruses

hosted by Institut Pasteur (Paris, France). The human sample from which strain hCoV-19/France/NAQ-IPP58166/2022 was isolated has

been provided from the Selas Cerballiance Charentes.

METHOD DETAILS

DNA constructs

pCAGGS-G, encoding theVesicular Stomatitis VirusGglycoprotein fromthe Indiana serotype (VSV-G),wasa kindgift fromBenjaminPodbilewicz

(Technion - Israel Institute of Technology).66 pcDNA3.1-SARS-CoV-2-Spike-C9, encoding the Spike glycoprotein ofWuhan SARS-CoV-2 fused to

a C-terminal C9 tag (SW) was a kind gift from Fang Li (Addgene plasmid # 145032; http://n2t.net/addgene:145032; RRID:Addgene_145032).67

pCG1-SARS2-Spike-HA, encoding the Wuhan SARS-CoV-2 Spike protein fused to a C-terminal HA tag was a kind gift from Gideon Schreiber,

pCMV3-SARS2-Spike-Flag, encoding theWuhanSARS-CoV-2Spikeprotein fused toaC-terminal FLAGtag,pCMV3-SARS2-SpikeD19, encoding

the Wuhan SARS-CoV-2 Spike protein with 19 amino acids removed at the cytoplasmic tail, and pCMV3-SARS2-SpikeD19-Flag, with an added

C-terminal FLAG tag were a kind gift from and Yosef Shaul (Weizmann Institute of Science).65 pcDNA3.1-SARS-CoV-2-Sa-C9, pcDNA3.1-SARS-

CoV-2-Sd-C9, and pcDNA3.1-SARS-CoV-2-So-C9 encoding the Spike glycoprotein of Wuhan SARS-CoV-2 variants fused to a C-terminal C9 tag

were generated byDNA synthesis (GeneScript, USA). pcDNA3.1-MERS-Spike-C9, encoding the Spike glycoprotein of theMERS-CoV (SM) fused

to a C-terminal C9 tag was generated by sub-cloning the MERS Spike protein from a pLVX-EF1alpha-MERS-Spike plasmid (Weizmann Plasmid

Bank) into a pcDNA3.1 expressionplasmid using theGeneArtGibsonAssemblyHiFimastermix (ThermoFisher Scientific). The followingprimers

were used to generate the vector fragment: Primers V1: CGCACAAGGTCCACGTCCACGGCTCCACCGAGACATCCC and V2: AGAAAAAC

TGAATGAATCATGCTAGCCAGCTTGGGTC; template DNA: pcDNA3.1-SARS-Spike alpha and the insert fragment: Primers I1: GGAGACC

CAAGCTGGC TAGCATGATTCATTCAGTTTTTCTGCTCATGTTTC and I2: TGGGATGTCTCGGTG GAGCCGTGGACGTGGACCTTGTGC;

template DNA: pLVX-EF1alpha-MERS-Spike. The sequences of all the CoV Spikes are listed in the Table S4.

Preparation of VSVDG pseudoviruses

To generate 5 ml of glycoprotein X complemented pseudoviruses (VSVDG-X), 1.23106 BHK-21 cells were plated in a 100 mm dish (Greiner,

Austria) one day prior to transfection. The cells were transfected using JetPrime transfection reagent (Polyplus, France) at 75-80% confluence

with 5 mg of a plasmid expressing the viral glycoprotein. 24 h post-transfection, cells were infected with VSVDG-G pseudovirus at a MOI of 5,

with 1:1000 of polybrene infection reagent. Cells were incubated for 1 h at 37�C in a 5% CO2 incubator, and shaken every 15 min. Post infec-

tion, cells were washed six times with Dulbecco’s Phosphate-Buffered Saline (DPBS, Biological Industries), and themediumwas replaced with

a 5ml growthmedium. 30 h post-infection, cells and the supernatant containing the pseudoviruses were collected and centrifuged at 500 g for

10 mins at 4�C. Pseudovirus suspension was collected, aliquoted, and frozen at -80�C for further experiments.

Viral titer

To accurately determine viral titers of VSVDG complemented pseudoviruses at the conditions of the high throughput screen, 10 ml of pseu-

dovirus suspension was dispensed in a 384-well plate (Greiner) in sextuplicate. Then, 103 HEK-293T-ACE2-TMPRSS2 cells were added to each
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well and allowed to settle for 15 mins at RT before centrifugation at 1000g for 1 h at RT to maximize infection. The plates were subsequently

incubated for 24 h in a 5% CO2 incubator at 37
�C.

After 24 hours, the plates were imaged using Cell Discoverer 7 (Carl Zeiss, Germany) in widefield mode with a sCMOS 702 camera (Carl

Zeiss). Images were acquired using a Plan-APOCHROMAT 5x / 0.35 Autocorr Objective (Carl Zeiss). ZEN blue software 3.1 (Carl Zeiss) was

used for image acquisition using 470 nmexcitation for the acquisition of the infected channel. The infected cells were segmented and counted

usingCellpose.68 Infectious units/ml were extrapolated by calculating the geometricmean of the number of infected cells multiplied by 100 to

convert the units from ml to ml. Where applicable, the pseudovirus containing supernatant was first incubated with anti-G neutralizing anti-

body (a-G; Absolute Antibody, UK) at a 1:1000 dilution for 1 h at room temperature (RT) to remove residual VSVDG-G background infections

before tittering.

Compound libraries

The compound collection of the Nancy and Stephen Grand Israel National Center for Personalized Medicine (G-INCPM) was used for

screening (https://g-incpm.weizmann.ac.il/units/WohlDrugDiscovery/chemical-libraries). 173,227 unique compounds from commercial

sub-collections were used. The composition of the screening set was 0.7% Bioactive Screening Libraries (Selleck Chemicals, USA), 7.6%

HitFinder Collection (Maybridge, USA), 10.8% Drug-Like Set (Enamine, Ukraine), 26.8% DIVERset-CL (Chembridge, USA), 54.1% Diversity Li-

brary (ChemDiv, USA). Compounds were stored in 100% DMSO in acoustic dispenser certified plates. Hit compounds were purchased from

Sigma-Aldrich, Aldrich Market Select (Sigma-Aldrich), Enamine or MolPort (Latvia) chemical suppliers.

Phenotypic assay: pseudotype-based HTS imaging inhibition assay

Compounds were spotted using Echo 555 Liquid Handler (Beckman Coulter, USA) on 384-well assay plates in 10 mM final concentration. To

avoid background from any residual VSVDG-G activity, pseudoviruses were incubated with a-G neutralizing antibody (1:5000) for 1 h at RT.

Subsequently, 10 ml of the pseudovirus suspension were dispensed using Multidrop Combi (Thermo Fisher Scientific) and incubated with

compounds for 15 mins at RT. HEK-293T-ACE2-TMPRSS2 were trypsinized, counted and diluted to 0.5x106 cells/ml. 20 ml of this cell suspen-

sion was dispensed (Multidrop Combi) in each well containing the compound and the neutralized pseudoviruses and incubated for an addi-

tional 15mins at RT. Tomaximize infection, assay plates were then subjected to 1000g centrifugation for 1 h at RT and incubated overnight in a

5% CO2 incubator at 37
�C.

To account for the toxicity at 10 mM for a compound, wells were stained for nuclei with 5 mg/ml Hoechst 33342 (Thermo Fisher Scientific)

and incubated for 10mins at 37�C, 5%CO2 before live cell imagingwas done by ImageXpressMicro-confocal (Molecular Devices, USA) equip-

ped with 4x S Fluor lens in two channels: filter set DAPI (ex 377 nm/em 447 nm) and FITC (ex 475 nm/em 536 nm) for total cells and infected

cells, respectively.

Images were analyzed usingMetaXpress CME (Molecular Devices) to quantify the number of total and infected cells. Settings for segmen-

tation: cell/nuclei size 5-30 mm and intensity >2000AU.

The inhibition % was calculated accordingly to:

Inhibition % =

�
1 � ICompound

ðImax � IminÞ
�
3 100

ICompound = Number of infected cells in presence of compounds.

Imax = Number of infected cells in absence of compounds.

Imin = Number of infected cells in absence of viruses.

Dose response assay

For dose-response assay the compounds were serially diluted to cover a range of 40-0.31 mM. The assay is identical to phenotypic assay as

described above. Six different VSVDG viruses representing G, WT, Alpha, Delta, Omicron, and MERS were tested. Data were deposited in

Collaborative DrugDiscovery platform (CDD vault; Collaborative DrugDiscovery, USA), and dose response curves were analyzed from image

analysis. Dose response curves were generated and fitted to the Levenberg–Marquardt algorithm that is used to fit a Hill equation to dose-

response data.

Cell viability assay

To assess compounds toxicity to cells, a copy of the compound as in dose-response experiment were assayed for cell viability assay. Cells

were stained with Hoechst 33342 in addition to 1.5 mM Propidium Iodide (Life Technologies, USA) and 2 mMCalcein AM (Life Technologies).

Images were then captured using the ImageXpressMicro-confocal, and analysis was performed by MetaXpress CME adjusted to quantify to-

tal, live or dead cells.

Spike-ACE2 binding assay

To test if the compounds inhibited S1-domain and ACE2 interactions, a commercial ELISA kit (SARS-CoV-2 Spike S1 RBD: ACE2 Inhibitor

Screening Assay Kit; BPS Bioscience, USA) was used according to the manufacturer’s protocol. The compounds were tested in triplicates
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with serial dilutions covering a range of 10-0.01 mM, while the positive control, soluble Spike was tested in serial dilutions covering a range of

0.7-0.001 mM. The soluble Spike was produced from a plasmid69 obtained from Florian Krammer (Icahn School of Medicine, Mt. Sinai, USA) by

The Dana and Yossie Hollander Center for Structural Proteomics, Weizmann Institute of Science.

All the reagents were used from the kit. Briefly, a 96-well nickel-coated plate was coated with ACE2-His and incubated for 60 min before

washing. The plate was then incubated with a blocking buffer for 10 mins and removed. Next, the compounds or soluble Spike were added

and incubated for 60 min at room temperature with slow shaking. Following incubation, SARS-CoV-2 Spike (RBD)-Fc was added into all wells

except for the blank, and the plate was left to sit with slow shaking. After 60 min, an anti-mouse Fc-HRP anitbody was added, followed by the

addition of an Enhanced chemiluminescence (ECL) solution to produce chemiluminescence. Finally, a Cytation 5 plate reader (BioTek, USA)

was used to read and quantify the luminescence. The final concentration of DMSO was 5% in each wells.

Liquid chromatography-mass spectrometry (LC/MS)

Flash chromatography was first performedby automatedCombiFlash Systems (Teledyne ISCO, USA) with RediSep Rf Normal-phase silica gel

columns (Teledyne ISCO) or Silica gel Kieselgel 60 (0.04-0.06 mm) columns (Merck, USA). Purification of the compounds was then performed

using preparative HPLC; Waters Prep 2545 Preparative Chromatography System (Waters, USA), with 2489 UV/Vis detector (Waters), using

XBridge HPLC Column (Waters). Compounds purity was monitored by UPLC-MS system: Acquity UPLC H class with PDA detector and

ELSD detector (Waters) and using Acquity UPLC BEH C18 Column (Waters). MS-system: SQ detector 2 (Waters). UPLC Method using

HPLC grade solvents: 5 min gradient 95:5 Water (Merck): Acetonitrile (Merck) 0.05% formic acid (Bio-lab, Israel) to Acetonitrile 0.05% formic

acid, flowrate 0.5 mL/min, column temp 40�C.

Synthesis of PCM-0163855 and PCM-0282478

All reagents, solvents and building blocks used for synthesis without further purification. All solvents used for reactions were of HPLC grade.

Solvent and reagent abbreviations: Ethyl acetate (EtOAc; Bio-lab), Dichlormethane (DCM; Bio-Lab), Dimethylformamide (DMF, Sigma

Aldrich), Tetrahydrofuran (THF; Sigma Aldrich), Acetonitrile (MeCN; Bio-Lab), 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU; Sigma Aldrich), Dii-

sopropylethyl amine (DIPEA; Sigma Aldrich), Trifluoroacetic acid (TFA; Sigma Aldrich), Sodium sulfate (Na2SO4; Sigma Aldrich), Lithium hy-

droxide (LiOH; Sigma Aldrich), Hydrochloric acid (HCl; Bio-lab), Hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU; Sigma

Aldrich), meta-Chloroperoxybenzoic acid (mCPBA; Sigma Aldrich), Sodium sulfite (Na2SO3; Sigma Aldrich)

Reactions on microwave were done on Initiator+ (Biotage, Sweden). 1H NMR spectra were recorded on an Avance III (Bruker, USA) -

300 MHz, 400 MHz and 500 MHz spectrometer, equipped with QNP probe. Chemical shifts are reported in ppm on the d scale and are cali-

brated according to the deuterated solvents. All J values are given in Hertz.

Ethyl 2-((1-(4-chlorophenyl)-4-phenyl-1H-imidazol-2-yl)thio)acetate (2): To a 5 mL crimp vial, ethyl bromo acetate (87.3 mg, 0.52 mmol;

Sigma Aldrich) was added followed by 1-(4-chlorophenyl)-4-phenyl-1H-imidazole-2-thiol (1)70 (100.0 mg, 0.35 mmol) and DIPEA (182.0 ml,

1.05 mmol). The vial was crimped and heated at 90 �C for 5min in microwave reactor, and the reaction was cooled and diluted with

EtOAc (10 ml), the organic layer was washed 1X water, 1X brine (Sigma Aldrich) and dried on Na2SO4. The organic layer was concentrated

onto 0.5 g silica (Sigma Aldrich) and purified on a Combi-Flash Systems, using a 24 g silica gel column gradient (15 min) from DCM to

EtOAc. The fraction that eluted in 50% EtOAc gave compound 2 (123.0 mg, 94 % yield).

2-((1-(4-chlorophenyl)-4-phenyl-1H-imidazol-2-yl)thio)acetic acid (3): Compound 2 (123.0 mg, 0.33 mmol) was dissolved in THF (2 ml), then

LiOH (197.0 mg, 8.24 mmol) was dissolved in water (2 ml), and the freshly prepared solution was added to the reaction and stirred overnight.

The reactionmixturewas cooled to 0 �Cand acidified to pH= 4withHCl 1M (� 9ml), the aqueous layer was extracted 3x EtOAc, the combined

organic layers were washed with brine dried on Na2SO4. The organic layer was concentrated to give compound 3 (106.2 mg, 93% yield).

2-((1-(4-chlorophenyl)-4-phenyl-1H-imidazol-2-yl)thio)-N-(2,3-dimethylphenyl)acetamide (4): In a 25 mL round bottom flask, compound 3

(106.0 mg, 0.31 mmol) and 2,3-dimethylaniline (72.7 mg, 0.46mmol) was dissolved in DMF (2 ml). Then DIPEA (214.0 ml, 1.23 mmol) was added

followed byHATU (128.6mg, 0.34mmol) and the reaction was stirred for 12h. The reaction was then poured into brine (10ml) and the aqueous

layer was extracted 3 X EtOAc, the combined organic layer was washed with 1x water, 1x brine and dried on Na2SO4. The organic layer was

concentrated onto 0.5 g silica and purified on Combi-Flash Systems, using a 24 g silica gel column gradient (17 min) from DCM to EtOAc, the

fraction that eluted in 50% EtOAc gave compound 4 (108.2 mg, 79% yield).

2-((1-(4-chlorophenyl)-4-phenyl-1H-imidazol-2-yl)sulfonyl)-N-(2,3-dimethylphenyl)acetamide (PCM-0163855): To a 25 mL round bottom

flask, compound 4 (19.5 mg, 0.044 mmol) was dissolved in DCM (2 ml), then mCPBA (24.4 mg, 0.11 mmol) was added in one portion. After

2h an additional amount of mCPBA (10 mg) was added and the reaction was stirred overnight. The reaction mixture was quenched with

Na2SO3 (30 ml) and concentrated on rotary evaporator. Purification of the crude reaction mixture by HPLC water to MeCN gradient

45 min, the desired compound eluted in 80% MeCN to give PCM-0163855 (13.5 mg, 62% yield). 1H-NMR (300 MHz, DMSO-d6) d 9.82

(s, 1H), 8.22 (s, 1H), 7.88 (d, 2H, J = 8 Hz), 7.60-7.50 (m, 4H), 7.48-7.40 (m, 2H), 7.37-7.29 (m, 1H), 7.08-7.00 (m, 3H), 4.67 (s, 2H), 2.24 (s, 3H),

1.97 (s, 3H); ES-LRMS: (m/z) calculated for C25H23ClN3O3S ([M+H]+) 480.1, found 480.3.

2-((1-(4-chlorophenyl)-4-phenyl-1H-imidazol-2-yl)sulfinyl)-N-(2,3-dimethylphenyl)acetamide (PCM-0282478): To a 25 ml round bottom

flask, compound 4 (52.0 mg, 0.012 mmol) was dissolved in DCM (2 ml), then mCPBA (28.6 mg, 0.013 mmol) was added in one portion and

the reaction was stirred overnight. The reaction mixture was quenched with Na2SO3 (30 ml) and the reaction was concentrated on rotary evap-

orator. Purification of the crude reactionmixture byHPLCwater toMeCNgradient 45min, the desired compoundeluted in 80%MeCN togive

PCM-0282478 (35.1 mg, 65% yield). Chiral Separation was performed at Lotus Separations (USA, http://lotussep.com/). 1H-NMR (300 MHz,
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DMSO-d6) d 10.02 (s, 1H), 8.31 (s, 1H), 7.95 (d, 2H, J=7.5 Hz), 7.78-7.68 (m, 4H), 7.51-7.41 (m, 2H), 7.38-7.30 (m, 1H), 7.06-6.98 (m, 3H), 4.98 (d, 1H,

J=14 Hz), 4.64 (d, 1H, J=14 Hz), 2.21 (s, 3H), 1.96 (s, 3H); (ES-LRMS: (m/z) calculated for C25H23ClN3O2S ([M+H]+) 464.1, found 464.3.

SARS-CoV-2 replication assay

Clear-bottomed 384-well black plates were seeded with 3,000 Vero E6 cells or Vero E6-TMPRSS2 cells per well. The following day, individual

compounds were added at ten specified concentrations, 2 h prior to infection. Each plate included 0.5 % DMSO and 25 mM Remdesivir (Sell-

eck Chemicals) controls. After the pre-incubation period, the cells were exposed to the Delta B.1.617.2 inoculum (at a multiplicity of infection

of 0.05 PFU/Vero E6 cell and 0.2 PFU/Vero TMPRSS2 cell). After a one-hour adsorption at 37�C, the supernatant was aspirated and replaced

with 2% FBS/DMEMmedia containing the respective compounds at the indicated concentrations. The cells were then incubated at 37 �C for

2 days. Supernatants were collected and heat inactivated at 80 �C for 20 minutes. The Luna Universal One-Step RT-qPCR Kit (New England

Biolabs, USA) was used for the detection of viral genomes in the heat-inactivated samples performed through reverse transcription quanti-

tative polymerase chain reaction (RT-qPCR). Specific primers targeting the N gene region of SARS-CoV-2 (50-TAATCAGACAAGGAACT

GATTA-30 and 50-CGAAGGTGTGACTTCCATG-30) were utilized. The cycling conditions involved an initial step at 55 �C for 10 minutes, fol-

lowed by 95 �C for 1 minute. Subsequently, 40 cycles were carried out with denaturation at 95 �C for 10 seconds and annealing/extension at

60 �C for 1 minute using anQuantStudio 6 thermocycler (Applied Biosystems, USA). The quantity of viral genomes is expressed as Ct and was

normalized against the Ct values of the negative and positive controls.

In parallel, cytotoxicity was assessed using the CellTiter-Glo luminescent cell viability kit (Promega, USA). 3,000 cells/well of Vero E6 were

seeded in white with clear bottom 384-well plates. The following day, compounds were added at concentrations indicated. 0.5% DMSO and

10 mM Camptothecin (Sigma Aldrich) controls were added in each plate. After 48 h incubation, 10 ml of CellTiter Glo reagent was added in

each well and the luminescence was recorded using a luminometer (Berthold Technologies, Germany) with 0.5 sec integration time.

Raw data were normalized against appropriate negative (0 %) and positive controls (100 %) and are expressed in % of viral replication in-

hibition or % of cytotoxicity. Curve fits and IC50/CC50 values were obtained in Prism (GraphPad, USA) using the variable Hill slope model.

SARS-CoV-2 plaque assay

Plaque assay was performed to determine the viral load of bona fide SARS-COV-2 Delta variant with a dose-response of two enantiomers of

PCM0282478 (in duplicates). Vero E6 cells were seeded in 24-well plates at a concentration of 7.5 3 104 cells per well. The following day, serial

dilutions of each supernatant were performed in serum-free DMEMmedium. After 1 h absorption at 37 �C, 23 overlaymediumwas added to

the inoculum to give a final concentration of 2% (v/v) FBS in DMEM and 0.4% (w/v) agarose (Sigma Aldrich) to achieve a semi-solid overlay.

Plaque assays were incubated at 37 �C for 3 days. Samples were fixed using 4% formaldehyde solution and plaques were visualized using

crystal violet solution (Merck). To calculate the plaque forming units (PFU) per well, counts from duplicate wells were averaged, and the

average was multiplied by the dilution factor and the volume of inoculum plated. The calculation is: the average value of plaques in duplicate

wells 3 dilution factor O virus inoculum volume (in mL) x volume per well = titer in PFU/well.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and tools

Data from analyzed images was processed using Genedata Screener (Genedata, Switzerland). Normalization was the percent of infection

where neutral control is 0% inhibition of infection and ‘‘No-Virus’’ control is 100% inhibition of infection. Further chemoinformatic data visu-

alizations weremadewithD360 software (Certara, USA), which is integratedwith theCDD vault. Excel (Microsoft, USA) was used to analyze the

data and Prism was used to plot the data. Whenever comparing between two conditions, data was analyzed with two tailed student’s t-test.

Measurements are reported asmean of at least three biological repeats, and the error bars denote standard error of mean (SEM). Throughout

the study, threshold for statistical significance was considered for p-values%0.05, denoted by one asterisk (*), two (**) if P%0.01, three (***) if

P <0.001 and four (****) if P%0.001.
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