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Abstract

Drug repurposing has the advantage of shortening regulatory preclinical development

steps. Here, we screened a library of drug compounds, already registered in one or several

geographical areas, to identify those exhibiting antiviral activity against SARS-CoV-2 with

relevant potency. Of the 1,942 compounds tested, 21 exhibited a substantial antiviral activity

in Vero-81 cells. Among them, clofoctol, an antibacterial drug used for the treatment of bac-

terial respiratory tract infections, was further investigated due to its favorable safety profile

and pharmacokinetic properties. Notably, the peak concentration of clofoctol that can be

achieved in human lungs is more than 20 times higher than its IC50 measured against

SARS-CoV-2 in human pulmonary cells. This compound inhibits SARS-CoV-2 at a post-

entry step. Lastly, therapeutic treatment of human ACE2 receptor transgenic mice

decreased viral load, reduced inflammatory gene expression and lowered pulmonary

pathology. Altogether, these data strongly support clofoctol as a therapeutic candidate for

the treatment of COVID-19 patients.

Author summary

Antivirals targeting SARS-CoV-2 are sorely needed. In this study, we screened a library of

approximately 2000 drug compounds that have been used or are still used in the clinics.

Among them, we identified clofoctol as an antiviral against SARS-CoV-2. This molecule is

an antibacterial drug used for the treatment of bacterial respiratory tract infections and it

was further investigated due to its safety profile and its properties to accumulate in the

lungs. We further demonstrated that, in vivo, this compound reduces inflammatory gene
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expression and lowers pulmonary pathology. The antiviral and anti-inflammatory proper-

ties of clofoctol, associated with its safety profile and unique pharmacokinetic properties

make a strong case for proposing clofoctol as an affordable therapeutic candidate for the

treatment of COVID-19 patients.

Introduction

The coronavirus disease 2019 (COVID-19) is having a catastrophic impact on human health

as well as on the global economy, and it will continue to affect our lives for years to come [1].

This extraordinary situation led to the rapid development of safe and effective vaccines that

have now been deployed at unprecedented scale. While COVID-19 vaccines have demon-

strated their essential role in reducing hospitalizations, they do not control virus transmission,

and we still lack affordable efficient therapies against SARS-CoV-2. Antivirals are indeed

urgently needed to treat COVID-19 patients who have not yet been vaccinated and as a thera-

peutic approach to treat vaccinated people poorly protected due to waning immunity. An

affordable antiviral treatment that could be administered at a large scale to all diagnosed

patients at early stage could also contribute to lowering viral load in the respiratory tract and

disease transmission. Repurposing clinically evaluated drugs can potentially offer a fast track

for the rapid deployment of treatments for this kind of emerging infectious disease. However,

the first attempts of targeted repurposing strategies to treat COVID-19 patients have led to dis-

appointing results [2]. As an alternative approach, large-scale screening of clinically approved

drugs through a carefully designed evaluation cascade may identify additional unanticipated

therapeutic options that can be positioned for accelerated clinical evaluation [3–5]. Here, we

developed a high-content screen (HCS) using the Apteeus drug library (TEELibrary), a com-

prehensive collection of 1,942 approved drugs, to identify molecules that exhibit antiviral

activity against SARS-CoV-2. Clofoctol was selected based on its antiviral potency associated

with favorable pharmacokinetic properties in human. Its further validation in a small-animal

model makes it a promising candidate treatment for clinical evaluation in COVID-19 patients.

Results

HCS screening of a library of approved drugs

The screen was performed in Vero-81 cells, an African green monkey kidney cell line highly

permissive to SARS-CoV-2 infection [6]. The read out was based on the cytopathic effect

(CPE) of the virus as measured by propidium iodide (PI) incorporation into the nuclei of

dying cells and cell quantification by nuclei staining with Hoechst 33342 (S1A Fig and S1

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

time points, were optimized in Vero-81 cells by measuring virus-induced CPE in a 384-well

format.

To assess reproducibility of the optimized assay in a HCS configuration, we initially evalu-

ated the effect of chloroquine (CQ), previously reported to have antiviral activity against

SARS-CoV-2 in Vero cells [7]. This compound is an effective inhibitor of coronavirus entry

into host cells through the endocytic pathway, however because of its lack of effect on the

TMPRSS2-mediated pathway, chloroquine has been shown to be ineffective to treat COVID-

19 patients. Nonetheless, this enabled us to benchmark the dynamic range of the assay with a

reliable positive control. Robustness was then assessed by calculating the strictly standardized

mean difference (SSMD) of each plate, with a mean of 6.87 (±2.19) for all plates (S1B Fig). We
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then used this experimental design to screen our drug library (Fig 1A) using a non-cytotoxicity

concentration of 15 μM for most compounds in the presence of low viral input (MOI = 0.01),

in order to capture multicycle replication with an extended end-point measurement at 72h

post-infection [4]. Indeed, at this time-point, a major cytopathic effect could be observed with

a strong decrease in cell number at the low MOI used in our assay. For each compound, a

robust Z-score normalized to the median of each plate was calculated for both SARS-CoV-

2-induced CPE related readouts (PI measurement and Hoechst 33342 staining).

Compounds exhibiting the highest levels of CPE inhibition were initially selected. Of the

1,942 tested compounds, 57 were identified to significantly decrease PI incorporation (robust

Z-core < -3) or to increase the number of cells as measured with Hoechst 33342 staining

(robust Z-score > 3) (S2 Table). Among these compounds, CQ, nitazoxanide, amodiaquine,

triflupromazine and niclosamide were previously identified in other studies [3,7–9] (Fig 1B). It

Fig 1. HCS screen of Apteeus TEElibrary for the identification of anti-SARS-CoV-2 compounds. A, Workflow overview of the screening process. B, Dot-

plot representations of all compounds tested based on their robust-Z-score for both the numbers of nuclei and the percentages of PI-positive nuclei. Dotted

lines are indicative of the thresholds chosen for hit selectivity (within the green area). C, Dot-plot representation according to the molecular weight and the

LogD of the compounds of interest. Dots are color-coded based on the ionization state at physiological pH.

https://doi.org/10.1371/journal.ppat.1010498.g001
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is worth noting that the majority of the selected compounds are basic molecules like CQ, amo-

diaquine, fluphenazine, trifluoperazine and triflupromazine (Fig 1C). Such compounds are

known to affect the endosomal internalization pathway by accumulating inside the endo-

somes, modifying their pH and therefore inhibiting SARS-CoV-2 by blocking its endosomal

entry.

We assessed the activity of the 57 identified hits in dose-response curve (DRC) analyses

using the same setting as in the screen (S2 Table). Of these, 21 showed dose-related inhibition

of the PI incorporation upon infection (N = 2).

Coronaviruses, including SARS-CoV-2, can use two different routes to enter their target

cells. They either enter cells by endocytosis and release their genome into the cytosol after

fusion of their envelope with an endosomal membrane, or they fuse their envelope directly

with the plasma membrane. This latter entry route is triggered by the cell surface protease

TMPRSS2 which is not expressed in Vero-81 cells [10]. Previously identified anti-SARS-CoV-

2 compounds, like CQ and hydroxy-CQ, were shown to only block the endocytic entry route

[10]. An additional validation on Vero-81-TMPRSS2 cells was therefore performed to discard

compounds that only block the endocytic route of SARS-CoV-2 entry.

Of the 21 molecules validated twice in Vero-81 cells, the most interesting ones were

retained based on a preliminary evaluation of their risk/benefit ratio in the clinic. This

evaluation included a comparison of the in vitro potency to plasma exposure at the

approved dose. Therefore, only 8 out of the 21 compounds were tested in Vero-

81-TMPRSS2 cells (S2 Table). Only 3 of them exhibited a dose-dependent antiviral activity

against SARS-CoV-2 in the presence or absence of TMPRSS2, indicating an antiviral effect

irrespective of the entry route. These three compounds are perphenazine, nitazoxanide,

and a third one, called clofoctol that was not reported by others. More importantly, clofoc-

tol is well distributed in tissues, particularly in lungs where its concentration is twice

higher than in plasma [11]. Altogether, these observations prompted us to further charac-

terize the anti-SARS-CoV-2 properties of clofoctol.

In vitro validation of the antiviral activity of clofoctol

To further confirm the antiviral activity of clofoctol, SARS-CoV-2 genomic replication was

measured by quantitative RT-PCR. In this assay, clofoctol exhibited an equal potency in Vero-

81 cells and in Vero-81-TMPRSS2 with IC50 of 12.41 μM and 13.51 μM, respectively (Fig 2A).

To validate the specificity of its antiviral activity, its potential cytotoxic effect in cell culture

was determined in an MTS viability assay. As shown in Fig 2B, after 24h of treatment, no cyto-

toxic effect was observed at concentrations below 40 μM, indicating that the decreased SARS-

CoV-2 replication in the presence of clofoctol was not due to a cytotoxic effect of the com-

pound. To further characterize the antiviral activity of clofoctol, its effect on the production of

infectious progeny virions was also quantified. As shown in Fig 2C, a dose-dependent decrease

of infectious virus production was observed in these experimental conditions, confirming the

antiviral effect of clofoctol against SARS-CoV-2 with an IC50 of 9.3 μM and 11.59 μM in Vero-

81 and Vero-81-TMPRSS2 cells, respectively.

Vero cells are the cells of choice to efficiently grow SARS-CoV-2 in culture and therefore to

screen large libraries of compounds for rapid identification of antivirals. However, as these

cells are from monkey origin, the human cell line Calu-3, derived from a lung adenocarci-

noma, previously shown to be permissive to SARS-CoV-2 [10] was also used to validate our

observations. As shown in Fig 2D, a dose-dependent decrease of viral RNA production was

also observed in infected Calu-3 cells treated with clofoctol, at concentrations that did not

exhibit a cytotoxic effect (Fig 2B). In this cell line, clofoctol exhibited an IC50 of 7.9 μM.
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Clofoctol inhibits the translation of SARS-CoV-2 viral RNAs

The life cycle of a virus can be divided into three major steps: (1) entry, (2) translation/replica-

tion and (3) assembly/release. To determine at which of these steps clofoctol inhibits SARS-

CoV-2, the compound was added either before infection, during virus entry, post-inoculation

or throughout all the steps. Remdesivir, an inhibitor of the viral polymerase [12], and CQ were

used as control antivirals affecting viral replication or entry, respectively. As shown in Fig 3A,

remdesivir inhibited infection only when added after the entry step, whereas CQ was only effi-

cient when added at the entry step. Clofoctol inhibited SARS-CoV-2 mainly at the post-inocu-

lation step, although it had also a mild effect at the entry step. These data suggest that the

translation/replication step is likely the major target of clofoctol. To further characterize the

Fig 2. In vitro validation of the antiviral activity of clofoctol. A, Clofoctol inhibits the genomic replication of SARS-CoV-2. Vero-81 and Vero-

81-TMPRSS2 cells were infected for 6h at an MOI of 0.25 in the presence of increasing concentrations of clofoctol. Then, total RNA was extracted and viral

RNA was quantified by RT-qPCR and normalized by the amount of total RNA. Results are presented as the percentage of the viral load of the control and

represent the average of seven independent experiments performed in duplicates. Error bars represent the standard error of the mean (SEM). B, Clofoctol is

not cytotoxic in cell culture at concentrations below 40 μM. Vero-81 cells and Calu-3 cells were cultured in the presence of given concentrations of clofoctol.

Cell viability was monitored using the MTS-based viability assay after 24 hours of incubation. C, Clofoctol inhibits the production of progeny virions. Vero-

81 and Vero-81-TMPRSS2 cells were infected with SARS-CoV-2 at a MOI of 0.25. After 1h, the inoculum was removed and the cells were washed with PBS

prior treatment with clofoctol. Cells were then further incubated for 16h. Thereafter, supernatants were collected and the amounts of secreted infectious

virus were quantified. The limit of detection was 1.5TCID50/mL. These data represent the average of three independent experiments (N = 3). Experiments

were performed in duplicate for each condition. D, Clofoctol inhibits SARS-CoV-2 replication in Calu-3 cells. Calu-3 cells were infected at a MOI of 0.25 in

the presence of increasing concentrations of clofoctol for 24h. Then, total cellular RNA was extracted and viral RNA was quantified by RT-qPCR. Results are

presented as the percentage of the viral load of the control and represent the average of three independent experiments performed in duplicates. Error bars

represent the standard error of the mean (SEM).

https://doi.org/10.1371/journal.ppat.1010498.g002
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Fig 3. Clofoctol targets the translation step of SARS-CoV-2 life cycle. A, Clofoctol is mainly efficient at a post-entry

step. Vero-81 cells were infected with SARS-CoV-2 at an MOI of 0.25. Clofoctol, remdesivir or CQ were present at a

concentration of 15 μM either before infection, during virus entry, post-inoculation or throughout the steps as

indicated on the schematic depiction of the experiment. Bars indicate when the drugs are present during the

experiment for each condition. At 16h post-infection, cells were fixed with 4% paraformaldehyde and processed to
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post-entry inhibitory effect of clofoctol, a time-of-addition experiment was also performed in

parallel with clofoctol, remdesivir and CQ. In this experiment, the compounds were added

before infection or at different times post-infection. As shown in Fig 3B, CQ was only efficient

when added prior to infection or during the inoculation step, whereas remdesivir and clofoctol

remained effective when added up to three- to four-hours post-inoculation, respectively. To

further exclude a potential effect of clofoctol on SARS-CoV-2 entry, we used retroviral parti-

cles pseudotyped with the SARS-CoV-2 Spike (S) glycoprotein (SARS2pp). These are retroviral

cores carrying SARS-CoV-2 S glycoprotein in their envelope and a minigenome containing a

luciferase reporter gene. In this context, only the early steps of the viral life cycle (i.e., virus

interaction with receptors, uptake, and fusion) are SARS-CoV-2 specific, whereas all later

steps are dependent on retroviral nucleocapsid elements. Clofoctol did not show any inhibi-

tory effect on SARS2pp entry (Fig 3C), indicating that it does not inhibit the cellular entry of

SARS-CoV-2. Of note, clofoctol was also active against another coronavirus which is mildly

pathogenic, HCoV-229E, and more importantly against the D614G, B.1.1.7, B.1.351 and

B1.617.2 variants of SARS-CoV-2 (Fig 4), indicating that its antiviral activity is conserved

across different clades of SARS-CoV-2 and coronavirus species.

For positive-stranded RNA viruses like coronaviruses, translation of the viral genome is the

step that immediately follows virus entry. To determine whether this step is affected by clofoctol

treatment, we used a reporter construct expressing the Renilla luciferase introduced between the

5’-UTR and the 3’-UTR of the SARS-CoV-2 genomic RNA. As a control, we used a bicistronic

construct containing the Firefly luciferase sequence under the control of a eukaryotic mRNA 5’

cap structure, followed by the Renilla luciferase sequence under the translational control of the

hepatitis C virus (HCV) IRES [13]. To avoid a potential effect of clofoctol on the transcription of

the reporters from plasmid DNA, in vitro-transcribed capped RNAs were transfected by electro-

poration into Vero-81 or Huh-7 cells. After 8h of clofoctol treatment, a dose-dependent inhibition

of luciferase activity was observed with the SARS-CoV-2 UTRs-based construct in Vero-81 and

Huh-7 cells, but not for the control bicistronic construct (Fig 3D), indicating that clofoctol specifi-

cally inhibits the translation of an mRNA containing the UTRs of SARS-CoV-2. To determine

whether global cellular protein translation is not inhibited in the presence of clofoctol, a puromy-

cin-conjugation assay was performed to monitor de novo protein synthesis through specific C-

terminal protein puromycin conjugation. As shown in S2 Fig, clofoctol did not induce an

detect the proportion of infected cells. Therefore, they were immunostained to allow for the detection of the viral

double-stranded RNA and nuclei were detected by Hoechst staining to count the total number of cells. Results are

presented as the percentage of infection inhibition and represent the average of five independent experiments. B,

Time-of-addition experiment. Vero-81 cells were infected at an MOI of 0.5 for 1h. 15 μM of clofoctol, remdesivir or

CQ were added every hour starting 1h before inoculation. Cells were lysed 8h after the end of the inoculation in

Laemmli loading buffer and the amount of N protein was detected in immunoblot. Results are presented as the

percentage of N protein expression relative to that in non-treated cells (CTL) and represent the average of three

independent experiments. Error bars represent the standard error of the mean (SEM). C, Clofoctol does not inhibit

SARS-CoV-2 entry. Huh-7 cells expressing ACE2 receptor were infected with SARS2pp or pseudoparticles containing

the envelope glycoprotein of the vesicular stomatitis virus (VSV) used as a control (VSVpp) for 3 hours in the presence

of increasing concentrations of clofoctol or CQ. At 48 hours post-infection, cells were lysed to quantify luciferase

activity. The results are expressed in % of the controls of three independent experiments. The experiments were

performed in triplicate (n = 3) in each condition. D, Clofoctol inhibits viral RNA translation. Schematic representation

of the reporter construct expressing the Renilla luciferase placed between the 5’-UTR and the 3’-UTR of the

SARS-CoV-2 genomic RNA and the control bicistronic construct containing the firefly luciferase sequence under the

control of a cap structure, followed by the Renilla luciferase under the control of hepatitis C virus (HCV) IRES. Huh-7

or Vero-81 cells were electroporated with in vitro transcribed RNA. Cells were lysed after 8h and luciferase activities

were recorded. The results are expressed in % of the controls of three independent experiments. The experiments were

performed in quadruplicate (n = 4) in each condition. Two-way ANOVA followed by the Dunnett’s multiple

comparisons test was performed for statistical analysis (�p< 0.05; ��p< 0.01; ���p< 0.001).

https://doi.org/10.1371/journal.ppat.1010498.g003
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inhibition of cellular protein translation. Together, these data suggests that clofoctol has the

potential to inhibit the translation of genomic as well as sub-genomic SARS-CoV-2 RNAs.

Clofoctol inhibits SARS-CoV-2 replication in vivo and lowers

inflammation in lungs

To investigate the potential antiviral activity of clofoctol against SARS-CoV-2 in vivo, we took

advantage of transgenic C57BL/6 mice expressing the human ACE2 receptor (K18-hACE2

Fig 4. Clofoctol inhibits other SARS-CoV-2 variants as well as HCoV-229E. A, Vero-81 cells were infected either with SARS-CoV-2 of lineage B1 containing the

D614G mutation (SARS-CoV-2/human/FRA/Lille_Vero-TMPRSS2/2020) or with SARS-CoV-2 of lineage B1.1.7 (GISAID accession number EPI_ISL_1653931) or

lineage B.1.351 (GISAID accession number EPI_ISL_1653932) or lineage B.1.617.2 (GISAID accession number EPI_ISL_2143633). Viral genomes were quantified

by RT-qPCR and normalized by the amount of total RNA. Results are presented as the percentage of the viral load of the control and represent the average of three

independent experiments performed in duplicates. Error bars represent the standard error of the mean (SEM). B, Clofoctol is not cytotoxic in cell culture at

concentrations below 40 μM. Huh-7 cells were cultured in the presence of given concentrations of clofoctol. Cell viability was monitored using the MTS-based

viability assay after 24 hours of incubation. C, Huh-7 cells were infected with HCoV-229E-Rluc in presence of different concentrations of clofoctol or remdesivir. At

7h post-infection, cells were lysed and luciferase activities were quantified. Results are presented as the percentages of the control and represent an average of three

independent experiments performed in triplicates. Errors bars represent the standard error of the mean (SEM).

https://doi.org/10.1371/journal.ppat.1010498.g004
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mice) [14]. Before testing the potential antiviral activity of clofoctol, pharmacokinetic experi-

ments were performed in female C57BL/6 mice. To this end, clofoctol was injected intraperito-

neally (i.p.) at 62.5 mg/kg to reach a lung concentration close to that achieved in humans at

approved posology. Mice were sacrificed at 30 min, 1h, 2h and 4h after i.p. administration of

clofoctol. As early as 30 min after injection, clofoctol reached concentrations up to 61 μM in

the lungs and remained above this level for almost 4h (Fig 5A, left panel), whereas it remained

at a concentration seven times lower in the plasma. According to its expected half-life in the

lungs, clofoctol concentration was anticipated to remain above its in vitro measured IC50 (IC50

~10μM) for more than 7 consecutive hours. It was then decided to treat the mice twice daily to

maintain a lung concentration close to 60 μM. In this setting, clofoctol concentration reached

67 μM in the lungs, 1h after the fourth administration (Fig 5A, right panel).
Because of this favorable pharmacokinetic profile in mice, we decided to test clofoctol in

K18-hACE2 transgenic mice. Female mice were inoculated intranasally (i.n.) with a lethal dose

(5x102 TCID50) of a clinical SARS-CoV-2 isolate. The animals were then injected

Fig 5. Pharmacokinetics and antiviral properties of clofoctol in a mouse model of COVID-19. A, Pharmacokinetics characterization of clofoctol in mice. Left
panel, 8–10 week-old female C57BL/6J mice were treated i.p. with a single dose of clofoctol (62.5mg/kg) and were sacrificed at different time points thereafter.

Right panel, Clofoctol was inoculated twice daily during two days and mice were sacrificed 1h after the last injection. Clofoctol concentrations in lungs (n = 3/

time point, 3 samples/lung) and plasma (n = 3/time point, 2 technical replicates) are depicted. B-D, Effects of clofoctol treatment on SARS-CoV-2 infection in

K18-hACE2 transgenic C57BL/6J mice. B, Left panel, Scheme of the experimental design in which the effect of clofoctol was assessed in mice. Mice were treated

i.p. with clofoctol (62.5mg/kg) or vehicle 1h and 8h after i.n. inoculation of SARS-CoV-2 (5x102 TCID50 per mouse) and treated again twice at day 1 post-

infection. Animals were sacrificed at day 2 and day 4 post-infection. Right panel, Body weight curves are shown. C,The viral load was determined by titration on

Vero-E6 cells (middle panel) and by RT-qPCR (right panel) (day 2 post-infection). D, mRNA copy numbers of genes were quantified by RT-qPCR. Data are

expressed as fold change over average gene expression in mock-treated (uninfected) animals (day 2 post-infection). E, Lung sections were analyzed at day 4 post-

infection. Shown are representative lungs (hematoxylin and eosin staining). Lower panels, enlarged views of the area circled in black in upper panels. F, Blinded

sections were scored for levels of pathological severity. The inflammatory score is depicted. B-C, Results are expressed as the mean ± SD (n = 13 for panels B and

D and n = 6–7 for panel E and F). Significant differences were determined using the Mann-Whitney U test (��p< 0.01; ���p< 0.001).

https://doi.org/10.1371/journal.ppat.1010498.g005
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intraperitoneally with clofoctol (62.5 mg/kg) at 1h and 8h post-infection. This treatment was

repeated the day after infection. Mice were sacrificed at day 2 or day 4 post-infection (Fig 5B,

left panel). At the dose used, clofoctol induced body weight loss (Fig 5B, right panel). As com-

pared to untreated animals, the infectious viral load detected in the lungs of clofoctol-treated

mice was reduced by more than 1.1 log10 at day 2 post-infection (Fig 5C, left panel). Analysis

of viral RNA yields by RT-qPCR confirmed the reduced viral load in clofoctol-treated animals

(Fig 5C, right panel). The effect of clofoctol was also assessed in male K18-hACE2 transgenic

mice, which have been described to be more susceptible than females to SARS-CoV-2 infection

[14]. Clofoctol treatment similarly reduced the viral load in the lungs of male K18-hACE2

transgenic mice at a lower dose (50 mg/kg) (S3A Fig). Of note, the effect was dose-dependent

(S3B Fig). We then investigated whether the decrease in viral load would have positive effects

on lung inflammation. Remarkably, the expression of transcripts encoding IL-6, TNFα,

IL12p40, IFNβ, IFNγ and the interferon-stimulated genes (ISG) Mx1, Ifi44 and ISG15 was

markedly reduced in clofoctol-treated mice, in contrast to that of IL-17A (Fig 5D). Similar

results were also observed in male K18-hACE2 transgenic mice (S3C Fig). At day 4 post-inocu-

lation, relative to controls, female mice treated during the first 2 days with clofoctol still

showed a significant decrease in viral load, albeit lower than at day 2 post-infection (S4A Fig).

A decreased expression of transcripts encoding inflammatory markers was also evidenced

(S4B Fig). At this time point, SARS-CoV-2 infection was associated with reduced expression of

genes encoding markers of epithelial barrier function, including the tight-junction protein

Zonula Occludens-1 (ZO-1) and occludin. Interestingly, the decrease in these transcript levels

induced by SARS-CoV-2 infection was significantly reduced in clofoctol-treated animals (S4C

Fig).

Lastly, we assessed the impact of clofoctol treatment on lung pathology at day 4 post-infec-

tion. In vehicle-treated animals, a mild multifocal broncho-interstitial pneumonia was

observed (Fig 5E, upper left panel). Signs of moderate inflammation, with the presence of neu-

trophils, macrophages and a few lymphocytes, were observed within alveolar lumens, inter-

alveolar septa, and perivascular spaces which was accompanied by minimal perivascular

edema (Fig 5E, lower left panel). Slight vascular congestion and discrete intra-alveolar hemor-

rhages were also detected (not shown). In stark contrast, only a minimal interstitial inflamma-

tion was observed in clofoctol-treated mice (Fig 5E, upper right panel), with a limited presence

of macrophages and lymphocytes within inter-alveolar septa and little vascular congestion (Fig

5E, lower right panel). Analysis of pathological scores showed statistical differences between

vehicle-treated and clofoctol-treated animals (Fig 5F). We conclude that, at doses that produce

lung concentrations close to those observed in human patients treated at the approved dose,

clofoctol treatment in mice just after infection lowers SARS-CoV-2 replication and reduces

lung pathological features associated with this viral infection.

Discussion

In this study, we report the high-throughput screening of ~2,000 drugs, approved for human

use, for their potential activity against SARS-CoV-2. Our data identify clofoctol as a promising

antiviral candidate for the treatment of COVID-19 patients. This antibacterial drug was devel-

oped in the late 1970s. Its efficacy has been demonstrated for the treatment of Streptococcus
pneumoniae—the leading cause of bacterial pneumonia worldwide—and Staphylococcus
aureus [15,16]. The drug was marketed in France until 2005 under the trade name Octofène

and is still prescribed in Italy under the trademark GramPlus. Mechanistically, clofoctol inhib-

its bacterial cell wall synthesis and induces membrane permeabilization [17,18]. Along with its

bactericidal activity, clofoctol was recently shown to also inhibit protein translation and to

PLOS PATHOGENS Clofoctol inhibits SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010498 May 19, 2022 10 / 20

https://doi.org/10.1371/journal.ppat.1010498


impair tumor cell growth [19,20]. As such, clofoctol could be useful to treat some cancers and

possibly other diseases [21].

Among the 2,000 drugs tested, clofoctol emerged as the most promising compound to

inhibit SARS-CoV-2 replication in our experimental settings. Our data show that it can con-

tribute to inhibition of SARS-CoV-2 propagation by blocking translation of viral RNA. How-

ever, we cannot exclude other effects of clofoctol on SARS-CoV-2 replication. The inhibition

of translation by clofoctol could be due to the activation of the unfolded protein response

(UPR) pathways. Clofoctol has indeed been reported to induce endoplasmic reticulum (ER)

stress and to activate all three UPR pathways, i.e. the inositol requiring enzyme 1 (IRE1), the

double stranded RNA-activated PK-like ER kinase (PERK), and the activating transcription

factor 6 (ATF6) [22]. Although UPR activation is observed during SARS-CoV-2 infection [23],

chemical activation of UPR by thapsigargin has been shown to inhibit coronavirus replication,

including SARS-CoV-2 [24]. Furthermore, modulating the PERK-eIF2α pathway can inhibit

the replication of the transmissible gastroenteritis porcine coronavirus [25]. Similarly, trigger-

ing the UPR with 2-deoxy-D-glucose inhibits the replication of another coronavirus, the por-

cine epidemic diarrhea virus [22]. Whether the clofoctol-induced inhibition of SARS-CoV-2

translation is linked to UPR activation will be the focus of further investigation.

Translation of viral RNA requires interaction of viral RNA with the host cell translational

machinery. Several studies have uncovered RNA binding proteins (RBPs) important for infec-

tion. It is likely that clofoctol may act on one of these RBPs to inhibit viral translation. Com-

parison of translational factors recruited by SARS-CoV-2 or flavirirus (ZIKV, DENV) showed

different preferences for elongation initiation factors. Indeed SARS-CoV-2 prefers EIF3B, 4H,

4B, 3F, and A3, whereas flaviviruses prefer EIF3A, 4G1, 3C, and 3D [26]. More specifically,

CSDE1 has been identified as a proviral factor that binds viral RNAs [27]. This is particularly

interesting as clofoctol has been shown to bind CSDE1 [19]. However, whether CSDE1 binds

the UTR region or another region of the viral RNA will need further investigation.

Previous pharmacokinetic studies indicate that clofoctol is well absorbed by rectal adminis-

tration, and can rapidly expose lung tissues [11,28]. Of interest, as early as 90 minutes after rec-

tal administration, the peak concentration of clofoctol that can be achieved in human lungs is

more than 20 times higher than its IC50 measured in Vero-81 cells. In our experimental condi-

tions, clofoctol was also detected in mouse lungs at a peak concentration reaching approxi-

mately tenfold its IC50. Notably, upon two days of treatment with doses allometrically similar

to those approved for human treatment, its concentration in the lungs remained far above the

IC50 measured in vitro. Importantly, we demonstrate here that clofoctol treatment decreased

the viral load in the lungs and drastically reduced pulmonary inflammation. These in vivo
data, as well as the rapid onset of action expected in human pharmacokinetics, strongly sup-

port clofoctol as a therapeutic candidate for the treatment of COVID-19 patients.

In our study, K18-hACE2 transgenic C57BL/6J mice were used. Although this model is use-

ful to evaluate the efficacy of antivirals, it has some limitations. While it is much better toler-

ated in humans, clofoctol induces weight loss in mice, which is attributed to a decrease in

gastric emptying. Moreover, SARS-CoV-2-infected mice die from encephalitis, a disease evo-

lution not encountered in humans. It is noteworthy that, in our experimental conditions, clo-

foctol failed to significantly reduce mouse mortality upon SARS-CoV-2 infection. This lack of

protection against mortality is likely due to the fact that mice were only treated for 2 days to

limit weight loss to a maximum of 20% (Fig 5B), whereas treatment in human patients can last

for up to 10 days without specific side effects. Maintaining clofoctol treatment is likely to be

required to improve efficacy in this system, as exemplified by the reduced protective effect of

clofoctol on the viral load at 4 dpi (S4A Fig). Attempts are currently in progress to reduce the

effect of this compound on the weight loss observed in mice.
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Together with its antiviral effects, clofoctol abrogated lung inflammation. To the best of our

knowledge, the anti-inflammatory effect of clofoctol has never been reported before. Together

with its effect on UPR pathways, clofoctol is known to interact with different targets including

(i) the Cdc7/Dbf4 protein kinase complex, which regulates the initiation of DNA replication

and (ii) the upstream-of-N-Ras protein (UNR), a highly conserved RNA-binding protein

known to regulate gene expression. Of interest, by binding to UNR, clofoctol activates the

transcription factor Kruppel-like factor 13 (KLF13) [20], known as a tumor suppressor gene

and as a regulator of T cell differentiation [29,30]. Whether the UNR/KLF13 pathway triggered

by clofoctol plays a role in decreasing inflammation during SARS-CoV-2 infection deserves

further investigation. Additional functional studies are urgently needed to assess the global

effect of clofoctol on COVID-19 pathology.

In conclusion, the antiviral and anti-inflammatory properties of clofoctol, associated with

its safety profile and unique pharmacokinetics make a strong case for proposing clofoctol as an

affordable therapeutic candidate for the treatment of COVID-19 patients. Finally, the relatively

low cost of this drug suggests that it is a potential clinical option for treatment of COVID-19

patients in resource poor settings.

Methods

Ethics statement. All experiments involving SARS-CoV-2 were performed within the

biosafety level 3 facility of the Institut Pasteur de Lille, after validation of the protocols by the

local committee for the evaluation of the biological risks and complied with current national

and institutional regulations and ethical guidelines (Institut Pasteur de Lille/B59-350009). The

experimental protocols using animals were approved by the institutional ethical committee

“Comité d’Ethique en Experimentation Animale (CEEA) 75, Nord Pas-de-Calais”. The animal

study was authorized by the “Education, Research and Innovation Ministry” under registra-

tion number APAFIS#25517-2020052608325772v3.

Data reporting. No statistical methods were used to predetermine sample size. Com-

pounds were spotted in a randomized order on the plates during the primary screen. All the

other experiments were not randomized. Investigators were blinded to allocation during the

primary screen and the corresponding validation, during both assay performance and out-

come assessment. For all the other assays, the investigators were not blinded.

Cells and viruses. Vero-81 cells (ATCC, CCL-81), Vero-E6 cells (ATCC, CRL-1586),

Huh-7 cells[31] and HEK293T/17 cells (ATCC, CRL-11268) were grown at 37˚C with 5% CO2

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

vated fetal bovine serum (FBS, Eurobio). Calu-3 cells (Clinisciences, EP-CL-0054) were grown

in minimum essential medium (Gibco, MEM) supplemented with glutamax (Gibco) and 10%

heat-inactivated FBS.

Lentiviral vectors expressing TMPRSS2 were produced by transfection of HEK293T cells

with pTRIP-TMPRSS2, phCMV-VSVG and HIV gag-pol in the presence of Turbofect (Life

Technologies) according to the manufacturer’s instruction. Supernatants were collected at 48h

post-transfection and used to transduce Vero-E6 cells.

The BetaCoV/France/IDF0372/2020 strain of SARS-CoV-2 was supplied by the French

National Reference Center for Respiratory Viruses hosted by Institut Pasteur (Paris, France).

The hCoV-19_IPL_France strain of SARS-CoV-2 (NCBI MW575140) was also used for in vivo
experiments. All SARS-CoV-2 viruses, including the variants B.1.1.7, B.1.351 and B.1.617.2

were propagated in Vero-E6 cells expressing TMPRSS2 by inoculation at MOI 0.01. Cell

supernatant medium was harvested at 72h post-infection and stored frozen at −80˚C in small

aliquots. All experiments were conducted in a biosafety level 3 (BSL3) laboratory.
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Recombinant HCoV-229E expressing the Renilla luciferase was a kind gift of Dr Volker Thiel

(University of Bern, Switzerland) and was propagated onto Huh-7 cells.

Chemical libraries. The TEELibrary was built and supplied by the APTEEUS company. It

was in its version n˚4 and counted 1,942 small organic molecules approved for a use in human

and selected within national and international drug repositories. It is mainly composed of

active pharmaceutical ingredients (>90%) and it covers 85% of the Prestwick FDA approved

collection. All molecules have been dissolved in an appropriate bio-compatible solvent

(DMSO or water with adjusted pH), at a concentration compatible with the testing on living

cells. The majority of them are prepared at a 10mM concentration in DMSO. CQ diphosphate

was purchased from Sigma-Aldrich (Dorset, England and St. Louis, MO). CQ diphosphate

was diluted to a final concentration of 10 mM in water. Clofoctol was purchased from Sigma-

Aldrich (C2290) or provided directly by the manufacturer (Chiesi, Italy).

Drug screening assay. One day prior to infection, Vero-81 cells were seeded in black

384-well μClear plates (Greiner Bio-One), at a density of 3,000 cells per well in 30 μl DMEM,

supplemented with 10% FBS and 1X Penicillin-Streptomycin solution (Gibco), using a Multi-

Drop Combi Reagent dispenser (ThermoFischer Scientific). The next day, compounds from

the TEELibrary were first dispensed into the 384-well plates, using an Echo 550 Liquid Han-

dler (Labcyte). To identify the compounds of interest, they were tested at a final compound

concentration that usually does not induce cytotoxicity, most of them at 15 μM. On each plate,

five 3-fold serial dilutions of CQ diphosphate ranging from 0.15 μM to 15 μM were added in

six replicates, as a control compound of viral inhibition (positive controls). Eleven control

virus wells devoid of compound and scattered over the plate, were supplemented with 0.15%

DMSO or 0.15% H2O (negative controls), respectively. Cells were infected by adding 10 μL of

SARS-CoV-2 per well at a MOI of 0.01 in 10% FBS-containing medium, using a Viafill Rapid

Reagent Dispenser (Integra). The plates were then incubated at 37˚ with 5% CO2. At 3 days

post-infection, cells were stained with 10 μg/mL Hoechst 33342 dye (Sigma-Aldrich) and 1 μg/

mL PI (ThermoFischer Scientific) for 30 min at 37˚C for CPE quantification by high-content

imaging.

Dose response curves and hit validations. The selected hits were further validated in a

6-point dose-response confirmation assay. One day prior to infection, Vero-81 cells were

seeded in 384-well plates, as previously described. The next day, six 3-fold serial dilutions of

compounds (0.15 to 45 μM, in duplicate) were first added to the cells. Ten μL of virus diluted

in medium was then added to the wells. On each plate, twenty-six virus control wells distrib-

uted over the plates were supplemented with 0.15% DMSO and H2O, respectively. CQ diphos-

phate was added as a control compound, at six 3-fold serial dilutions (0.15 μM to 45 μM, in

duplicate). Plates were incubated for 3 days at 37˚C prior to staining and CPE quantification

by high-content imaging.

Image acquisition. Image acquisitions were performed on a high-resolution automated

confocal microscope (Opera QEHS, PerkinElmer) using a 10x air objective (NA = 0.4) for cel-

lular infection assays. Hoechst 33342-stained nuclei were detected using the 405 nm excitation

laser (Ex) with a 450/50-nm emission filter (Em). Red signals, corresponding to PI-stained

nuclei from dead cells, were detected using Ex at 561 nm and Em at 600 nm. A set of 3 fields

was collected from each well.

Image-based analysis. For total cell and dead cell detection, images from the automated

confocal microscope were analyzed using multi-parameter scripts developed using Columbus

image analysis software (version 2.3.1; PerkinElmer) (S1 Table). A segmentation algorithm

was applied to detect nuclei labeled by Hoechst 33342 (blue) and determine total nuclei num-

ber. Briefly, a mask was first determined from input image, using the intensity threshold of

Hoechst dye signal to create a region of interest corresponding to Hoechst-stained population.
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The nuclei segmentation was then performed using the algorithm “Find Nuclei”, as described

previously [32]. Morphology properties, as area and roundness, could be used to exclude

smaller objects not corresponding to nuclei. The total number of cells was quantified as

Hoechst-positive nuclei. Red fluorescence signal intensities in the previous selected nuclei

were quantified and used for the selection of PI positive (PI+) and negative (PI-) nuclei. Subse-

quently, population of dead (PI+) and viable (PI-) cells were determined. The percentage of PI

+ cells was calculated for each compound to select drugs having an effect on the decrease of

cell death, corresponding to infection or viral replication inhibition.

Dose-response validation in different cell lines or with different variants. Vero-81,

Vero-81-TMPRSS2 or Calu-3 cells were infected in duplicates at a MOI of 0.25 in the presence

of increasing concentrations of clofoctol, ranging from 0 to 25 μM, and incubated either for 6h

(Vero-81 cells) or 24h (Calu-3 cells). Then total RNA was extracted by using the Nucleospin

RNA kit (Macherey Nagel) as recommended by the manufacturer. Genome quantification was

performed as described [33].

Viral secretion. Vero-81 and Vero-81-TMPRSS2 cells were infected at a MOI of 0.25 for

1h, then the cells were rinsed 3 times with PBS and further incubated in the presence of

increasing concentrations of clofoctol for 16h. Each condition was performed in duplicates.

Cell supernatants were collected and viral titers were measured by the TCID50 method.

Pseudoparticles infection. Retroviral Murine leukemia virus particle were pseudotyped

with the SARS-CoV-2 Spike (BetaCoV/France/IDF0372/2020 strain) or the glycoprotein of the

vesicular stomatitis virus (VSV-G). Briefly, HEK293T cells were co-transfected with a plasmid

encoding Gag-Pol (pTG-Gag-Pol), a plasmid encoding the envelope glycoprotein and a plas-

mid containing a minigenome with a Firefly luciferase reporter gene. After 48h of incubation,

cell supernatants were collected, filtered and used to transduce Huh-7 cells expressing human

ACE2 in the presence of increasing concentrations of clofoctol or CQ. Transduced cells were

lysed 48h later and luciferase activity was measured by using the luciferase assay system

(Promega).

Time-of-addition experiment. Vero-81 cells were plated in 24-well plates and infected

for 1h at a MOI of 0.5. Clofoctol, remdesivir or CQ were added to the cells at a concentration

of 15 μM every hour starting one hour before inoculation. At 8h post-infection, the cells were

lysed in non-reducing Laemmli loading buffer. Proteins were separated onto a 10% SDS-poly-

acrylamide gel electrophoresis and transferred on nitrocellulose membranes (Amersham).

Membrane-bound N proteins were detected with a rabbit polyclonal antibody (Novus) and a

horseradish peroxidase-conjugated secondary antibody (Jackson Immunoresearch). Detection

was carried out by chemoluminescence (Pierce) and signals were quantified by using the gel

quantification function of ImageJ. The experiment was repeated 3 times in duplicates.

Immunofluorescence. Vero-81 cells were plated onto glass coverslips. The day after, the

cells were infected for 1h with SARS-CoV-2 at a MOI of 0.25. Clofoctol, remdesivir or CQ

were added at 15 μM at different steps of the infection. The cells were either incubated 1h

before inoculation (pre-incubation) or during the inoculation and for 1h after virus removal

(entry step) or starting 1h after the inoculation until cell fixation (post-entry). Additional con-

ditions with the compounds present during the whole experiment were also included as well

as controls with DMSO or H20. Cells were incubated for 16h after infection and fixed with 4%

paraformaldehyde. Then, cells were permeabilized for 5 min with 0.1% Triton X-100 in PBS

and blocked for 30 min with 5% goat serum in PBS. Infected cells were detected by using an

anti-dsRNA (J2 monoclonal antibody, Scicons) diluted in blocking buffer to detect the pres-

ence of replicating SARS-CoV-2 virus as previously determined [33]. After a 30-min incuba-

tion, cells were rinsed 3 times for 5 min in PBS and incubated for 30 min with a cyanine

3-conjugated goat anti-mouse secondary antibody (Jackson Immunoresearch) and DAPI
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(40,6-diamidino-2-phenylindole). The coverslips were rinsed with PBS 3 times for 5 min fol-

lowed by a final water wash before mounting on microscope slides in Mowiol 4–88 containing

medium. Images acquisitions were performed with an EVOS M5000 imaging system (Thermo

Fischer Scientific) equipped with a 10X objective and light cubes for DAPI and RFP. The total

number of cells was determined by counting the number of nuclei and the number of infected

cells was determined by counting dsRNA-positive cells. The experiment was performed three

times.

Viability assay. Vero cells, Huh-7 cells or Calu-3 cells were plated in 96-well plates and

were then incubated the next day in 100 μl of culture medium containing increasing concen-

trations of clofoctol for 24h. An MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-

nyl)-2-(4-sulfophenyl)-2H-tetrazolium]-based viability assay (CellTiter 96 aqueous

nonradioactive cell proliferation assay, Promega) was performed as recommended by the

manufacturer. The absorbance of formazan at 490 nm is detected using an enzyme-linked

immunosorbent assay (ELISA) plate reader (ELx808, BioTek Instruments, Inc.). Each measure

was performed in triplicate.

Analysis of the effect of the drug on translation. A plasmid containing a synthetic gene

encompassing the 5’-UTR (nucleotides 1–265) and the 3’UTR (nucleotides 29675–29903) of

SARS-CoV-2 isolate Wuhan-Hu-1 (Genebank NC_045512.2) separated by two head-to-tail BbsI

sites was produced by GeneCust. The coding sequence of Renilla luciferase amplified by PCR

using primers containing BbsI sites was inserted between both UTRs by ligation of BbsI-restricted

PCR and plasmid. In this way, the coding sequence of the luciferase was inserted between the

UTRs without leaving an extra nucleotide in between. The plasmid was linearized by NsiI restric-

tion, and the linearized DNA was then used as a template for in vitro transcription with the

mMESSAGE mMACHINE T7 kit from Thermofischer Scientific, as recommended by the manu-

facturer. In vitro-transcribed capped RNA was delivered to Vero-81 and Huh-7 cells by electropo-

ration. Cells were cultured for 8h in the presence of increasing concentrations of clofoctol. Renilla
luciferase activities were measured with a Renilla luciferase assay from Promega. As a control, we

used a bicistronic construct containing the Firefly luciferase sequence under the control of a cap

structure, followed by the Renilla luciferase under the control of hepatitis C virus (HCV) IRES.

Firefly and Renilla luciferase activities were measured with a dual-luciferase reporter assay system

from Merck Millipore as previously reported [13].

To determine the effect of clofoctol on global protein synthesis, we used a puromycin-con-

jugation assay adapted from Schmidt et al.[34]. Briefly, confluent monolayers of Vero-81 or

Huh-7 cells in P-24 wells were incubated with of 10 μg/ml puromycin in the presence of 0.05%

DMSO, 25 μM clofoctol or 100 μM cycloheximide for 1h. Then, cells were rinsed 3 times with

PBS, and lysed with 0.25 ml of SDS-PAGE loading buffer containing 2% SDS and 40 mM

DTT. Lysates were incubated for 15 minutes at 70˚C and 5 μl were spotted on nitrocellulose.

The blot was incubated for 1 hour in blocking solution (20 mM TrisCl pH7.4, 137 mM NaCl,

0.1% NP40, 5% non-fat dry milk). Puromycin-conjugated polypeptides were detected using

anti-puromycin mAb 12D10 (purchased from Sigma-Aldrich) diluted 1:20,000 in blocking

solution, followed by horseradish peroxidase-conjugated goat anti-mouse IgG secondary anti-

body. Chemiluminescent signals were recorded with a LAS3000 apparatus and quantified with

the imageJ software using gel analysis tool.

Pharmacokinetic study. Clofoctol diluted in 1.75% final Kolliphor RH40 (07076, Sigma)

and 1.4% final ethanol in a sodium chloride solution (0.9%) was used for intraperitoneal (i.p.)

injection. The concentration of clofoctol in plasma and lungs was measured at different time

points post-clofoctol injection. Plasma samples and lung tissues were collected and treated

with absolute ethanol, at a ratio of 1:10 (vol/vol) and 1:50 (vol/vol), respectively. Lung tissues

were homogenized with a mechanical lysis system (Tissue Lyzer II). Supernatants were
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obtained by centrifugation before injection in LC-MS/MS. Samples were analysed using UPLC

system Acquity I Class (Waters), combined with a triple quadrupole mass spectrometer Xevo

TQD (Waters). The column, placed at 40˚C, was an Acquity BEH C8 50�2.1mm, 1.7μm col-

umn (Waters) and the following mobile phases were used: 5mM ammonium formate pH 3.75

in water, as solvent (A) and 5 mM ammonium formate pH 3.75 in acetonitrile as solvent.

Experimental infection of K18-hACE2 transgenic mice. Eight week-old K18-human

ACE2 expressing C57BL/6 mice (B6.Cg-Tg(K18-hACE2)2Prlmn/J) were purchased from the

Jackson Laboratory. For infection, mice (both sexes) were anesthetized by i.p. injection of keta-

mine (100 mg/kg) and xylazine (10 mg/kg) and then intranasally infected with 50 μl of DMEM

containing (or not, in a mock sample) 5x102 TCID50 of hCoV-19_IPL_France strain of SARS--

CoV-2 (NCBI MW575140). Clofoctol (62.5 mg/kg in females and 10, 25, 50 and 62.5 mg/kg in

males) was injected i.p. at 1h and 8h post-infection. The treatment was repeated the day after

infection. Body weight was measured until day 2 post-infection. Mice were sacrificed at day 2

or day 4 post-infection.

Determination of viral loads in the lungs of mice. To determine the viral loads in lungs,

half of right lobes were homogenized in Lysing Matrix D tubes (MP Bio) containing 1 mL of

PBS using Mixer Mill MM 400 (Retsch) (15min– 15 Hz). After centrifugation at 11,000 rpm

for 5 min, the clarified supernatant was harvested for virus titration. Dilutions of the superna-

tant were done in DMEM with 1% penicillin/streptomycin and dilutions were transferred to

Vero-E6 cells in 96-well plates for TCID50 assay. Quantitation of viral RNA in lung tissue was

performed as follows. Briefly, half of the left lobe was homogenized in 1mL of RA1 buffer from

the NucleoSpin RNA kit containing 20 mM of Tris(2-carboxyethyl)phosphine). Total RNAs in

the tissue homogenate were extracted with NucleoSpin RNA from Macherey Nagel. RNA was

eluted with 50μL of water.

Determination of the viral load and assessment of gene expression by RT-qPCR. Half

of the right lobe was homogenized in 1 mL of RA1 buffer from the NucleoSpin RNA kit con-

taining 20 mM of TCEP. Total RNAs in the tissue homogenate were extracted with NucleoS-

pin RNA from Macherey Nagel. RNAs were eluted with 60 μL of water.

RNA was reverse-transcribed with the High-Capacity cDNA Archive Kit (Life Technolo-

gies, USA). The resulting cDNA was amplified using SYBR Green-based real-time PCR and the

QuantStudio 12K Flex Real-Time PCR Systems (Applied Biosystems, USA) following manufac-

turers protocol. Relative quantifications were performed using the gene coding for RNA-depen-

dent RNA polymerase (RdRp) and for glyceraldehyde 3-phosphate dehydrogenase (Gapdh).

Specific primers were designed using Primer Express software (Applied Biosystems, Villebon-sur-

Yvette, France) and ordered to Eurofins Scientifics (Ebersberg, Germany). The list of primers is

available in S3 Table. Relative mRNA levels (2-ΔΔCt) were determined by comparing (a) the PCR

cycle thresholds (Ct) for the gene of interest and the house keeping gene (ΔCt) and (b) ΔCt values

for treated and control groups (ΔΔCt). Data were normalized against expression of the gapdh
gene and are expressed as a fold-increase over the mean gene expression level in mock-treated

mice. Viral load is expressed as viral RNA normalized to Gapdh expression level (ΔCt).

Lung pathology scoring. Lung tissues were fixed in 4% PBS buffered formaldehyde for 7

days, rinsed in PBS, transferred in ethanol and then processed into paraffin-embedded tissues

blocks. The subcontractor Sciempath Labo (Larçay, France) performed histological processing

and analysis. The tissue sections in 3 μm were stained with haematoxylin and eosin (H&E) and

whole mount tissues were scanned with a Nanozoomer (Hamatsu) and the morphological

changes were assessed by a semi-quantitative score. For the scoring, a dual histopathology

scoring system adapted from [35,36] was used to assess pulmonary changes in mice. Inflam-

mation was scored as 0 = absent, 1 = 1–10% of lung section, 2 = 11–25% of lung section,

3 = 26–50% of lung section, and 4 =>50% of lung section affected.
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Statistical analysis. Results are expressed as the mean ± standard deviation (SD) unless

otherwise stated. All statistical analysis was performed using GraphPad Prism v6 software. A

Mann-Whitney U test was used to compare two groups unless otherwise stated. Comparisons

of more than two groups with each other were analyzed with the One-way ANOVA Kruskal-

Wallis test (nonparametric), followed by the Dunn’s posttest. �, P<0.05; ��, P<0.01; ���,

P<0.001.

Supporting information

S1 Table. Multi-parametric script used in Columbus to determine the percentage of PI

+ nuclei.

(JPG)

S2 Table. List of selected compounds.

(XLSX)

S3 Table. List of primers used in this study.

(XLSX)

S1 Fig. Representative images of the screen and SSMD values. A, Typical images of Vero-81

cells infected with SARS-Cov-2 (top panel: MOI = 0.01) or not (lower panel: Non-infected)

acquired on an OPERA QEHS High Content Screening System (PerkinElmer) and corre-

sponding image segmentation. 1: Typical 2-color images (Blue: Hoechst label, Red: PI-label); 2

and 4: 1-color images corresponding respectively to Hoechst and PI channel images; 3: Filled

green objects correspond to total segmented nuclei, 5: Filled green objects correspond to PI

positive cells or dead segmented cells, 6: Circled green cells correspond to non-infected cells.

B, SSMD values for HCS screen of the Apteeus TEELibrary for the identification of anti-

SARS-CoV-2 compounds. SSMD values were calculated for all plates by comparing mean and

standard deviations on both negative (Mock) and positive (Infected) controls. Dotted-line is

indicative of a threshold of 3 allowing for the validation of the plates. SSMDs were calculated

for both readouts.

(TIF)

S2 Fig. Clofoctol has no effect on cellular protein translation. Vero-81 and Huh-7 cells were

incubated for 1h with 10 μg/ml puromycin in the presence of 0.05% DMSO, 25 μM clofoctol

(CFT) or 100 μM cycloheximide (CHX). Then, the cells were lysed and puromycin-conjugated

proteins were quantified by dot-blot with an anti-puromycin antibody. Results show the inten-

sity of the luminescent signal in arbitrary units and represent the average of 4 independent

experiments performed in triplicate. Errors bars represent the standard error of the mean

(SEM).

(TIF)

S3 Fig. Effects of clofoctol treatment in male K18-hACE2 transgenic mice. a and b, Male

mice were treated (50 mg/kg of clofoctol) and infected as described in Fig 4B. Mice were sacri-

ficed at day 2 post-infection. A, The viral load was determined by titration on Vero-E6 cells

(left panel) and by RT-qPCR (right panel). B, The same procedure was applied but with various

doses of clofoctol (n = 7–26). C, mRNA copy numbers of genes were quantified by RT-qPCR

(50 mg/kg of clofoctol). Data are expressed as fold change over average gene expression in

mock-treated (uninfected) animals. Results are expressed as the mean ± SD (n = 5–6). Signifi-

cant differences were determined using the Mann-Whitney U test (��p< 0.01).

(TIF)
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S4 Fig. Effects of clofoctol treatment in female K18-hACE2 transgenic mice at day 4 post-

infection. A and B, Female mice were treated and infected as described in Fig 4B. Mice were

sacrificed at day 4 post-infection. mRNA copy numbers of genes were quantified by RT-qPCR.

Panel B includes inflammatory genes and panel c includes genes involved in barrier function.

Data are expressed as fold change over average gene expression in mock-treated (uninfected)

animals. Results are expressed as the mean ± SD (n = 6–7). Significant differences were deter-

mined using the Mann-Whitney U test (�p< 0.05; ��p< 0.01).

(TIF)
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does not inhibit infection of human lung cells with SARS-CoV-2. Nature. 2020 [cited 16 Sep 2020].

https://doi.org/10.1021/acschembio.0c00553 PMID: 32786258

11. Del Tacca M, Danesi R, Senesi S, Gasperini M, Mussi A, Angeletti CA. Penetration of clofoctol into

human lung. J Antimicrob Chemother. 1987; 19: 679–683. https://doi.org/10.1093/jac/19.5.679 PMID:

3610901

12. Lo MK, Albariño CG, Perry JK, Chang S, Tchesnokov EP, Guerrero L, et al. Remdesivir targets a struc-

turally analogous region of the Ebola virus and SARS-CoV-2 polymerases. Proc Natl Acad Sci U S A.

2020; 117: 26946–26954. https://doi.org/10.1073/pnas.2012294117 PMID: 33028676

13. Goueslain L, Alsaleh K, Horellou P, Roingeard P, Descamps V, Duverlie G, et al. Identification of GBF1

as a cellular factor required for hepatitis C virus RNA replication. J Virol. 2010; 84: 773–787. https://doi.

org/10.1128/JVI.01190-09 PMID: 19906930

14. Golden JW, Cline CR, Zeng X, Garrison AR, Carey BD, Mucker EM, et al. Human angiotensin-convert-

ing enzyme 2 transgenic mice infected with SARS-CoV-2 develop severe and fatal respiratory disease.

JCI Insight. 2020; 5. https://doi.org/10.1172/jci.insight.142032 PMID: 32841215

15. Danesi R, Del Tacca M. Clinical study on the efficacy of clofoctol in the treatment of infectious respira-

tory diseases. Int J Clin Pharmacol Res. 1985; 5: 175–179. PMID: 4018951

16. Ghilardi PL, Casani A. Treatment of ear, nose and throat infections with clofoctol. Drugs Exp Clin Res.

1985; 11: 815–818. PMID: 3915468

17. Yablonsky F. Alteration of membrane permeability in Bacillus subtilis by clofoctol. J Gen Microbiol.

1983; 129: 1089–1095. https://doi.org/10.1099/00221287-129-4-1089 PMID: 6411855

18. Yablonsky F, Simonnet G. Action of clofoctol on bacterial cell wall synthesis. J Pharmacol. 1982; 13:

515–524. PMID: 7154664

19. Hu Y, Zhang M, Tian N, Li D, Wu F, Hu P, et al. The antibiotic clofoctol suppresses glioma stem cell pro-

liferation by activating KLF13. J Clin Invest. 2019; 129: 3072–3085. https://doi.org/10.1172/JCI124979

PMID: 31112526

PLOS PATHOGENS Clofoctol inhibits SARS-CoV-2

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010498 May 19, 2022 19 / 20

https://doi.org/10.1016/j.eeh.2020.101381
http://www.ncbi.nlm.nih.gov/pubmed/33162564
https://doi.org/10.1056/NEJMoa2023184
http://www.ncbi.nlm.nih.gov/pubmed/33264556
https://doi.org/10.1128/AAC.00819-20
https://doi.org/10.1128/AAC.00819-20
http://www.ncbi.nlm.nih.gov/pubmed/32366720
https://doi.org/10.1038/s41586-020-2577-1
https://doi.org/10.1038/s41586-020-2577-1
http://www.ncbi.nlm.nih.gov/pubmed/32707573
https://doi.org/10.1038/s41586-021-03431-4
http://www.ncbi.nlm.nih.gov/pubmed/33727703
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1073/pnas.2002589117
http://www.ncbi.nlm.nih.gov/pubmed/32165541
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1038/s41422-020-0282-0
http://www.ncbi.nlm.nih.gov/pubmed/32020029
https://doi.org/10.1016/j.lfs.2020.118889
http://www.ncbi.nlm.nih.gov/pubmed/33310043
https://doi.org/10.1128/JVI.01218-20
http://www.ncbi.nlm.nih.gov/pubmed/32817221
https://doi.org/10.1021/acschembio.0c00553
http://www.ncbi.nlm.nih.gov/pubmed/32786258
https://doi.org/10.1093/jac/19.5.679
http://www.ncbi.nlm.nih.gov/pubmed/3610901
https://doi.org/10.1073/pnas.2012294117
http://www.ncbi.nlm.nih.gov/pubmed/33028676
https://doi.org/10.1128/JVI.01190-09
https://doi.org/10.1128/JVI.01190-09
http://www.ncbi.nlm.nih.gov/pubmed/19906930
https://doi.org/10.1172/jci.insight.142032
http://www.ncbi.nlm.nih.gov/pubmed/32841215
http://www.ncbi.nlm.nih.gov/pubmed/4018951
http://www.ncbi.nlm.nih.gov/pubmed/3915468
https://doi.org/10.1099/00221287-129-4-1089
http://www.ncbi.nlm.nih.gov/pubmed/6411855
http://www.ncbi.nlm.nih.gov/pubmed/7154664
https://doi.org/10.1172/JCI124979
http://www.ncbi.nlm.nih.gov/pubmed/31112526
https://doi.org/10.1371/journal.ppat.1010498


20. Wang M, Shim JS, Li R-J, Dang Y, He Q, Das M, et al. Identification of an old antibiotic clofoctol as a

novel activator of unfolded protein response pathways and an inhibitor of prostate cancer. Br J Pharma-

col. 2014; 171: 4478–4489. https://doi.org/10.1111/bph.12800 PMID: 24903412

21. Bailly C, Vergoten G. A new horizon for the old antibacterial drug clofoctol. Drug Discov Today. 2021.

https://doi.org/10.1016/j.drudis.2021.02.004 PMID: 33581321

22. Wang Y, Li J, Sun M, Ni B, Huan C, Huang L, et al. Triggering unfolded protein response by 2-Deoxy-D-

glucose inhibits porcine epidemic diarrhea virus propagation. Antiviral Res. 2014; 106: 33–41. https://

doi.org/10.1016/j.antiviral.2014.03.007 PMID: 24681123

23. Echavarrı́a-Consuegra L, Cook GM, Busnadiego I, Lefèvre C, Keep S, Brown K, et al. Manipulation of

the unfolded protein response: A pharmacological strategy against coronavirus infection. Lee B, editor.

PLOS Pathog. 2021; 17: e1009644. https://doi.org/10.1371/journal.ppat.1009644 PMID: 34138976

24. Shaban MS, Müller C, Mayr-Buro C, Weiser H, Meier-Soelch J, Albert BV, et al. Multi-level inhibition of

coronavirus replication by chemical ER stress. Nat Commun. 2021; 12: 5536. https://doi.org/10.1038/

s41467-021-25551-1 PMID: 34545074

25. Xue M, Fu F, Ma Y, Zhang X, Li L, Feng L, et al. The PERK Arm of the Unfolded Protein Response Neg-

atively Regulates Transmissible Gastroenteritis Virus Replication by Suppressing Protein Translation

and Promoting Type I Interferon Production. J Virol. 2018; 92. https://doi.org/10.1128/JVI.00431-18

PMID: 29769338

26. Flynn RA, Belk JA, Qi Y, Yasumoto Y, Wei J, Alfajaro MM, et al. Discovery and functional interrogation

of SARS-CoV-2 RNA-host protein interactions. Cell. 2021; 184: 2394–2411.e16. https://doi.org/10.

1016/j.cell.2021.03.012 PMID: 33743211

27. Lee S, Lee Y, Choi Y, Son A, Park Y, Lee K-M, et al. The SARS-CoV-2 RNA interactome. Mol Cell.

2021; 81: 2838–2850.e6. https://doi.org/10.1016/j.molcel.2021.04.022 PMID: 33989516

28. Alessandrı̀ MG, Ducci M, Scalori V, Danesi R, Del Tacca M, Bernardini MC, et al. The pharmacokinetic

profile of clofoctol in rat plasma and tissues after oral and rectal administration. Drugs Exp Clin Res.

1986; 12: 343–347. PMID: 3720520

29. Fernandez-Zapico ME, Lomberk GA, Tsuji S, DeMars CJ, Bardsley MR, Lin Y-H, et al. A functional fam-

ily-wide screening of SP/KLF proteins identifies a subset of suppressors of KRAS-mediated cell growth.

Biochem J. 2011; 435: 529–537. https://doi.org/10.1042/BJ20100773 PMID: 21171965

30. Jiang S, Wei H, Song T, Yang Y, Zhang F, Zhou Y, et al. KLF13 promotes porcine adipocyte differentia-

tion through PPARγ activation. Cell Biosci. 2015; 5: 28. https://doi.org/10.1186/s13578-015-0016-z

PMID: 26085920

31. Nakabayashi H, Taketa K, Miyano K, Yamane T, Sato J. Growth of human hepatoma cells lines with dif-

ferentiated functions in chemically defined medium. Cancer Res. 1982; 42: 3858–3863. PMID: 6286115

32. Song O-R, Deboosere N, Delorme V, Queval CJ, Deloison G, Werkmeister E, et al. Phenotypic assays

for Mycobacterium tuberculosis infection. Cytom Part J Int Soc Anal Cytol. 2017; 91: 983–994. https://

doi.org/10.1002/cyto.a.23129 PMID: 28544095
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