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Abstract 

Coronaviruses (CoVs) circulate in humans and animals, and expand their host range by zoonotic and 

anthroponotic transmissions. Endemic human CoVs, such as 229E and OC43 cause limited respiratory 

disease, and elicit short term anti-viral immunity favoring recurrent infections. Yet, severe acute respir-

atory syndrome (SARS)-CoV-2 spreads across the globe with unprecedented impact on societies and 

economics. The world lacks broadly effective and affordable anti-viral agents to fight the pandemic and 

reduce the death toll. Here, we developed an image-based multicycle replication assay for focus for-

mation of α-coronavirus hCoV-229E-eGFP infected cells for screening with a chemical library of 5440 

compounds arrayed in 384 well format. The library contained about 39% clinically used compounds, 

26% in phase I, II or III clinical trials, and 34% in preclinical development. Hits were counter-selected 

against toxicity, and challenged with hCoV-OC43 and SARS-CoV-2 in tissue culture and human bron-

chial and nasal epithelial explant cultures from healthy donors. Fifty three compounds inhibited hCoV-

229E-GFP, 39 of which at 50% effective concentrations (EC50) < 2μM, and were at least 2-fold sepa-

rated from toxicity. Thirty nine of the 53 compounds inhibited the replication of hCoV-OC43, while 

SARS-CoV-2 was inhibited by 11 compounds in at least two of four tested cell lines. Six of the 11 

compounds are FDA-approved, one of which is used in mouth wash formulations, and five are systemic 

and orally available. Here, we demonstrate that methylene blue (MB) and mycophenolic acid (MPA), 

two broadly available low cost compounds, strongly inhibited shedding of infectious SARS-CoV-2 at 

the apical side of the cultures, in either pre- or post-exposure regimens, with somewhat weaker effects 

on viral RNA release indicated by RT-qPCR measurements. Our study illustrates the power of full cycle 

screens in repurposing clinical compounds against SARS-CoV-2. Importantly, both MB and MPA re-

portedly act as immunosuppressants, making them interesting candidates to counteract the cytokine 

storms affecting COVID-19 patients.  
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Introduction 

Coronaviruses (CoVs) are enveloped single-

strand, plus-sense RNA viruses. Based on their 

genomic sequence and phylogenetic relationship, 

the Coronavirinae subfamily is divided into four 

genera, alpha-, beta-, gamma- and delta-CoV (1). 

In December 2019, a local outbreak of pneumo-

nia caused by a previously unknown CoV was re-

ported in Wuhan (Hubei, China). The causative 

agent was identified as 2019-nCoV, sequenced 

and found to be a beta-coronavirus (2). It was 

later named as SARS-CoV-2. SARS-CoV-2 is 

the causative agent of COVID-19, a pandemic 

disease, which has caused more than 126 million 

PCR positive cases and 2.7 million deaths (status 

March 28, 2021, computed by the Johns Hopkins 

Coronavirus Research Center: (3).  

Severe cases of COVID-19 are accompanied by 

respiratory failure, and require mechanical venti-

lation at intensive care units (ICU). Patients with 

severe COVID-19 are at risk to develop acute 

respiratory distress syndromes (ARDS), multiple 

organ dysfunction syndromes (MODS) or fail-

ures (MOF) and death {32150360}. Current 

treatment options for patients with severe 

COVID-19 are limited, and include supportive 

care, administration of the viral RNA polymerase 

inhibitor remdesivir together with corticosteroids 

to limit inflammatory distress in COVID-19 

(https://www.covid19treatmentguide-

lines.nih.gov/therapeutic-management/). As 

SARS-CoV-2 continues to adapt to humans and 

evades immune pressure, vaccinations as well as 

antibody therapies may be insufficient treatment 

options in the longer run to contain the disease 

(4,5). Additional treatments, including low cost 

chemical compounds with sufficient efficacy and 

safety are urgently needed. 

Drug repurposing allows for rapid identification 

of clinically approved or investigational com-

pounds towards emerging indications. This ap-

proach offers a multitude of advantages over de 

novo drug development (reviewed in (6)). Most 

importantly, candidate compounds have a suffi-

cient safety record under well defined conditions, 

allowing for direct transition to human clinical 

trials. At this critical stage of the COVID-19 pan-

demic, drug repurposing can massively increase 

the treatment options for COVID-19 cases with 

bad prognoses. Several drugs have already been 

proposed for repurposing against COVID-19, in-

cluding antivirals, such as remdesivir at high 

cost, or low cost anti-malaria compounds, such as 

chloroquine (7), for which clinical trials were 

suspended due to inefficacy (8). Investigational 

studies identified highly promising drug candi-

dates, some of which are now in clinical trials, 

such as the translation elongation inhibitor 

Aplidin approved for the treatment of multiple 

myeloma (9–11). A co-formulation of Aplidin 

plus dexamethasone is currently in phase III clin-

ical trials against COVID-19 (NCT04784559).  

Here, we present the results from a multicycle 

drug repurposing screen which uncovers drug 

candidates for COVID-19 treatment. Unlike ca-

nonical drug screens, our assay sampled the en-

tire replication cycle of a GFP expressing variant 

of the endemic α-coronavirus hCoV-229E in the 

human hepatoma cell line Huh7. We validated 

the initial hits by two additional hCoVs, OC43 

and SARS-CoV-2 in nasal and bronchial human 

airway epithelial explant cultures (HAEEC) 

grown at air-liquid interface, and identified 11 

compounds with broad coronavirus effects, one 

topical compound (Cetylpyridinium chloride 

monohydrate) used in mouth wash formulations 

(12), and 10 systemically used compounds. Five 

of them are approved for human use, namely 

methylene blue (MB), mycophenolic acid 

(MPA), Posaconazole, Thonzonium bromide and 

R788-Fostamatinib. Two systemic compounds 

are in phase II clinical trials (MLN4924, 

Ravuconazole), and three in preclinical tests 

(GPP-78, Ro 48-8071, SB-505124). Interest-

ingly, two of the approved compounds have com-

bined anti-viral and reportedly anti-inflammatory 

effects. They are broadly available at low cost.  

 

Results 

Compound identification by image-based full 

infection-cycle screening with hCoV-229E-GFP. 

Host targeting with chemical compounds com-

bined with full cycle image-based analyses is a 

powerful approach against viral infections, as re-

cently demonstrated with the identification of the 

HIV protease inhibitor Nelfinavir blocking hu-

man adenovirus egress from infected cells 

(13,14). Here we adapted a similar approach to 

identify broadly effective coronavirus inhibitors. 

The overall procedure of our anti-coronavirus 

compound screen is depicted in Fig. 1. Starting 

with a chemical library of 5440 mostly repurpos-

able compounds we screened for inhibition of 

hCoV-229E-GFP plaque formation in an arrayed 

384 format using Huh7 cells and remdesivir as a 

positive control. Z’ factors (computed as de-

scribed in (15)) were mostly at or above 0.5, 
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Figure 1: Overall workflow of the screen. Initially, we 

assessed a library of 5440 compounds for efficacy 

against hCoV-229E-GFP. This yielded 53 hits. We then 

tested these hits for efficacy against hCoV-OC43 and 

SARS-CoV-2 in different cell lines, including Vero, 

Huh7-ACE2, A549-ACE2 and HeLa-ACE2. In parallel, 

we determined the EC50, TC50 and the ratio TC50 / EC50, 

i.e., the putative therapeutic index (TI). A selection of 

hits in advanced clinical state (approved and system-

ically administrable) was tested for anti-SARS-CoV-2 

inhibition in differentiated nasal and bronchial airway 

epithelia grown at air-liquid interface. Methylene 

blue (MB) and mycophenolic acid (MPA) were the 

most potent inhibitors of infectious SARS-CoV-2 par-

ticle formation. 

entailing a high robustness, excellent assay qual-

ity and consistent analysis pipelines (Fig. S1). 

The screen yielded 53 hits, which were validated 

for effective concentrations (EC50) and toxicity 

(TC50) in hCoV-229E-GFP infected Huh7 cells. 

Two subsequent validation filters were applied 

with hCoV-OC43 infection of Huh7 cells, and 

SARS-CoV-2 infection of VeroE6, Huh7 ex-

pressing the angiotensin-converting enzyme 2 

(ACE2), HeLa-ACE2 and A549-ACE2 cell lines. 

A set of selected drugs was then tested in nasal 

and bronchial HAEEC. These procedures identi-

fied MPA and MB to be effective against 

SARS-CoV-2 infection, and in particular inhibit-

ing virus cell-cell transmission.  

We employed the EPFL BSF-repurposing com-

pound collection, curated and corrected based on 

information made available by the Broad Insti-

tute (16). The library comprises 39% clinical 

compounds, 26% are in phase I – III trials, 34% 

in preclinical development and 1% have been 

withdrawn. The collection covers substantial 

chemical space with 5032 clusters, 4641 of which 

contain a single compound, as determined by 

sphere exclusion clustering analysis with a Tan-

imoto distance of 0.3 between centroids. One 

thousand two hundred eighty compounds were 

contained within the Prestwick Chemical Library 

(PCL) and were purchased as such. The remain-

ing 4160 were purchased from 34 different sup-

pliers, including MedChem Express (59.5%), 

MolPort (35.5%) and others. All compounds 

were interrogated for chemical integrity and pu-

rity by LC-MS, and were assessed for toxicity by 

PrestoBlue staining (Fig. S2), a resazurin based 

assay for measuring overall energy levels of cell 

populations (17). These results are in good agree-

ment with the number of segmented nuclei based 

on Hoechst 33342 staining of the screening 

plates (see Table S1). The library was arrayed in 

microscopy grade 384-well assay plates, fol-

lowed by cell seeding, infection and high-

throughput imaging, as described (14,18) (Fig. 

2A). This allowed us to extract image analysis 

parameters, including cell count, infected cell 

count, total GFP intensity and number of infec-

tion foci. These parameters were normalized per-

plate to the mean value of all negative control 

wells. Compounds were classified as hits inhibit-

ing infection foci (plaque) formation if a Z score 

cutoff of -3 for any of these normalized infection 

parameters was obtained (Fig. 2B). Compounds 

were flagged toxic if the mean cell count as de-

termined by nuclear counterstaining was below 

the mean of all negative control wells minus 2 

standard deviations of all negative control wells. 

Analysis and post-processing yielded a total of 

53 compounds fulfilling the criteria described 

above. The hit compounds were classified either 

as antiseptics, antifungals, antibacterials, anti-

cancer, metabolism as well as anti-inflammatory 

agents (Fig. 2C). Among the immuno-suppres-

sant and anti-inflammatory compounds, we se-

lected MB and MPA for further validations. MB 

effectively reduced the number of infection foci. 

MPA reduced the total GFP intensity, while 

remdesivir showed complete infection inhibition 

of hCoV-229E-GFP at 0.33 µM (Fig. 2D).
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Figure 2: High level view of the compound library screen. A) Schematic representation of the screening proce-

dure. B) Compound ranking by number of plaques and total GFP intensity. The cut-off value was set at a Z score 

of -3. MB and MPA are highlighted in blue. C) Most of the hits classify as anticancer agents or modulators of 

metabolism. D) Example images of wells treated with the indicated compounds. In the negative control 

(DMSO), clusters of GFP positive cells represent infection foci (green). Nuclei are represented in blue. 

Dose-response validation and hit extension to 

hCoV-OC43 and SARS-CoV-2. To assess the ther-

apeutic potential of the 53 hit compounds EC50 

and TC50 values were determined for 

hCoV-229E-GFP in Huh7 cells by conducting 

dose-response experiments with concentrations 

from 1.525 nM to 50 μM. The results are summa-

rized in Table 1 and Table S1. Thirty nine com-

pounds had an EC50 < 2μM and a therapeutic in-

dex (TI) of > 2, as determined by fluorescent fo-

cus formation (FFF). The slight discrepancy to 

the results obtained in the initial screen at 

1.67 µM was due to additional parameters used 

for hit scoring in the original screen, including 

number of GFP positive cells, total GFP intensity 

and infection index, in addition to the number of 

fluorescent foci. Notably, the dose-response 

analyses yielded LY2090314 as the most potent 

compound, where the lowest concentration tested 

(1.525 nM) resulted in a 41% reduction of infec-

tion foci. We conservatively estimated of an EC50 

of about 2 nM, and a TI of 15830 based on an 

observed TC50 of 31.7 μM. MB had an EC50 of 

1.43 μM, a TC50 of 8.71 μM (TI of 6.09), and 

MPA EC50 was estimated to 1.85 μM at a TC50 of 

45.8 μM, resulting in a TI of 24.8 (Fig. 3A). In 

addition, 39 compounds used at 1.75 μM proved 

to be effective and non-toxic against 

hCoV-OC43 infection of Huh7 cells (Table 1).  

We next generated Huh7, human lung epithelial 

A549 and human cervical carcinoma HeLa cells 

expressing ACE2 by lentivirus transduction (Fig. 

S3). These ACE2 transduced cells as well as Af-

rican green monkey kidney epithelial VeroE6 
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Table 1: Validation of the 53 top hits. All compounds qualifying as hits in the original screen are listed. The 

compounds highlighted in bold at the top of the table are clinically launched and in clinical use. Columns repre-

sent different validation experiments with the corresponding viruses and cell lines. Ticks mark compound quali-

fying as a hit in the respective experiment. There is a good agreement between the original screen, 229E-GFP 

dose-response (D-R) and hCoV-OC43 on Huh7 with fewer compounds also being effective against SARS-CoV-2. 

Compound

229E-GFP

D-R Huh7

 OC43

Huh7

 SARS-CoV-2 

Huh7-ACE2

 SARS-CoV-2 

VeroE6

 SARS-CoV-2 

HeLa-ACE2

 SARS-CoV-2  

A549-ACE2

Cetylpyridinium ✔ ✔ ✔
Fostamatinib ✔ ✔ ✔ ✔
Methylene Blue ✔ ✔ ✔
Mycophenolic acid ✔ ✔ ✔ ✔ ✔
Posaconazole ✔ ✔ ✔ ✔ ✔
Thonzonium bromide ✔ ✔ ✔ ✔ ✔
A0001 ✔
Abafungin ✔ ✔ ✔
Acivicin ✔ ✔
Adarotene ✔
Amuvatinib ✔ ✔
Anisomycin ✔ ✔
APY0201 ✔ ✔
AT9283 ✔ ✔
AZD-5438 ✔ ✔
AZD2858 ✔ ✔ ✔
Betulinic acid ✔ ✔
Cerdulatinib ✔ ✔
Cetalkonium chloride ✔ ✔ ✔
CHIR-124 ✔ ✔ ✔
CHIR-98014 ✔ ✔
CUDC-907

Cyclopiazonic-acid ✔ ✔
Eprinomectin ✔
FH535 ✔
Geldanamycin ✔
GPP-78 ✔ ✔ ✔ ✔
GSK 3 Inhibitor IX ✔ ✔ ✔
GZD824 ✔ ✔ ✔
Isavuconazole ✔
JTE-013 ✔ ✔
LE-135 ✔ ✔
Lomefloxacin HCl

LY2090314 ✔ ✔
Mebendazole ✔ ✔
MLN4924 ✔ ✔ ✔ ✔ ✔
OTSSP167 ✔
Oxaprozin

Pelitinib ✔ ✔ ✔
PF-04457845 ✔ ✔
PF-3845 ✔ ✔
PFK-015 ✔
RAF265 ✔ ✔ ✔
Ravuconazole ✔ ✔ ✔ ✔
Ro 48-8071 ✔ ✔ ✔ ✔ ✔ ✔
SB-505124 ✔ ✔
SB225002 ✔
Tanaproget ✔ ✔
TCS-21311 ✔ ✔ ✔
TRO 19622

UK-5099 ✔ ✔
Verteporfin ✔ ✔
VU29

Total 39 39 7 9 10 16
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Figure 3: Validation of MB and MPA. A) Dose re-

sponse curves with MB and MPA treated Huh7 cells 

infected with hCoV-229E-GFP at 50 FFU in presence 

of the indicated concentration of compound. After 

48h, cells were fixed and imaged. Curves were fitted 

through the data points using a 3-parameter log-lo-

gistic function with a lower limit of 0. The extracted 

values are summarized in a table below the graphs. 

B) Indicated cell lines were infected with either hCoV-

OC43 or SARS-CoV-2 in presence of MB or MPA for 

24h or 48h. Cells were stained for viral nucleoprotein 

production. Both MB and MPA effectively inhibited 

viral plaque formation. 

cells were susceptible to SARS-CoV-2 (Fig. 3B 

and Table 1). Eleven compounds were effective 

in two or more cell lines against SARS-CoV-2, 

and two of them in all cell lines, namely Posacon-

azole, and Ro 48-8071. The preclinical com-

pound Ro 48-8071 had the best hit profile regard-

ing effectiveness in all four cell lines against 

SARS-CoV-2, and hCoV-OC43. Ro 48-8071 af-

fects oxidosqualene cyclase in cholesterol bio-

synthesis {Maione, 2015, 25761781}. In addi-

tion, the launched anti-fungal compound 

Posaconazole showed a similar profile, but did 

not meet the dose-response criterion with an EC50 

of 4.20 μM. We did, however, not observe any 
toxicity effects for Posaconazole up to 50 μM, in-
dicating it is well tolerated by cells. MPA, thon-

zonium bromide and MLN4924 were effective 

against SARS-CoV-2 in three cell lines, and also 

inhibited hCoV-OC43. Notably, the number of 

compounds that were effective against both 

hCoV-229E-GFP and hCoV-OC43 was much 

higher than those effective against SARS-CoV-2. 

This effect did not seem to be cell-line depend-

ent, as for example Huh7-ACE2 used for 

SARS-CoV-2 are derived from Huh7 cells that 

were used for hCoV-229E-GFP and hCoV-229E. 

Possibly though, different temperatures used for 

SARS-CoV-2 and 229E or OC43 infections 

(37°C versus 33.5°C) may affect the effective-

ness of some of the drugs against SARS-CoV-2. 

In summary, the cell line screens with the en-

demic coronaviruses 229E, OC43 and the pan-

demic SARS-CoV-2 uncovered five clinically 

launched compounds, MB, MPA, Posaconazole, 

Thonzonium bromide, and R788-Fostamatinib 

plus the mouth wash compound Cetylpyridinium 

(Table 1). 

MB and MPA inhibit SARS-CoV-2 infection of 

human airway epithelial explant cultures. 

Based on the above broad antiviral effects in cell 

cultures, we next selected three of the five sys-

temically available launched compounds, plus 

four promising preclinical compounds for anti-

SARS-CoV-2 assessment in human nasal and 

bronchial HAEEC, sold under the brand name 

MucilAirTM (Table 2). The launched compounds 

comprised MB, MPA, and R788-Fostamatinib, 

but not Posaconazole and Thonzonium bromide, 

which are subject to another study. None of the 

four preclinical compounds tested, the VEGF re-

ceptor and Raf1 inhibitor RAF265 (19), the Bcr-

Abl / Src inhibitor GZD824 (20), the vitamin E 

metabolite A0001 (a-tocopheryl-quinone) (21), 

and the broad kinase inhibitor OTSSP167 (22) 

showed anti-viral effects distinct from toxicity.   

Well differentiated human nasal or bronchial air-

way cells grown at air-liquid interface were ei-

ther pre-treated with low micromolar basolateral 

compounds for 2 h, or treated with compounds at 

1 day post inoculation with SARS-CoV-2 to the 

apical (airway) exposed side. All three clinically 

launched drugs were well tolerated in the 

HAEEC for at least 18 d with periodic addition 

of fresh compound to the basolateral medium 

(not shown). While both MB and MPA were ef-

fective at inhibiting SARS-CoV-2 infection, 

R788-Fostamatinib exhibited no measurable ef-

fects on SARS-CoV-2 titer release in the apical 

milieu at 3.3 or 10 µM, in contrast to remdesivir, 

which was effective at 10 µM in both pre- and 

post exposure settings (Table 2, and Fig. 4A, B), 

the latter as previously reported (23). 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.30.437771doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.30.437771
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

7 

 

Table 2: Compounds tested on HAEEC. The listed compounds were tested for efficacy against SARS-CoV-2 in 

human differentiated nasal and bronchial airway explant cell cultures. The compounds with variety of original 

indications are generally in advanced clinical trials or approved. The final column denotes the number of cell lines 

out of 4, which showed inhibition of SARS-CoV-2 with a given compound.

In contrast to Fostamatinib, both MB and MPA 

treated cells remained morphologically un-

changed, even in presence of virus. MB and MPA 

treated cells displayed robust ciliary beating akin 

to uninfected cells, but distinct from infected 

cells in absence of compound which showed de-

creased ciliary motility as indicated 6 dpi (Suppl. 

Movies 1-5). The treatment with MB at 1 or 

10 µM was very effective and blocked the release 

of infectious virus particles by up to 2 logs at 4 

dpi and to near undetectable levels 8 dpi, while 

DMSO-treated cells released massive virus titers 

peaking at 6.1±0.2 log10 TCID50/ml (Fig. 4C, D). 

The strong antiviral effect of MB was reflected in 

a reduction of viral genome load in the apical mi-

lieu by about 2 logs until 3-4 dpi, as indicated by 

RT-qPCR measurements. The rt-qPCR measure-

ments were internally controlled by linear regres-

sion analyses of the Ct values from RNA stand-

ards against their respective copy numbers in the 

range of 103 to 106 per µl yielding R2 correlation 

coefficients of 0.9657 with inter-assay (n=8) co-

efficients of variation ranging from 3.2 to 3.8% 

(Fig. S4). In addition, our PCR measurements 

gave comparable results with probes for either 

the M or the Pol gene (Nsp12), the latter only pre-

sent in genomic but not subgenomic RNA (24), 

thereby ruling out the possibility that subgenomic 

RNA fragments were preferentially released 

from the infected cells (Table S2 and S3). Intri-

guingly, at 5-8 dpi, the apical genome copies 

were no longer significantly reduced by MB, alt-

hough the viral titers were reduced to near unde-

tectable levels. Likewise, MPA had significant 

anti-viral effects, albeit less pronounced than 

MB, and with delayed post-exposure efficacy 

particularly at 10 µM (Fig. 4E, F). Intriguingly, 

the genome copy numbers in the apical superna-

tant were only mildly reduced by MPA. Never-

theless, the anti-viral effects of both MB and 

MPA were reproduced in bronchial HAEEC 

treated with either 0.5 or 5 µM of MB or 1 or 

10 µM MPA (Fig. 5A-D).  

 

Discussion 

SARS-CoV-2 and its genetic variants spread 

across the globe with unprecedented impact. Alt-

hough vaccinations are ramped up on a global 

scale, it will take years to deliver the vaccine to 

all those who wish to receive it. In addition, indi-

viduals suffering from COVID-19 are in need of 

acute medical treatment, and would greatly ben-

efit from broadly available safe and effective 

anti-virals with post exposure efficacy. Likewise, 

given the zoonotic and anthroponotic transmis-

sion of coronaviruses from animals to humans 

and from human to animals (25,26), the treatment 

of livestock and pets with compounds effective 

against SARS-CoV-2 may be considered in the 

future to restrict viral reservoirs. Accordingly, 

host targeting is likely less prone to raise viral re-

sistance, unlike direct targeting of the virus, for 

example by remdesivir or the mutator nucleoside 

MK-4482/EIDD-2821 (27–30). Notably, 

remdesivir leads to stalling of the coronavirus 

RNA-dependent RNA polymerase and has a con-

served mode of inhibition across different vi-

ruses, where a single point mutation in the Ebo-

lavirus polymerase mediates drug resistance 

(29,31). 

Compound Original indication Clinical status EC50 [μM] TC50 [μM]
Susceptible

cell lines (n.)

A0001 Friedreich ataxia Phase II 0.497 8.4 0

Fostamatinib Immune thrombo-

cytopenic purpura

Launched 1.331 14.709 2

GZD824 Cancer Experimental 0.49 0.98 1

Methylene Blue Methemoglobinemia Launched 1.426 8.709 2

Mycophenolic acid Immunosuppressant Launched 1.85 45.823 3

OTSSP167 Cancer Experimental 0.041 0.766 0

RAF265 Cancer Phase II 0.698 6.963 1
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Figure 4: Inhibition of SARS-CoV-2 infection of nasal HAEEC by MB and MPA. HAEEC (MucilAir, Epithelix) grown 

at air-liquid interface were inoculated apically with 1,000 FFU of SARS-CoV2 (day 0), and subjected to drug treat-

ment in the basolateral medium. Drugs were applied in a pre-infection regimen, starting at 2h prior to SARS-

CoV2 inoculation (A, C, and E) or in a post-infection manner starting at 1d post inoculation (B, D, and F). 

Remdesivir (10µM) served as a reference. Compounds were daily administrated until d8 (A-B). MB and MPA were 

administrated daily at 10 and 1 µM until day-3 and day-6 post infection, respectively, then in daily mode until 

day-8 (C-F). SARS-CoV2 produced at the apical side was collected daily by apical washing and quantified by virus 

TCID50 titration (bars, y-axis on the left), and by RT-qPCR of the SARS-CoV2 membrane protein gene (blue dots, 

y-axis on the right). Data represent the mean±SD of two independent replicates. Statistical significance (p-value) 

was calculated by multiple t-tests; p<0.05 (*), p<0.01 (**), p<0.001 (***) versus the DMSO control. Not deter-

mined (nd) indicates virus titers below the titration level of 2.4 log10 TCID50/ml. 
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Figure 5: Inhibition of SARS-CoV-2 infection of bronchial HAEEC by MB and MPA. 

HAEEC grown at air-liquid interface were inoculated apically with 1,000 FFU of SARS-CoV2 (day 0), and subjected 

to drug treatment in the basolateral medium. Drugs were applied in a pre-infection regimen, starting at 2h prior 

to SARS-CoV2 inoculation (A, C) or in a post-infection manner starting at 1d post inoculation (B, D), and MPA at 

10 and 1 µM until day-8 post infection (C-D). DMSO was used as a negative control. SARS-CoV-2 released to the 

apical side was collected daily by apical washing and quantified by virus TCID50 titration (bars, y-axis on the left). 

Bars with whiskers represent the mean±SD of two independent replicates. Statistical significance (p-value) was 

calculated by multiple t-tests; p<0.05 (*), p<0.01 (**), p<0.001 (***) versus the DMSO treated control. Not de-

termined (nd) indicates virus titers below 2.4 log10 TCID50/ml. 
 

De novo development of antivirals is a lengthy 

process at high cost and impracticable to resolve 

the current crisis in short terms {Ward, 2015, 

26576812}. Our large scale drug repurposing 

screen identified broadly acting clinically ap-

proved small molecular weight compounds. We 

took advantage of EPFL’s curated and mass 

spectrometry-validated BSF library composed of 

5440 distinct chemical compounds, most of 

which have been approved for human use in 

nonviral indications or in clinical development. 

We harnessed the power of fluorescence imaging 

assessing the full virus replication cycle from en-

try to egress and spread to neighboring cells. This 

procedure previously identified Nelfinavir as an 

adenovirus egress inhibitor, notably in contrast to 

a previous publication earmarking it as ineffec-

tive against adenovirus in PCR-based virus repli-

cation assays (14,32).  

The coronavirus screen developed here scored 

fluorescent focus formation of hCoV-229E-GFP, 

validated the hits by toxicity assessments, coun-

ter screened with a second endemic coronavirus 

hCoV-OC43, and finally validated the potency of 

the compound hits by SARS-CoV-2 infection. It 

is unlikely, though not impossible, that our full 

cycle screen discovers coronavirus entry inhibi-

tors, since the entry pathways of endemic hCoVs 

are distinct from SARS-CoV-2 (25). For exam-

ple, the hCoV-229E S-glycoprotein binds to ami-

nopeptidase N, hCoV-NL63 lacking a furin 

cleavage site binds to the ACE2 receptor, HKU1 

and OC43 bind to O-acetylated sialic acid (33–
35). SARS-CoV and SARS-CoV-2 bind to ACE2 

(36). Upon furin cleavage of the S-glycoprotein, 

the latter contacts neuropilin for efficient entry 

(37,38). Hence, the compounds that we identified 

here likely target host functions required for virus 
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progeny formation, egress from infected cells or 

transmission to neighboring cells.  

 

Clinical agents for repurposing against COVID-

19. The top clinical agents from our investigation 

are MB and MPA. Both scored as hits with the 

endemic hCoV as well as SARS-CoV-2 cell cul-

ture infections and against SARS-CoV-2 in nasal 

and bronchial HAEEC. MB was previously pro-

posed for COVID-19 treatment based on its inhi-

bition of SARS-CoV-2 replication in Vero-E6 

cells (39). The compound is broadly used in hu-

mans, for example in peroral formulation against 

malaria (40,41), or in anti-methemoglobinema 

treatment (42). Many trials use it as a placebo 

control making it one of the best controlled com-

pounds in clinics. However, MB is not inert. It is 

a redox-cycling agent switching between the ox-

idated form (MB) and the reduced form, called 

leuco-MB (L-MB) (43). The reduction occurs 

through cellular flavo oxido-reductases, such as 

glutathione reductase, thioredoxin reductase or 

the mitochondrial membrane associated dihy-

drolipoamide dehydrogenase at the expense of 

nicotinamide adenine dinucleotide phosphate 

(NADPH). L-MB readily auto-oxidates to MB, a 

process which consumes molecular oxygen and 

yields hydrogen peroxide, a very strong oxidiz-

ing agent. The oxidizing conditions trigger the 

expression of a range of response genes, most no-

tably the transcription factor Nrf2 (nuclear factor 

erythroid 2-related factor 2). Nrf2 interlinks with 

a range of cellular stress and homeostasis path-

ways, such as the oxidative and xenobiotic stress 

response, mitochondrial respiration, the UPR in 

the endoplasmic reticulum and autophagy 

(44,45). It is thus conceivable that the overex-

pression of Nrf2 has negative effects on 

SARS-CoV-2 infection. In support of this notion, 

Nrf2 mediated gene expression was found to be 

suppressed in biopsies obtained from COVID-19 

patients (46). Intriguingly, another top performer 

in our screen, GPP-78 targets nicotinamide phos-

phoribosyltransferase (NAMPT), a crucial en-

zyme in the NAD salvage/recycling pathway 

(47).  

An important and widely used clinical compound 

identified in our screen is MPA. MPA was previ-

ously reported to inhibit SARS-CoV-2 infection 

of humanized mice and human lung organoids 

(48). Given the immunosuppressive anti-inflam-

matory effects of MPA, we suggest a two-

pronged modality of MPA towards treating 

COVID-19. One is an anti-viral action at 

moderate concentration to reduce systemic dis-

ease. MPA is a non-competitive inhibitor of ino-

sine-5'-monophosphate dehydrogenase 

(IMPDH) involved in guanine biosynthesis (49). 

IMPDH interacts with and supports SARS-CoV 

nonstructural protein 14 (Nsp14), a guanine-N7-

methyl-transferase implicated in virus replication 

and transcription (50). In addition, MPA leads to 

a reduction in the levels of the furin protease in 

human pluripotent stem cell derived lung organ-

oids, and inhibits the entry of S-glycoprotein 

pseudotyped vesicular stomatitis particles (48). 

Furin has a key role in viral pathogenesis and dis-

semination, and is required for the limited prote-

olysis of the SARS-CoV-2 S-protein, and S-pro-

tein engagement with the neuropilin-1 receptor 

and virus infectivity, especially neuronal and 

heart cell infections (37,38).  

The second modality of MPA has anti-inflamma-

tory and immuno-suppressive effects, particu-

larly at higher dosage of 10 µM plasma concen-

tration, as demonstrated by the broad and long 

standing use of MPA and its prodrug formulation 

Mycophenolate Mofetil (MMF, Myfortic®, No-

vartis) in organ transplant patients, post operation 

for reduction of transplant rejection risk (51). 

Anti-inflammatory effects are considered to be 

beneficial to COVID-19 patients suffering from 

a dysregulated immune response, which includes 

a so-called cytokine storm (52). This has been 

shown with dexamethasone treatment of 

COVID-19 patients, either alone or in combina-

tion with remdesivir, albeit with variable out-

comes and requiring close patient monitoring 

(53,54). In contrast, MPA / MFF has well char-

acterized distinct anti-inflammatory effects. Re-

versible inhibition of IMPDH results in blockage 

of de novo guanosine synthesis, which sup-

presses the proliferation of T and B lymphocytes 

(55). B and T cells are largely devoid of salvage 

pathways for the synthesis of guanosine, and 

hence are particularly susceptible to MPA. MPA 

/ MMF treatment leads to a reduction in mRNAs 

encoding pro-inflammatory cytokines, such as 

TNF-a, IL-6 & IL-1b (56,57). It further inhibits 

the activity of 6-pyruvoyl tetrahydro-biopterin 

synthase involved in the biosynthesis of tetrahy-

drobiopterin from GTP, a cofactor of aromatic 

amino acid monooxygenases and nitric oxide 

synthase. This inhibition leads to a reduction of 

the proinflammatory metabolite peroxynitrite 

(58), and could contribute to the beneficial ef-

fects of MPA / MFF in COVID-19. Along the 

same vein, SB-505124 was a triple hit against 

hCoV-229E-GFP, hCoV-OC43 and 
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SARS-CoV-2 in our human cell culture screens. 

It is a reversible ATP competitive inhibitor of the 

TGF-beta type I receptor serine/threonine kinase, 

also known as activin receptor-like kinase (ALK) 

4, as well as ALK5 and 7 (59). The TGF-beta re-

ceptor pathway controls differentiation, chemo-

taxis, proliferation, and activation of immune 

cells, and its inhibition by SB-505124 might con-

tribute to a reduction in inflammation. 

 

Repurposing SARS-CoV-2 inhibitors in clinical 

development. One of our strongest hits in the 

cell culture experiments is MLN4924 exhibiting 

an excellent dose-response profile against 

hCoV-229E-GFP (EC50 30 nM; TC50 40.39 μM) 
and significant inhibition of SARS-CoV-2. 

MLN4924 (Pevonedistat) targets the Nedd8 acti-

vating enzyme (NAE) with potential anti-neo-

plastic activity, including cell growth inhibition 

through neddylation inhibition of Cullin ring lig-

ases leading to ubiquitination failure, dysregu-

lated cell cycle progression and apoptosis 

(60,61). It is a promising candidate in retinoblas-

toma therapy (62). MLN4924 also prevents the 

degradation of Nrf2, which has a central role in 

redox metabolism (63). Strikingly, this suggests 

that MLN4924 and MB might have similar 

mode-of-actions against SARS-CoV-2, namely 

dysregulating the oxidative state of the cell and 

activation of Nrf2.  

Our best hit in cell cultures is Ro 48-8071 

fumarate, a potent inhibitor of oxidosqualene 

cyclase (OSC) at an IC50 of 6.5 nM (64). OSC 

catalyzes the conversion of monooxidosqualene 

to lanosterol, and is in preclinical trials (64). 

Ro 48-8071 was originally developed to reduce 

plasma cholesterol levels. The sterol synthesis 

pathway plays a major role in membrane biology, 

and is involved in the replication process of many 

positive strand RNA viruses, including hepatitis 

C virus (65), poliovirus (66), rhinovirus (67) and 

SARS-CoV (68). Intriguingly, other high-quality 

hits, such as the azole-based antifungal drugs 

Posaconazole and Ravuconazole targeting sterol 

14α demethylase (CYP51) (69,70) might block 

coronavirus infection by interfering with sterol 

biosynthesis. Among the original hits identified 

as effective against hCoV-229E, were two other 

azole-based antifungals, Mebendazole (dis-

carded because of autofluorescence in follow-up 

experiments) and Isavuconazole. This finding 

further highlights the significance of the choles-

terol biosynthesis pathway and its potential as a 

drug target against SARS-CoV-2. Posaconazole 

has been in clinical use since 2006 and generics 

thereof are available, making it an interesting 

candidate for transition to clincal trials.  

 

Other compounds. Our screen reveals several 

additional launched compounds already de-

scribed for their potential to treat COVID-19, in-

cluding Fostamatinib, Eprinomectin and Betu-

linic acid. Fostamatinib is an FDA approved Syk 

tyrosine kinase inhibitor for the treatment of 

chronic immune thrombocytopenia (71), and is in 

a phase 3 clinical trial against COVID-19 

(NCT04629703). Although Fostamatinib inhib-

ited SARS-CoV-2 in our cultured human cells 

and African green monkey Vero cells, we did not 

pursue this compound further due to morpholog-

ical alterations in the HAEEC, including out-

growth of fibroblasts upon prolonged exposure to 

Fostamatinib. Likewise, we did not follow up on 

Eprinomectin, a benzodiazepine receptor agonist 

with anti-parasitic activity but unknown mode-

of-action, though approved for veterinary use in 

horses, cattle and cats, akin to other avermectins 

(72). We did not further investigate Betulinic 

acid, a pentacyclic triterpenoid with attributed 

anti-retroviral, anti-malarial, and anti-inflamma-

tory properties but also anti-proliferative and 

apoptotic effects (73).  

The screen further reveals a cluster of five dis-

tinct compounds targeting glycogen synthase ki-

nase 3 (GSK-3), namely LY2090314 (74), GSK-

3 inhibitor IX (75), TCS-21311 (76), AZD2858 

(77) and CHIR-98014 (78). Remarkably, 

LY2090314 was the most potent compound iden-

tified in our hCoV-229E-GFP screen with an 

EC50 of 2 nM. GSK-3 phosphorylates a variety of 

proteins in glycogen metabolism, innate immun-

ity and apoptosis (79). Different GSK-3 inhibi-

tors have been approved to treat cancer, inflam-

mation, Alzheimer’s, and diabetes (80), and were 

proposed for SARS-CoV-2 treatment. The latter 

is based on the notion that GSK-3 is implicated 

in phosphorylation of SARS-CoV-2 N-protein 

(81). Unfortunately, none of the GSK-3 inhibi-

tors identified in our screen translated anti-viral 

effects to SARS-CoV-2 infections.  

In conclusion, our image-based, high content, 

full infection cycle screen against human corona-

virus infection provides a high quality hit list of 

preclinical and clinical compounds with high re-

purposing potential. We identified five clinically 

launched compounds. Two of these were tested 

in and found to inhibit virus egress from HAEEC 
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(MB and MPA). Posaconazole, Thonzonium bro-

mide and Cetylpyridinium blocked virus dissem-

ination in 2D cell cultures. Except for Cetylpyri-

dinium, all of these clinically launched com-

pounds are orally administered. 

 

Materials & Methods 

Viruses. hCoV-229E-GFP and SARS-CoV-2 

(TAR clone 3.3, München-1.1/2020/929) were 

obtained from Dr. Volker Thiel (University of 

Bern) (82,83). Human CoV-229E-GFP was 

plaque purified and expanded on Huh7 cells for 

48h. Supernatant was collected and cleared by 

centrifugation at 5000 x g for 10 min. Human 

CoV-OC43 (ATCC-VR-1558) was obtained 

from LGC Standards Limited, (Teddington, 

United Kingdom). and expanded as described 

above. Virus titers were determined by FFU titra-

tion according to GFP or immunofluorescence 

signal, and by TCID50 titration according to the 

Spearman-Kärber method. 

 

Cell lines. Huh7 and VeroE6 cells were obtained 

from Dr. Volker Thiel (University of Bern, Swit-

zerland). Huh7-ACE2, HeLa-ACE2 and A549-

ACE2 were generated by stable transfection with 

a lentiviral vector (pLVX-ACE2-IRES-BSD). 

Parental HeLa and A549 cells were obtained 

from ATCC. The parental HeLa cell line addi-

tionally expressed an inducible eCas9 and a non-

targeting sgRNA. 

 

Cell culture. Huh7, Huh7-ACE2, HeLa-ACE2 

and A549-ACE2 cells were maintained in Dul-

becco’s Modified Eagle Medium (D6429; 
Sigma-Aldrich, St. Louis, USA) supplemented 

with 10% fetal bovine serum (FBS, 10270; Invi-

trogen, Carlsbad, USA), Non-essential amino ac-

ids (M7145; Sigma-Aldrich, St. Louis, USA) and 

subcultured by PBS washing and trypsinisation 

(C-41020; Trypsin-EDTA, Sigma-Aldrich, St. 

Louis, USA) twice weekly. Cell lines were kept 

at 37 °C, 5% CO2, 95% humidity. Infections with 
Huh7 cells were conducted with Minimal Essen-

tial Medium (MEM, Sigma-Alrich, St. Louis, 

USA) supplemented with 10% FBS. 

 

Bronchial and nasal HAEEC. Human nasal and 

bronchial airway tissue (MucilAirTM, Epithelix 

Sarl, Geneva, Switzerland) cultured on transwell 

inserts (24-well plate) were maintained at air-liq-

uid interface according to the supplier’s instruc-

tions and cell culture medium (EP05MM). The 

bronchial HAEEC were obtained from individual 

donors (Batch nr: MD0810) and the nasal 

HAEEC from a pool of fourteen donors (Batch 

nr: MP0009). All donors were non-smoker and 

healthy. 

 

SARS-CoV2 infection of the MucilAirTM tissue 

and drug treatment. Three days prior infection, 

MucilAirTM tissue apical surface were washed 

with 200 µl of warmed MucilAirTM culture me-

dium for 20 minutes at 37°C to homogenize the 

amount of mucus between inserts. Inserts were 

inoculated on the apical side with 1,000 TCID50 

of SARS-CoV2 in a final volume of 100 µl at 

37°C for 2 h. Then the SARS-CoV2 inoculum 

was removed and the apical surfaces quickly 

washed two-times with PBS. SARS-CoV2 pro-

duced at the apical surface were collected at dif-

ferent time post infection by 20 min apical wash 

and quantified in parallel by rt-qPCR and TCID50 

titration in VeroE6 cells. Drug treatment were 

done at the indicated times pre and/or post infec-

tion by addition of the indicated drug concentra-

tions in fresh basolateral medium. Nasal and 

bronchial MucilAirTM tissue analysis were per-

formed in duplicate. Statistical details of experi-

ments can be found in the figure legends. Statis-

tical analyses were performed using GraphPad 

Prism 8. 

 

SARS-CoV2 RNA quantification by real-time RT-

qPCR. SARS-CoV2 RNAs were extracted from 

samples with the Quick-RNATM MiniprepPlus 

Kit (Zymo, R1058) after TRIzolTM reagent (Invi-

trogen, 15596026) treatment, according to the 

manufacturer’s instructions. The number of viral 
genome copies was evaluated by one-step real-

time RT-qPCR of the SARS-CoV2 M-gene with 

the Superscript TMIII Platinum One step Quan-

titative Kit (Invitrogen, 11732-020). Five µl of 

extracted RNAs were added to 15 µl of reaction 

mixture containing: reaction mix buffer (1x), 

0.5 µl of MgSO4 buffer, reference dye ROX 

(50 nM), each primer (400 nM), Taqman probe 

(100 nM), and 0.4 µl SuperScript III RT/Plati-

num® TaqMix. The final volume was made up 

to 20 µl with nuclease-free water. Thermal cy-

cling was performed in a QuantStudio 3 Real-

Time PCR System thermocycler (Thermo Fisher 

Scientific) in MicroAmp® Optical 96-well reac-

tion plates (Applied Biosystems, N8010560). 
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Conditions were: reverse transcription for 20 

minutes at 50°C, Taq DNA polymerase activa-

tion for 2 minutes at 95°C, and then 45 cycles of 

amplification consisting of DNA denaturation for 

15 s at 95°C, and combined annealing/extension 

for 1 minute at 60°C. Fluorescence data were col-

lected at the end of each cycle. The number of 

viral genome copies was evaluated from a stand-

ard curve amplified in parallel of 10-fold serially 

diluted in vitro transcribed SARS-CoV2 M-gene 

RNAs quantitative standards (SARS-qRNAs) in 

RNase-free water. The SARS-qRNAs were in 

vitro transcribed from a synthetic SARS-CoV2 

M-gene DNA template (Microsynth AG, Bal-

gach Switzerland) under control of a T7 promoter 

by using the HiScribe™ T7 High Yield RNA 
Synthesis Kit (NEB, E2040). Then synthesized 

SARS-qRNAs were quantified with a NanoDrop 

spectrophotometer (Thermo Fisher Scientific). 

The oligonucleotides are presented in Table S3. 

 

Compound library. The Prestwick chemical li-

brary (PCL) was purchased from Prestwick 

Chemical (Illkirch, France). The remaining com-

pounds were purchased from abcr GmbH, AK 

Scientific, Inc., Abcam plc., Acros Organics, Ad-

ipoGen Life Sciences, Inc., Advanced Chem-

Blocks Inc., Alinda Chemical Trade Company 

Ltd., Angene, Apollo Scientific Ltd., Axon Med-

chem, BIOTREND Chemikalien GmbH, BLD 

Pharmatech Ltd., Biosynth Carbosynth, Cayman 

Chemical Company, ChemBridge Corporation, 

ChemDiv Inc., Chemodex Ltd., Cohesion Biosci-

ences Ltd., Combi-Blocks, Inc., Enamine Ltd., 

Enzo Life Sciences Inc., Fluorochem Ltd., Focus 

Biomolecules, InterBioScreen Ltd., J&K Scien-

tific Ltd., Key Organics Ltd., LabSeeker, Inc, 

Life Chemicals Inc., Matrix Scientific, May-

bridge Ltd., MedChemExpress, Merck KGaA, 

Otava Ltd., Pharmeks Ltd., Ramidus AB, SYN-

kinase, Santa Cruz Biotechnology, Selleck 

Chemicals LLC, Sigma-Aldrich, Specs, Target 

Molecule Corp., Tocris Bioscience, Tokyo 

Chemical Industry, Toronto Research Chaemi-

cals, UkrOrgSyntez Ltd., Vitas-M Laboratory 

Ltd. or Wuhan ChemFaces Biochemical Co., 

Ltd.. Compounds were dissolved in DMSO at a 

concentration of 10 mM. 

 

High throughput compound screening. The 

screen was conducted in 4 completely independ-

ent biological replicates without technical repli-

cates. For fluidics handling, a Matrix WellMate 

dispenser and Matrix WellMate tubing cartridges 

(Thermo Fisher Scientific, Waltham, USA), an 

Assist Plus pipetting robot (Integra Biosciences 

AG, Zizers, Switzerland) and an Echo acoustic 

dispenser (Labcyte Inc., Indiana, USA) were 

used. Compounds were spotted at 1.67 μM final 
concentration in microscopy grade 384-well 

plates (Perkin-Elmer, Waltham, USA), and fro-

zen. Pre-spotted plates were thawed at room tem-

perature 30 minutes prior to cell seeding. 6000 

Huh7 cells were seeded in 25 μL/well MEM 
+10% FCS and incubated at 37°C, 5% CO2, 95% 

humidity overnight. Infection was performed 

with 50 focus forming units (FFU) per well in 

5 μL and incubated at 33.5°C, 5% CO2, 95% hu-
midity for 48h. Finally, cells were fixed by add-

ing 10 μL 16% paraformaldehyde (Sigma-Al-

drich, St. Louis, USA) containing 0.4 μg/mL 
Hoechst 33342 (Sigma-Aldrich, St. Louis, USA). 

The fixation reaction was quenched in 25 mM 

NH4Cl in phosphate-buffered saline (PBS) for 30 

minutes. Plates were washed three times with 

PBS. Finally, PBS was replaced with PBS + 

0.02% N3. Plates were imaged with an automated 

inverted epifluorescence microscope at 4x mag-

nification (Molecular Devices, San Jose, USA). 

For the validation experiments with hCoV-OC43 

and SARS-CoV-2, compounds were spotted at 

1.75 μM, cells seeded in 80 μL, incubated at 
37°C, 5% CO2 and 95% humidity overnight and 

infected with 120 FFU in 20 μL. After 68 hours 
at 33.5°C (OC43) or 24 h or 48 h at 37°C 

(SARS-CoV-2), cells were fixed as described 

above. Subsequently, the experiments were sub-

jected to immunostaining. Cells were permea-

bilized with 0.2% Triton-X-100 for 5 minutes, 

washed with PBS, incubated with primary anti-

bodies against coronavirus nucleoprotein 

(Chemicon MAB 9013 for OC43, Rockland 200-

401-A50 for SARS-CoV-2) in PBS + 1% bovine 

serum albumin (BSA) for 1 h, washed and incu-

bated with a secondary antibody in PBS + 1% 

BSA for 1h. Cells were then washed again, PBS 

was replaced with PBS + 0.02% N3 and finally, 

plates were imaged as described above. 

 

Image analysis. Viral infection and cell health 

was parametrized using Plaque2.0 (18). The 

read-out includes the 5 main parameters: number 

of nuclei, number of infected nuclei, infection in-

dex, total virus intensity and number of 

plaques/infection foci. 
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Post-processing. Results obtained by image 

analysis with Plaque2.0 were annotated and fil-

tered using R version 4.0.2 in RStudio Version 

1.3.1056. Readout values were per-plate normal-

ized by the mean values of the DMSO controls. 

Compounds were considered toxic if the mean 

number of nuclei was lower than the mean num-

ber of nuclei of all negative control wells minus 

2 times the standard deviation of the number of 

nuclei of all negative control wells. Compounds 

were considered hits if the mean value of all rep-

licates falls below the mean of all negative con-

trol wells minus 3 times the standard deviation of 

all negative control wells for that specific 

readout. Hit lists were combined for all parame-

ters. In the validation experiments, compounds 

were considered toxic if the mean number of nu-

clei was lower than the mean number of nuclei of 

all negative control wells divided by 2. 

 

Author contributions 

UFG initiated, conceived and supervised the 

project. LM, RV, NM, LY, DS, AGG, AP, DO, 

MB, MS, FK, GT, UFG designed, carried out or 

analyzed experiments. LM, RV provided data 

visualization. VA, LM provided data curation 

and software. LM, RV, UFG wrote the paper. 

GT, UFG acquired funding. All authors read 

and approved the manuscript. 

The authors declare no competing interests. 

 

Acknowledgements 

We acknowledge financial support from the 

Swiss National Science foundation (SNSF) to 

UFG and GT (31CA30_196177 / 1), the NCCR 

Chemical Biology supported by the SNSF for 

purchasing the BSF-EPFL repurposing collec-

tion, and a special Coronavirus Research grant 

from the University of Zurich to UFG. We are 

grateful to Dr. Adriano Aguzzi and Dr. Simone 

Hornemann for granting generous access to their 

BSL3 laboratory. We thank Dr. Volker Thiel and 

Dr. Nadine Ebert for their kind gifts of 

hCoV-229E-GFP, SARS-CoV-2 isolate Munich, 

cell lines, as well as discussions and hands-on in-

formation, as well as Dr. Daria Seiler, Dr. Fanny 

Georgi, Jonathan Vesin, Antoine Gibelin and Ju-

lien Bortoli for their technical assistance. 

 

References 
1.  Cui J, Li F, Shi Z-L. Origin and evolution of pathogenic corona-

viruses. Nat Rev Microbiol. 2019;17(3):181–192.  

2.  Wu A, Peng Y, Huang B, Ding X, Wang X, Niu P, et al. Genome 

Composition and Divergence of the Novel Coronavirus (2019-

nCoV) Originating in China. Cell Host Microbe. 2020 Mar 

11;27(3):325–328.  

3.  COVID-19 Map - Johns Hopkins Coronavirus Resource Center 

[Internet]. [cited 2021 Mar 30]. Available from: 

https://coronavirus.jhu.edu/map.html 

4.  Kreer C, Zehner M, Weber T, Ercanoglu MS, Gieselmann L, 

Rohde C, et al. Longitudinal Isolation of Potent Near-Germline 

SARS-CoV-2-Neutralizing Antibodies from COVID-19 Patients. 

Cell. 2020 Aug 20;182(4):843–854.e12.  

5.  Creech CB, Walker SC, Samuels RJ. SARS-CoV-2 Vaccines. 

JAMA. 2021 Feb 26;  

6.  Ashburn TT, Thor KB. Drug repositioning: identifying and de-

veloping new uses for existing drugs. Nat Rev Drug Discov. 

2004 Aug;3(8):673–683.  

7.  Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M, et al. Remdesivir 

and chloroquine effectively inhibit the recently emerged novel 

coronavirus (2019-nCoV) in vitro. Cell Res. 2020 Feb 

4;30(3):269–271.  

8.  NIH halts clinical trial of hydroxychloroquine | National Insti-

tutes of Health (NIH) [Internet]. [cited 2021 Mar 30]. Available 

from: https://www.nih.gov/news-events/news-releases/nih-

halts-clinical-trial-hydroxychloroquine 

9.  Riva L, Yuan S, Yin X, Martin-Sancho L, Matsunaga N, Pache L, 

et al. Discovery of SARS-CoV-2 antiviral drugs through large-

scale compound repurposing. Nature. 2020 Jul 

24;586(7827):113–119.  

10.  Losada A, Muñoz-Alonso MJ, García C, Sánchez-Murcia PA, 

Martínez-Leal JF, Domínguez JM, et al. Translation Elongation 

Factor eEF1A2 is a Novel Anticancer Target for the Marine Nat-

ural Product Plitidepsin. Sci Rep. 2016 Oct 7;6:35100.  

11.  White KM, Rosales R, Yildiz S, Kehrer T, Miorin L, Moreno E, et 

al. Plitidepsin has potent preclinical efficacy against SARS-CoV-

2 by targeting the host protein eEF1A. Science. 2021 Feb 

26;371(6532):926–931.  

12.  Pitten FA, Kramer A. Efficacy of cetylpyridinium chloride used 

as oropharyngeal antiseptic. Arzneimittelforschung. 

2001;51(7):588–595.  

13.  Georgi F, Andriasyan V, Witte R, Murer L, Hemmi S, Yu L, et al. 

The FDA-Approved Drug Nelfinavir Inhibits Lytic Cell-Free but 

Not Cell-Associated Nonlytic Transmission of Human Adenovi-

rus. Antimicrob Agents Chemother. 2020 Aug 20;64(9).  

14.  Georgi F, Kuttler F, Murer L, Andriasyan V, Witte R, Yakimovich 

A, et al. A high-content image-based drug screen of clinical 

compounds against cell transmission of adenovirus. Sci Data. 

2020 Aug 12;7(1):265.  

15.  Zhang JH, Chung TD, Oldenburg KR. A Simple Statistical Param-

eter for Use in Evaluation and Validation of High Throughput 

Screening Assays. J Biomol Screen. 1999;4(2):67–73.  

16.  Corsello SM, Bittker JA, Liu Z, Gould J, McCarren P, Hirschman 

JE, et al. The Drug Repurposing Hub: a next-generation drug 

library and information resource. Nat Med. 2017 Apr 

7;23(4):405–408.  

17.  Liu D. A rapid biochemical test for measuring chemical toxicity. 

Bull Environ Contam Toxicol. 1981 Feb;26(2):145–149.  

18.  Yakimovich A, Andriasyan V, Witte R, Wang I-H, Prasad V, Su-

omalainen M, et al. Plaque2.0-A High-Throughput Analysis 

Framework to Score Virus-Cell Transmission and Clonal Cell 

Expansion. PLoS One. 2015 Sep 28;10(9):e0138760.  

19.  Williams TE, Subramanian S, Verhagen J, McBride CM, Cos-

tales A, Sung L, et al. Discovery of RAF265: A Potent mut-B-RAF 

Inhibitor for the Treatment of Metastatic Melanoma. ACS Med 

Chem Lett. 2015 Sep 10;6(9):961–965.  

20.  Ren X, Pan X, Zhang Z, Wang D, Lu X, Li Y, et al. Identification 

of GZD824 as an orally bioavailable inhibitor that targets phos-

phorylated and nonphosphorylated breakpoint cluster region-

Abelson (Bcr-Abl) kinase and overcomes clinically acquired 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.30.437771doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.30.437771
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

15 

mutation-induced resistance against imatinib. J Med Chem. 

2013 Feb 14;56(3):879–894.  

21.  Hawi A, Heald S, Sciascia T. Use of an adaptive study design in 

single ascending-dose pharmacokinetics of A0001 (α-to-

copherylquinone) in healthy male subjects. J Clin Pharmacol. 

2012 Jan;52(1):65–77.  

22.  Zhang Y, Zhou X, Li Y, Xu Y, Lu K, Li P, et al. Inhibition of mater-

nal embryonic leucine zipper kinase with OTSSP167 displays 

potent anti-leukemic effects in chronic lymphocytic leukemia. 

Oncogene. 2018 Jun 12;37(41):5520–5533.  

23.  Pizzorno A, Padey B, Julien T, Trouillet-Assant S, Traversier A, 

Errazuriz-Cerda E, et al. Characterization and Treatment of 

SARS-CoV-2 in Nasal and Bronchial Human Airway Epithelia. 

Cell Reports Medicine. 2020 Jul;1(4):100059.  

24.  Kim D, Lee J-Y, Yang J-S, Kim JW, Kim VN, Chang H. The Archi-

tecture of SARS-CoV-2 Transcriptome. Cell. 2020 May 

14;181(4):914–921.e10.  

25.  Corman VM, Muth D, Niemeyer D, Drosten C. Hosts and 

sources of endemic human coronaviruses. Adv Virus Res. 2018 

Feb 16;100:163–188.  

26.  Oreshkova N, Molenaar RJ, Vreman S, Harders F, Oude Mun-

nink BB, Hakze-van der Honing RW, et al. SARS-CoV-2 infection 

in farmed minks, the Netherlands, April and May 2020. Euro 

Surveill. 2020 Jun;25(23).  

27.  Cox RM, Wolf JD, Plemper RK. Therapeutically administered ri-

bonucleoside analogue MK-4482/EIDD-2801 blocks SARS-

CoV-2 transmission in ferrets. Nat Microbiol. 6(1):11–18.  

28.  Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu 

X, et al. Coronavirus Susceptibility to the Antiviral Remdesivir 

(GS-5734) Is Mediated by the Viral Polymerase and the Proof-

reading Exoribonuclease. MBio. 2018 Mar 6;9(2).  

29.  Lo MK, Albariño CG, Perry JK, Chang S, Tchesnokov EP, Guer-

rero L, et al. Remdesivir targets a structurally analogous region 

of the Ebola virus and SARS-CoV-2 polymerases. Proc Natl 

Acad Sci USA. 2020 Oct 27;117(43):26946–26954.  

30.  Sheahan TP, Sims AC, Zhou S, Graham RL, Pruijssers AJ, Agos-

tini ML, et al. An orally bioavailable broad-spectrum antiviral 

inhibits SARS-CoV-2 in human airway epithelial cell cultures 

and multiple coronaviruses in mice. Sci Transl Med. 2020 Apr 

29;12(541).  

31.  Yin W, Mao C, Luan X, Shen D-D, Shen Q, Su H, et al. Structural 

basis for inhibition of the RNA-dependent RNA polymerase 

from SARS-CoV-2 by remdesivir. Science. 2020 Jun 

26;368(6498):1499–1504.  

32.  Gantt S, Carlsson J, Ikoma M, Gachelet E, Gray M, Geballe AP, 

et al. The HIV protease inhibitor nelfinavir inhibits Kaposi’s sar-
coma-associated herpesvirus replication in vitro. Antimicrob 

Agents Chemother. 2011 Jun;55(6):2696–2703.  

33.  Yeager CL, Ashmun RA, Williams RK, Cardellichio CB, Shapiro 

LH, Look AT, et al. Human aminopeptidase N is a receptor for 

human coronavirus 229E. Nature. 1992 Jun 4;357(6377):420–
422.  

34.  Wu K, Li W, Peng G, Li F. Crystal structure of NL63 respiratory 

coronavirus receptor-binding domain complexed with its hu-

man receptor. Proc Natl Acad Sci USA. 2009 Nov 

24;106(47):19970–19974.  

35.  Hulswit RJG, Lang Y, Bakkers MJG, Li W, Li Z, Schouten A, et al. 

Human coronaviruses OC43 and HKU1 bind to 9-O-acetylated 

sialic acids via a conserved receptor-binding site in spike pro-

tein domain A. Proc Natl Acad Sci USA. 2019 Feb 

12;116(7):2681–2690.  

36.  Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for 

the recognition of SARS-CoV-2 by full-length human ACE2. Sci-

ence. 2020 Mar 27;367(6485):1444–1448.  

37.  Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz J, 

Kuivanen S, et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry 

and infectivity. Science. 2020 Nov 13;370(6518):856–860.  

38.  Daly JL, Simonetti B, Klein K, Chen K-E, Williamson MK, Antón-

Plágaro C, et al. Neuropilin-1 is a host factor for SARS-CoV-2 

infection. Science. 2020 Nov 13;370(6518):861–865.  

39.  Gendrot M, Andreani J, Duflot I, Boxberger M, Le Bideau M, 

Mosnier J, et al. Methylene blue inhibits replication of SARS-

CoV-2 in vitro. Int J Antimicrob Agents. 2020 

Dec;56(6):106202.  

40.  Walter-Sack I, Rengelshausen J, Oberwittler H, Burhenne J, 

Mueller O, Meissner P, et al. High absolute bioavailability of 

methylene blue given as an aqueous oral formulation. Eur J 

Clin Pharmacol. 2009 Feb;65(2):179–189.  

41.  Schirmer RH, Coulibaly B, Stich A, Scheiwein M, Merkle H, Eu-

bel J, et al. Methylene blue as an antimalarial agent. Redox 

Rep. 2003;8(5):272–275.  

42.  Patnaik S, Natarajan M, James E, Ebenezer K. Methylene blue 

unresponsive methemoglobinemia. Indian Journal of Critical 

Care Medicine. 2014 Apr;18(4):253–255.  

43.  Buchholz K, Schirmer RH, Eubel JK, Akoachere MB, Dandekar 

T, Becker K, et al. Interactions of methylene blue with human 

disulfide reductases and their orthologues from Plasmodium 

falciparum. Antimicrob Agents Chemother. 2008 

Jan;52(1):183–191.  

44.  Tonelli C, Chio IIC, Tuveson DA. Transcriptional regulation by 

nrf2. Antioxid Redox Signal. 2018 Dec 10;29(17):1727–1745.  

45.  Prasad V, Greber UF. The endoplasmic reticulum unfolded 

protein response - homeostasis, cell death and evolution in vi-

rus infections. FEMS Microbiol Rev. 2021 Mar 25;  

46.  Olagnier D, Farahani E, Thyrsted J, Blay-Cadanet J, Herengt A, 

Idorn M, et al. SARS-CoV2-mediated suppression of NRF2-sig-

naling reveals potent antiviral and anti-inflammatory activity 

of 4-octyl-itaconate and dimethyl fumarate. Nat Commun. 

2020 Oct 2;11(1):4938.  

47.  Khan JA, Forouhar F, Tao X, Tong L. Nicotinamide adenine di-

nucleotide metabolism as an attractive target for drug discov-

ery. Expert Opin Ther Targets. 2007 May;11(5):695–705.  

48.  Han Y, Duan X, Yang L, Nilsson-Payant BE, Wang P, Duan F, et 

al. Identification of SARS-CoV-2 inhibitors using lung and co-

lonic organoids. Nature. 589(7841):270–275.  

49.  Hedstrom L. IMP dehydrogenase: structure, mechanism, and 

inhibition. Chem Rev. 2009 Jul;109(7):2903–2928.  

50.  Chen Y, Cai H, Pan J, Xiang N, Tien P, Ahola T, et al. Functional 

screen reveals SARS coronavirus nonstructural protein nsp14 

as a novel cap N7 methyltransferase. Proc Natl Acad Sci USA. 

2009 Mar 3;106(9):3484–3489.  

51.  Park H. The emergence of mycophenolate mofetilin dermatol-

ogy: from its roots in the world of organ transplantation to its 

versatile role in the dermatology treatment room. J Clin Aes-

thet Dermatol. 2011 Jan;4(1):18–27.  

52.  Coperchini F, Chiovato L, Croce L, Magri F, Rotondi M. The cy-

tokine storm in COVID-19: An overview of the involvement of 

the chemokine/chemokine-receptor system. Cytokine Growth 

Factor Rev. 2020 May 11;53:25–32.  

53.  Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil 

AC, et al. Remdesivir for the Treatment of Covid-19 - Final Re-

port. N Engl J Med. 2020 Nov 5;383(19):1813–1826.  

54.  Cain DW, Cidlowski JA. After 62 years of regulating immunity, 

dexamethasone meets COVID-19. Nat Rev Immunol. 

2020;20(10):587–588.  

55.  Eugui EM, Mirkovich A, Allison AC. Lymphocyte-selective anti-

proliferative and immunosuppressive effects of mycophenolic 

acid in mice. Scand J Immunol. 1991 Feb 1;33(2):175–183.  

56.  Lv Q-K, Liu J-X, Li S-N, Gao Y-J, Lv Y, Xu Z-P, et al. Mycopheno-

late mofetil modulates differentiation of th1/th2 and the se-

cretion of cytokines in an active crohn’s disease mouse model. 
Int J Mol Sci. 2015 Nov 6;16(11):26654–26666.  

57.  Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical fea-

tures of patients infected with 2019 novel coronavirus in Wu-

han, China. Lancet. 2020 Feb 15;395(10223):497–506.  

58.  Srinivas TR, Kaplan B, Meier-Kriesche HU. Mycophenolate mo-

fetil in solid-organ transplantation. Expert Opin Pharma-

cother. 2003 Dec;4(12):2325–2345.  

59.  DaCosta Byfield S, Major C, Laping NJ, Roberts AB. SB-505124 

is a selective inhibitor of transforming growth factor-beta type 

I receptors ALK4, ALK5, and ALK7. Mol Pharmacol. 2004 

Mar;65(3):744–752.  

60.  Soucy TA, Smith PG, Milhollen MA, Berger AJ, Gavin JM, Adhi-

kari S, et al. An inhibitor of NEDD8-activating enzyme as a new 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.30.437771doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.30.437771
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

16 

approach to treat cancer. Nature. 2009 Apr 9;458(7239):732–
736.  

61.  Lan H, Tang Z, Jin H, Sun Y. Neddylation inhibitor MLN4924 

suppresses growth and migration of human gastric cancer 

cells. Sci Rep. 2016 Apr 11;6:24218.  

62.  Aubry A, Yu T, Bremner R. Preclinical studies reveal MLN4924 

is a promising new retinoblastoma therapy. Cell Death Discov. 

2020 Jan 20;6:2.  

63.  Zhao Y, Morgan MA, Sun Y. Targeting Neddylation pathways 

to inactivate cullin-RING ligases for anticancer therapy. Anti-

oxid Redox Signal. 2014 Dec 10;21(17):2383–2400.  

64.  Morand OH, Aebi JD, Dehmlow H, Ji YH, Gains N, Lengsfeld H, 

et al. Ro 48-8.071, a new 2,3-oxidosqualene:lanosterol cyclase 

inhibitor lowering plasma cholesterol in hamsters, squirrel 

monkeys, and minipigs: comparison to simvastatin. J Lipid Res. 

1997 Feb;38(2):373–390.  

65.  Romero-Brey I, Merz A, Chiramel A, Lee J-Y, Chlanda P, Hasel-

man U, et al. Three-dimensional architecture and biogenesis 

of membrane structures associated with hepatitis C virus rep-

lication. PLoS Pathog. 2012 Dec 6;8(12):e1003056.  

66.  Belov GA, Nair V, Hansen BT, Hoyt FH, Fischer ER, Ehrenfeld E. 

Complex dynamic development of poliovirus membranous 

replication complexes. J Virol. 2012 Jan;86(1):302–312.  

67.  Roulin PS, Lötzerich M, Torta F, Tanner LB, van Kuppeveld FJM, 

Wenk MR, et al. Rhinovirus uses a phosphatidylinositol 4-

phosphate/cholesterol counter-current for the formation of 

replication compartments at the ER-Golgi interface. Cell Host 

Microbe. 2014 Nov 12;16(5):677–690.  

68.  Knoops K, Kikkert M, Worm SHE van den, Zevenhoven-Dobbe 

JC, van der Meer Y, Koster AJ, et al. SARS-coronavirus replica-

tion is supported by a reticulovesicular network of modified 

endoplasmic reticulum. PLoS Biol. 2008 Sep 16;6(9):e226.  

69.  Lepesheva GI, Waterman MR. Sterol 14alpha-demethylase 

(CYP51) as a therapeutic target for human trypanosomiasis 

and leishmaniasis. Curr Top Med Chem. 2011;11(16):2060–
2071.  

70.  Hata K, Kimura J, Miki H, Toyosawa T, Nakamura T, Katsu K. In 

vitro and in vivo antifungal activities of ER-30346, a novel oral 

triazole with a broad antifungal spectrum. Antimicrob Agents 

Chemother. 1996 Oct 1;40(10):2237–2242.  

71.  Kost-Alimova M, Sidhom E-H, Satyam A, Chamberlain BT, 

Dvela-Levitt M, Melanson M, et al. A High-Content Screen for 

Mucin-1-Reducing Compounds Identifies Fostamatinib as a 

Candidate for Rapid Repurposing for Acute Lung Injury. Cell 

Rep Med. 2020 Nov 17;1(8):100137.  

72.  El-Saber Batiha G, Alqahtani A, Ilesanmi OB, Saati AA, El-Mleeh 

A, Hetta HF, et al. Avermectin derivatives, pharmacokinetics, 

therapeutic and toxic dosages, mechanism of action, and their 

biological effects. Pharmaceuticals (Basel). 2020 Aug 17;13(8).  

73.  Verma S, Twilley D, Esmear T, Oosthuizen CB, Reid A-M, Nel 

M, et al. Anti-SARS-CoV Natural Products With the Potential to 

Inhibit SARS-CoV-2 (COVID-19). Front Pharmacol. 2020 Sep 

25;11:561334.  

74.  Atkinson JM, Rank KB, Zeng Y, Capen A, Yadav V, Manro JR, et 

al. Activating the Wnt/β-Catenin Pathway for the Treatment 

of Melanoma - Application of LY2090314, a Novel Selective In-

hibitor of Glycogen Synthase Kinase-3. PLoS One. 2015 Apr 

27;10(4):e0125028.  

75.  Meijer L, Skaltsounis A-L, Magiatis P, Polychronopoulos P, 

Knockaert M, Leost M, et al. GSK-3-selective inhibitors derived 

from Tyrian purple indirubins. Chem Biol. 2003 

Dec;10(12):1255–1266.  

76.  Thoma G, Nuninger F, Falchetto R, Hermes E, Tavares GA, Van-

grevelinghe E, et al. Identification of a potent Janus kinase 3 

inhibitor with high selectivity within the Janus kinase family. J 

Med Chem. 2011 Jan 13;54(1):284–288.  

77.  Marsell R, Sisask G, Nilsson Y, Sundgren-Andersson AK, An-

dersson U, Larsson S, et al. GSK-3 inhibition by an orally active 

small molecule increases bone mass in rats. Bone. 2012 Mar 

1;50(3):619–627.  

78.  Ring DB, Johnson KW, Henriksen EJ, Nuss JM, Goff D, Kinnick 

TR, et al. Selective glycogen synthase kinase 3 inhibitors 

potentiate insulin activation of glucose transport and utiliza-

tion in vitro and in vivo. Diabetes. 2003 Mar;52(3):588–595.  

79.  Jope RS, Johnson GVW. The glamour and gloom of glycogen 

synthase kinase-3. Trends Biochem Sci. 2004 Feb;29(2):95–
102.  

80.  Augello G, Emma MR, Cusimano A, Azzolina A, Montalto G, 

McCubrey JA, et al. The Role of GSK-3 in Cancer Immunother-

apy: GSK-3 Inhibitors as a New Frontier in Cancer Treatment. 

Cells. 2020 Jun 9;9(6).  

81.  Liu X, Verma A, Ramage H, Garcia G, Myers RL, Lucas A, et al. 

Targeting the Coronavirus Nucleocapsid Protein through GSK-

3 Inhibition. medRxiv. 2021 Feb 22;  

82.  Cervantes-Barragan L, Züst R, Maier R, Sierro S, Janda J, Levy 

F, et al. Dendritic cell-specific antigen delivery by coronavirus 

vaccine vectors induces long-lasting protective antiviral and 

antitumor immunity. MBio. 2010 Sep 14;1(4).  

83.  Thi Nhu Thao T, Labroussaa F, Ebert N, V’kovski P, Stalder H, 
Portmann J, et al. Rapid reconstruction of SARS-CoV-2 using a 

synthetic genomics platform. Nature. 2020 May 

4;582(7813):561–565.  

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.30.437771doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.30.437771
http://creativecommons.org/licenses/by-nc-nd/4.0/



