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Until December 2021, the COVID-19 pandemic has caused more than 5.5 million deaths.
Vaccines are being deployed worldwide to mitigate severe disease and death, but continued
transmission and the emergence of SARS-CoV-2 variants indicate that specific treatments
against COVID-19 are still necessary. We screened 400 compounds from the Medicines for
Malaria Venture (MMV) Pathogen Box seeking for molecules with antiviral activity against
SARS-CoV-2 by using a high-throughput screening (HTS) infection assay in Vero CCL81
cells. On resupply of 15 selected hit compounds, we confirmed that 7 of them presented a
dose-dependent cytoprotective activity against SARS-CoV-2-induced cytopathic effect
(CPE) in the micromolar range. They were validated in low-throughput infection assays
using four different cell lines, including the human lung Calu-3 cell line. MMV000063,
MMV024937, MMV688279, and MMV688991 reduced viral load in cell culture, assessed
by RT-qPCR and viral plaque assay, while MMV688279 and MMV688991 (also known as
nitazoxanide) were the most promising, reducing SARS-CoV-2 load by at least 100-fold at
20 µM in almost all cell types tested. Our results indicate that active anti-SARS-CoV-2
molecules exist within the repertoire of antiviral, antiparasitic and antimicrobial compounds
available to date. Although the mode of action by which MMV688279 and MMV688991
reduce SARS-CoV-2 replication is yet unknown, the fact that they were active in different cell
types holds promise not only for the discovery of new therapeutic targets, but also for the
development of novel antiviral medicines against COVID-19.
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1 INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
was first identified in the city of Wuhan, China end of 2019 (1, 2)
as the causative agent of COVID-19 (3). SARS-CoV-2 is a
Betacoronavirus member of Coronaviridae family like other
respiratory viral pathogens such as SARS-CoV and MERS-
CoV. The COVID-19 pandemic completed its first year in
March 2021 with more than 108 million confirmed cases and
approximately 2.4 million deaths (“4). COVID-19 patients
experience a variety of symptoms such as fever, dry cough and
tiredness, or more severe symptoms such as difficulty breathing,
chest pain, and loss of smell and taste (5). Among COVID-19
clinical manifestations, a decrease in oxygen saturation is the
main cause of hospitalization (6). A combination of high
transmissibility and a greater chance of developing severe
disease in risk groups (i.e. elderly, obese or diabetic people) led
to the eventual collapse of public health care systems and a high
mortality rate in many countries (7).

Treatment of COVID-19 patients is largely supportive. Several
therapeutic strategies have been tested in both animal models and
patients, including anti-inflammatory compounds such
dexamethasone (8), convalescent plasma (9), monoclonal
therapy (10), and antiviral compounds such as remdesivir,
hydroxychloroquine, lopinavir, interferon beta-1a (11), and
nitazoxanide (12). Unfortunately, most treatments have shown
limited efficacy in reducing symptoms or accelerating patient
recovery, especially after patients evolve to more severe forms of
COVID-19.Difficulties associatedwithmass vaccinationduring the
COVID-19 pandemic (13) and the growing evidences indicating
that emerging SARS-CoV-2 variants may be more transmissible
and capable of escaping previous established immune responses
(14, 15) support the continued effort to discover active compounds
against SARS-CoV-2. This includes antiviralmolecules thatmay be
developed into a treatment or preventive strategy against SARS-
CoV-2 infection. HTS has been used extensively for the screening
and repurposing of FDA-approved drugs as candidate treatments
against SARS-CoV-2 infection (16), resulting inmany clinical trials
and candidate compounds testing (17, 18). Here, we used a cell
culture-based HTS assay to screen 400 compounds from the
Pathogen Box, provided by Medicines for Malaria Venture
(MMV), against SARS-CoV-2 infection. The Pathogen Box
contains anti-parasitic and antimicrobial compounds that were
not covered in reportedHTS campaigns against SARS-CoV-2 or its
viral protein targets (19–22). We identified 7 hit compounds with
cytoprotective properties that were validated in four different cell
types, thus confirming their antiviral activity against SARS-CoV-2.
The dihydroquinazoline (MMV688279) and nitaxozanide
(MMV688991) were the most potent and promising antiviral
compounds present in the Pathogen Box.
2 MATERIALS AND METHODS

2.1 Virus and Cell lines
Low-passage strain HIAE-02 SARS-CoV-2/SP02/human/2020/
BRA (GenBank accession number MT126808.1) was isolated in
Frontiers in Virology | www.frontiersin.org 2
Brazil and provided by Prof. Edison Luiz Durigon (USP-SP,
Brazil). We produced SARS-CoV-2 stocks in Vero CCL81 cells
(BCRJ, #0245) cultured to a confluent monolayer in 75 cm2

culture flask and infected with approximately 2.5x105 PFU of
SARS-CoV-2. HTS assays were performed in Vero CCL81 cells
(BCRJ, # 0245). Human cell lineages HuH 7.5 (provided by Dr.
Claudia N. Duarte dos Santos, Fiocruz-PR, Brazil), Caco-2
(BCRJ, # 0059), Calu-3 (provided by Patrıćia R. M. Rocco -
Federal University of Rio de Janeiro, Brazil) were used to validate
results obtained in primary assays. Vero CCL81 and HuH 7.5
were maintained with Dulbecco’s Modified Essential Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, and 1% penicillin/streptomycin. Caco-2 and Calu-3
were cultured with DMEM/F-12 1:1 supplemented with 20%
FBS, 1% L-glutamine and 1% penicillin/streptomycin. All
experiments involving infectious SARS-CoV-2 were performed
at the BSL3 facility of the Laboratory of Emerging Viruses
(LEVE) located in the University of Campinas.

2.2 HTS Assay Design and Screening
Process
2.2.1 HTS Assay
Medicine for Malaria Venture’s Pathogen Box is a compound
library containing 400 compounds that were screened using
survival against SARS-CoV-2 infection as primary criteria.
1.7x103 Vero CCL81 cells were plated in 45 µL per well in a 384
well plate at 37°C 5% CO2. After 24 h, 15 µL of a 0.5 mM
compound stock solution were added to each well, resulting in a
final concentration of 10 µM. During EC50 or CC50 assays,
compounds were added in concentrations ranging from 40 µM
to 0.156 µM. Plates were transported to the BSL3 laboratory where
cells were infected with SARS-CoV-2 at a MOI of 0.1 in a volume
of 15 µL and incubated at 37°C and 5% CO2 for 60 h. Supernatant
was discarded and cells stained with 2 mMHoechst-33342 and 100
nM MitoTracker Deep Red for 45 minutes at 37°C 5% CO2, and
then fixed with paraformaldehyde (PFA) 4%.

2.2.3 HTS Data Acquisition and Processing
Data acquisition and analysis were performed using the Operetta
High Content Imaging System (Perkin Elmer) and the Columbus
server (Perkin Elmer), respectively. One central field position per
well was acquired at 10x magnification. The number of Hoechst-
stained healthy nuclei were counted, and the MitoTracker-
stained mitochondrial mass/intensity was calculated in each
field/image, plotted for each experimental condition and tested
for statistical significance. Vehicle-treated non-infected wells and
vehicle-treated SARS-CoV-2 infected wells were used as positive
and negative controls for cell survival, respectively, and used to
calculate the assay Z factor in each assay plate. Z-factors above
0.60 were considered valid and culminated in data analysis.

2.3 Hit Confirmation
2.3.1 Antiviral Assay
Antiviral assays were performed in Vero CCL81 cells using
SARS-CoV-2 of MOI 0.01, and MOI 0.1 for HuH 7.5, Caco-2
and Calu-3 cells. Cell culture media was replaced by fresh media
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containing 20 µM of compound at 1h post infection.
Supernatants were harvested after 48h of incubation at 37°C
and 5% CO2. The viral load was measured in samples using viral
plaque assay and 1-Step RT-qPCR.

2.3.2 Plaque Assay
Vero cells were seeded into 24-well plates and incubated with serially
diluted samples (10-1 to 10-6) for 1h at 37°C and 5% CO2. After
incubation, cells were overlaid with semi-solid medium (1% w/v
carboxymethylcellulose in DMEM supplemented with 5% FBS) and
kept in the incubator for 4days.After removal of semi-solidmedium,
cells were fixed with PFA 4% and plaques were visualized after
staining with 1% methylene blue. Viral lysis plaques were counted,
and resultswere expressed as viral plaque formingunits (PFU)/mLof
sample. The limit of detection of the assay is 10 PFU/mL.

2.3.3 RT-qPCR
Viral RNA extraction was performed from 100 µl of cell culture
supernatants with the Quick-RNA Viral Kit (cat. # R1035, Zymo
Research, USA) according to the protocol provided by the
manufacturer. The viral RNA was eluted in 50 µL of nuclease-free
water. SARS-CoV-2 genome detection and quantification were
performed with TaqMan Fast Virus 1-Step Master Mix System
(cat. # 4444434, Applied Biosystems) using specific primers
targeting SARS-CoV-2 E protein at 6 pmol (each) and probe at
5 pmol per reaction. Forward primer sequence: ACAGGTA
CGTTAATAGCGT; reverse primer: ATATTGCAGCAGTA
CGCACACA; and probe: FAM-ACACTAGCCATCCTTA
CTGCGCTTCG-BBQ. The PCR mix containing Master Mix,
primers and probe was incubated with 6 µL of an 1:50 (v/v)
dilution of sample RNA. Cycling was conducted in Applied
Biosystems 7500 Real-Time PCR System. The reactions were
incubated at 50°C for 10 minutes for reverse transcription, and 95°
C for 2minutes, followedby incubation at 95°C for 5 seconds and 60°
C for 30 seconds for data collection over 45 cycles. A plasmid
containing SARS-CoV-2 E protein amplicon (kindly provided by
Dr. Marcio Bajgelman) was used as standard curve in order to
establish an absolute quantification of viral RNA copies per ml
of supernatant.

2.3.4 Indirect Immunofluorescent Assay
2x104 Vero and 1x105 Calu-3 cell lines were seeded in 96-well
plates in the presence of the 20 µM of compounds, then infected
with SARS-CoV2 at the MOI 0.4 for 22 h of incubation at 37°C and
5% CO2. The cells were fixed with 4% paraformaldehyde for 2h,
permeabilizated with 0,3% Triton X-100 for 15 min, and blocked
with PBS containing 60% FBS plus 0,1% Triton X-100 for 30min.
Subsequently, the cells were overnight incubated with PBS
containing 1% BSA and the “SARS-CoV-2 Spike Protein (RBD)
Chimeric Recombinant Rabbit Monoclonal Antibody
(P06DHuRb) (Catalog # 703974, Invitrogen, Thermo Fisher)
(dilution 100x). The cells were washed five times with PBS and
stained with the secondary Alexa Fluor Goat anti-Rabbit 647 IgG
(H + L) antibody (Invitrogen, Thermo Fisher) (dilution 1000x) for
2 h. Cell nuclei were counterstained with Hoechst 33342 and
washed five times with PBS. Finally, images were acquired on the
Operetta High Content Imaging System (Perkin Elmer) by using
Frontiers in Virology | www.frontiersin.org 3
the Harmony software (Perkin Elmer). The data was updated in the
Columbus server (Perkin Elmer) to further analyses. We evaluated
the frequency of SARS-CoV-2 infected cells and the level of
infection per cell by using the mean fluorescent intensity (MFI)
on field positions acquired at 10x magnification. The representative
images were selected from fields at 40x magnification.

2.4 Statistical Analysis
Viral plaque assays and RT-qPCR data were analyzed using non-
parametric Kruskal-Wallis test followed by Dunn’s multiple
comparison test. Group comparison was made between
infected non-treated cells and infected treated cells. Each
experiment was performed with technical triplicate and it was
repeated at least twice. All tests were performed in GraphPad
Prism v8.4.0 (GraphPad Software, La Jolla, CA, USA). P values <
0.05 were considered significant.
3 RESULTS

3.1 HTS Assay Design and Screening
Process
We developed a phenotypic cell culture-based HTS assay to
screen 400 compounds included in the MMV Pathogen Box. The
assay is based on the ability of SARS-CoV-2 to induce cytopathic
effect (CPE) and death in Vero CCL81 cells, as a consequence of
infection and viral replication. Thus, compounds in the Pathogen
Box were initially screened for their cytoprotective properties as
an indirect assessment of antiviral activity against SARS-CoV-2.
According to the experimental pipeline depicted in Figure 1,
selected hit compounds were resupplied for confirmation and
validation of antiviral activity in low-throughput infection assays
in cell lines relevant to SARS-CoV-2 biology and disease.

Vero CCL81 cells were plated in a 384-well plate format and
incubated with compounds from theMMVPathogen Box at 10 µM.
Assay plates were moved to BSL3 laboratory for infection with
SARS-CoV-2 at a multiplicity of infection (MOI) of 0.1 and kept in
incubators at 37°C, 5% CO2 for 60 h. Assay plates were fixed and
stained with Hoechst and MitoTracker to allow visualization of the
cell nucleus and mitochondrial mass with the Operetta automated
fluorescence microscope and calculation of virus-induced CPE.
Control groups included DMSO-treated non-infected wells
(positive control for healthy cells) and DMSO-treated SARS-CoV-
2 infected wells (negative control, CPE-affected cells). Treatment
with compounds that resulted in average 50% inhibition of SARS-
CoV-2-induced CPE (InCPE > 50%), assessed by the number of
Hoechst-stained nuclei, were considered hit candidates (Figure 2A).
A total of 15 hit candidates were selected and resupplied from
MMV, comprising 3.7% of all compounds in the Pathogen Box
(Table S1). Our next step was to determine values for half maximal
cytotoxic concentration (CC50) and half maximal effective
concentration (EC50) for all 15 hit candidate compounds. Dose-
response curves in Vero CCL81 were performed for each hit
compound in the range of 40 µM to 0.156 µM, in the 384-well
plate format (Figures S2A–H). SARS-CoV-2 infection, nuclei and
mitochondrial staining and fixation procedures were performed as
April 2022 | Volume 2 | Article 854363
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previously described for the HTS assays. Our criteria for hit
confirmation were an EC50 lower than 20 µM and selectivity
index (SI, given by CC50/EC50 ratio) over 2.0 (Figure 1). Seven
compounds showed a concentration dependent cytoprotective effect
against SARS-CoV-2 infection and fit our selection parameters
(Figure 2B): MMV000063 (also known as sitamaquine),
MMV688124, MMV688279 (dihydroquinazoline), MMV024829,
MMV024937, MMV023953, MMV688991 (nitazoxanide)
(Figure 2C). Importantly, none of the seven selected hit
compounds caused an increase in mitochondrial fluorescence,
which was observed in cells treated with chloroquine (Figures
S2I–O). The most potent compound at this stage was
MMV688279, with EC50 at 10 µM, while the most selective was
MMV024829, with an SI at 4.0.

3.2 Hit Confirmation
Seven hit compounds were tested for antiviral activity against
SARS-CoV-2 in low-throughput confirmation tests at a final
Frontiers in Virology | www.frontiersin.org 4
concentration of 20 µM, a concentration in which all 7
compounds were found to be non-toxic in Vero CCL81 cells
(Figure S2). Compound anti-SARS-CoV-2 activity was
evaluated in four different cell lines: Vero CCL81, HuH 7.5,
Caco-2 and Calu-3, in the 24-wells plate format. Supernatant
samples were collected 48h post infection (p.i.) to assess viral
load by RT-qPCR and viral plaque assay (Figure 3; Figure S3).
MMV688279 presented a potent antiviral effect against SARS-
CoV-2 infection in all cell lines tested, resulting in 10 to 1000-
fold reductions in viral RNA and up to 10000-fold (104)
reduction in infectious viral progeny (Figures 3A, B). Of note,
the most dramatic reductions in viral load caused by
MMV688279 were observed in Calu-3 and Caco-2 human cell
lines (Figure 3E), in which viral levels were below detection (less
than 10 PFU/mL) in several samples (Figures 3B, D). Treatment
with compound MMV688991 (nitazoxanide) also led to
significant decreases in viral load in all cell types tested, which
were of at least 10-fold in viral RNA and viral progeny
(Figures 3C, D). MMV688991 was least effective in Vero
CCL81 cells but caused up to a 1000-fold reduction in viral
load in HuH 7.5, Caco-2 and Calu-3 cells. Compound
MMV000063 caused a 10-fold reduction in viral load in HuH
7.5 and Caco-2 cells (Figures S3A, B). Treatment with
MMV024937 led to at least 10-fold decrease in viral load in
Vero CCL81 and Calu-3 (Figures S3G, H). MMV688124,
MMV024829 and MMV023953 did not present an antiviral
effect in any cell line tested, as assessed by RT-qPCR or
plaque assay.

Due to their antiviral effects, compounds MMV688279 and
MMV688991 were selected for an extra validation step. We used
an immunofluorescence assay to assess expression of the viral
Spike protein, confirming the antiviral effect of both compounds
in SARS-CoV-2-infected Vero CCL81 and Calu-3 cells
(Figure 4). MMV688279 reduced the frequency of SARS-CoV2
infected cells (Figures 4B, E) and the mean fluorescent intensity
(MFI) of infection per cell (Figures 4C, F) in both cell lines
tested. In parallel, MMV688991 had the most preeminent effect
on the frequency of infected cells from both lines.

In summary, four out of seven hit compounds (57%) were
validated in our assays as compounds with antiviral activity
against SARS-CoV-2 in vitro, at a concentration of 20 µM.
Among these compounds, MMV688279 and MMV688991
were the most potent, causing a significant reduction in viral
load in all cell lines tested, assessed either by viral RNA levels,
release of infectious viral progeny and spike protein expression.

3.3 Screening of a Compound Series
Derived From MMV688279 and
Identification of MMV1578396
A series of 40 compounds derived from MMV688279 were
obtained and screened in 384 well plates against SARS-CoV-2
infection in Vero CCL81 cells. We included resupplied
MMV688279, nitazoxanide and chloroquine as controls. As
expected, all control compounds protected Vero CCL81 cells
against SARS-CoV-2-induced CPE in the low micromolar range,
while vehicle-treated cells were mostly destroyed. We considered
FIGURE 1 | Study design for the high-throughput screening of MMV compound
collections against SARS-CoV-2 in vitro. A total of 400 compounds present in
MMV Pathogen Box were screened at 10 µM for the ability to inhibit virus-induced
cytopathic effect (InCPE). Compounds that presented at least InCPE > 50% (15
compounds) were considered hits and progressed to confirmatory tests after
resupply. Dose-response curves were performed and compounds that showed a
half maximal effective concentration (EC50) below 20 µM and a selectivity index
(SI) above 2 progressed to validation. The antiviral properties of 7 hit compounds
were evaluated in different cell lines (Vero, HuH 7.5, Caco-2 and Calu-3) infected
with SARS-CoV-2, leading to validation of MMV688279 and MMV688991.
April 2022 | Volume 2 | Article 854363
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two criteria for hit compound selection: 1) EC50 value lower than
20 µM; 2) SI greater than 4.0 (the SI ofMMV688279), which led us
to select MMV1578396. MMV1578396 presented an average EC50

of 7.5 µM and a CC50 of 39.1 µM, which resulted in an SI of 5.2.
The antiviral properties of MMV1578396 were validated in

infection assays in Vero CCL81 and Calu-3 cells (Figure 5). In
Vero CCL81 cells, MMV1578396 caused a 42-fold reduction in
infectious viral titers while MMV688279 caused a 380-fold
reduction, both at a concentration of 20 µM (Figure 5A). The
antiviral effect of MMV1578396 against SARS-CoV-2 was more
pronounced in Calu-3 cells, in which a 500-fold reduction in
infectious viral load was observed in cell cultures treated with the
compound at 20 µM. While treatment with MMV688279 or
MMV1578396 resulted in comparable reductions in infectious
viruses in cell culture at 20 µM, treatment with MMV1578396 at
2 µM caused a 50-fold reduction in viral load in Calu-3 cells
(Figure 5B). Analysis of viral RNA levels indicated that
treatment with MMV1578396 had no effect on viral load in
Vero CCL81 cells (Figure 5C) but caused a 10-fold reduction in
viral load in Calu-3 cells at 20 µM concentration (Figure 5D).
The effects of MMV688279 and MMV1578396 on viral RNA
levels in Calu-3 cells were mostly similar. Compounds
Frontiers in Virology | www.frontiersin.org 5
MMV688279 and MMV1578396 were not cytotoxic in the
concentrations tested in both Vero CCL81 and Calu-3 cells
(Figures 5E, F).

In summary, screening of a compound series derived from
MMV688279 resulted in the identification of MMV1578396,
which has a comparable selectivity index and was also validated
in antiviral assays against SARS-CoV-2.
4 DISCUSSION

The MMV Pathogen Box is a library containing 400 drug-like
molecules to be used for drug discovery against neglected and
new diseases. It contains reference compounds approved for
human use, and new compounds that have shown inhibitory
activity against the causative agents of malaria, tuberculosis,
toxoplasmosis, Chagas disease, cryptosporidiosis and dengue.
Using these compounds for drug discovery in the context of a
pandemic is a faster strategy to find bioactive compounds against
SARS-CoV-2. All compounds in the Pathogen Box were
previously tested for toxicity in vitro by MMV and found to be
adequate for initial drug discovery assays.
A B

C

FIGURE 2 | Screening of the MMV Pathogen Box for inhibitors of SARS-CoV-2-induced cytopathic effect (CPE) in Vero CCL81 cells. (A) 400 compounds (grey
circles) were tested for the ability to inhibit virus-induced CPE and cell death. Non-infected wells (100%, green) and infected vehicle-treated (0%, red) were used as
controls. Seven compounds (blue circles) that inhibited CPE > 50% were classified as hit candidates. (B) EC50/CC50 values for 7 hit compounds. Bars represent
means of two independent experiments performed on different days. Dots represent mean values from independent concentration-response curves performed in
triplicate. (C) Chemical structures of 7 selected hits.
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In the initial phase of our screening campaign, we identified
seven compounds that reduced virus-induced CPE, of which four
compounds had confirmed antiviral activity against SARS-CoV-
2: MMV000063, MMV024937, MMV688279 and MMV688991.
Interestingly, there are compounds that protect Vero CCL81 cells
from virus-induced cell death without affecting viral replication
(Figure 3E), thus being solely cytoprotective in the context of
infection. Compounds MMV688214, MMV024829 and
MMV023953 may increase Vero CCL81 cell survival or cell
proliferation, leading to their identification as hits in a cell
culture-based screening campaign. We could not ascertain
whether such cytoprotective compounds would be beneficial to
Frontiers in Virology | www.frontiersin.org 6
treat COVID-19 patients. Regarding the cells lines, Caco-2 is a
human epithelial cell line used for assays of drug absorption,
intestinal permeability and drug transport (23), and thus
frequently used in initial phases of drug discovery. HuH 7.5 is
a human hepatocyte cell line traditionally used for hepatitis C
virus research and found to express angiotensin-converting
enzyme 2 (ACE2) and transmembrane serine protease 2
(TMPRSS2), which are critical for SARS-CoV-2 infection (24).
Our data indicates that HuH 7.5 is a suitable model for antiviral
testing against SARS-CoV-2 in vitro. Calu-3 is also a human
epithelial cell line derived from lung and a recurrent in vitro
model used in COVID-19 studies. The use of different cell lines
A B

D

E

C

FIGURE 3 | MMV688279 and MMV688991 have potent antiviral effects against SARS-CoV-2 in different cell lines. (A, C) Viral RNA measured by RT-qPCR in
supernatant of cell cultures of different cell lines (Vero CCL81, HuH 7.5, Caco-2 and Calu-3) infected with SARS-CoV-2 and treated or not with MMV688279 (20 µM)
and MMV688991 (20 µM). (B, D) Infectious viral particles measured in the supernatant of different cell lines infected with SARS-CoV-2 and treated or not with
MMV688279 and MMV688991. *p<0.05, **p<0.01, ***p<0.001, ****P≤0.0001 relative to the virus-infected, vehicle-treated control group. Vehicle = DMSO (final
concentration 0.4%). Data representative of 2 independent experiments (n=6). (E) Extracted potency parameters logFC RT-qPCR (squares), logFC plaque assay
(triangle), -logEC50 (sphere) to each compound and each cell line. FC= fold change: FC= (average values of PFU/ml or viRNA copies/ml of untreated infected cell
supernatants) over (average values of PFU/ml or viRNA copies/ml of treated cells supernatants). EC50: compound concentration needed to reduce 50% of the
cytopathic effect induced by SARS-CoV-2 infection in Vero cells. -logEC50 (M) values are reported. The limit of detection of the assay is 10 PFU/mL.
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to validate our findings is based on the dependence of SARS-
CoV-2 on host proteases to initiate infection. SARS-CoV-2 Spike
protein is cleaved by the pH-dependent cysteine protease
cathepsin L (CTSL) in Vero CCL81 cells, whereas the same
Spike protein is cleaved by the pH-independent TMPRSS2
protease for SARS-CoV-2 entry in Calu-3 cells (25).

MMV000063 and MMV688991 are reference compounds
within the Pathogen Box. MMV000063 is a synthetic compound
commonly known as sitamaquine that has been used in the
treatment of leishmaniasis (26). Conversely, MMV688991
(nitazoxanide) has already been described as an inhibitor of
SARS-CoV-2 replication in vitro (27). Nitazoxanide is a broad-
spectrum antiviral compound and has been recommended as a
possible treatment against MERS-CoV and SARS-CoV-2 (28, 29).
Recent studies indicate that treatment with nitazoxanide reduces
viral load inmoderate COVID-19 patients, though amelioration of
symptoms seems dependent on early treatment administration
(28, 30, 31). To the best of our knowledge, we are first to report
that MMV688279 and MMV024937 (Figure 1) are active against
SARS-CoV-2. In vitro ADME and mouse PK data are available
and can be accessed in MMV portal (32). MMV688279 is a
dihydroquinazoline compound originally tested against
kinetoplastids. MMV688279 acts by inhibiting trypanothione
reductase, an enzyme involved in the antioxidant system of
Trypanosoma brucei that is essential for parasite growth in cell
culture (33). MMV024937 is a heterocyclic compound based on a
pyridine skeleton and is part of the anti-malarial compound set.
Frontiers in Virology | www.frontiersin.org 7
According to our initial results, compounds MMV688279
and MMV688991 were the most promising. Both compounds
caused a significant reduction of viral load in all cell lines
tested. Thus, these compounds are likely to act on conserved
cellular mechanisms to promote the antiviral effect against
SARS-CoV-2, which suggests that they may also be effective in
multicellular infection models and in vivo. Early PK studies
show poor oral bioavailability (F% = 20%) in mice, which
could be attributed to its high logD, rapid metabolization, low
Cmax and high volume of distribution, although the latter
parameter could potentially suggest distribution to the target
tissue, the lungs. However, with an IC50 below 20 µM in a
CYP2D6 inhibition assay, at this stage, MMV688279 could
lead to potential drug-drug interactions. Therefore, further
structure-activity and structure-property analyses should be
undertaken for this chemical class in order to achieve better
DMPK and safety profiles.

We identified compound MMV1578396 from a series of 40
compounds inspired in compound MMV688279. MMV1578396
performed similarly to compoundMMV688279 in screening and
validation assays in Vero CCL81 cells and reduced infectious
SARS-CoV-2 levels by 50-fold at a concentration of 2 mM in
Calu-3 cells (Figure 5B). Calu-3 cells are the cell culture gold
standard for compound testing in the context of COVID-19.
Compounds that effectively inhibit SARS-CoV-2 in this cell type
would be more likely to be effective in vivo, and eventually in
clinical trials in patients.
A B

D E F

C

FIGURE 4 | Indirect immunofluorescence (IFI) detection of SARS-CoV2 infecting Vero and Calu-3 cell lines after 22 h of infection. (A, D) The representative images
show the presence of Spike-1 protein stained with the Alexa647-labeled antibody (red) and confirm the hit activity of the compounds MMV688279 and MMV688991.
Cell nuclei were stained with Hoechst (blue); bar 20µm. (B, E) Frequency of CoV2+-infected cells and the (C, F) amount of infection per cell revealed by the mean
fluorescent intensity (MFI). *p<0.05 and **p<0.01 relative to the virus-infected control group. Vehicle–DMSO 0.4%.
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The experimental assessment of antiviral activity included
the use of both RT-qPCR and plaque assays. Quantification of
copies of viral RNA by RT-qPCR, although overly sensitive,
does not discriminate between infectious and non-infectious
Frontiers in Virology | www.frontiersin.org 8
particles. On the other hand, plaque assay titration reveals
infectious viral particles. Cell lines treated with MMV688279,
MMV688991 or MMV1578396 showed a more pronounced
reduction in viral load as indicated by plaque assays than by
A B

D

E F

C

FIGURE 5 | MMV1578396 has potent antiviral activity against SARS-CoV-2 in cell culture. (A, C) Viral RNA measured by RT-qPCR in supernatant of cell cultures of
different cell lines (Vero CCL81 and Calu-3) infected with SARS-CoV-2 and treated or not with MMV688279 (20 and 2 µM) and MMV1578396 (20 and 2 µM).
(B, D) Infectious viral particles measured in the supernatant of different cell lines infected with SARS-CoV-2 and treated or not with MMV688279 and MMV1578396.
(E, F) Cell viability measured by MTT assay in Vero CCL81 and Calu-3 non-infected cells treated with DMSO (control) or MMV688279 (20 µM) and MMV1578396 (20
µM). Viability expressed in percentage (%). *p<0.05, **p<0.01, ***p<0.001 relative to the virus-infected, vehicle-treated control group. Vehicle = DMSO (final
concentration 0.4%). Data representative of 2 independent experiments (n=8). The limit of detection of the assay is 10 PFU/mL.
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RT-qPCR (Figure 3E). This result indicates that such
compounds are likely interfering with middle-to-late phases
of viral replication, after viral RNA replication takes place.
Moreover, the mechanism of action by which MMV688279
and MMV1578396 inhibit SARS-CoV-2 replication is
presently unknown. Although none of these compounds are
potent in the nanomolar range, the discovery of their
mechanisms of action may inspire the development of more
potent compounds and new antiviral strategies.
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Supplementary Figure 1 | HTS assay quality assessment. 400 molecules from
the PathogenBox (from MMV) were redistributed in two 384-wells microplates,
named P1 and P2, with 32 positive (+) and negative (-) controls per plate. (A) plots
and statistical tables for the number of cells in control wells of HTS run-5 and run-6,
two independent replicates. (B) Z-factor values for plates P1 and P2 from HTS run-
5 and run-6. (C) Correlation plot between the normalized Inhibition of Sars-Cov-2
mediated cytopathic effect (%InCPE) obtained from HTS run-5 and run-6. Negative
controls (not infected), positive controls (infected and untreated), tested samples
and hit candidates are colored green, red, gray and blue, respectively.

Supplementary Figure 2 | Dose-response curves for seven hit compounds from
MMV Pathogen box. Vero CCL81 cells were infected with SARS-CoV-2 (MOI 0,1)
and incubated with compounds for 60h. (A–H) Dose-response curves for
compounds calculated on CPE inhibition (red) and compound toxicity (blue) to
calculate EC50 and CC50 values. (I–O) Evaluation of Mitotracker-stained
mitochondria fluorescence in Vero CCL81 cells incubated with seven hit
compounds. *Chloroquine used as reference compound.

Supplementary Figure 3 | Assessment of antiviral activity of confirmed hit
compounds against SARS-CoV-2 in different cell lines. (A, C, E, G, I) Infectious viral
load measured in the supernatant of different cell lines (Vero CCL81, HuH 7.5,
Caco-2 and Calu-3) infected with SARS-CoV-2 and treated or not with
MMV000063, MMV688124, MMV024829, MMV024937 and MMV023953. (B, D,
F, H, J) Viral RNA measured by RT-qPCR in supernatant of Vero, Huh 7.5, Caco-2
and Calu-3 cells infected with SARS-CoV-2 and treated or not with compounds.
*p<0.05, **p<0.01, ***p<0.001 relative to the virus-infected control group. Data
representative of 2 independent experiments (n=6). Vehicle – DMSO 0.4%. The limit
of detection of the assay is 10 PFU/mL

Supplementary Figure 4 | Screening of a compound series derived from
MMV688279 identified the hit compound MMV1578396 (A) 6-point dose-response
curve of MMV1578396 used to calculate EC50/CC50 values. (B) Chemical structure
of MMV1578396.
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