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Abstract

SARS-CoV-2 variants are emerging with potential increased transmissibility highlighting the
great unmet medical need for new therapies. Niclosamide is a potent anti-SARS-CoV-2
agent that has advanced in clinical development. We validate the potent antiviral efficacy of
niclosamide in a SARS-CoV-2 human airway model. Furthermore, niclosamide remains its
potency against the D614G, Alpha (B.1.1.7), Beta (B.1.351), and Delta (B.1.617.2) variants.
Our data further support the potent anti-SARS-CoV-2 properties of niclosamide and high-
lights its great potential as a therapeutic agent for COVID-19.

Introduction

Since its emerge in 2019, coronavirus disease 2019 (COVID-19) caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) led to over 3.8 million deaths worldwide as of
June 18", 2021 [1]. A tremendous joint research effort led to the approval of several vaccines
at unprecedented speed, yet anti-viral treatment options remain limited. At the same time, sev-
eral viral variants harboring mutations in the N-terminal (NTD) and receptor-binding domain
(RBD) of the spike protein gene, such as the B.1.1.7 (Alpha or 201/501Y.V1), B.1.351 (Beta or
20H/501Y.V2), B.1.617.2 (Delta) are causing global concern as they have been associated with
enhanced transmissibility and possible resistance to vaccines and antibody neutralization [2-
7]. The B.1.1.7 and B.1.351 lineages have been linked to increased transmission of SARS-CoV-
2 infection and B.1.617.2 to increased transmissibility and secondary attack rate [7-10]. The
vaccine efficacy of ChAdOx1 nCoV-19 has been reported to be reduced to 10.4% against the
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B.1.351 variant [6]. Thus, despite the recent vaccine roll-out, there remains a high unmet need
for novel therapeutics against SARS-CoV-2, which should be effective against circulating and
potentially emerging variants of concern of SARS-CoV-2.

Niclosamide has been identified as a potent inhibitor of SARS-CoV-2 in vitro and in vivo and
its optimized formulation for intranasal application and inhalation was well-tolerated in healthy
volunteers in a Phase 1 trial [11-14]. Herein, we sought to further characterize the anti-viral
properties of niclosamide by determining its potency in a human epithelial airway model of
SARS-CoV-2 infection and tested its efficacy against several variants of concern of SARS-CoV-2.

Material and methods
Antiviral assay using human airway epithelia (HAE)

The effect of niclosamide on the replication of SARS-CoV-2 in the HAE bronchial model
(Eptihelix) was determined as previously described by Touret et al. [15] and Pizzorno et al.
[16]. Mucilair™ HAE reconstituted from human primary cells of bronchial biopsies from two
different donors were purchased from Epithelix SARL (Geneva, Switzerland) and maintained
in an air-liquid interface with specific media from Epithelix. The donor 1 epithelium was
derived from a 56-year-old donor caucasian female with no existing pathologies reported or
detected. The donor 2 epithelium was derived from a 17 year old male without any pathology
reported. All samples provided by Epithelix SARL have been obtained with informed consent
as part of studies or other processes that have had ethical review and approval. These studies
were conducted according to the declaration of Helsinki on biomedical research (Hong Kong
amendment, 1989), and received approval from local ethics commission (our study did not
involve human participants and thus this statement is only applicable to Epithelix SARL
regarding their commercial activity and is not relevant for our study that is only in vitro).

Briefly, human bronchial epithelial cells were apically infected with the European D614G
strain of SARS-CoV-2 (BavPatl D614G) at a multiplicity of infection (MOI) of 0.1 and culti-
vated in basolateral media that contained different concentrations of niclosamide ethanolamine
(in duplicates) or no drug (virus control) for up to 4 days (treatment pre-infection and once
daily post-infection). Media was renewed daily containing fresh niclosamide ethanolamine.
Remdesivir was used as experimental positive control and non-treated samples as negative con-
trol. On day 2, 3 and 4 post-infection, samples were collected at the apical side and the viral titer
was estimated with a TCIDs assay. On day 4, cells were lysed, and the intracellular viral RNA
was extracted and quantified by qRT-PCR as described in the “IC50 determination” section.
Statistical analysis was performed using the Ordinary Two-way Anova for TCID50 and Ordi-
nary One-Way Anova for intracellular RNA, with Dunnett’s multiple comparisons test. Each
treatment group was compared with its respective negative control of the same assay.

For the evaluation of cytotoxicity in HAE, LDH (lactate dehydrogenase) release was measured
in the basal medium using the Cytotoxicity Detection KitPLUS (LDH) from Roche according to
the manufacturer instructions on day 4 post-treatment in non-infected cells of donor 2. Assess-
ing cytotoxicity based on LDH which is released from the cytosol of damaged cells has been pre-
viously performed in the context of HAE [17]. Each media from each assay duplicate was
analysed minimum in duplicates. Statistical analysis was performed using the Ordinary One-way
Anova with Dunnett’s multiple comparisons test. Raw data can be found in S1 Table.

Cell lines

VeroE6 (ATCC CRL-1586) and Caco-2 (ATCC HTB-37) cells were grown in minimal essen-
tial medium (Life Technologies) with 7.5% heat-inactivated fetal calf serum (FCS; Life Tech-
nologies), at 37°C with 5% CO, with 1% penicillin/streptomycin (PS, 5000U.mL ™" and
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5000ug.mL " respectively; Life Technologies), supplemented with 1% non-essential amino
acids (Life Technologies) and L-Glutamine (Life Technologies). VeroE6 TMPRSS?2 cells (ID
100978) were obtained from CFAR and were grown in the same medium with the addition of
G-418 (Life Technologies).

Virus strains

SARS-CoV-2 strain BavPatl was obtained from Pr. C. Drosten through EVA GLOBAL
(https://www.european-virus-archive.com/). SARS-CoV-2 201/501YV.1 (Alpha) was isolated
from a 18 years-old patient. The full genome sequence has been deposited on GISAID:
EPI_ISL_918165. The strain is available through EVA GLOBAL: UVE/SARS-CoV-2/2021/FR/
7b (lineage B 1. 1.7, Alpha). SARS-CoV-2 Wuhan D614 strain was generated by ISA method.
It contains the original D614 residue on the Spike protein. The strain is available through EVA
GLOBAL UVE/SARS-CoV2/2020/FR/ISA_D614. SARS-CoV-2 SA (lineage B 1.351, Beta) was
isolated in France in 2021 and is available through EVA GLOBAL: UVE/SARS-CoV-2/2021/
FR/1299-ex SA (lineage B 1.351). B.1.617.2 (Delta; hCoV-19/France/PAC-0610/2021) was iso-
lated in France in 2021 from an 87 old female patient and its full genome is deposited on
GISAID: EPI_ISL_2838050.

To prepare the virus working stock, a 25cm? culture flask of confluent VeroE6 cells growing
with MEM medium with 2.5% FCS was inoculated at a MOI of 0.001. Cell supernatant
medium was harvested at the peak of replication and supplemented with 25mM HEPES
(Sigma-Aldrich) before being stored frozen in aliquots at -80°C. All experiments with infec-
tious virus were conducted in a biosafety level 3 laboratory.

IC50 and CC50 determination

One day prior to infection, 5x10* VeroE6 / VeroE6 TMPRSS2 or 7x10* Caco-2 cells per well
were seeded in 100uL assay medium (containing 2.5% FCS) in 96 well culture plates. The next
day, eight 2-fold serial dilutions of niclosamide ethanolamine were added to the cells in triplicate
(25uL/well, in assay medium). Four virus control wells were supplemented with 25uL of assay
medium. After 15 min, 25uL of a virus mix diluted in medium was added to the wells. The
amount of virus working stock used was calibrated prior to the assay, based on a replication
kinetics, so that the viral replication was still in the exponential growth phase for the readout as
previously described [18, 19]. Four cell control wells (i.e. with no virus) were supplemented with
50pL of assay medium. On each culture plate, a control compound (Remdesivir, BLDpharm)
was added in duplicate as experimental control. Plates were incubated for 2 days at 37°C prior to
quantification of the viral genome by real-time RT-PCR. To do so, 100pL of viral supernatant
was collected in S-Block (Qiagen) previously loaded with VXL lysis buffer containing proteinase
K and RNA carrier. RNA extraction was performed using the Qiacube HT automat and the
QIAamp 96 DNA kit HT following manufacturer instructions. Viral RNA was quantified by
real-time RT-qPCR (GoTagq 1-step qRt-PCR, Promega) using 3.8pL of extracted RNA and 6.2pL
of RT-qPCR mix and standard fast cycling parameters, i.e., 10min at 50°C, 2 min at 95°C, and
40 amplification cycles (95°C for 3 sec followed by 30sec at 60°C). Quantification was provided
by four 2 log serial dilutions of an appropriate T7-generated synthetic RNA standard of known
quantities (10* to 10® copies/reaction). RT-qPCR reactions were performed on QuantStudio
12K Flex Real-Time PCR System (Applied Biosystems) and analyzed using QuantStudio

12K Flex Applied Biosystems software v1.2.3. Primers and probe sequences, which target
SARS-CoV-2 N gene, were: Fw: GGCCGCAAATTGCACAAT; Rev: CCAATGCGCGACATTCC;
Probe: FAM-CCCCCAGCGCTTCAGCGTTCT-BHQI. Viral inhibition was calculated as follow:
100* (quantity mean VC- sample quantity)/ quantity mean VC. The 50% and 90% inhibitory
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concentrations (IC50, IC90; compound concentration required to inhibit viral RNA replication
by 50% and 90%) were determined using logarithmic interpolation as previously described [18].
For the evaluation of the 50% cytotoxic concentrations (CC50), the same culture conditions as
for the determination of the EC50 were used, without addition of the virus, and cell viability was
measured using CellTiter Blue® (Promega) following manufacturer’s instructions. CC50 was
determined using logarithmic interpolation [18]. All data obtained were analyzed using Graph-
Pad Prism 7 software. Raw data can be found in S2 and S3 Tables.

Results and discussion

We first assessed niclosamide’s antiviral activity and cytotoxicity in two common cell lines:
VeroE6 which has been extensively used at the beginning of the pandemic for antiviral compound
profiling in which SARS-CoV-2 enters through Spike-induced fusion in endosomes and Caco-2
cells which naturally harbor ACE2 as well as the serine protease TMPRSS2 in a similar level to
Calu-3 cells and thus SARS-CoV-2 enters via TMPRSS2 fusion at the plasma membrane [20]. We
confirmed the antiviral potency shown in previous studies by Jeon et al. and Gassen et al. and
found a similar ICsq (S1 Fig). [11, 12]. To strengthen the in vitro data with a preclinical model
resembling the human respiratory tract, we employed a trans-well bronchial human airway epi-
thelium (HAE) model infected with SARS-CoV-2. HAE cultured at an airway-liquid interface has
been extensively used as an in vitro physiological model mimicking the human mucociliary airway
epithelium to validate the effectivity of antivirals on infections in conducting airways [16, 21, 22].

Niclosamide exhibited strong anti-SARS-CoV-2 activity by reducing the infectious titer and
intracellular RNA levels in the HAE model from two donors and three independent experi-
ments. In donor 1, niclosamide treatment with concentrations > 1.25 uM significantly reduced
the infectious titer to below the limit of detection on day 3 and 4 (Fig 1A, left panel) and signifi-
cantly reduced the intracellular viral RNA level on day 4 (Fig 1B, left panel). Aiming to deter-
mine the minimum effective concentration, a second independent experiment was performed
with donor 1 cells using concentrations < 1.25 uM which confirmed the antiviral activity of
niclosamide as 1 uM niclosamide significantly reduced the infectious titer on day 2-4 and the
intracellular RNA level on day 4 (S2 Fig). In donor 2, > 2.5 uM niclosamide significantly
reduced the infectious titer reaching a maximum effect of a 3.1-log fold reduction (Fig 1A, right
panel) and 5 pM niclosamide significantly reduced intracellular RNA levels on day 4 (Fig 1B,
right panel). No cytotoxicity was observed with concentrations tested (effective concentrations
used; 1.25-5 uM) as there was no significant increase in relative LDH activity on day 4 (Fig 1C).

Irrespective of the inter-donor variability in the degree of antiviral effect, these data validate
the substantial anti-SARS-CoV-2 effect of niclosamide in a reconstituted human airway model.

We then tested the activity of niclosamide against several variants of concern of SARS-CoV-2,
including the BavPatl strain (D614G), SARS-CoV-2 lineage B.1.1.7 (Alpha), SARS-CoV-2
Wuhan D614, SARS CoV-2 lineage B.1.351 (Beta) and SARS-CoV-2 lineage B.1.617.2 (Delta).
Since the Alpha variant has been shown to be attenuated on VeroE6 cells (e.g. low relative infec-
tivity, lower virus titer, smaller plaque size) we used VeroE6 TMPRSS2 cells to test for antiviral
efficacy against the variants of concerns [23].

Niclosamide inhibited replication of the SARS-CoV-2 original strain (Wuhan D614) in
VeroE6 TMPRSS2 cells with an ICsq of 0.13uM and ICyq of 0.16 uM which is in accordance
with previous studies [11, 12]. Importantly, niclosamide also blocked the replication of the
European BavPat D614G, B.1.1.7, B.1.351 and B.1.617.2 variant with an ICs, of 0.06 puM,

0.08 uM, 0.07 uM, and 0.08 uM respectively (Fig 2).

Thus, niclosamide is effective against all tested variants of SARS-CoV-2 having a similar

potency across the different strains compared to the original Wuhan D614 strain. These
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Fig 1. Antiviral efficacy of niclosamide in a trans-well model of human bronchial epithelium infected with SARS-CoV-2. Effect of niclosamide on the
infectious titer on day 2, 3 and 4 (A) and intracellular viral RNA on day 4 (B) in two donors. (C) Effect of niclosamide on relative LDH activity as measure of
cytotoxicity. **** = p < 0.0001, ** = p < 0.01, * = p < 0.05; Ordinary Two-Way ANOVA (A) and Ordinary One-Way ANOVA (B, C) with Dunnett’s multiple
comparison test. Raw data underlying this figure are shown in S1 Table. Nic = Niclosamide.

https://doi.org/10.1371/journal.pone.0260958.9001

data are in accordance with the recently published study by Lee et al. demonstrating that
niclosamide is equally effective against the Alpha and Beta variant in VeroE6 and Calu-3
cells [24].

Furthermore, these data are in line with the host-targeted mode of action of niclosamide,
which has been described to interfere with basic cellular mechanisms involved in SARS-CoV-2
replication, such as autophagy, the endosomal pathway and the TMEM16A chloride channel
[12, 25-27]. The molecule will also deserve further investigations to assess its potential role in
the chemotherapeutic armamentarium required for future emerging infectious disease pre-
paredness. Furthermore, the deployment of combination therapies with drugs that
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shown in S2 Table.
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complement the mode of action of niclosamide warrants further evaluation as an effective tool
in the combat of the current and a potential future pandemic.

Taken together, our findings support niclosamide’s therapeutic potential as a potent anti-
viral agent against SARS-CoV-2, including its variants of concern. Trials in patients with
COVID-19 are needed to substantiate future clinical use.

Supporting information

S1 Fig. Antiviral efficacy of niclosamide against SARS-CoV-2 (BavPat D614G) in VeroE6
and Caco-2 cells. Normalized response is displayed in (A) and raw fluorescence data in (B).
N = 3. IC = inhibitory concentration. CC = cytotoxic concentration.

(TIF)

$2 Fig. Minimum antiviral effective concentration of niclosamide in a trans-well model of
human bronchial epithelium infected with SARS-CoV-2. Effect of niclosamide on the infec-
tious titer on day 2, 3 and 4 (A) and intracellular viral RNA on day 4 (B) in donor 1. **** =

p < 0.0001, *** = p < 0.001, * = p < 0.05; Ordinary Two-Way ANOVA (A) and Ordinary
One-Way ANOVA (B) with Dunnett’s multiple comparison test. Raw data underlying this fig-
ure are shown in S1 Table. Nic = Niclosamide.

(TIF)

S1 Table. Raw data underlying Figs 1 and S2. Concentration of niclosamide in uM.
(DOCX)

S2 Table. Raw data underlying Fig 2. Data presented as viral RNA inhibition [%].
(DOCX)

S3 Table. Raw data underlying S1 Fig. Data presented as % normalized to control or as raw
data.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0260958 December 2, 2021 6/8


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260958.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260958.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260958.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260958.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260958.s005
https://doi.org/10.1371/journal.pone.0260958.g002
https://doi.org/10.1371/journal.pone.0260958

PLOS ONE

Niclosamide is efficacious in a human SARS-CoV-2 airway model and against SARS-CoV-2 variants

Acknowledgments

We would like to thank Noemie Courtin (UVE) for her excellent technical assistance. A part of
the work was done on the Aix Marseille University antivirals drug design platform “AD2P”.

Author Contributions

Conceptualization: Franck Touret, Bruno Hoen, Xavier de Lamballerie, Morten O. A.
Sommer.

Formal analysis: Anne Weiss, Franck Touret, Cecile Baronti, Magali Gilles.
Funding acquisition: Anne Weiss, Xavier de Lamballerie, Morten O. A. Sommer.
Investigation: Cecile Baronti, Magali Gilles.

Methodology: Franck Touret.

Project administration: Anne Weiss.

Resources: Antoine Nougairéde, Xavier de Lamballerie.

Supervision: Franck Touret, Antoine Nougairede, Xavier de Lamballerie, Morten O. A.
Sommer.

Visualization: Anne Weiss.
Writing - original draft: Anne Weiss, Morten O. A. Sommer.

Writing - review & editing: Anne Weiss, Franck Touret, Cecile Baronti, Magali Gilles, Bruno
Hoen, Antoine Nougairéde, Xavier de Lamballerie, Morten O. A. Sommer.

References

1. DongE, DuH, Gardner L. An interactive web-based dashboard to track COVID-19 in real time. The
Lancet Infectious Diseases. 2020. https://doi.org/10.1016/S1473-3099(20)30120-1 PMID: 32087114

2. Mahase E. Covid-19: Novavax vaccine efficacy is 86% against UK variant and 60% against South Afri-
can variant. The BMJ. BMJ Publishing Group; 2021. https://doi.org/10.1136/bmj.n296 PMID: 33526412

3. Johnson & Johnson Announces Single-Shot Janssen COVID-19 Vaccine Candidate Met Primary End-
points in Interim Analysis of its Phase 3 ENSEMBLE Trial | Janssen. [cited 26 Apr 2021]. Available:
https://www.janssen.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-
candidate-met-primary-endpoints

4. WangP, LiuL, lketani S, Luo Y, Guo Y, Wang M, et al. Increased Resistance of SARS-CoV-2 Variants
B.1.351 and B.1.1.7 to Antibody Neutralization. bioRxiv Prepr Serv Biol. 2021; 2021.01.25.428137.
https://doi.org/10.21203/rs.3.rs-155394/v1 PMID: 33532763

5. Xie X, Zou J, Fontes-Garfias CR, Xia H, Swanson KA, Cutler M, et al. Neutralization of N501Y mutant
SARS-CoV-2 by BNT162b2 vaccine-elicited sera. bioRxiv. 2021; 2021.01.07.425740. https://doi.org/
10.1101/2021.01.07.425740 PMID: 33442691

6. Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, et al. Efficacy of the ChAdOx1 nCoV-19
Covid-19 Vaccine against the B.1.351 Variant. N Engl J Med. 2021; NEJMoa2102214. https://doi.org/
10.1056/NEJMoa2102214 PMID: 33725432

7. Campbell F, Archer B, Laurenson-Schafer H, Jinnai Y, Konings F, Batra N, et al. Increased transmissi-
bility and global spread of SARS-CoV-2 variants of concern as at June 2021. Eurosurveillance. 2021;
26:2100509. https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509 PMID: 34142653

8. VolzE, Mishra S, Chand M, Barrett JC, Johnson R, Hopkins S, et al. Transmission of SARS-CoV-2
Lineage B.1.1.7 in England: Insights from linking epidemiological and genetic data. medRxiv. 2021;
2020.12.30.20249034. https://doi.org/10.1101/2020.12.30.20249034

9. Davies NG, Barnard RC, Jarvis Cl, Kucharski AJ, Munday J, Pearson CAB, et al. Estimated transmissi-
bility and severity of novel SARS-CoV-2 Variant of Concern 202012/01 in England. medRxiv. medRkxiv;
2020. p. 2020.12.24.20248822. https://doi.org/10.1101/2020.12.24.20248822

PLOS ONE | https://doi.org/10.1371/journal.pone.0260958 December 2, 2021 7/8


https://doi.org/10.1016/S1473-3099(20)30120-1
http://www.ncbi.nlm.nih.gov/pubmed/32087114
https://doi.org/10.1136/bmj.n296
http://www.ncbi.nlm.nih.gov/pubmed/33526412
https://www.janssen.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-candidate-met-primary-endpoints
https://www.janssen.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-candidate-met-primary-endpoints
https://doi.org/10.21203/rs.3.rs-155394/v1
http://www.ncbi.nlm.nih.gov/pubmed/33532763
https://doi.org/10.1101/2021.01.07.425740
https://doi.org/10.1101/2021.01.07.425740
http://www.ncbi.nlm.nih.gov/pubmed/33442691
https://doi.org/10.1056/NEJMoa2102214
https://doi.org/10.1056/NEJMoa2102214
http://www.ncbi.nlm.nih.gov/pubmed/33725432
https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
http://www.ncbi.nlm.nih.gov/pubmed/34142653
https://doi.org/10.1101/2020.12.30.20249034
https://doi.org/10.1101/2020.12.24.20248822
https://doi.org/10.1371/journal.pone.0260958

PLOS ONE

Niclosamide is efficacious in a human SARS-CoV-2 airway model and against SARS-CoV-2 variants

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Pearson CA. Estimates of severity and transmissibility of novel South Africa SARS-CoV-2 variant 501Y.
V2. Available: https://cran.r-project.org/package=wpp2019

Jeon S, Ko M, Lee J, Choi |, Byun SY, Park S, et al. Identification of antiviral drug candidates against
SARS-CoV-2 from FDA-approved drugs. Antimicrob Agents Chemother. 2020. https://doi.org/10.1128/
AAC.00819-20 PMID: 32366720

Gassen NC, Papies J, Bajaj T, Emanuel J, Dethloff F, Chua RL, et al. SARS-CoV-2-mediated dysregu-
lation of metabolism and autophagy uncovers host-targeting antivirals. Nat Commun 2021 121. 2021;
12: 1-15. https://doi.org/10.1038/s41467-020-20314-w PMID: 33397941

Backer V, Sj6bring U, Sonne J, Weiss A, Hostrup M, Johansen HK, et al. A randomized, double-blind,
placebo-controlled phase 1 trial of inhaled and intranasal niclosamide: A broad spectrum antiviral candi-
date for treatment of COVID-19. Lancet Reg Heal Eur. 2021; 100084. https://doi.org/10.1016/j.lanepe.
2021.100084 PMID: 33842908

Brunaugh AD, Seo H, Warnken Z, Ding L, Seo SH, Smyth HDC. Broad-Spectrum, Patient-Adaptable
Inhaled Niclosamide-Lysozyme Particles are Efficacious Against Coronaviruses in Lethal Murine Infec-
tion Models. bioRxiv. 2020.

Touret F, Driouich JS, Cochin M, Petit PR, Gilles M, Barthélémy K, et al. Preclinical evaluation of Imati-
nib does not support its use as an antiviral drug against SARS-CoV-2. Antiviral Res. 2021; 193: 105137.
https://doi.org/10.1016/j.antiviral.2021.105137 PMID: 34265358

Pizzorno A, Padey B, Julien T, Trouillet-Assant S, Traversier A, Errazuriz-Cerda E, et al. Characteriza-
tion and Treatment of SARS-CoV-2 in Nasal and Bronchial Human Airway Epithelia. Cell Reports Med.
2020. https://doi.org/10.1016/j.xcrm.2020.100059 PMID: 32835306

Essaidi-Laziosi M, Brito F, Benaoudia S, Royston L, Cagno V, Fernandes-Rocha M, et al. Propagation
of respiratory viruses in human airway epithelia reveals persistent virus-specific signatures. J Allergy
Clin Immunol. 2018; 141: 2074. https://doi.org/10.1016/j.jaci.2017.07.018 PMID: 28797733

Touret F, Gilles M, Barral K, Nougairéde A, van Helden J, Decroly E, et al. In vitro screening of a FDA
approved chemical library reveals potential inhibitors of SARS-CoV-2 replication. Sci Rep. 2020; 10:
130983. https://doi.org/10.1038/s41598-020-70143-6 PMID: 32753646

Delang L, Li C, Tas A, Quérat G, Albulescu IC, De Burghgraeve T, et al. The viral capping enzyme
nsP1: A novel target for the inhibition of chikungunya virus infection. Sci Rep. 2016;6. https://doi.org/10.
1038/s41598-016-0015-2 PMID: 28442741

Lee S, Yoon GY, Myoung J, Kim S-J, Ahn D-G. Robust and persistent SARS-CoV-2 infection in the
human intestinal brush border expressing cells. Emerg Microbes Infect. 2020; 9: 2169. https://doi.org/
10.1080/22221751.2020.1827985 PMID: 32969768

Boda B, Benaoudia S, Huang S, Bonfante R, Wiszniewski L, Tseligka ED, et al. Antiviral drug screening
by assessing epithelial functions and innate immune responses in human 3D airway epithelium model.
Antiviral Res. 2018. https://doi.org/10.1016/j.antiviral.2018.06.007 PMID: 29890184

Sheahan TP, Sims AC, Zhou S, Graham RL, Pruijssers AJ, Agostini ML, et al. An orally bioavailable
broad-spectrum antiviral inhibits SARS-CoV-2 in human airway epithelial cell cultures and multiple coro-
naviruses in mice. Sci Transl Med. 2020. https://doi.org/10.1126/scitransimed.abb5883 PMID: 32253226

Lamers MM, Breugem TI, Mykytyn AZ, Wang Y, Groen N, Knoops K, et al. Human organoid systems
reveal in vitro correlates of fitness for SARS-CoV-2 B.1.1.7. bioRxiv. 2021; 2021.05.03.441080. https://
doi.org/10.1101/2021.05.03.441080

Lee J, Lee J, JuKim H, Ko M, ungmee Jee Y, Kim S. TMPRSS2 and RNA-dependent RNA polymerase
are effective targets of therapeutic intervention for treatment of COVID-19 caused by SARS-CoV-2 vari-
ants (B.1.1.7 and 2 B.1.351) Institut Pasteur Korea. bioRxiv. 2021; 2021.04.06.438540. https://doi.org/
10.1101/2021.04.06.438540

Braga L, Ali H, Secco I, Chiavacci E, Neves G, Goldhill D, et al. Drugs that inhibit TMEM16 proteins
block SARS-CoV-2 Spike-induced syncytia. Nature. 2021; 1-8. https://doi.org/10.1038/s41586-021-
03491-6 PMID: 33827113

Jurgeit A, McDowell R, Moese S, Meldrum E, Schwendener R, Greber UF. Niclosamide Is a Proton Car-
rier and Targets Acidic Endosomes with Broad Antiviral Effects. PLoS Pathog. 2012; 8: €1002976.
https://doi.org/10.1371/journal.ppat.1002976 PMID: 23133371

Xu J, Shi PY, LiH, Zhou J. Broad Spectrum Antiviral Agent Niclosamide and Its Therapeutic Potential.
ACS Infect Dis. 2020; 6: 909—-15. https://doi.org/10.1021/acsinfecdis.0c00052 PMID: 32125140

PLOS ONE | https://doi.org/10.1371/journal.pone.0260958 December 2, 2021 8/8


https://cran.r-project.org/package=wpp2019
https://doi.org/10.1128/AAC.00819-20
https://doi.org/10.1128/AAC.00819-20
http://www.ncbi.nlm.nih.gov/pubmed/32366720
https://doi.org/10.1038/s41467-020-20314-w
http://www.ncbi.nlm.nih.gov/pubmed/33397941
https://doi.org/10.1016/j.lanepe.2021.100084
https://doi.org/10.1016/j.lanepe.2021.100084
http://www.ncbi.nlm.nih.gov/pubmed/33842908
https://doi.org/10.1016/j.antiviral.2021.105137
http://www.ncbi.nlm.nih.gov/pubmed/34265358
https://doi.org/10.1016/j.xcrm.2020.100059
http://www.ncbi.nlm.nih.gov/pubmed/32835306
https://doi.org/10.1016/j.jaci.2017.07.018
http://www.ncbi.nlm.nih.gov/pubmed/28797733
https://doi.org/10.1038/s41598-020-70143-6
http://www.ncbi.nlm.nih.gov/pubmed/32753646
https://doi.org/10.1038/s41598-016-0015-2
https://doi.org/10.1038/s41598-016-0015-2
http://www.ncbi.nlm.nih.gov/pubmed/28442741
https://doi.org/10.1080/22221751.2020.1827985
https://doi.org/10.1080/22221751.2020.1827985
http://www.ncbi.nlm.nih.gov/pubmed/32969768
https://doi.org/10.1016/j.antiviral.2018.06.007
http://www.ncbi.nlm.nih.gov/pubmed/29890184
https://doi.org/10.1126/scitranslmed.abb5883
http://www.ncbi.nlm.nih.gov/pubmed/32253226
https://doi.org/10.1101/2021.05.03.441080
https://doi.org/10.1101/2021.05.03.441080
https://doi.org/10.1101/2021.04.06.438540
https://doi.org/10.1101/2021.04.06.438540
https://doi.org/10.1038/s41586-021-03491-6
https://doi.org/10.1038/s41586-021-03491-6
http://www.ncbi.nlm.nih.gov/pubmed/33827113
https://doi.org/10.1371/journal.ppat.1002976
http://www.ncbi.nlm.nih.gov/pubmed/23133371
https://doi.org/10.1021/acsinfecdis.0c00052
http://www.ncbi.nlm.nih.gov/pubmed/32125140
https://doi.org/10.1371/journal.pone.0260958

