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Abstract: The repurposing of licenced drugs for use against COVID-19 is one of the most rapid ways
to develop new and alternative therapeutic options to manage the ongoing pandemic. Given circa
7817 licenced compounds available from Compounds Australia that can be screened, this paper
demonstrates the utility of commercially available ex vivo/3D airway and alveolar tissue models.
These models are a closer representation of in vivo studies than in vitro models, but retain the benefits
of rapid in vitro screening for drug efficacy. We demonstrate that several existing drugs appear to
show anti-SARS-CoV-2 activity against both SARS-CoV-2 Delta and Omicron Variants of Concern
in the airway model. In particular, fluvoxamine, as well as aprepitant, everolimus, and sirolimus,
has virus reduction efficacy comparable to the current standard of care (remdesivir, molnupiravir,
nirmatrelvir). Whilst these results are encouraging, further testing and efficacy studies are required
before clinical use can be considered.

Keywords: COVID-19; CoviRx.org; therapeutics; drug repurposing; 3D tissue models

Viruses 2022, 14, 2417. https://doi.org/10.3390/v14112417 https://www.mdpi.com/journal/viruses

https://doi.org/10.3390/v14112417
https://doi.org/10.3390/v14112417
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0002-7632-9633
https://orcid.org/0000-0003-2862-7983
https://orcid.org/0000-0002-5118-9005
https://orcid.org/0000-0002-2306-3050
https://orcid.org/0000-0002-6372-1804
https://orcid.org/0000-0002-0523-3853
https://orcid.org/0000-0003-1142-2615
https://orcid.org/0000-0002-3694-3989
https://orcid.org/0000-0003-4796-0394
https://orcid.org/0000-0002-8607-4849
https://orcid.org/0000-0001-7497-7082
https://orcid.org/0000-0001-9538-549X
https://orcid.org/0000-0002-3680-1577
https://orcid.org/0000-0002-7326-3210
https://doi.org/10.3390/v14112417
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v14112417?type=check_update&version=1


Viruses 2022, 14, 2417 2 of 18

1. Introduction

As of March 2022, the ongoing coronavirus disease-19 (COVID-19) pandemic has
resulted in nearly 500 million cases, over 6 million attributable deaths, and over 18 million
excess deaths worldwide [1,2].

Vaccines against COVID-19 are effective at reducing disease severity, but the reduced
efficacy against recent variants of the Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2) have raised questions about their ability to protect against future variants
without new or improved vaccine formulations [3]. Moreover, global vaccine inequity
means that approximately 3 billion people, primarily in low- and lower middle-income
countries, have yet to receive a single dose of a COVID-19 vaccine [4]. In addition, hesitancy
to be vaccinated or receive boosters, inadequate healthcare system funding, and logistical
issues in local vaccine distribution also contribute to not only diminished vaccination rates,
but also to the emergence of new variants [5]. Therefore, safe, effective, and affordable
therapeutics are urgently needed to treat individuals when they inevitably fall ill with
COVID-19.

Vaccines are but one tool in the anti-viral arsenal, with drugs and therapies having an
equally significant role to play in the response to the COVID-19 pandemic. Monoclonal
antibody (mAb) therapies developed against variants circulating early in the pandemic
appear to be less effective against the Omicron variant-of-concern (VOC), with the US Food
and Drug Administration (FDA) limiting the use of certain monoclonal antibody therapies
for the treatment of COVID-19 infections due to this reduced efficacy [6,7].

Within Australia, there are three drugs approved for the treatment of COVID-19:
remdesivir (Veklury; Gilead Sciences), molnupiravir (Lagevrio; Merck Sharp & Dohme),
and nirmatrelvir + ritonavir (Paxlovid; Pfizer) [8]. Remdesivir and molnupiravir are
nucleoside analogues, causing mutations within the SARS-CoV-2 genome and stalling of
genome replication, while nirmatrelvir (PF-07321332) is an inhibitor of the main SARS-CoV-
2 protease administered in combination with ritonavir [9–11]. Although these drugs show
efficacy against severe COVID-19, their high cost, and limited availability restrict access for
people in low and lower middle-income countries [12].

The repurposing of licenced drugs-drugs that have been approved for use against
a particular indication that show efficacy against another disease–is one of the fastest
ways to introduce new therapies into clinical use [13,14]. These drugs have already been
through clinical trials to demonstrate safety and have established production pipelines.
Accordingly, the pathway to the clinic for the treatment of COVID-19 is significantly shorter
than for novel compounds. As there are circa 8000 drugs available in open collections such
as ‘Compounds Australia’, repurposing is like looking for a needle in a haystack unless
a rigorous down-selection is implemented that involves in silico approaches followed
by in vitro assessments. In a related study, MacRaild et al. (2022) have methodically
down-selected the top 214 candidates from ~8000 candidates in Compounds Australia
collection [15]. This paper reports a follow-on study involving the preliminary in vitro/ex
vivo evaluation of the top 10 candidates (from the 214 identified in MacRaild et al. (2022)),
and controls (remdesivir and molnupiravir) against the SARS-CoV-2 Delta (B.1.617.2) VOC
in a human airway model. In addition, it further reports the secondary assessment of
three of the candidates plus two analogues with controls (remdesivir, molnupiravir, and
nirmatrelvir) against both Delta and Omicron (BA.1.1) VOC in the same model. This step
is essential before further in vivo evaluation and human clinical trials can take place, for
the following reasons: (1) considering the opportunity cost, it is not realistic to evaluate
hundreds of compounds in animal or human studies, therefore a triage process is required;
(2) animal and human ethics committees in well-regulated jurisdictions such as Australia
require in vitro efficacy data to reduce animal suffering (refining the experimental design;
reducing the number of animals required; replacing some of the evaluation with ex vivo
models; known as the ‘3R’ objectives) and risk to human health; (3) such in vitro/ex vivo
studies are comparatively inexpensive and quick to perform; (4) it is possible to test a
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range of drug concentrations and combinations, and have control over variables such as
the variant used for infection.

The potential for disagreement and disconnect between antiviral efficacy in cell lines
and in human patients, balanced with the need to screen and test drugs for efficacy before
human use, means that a middle-ground is required. One possible approach to better
bridge the gap between in vitro and in vivo experiments is through the use of ex vivo/3D
tissue models. The development and use of 3D tissue models (MicroPhysiological Systems,
or MPS) has increased significantly over the last 20 years, with commercial companies
providing a range of models corresponding to a variety of tissues [16]. These tissue models
have the advantage of incorporating a range of cell types into a more representative
structure of human tissues, allowing for the complex interplay between different cell types
to occur [17].

The respiratory tract is the main route of infection and transmission for SARS-CoV-2.
Three-dimensional models of these tissues are important and useful for screening and
testing drugs and therapies against SARS-CoV-2 infection [18,19]. Indeed, similar tissue
models have been used previously for the testing of antivirals against influenza virus and
rhinovirus, and their suitability for anti-SARS-CoV-2 agent testing has some supporting
evidence [20–24].

This study aimed to achieve the following objectives: (1) Validation of the EpiAirway
and EpiAlveolar tissue models from MatTek for use in SARS-CoV-2 infection and drug
screening experiments; (2) Application of the EpiAirway model for screening of ten li-
cenced drugs against SARS-CoV-2 infection; (3) Use of the EpiAirway model for secondary
assessment of the three most promising drugs and two analogues for their efficacy against
SARS-CoV-2 Delta and Omicron infection.

2. Materials and Methods
2.1. Viruses and Cells

The Delta (B.1.617.2; hCoV-19/Australia/VIC18440/2021; EPI_ISL_1913206) and Omi-
cron BA.1.1; hCoV-19/Australia/VIC28585/2021) variants of SARS-CoV-2 were kindly
provided by Drs Caly and Druce at the Victorian Infectious Diseases Reference Laboratory.
Working stocks were grown in Vero E6 cells (American Type Culture Collection; Manassas,
VA, USA), with Dulbecco’s Minimum Essential Medium (DMEM) supplemented with 2%
FBS, 2 mM GlutaMAX supplement, 100 U/mL penicillin, and 100 µg/mL streptomycin (all
components from ThermoFisher Scientific; Scoresby, VIC, Australia). Diluted inoculum
was used to inoculate Vero E6 cells for 1 h at 37 ◦C/5% CO2 before additional media was
added to the flask. The flasks were incubated for 48 h before supernatant was centrifuged
at 2000× g for 10 min to clarify, harvested and stored in 1 mL aliquots at −80 ◦C.

Identity of virus stocks were confirmed by next-generation sequencing using a MiniSeq
platform (Illumina, Inc.; San Diego, CA, USA). In brief, 100 µL cell culture supernatant from
infected Vero E6 cells was combined with 300 µL TRIzol reagent (ThermoFisher Scientific)
and RNA was purified using a Direct-zol RNA Miniprep kit (Zymo Research; Irvine, CA,
USA). Purified RNA was further concentrated using an RNA Clean-and-Concentrator kit
(Zymo Research), followed by quantification on a DeNovix DS-11 FX Fluorometer. RNA
was converted to double-stranded cDNA, ligated then isothermally amplified using a
QIAseq FX single cell RNA library kit (Qiagen; Hilden, Germany). Fragmentation and
dual-index library preparation was conducted with an Illumina DNA Prep, Tagmentation
Library Preparation kit. Average library size was determined using a Bioanalyser (Agilent
Technologies; San Diego, CA, USA) and quantified with a Qubit 3.0 Fluorometer (Invitrogen;
Carlsbad, CA, USA). Denatured libraries were sequenced on an Illumina MiniSeq using a
300-cycle Mid-Output Reagent kit as per the manufacturer’s protocol. Paired-end Fastq
reads were trimmed for quality and mapped to the published sequence for the SARS-CoV-2
reference isolate Wuhan-Hu-1 (RefSeq: NC_045512.2) using CLC Genomics Workbench
version 21 from which consensus sequences were generated. Stocks were confirmed to be
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free from contamination by adventitious agents by analysis of reads that did not map to
SARS-CoV-2 or cell-derived sequences.

EpiAirway and EpiAlveolar tissue models were purchased from MatTek Corpora-
tion (Ashland, MA, USA). Both models were grown at the air-liquid interface, with cell
compositions corresponding to the human airway and alveoli, respectively (Figure 1).
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Figure 1. Structure of MatTek EpiAirway and EpiAlveolar 3D Tissue Models. (A) EpiAirway tissue
model is composed of mucocilliary epithelial cells derived from normal human tracheal/bronchial
epithelial cells (NHBE) differentiated at the air-liquid interface. (B) EpiAlveolar tissue model is
composed of alveolar cells, fibroblasts and pulmonary endothelial cells derived from normal human
alveolar epithelial cells (NHAE), normal human pulmonary fibroblasts (NHPF), and normal human
pulmonary endothelial cells (NHPE) differentiated at the air-liquid interface. Colours are associated
with cell types as labelled.

2.2. Titration of Samples

Samples were titrated using a 50% Tissue Culture Infectious Dose (TCID50) assay. In
brief, samples were serially 10-fold diluted in DMEM supplemented with 2% FBS, 2 mM
GlutaMAX supplement, 100 U/mL penicillin, and 100 µg/mL streptomycin, starting at a
1:10 dilution. Six replicate dilution series per sample were dispensed into wells of a 96-well
plate (50 µL per well) into which 2 × 104 Vero E6 cells/well in 100 µL volume were added.
Plates were incubated at 37 ◦C/5% CO2 for four days before being assessed for the presence
of cytopathic effect. TCID50 titres were calculated using the six replicates for each sample
and the Spearman-Kärber method [25].

2.3. Preliminary Infections in Tissue Models

Infections were performed in the EpiAirway and EpiAlveolar tissue models to establish
their susceptibility to SARS-CoV-2 infection, and their suitability for use in drug screening
studies. Given their propensity to produce mucus, the apical side of the EpiAirway cells
were washed twice with PBS prior to use. Four conditions (mock, virus-only, remdesivir-
only (5 µM), and virus + remdesivir) were run in quadruplicate. A total of 5 µM remdesivir
or the equivalent volume of DMSO was added to basal media of the appropriate wells 1 h
prior to infection. Basal media containing DMSO or remdesivir was changed on Day 2 for
the 72 and 96 h plates to ensure cell health was maintained.
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Virus-containing inoculum was prepared by diluting SARS-CoV-2 Delta stock 1:10 in
model-specific medium. Mock inoculum was composed of medium without virus added.
A total of 100 µL or 200 µL appropriate inoculum was added to the apical side of the
EpiAirway and EpiAlveolar models, respectively, for an effective multiplicity of infection
(MOI) of approximately 0.01. After addition of inoculum, the cells were incubated for 1 h
at 37 ◦C/5% CO2 before 300 µL PBS was added to the apical side of each tissue model
followed by removal of all inoculum and wash.

For sample harvest, basal medium and apical wash samples were collected at 24, 48,
72, and 96 h post-infection. Apical wash samples were generated by applying 500 µL PBS
to the apical side of each tissue model, incubating for 30 min at 37 ◦C/5% CO2, followed
by removal into 2 mL Sarstedt tubes (Sarstedt; Mawson Lakes, SA, Australia). Both basal
medium and apical wash samples were stored at −80 ◦C until titration.

2.4. Drug Selection, Procurement, and Preparation

Prospective drugs were down-selected from the Compounds Australia Open Drug
collection using a set of filters as described previously [15]. The filters selected for the drugs
included previous information about SARS-CoV-2 antiviral activity, approval status, and
safety. Using this down-selection, the top ten drugs were selected for preliminary screening
(Table 1), with an additional two drug analogues selected for secondary screening. To allow
the scientific community to drive their own drug repurposing studies, a user-friendly web
interface (http://www.covirx.org/) has been established, providing data for approximately
8000 compounds [26].

Table 1. Test Drugs and Control Drugs Used in this Study.

Drugs Original
Indication Catalogue Number Purity Solubility

Remdesivir Antiviral S8932 99.38% DMSO, Ethanol
Molnupiravir Antiviral S0833 99.89% DMSO, Water, Ethanol
Nirmatrelvir (PF-07321332) Antiviral S9866 99.82% DMSO, Water, Ethanol
Aprepitant Antiemetic SML2215 >98% DMSO, Ethanol
Cyclizine Antiemetic S0897 98.17% DMSO, Water, Ethanol
Cetirizine Antihistamine S1291 99.54% DMSO, Water

Everolimus Immunosuppressant,
Anti-Cancer S1120 99.69% DMSO, Ethanol

Fluvoxamine Antidepressant S1336 99.80% DMSO, Ethanol
Lapatinib Anti-Cancer S2111 99.86% DMSO
L-Cycloserine Antibiotic S3945 – DMSO, Water
Ondansetron Antiemetic S1996 99.35% 0.5 M NaOH, 10 mM HCl
Probenecid Anti-Gout S4022 99.63% DMSO, Ethanol
Pyrimethamine Antiparasitic S2006 100% DMSO
Rolapitant Antiemetic S5476 99.67% Ethanol
Sirolimus Immunosuppressant 37,094 – DMSO, Ethanol

DMSO = Dimethyl Sulphoxide; NaOH = Sodium Hydroxide; HCl = Hydrochloric Acid.

The selected drugs, along with remdesivir, molnupiravir, and nirmatrelvir (PF-07321332)
for use as controls, were obtained from Selleck Chemicals (Houston, TX, USA) or Sigma
Aldrich (St Louis, MO, USA). Details of the drugs and controls chosen for the study such
as original indication, catalogue number, solubility and purity are summarised in Table 1,
with detailed description of each in Table 2 of the Results section (Section 3.2).

http://www.covirx.org/
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Table 2. Salient Features of Selected Drug Candidates.

Drug Class Description Activity Data
(against SARS-CoV-2) Cmax (µM) Protein

Binding (%) Reference

Remdesivir Antiviral
Nucleoside analogue used
in the treatment of
COVID-19

EC50 = 0.01 µM in human
airway epithelial cells – 83–93.6 [27]

Molnupiravir Antiviral
Nucleoside analogue used
in the treatment of
COVID-19

IC50 = 0.08 µM in Calu-3
cells – – [28,29]

Nirmatrelvir
(PF-07321332) Antiviral

Inhibitor of SARS-CoV-2
main protease (Mpro)
used in the treatment of
COVID-19

EC50 = 0.074 µM in Vero
E6 cells 4.42 69 [30,31]

Aprepitant Antiemetic

Neurokinin-1 receptor
antagonist used in
patients undergoing
cancer chemotherapy

No activity data reported 2.80 >95 [32]

Cyclizine Antiemetic
Histamine H1 antagonist
used to treat motion
sickness

EC50 = 10 µM against
SARS-CoV-1 pseudovirus
entry in Vero E6 cells

0.26 60–76 [33,34]

Cetirizine Antihistamine

Second-generation
antihistamine used to
treat allergic reactions
such as rhinitis, urticaria,
dermatitis, etc

No activity data reported 0.80 93–96 [35]

Everolimus Immunosuppressant

mTOR inhibitor used as
an immunosuppressant to
prevent rejection of organ
transplants

Reduced SARS-CoV-2
gene and protein
expression in Vero cells at
1 µM

0.19 74 [36,37]

Fluvoxamine Antidepressant

Selective serotonin
re-uptake inhibitor (SSRI)
used for the treatment of
obsessive compulsive
disorder (OCD)

IC50 = 10.54 µM in
HEK293T-ACE2-
TMPRSS2
cells

0.28 77–80 [38,39]

Lapatinib Anti-Cancer
Receptor tyrosine kinase
inhibitor used for the
treatment of breast cancer

EC50 = 0.7 µM in Calu-3
cells 4.18 >99 [40,41]

L-Cycloserine Antibiotic
GABA transaminase
inhibitor used to treat
tuberculosis

Inhibition of replication in
Vero E6 cells 830 None [42,43]

Ondansetron Antiemetic 5HT3 receptor antagonist
used as an antiemetic

EC50 = 2.47 µM in Vero E6
cells; no protection of
hamsters

0.43–0.66 73 [44,45]

Probenecid Anti-Gout
Uricosuric agent used to
decrease uric acid in the
body

IC50 = 0.0013 µM in
Normal Human
Bronchoepithelial cells

521 75–95 [46,47]

Pyrimethamine Antiparasitic

DHFR inhibitor used as
an antiparasitic for the
treatment of
cystoisosporiasis and
toxoplasmosis

58% inhibition of
cytotoxicity in Caco-2
cells when administered
at 10 µM

0.94 87 [48,49]

Rolapitant Antiemetic

NK1 anatagonist used as
an anti-emetic in patients
undergoing
chemotherapy

20% Inhibition of
cytotoxicity in Vero E6 1.90 99.8 [50,51]

Sirolimus Immunosuppressant

mTOR inhibitor used as
an immunosuppressant to
prevent rejection of organ
transplants

Reduced SARS-CoV-2
gene and protein
expression in Vero cells
and airway cultures at
1µM

0.016–0.098 92 [37,52]

Cmax = maximum plasma concentration; EC50 = 50% effective dose; IC50 = 50% inhibitory concentration;
mTOR = mammalian target of rapamycin; GABA = Gamma Amino Butyric Acid; 5HT3 = 5 hydroxytryptamine;
DHFR = Dihydrofolate Reductase; NK1 = Neurokinin 1.
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Where possible, drugs were obtained pre-dissolved as 10 mM stocks in DMSO. For
drugs not available in this format, 10 mM DMSO stocks were prepared and sterilised by
filtration through a 0.22 µm syringe filter. As ondansetron was insoluble in DMSO, it was
dissolved in 10 mM HCl and then filter sterilised.

2.5. Drug Screening Using the EpiAirway Tissue Model

Preliminary drug screening was performed using the EpiAirway tissue model. To
maximise the number of drug-concentration combinations that could be tested, each drug-
concentration combination was tested in singlicate, with controls (mock, virus-only, positive
toxicity (100 µM rotenone), and 10 mM HCl toxicity) run in biological triplicates. The 10 mM
DMSO stocks of drugs were diluted to the target concentrations of 25, 10, 2, 0.4, 0.08, and
0.016 µM in 5 mL EpiAirway medium and then added to the basal side of the tissue
model 1 h prior to infection. To exclude drug-induced cytotoxicity-related effects at higher
concentrations, wells treated with 10 µM of each drug, but not infected, were included in
the experimental design.

Virus-containing inoculum was prepared by diluting SARS-CoV-2 Delta stock 1:10 in
model-specific medium. Mock inoculum was composed of medium without virus added.
An amount of 100 µL appropriate inoculum was added to the apical side of the EpiAirway
for an effective MOI of approximately 0.01. After addition of inoculum, the cells were
incubated for 1 h at 37 ◦C/5% CO2 before 300 µL PBS was added to the apical side of each
tissue model followed by removal of all inoculum and wash.

For sample harvest, basal medium and apical wash samples were collected at 48 h
post-infection. Apical wash samples were generated by applying 500 µL PBS to the apical
side of each tissue model, incubating for 30 min at 37 ◦C/5% CO2, followed by removal
into 2 mL Sarstedt tubes (Sarstedt; Mawson Lakes, SA, Australia). Both basal medium and
apical wash samples were stored at −80 ◦C until titration.

Secondary drug screening was performed in the airway model using the three drugs
that showed most promise in the preliminary screening (fluvoxamine, everolimus, and
pyrimethamine), along with two analogues of drugs used in the preliminary screen (aprepi-
tant and sirolimus). Three control drugs (remdesivir, molnupiravir, and nirmatrelvir/PF-
07321332) were also run. As with the preliminary drug screening, each drug-concentration
combination was tested in singlicate, with controls (mock, Delta virus-only, Omicron virus-
only) run as biological triplicates. The 10 mM DMSO stocks of drugs were diluted to
the target concentrations of 10, 4, 1, 0.4, and 0.08 µM for remdesivir and nirmatrelvir
(PF-07321332), and 25, 10, 2, 0.4, and 0.08 µM for the rest, in 5 mL EpiAirway medium,
which was then added to the basal side of the tissue model 1 h prior to infection. Against
Omicron, additional treatment conditions were included combining 1 µM remdesivir with
10, 4, 1, or 0.4 µM pyrimethamine to determine whether a combinatorial effect could be
observed.

Virus-containing inoculum for Delta was prepared by diluting SARS-CoV-2 Delta stock
1:10 in model-specific medium, while Omicron inoculum was prepared by dilution of SARS-
CoV-2 Omicron stock 1:20 in medium. Mock inoculum was composed of medium without
virus added. An amount of 100 µL appropriate inoculum was added to the apical side of
the EpiAirway for an effective MOI of approximately 0.01. After addition of inoculum, the
cells were incubated for 1 h at 37 ◦C/5% CO2 before 300 µL PBS was added to the apical
side of each tissue model followed by removal of all inoculum and wash.

Toxicity of the drugs at 10 µM concentration (as well as 10 µM HCl for the Ondansetron
stock), relative to the 100 µM rotenone positive toxicity controls was performed using a
CyQUANT LDH Cytotoxicity Assay (ThermoFisher Scientific; Scoresby, VIC, Australia)
with 1:100 dilution of the apical wash and basal media samples, following the manufac-
turer’s protocol.
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3. Results
3.1. Preliminary Infections of EpiAirway and EpiAlveolar Tissue Models

Preliminary infections with SARS-CoV-2 Delta were performed in quadruplicate with
mock, virus-only, remdesivir-only, and virus + remdesivir conditions. Basal medium and
apical wash samples were collected at 24, 48, 72, and 96 h post-infection for virus titration.

Apical wash titres are presented in Figure 2. None of the basal media samples had
detectable virus. Peak virus titres for the virus-only wells of the EpiAirway and EpiAlveolar
models occurred on Day 3 post-infection with average titres of 4.7 × 106 TCID50/mL and
2.9 × 105 TCID50/mL, respectively. In general, there was greater variation amongst the
replicate samples in the EpiAlveolar model than the EpiAirway model, however both
models supported effective virus replication. Furthermore, 5 µM remdesivir effectively
suppressed virus growth in both tissue models.
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Figure 2. Growth of SARS-CoV-2 Delta in MatTek EpiAirway and EpiAlveolar 3D Tissue Models.
(A) Growth in the EpiAirway tissue model peaked on Day 3 post-infection with relative repro-
ducibility. An amount of 5 mM remdesivir was effective at preventing detectable infection in all but
one of the replicates on Day 3. (B) Growth in the EpiAlveolar tissue model also peaked on Day 3
post-infection, but with more variability between the replicates than EpiAirway. A total of 5 µM
remdesivir was effective at preventing detectable infection in all the samples. Dots represent titres
from biological quadruplicate samples coloured by tissue type. For horizontal lines, the large dark
lines represent the mean titre of the replicates, while the smaller, lighter lines represent the standard
error of the mean (SEM).
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3.2. Rationale behind the Selection of Candidate Drugs

Remdesivir has been in use since 2020, after it received approval status from FDA
to treat COVID-19 [53]. It is a nucleoside analogue that truncates viral genomes during
replication and introduces mutations [10]. Amongst several anti-viral agents, remdesivir
has been reported to have an IC50 value around 8 µM and was able to reduce the viral
load by approximately 30-fold at 1.5 µM by other researchers using in the EpiAirway
model [54]. In addition, despite being relatively less potent in clinical trials, molnupiravir,
another nucleoside analogue, was used as the second control drug in the preliminary drug
screening experiment [55]. For the secondary drug screening experiment, a third control
drug, nirmatrelvir (PF-07321332) was included. This drug is an inhibitor of the SARS-CoV-2
main protease and has been licenced for use as a COVID-19 therapy in humans [31,56].

As discussed in the materials and methods (Section 2.4), the test compounds were
selected based on the down-selection of drugs from a library of approximately 8000 com-
pounds. This down-selection generated a short-list of 214 compounds. After applying
sequential filters, ranking methodologies, and in-depth pharmacological analysis, the top
ten drugs were selected for testing within the EpiAirway model [15]. Salient features of the
selected drugs, such as their Cmax, protein binding, etc, are described in Table 2.

3.3. Primary Testing of Candidate Drugs in the EpiAirway Tissue Model

Testing of the top ten primary candidate drugs was performed using the EpiAirway
model. This model was selected due to it being more resilient than the EpiAlveolar model
(the EpiAirway model better-tolerated shipment from the US to Australia and could be
cultured for longer post-receipt compared to the EpiAlveolar model), as well as generally
having more reproducible titres between replicates. Basal medium and apical washes were
collected at 48 h post-infection to allow for the greatest virus growth without having to
change the basal media, which could have impacted the study due to the administration of
a de facto second dose of drug.

As observed with the preliminary infections, virus was not detectable in the basal
medium in any of the wells. Titres for the apical washes are summarised in Figure 3.
For the control drugs, remdesivir reduced virus titres by 54-fold at 2 µM and 5400-fold
at 10 µM, while molnupiravir only reduced virus titres (to below the limit of detection
(BLoD)) at a 25 µM concentration. L-cycloserine, probenecid, ondansetron, cyclizine,
lapatinib, and cetirizine did not reduce virus titres at any of the concentrations tested
(Figure 3). By contrast, reduction in virus titre was observed at the highest concentrations
for fluvoxamine (35-fold at 10 µM; BLoD at 25 µM), pyrimethamine (80-fold at 25 µM),
everolimus (170-fold at 10 µM; BLoD at 25 µM), and rolapitant (5370-fold at 10 and 25 µM).
These drugs compared favourably with molnupiravir but required higher concentrations
than remdesivir for an equivalent reduction in virus titre. It is worth noting that 25 µM
rolapitant exhibited some potential toxicity, as evidenced by apparently floating cells/cell
debris in both the basal media and apical wash samples from sample wells.
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Figure 3. Primary Screening of Selected Drugs on the Growth of SARS-CoV-2 Delta in MatTek
EpiAirway Tissue Model. Titres in the EpiAirway tissue model in the presence of 25, 10, 2, 0.4, 0.08,
or 0.016 µM control (Remdesivir and Molnupiravir) or test (Fluvoxamine, L-Cycloserine, Probenecid,
Pyrimethamine, Ondansetron, Cyclizine, Everolimus, Lapatinib, Cetrizine, and Rolapitant) drugs
were determined by titrating the apical wash samples collected after 48 hr (black dots). The Red
dashed line represents the average titre (±SD) from the biological triplicate Delta virus-only control
samples.

Toxicity assays performed on apical wash samples from the 10 µM drug-only wells
showed no significant toxicity at this concentration for any of the drugs (Figure 4).
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Figure 4. Toxicity of Drugs at 10 µM Concentration. Apical wash samples were collected and
analysed in triplicate for LDH release from cells. Absorbance was compared to positive toxicity
control (100 µM rotenone) and plotted as percentage of positive toxicity control for DMSO (green)
and test drugs (blue).

3.4. Secondary Testing of Candidate Drugs in the EpiAirway Tissue Model

To confirm results from the primary drug testing experiment, and to test two ana-
logues of drugs that appeared to show some efficacy in said experiment (rolapitant and
everolimus, analogues of rolapitant and sirolimus, respectively), fluvoxamine, everolimus,
pyrimethamine, aprepitant, and sirolimus were tested using the EpiAirway model against
both the Delta and Omicron (BA.1.1) VOC of SARS-CoV-2. Titrations were performed on
the apical washes, and are presented in Figure 5 for both Delta and Omicron VOC. In this
experiment, there appeared to be more variability between wells than observed with the
primary screening experiment, particularly with Delta, as observed by the wider standard
deviation lines for the virus-only controls. This was not unexpected as these wells were
differentiated as a different batch to those used in the first experiment, and reflect the
variability frequently observed with primary cells compared to cell lines. Against Delta
VOC (Figure 5A), all three control drugs showed strong antiviral efficacy, with complete in-
hibition of virus replication at 1–4 µM. Most of the test drugs showed 10–100-fold reduction
in virus titre at 25 µM, except for pyrimethamine, however the strength of the reduction
was somewhat masked by inter-well variability. Against Omicron VOC (Figure 5B), there
was strong activity with the control drugs, and there appeared to be a more pronounced
antiviral effect of fluvoxamine and aprepitant at the higher concentrations (BLoD with
25 µM fluvoxamine; 75-fold reduction with 10 µM aprepitant), although minimal reduction
in virus load was observed with the other test drugs. No toxicity was observed with the
drug concentrations used in this experiment.
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Figure 5. Secondary Screening of Selected Drugs on the Growth of SARS-CoV-2 Delta and Omicron in
MatTek EpiAirway Tissue Model. Titres of SARS-CoV-2 Delta (A) and Omicron (B) in the EpiAirway
tissue model in the presence of 10, 2, 0.4, or 0.08 µM remdesivir and nirmatrelvir or 25, 10, 4, 1,
or 0.4 µM molnupiravir, fluvoxamine, everolimus, pyrimethamine, aprepitant, or sirolimus were
determined by titrating the apical wash samples collected after 48 hr (black dots). The Red dashed
line represents the average titre (±SD) from the biological triplicate Delta virus-only control samples,
while the Blue dashed line represents the average titre (±SD) from the biological triplicate Omicron
virus-only control samples.

4. Discussion

Building upon in silico downselection of licenced drugs described in MacRaild et al.
(2022), this study demonstrates the utility of human ex vivo/3D tissue models for the
screening of drugs against emerging infectious diseases [15]. Considering the high cost
and global distribution inequities of licenced antivirals for COVID-19 (such as remdesivir,
molnupiravir, and nirmatrelvir), it is important to explore the antiviral potential of drugs
licenced for other conditions. By broadening our antiviral arsenal, equitable access to
effective treatments can be achieved globally, and not just in high-income countries [8,11,
28,30,31,57,58].

As expected, remdesivir, molnupiravir, and nirmatrelvir showed strong inhibition
of both Delta and Omicron (BA.1.1) VOC in the EpiAirway model. By contrast, only a
handful of the test drugs showed anti-SARS-CoV-2 activity at the concentrations tested.
Treatment of COVID-19 patients with fluvoxamine, a selective serotonin reuptake inhibitor,
has shown clinical efficacy against severe infection, although true antiviral activity (as
opposed to immune modulatory activity) has not been confirmed [59,60]. The results
presented in this study suggest that fluvoxamine affect virus replication at concentrations
>10 µM, although the antiviral activity of fluvoxamine is poorly characterised. Potential
explanations include its lysosomotropic property and interference with viral entry by
inhibiting the activity of acid sphingomyelase to convert sphingomyelin to ceramide and
sphingosine [61]. The effective antiviral concentration observed in this study (>10 µM)
means that direct antiviral activity in patients may be limited as such concentrations are
unlikely to be encountered in clinical use, where plasma concentrations of the drug are
usually around 0.3 µM following treatment [62]. It appears that the more likely explanation
for clinical efficacy of fluvoxamine in COVID-19 lies in its anti-inflammatory activity
through the decrease in endoplasmic reticulum stress responses and cytokine production
via antagonistic effects on the sigma-1-receptor [63].

Aprepitant, a neurokinin-1 receptor antagonist used as an antiemetic in patients
undergoing chemotherapy, showed efficacy against both Delta and Omicron VOC with
>10-fold reductions in virus titre at concentrations ≥10 µM. In silico molecular docking
analysis of SARS-CoV-2 proteases suggested that rolapitant (an analogue of aprepitant
tested in the primary screen) and ondansetron could serve as inhibitors of the main protease
(Mpro; targeted by nirmatrelvir) [64]. The relatively high concentration at which aprepitant
showed antiviral activity means that direct clinical antiviral efficacy is unlikely as the
maximum plasma concentration for aprepitant is approximately 2.8 µM–hence an effective
dose is unlikely to be achieved within the patient [32].

The effect of pyrimethamine and everolimus on SARS-CoV-2 growth in the EpiAirway
model was variable. Both drugs showed >100-fold reductions in virus titre at 25 µM in the
primary drug screening experiment, but this activity was not repeated in the secondary
drug experiment. The reason for this variation in efficacy is unclear. Pyrimethamine is an
inhibitor of dihydrofolate receptor (DHFR), involved in the biosynthesis of nucleotides
used in viral genome replication [65]. Accordingly, the impact of this drug may depend
on the availability of free nucleotides within the infected cell. Everolimus, as well as its
analogue, sirolimus, target the mTOR pathway which is known to be dysregulated during
SARS-CoV-2 infection [66]. The use of sirolimus for the treatment of COVID-19 has entered
Phase I clinical trials, but as yet no results have been published [67].
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A few of the drugs tested showed a lack of efficacy in this study that contradicts
previous studies. Lapatinib, an inhibitor of the ErbB family of receptor tyrosine kinases,
was shown to inhibit SARS-CoV-2 growth in human lung organoids with an EC50 of 0.4
µM; however in this study, no inhibition was observed even at the highest drug concen-
tration (25 µM) [41]. Probenecid, a uricosuric agent used in the treatment of gout, has
contradictory anti-SARS-CoV-2 activity data in the literature. Murray et al. (2021) indicated
that probenecid could inhibit SARS-CoV-2 replication in Vero cells and non-differentiated
normal human bronchoepithelial cells, as well as a reduction in virus load in infected
hamsters; however, Box et al. (2022) demonstrated a lack of antiviral activity in both Vero
cells and hamsters [47,68]. Our results agree with the latter study, with no observable
reduction in virus growth in the presence of the drug.

The screening of approved drugs for repurposing against new and emerging diseases
is no mean feat. With nearly 8000 compounds licenced for use in humans, a harmonisation
of approaches and coordination of efforts is appropriate to minimise duplication, reduce
false positives/negatives, and make best use of limited resources. The website https:
//www.covirx.org/ was developed to allow for the sharing of such information [26].
This study has focussed on the evaluation of a small number of approved drugs using a
commercially available ex vivo/3D tissue model system with a view to bridging the gap
between in vitro and in vivo models. Most screening studies use cell lines, as they are
easy to handle and can be used for high-throughput analysis; however, they frequently
overstate efficacy as all the cells are in direct contact with the drugs by virtue of being
bathed in media. Ex vivo/3D tissue models, particularly those grown at the air-liquid
interface, are more representative of conditions within the body where, in some tissues,
local concentrations of drugs may be lower due to strong intercellular attachments resulting
in poor drug permeation. Moreover, as these models are derived from primary human cells,
they reflect more accurately the variability in responses observed between individuals.

It is also important to note that drugs may show efficacy in one tissue model and not
in another depending on the importance of the drug target for virus replication in that
particular model. As such, a range of tissue models (e.g., cardiac, intestinal, lung, etc, for
COVID-19) should be trialled before firm conclusions are drawn. A further critical consid-
eration for drug repurposing is the determination of whether the effective concentration
for antiviral activity lies below the maximum plasma concentration (Cmax) for the drug in
humans. As mentioned above, direct antiviral activity of fluvoxamine and aprepitant in
the EpiAirway model occur at concentrations significantly higher than can be achieved in
patients following administration of typical therapeutic doses. Accordingly, their clinical
efficacy (at least from an antiviral perspective) should be further investigated using tissue
models of other important sites of infection, such as cardiomyocytes and intestine. In the
present study, an attempt was made to investigate the efficacy of two drugs in combination
(remdesivir and pyrimethamine). Such studies are recommended as the potency of combi-
nation drugs (particularly those with different mechanisms of action) can be synergistic,
and may reduce the risk of resistance [69].

A final consideration when presenting in vitro efficacy data for readily available drugs
is the potential for misuse. In the well-publicised cases of ivermectin and hydroxychloro-
quine, preliminary in vitro efficacy data (subsequently retracted) was exploited by some
individuals to promote alternative agendas even after clinical studies have demonstrated a
lack of efficacy in patients and, in some cases, that the use of these drugs can cause more
harm than good [70–74]. Although this study demonstrated the antiviral activity of several
licenced drugs against the Delta and Omicron VOC in 3D tissue models, results should
not be used to support their prescription outside the context of a well-established clinical
trial [75].

Author Contributions: Conceptualisation: A.J.M., P.J.v.V., N.J.G., C.M.O., N.B.S., E.A., A.K. and
S.S.V.; Methodology: A.J.M., P.J.v.V., S.G., S.R., N.J.G., I.K.S., M.P.B., S.K., K.R.B., M.T., C.M.O., N.B.S.,
C.M.K., R.M.S., E.V., E.A., D.J.C., N.L.T., S.M., A.K. and S.S.V.; Validation: A.J.M., N.J.G., C.M.O. and
C.A.M.; Formal Analysis: A.J.M., P.J.v.V., M.-U.-R.M., F., N.J.G., I.K.S., K.R.B., M.T., N.B.S., R.M.S.,

https://www.covirx.org/
https://www.covirx.org/


Viruses 2022, 14, 2417 15 of 18

D.J.C. and N.L.T.; Investigation: A.J.M., P.J.v.V., M.-U.-R.M., F., S.G., S.R., N.J.G., M.P.B., S.K., K.R.B.,
M.T., C.M.O., N.B.S., J.N.V. and A.V.V.; Resources: C.M.O., S.M. and S.S.V.; Data Curation: A.J.M.,
P.J.v.V., N.J.G., C.A.M., S.M. and S.S.V.; Writing—Original Draft: A.J.M., M.-U.-R.M., F., E.A., S.M.,
A.K. and S.S.V.; Writing—Review and Editing: P.J.v.V., N.J.G., I.K.S., S.C., K.R.B., C.M.O., N.B.S.,
J.N.V., A.V.V., C.M.K., C.A.M., E.V., E.A., D.J.C. and N.L.T.; Visualisation: A.J.M.; Supervision: S.S.V.;
Project Administration: S.C., C.M.O. and E.A.; Funding Acquisition: S.S.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was kindly funded (Principal Investigator: S.S.V.) by the Australian Depart-
ment of Health through its Medical Research Future Fund (Grant Number MRF2009092) and the
United States Food and Drug Administration (FDA) Medical Countermeasures Initiative (Contract
Number 75F40121C00144). The article reflects the views of the authors and does not represent the
views or policies of the funding agencies, including the FDA.

Institutional Review Board Statement: This study involved no human or animal subjects; however,
per the regulations in Australia, the use of human-derived cells was reviewed and approved by the
CSIRO Human Research Ethics Committee (Approval Number: 2021_083_LR; Approval Date: 14
September 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Any underlying data not presented can be provided by the correspond-
ing author upon reasonable request.

Acknowledgments: The authors would like to acknowledge the contributions made to the project
by the broader ‘systems initiative’: Amanda Peterson, Avinash Karpe, Carol Lee, Chaarvi Bansal,
Darcie Cooper, David Beale, Enzo Palombo, Hardik Jain, James Hudson, Jenny O’Connell, Jian-Wei
Liu, Kanta Subbarao, Kathie Burkett, Laurence Wilson, Lee Trinidad, Matt Cooper, Michael Kuiper,
Moana Simpson, Rohitash Chandra, Simone Clayton, Trevor Drew, Vinod Sundaramoorthy, and Vinti
Agarwal.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Worldometers.Info. COVID-19 Coronavirus Pandemic. 2022. Available online: https://www.worldometers.info/coronavirus/

(accessed on 18 September 2022).
2. Wang, H.; Paulson, K.R.; Pease, S.A.; Watson, S.; Comfort, H.; Zheng, P.; Aravkin, A.Y.; Bisignano, C.; Barber, R.M.; Alam, T.; et al.

Estimating excess mortality due to the COVID-19 pandemic: A systematic analysis of COVID-19-related mortality, 2020–2021.
Lancet 2022, 399, 1513–1536. [CrossRef]

3. Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M.;
et al. COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 386, 1532–1546. [CrossRef]
[PubMed]

4. Hunter, D.J.; Abdool Karim, S.S.; Baden, L.R.; Farrar, J.J.; Hamel, M.B.; Longo, D.L.; Morrissey, S.; Rubin, E.J. Addressing Vaccine
Inequity—COVID-19 Vaccines as a Global Public Good. N. Engl. J. Med. 2022, 386, 1176–1179. [CrossRef] [PubMed]

5. Mallapaty, S. Researchers Fear Growing COVID Vaccine Hesitancy in Developing Nations. Nature 2022, 601, 174–175. [CrossRef]
[PubMed]

6. Cavazzoni, P. Coronavirus (COVID-19) Update: FDA Limits Use of Certain Monoclonal Antibodies to Treat COVID-19 Due to
the Omicron Variant [Online]. 2022. Available online: https://www.fda.gov/news-events/press-announcements/coronavirus-
covid-19-update-fda-limits-use-certain-monoclonal-antibodies-treat-covid-19-due-omicron (accessed on 18 September 2022).

7. Takashita, E.; Kinoshita, N.; Yamayoshi, S.; Sakai-Tagawa, Y.; Fujisaki, S.; Ito, M.; Iwatsuki-Horimoto, K.; Chiba, S.; Halfmann, P.;
Nagai, H.; et al. Efficacy of Antibodies and Antiviral Drugs against Covid-19 Omicron Variant. N. Engl. J. Med. 2022, 386, 995–998.
[CrossRef] [PubMed]

8. Therapeutic Goods Administration. COVID-19 Treatments [Online]. 2022. Available online: https://www.health.gov.au/health-
alerts/covid-19/treatments (accessed on 18 September 2022).

9. Kabinger, F.; Stiller, C.; Schmitzová, J.; Dienemann, C.; Kokic, G.; Hillen, H.S.; Höbartner, C.; Cramer, P. Mechanism of
molnupiravir-induced SARS-CoV-2 mutagenesis. Nat. Struct. Mol. Biol. 2021, 28, 740–746. [CrossRef] [PubMed]

10. Kokic, G.; Hillen, H.S.; Tegunov, D.; Dienemann, C.; Seitz, F.; Schmitzova, J.; Farnung, L.; Siewert, A.; Höbartner, C.; Cramer, P.
Mechanism of SARS-CoV-2 polymerase stalling by remdesivir. Nat. Commun. 2021, 12, 279. [CrossRef]

11. Saravolatz, L.D.; Depcinski, S.; Sharma, M. Molnupiravir and Nirmatrelvir-Ritonavir: Oral COVID Antiviral Drugs. Clin. Infect.
Dis. 2022, ciac180. [CrossRef]

https://www.worldometers.info/coronavirus/
http://doi.org/10.1016/S0140-6736(21)02796-3
http://doi.org/10.1056/NEJMoa2119451
http://www.ncbi.nlm.nih.gov/pubmed/35249272
http://doi.org/10.1056/NEJMe2202547
http://www.ncbi.nlm.nih.gov/pubmed/35196425
http://doi.org/10.1038/d41586-021-03830-7
http://www.ncbi.nlm.nih.gov/pubmed/34949861
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-limits-use-certain-monoclonal-antibodies-treat-covid-19-due-omicron
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-limits-use-certain-monoclonal-antibodies-treat-covid-19-due-omicron
http://doi.org/10.1056/NEJMc2119407
http://www.ncbi.nlm.nih.gov/pubmed/35081300
https://www.health.gov.au/health-alerts/covid-19/treatments
https://www.health.gov.au/health-alerts/covid-19/treatments
http://doi.org/10.1038/s41594-021-00651-0
http://www.ncbi.nlm.nih.gov/pubmed/34381216
http://doi.org/10.1038/s41467-020-20542-0
http://doi.org/10.1093/cid/ciac180


Viruses 2022, 14, 2417 16 of 18

12. Kumar, M.; Fatma, A.; Bharti, N. Access to Medicines and Medical Equipment during COVID-19: Searching Compatibility
between the WTO and the WHO. India Q. 2022, 78, 68–87. [CrossRef]

13. Ashburn, T.T.; Thor, K.B. Drug repositioning: Identifying and developing new uses for existing drugs. Nat. Rev. Drug Discov.
2004, 3, 673–683. [CrossRef]

14. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.
Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [CrossRef] [PubMed]

15. MacRaild, C.; Muzaffar-Ur-Rehman, M.; Faheem; Murugesan, S.; Styles, I.; Peterson, A.; Kirkpatrick, C.; Cooper, M.; Palombo, E.;
Simpson, M.; et al. Systematic Down-Selection of Repurposed Drug Candidates for COVID-19. Int. J. Mol. Sci. 2022, 23, 11851.
[CrossRef] [PubMed]

16. North American 3Rs Collaborative. Microphysiological Systems Technology Hub [Online]. 2022. Available online: https:
//www.na3rsc.org/mps-tech-hub/ (accessed on 18 September 2022).

17. Lawko, N.; Plaskasovitis, C.; Stokes, C.; Abelseth, L.; Fraser, I.; Sharma, R.; Kirsch, R.; Hasan, M.; Abelseth, E.; Willerth, S.M. 3D
Tissue Models as an Effective Tool for Studying Viruses and Vaccine Development. Front. Mater. 2021, 8, 631373. [CrossRef]

18. D’Agnillo, F.; Walters, K.-A.; Xiao, Y.; Sheng, Z.-M.; Scherler, K.; Park, J.; Gygli, S.; Rosas, L.A.; Sadtler, K.; Kalish, H.; et al. Lung
epithelial and endothelial damage, loss of tissue repair, inhibition of fibrinolysis, and cellular senescence in fatal COVID-19. Sci.
Transl. Med. 2021, 13, eabj7790. [CrossRef]

19. Munker, D.; Osterman, A.; Stubbe, H.; Muenchhoff, M.; Veit, T.; Weinberger, T.; Barnikel, M.; Mumm, J.-N.; Milger, K.; Khatamzas,
E.; et al. Dynamics of SARS-CoV-2 shedding in the respiratory tract depends on the severity of disease in COVID-19 patients. Eur.
Respir. J. 2021, 58, 2002724. [CrossRef]

20. Boda, B.; Benaoudia, S.; Huang, S.; Bonfante, R.; Wiszniewski, L.; Tseligka, E.D.; Tapparel, C.; Constant, S. Antiviral drug
screening by assessing epithelial functions and innate immune responses in human 3D airway epithelium model. Antivir. Res.
2018, 156, 72–79. [CrossRef]

21. Ebisudani, T.; Sugimoto, S.; Haga, K.; Mitsuishi, A.; Takai-Todaka, R.; Fujii, M.; Toshimitsu, K.; Hamamoto, J.; Sugihara, K.;
Hishida, T.; et al. Direct derivation of human alveolospheres for SARS-CoV-2 infection modeling and drug screening. Cell Rep.
2021, 35, 109218. [CrossRef]

22. Gard, A.L.; Luu, R.J.; Miller, C.R.; Maloney, R.; Cain, B.P.; Marr, E.E.; Burns, D.M.; Gaibler, R.; Mulhern, T.J.; Wong, C.A.; et al.
High-throughput human primary cell-based airway model for evaluating influenza, coronavirus, or other respiratory viruses
in vitro. Sci. Rep. 2021, 11, 14961. [CrossRef]

23. Mulay, A.; Konda, B.; Garcia, G.; Yao, C.; Beil, S.; Villalba, J.M.; Koziol, C.; Sen, C.; Purkayastha, A.; Kolls, J.K.; et al. SARS-CoV-2
infection of primary human lung epithelium for COVID-19 modeling and drug discovery. Cell Rep. 2021, 35, 109055. [CrossRef]

24. Rijsbergen, L.C.; van Dijk, L.L.A.; Engel, M.F.M.; de Vries, R.D.; de Swart, R.L. In vitro Modelling of Respiratory Virus Infections
in Human Airway Epithelial Cells—A Systematic Review. Front. Immunol. 2021, 12, 3301. [CrossRef]

25. Kärber, G. Beitrag zur kollektiven Behandlung pharmakologischer Reihenversuche. Naunyn-Schmiedebergs Arch. Exp. Pathol.
Pharmakol. 1931, 162, 480–483. [CrossRef]

26. Jain, H.A.; Bansal, C.; Kumar, A.; Faheem; Muhammed, M.-U.-R.; Murugesan, S.; Simpson, M.M.; Karpe, A.V.; Chandra, R.;
MacRaild, C.A.; et al. CoviRx: A user-friendly interface for systemic down-selection of repurposed drug candidates for COVID-19.
Data, 2022; accepted.

27. Pruijssers, A.J.; George, A.S.; Schäfer, A.; Leist, S.R.; Gralinksi, L.E.; Dinnon, K.H.; Yount, B.L.; Agostini, M.L.; Stevens, L.J.;
Chappell, J.D.; et al. Remdesivir Inhibits SARS-CoV-2 in Human Lung Cells and Chimeric SARS-CoV Expressing the SARS-CoV-2
RNA Polymerase in Mice. Cell Rep. 2020, 32, 107940. [CrossRef] [PubMed]

28. World Health Organisation. WHO Updates Its Treatment Guidelines to Include Molnupiravir [Online]. 2022. Available online:
https://www.who.int/news/item/03-03-2022-molnupiravir (accessed on 18 September 2022).

29. Sheahan, T.P.; Sims, A.C.; Zhou, S.; Graham, R.L.; Pruijssers, A.J.; Agostini, M.L.; Leist, S.R.; Schäfer, A.; Dinnon, K.H.; Stevens,
L.J.; 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, 12, eabb5883. [CrossRef]

30. Owen, D.R.; Allerton, C.M.N.; Anderson, A.S.; Aschenbrenner, L.; Avery, M.; Berritt, S.; Boras, B.; Cardin, R.D.; Carlo, A.; Coffman,
K.J.; et al. An oral SARS-CoV-2 Mpro inhibitor clinical candidate for the treatment of COVID-19. Science 2021, 374, 1586–1593.
[CrossRef]

31. Hammond, J.; Leister-Tebbe, H.; Gardner, A.; Abreu, P.; Bao, W.; Wisemandle, W.; Baniecki, M.; Hendrick, V.M.; Damle, B.;
Simón-Campos, A.; et al. Oral Nirmatrelvir for High-Risk, Nonhospitalized Adults with COVID-19. N. Engl. J. Med. 2022, 386,
1397–1408. [CrossRef]

32. Drugbank. Aprepitant [Online]. 2022. Available online: https://go.drugbank.com/drugs/DB00673 (accessed on 18 September
2022).

33. National Health Sservice. Cyclizine [Online]. 2022. Available online: https://www.nhs.uk/medicines/cyclizine/#:~{}:text=
Cyclizine%20is%20an%20anti%2Dsickness,sickness%2C%20vertigo%20and%20travel%20sickness (accessed on 18 September
2022).

34. NCATS. Cyclizine Hydrochloride [Online]. 2022. Available online: https://opendata.ncats.nih.gov/covid19/sample/summary/
NCGC00016421 (accessed on 18 September 2022).

http://doi.org/10.1177/09749284211068461
http://doi.org/10.1038/nrd1468
http://doi.org/10.1038/nrd.2018.168
http://www.ncbi.nlm.nih.gov/pubmed/30310233
http://doi.org/10.3390/ijms231911851
http://www.ncbi.nlm.nih.gov/pubmed/36233149
https://www.na3rsc.org/mps-tech-hub/
https://www.na3rsc.org/mps-tech-hub/
http://doi.org/10.3389/fmats.2021.631373
http://doi.org/10.1126/scitranslmed.abj7790
http://doi.org/10.1183/13993003.02724-2020
http://doi.org/10.1016/j.antiviral.2018.06.007
http://doi.org/10.1016/j.celrep.2021.109218
http://doi.org/10.1038/s41598-021-94095-7
http://doi.org/10.1016/j.celrep.2021.109055
http://doi.org/10.3389/fimmu.2021.683002
http://doi.org/10.1007/BF01863914
http://doi.org/10.1016/j.celrep.2020.107940
http://www.ncbi.nlm.nih.gov/pubmed/32668216
https://www.who.int/news/item/03-03-2022-molnupiravir
http://doi.org/10.1126/scitranslmed.abb5883
http://doi.org/10.1126/science.abl4784
http://doi.org/10.1056/NEJMoa2118542
https://go.drugbank.com/drugs/DB00673
https://www.nhs.uk/medicines/cyclizine/#:~{}:text=Cyclizine%20is%20an%20anti%2Dsickness,sickness%2C%20vertigo%20and%20travel%20sickness
https://www.nhs.uk/medicines/cyclizine/#:~{}:text=Cyclizine%20is%20an%20anti%2Dsickness,sickness%2C%20vertigo%20and%20travel%20sickness
https://opendata.ncats.nih.gov/covid19/sample/summary/NCGC00016421
https://opendata.ncats.nih.gov/covid19/sample/summary/NCGC00016421


Viruses 2022, 14, 2417 17 of 18

35. Drugbank. Cetirizine [Online]. 2022. Available online: https://go.drugbank.com/drugs/DB00341 (accessed on 18 September
2022).

36. NCI. Everolimus [Online]. 2022. Available online: https://www.cancer.gov/about-cancer/treatment/drugs/everolimus (ac-
cessed on 18 September 2022).

37. Mullen, P.J.; Garcia, G.; Purkayastha, A.; Matulionis, N.; Schmid, E.W.; Momcilovic, M.; Sen, C.; Langerman, J.; Ramaiah, A.;
Shackelford, D.B.; et al. SARS-CoV-2 infection rewires host cell metabolism and is potentially susceptible to mTORC1 inhibition.
Nat. Commun. 2021, 12, 1876. [CrossRef] [PubMed]

38. National Institues of Health. Fluvoxamine [Online]. 2022. Available online: https://www.covid19treatmentguidelines.nih.gov/
therapies/immunomodulators/fluvoxamine/ (accessed on 18 September 2022).

39. Fred, S.M.; Kuivanen, S.; Ugurlu, H.; Casarotto, P.C.; Levanov, L.; Saksela, K.; Vapalahti, O.; Castrén, E. Antidepressant and
Antipsychotic Drugs Reduce Viral Infection by SARS-CoV-2 and Fluoxetine Shows Antiviral Activity Against the Novel Variants
in vitro. Front. Pharmacol. 2022, 12, 755600. [CrossRef] [PubMed]

40. Moy, B.; Kirkpatrick, P.; Kar, S.; Goss, P. Lapatinib. Nat. Rev. Drug Discov. 2007, 6, 431–432. [CrossRef]
41. Saul, S.; Karim, M.; Huang, P.-T.; Ghita, L.; Chiu, W.; Kumar, S.; Bhalla, N.; Leyssen, P.; Cohen, C.A.; Huie, K.; et al. Discovery

of pan-ErbB inhibitors protecting from SARS-CoV-2 replication, inflammation, and lung injury by a drug repurposing screen
[Preprint]. bioRxiv 2021. [CrossRef]

42. Amorim Franco, T.M.; Favrot, L.; Vergnolle, O.; Blanchard, J.S. Mechanism-Based Inhibition of the Mycobacterium tuberculosis
Branched-Chain Aminotransferase by d- and l-Cycloserine. ACS Chem. Biol. 2017, 12, 1235–1244. [CrossRef] [PubMed]

43. Touret, F.; Gilles, M.; Barral, K.; Nougairède, A.; van Helden, J.; Decroly, E.; de Lamballerie, X.; Coutard, B. In vitro screening of
a FDA approved chemical library reveals potential inhibitors of SARS-CoV-2 replication. Sci. Rep. 2020, 10, 13093. [CrossRef]
[PubMed]

44. Culy, C.R.; Bhana, N.; Plosker, G.L. Ondansetron. Paediatr. Drugs 2001, 3, 441–479. [CrossRef] [PubMed]
45. Nougairède, A.; Touret, F. Antiviral Activity Against SARS-CoV-2: Ondansetron; Aix Marseille University: Marseille, France, 2020;

Available online: https://www.european-virus-archive.com/sites/default/files/covid19-compounds-tests/Ondansetron.pdf
(accessed on 18 September 2022).

46. Pascale, L.R.; Dubin, A.; Hoffman, W.S. Therapeutic value of probenecid (Benemid®) in gout. J. Am. Med. Assoc. 1952, 149,
1188–1194. [CrossRef]

47. Murray, J.; Hogan, R.J.; Martin, D.E.; Blahunka, K.; Sancilio, F.D.; Balyan, R.; Lovern, M.; Still, R.; Tripp, R.A. Probenecid inhibits
SARS-CoV-2 replication in vivo and in vitro. Sci. Rep. 2021, 11, 18085. [CrossRef]

48. Ellinger, B.; Bojkova, D.; Zaliani, A.; Cinatl, J.; Claussen, C.; Westhaus, S.; Keminer, O.; Reinshagen, J.; Kuzikov, M.; Wolf, M.; et al.
A SARS-CoV-2 cytopathicity dataset generated by high-content screening of a large drug repurposing collection. Sci. Data 2021, 8,
70. [CrossRef]

49. Zimmerman, J.; Selhub, J.; Rosenberg, I.H. Competitive inhibition of folate absorption by dihydrofolate reductase inhibitors,
trimethoprim and pyrimethamine. Am. J. Clin. Nutr. 1987, 46, 518–522. [CrossRef]

50. Syed, Y.Y. Rolapitant: First Global Approval. Drugs 2015, 75, 1941–1945. [CrossRef]
51. Zaliani, A.; Vangeel, L.; Reinshagen, J.; Iaconis, D.; Kuzikov, M.; Keminer, O.; Wolf, M.; Ellinger, B.; Esposito, F.; Corona, A.; et al.

Cytopathic SARS-CoV-2 Screening on VeroE6 Cells in a Large Repurposing Effort. Available online: https://www.ebi.ac.uk/
chembl/document_report_card/CHEMBL4495565/ (accessed on 11 April 2022).

52. Drugbank Sirolimus. Available online: https://go.drugbank.com/drugs/DB00877 (accessed on 19 April 2022).
53. Wahl, A.; Gralinski, L.E.; Johnson, C.E.; Yao, W.; Kovarova, M.; Dinnon, K.H.; Liu, H.; Madden, V.J.; Krzystek, H.M.; De, C.; et al.

SARS-CoV-2 infection is effectively treated and prevented by EIDD-2801. Nature 2021, 591, 451–457. [CrossRef]
54. Food and Drug Administration. FDA Approves First Treatment for COVID-19. 2020. Available online: https://www.fda.gov/

news-events/press-announcements/fda-approves-first-treatment-covid-19 (accessed on 18 September 2022).
55. Wang, A.Q.; Hagen, N.R.; Padilha, E.C.; Yang, M.; Shah, P.; Chen, C.Z.; Huang, W.; Terse, P.; Sanderson, P.; Zheng, W.; et al.

Preclinical Pharmacokinetics and in vitro Properties of GS-441524, A Potential Oral Drug Candidate for COVID-19 Treatment.
Front. Pharmacol. 2022, 13, 918083. [CrossRef]

56. Lenze, E.J.; Mattar, C.; Zorumski, C.F.; Stevens, A.; Schweiger, J.; Nicol, G.E.; Miller, J.P.; Yang, L.; Yingling, M.; Avidan, M.S.; et al.
Fluvoxamine vs Placebo and Clinical Deterioration in Outpatients With Symptomatic COVID-19: A Randomized Clinical Trial.
JAMA 2020, 324, 2292–2300. [CrossRef] [PubMed]

57. Kozlov, M. Merck’s COVID Pill Loses its Lustre: What That Means for the Pandemic. Nature 2021. Available online: https:
//www.nature.com/articles/d41586-021-03667-0 (accessed on 18 September 2022). [CrossRef] [PubMed]

58. Abdelnabi, R.; Foo, C.S.; Jochmans, D.; Vangeel, L.; De Jonghe, S.; Augustijns, P.; Mols, R.; Weynand, B.; Wattanakul, T.; Hoglund,
R.M.; et al. The Oral Protease Inhibitor (PF-07321332) Protects Syrian Hamsters Against Infection with SARS-CoV-2 Variants of
Concern. Nat. Commun. 2022, 13, 719. [CrossRef] [PubMed]

59. Seftel, D.; Boulware, D.R. Prospective Cohort of Fluvoxamine for Early Treatment of Coronavirus Disease 19. Open Forum Infect.
Dis. 2021, 8, ofab050. [CrossRef] [PubMed]

60. Homolak, J.; Kodvanj, I. Widely available lysosome targeting agents should be considered as potential therapy for COVID-19. Int.
J. Antimicrob. Agents 2020, 56, 106044. [CrossRef] [PubMed]

https://go.drugbank.com/drugs/DB00341
https://www.cancer.gov/about-cancer/treatment/drugs/everolimus
http://doi.org/10.1038/s41467-021-22166-4
http://www.ncbi.nlm.nih.gov/pubmed/33767183
https://www.covid19treatmentguidelines.nih.gov/therapies/immunomodulators/fluvoxamine/
https://www.covid19treatmentguidelines.nih.gov/therapies/immunomodulators/fluvoxamine/
http://doi.org/10.3389/fphar.2021.755600
http://www.ncbi.nlm.nih.gov/pubmed/35126106
http://doi.org/10.1038/nrd2332
http://doi.org/10.1101/2021.05.15.444128
http://doi.org/10.1021/acschembio.7b00142
http://www.ncbi.nlm.nih.gov/pubmed/28272868
http://doi.org/10.1038/s41598-020-70143-6
http://www.ncbi.nlm.nih.gov/pubmed/32753646
http://doi.org/10.2165/00128072-200103060-00007
http://www.ncbi.nlm.nih.gov/pubmed/11437189
https://www.european-virus-archive.com/sites/default/files/covid19-compounds-tests/Ondansetron.pdf
http://doi.org/10.1001/jama.1952.02930300014004
http://doi.org/10.1038/s41598-021-97658-w
http://doi.org/10.1038/s41597-021-00848-4
http://doi.org/10.1093/ajcn/46.3.518
http://doi.org/10.1007/s40265-015-0485-8
https://www.ebi.ac.uk/chembl/document_report_card/CHEMBL4495565/
https://www.ebi.ac.uk/chembl/document_report_card/CHEMBL4495565/
https://go.drugbank.com/drugs/DB00877
http://doi.org/10.1038/s41586-021-03312-w
https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-covid-19
https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-covid-19
http://doi.org/10.3389/fphar.2022.918083
http://doi.org/10.1001/jama.2020.22760
http://www.ncbi.nlm.nih.gov/pubmed/33180097
https://www.nature.com/articles/d41586-021-03667-0
https://www.nature.com/articles/d41586-021-03667-0
http://doi.org/10.1038/d41586-021-03667-0
http://www.ncbi.nlm.nih.gov/pubmed/34903873
http://doi.org/10.1038/s41467-022-28354-0
http://www.ncbi.nlm.nih.gov/pubmed/35169114
http://doi.org/10.1093/ofid/ofab050
http://www.ncbi.nlm.nih.gov/pubmed/33623808
http://doi.org/10.1016/j.ijantimicag.2020.106044
http://www.ncbi.nlm.nih.gov/pubmed/32522674


Viruses 2022, 14, 2417 18 of 18

61. Carpinteiro, A.; Edwards, M.J.; Hoffmann, M.; Kochs, G.; Gripp, B.; Weigang, S.; Adams, C.; Carpinteiro, E.; Gulbins, A.; Keitsch,
S.; et al. Pharmacological Inhibition of Acid Sphingomyelinase Prevents Uptake of SARS-CoV-2 by Epithelial Cells. Cell Rep. Med.
2020, 1, 100142. [CrossRef] [PubMed]

62. Kasper, S.; Dötsch, M.; Kick, H.; Vieira, A.; Möller, H.-J. Plasma concentrations of fluvoxamine and maprotiline in major
depression: Implications on therapeutic efficacy and side effects. Eur. Neuropsychopharmacol. 1993, 3, 13–21. [CrossRef]

63. Facente, S.N.; Reiersen, A.M.; Lenze, E.J.; Boulware, D.R.; Klausner, J.D. Fluvoxamine for the Early Treatment of SARS-CoV-2
Infection: A Review of Current Evidence. Drugs 2021, 81, 2081–2089. [CrossRef]

64. Hosseini, M.; Chen, W.; Xiao, D.; Wang, C. Computational molecular docking and virtual screening revealed promising SARS-
CoV-2 drugs. Precis. Clin. Med. 2021, 4, 1–16. [CrossRef]

65. Heppler, L.N.; Attarha, S.; Persaud, R.; Brown, J.I.; Wang, P.; Petrova, B.; Tošić, I.; Burton, F.B.; Flamand, Y.; Walker, S.R.; et al. The
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