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Summary

Background To address the emergence of SARS-CoV-2, multiple clinical trials in humans were rapidly started,
including those involving an oral treatment by nitazoxanide, despite no or limited pre-clinical evidence of antiviral
efficacy.
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Methods In this work, we present a complete pre-clinical evaluation of the antiviral activity of nitazoxanide against
SARS-CoV-2.

Findings First, we confirmed the in vitro efficacy of nitazoxanide and tizoxanide (its active metabolite) against SARS-
CoV-2. Then, we demonstrated nitazoxanide activity in a reconstructed bronchial human airway epithelium model.
In a SARS-CoV-2 virus challenge model in hamsters, oral and intranasal treatment with nitazoxanide failed to
impair viral replication in commonly affected organs. We hypothesized that this could be due to insufficient diffu-
sion of the drug into organs of interest. Indeed, our pharmacokinetic study confirmed that concentrations of tizoxa-
nide in organs of interest were always below the in vitro EC,,.

Interpretation These preclinical results suggest, if directly applicable to humans, that the standard formulation and
dosage of nitazoxanide is not effective in providing antiviral therapy for Covid-19.
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Introduction

The threat of a global pandemic caused by a virus from
the Coronaviridae family, which are enveloped positive-
sense single-stranded RNA viruses, has been hanging
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over the whole world since the emergence of the severe
acute respiratory syndrome coronavirus (SARS-CoV)
and the Middle East respiratory syndrome (MERS-CoV).
In December 2019, cases of pneumonia were reported
in Wuhan, China." Few months later, the causative
agent was identified as a new betacoronavirus.” Named
SARS-CoV-2, this pathogen progressed worldwide to
such an extent that its disease, called coronavirus dis-
ease 2019 (COVID-19), was characterized as a pandemic
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Research in context

Evidence before this study

Nitazoxanide was one of the first compounds studied
during the emergence of SARS-CoV-2. Today, numerous
human clinical trials investigating the efficacy and
safety of oral NTZ therapy are underway worldwide.
However, preclinical evidence of antiviral efficacy is
lacking or limited. On the one hand, there are currently
no preclinical in vivo studies in the literature, and on
the other hand, too few studies report on the pulmo-
nary diffusion of this molecule.

Added value of this study

In the present study, we first confirmed the antiviral effi-
cacy of NTZ and TIZ (its circulating active metabolite) in
vitro before studying its activity against SARS-CoV-2 in
vivo. However, NTZ failed to reduce the severity of
SARS-CoV-2 infection in vivo in the Syrian hamster
model: No improvement in clinical disease progression,
viral replication and/or histopathological damage in the
lungs was observed. The two pharmacokinetic studies
(intra-organ dosing and modeling) that we performed,
concluded that the pulmonary distribution of tizoxanide
was insufficient. Therefore, the use of NTZ as an antiviral
against SARS-CoV-2, does not seem appropriate at the
current standard formulation and dosage.

Implications of all the available evidence

Our results suggest that the low pulmonary bioavailabil-
ity of NTZ remains the major challenge that needs to be
addressed in order to properly evaluate the potential
antiviral effect of NTZ in animal model and/or in clinical
trials.

by the World Health Organization on March 2020
COVID-19 leads to a broad spectrum of clinical syn-
dromes, ranging from pauci-symptomatic disease to
severe pneumonia and acute respiratory distress syn-
drome.* As a concerted effort between governments,
scientists, businesses, civil society and global health
organizations including Wellcome, Unitaid and BMGF,
the Access to COVID-19 Tools (ACT) Accelerator part-
nership was launched in April 2020. The collaboration
is articulated around four pillars and aim to provide a
global solution by accelerating development, produc-
tion, and equitable access to COVID-19 tests, treat-
ments, and vaccines widely including in LMICs. In this
context, the ANTICOV clinical trial was launched; its
main objective is to conduct an open-label, multicenter,
randomized, adaptive platform trial to test the safety
and efficacy of several marketed products, including
antiviral therapies versus control in mild/moderate of
coronavirus disease 2019 (Covid-19) in resource-lim-
ited-settings. Its aim is thereby to prevent spikes in hos-
pitalizations that could overwhelm fragile and already

overburdened health systems in low- and middle-
income countries. Thus, repurposed drugs, such as
NTA, have been considered as an interesting strategy to
identify active antiviral therapy against SARS-CoV-2.

Nitazoxanide (NTZ) was originally developed as an
antiprotozoal agent and marketed for the treatment
of Giardia and Cryptosporidium infections. In recent
years, it was identified as a broad-spectrum antiviral
drug’ 7 NTZ, and its active circulating metabolite,
tizoxanide (TIZ), inhibit the replication of a wide range
of RNA and DNA viruses in cell culture assays includ-
ing hepatitis B, hepatitis C, rotavirus, norovirus, den-
gue, yellow fever, Japanese encephalitis virus and the
human immunodeficiency virus.*° Its inhibitory
activity against viruses inducing respiratory infections
was specifically investigated.”® Notably, NTZ possesses
in vitro antiviral activity against influenza virus by block-
ing the maturation of the viral hemagglutinin, as well
as against MERS coronavirus and other coronaviruses
by inhibiting expression of the viral N protein.”"""

It is thus quite naturally that this molecule was rap-
idly considered as a potential repurposing candidate for
COVID-19 management.'* "2 NTZ was one of the first
molecules studied in vitro against SARS-CoV-2. One of
the earliest studies on SARS-CoV-2 reported a 50%
effective concentration (ECy,) of 2.12pM in Vero E6
cells at 48 h post-infection.*® Since then, several studies
have confirmed this first evaluation and have reported
EC,, values ranging between 1.29 and 7.94 HM.%*'
Assumptions regarding the possible role of TIZ against
numerous targets involved in SARS-CoV-2 pathogene-
sis affecting viral entry and multiplication were rapidly
proposed . Additionally, recent findings have also dem-
onstrated that NTZ could inhibit the TMEM16 protein,
a calcium-activated ion channel involved in phospho-
lipid transposition between the cell membranes, and
block SARS-CoV-2-Spike induced syncytia.>* In addi-
tion, NTZ may have the capacity to boost host innate
immune responses, affecting the well-described
COVID-19 inflammatory cytokine storm. Ambitious
expectations have also been raised about its potential
ability to improve multi-organ damage and providing
added value to patients with comorbidities.”> Conse-
quently, many clinical trials in human investigating the
efficacy and the safety of an oral treatment of NTZ alone
or in combination with other anti-SARS-CoV-2 candi-
dates are ongoing worldwide (https://clinicaltrials.gov/;
search terms: nitazoxanide|Covidig). Coverage Africa
for example is a nested study in the large ANTICOV
platform trial currently assessing the association of
Ciclésonide/Nitazoxanide (total daily dose 2000 mg for
14 days) and the Telmisartan, compared with a control
arm: paracetamol (NCT number: NCT04920838).

However, a full pre-clinical in vivo investigation of
the activity of NTZ against SARS-CoV-2 had yet to be
conducted. In the present study, we first confirmed the
antiviral efficacy of NTZ and TIZ in vitro before

www.thelancet.com Vol 82 Month , 2022


https://clinicaltrials.gov/

Articles

investigating activity against SARS-CoV-2 using recon-
stituted human airway epithelium and a previously
described Syrian hamster model.** *° A population
pharmacokinetic model was developed to compare expo-
sure in hamsters and humans, with the aim of assessing
whether the exposure to NTZ and TIZ in preclinical ani-
mal species can be achieved in humans, and whether the
antiviral potency observed in vitro can be recovered in
vivo.

Methods

Cells and human airway epithelia
Vero EG cells (ATCC CRL-1586, RRID:CVCL_o574) and
Caco-2 cells (ATCC HTB-37, RRID:CVCL_oo025) were
cultivated under 5% CO, and at 37.5°C in minimal
essential medium (MEM) supplemented with 7.5%
heat-inactivated fetal bovine serum (FBS), 1% non-
essential amino acids and 1% Penicillin/Streptomycin
(all from Life Technologies). All cell lines were pur-
chased from certified suppliers. Upon delivery they
were thawed, amplified and frozen in working aliquots
according to the suggestion of the suppliers. Cell lines
were tested negative for mycoplasma contamination.
Mucilair™ human airway epithelia (HAE) are recon-
stituted epithelia composed with human primary cells
at low passage (P1) which are fully differentiated and
functional. The HAE used in the present study have
been reconstituted from primary cells of bronchial biop-
sies of a 56-year-old donor Caucasian female with no
reported pathologies. They were maintained in air lig-
uid interface with a serum free specific media (all from
Epithelix SARL, Geneva, Switzerland, with informed
consent).

Virus

SARS-CoV-2 strain BavPatr was provided by Pr.Chris-
tian Drosten (Berlin, Germany) through European
Virus Archive GLOBAL (https://www.european-virus-
archive.com/). Inoculation with this strain at a MOI of
o.001, of a 25 cm? culture flask of confluent Vero E6
cells with MEM medium supplemented with 2.5% FBS,
allowed us to prepare virus working stocks. Each 24h
the cell supernatant medium was replaced in order to
be harvested at the peak of infection. It was supple-
mented with 25mM HEPES (Sigma-Aldrich), aliquoted
and stored at -80°C. Experiments with infectious virus
were performed in a biosafety level 3 laboratory.

In vitro determination of EC5o and CCgq

One day prior to infection, 96-well culture plates were
seeded with 5x10* Vero EG or Caco-2 cells in 1oopL
assay medium per well (containing 2.5% FCS). The next
day, eight 2-fold serial dilutions of compounds (from
20uM to o0.16UM for NTZ (BLDpharm) and from
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1001M to 0.78uM for TIZ (MedChemExpress)) in tripli-
cate were added to the cells (25puL/well, in assay
medium). For the determination of the 50% and 9o%
effective concentrations (EC, ECyo; compound con-
centration required to inhibit by 50% or 9o% viral RNA
replication), four “virus control” wells were supple-
mented with 25uL of assay medium without any com-
pounds. After 15min, a preset amount of virus diluted
in 25uL of assay medium was added to the wells. This
quantity of virus was calibrated so that the viral replica-
tion was still in the exponential growth phase for the
readout, as previously described®”>° which correspond
here to 150 TCID;, per well. Four “cell control” wells
were supplemented with 5oL of assay medium without
any compounds or virus. On each culture plate, a posi-
tive control compound (Remdesivir, BLDpharm) was
added in duplicate with eight 2-fold serial dilutions
(0.16UM to 20puM). Plates were incubated for 2 days at
37°C prior to quantification of the viral genome by real-
time RT-PCR as described below. For the determination
of the 50% cytotoxic concentrations (CC,; compound
concentration required to reduce by 50% cell viability),
the same culture conditions were used, without addition
of the virus, and cell viability was measured using
CellTiter Blue® (Promega) following manufacturer’s
instructions. ECs,, ECy, and CC,, were determined
using logarithmic interpolation as  previously
described.*® The selectivity index of the compounds was
calculated as the ratio of the CC;, over the ECy.

Ex vivo determination of antiviral activity

After being washed with pre-warmed OptiMEM
medium (Life technologies), human airway epithelia
were infected with SARS-CoV-2 at the apical side using
a MOI of o.1, as previously described (Pizzorno et al.,
2020). Cells were cultivated in a basolateral medium
that contained NTZ or remdesivir (positive control) at
different concentrations or with no drug (virus control).
Each day, medium was renewed and samples contain-
ing viral RNA were collected by washing the apical side
with 2001l of pre-warmed OptiMEM medium. Four
day after the infection, total intracellular RNA of each
well was extracted using the RNeasy 96 HT kit (Qiagen)
following manufacturer’s instructions. Viral RNA was
quantified by RT-qPCR and infectious titers were deter-
mined in daily samples by TCID,,, both described
below. Ex vivo experiments were approved by ethical
committee and were conducted according to the declara-
tion of Helsinki on biomedical research (Hong Kong
amendment, 1989).

In vivo experiments

Approval and authorization. In vivo experiments were
approved by the local ethical committee (C2EA—14)
and the French ‘Ministere de I'Enseignement
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Supérieur, de la Recherche et de I'Innovation’ (APA-
FIS#23975).

Animal handling. Three-week-old female Syrian ham-
sters were provided by Janvier Labs (SPF status). Ani-
mals were maintained in ISOcage P - Bioexclusion
System (Techniplast) with unlimited access to water/
food and 14h/10h light/dark cycle. A wooden gnawing
block and extra bedding material was provided as cage
enrichment. Animals were weighed and monitored
daily for the duration of the study to detect the appear-
ance of any clinical signs of illness/suffering. General
anesthesia was obtained with isoflurane (Isoflurin®,
Axience). Euthanasia, which was also realized under gen-
eral anesthesia, was performed by cervical dislocation.

Study design. Group size was calculated with an effect
size of 2 and a power of 80%, resulting in 5-6 animal-
s/group. Sample sizes were maximized within the
capacity of the BSL3 housing, and compound and virus
stock availability. A total of 101 animals were used in
this study. For the evaluation of antiviral activity of oral
and intranasal treatment of NTZ (Figures 3, 5 and Sup-
plementary Figure 2), groups of 6 animals were used
(total number of 42, 12 and 12 hamsters respectively for
data represented in Figures 3, 5 and Supplementary
Figure 2). For the evaluation of lung histopathological
changes (Figure 4), groups of 4 animals were used (total
number of 8 hamsters). For the determination of
plasma and lung concentrations of TIZ (Tables 1 and 2),
groups of 3 and 6 animals were used (total number of 9
and 18 hamsters respectively for the single dose experi-
ment and the multiple dose experiment). Animals were
randomly assigned to groups but confounders were not
controlled. Since, the same experimenters carried out
infection/treatment/clinical follow-up, it was impossi-

NTZ dose (mg/kg) Crnax (pg/ml) AUCq 241, (1g-h/ml)
250 3.14 418
50.0 6.27 8.36
100 12,5 16.7
125 15.7 209
250 314 41.8
500 62.7 836

Table 2: Simulated pharmacokinetic parameters derived from
nonlinear mixed-effect modelling using population mean
values and median body weight of 0.126kg.

Crnax: maximum plasma drug concentration; AUC,_,,: area under the
concentration-time curve from time o to 24h.

only for the evaluation of lung histopathological
changes. Predefined humane endpoints (>20% weight
loss, moribund and a scoring >10 calculated according
to a clinical evaluation scale) were set as exclusion crite-
ria. No animals were excluded from the study. For sum-
mary of the animal study design, a full ARRIVE list
(Animal Research: Reporting of In Vivo Experiments)
has been added as extra Supplementary Data file
(https://arriveguidelines.org).

Hamster infection. After one week of acclimatisation,
four-week-old anesthetized animals were intranasally
infected with sopL containing 10* TCID,, of virus in
0.9% sodium chloride solution. The mock-infected
group was intranasally inoculated with 50 pL of 0.9%
sodium chloride solution.

Drug preparation and administration. Hamsters were
orally treated with either a NTZ solution at tomg/mL,
suspension at 2ymg/mlL or emulsion at 2.5mg/mL, pre-
pared from NTZ powder (BLD Pharm). The solution

ble to perform a blind trial. Blind trail were performed  was prepared with o0.5% of hydroxypropyl
Time post-treatment Plasma jig/mL Lung lg/g L/p ratio (%)
1h 516 +4.24 0.16;0.22 § 48;2.2
(194 + 16.0nM) (0.61; 0.841M/g)
Single Dose: 13.5mg 2h 339+1.76 0.13x 2.7
(control uninfected) 12.8 £ 6.62uM (0.501M/g)
4h 0.82 + 0.57 0.06 & 4.2
(3.10 £ 2.16p1M) (0.23uM/g)
Multiple Dose: 500mg/kg/day BID (at 3 dpi) 12h 094 +£1.07§ 0.06;0.06 $ 2.7;328
(3.54 £+ 4.21pM) (0.21; 0.21uM/q)
Multiple Dose: 750mg/kg/day TID (at 3 dpi) 12 hours 149 +1.15 0.07;0.16 $ 29;63
(5.63 + 4.351M) (0.28 ; 0.60M/g)
Table 1: Plasma and lung concentrations of TIZ after administration of a single dose or multiple dose of NTZ.
Multiple Dose: PK realized after 3 days of nitazoxanide administered two or three times a day, at the end of the dosing interval (trough concentrations). Data
represent mean + SD for plasma concentrations and individual values for lung concentrations and L/p ratios. These data represent a summary of Supplemen-
tary Data 5. Symbols §, ® and $ represent respectively 1, 2 and 4 values below the limit of quantification.
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methylcellulose and 0.1% of tween 8o. For the suspen-
sion NTZ was dissolved in a vehicle composed of 90%
(v / v) sterile distilled water, 7% (v / v) of tween 8o and
3% (v / v) ethanol 80%. The emulsion (aqueous/organic
phase ratio of 80/20) for intranasal instillation was pre-
pared with an aqueous phase (sterile distilled water
094% and absolute ethanol 6%) added gradually to an
organic phase (NTZ 20mg/mL in cinnamaldehyde 75%
and Kolliphore EL 25%) under constant stirring. A solu-
tion of favipiravir, reconstituted from anhydrous favipir-
avir (Toyama-Chemical) with 0.9% sodium chloride
solution, was used for intra-peritoneally and intranasally
treatment. Control group were orally or intranasally
inoculated with a 0.9% sodium chloride solution.

Tissue collection. Lungs, nasal turbinates and blood
were collected immediately after euthanasia. The left
pulmonary lobe was first rinsed in romL of 0.9%
sodium chloride solution, blotted with filter paper and
weighed. Nasal turbinates and pulmonary lobes were
transferred to a 2mlL tube containing respectively
500l or 1mL of 0.9% sodium chloride solution and
mmm or 3mm glass beads. They were crushed using a
Tissue Lyser machine (Retsch MMgoo0) for smin at
30 cycles/s and then centrifuged 10 min at 16,200g.
Crushed nasal tubinates were stored at -80°C while
lung supernatant media were transferred to a 1.5mL
tube, for another centrifugation during 10 min at
16,200g prior being stored at -80°C. One milliliter of
blood was harvested in a 2mL tube containing 10opL of
0.5M EDTA (Life Technologies). Blood was centrifuged
for 10 min at 16,200g and stored at -80°C.

Quantitative real-time RT-PCR (RT-qPCR) assays

All experiments were conducted in a molecular biology
laboratory that is specifically devoted to molecular clini-
cal diagnosis and which includes separate laboratories
dedicated to each step of the procedure. Prior to PCR
amplification, RNA extraction was carried out using the
QIAamp 96 DNA kit and the Qiacube HT kit and the
Qiacube HT (both from Qiagen) following the man-
ufacturer’s instructions. Shortly, 1oopl of tissue clari-
fied homogenates, spiked with 1oL of internal control
(bacteriophage MS2), or viral supernatant were trans-
ferred into an S-block containing the recommended vol-
umes of VXL, proteinase K and RNA carrier.

RT-qPCR (SARS-CoV-2 and MS2 viral genome
detection) were performed with the GoTaq 1-step qRt-
PCR kit (Promega) using 3.8HL of extracted RNA and
6.2pL of RT-qPCR mix that contains 250nM of each
primer and 75nM of probe. Primers and probes sequen-
ces used are described in Supplementary Table 3. Quan-
tification was provided by four 2 log serial dilutions of
an appropriate T7-generated synthetic RNA standard of
known quantities (10* to 108 copies/reaction).
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Amplification was performed with the QuantStudio 12K
Flex Real-Time PCR System (Applied Biosystems) using
standard fast cycling parameters: 1omin at 50°C, 2 min
at 95°C, and 40 amplification cycles (95°C for 3 sec fol-
lowed by 30sec at 60°C). qPCR (y-actine gene detection)
was performed under the same condition as RT-qPCR
with the following modifications: we used the Express
one step qPCR Universal kit (ThermoFisher Scientific)
and the 50°C step of the amplification cycle was
removed. Results were analyzed using QuantStudio 12K
Flex Applied Biosystems software v1.2.3.

Tissue-culture infectious dose 50 (TCIDg() assay

To determine infectious titers, 96-well culture plates
containing confluent Vero EG cells were inoculated with
150l per well of serial dilutions of each sample (ten-
fold or four-fold dilutions when analyzing cell superna-
tant media or lung clarified homogenates respectively).
Each dilution was performed in sextuplicate. After
5 days of incubation, plates were read for the absence or
presence of cytopathic effect in each well. Infectious
titers were estimated using the method characterized by
Reed & Muench.>®

Nitazoxanide quantification in plasma and tissues
Quantification of TIZ in plasma and lung tissues was
performed by high-performance liquid chromatography
with UV detection method (Alliance 2695, Waters,
USA) with a lower limit of quantification of o.o1pug/mL.
The mobile phase consisted of 0.1% FA in water and
0.1% of FA in ACN (65:35, v/v). The chromatographic
separation was achieved using an isocratic mode with
an Xbridge BEH C18 2.5um 4.6 x 1oomm column.
Peak area was quantified at 340onm using the Waters
2489 detector. TIZ was extracted by a simple protein
precipitation method, using acetonitrile for plasma and
ice-cold acetonitrile for clarified lung homogenates.
Briefly, 200pL of samples matrix was added to 1ooopuL
of acetonitrile solution containing the internal standard
(thiopental), then vortexed for 2min followed by centri-
fugation for romin at 4°C. The supernatant medium
was evaporated under vacuum, then transferred to a
r.smL Eppendorf tube. The dried residue was reconsti-
tuted with 1oopl of ACN:water (50:50), vortexed for 30
seconds and centrifuged again for romin at 4°C. The
supernatant was transferred to an autosampler and
sopL was injected.

Histology

Animal handling, hamster infections, NTZ preparation
and oral administrations were performed as described
above. The anatomo-histological study was imple-
mented as previously described.*#*° Briefly, lungs were
collected after intratracheal instillation of 4% (w/v)
formaldehyde solution, and then fixed 72h at room
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temperature with a 4% (w/v) formaldehyde solution
before being embedded in paraffin. Tissue sections of
3.51m were stained with hematoxylin-eosin (H&E) and
blindly analyzed by a certified veterinary pathologist.
Microscopic examination was done using a Nikon
Eclipse E400 microscope. Different anatomic compart-
ments were examined (1) for bronchial and alveolar
walls, a score of o to 4 was assigned based on severity of
inflammation; (2) regarding alveoli, a score of o to 2
was assigned based on presence and severity of hemor-
rhagic necrosis; (3) regarding vessel changes (leucocytic
accumulation in vascular wall or in endothelial compart-
ment), absence or presence was scored o or I respectively.
A cumulative score was then calculated and assigned to a
grade of severity (see Supplementary Table 4).

Pharmacokinetic modelling and simulation

NTZ is rapidly and completely hydrolyzed into its active
metabolite TIZ.3"** Therefore, the pharmacokinetic
properties of NTZ were described using measured TIZ
concentration in plasma.

At each time point, approximate 8o}l of blood were
collected from the submandibular vein or the saphe-
nous vein of hamsters. All samples were transferred
into commercial K2-EDTA tubes, placed on ice until
processed for plasma extraction by centrifugation and
stored at —70°C before analysis. A LC-MS/MS-AI Triple
Quad 5500 was used to determine TIZ concentrations.
The mobile phase was a gradient of 0.1% formic acid
(FA) in water and 0.1% of FA in acetonitrile (ACN), the
column was an ACQUITY UPLC HSS T3 1.8 pm
2.1 x somm. For mass spectrometry a positive electro-
spray ionization was used, and a selected reaction moni-
toring was set to select TIZ: [M+H]+m/z: 266.0 / 121.2
and dexamethasone: [M+H]+m/z: 393.0 / 373.I as inter-
nal standard.

Pharmacokinetic profiles of TIZ in hamster were
analyzed using a nonlinear mixed-effects modelling
approach. The population pharmacokinetics analysis
was performed using NONMEM® version 7.4. The final
pharmacokinetic model was established by evaluating
one-, two-, and three-compartment disposition models,
as well as several different absorption models (i.e. first-
order absorption, first-order absorption with lag time,
and transit absorption models). The inter-individual var-
iabilities of pharmacokinetic parameters were imple-
mented as a log-normal distribution and the residual
unexplained variability was modelled as an exponential
error. Different doses of NTZ (i.e., 50, 100, 200, 500
and 1ooomg/kg/day BID) were used to simulate TIZ
exposures in hamsters (n=100) in order to compare to
the simulated human exposure.

To simulate human PK profiles, a one-compartment
model was used with pharmacokinetic parameters from
an established PBPK model,”® developed to describe
pharmacokinetic data of TIZ plasma concentrations in

healthy individuals receiving single doses of
500—4000mg NTZ with/without food, presenting an
apparent clearance of 19.34L/h and a volume of distri-
bution of 38.68 L. The absorption was described with a
first-order process and the rate constant (k,) of 0.45h™"
was assumed in order to generate the mean concentra-
tion-time profile with a T,,.x at approximately 2 hours,
as reported in healthy volunteers.** This model was
used to simulate drug exposure at steady state in human
after a dosing regimen of tooomg/day BID of NTZ (the
usual dose in humans), administered to 100 individu-
als. A total of 10 doses (5 days) were used for estimating
the convergence rate to steady state.

All exposure simulations were performed in R ver-
sion 4.0.4 using the mlxR package.®

Graphical representations and statistical analysis
Graphical representations and statistical analyses were
performed with Graphpad Prism 7 (Graphpad soft-
ware). Two-sided statistical analysis were performed
using Shapiro—Wilk normality test, Fisher's exact test,
Student t-test, Mann—Whitney test, Welch’s test, one-
way and two-way ANOVA with Post-hoc Dunnett’s mul-
tiple comparisons test. P-values lower than o.o5 were
considered statistically significant. Statistical details for
each experiment are described in the figure legends and
in corresponding Supplementary Data. Experimental
timelines were created on biorender.com.

Role of funders

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, writ-
ing of the report, or the decision to submit for publica-
tion. The corresponding author had full access to all
data and had final responsibility for the decision to sub-
mit for publication.

Results

In vitro efficacy of nitazoxanide (NTZ)

Using two different cell lines, the Vero E6 (ACE2"/
TMPRSS27) and Caco-2 cells (ACE2"/TMPRSS2"), we
first evaluated the in vitro efficacy of nitazoxanide (NTZ)
and tizoxanide (TIZ) against SARS-CoV-2. Anti-viral
potency was assessed in a viral RNA yield reduction
assay by qRT-PCR as previously described.>* 2%%9 In
Vero EG6 cells, NTZ and TIZ inhibited viral replication
with ECy’s of 3.19 and 7.48 UM and EC,.’s of 10.27
and 9.27 1M, respectively, while both CC,’s were above
60 pM (Figure 1). Selectivity Index (SI=CC;,/ECs)
were higher than 13.3 for both molecules. In Caco-2
cells, NTZ exhibited an EC;, of 0.58uM, an ECy,, of 1.75
UM and a CCy, of 9.15uM resulting in a SI of 15.8
(Figure 1).
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Figure 1. Antiviral activity of NTZ and TIZ in Vero E6 and Caco-2 cells.
Dose response curve and cell viability for: NTZ in Vero E6 (a) and Caco-2 (b) cells and for TIZ in Vero E6 cells (c). D: Table of ECsy,
ECo0, CCso. Results presented in the table for NTZ in Vero E6 are the mean + SD from three independent experiments. Graphical

representation is from one representative experiment.

Ex vivo efficacy of NTZ

We then investigated the ex vivo efficacy of NTZ using a
recently described model of reconstituted human airway
epithelial of bronchial origin.*® Five different concentra-
tions of NTZ (20; 10; 5; 2.5; 1.25UM) were tested in
duplicate while Remdesivir, at an active concentration
of 1opM, was used as a positive control. The basolateral
sides of the epithelia were exposed to the drugs from
time of infection until day 4 post infection (dpi). Media
with fresh drug were renewed at 1,2 and 3 dpi. Viral
excretion was assessed at 2, 3 and 4 dpi, by measuring
viral RNA yields and infectious titers at the apical side
of the epithelium using quantitative real time RT-PCR
and TCIDy, assays, respectively. No antiviral efficacy
was detected when viral excretion was assessed by quan-
tification of viral RNA (Figure 2-A). However, at 3 and 4
dpi, a significant reduction of infectious titers was
observed when concentrations of NTZ above its EC,,
were used (with p values ranging from o.o1-0.05 for
5UM, 0.001-0.01 for 1opM and 0.0001-0.001 for 20M)
(Figure 2).

In vivo efficacy of NTZ
Considering these results, we further investigated the
potential antiviral activity of NTZ in vivo using a
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previously described hamster model of SARS-CoV-2
infection.** 237

Efficacy evaluation of a NTZ oral treatment. In a first
set of experiments, we explored the antiviral efficacy of
a NTZ suspension (90% sterile distilled water, 7% of
tween 8o and 3% of ethanol 80%). During two indepen-
dent experiments, groups of 6 hamsters were intrana-
sally infected with 10* TCID, of SARS-CoV-2 and
received NTZ orally at doses of 50omg/kg/day BID or
7somg/kg/day TID (Figure 3a). Untreated groups of 6
hamsters received the suspension vehicle BID or TID.
A group of 6 animals was treated with favipiravir (FVP)
intraperitoneally (926mg/kg/day BID) as positive con-
trol in one experiment.**

Hamsters treated with s5oomg/kg/day BID or
75omg/kg/day TID of NTZ for 3 days (o, 1 and 2dpi),
showed no significant differences for either infectious
titers (measured using TCIDs, assay) or viral RNA
yields (measured using quantitative real time RT-PCR
assay) in clarified lung homogenates at 3 dpi compared
to untreated animals (respectively for lung infectious
titers and lung viral RNA yields : NTZ soomg/kg/day
BID : p=0.9933 and p=0.0989; NTZ 7s0mg/kg/day
TID : p=0.5351 and p=0.3095) (Figures 3b, 3¢, 3f and 3g).
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Kinetics of virus excretion at the apical side of the epithelium measured using an RT-qPCR assay (A) and a TCIDs, assay (B). Data represent mean =+ SD. Statistical significance was calcu-

lated by Kruskal-Wallis test versus untreated group for (A) and 1-way ANOVA versus untreated group for (B). Remdesivir at 10uM was used as a positive drug control. ¥, **, ¥** gnd **** jndj-

cate and average significant value lower than that of the untreated group, with a p-value ranging between 0.01-0.05, 0.001-0.01, 0.0001-0.001 and <0.0001, respectively. Result are the

mean =+ SD of two independent experiment with in each experiment two independent inserts (Details in Supplementary Data 1).

No significant difference was detected with regards to
viral RNA yields in plasma at 3 dpi (NTZ soomg/kg/
day BID: p=0.4697; NTZ 750omg/kg/day TID:
p=0.8672) (Figures 3d and 3h). Administration of FVP,
however, led as expected to significant reductions of
both infectious titers and viral RNA yields in clarified
lung homogenates (respectively for lung infectious
titers and lung viral RNA yields: p=o.0c001 and
p=o.oo011) (Figures 3b and 3c). NTZ-treated animals
showed clinical signs of illness/suffering, with their
mean normalized weight becoming significantly lower
than that of untreated animals, at 3 dpi for animals
treated with 500 mg/kg/day BID and at 2 dpi for ani-
mals treated with 750mg/kg/day TID (p=0.0158 and
p=0.0314 respectively) (Figures 3e and 3i).

In another independent experiment, we tried to
assess the antiviral efficacy of a longer treatment
period. Despite receiving 5oomg/kg/day of NTZ BID
for 4 days (o, 1, 2 and 3 dpi), hamsters exhibited no sig-
nificant reduction at 5 dpi of either infectious titers
(p=0.1775) or viral RNA (p=0.7003) yields in their clari-
fied lung homogenates, or viral RNA yields plasma
(p=0.1305) (Figures 3j, 3k and 3l). However, they did not
show any clinical signs of illness/suffering compared
to untreated animals (Figure 3m).

We also explored the impact of NTZ treatment on
lung pathological changes induced by SARS-CoV-2, in
an independent experiment. Groups of 4 hamsters,
intranasally infected with 1o* TCID;, of SARS-CoV-2,
were orally treated at a dose of 5oomg/kg/day BID for
4 days (o, 1, 2 and 3 dpi) (Figure 4a). Untreated ham-
sters (group of 4 animals) received the suspension vehi-
cle BID. Animals were sacrificed at 5 dpi and a
cumulative score from o to 10 (taking into account
severity of inflammation, alveolar hemorrhagic necrosis
and vessel lesions) was calculated and then assigned to
a grade of severity (o=normal; 1=mild; 2=moderate;
3=marked and 4=severe; details in Supplementary Data
4). All animals, treated and untreated, displayed severe
pulmonary impairments. Marked and severe histopath-
ological damages in lungs for both groups were identi-
fied resulting in no significant difference of
histopathological =~ cumulative  scores  (p=0.5601)
(Figure 4b). At 3 dpi, animals showed clinical signs of
illness/suffering, with their mean normalized weight
becoming significantly lower than that of untreated ani-
mals (p=0.0175) (Supplementary Figure 1).

To investigate if the lack of efficacy seen in lungs
was due to an inadequate drug diffusion, we assessed
the exposure and the lung distribution of TIZ (the
active circulating metabolite of NTZ). We used tissues
from infected animals sacrificed at 3 dpi following mul-
tiple administration (animals from Figure 3); an addi-
tional group of uninfected animals treated with a single
dose of 13.5mg was used as control. TIZ concentration
in plasma and in lung was quantified at 1, 2 and 4 hours
post treatment for the single dose analysis (group of 3
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Figure 3. Antiviral activity of oral treatment of NTZ in a hamster model.

Groups of 6 hamsters were intranasally infected with 10* TCIDs, of virus. a Experimental timeline. b, f, j Viral replication in lung
based on infectious titers (measured using a TCIDsq assay) expressed in TCIDs/g of lung (n=6 animals/group). ¢, g, k Viral replication
in lung based on viral RNA yields (measured using an RT-qPCR assay) expressed in viral genome copies/g of lung (n=6 animals/
group). d, h, | Plasma viral loads (measured using an RT-qPCR assay) are expressed in viral genome copies/mL of plasma (the dotted
line indicates the detection threshold of the assay) (n=6 animals/group). e, i, m Clinical course of the disease (n=6 animals/group).
Normalized weight at day n was calculated as follows: % of initial weight of the animal at day n. Data represent mean =+ SD (Details
in Supplementary Data 2). Two-sided statistical analysis were performed using Shapiro—Wilk normality test, Fisher's exact test, Stu-
dent t-test, Mann—Whitney test and two-way ANOVA with Post-hoc Dunnett’s multiple comparisons test. *** and ** symbols indi-
cate that the average value for the group is significantly lower than that of the untreated group with a p-value ranging between
0.0001-0.001 and 0.001-0.01 respectively (Details in Supplementary Data 2 and 3).

animals) and at 12 hours after the last administration
for the multiple dose analysis (group of 6 animals).
These animals exhibited low penetration rates of TIZ
in lungs, resulting in lung/plasma ratio ranging from
2.2% 10 4.8% after single-dose administration (Table 1).
Lung concentrations of TIZ were below the TIZ EC,,
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found in vitro with Vero EG cells (7.481M, i.e 1.98ug/
mlL), as well as effective NTZ concentrations ex vivo
(5uM, ie 1.54Hg/mL), and were not quantifiable in a
total of 5 out of ¢ animals (one at 1 hour, two at 2 hours
and two at 4 hours) (Table 1). After 3 days of multiple
dose treatment, TIZ trough concentrations (12 hours after
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Figure 4. Lung histopathological changes.

Groups of 4 animals were intranasally infected with 10* TCIDs,, of virus and sacrificed at 5 dpi. Based on severity of inflammation,
alveolar hemorrhagic necrosis and vessel lesions, a cumulative score from 0 to 10 was calculated and assigned to a grade of severity
(1, I, ' and 1V). a Experimental timeline. b Scoring of pathological changes (Details in Supplementary Data 4). Two-sided statistical
analysis was performed using Shapiro—Wilk normality test, Fisher's exact test, and Student t-test. ¢ Representative images of bron-
chial inflammation (scale bar: 100): severe peribronchiolar inflammation and bronchiole filled with numerous neutrophilic, marked
peribronchiolar inflammation and normal bronchi. d Representative images of alveolar inflammation (scale bar: 100p): severe infil-
tration of alveolar walls, alveoli filled with neutrophils/macrophages, marked infiltration of alveolar walls, some alveoli filled with
neutrophils/macrophages and normal alveoli. e Representative images of vessel inflammation (scale bar: 1001): moderate accumu-
lation of inflammatory cells in arteriolar walls and normal arteriole.
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the last administration) in lungs were still below the in vitro
EC;, and not quantifiable in a total of 8 out of 12 animals
(four for each multiple dose concentration) (Table 1).

NTZ efficacy evaluation following intranasal adminis-
tration. To assess other administration routes for NTZ,
we explored the antiviral efficacy of an intranasal NTZ
emulsion (aqueous phase: sterile distilled water 94% and
absolute ethanol 6%; organic phase: NTZ 2omg/mL in
cinnamaldehyde 75% and Kolliphore EL 25%). Hamsters
were intranasally infected with 10* TCIDy, of SARS-CoV-
2. A group of 6 hamsters received intranasally 2.8mg/kg/
day TID of NTZ (Figure 5a). An untreated group of 6
hamsters received the emulsion vehicle TID. All treat-
ments were started at the day of infection and ended at
day 2 post infection. Viral replication was assessed in
lungs, plasma and nasal turbinates at 3 dpi.

NTZ intranasal treatment led to a significant
increase of infectious titers in clarified lung homoge-
nates (p=0.0003) (Figure 5b). No significant differences
were observed when looking at viral RNA yields in both
clarified lung homogenates and plasma (p=0.4530 and
p=0.5232 respectively) (Figure 5c and 5d). In nasal turbi-
nates, no significant differences of infectious titers were
observed between the groups (p=0.6295) (Figure se).
When looking at viral RNA yields, NTZ treatment
induced a significant reduction of viral RNA load in
nasal turbinates (p=0.0037) (Figure 5f). Animals treated
with NTZ intranasally from 1 to 3 dpi, showed clinical
signs of illness/suffering, with their mean normalized
weight Dbecoming significantly lower than that of
untreated animals (p=0.0001) (Figure 5g).

To confirm these results, the experiment was
repeated independently. Overall, no significant differen-
ces in viral replication between treated and untreated
hamsters were observed in either clarified lung homoge-
nates, plasma or nasal turbinates (lung infectious titers :
p=0.9846; lung viral RNA yields : p=0.7366; plasmatic
viral loads : p=0.2475; nasal turbinate’s infectious titers

p=0.1133; nasal turbinate’s viral RNA yields
p=0.134006) (Supplementary Figure 2). Once again,
hamsters treated with NTZ intranasally from 1 to 3 dpi,
showed clinical signs of illness/suffering, with their
mean normalized weight becoming significantly lower
than that of untreated animals (p=0.coo4 at 1 dpi;
p=0.0001 at 2 and 3 dpi) (Supplementary Figure 2).

Similarly to the oral administration study, and to
investigate a potential issue regarding drug distribution
to the compartment of choice, we also assessed the
plasma, lung and nasal turbinates concentrations of
TIZ following intranasal NTZ administration in
infected animals treated by multiple doses, 12 hours
after the last administration (group of 6 hamsters from
Figure s5). Overall, TIZ was detectable in only 2 out of 6
animals (one in plasma and lung ; one in lung and nasal
turbinates) (Supplementary Table 1) but TIZ

www.thelancet.com Vol 82 Month , 2022

concentrations were below the EC, found in vitro and
the active concentration ex vivo.

Pharmacokinetic modelling. We characterized the
pharmacokinetic profile of TIZ in hamster after admin-
istration of the same NTZ suspension or TIZ formu-
lated in 10% [Tween 8o, 80% EtOH (70:30 v/v)] and
90% distilled water, homogenous opaque suspension.
Groups of 3 hamsters received an oral single dose of
48smg/kg, 98.1mg/kg or 25.5mg/kg of NTZ or
96.4mg/kg of TIZ. The corresponding concentration-
time curves for NTZ administration only are presented
in Supplementary Figure 3. Notably, similar concentra-
tion-time curves of TIZ were observed following
oral administration of 98.1 NTZ or 96.4mg/kg of TIZ,
suggesting full in-vivo conversion of NTZ into TIZ
(Supplementary Figure 3). The observed TIZ plasma
concentration-time data in hamster, following oral
administration of NTZ and TIZ, were characterized
using nonlinear mixed-effects modelling. The data were
Dbest described by a two-compartment disposition model
with first-order absorption. The population pharmacoki-
netic parameters estimates from the final model are pre-
sented in Supplementary Table 2. Time to maximum
concentration (Tp,.x) and terminal elimination half-life
(t;/) were estimated to 0.276h and o.80oh, respectively.
Graphically, the model showed good adequacy between
predicted concentrations and observed concentrations
(Supplementary Figure 4).

Simulated secondary pharmacokinetic parameters
(Cmax and AUC,_, ,1,) at each NTZ dose derived from the
population pharmacokinetic model are presented in
Table 2.

We then compared the pharmacokinetic profile of
TIZ in hamster to the one at steady state in human. The
pharmacokinetic model developed to describe the TIZ
concentration-time data in hamster was used to simu-
late plasma drug exposures in hamster using different
dose regimens. From these simulations, TIZ Cpay,
AUC (AUC at steady state over 1 dosing interval) and
Cmin Were derived and compared to simulated plasma
PK parameters in human using a published physiologi-
cally-based pharmacokinetic (PBPK) model.>® A dose
between 50 and 1oomg/kg/day BID in hamsters pro-
vided C,,.x values close to that obtained in humans after
a dose of tooomg/day BID (the usual dose in humans).
A dose between 200 and soomg/kg BID in hamster
provided AUC values quite similar to the one obtained
in humans. However, human C,,;,, was never reached
at any dose in hamsters (Figure 6).

Discussion

Nitazoxanide was among the very first molecules stud-
ied at the beginning of the COVID-19 pandemic, reveal-
ing an in vitro antiviral efficacy against SARS-CoV-

1
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Figure 5. Antiviral activity of intranasal treatment of NTZ in a hamster model.

Groups of 6 hamsters were intranasally infected with 10* TCIDs, of virus. a Experimental timeline. b Viral replication in lung
based on infectious titers (measured using a TCIDs, assay) expressed in TCIDso/g of lung (n=6 animals/group). c Viral replication in
lung based on viral RNA yields (measured using an RT-gPCR assay) expressed in viral genome copies/g of lung (n=6 animals/group).
d Plasma viral loads (measured using an RT-gPCR assay) are expressed in viral genome copies/mL of plasma (the dotted line indi-
cates the detection threshold of the assay) (n=6 animals/group). e Viral replication in nasal turbinates based on infectious titers
(measured using a TCIDs, assay) expressed in TCIDso/copy of y-actine gene (n=6 animals/group). f Viral replication in nasal turbi-
nates based on viral RNA yields (measured using an RT-gPCR assay) expressed in viral genome copies/copy of y-actine gene (n=6
animals/group). g Clinical course of the disease (n=6 animals/group). Normalized weight at day n was calculated as follows: % of ini-
tial weight of the animal at day n. Data represent mean =+ SD (Details in Supplementary Data 2). Two-sided statistical analysis were
performed using Shapiro—Wilk normality test, Fisher's exact test, Student t-test and two-way ANOVA with Post-hoc Dunnett’s multi-
ple comparisons test. ** symbols indicate that the average value for the group is significantly lower than that of the untreated group
with a p-value ranging between 0.001-0.01 (Details in Supplementary Data 2 and 3).

2.2"4721 OQur study confirms these results, as we found
that NTZ possesses EC;, under suM in two different
cell lines. In addition, we demonstrated that NTZ was

active in bronchial human airway epithelia, which
largely mimic the structural, functional, and innate
immune features of the human respiratory epithelium,
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Figure 6. Simulated pharmacokinetic parameters of TIZ in human and hamster at steady state.

Predicted steady-state pharmacokinetic parameters of TIZ, i.e. Cax (A), AUC (B) and Cpin (C), in human associated with receiving 1000mg/day BID of NTZ (grey box) were compared with

pharmacokinetic parameters of hamster receiving 50, 100, 200, 500 and 1000mg/kg/day BID of NTZ (colored boxes). Boxes and whiskers represent the median with inter-quantile range and

the 95% prediction intervals, respectively.

albeit at lower potency as compared to Remdesivir, the
positive control in this assay.>®

It is well documented that, in vivo, NTZ is rapidly
deacetylated to its active metabolite, TIZ.>* However,
only one non-peer-reviewed source reported the activity
of TIZ against SARS-CoV-2 (https://opendata.ncats.
nih.gov/covidrg/databrowser). Here, we demonstrated
that this metabolite is indeed active against SARS-CoV-2
in vitro with an ECy,, of 7.48UM, reinforcing the potential
use of NTZ in COVID-19 management.

Although mainly considered as an antiprotozoal
agent, NTZ, and its active circulating TIZ metabolite,
were identified as in vitro broad-spectrum antiviral com-
pounds, since they both inhibit the replication of a wide
range of RNA and DNA viruses in cell culture.®® Their
antiviral mechanism has not been clearly elucidated.
However, it seems that interaction with numerous tar-
gets implicated in viral pathogenesis, depending on the
virus, is involved (immunomodulatory effects and direct
drug action)® Notably, post-entry inhibition by upregu-
lation of cell’s innate antiviral response, observed
against hepatitis C virus on cell culture,*® may be one of
the efficient antiviral pathways involved in SARS-CoV-2
inhibition. Recently, TMEM16 inhibitors, such as niclo-
samide and NTZ, have been reported to protect against
cell fusion induced by SARS-CoV-2 spike protein in cell
culture.®® This syncytia inhibition could be one of the
modes of action observed in vitro and ex vivo for NTZ
antiviral activity against SARS-CoV-2.

Although NTZ has had only incomplete preclinical
characterization, numerous clinical trials using the mol-
ecule are underway around the world. We felt that the
generation of robust preclinical data was relevant to doc-
ument the suitability of NTZ for clinical use in the treat-
ment of COVID patients.

Despite promising in vitro results and new hypothe-
ses on its antiviral mechanism, NTZ failed to reduce the
severity of SARS-CoV-2 infection in vivo in the Syrian
hamster model. No significant improvement in terms
of clinical course of the disease, viral replication (based
on infectious titers or viral RNA yields) and/or histo-
pathological damages in lungs was observed when
using two different dosing regimens of NTZ. These
findings could be explained by the insufficient pulmo-
nary diffusion of TIZ, since peak concentrations in
lungs (1 hour post-treatment) never exceeded its in vitro
or ex vivo ECy,. This insufficient pulmonary exposure
was confirmed by the low accumulation of TIZ over
time in the lungs as trough concentrations after 3 days
of multiple doses of NTZ were similar to those found
4 hours post-treatment in the single dose model. This
result is in accordance with a previous clinical trial
assessing the safety, bactericidal activity, and pharmaco-
kinetics of NTZ in adults with pulmonary tuberculosis,
where sputum concentration of NTZ was low, suggest-
ing that it did not penetrate pulmonary lesions to a suffi-
cient degree.’® This can be explained in part by the
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physico-chemical and pharmacokinetic characteristics
of the product, which do not facilitate tissue diffusion.
In addition to being a moderately lipophilic molecule,
TIZ is highly bound to plasma proteins (99%). There-
fore, the use of NTZ as a systemic treatment might be
challenging.

The PK modeling and simulations provided further
insights for the lack of NTZ efficacy in the in vivo ham-
ster model of SARS-CoV-2 infection. Simulations
showed that the dose of 500mg/kg/day BID (found inef-
fective in our study) was sufficient to achieve C,,,, and
AUC above those observed in humans at the usual dose
of 1ooomg/day, but not sufficient to reach trough con-
centrations (Cp,,) observed in humans at this same
dose. Furthermore, human C,,;,, was never reached
even with the highest simulated dose in hamsters
(tooomg/kg/day BID). This prediction was confirmed
in our in vivo study in which we did not observe efficacy
at the highest dose (i.e. 750mg/kg/day TID). The latter
observations show a difference in the clearance of NTZ
between humans and hamsters, of which the C,,;, can
be considered a reflection, with a more rapid elimina-
tion in hamsters. Although differences in pharmacoki-
netic profiles between humans and hamsters are known
and widely documented, these findings suggest that at
the usual dose of 10oomg/day in humans, NTZ will
have no effect on SARS-CoV-2 replication.

To potentially enhance the pulmonary diffusion and
explore the possible antiviral activity of TIZ within the
upper respiratory tract, hamsters were treated with an
intranasal NTZ emulsion formulation. This alternative
route of administration proved ineffective in our model,
as no significant improvement in any of the disease end-
points analysed was observed. As observed after oral
administration, TIZ trough concentration measured
in lungs after 3 days of intranasal NTZ administra-
tion was very low, which may also partly explain the
lack of antiviral efficacy; in all samples tested, includ-
ing nasal turbinates, TIZ concentration was found to
be well below the in vitro and ex vivo EC,,. This lack
of TIZ accumulation in the upper respiratory tract
should be interpreted with caution as no active intra-
nasal deliverable compounds was available as a posi-
tive control in our study.

Overall, this work reinforces the need for multidisci-
plinary preclinical studies prior to conducting human
clinical trials: based on the pharmacokinetic data col-
lected in this pre-clinical study, the use of NTZ as an
antiviral against SARS-CoV-2, does not seem appropri-
ate at the current standard formulation and dosage. It
would appear that this issue has been taken into
account recently as a large majority of previous and cur-
rently ongoing trials use/have used higher doses of
NTZ than usually recommended, as in the ANTICOV
trial COVERAGE Africa*®#" (https://clinicaltrials.gov/).
Our results suggest that the low pulmonary bioavailabil-
ity of NTZ remains the major challenge that needs to be

addressed in order to properly evaluate the potential
antiviral effect of NTZ in an animal model or in
human.

The outcomes of the current clinical trials will be
very useful for back-translation purposes. As an exam-
ple, if preliminary data of a recent trial may suggest that
NTZ could have some beneficial impact in preventing
worsening of the disease and need for hospitalization,
qualitative and quantitative tests to detect SARS-CoV-2
were not significantly different between the treatment
arms.** These observations corroborate our results and
demonstrate that it will be essential to increase the pul-
monary bioavailability of NTZ in order to conclude a
direct antiviral impact.

In conclusion, optimization of the NTZ formulation
may allow reconsideration of the potential use of the
drug for the treatment of SARS-CoV-2 infection. In a
previous pharmacokinetic study of NTZ in mice, opti-
mal concentrations of TIZ were obtained in the lungs
when the molecule was entrapped in inhalable par-
ticles.*® This type of formulation combined with aerosol
administration could potentially lead to an effective con-
centration of NTZ in the animal's lungs and deserves
further investigation.

Limitations of the study

In this work, we focused mainly on the evaluation of the
direct antiviral activity of NTZ against SARS-CoV-2.
Regarding its indirect activity, we evaluated the animals
clinically and the impact of the treatment on the histo-
pathology of the lungs. When treated with NTZ, these
two clinical endpoints were not improved, indicating
that the indirect antiviral actions of NTZ were not
achieved at the doses used. Some studies have shown
that NTZ and its active metabolite, TIZ, have the ability
to inhibit the production of pro-inflammatory cytokines
(TNF-alpha, interleukins, chemokines, etc.) and to
induce host-directed antiviral mechanisms, including
interferon-stimulated gene expression. Thus, one of the
limitations of our study is that we did not measure the
expression of all these markers.

On the other hand, this study was only conducted with
an ancestral strain of SARS-CoV-2, the BavPatr strain. The
evaluation of the activity of NTZ on new variants of SARS-
CoV-2 could be interesting, especially concerning the clini-
cal and immunomodulatory aspects, since these criteria
can evolve according to the variant.
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