nature

https://doi.org/10.1038/s41586-020-2558-4

Accelerated Article Preview

Hydroxychloroquine use against SARS-
CoV-2infectioninnon-human primates

Received: 30 April 2020

Accepted: 10 July 2020

Accelerated Article Preview
Published online 22 July 2020

Cite this article as: Maisonnasse, P. et al.
Hydroxychloroquine use against
SARS-CoV-2 infection in non-human
primates. Nature https://doi.org/10.1038/
s41586-020-2558-4 (2020).

Pauline Maisonnasse, Jérémie Guedj, Vanessa Contreras, Sylvie Behillil, Caroline Solas,
Romain Marlin, Thibaut Naninck, Andres Pizzorno, Julien Lemaitre, Antonio Gongalves,
Nidhal Kahlaoui, Olivier Terrier, Raphael Ho Tsong Fang, Vincent Enouf,

Nathalie Dereuddre-Bosquet, Angela Brisebarre, Franck Touret, Catherine Chapon,

Bruno Hoen, Bruno Lina, Manuel Rosa Calatrava, Sylvie van der Werf, Xavier de Lamballerie &
Roger Le Grand

Thisis aPDF file of a peer-reviewed paper that has been accepted for publication.
Although unedited, the content has been subjected to preliminary formatting. Nature
is providing this early version of the typeset paper as a service to our authors and
readers. The text and figures will undergo copyediting and a proof review before the
paper is published inits final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers

apply.

Nature | www.nature.com


https://doi.org/10.1038/s41586-020-2558-4

Article

Hydroxychloroquine use against SARS-
CoV-2infectioninnon-human primates

https://doi.org/10.1038/s41586-020-2558-4
Received: 30 April 2020

Accepted: 10 July 2020

Published online: 22 July 2020

Pauline Maisonnasse'", Jérémie Guedj
Solas®", Romain Marlin'", Thibaut Naninck', Andres Pizzorno®, Julien Lemaitre', Antonio
Goncalves?, Nidhal Kahlaoui', Olivier Terrier®, Raphael Ho Tsong Fang', Vincent Enou
Nathalie Dereuddre-Bosquet', Angela Brisebarre®*, Franck Touret®, Catherine Chapon’,
Bruno Hoen®, Bruno Lina®’, Manuel Rosa Calatrava®, Sylvie van der Wer
Lamballerie® & Roger Le Grand'™

2" Vanessa Contreras™", Sylvie Behillil>**", Caroline

3,410
2499,

34, Xavier de

COVID-19 has rapidly become a pandemic for which no antiviral drugor vaccineis yet
available>™. Several clinical studies are ongoing to evaluate theefficacy of repurposed
drugs that have demonstrated antiviral efficacy in vitro. Among these candidates,
hydroxychloroquine (HCQ) has been given to thousands of individuals worldwide but
definitive evidence for HCQ efficacy in treatment of COVID-19 is still missing®”"8,

We evaluated the antiviral activity of HCQbothin vitro and in SARS-CoV-2-infected
macaques. HCQ showed antiviral activity in African green monkey kidney cells
(VeroE6) but not in amodel of reconstituted human airway epithelium. In macaques,
we tested different treatment strategiesincomparison to placebo, before and after
peak viral load, alone or in combination with azithromycin (AZTH). Neither HCQ nor
HCQ+AZTH showed asignificanteffect on the viralload levels in any of the tested
compartments. When the drug was used as a pre-exposure prophylaxis (PrEP), HCQ
did not confer protection against acquisition of infection. Our findings do not support
the use of HCQ, either alone or in combination with AZTH, as an antiviral treatment
for COVID-19inhumans.

Severe acuterespiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tionis characterized by initial mild disease associated with respiratory
symptoms at the peak of viral replication'?. In' some patients, a late
severe immunological syndrome occurs 6 to 14 days after onset of
symptoms which may require intensive care and which is responsible
for most of the fatalities**.

Hydroxychloroquine sulfate (HCQ) has well documented in vitro
activity against various viruses® and has emerged as an active com-
pound against SARS-CoV-2 from different screening programs, includ-
ingalibrary of1,520 FDA-approved compounds’.In VeroE6 cells, HCQ
has a 50% maximal effective concentration (ECs,) varying between
0.7 and 4 pM”°. It may inhibit viral transportin endosomes by alkalin-
izing the intra-organelle compartment®° and affect glycosylation, as
reported for other viruses™. The drug may also act asanimmunomodu-
latory agent™”. In lupus, HCQ decreases the level of inflammatory
cytokines'®*!>, which may be relevant for COVID-19°. Furthermore, it
has been proposed that azithromycin (AZTH), which displays in vitro
antiviral activity against SARS-COV-2”, could potentiate the efficacy
of HCQ". Based on these properties, HCQ has been considered for

COVID-19 treatment, alone or in combination with AZTH, but the results
of clinical studies are still inconclusive® or pending.

We and others have set up non-human primate (NHP) models of
SARS-CoV-2 infection in humans® 2. Here we used cynomolgus
macaque (Macaca fascicularis) to test different treatment strategies
with HCQ, alone orin combination with AZTH, before or after the peak
ofviralreplication. We also tested HCQ administration as pre-exposure
prophylaxis (PrEP) against SARS-CoV-2 infection.

Invitro efficacy of hydroxychloroquine against
SARS-CoV-2infection

We first evaluated the in vitro antiviral activity of HCQ against a
SARS-CoV-2 virus isolated from one of the first COVID-19 patients in
France. Post-infection treatment of Vero E6 cells with HCQ resulted
in a dose-dependent antiviral effect, with 50% inhibitory concentra-
tion (IC50) values of 2.2 pM (0.7 pg/mL) and 4.4 pM (1.4 pg/mL) at 48
and 72 hours post infection (pi), respectively, which is in the range of
previous reports? (Extended Data Fig. 1a). We next studied infection
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in the reconstituted human airway epithelium MucilAir™ model (HAE)
developed from primary nasal or bronchial cells differentiated and
cultivated in the air/liquid interphase?. Unlike our previous observa-
tions for remdesivir*, the antiviral activity of HCQin Vero E6 cells did
not translate to the HAE, with doses of 1uM or 10 uM failing to reduce
significantly SARS-CoV-2 apical viral titers at 48 hours pi (Extended
Data Fig. 1b). HCQ also did not protect the epithelial integrity during
infection, as evidenced by trans-epithelial electrical resistance (TEER)
values comparable to untreated cells and significantly lower than
those of the mock-infected controls.

Infection of macaques with SARS-CoV-2

Cynomolgus macaques were infected on day O with a total dose of 10°
pfuofaprimary SARS-CoV-2isolate (BetaCoV/France/IDF/0372/2020;
passaged twice in VeroE6 cells) by combined intra-nasal and
intra-tracheal routes. Control animals (CTRL, n = 8) had high viral load
levels in nasopharyngeal and tracheal samples (swabs), as estimated
by RT-qPCR, as early as day 1 post infection (pi). In tracheal samples,
theviralload peaked at day 2 pi (Fig. 1b, Extended Data Fig. 2a), witha
median (min-max) peak value of 7.91og10 copies/mL. Afterward, viral
loads progressively decreased and most animals had undetectable viral
load by day 10 pi. Similar profiles were observed for nasopharyngeal
shedding (Extended Data Fig. 2b), whereas low viral loads were detected
for more than3 weeksin rectal samples and broncho-alveolar lavages
(Extended Data Fig. 2c,d). Animals exhibited mild clinical signs, as
reported in the majority of human cases during the early infection
period, including coughing or sneezing without dyspnea. The animals
also developed early lymphopeniaat day 2 pi (Extended DataFig.5). No
major changes were observed regarding heart rate, respiratory rate,
and oximetry. Typical focal ground glass opacities associated with
pleural thickening®? were observed by CT scan with variable degrees
of severity (Fig. 2, Extended Data Fig. 3). Lesions were detectable as
early as day 2 pi and persisted up to day 13 pi in some animals. None
of the control animals developed a severe disease similar to what is
observed in the late stages of the severe forms of the human disease.

Treatment with hydroxychloroquine

To assess the anti-viral efficacy of HCQ, macaques received HCQ daily
by gavage for ten days or more. A dosing regimen of 90 mg/kg on day
1pi (loading dose) followed by a daily maintenance dose of 45 mg/kg
wasidentifiedinagroup of uninfected animals as capable of generating
clinically relevant plasma drug exposure (Extended Data Fig. 4b). In
parallel, we also tested alower dosing regimen, with aloading dose of
30 mg/kg and amaintenance dose of 15mg/kg. Overall, 9 animals were
infected at day O and treated at Ldpiusing the high dosing regimen (Hi
D1, n =5) orthelow dosing regimen (Lo D1, n = 4). We also examined the
effect of alate treatment starting at 5 days post infection(dpi), when
viralRNA are 3to 4 logs lower as compared with peak values, to evaluate
the benefit of HCQin accelerating the virus clearance (LoD5,n=4). We
have focused on the RT-qPCR to assess HCQ antiviral invivo because it
is quantitative, has a higher sensitivity, and is less prone to variability
than culture based assays. Inaddition, the RT-qPCR is the only method
allowing comparison to results reported in humans. Further, virus
titration in culture assays can be affected by many factors, inaddition
tothe number of viral particles, including residual HCQ insamples and
host factors loke cytokines. All treated animals had tracheal viral RNA
load kinetics similar to those of untreated animals, with median peak
viralload of 7.1and 7.5 log,, copies/mLin Hi D1and Lo D1, respectively,
compared with 7.9 log,, copies/mL in the CTRL group. Likewise, the
areas under the curve (AUC) of viral load were similar, with values of
36.9 and 39.7 log,, copies.day/mL, as compared with40.3 log,, copies.
day/mLin CTRL animals (p = 0.62and 0.37, respectively). Similar results
were obtained in nasopharyngeal swabs, and there were no differences
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in the levels of viral replication in broncho-alveolar lavages (Fig. 1d,
Extended Data Fig. 2). In animals treated from 1dpi or 5 dpi, HCQ did
notaccelerate thetime to viral clearance, and the median times to first
unquantifiable viralload were4.5,7.0,7.0,and 7.0 daysinthe CTRL, Lo
D1, Hi D1, and Lo D5 groups, respectively.

Next we evaluated the (HCQ + AZTH) combination therapy adminis-
tered from day 1 pi (Hi D1+ AZTH, n=5), with AZTH given at aloading
dose of 36 mg/kg followed by a daily dose of 18 mg/kg to mimic human
exposure. No impact of treatment was observed on either viral RNA
load in the different compartments or clinical scores. Clinical signs
were comparable to controls, with some animals exhibiting high CT
scores in the Hi D1+ AZTH group (Fig 2). In parallel, we also treated
animals with ahigh dose of HCQ, starting 7 days before viral challenge as
pre-exposure prophylaxis (PrEP, n = 5). Again, the kinetics of viral RNA
loads were similar to those of the control group with no reduction in
terms of AUC, peak viral load or time to first unquantifiable viral load
(Fig.1, Extended Data Fig. 2).

Relation between HCQ concentration levels and viral
kinetics

Inthe animals of Hi D1, Hi D1+AZTH and PrEP groups, the plasma expo-
sures were comparable to those observed in routine clinical practice
3-5days after HCQ initiation using a 200 mg three times daily dose
(CSolas, datafrom the Pharmacokinetics and Toxicology Laboratory)
(Fig.3a). Drug trough concentrations were lower in boththe LoDland
Lo D5 groups. When we assessed whether the higher drug exposure
could generate more rapid virus clearance, neither the time to attain
theviralload limit of quantification, nor the peak viral load were signifi-
cantly associated with plasma HCQ concentrations (Fig. 3b-d). Finally,
inanadditional group of uninfected macaques, we characterized the
HCQ pharmacokinetic profile in blood and plasma as the drug accu-
mulationinlung 6 days after treatment initiation (Fig. 3e, f, Extended
DataFig. 4). The blood concentrations in Hi HCQ were higher than
1.4 pg/mL, showing that the drug concentrations in blood remained
above the drug EC,,identified in VeroE6 cells during the dosing period
(see above). The mean blood to plasmaratio was equal to 6.8 (Extended
DataFigure 4), close to the value of 7.2 reported in healthy volunteers
over various dosing interval and treatment duration”. Consistent with
predictions made in physiologically based pharmacokinetic models,
these levels of drug exposure in plasma and blood generated even
higher exposure in lung tissues, with a lung to plasma ratio ranging
from27to177 (Fig. 3f), allowing lung tissues to achieve concentrations
largely above the drug EC,, found in VeroE6 cells in all animals during
the dosing period.

Immunopathogenesis and host response to
hydroxychloroquine treatment

High alanine aminotransferase (ALAT) and creatinine kinase levels
were observed in animals treated with the high HCQ and particularly
the HCQ + AZTH regimen compared with controls (Extended Data
Figs.7 and 8).

HCQ treatment did not prevent lymphopenia (Extended Data Fig. 5)
nor pulmonary lesions, as evidenced by CT (Fig. 2, Extended Data Fig. 3).
Similar lesion scores were observed in controls and treated animals.

All animals exhibited an increase of type I IFN-a, IL-1RA, CCL2 and
CCL11in plasma at day 2 pi (Fig. 4, Extended Data Fig. 6). In addition,
IL-15 peaked early during infection, suggesting a role for innate lym-
phoid cellsin the control of initial viral replication inboth treated and
untreated animals. When compared with controls, TNF-a was signifi-
cantlyincreased and IL-1RA was significantly reduced at day 2 pi (Fig. 4,
Extended DataFig. 6) inthe groups thatreceived the high dose of HCQ
alone (p =0.032 and p = 0.028, respectively) or with AZTH (p = 0.037
and p = 0.045, respectively).



Conclusions

Our study establishes that cynomolgus macaques provides arelevant
model for studying the early stages of SARS-Cov-2 infection in hum
ans>**92128 'We showed no antiviral activity nor clinical efficacy of
HCQtreatment, regardless of the timing of treatment initiation, either
before infection, early after infection (before viral load peak) or late
after infection (after viral load peak). This was in spite of high HCQ
concentration in blood and lung and plasma exposure similar to that
observed in COVID-19 patients. Thus, treatment with HCQ is unlikely
to have antiviral activity in respiratory compartments. Our results
illustrate the frequent discrepancy betweenresults frominvitro classic
assays and in vivo experiments, as reported for other viral infections
such asinfluenza, dengue or chikungunya, where clinical trials failed
to demonstrate efficacy of chloroquine or HCQ®?.

In conclusion, our evaluation of HCQ in the NHP model does not
support its use as an antiviral agent for the treatment of COVID-19 in
humans.
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Fig.1|Study design and viralloadsin therespiratory tract of SARS-CoV-2
infected cynomolgus macaques treated with hydroxychloroquine and
azithromycin. a, Study design. Each group of cynomolgus macaques s
represented by oneline. The red dotted line indicates infection with 10® pfu of
SARS-CoV-2 by the combined intra-nasal and intratracheal routes. Colored
areasindicate hydroxychloroquine (HCQ) treatment periods. Each group
received eitherahigh (Hi) doseregimen of HCQ, or alow (Lo) dose regimen.
The treatment started 1day (D1) or 5 days (D5) after exposure, or 7 days before
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Days post infection

viral challenge for the pre-exposure prophylaxis (PrEP) group. In combination
withHCQ, one group received azithromycin (AZTH). The control group (CTRL)
received vehicle (water) as placebo. Viral loads by PCRin throat swabs (b, ¢) and
broncho-alveolarlavages (BAL) (d). The limit of detection was estimated to
2.31ogl0 copies of SARS-CoV-2 RNA per mL and the limit of quantification was
estimated to 3.9 1og10 copies per mL (dotted horizontal line). b, Shaded zones
indicate treatment periods and each plot represents oneanimal.c,d, Dataare
represented as medians of each group as describedin (a).
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Methods

Ethics and biosafety statement

Cynomolgus macaques (Macacafascicularis), aged 37-40 months and
originating from Mauritian AAALAC certified breeding centers were
used in this study. All animals were housed in IDMIT infrastructure
facilities (CEA, Fontenay-aux-roses), under BSL-2 and BSL-3 contain-
ment when necessary (Animal facility authorization #D92-032-02,
Prefecture des Hauts de Seine, France) and in compliance with European
Directive 2010/63/EU, the French regulations and the Standards for
Human Care and Use of Laboratory Animals, of the Office for Laboratory
Animal Welfare (OLAW, assurance number #A5826-01, US). The pro-
tocols were approved by the institutional ethical committee “Comité
d’Ethique en Expérimentation Animale du Commissariat a 'Energie
Atomique et aux Energies Alternatives” (CEtEA #44) under statement
number A20-011. The study was authorized by the “Research, Innova-
tionand Education Ministry” under registration number APAFIS#24434-
2020030216532863v1.

Hydroxychloroquine and azithromycin

Hydroxychloroquine sulfate was manufactured for Sanofi by the
Chinoin Pharmaceutical and Chemical works (Budapest, Hungary)
under Good Manufacturing Practice (GMP) conditions and provided
asthebase powder. Batch number DUO17 was solubilized extempora-
neously inwater at 5,10 or 15 mg/mL depending on the group and the
dose. Azithromycin 250 mg tablets (Sandoz, France; batch number
KH5525) were crushed and suspended extemporaneously at 12 mg of
AZTH per mL in water.

Animals and study design

To evaluate the efficacy of HCQ and HCQ+AZTH treatments, the ani-
mals were randomly assigned in sex balanced experimental groups.
Challenged animals were exposed to a total dose of 10° pfu of
SARS-CoV-2 via the combination of intranasal and intra-tracheal
routes (Day 0), using atropine (0.04 mg/kg) for pre-medication and
ketamine (5Smg/kg) with medetomidine (0.042 mg/kg) for anesthesia.
The “high dose” regimeningroup “Hi D1” (n = 5) consisted of aloading
dose of 90 mg/kg at1dpiand adaily maintenance dose of 45 mg/kg, for
atotal of10 days. The “Hi DI+AZTH” group (n = 5) regimen consisted
of the same HCQ regimen as for the Hi D1 group combined with one
loading dose of 36 mg/kg of AZTH at 1dpi, followed by adaily mainte-
nance dose of 18 mg/kg AZTH, for 10 days. The “low dose” (Lo) regimen
consisted of aHCQloading dose of 30 mg/kgand a daily maintenance
dose of 15 mg/kg for 12 days. The low dose treatment of the “Lo D1”
group (n =4) was initiated at day 1 pi and the low dose treatment of
the “Lo D5” group (n = 4) wasinitiated at 5dpi. The PrEP group (n = 5)
regimen consisted of a loading dose of 30 mg/kg seven days before
challenge, followed by a daily dose of 15 mg/kg for four days and the
45 mg/kg for three days before virus challenge, and then until day 6
pi. Treatments were delivered by gavage. Placebo animals received
water, which was the vehicle for HCQ. Animals were observed daily
and clinical exams were performed at baseline, daily for one week, and
then twice weekly, on anaesthetized animals using ketamine (5 mg/kg)
and metedomidine (0.042 mg/kg). Body weight, rectal temperature,
respiration; heart rates and oxygen saturation were recorded and
blood, as well as nasopharyngeal, tracheal and rectal swabs, were
collected. Broncho-alveolar lavages (BAL) were performed using
50 mL sterile saline on 6, 14, 21 and 28 dpi. Chest CT was performed
atbaseline and on 2, 5 and 11/13 dpi in anesthetized animals using
tiletamine (4 mg/kg) and zolazepam (4 mg/kg). Blood cell counts,
haemoglobin and haematocrit were determined from EDTA blood
using a HMX A/L analyzer (Beckman Coulter). Biochemistry param-
eters (ALAT, ASAT, albumin, haptoglobin, creatinine, creatine kinase,
LDH and total protein) were analyzed with standard kits (Siemens)
and C-reactive protein with a canine kit (Randox) in lithium heparin

plasma, inactivated with Triton X-100, using ADVIA1800 analyzer
(Siemens).

The pharmacokinetics of HCQ was assessed using the same admin-
istration procedure in 6 uninfected animals, randomly assigned by
pairs in 3 experimental groups as described in Extended Data Fig. 4.
The “PK Lo” group received a low loading dose (30 mg/kg) at day O
and a low daily maintenance dose (15 mg/kg) for 5 days. The “PK Hi”
and “PKHi+AZTH” groups received a high loading HCQ dose (90 mg/
kg) on day 0 and a high daily maintenance dose (45 mg/kg) for 6 days,
along with AZTH for the second group (loading dose of 36 mg/kg and
maintenance of 18 mg/kg). Blood samples were takenat 0, 2,4, 6 hours
post-treatment (hpt) onday 0, and before treatment on the following
days. For the “PK Hi” and “PK Hi + AZTH” groups, blood samples were
alsocollectedat0, 2,4 and 6 hpt after treatment administration on day
5. Animals were humanly euthanized 24 h after the last dose adminis-
trationusing 18.2 mg/kg of pentobarbital sodium intravenously under
tiletamine (4 mg/kg) and zolazepam (4 mg/kg) anesthesia. Samples of
lung were collected at necropsy for HCQ quantification.

Determination of HCQ concentrations

Quantification of HCQ in plasma, blood and lung tissues was per-
formed by a sensitive and selective validated high-performance
liquid chromatography coupled with tandem mass spectrometry
method (Quattro Premier XE LC-MS/MS, Waters, USA) as previously
described®, with lower limits of quantification of respectively 0.015
pg/mL for plasma and 0.05 pg/mL for blood and lung tissue. Blood
samples were centrifuged within 1-hour to collect plasma samples.
Lungbiopsies collected after euthanasia were thoroughly rinsed with
cold 0.9% NaCl to remove blood contamination and blotted with filter
paper. Then, each lung biopsy was weighed and homogenized with 1
ml of 0.9% NaCl using a Mixer mill MM200 (Retsch, Germany). Cel-
lular debris was removed by centrifugation, and the supernatant was
stored at —80 °C.

HCQwas extracted by asimple protein precipitation method, using
methanol for plasma and ice-cold acetonitrile for blood and tissue
homogenates. Briefly, 100 pL of samples matrix was spiked with 10 pL of
internal standard working solution (HCQ-d5, Alsachim), then vortexed
for 2 minutes followed by centrifugation for 10 minutes at 4 °C. The
supernatant was evaporated for blood and tissue homogenate samples.
Dryresidues or plasma supernatants were then transferred to 96-well
plates and 5pL wasinjected. To assess the selectivity and specificity of
the method and matrix effect, blank plasma, blood and tissues from
control animals were processed and compared with that of HCQ and
IS-spiked plasma, blood or tissue homogenate samples. Furthermore,
each baseline sample (HO) of treated animals was processed in dupli-
cate, including one spiked with HCQ prepared equivalent to quality
control samples (QCs).

Concentrationsinblood (pg/mL), plasma (pg/mL) and lung (ug/g)
were determined for each uninfected animal, and in plasma only
for infected animals. Drug accumulation in lung was assessed by
calculating alungto blood and alung to plasma concentration ratio.
No signs of haemolysis was observed, either visually (when only
plasmasample was available), or after verification of the consistency
between the two matrixes (when both plasma and blood samples
were available).

HCQplasmatrough concentrations determined within the context
of routine therapeutic drug monitoring using the same method, 3to 5
days afterinitiation of HCQ at 200 mg three times daily were provided
for comparison.

Viruses and cells

For the in vivo studies, SARS-CoV-2 virus (hCoV-19/France/
IDF0372/2020 strain) was isolated by the National Reference Center
for Respiratory Viruses (Institut Pasteur, Paris, France) as described in
Lescure et al’. Virus stocks used in vivo were produced by two passages



on VeroE6 cellsin DMEM (Dulbecco’s Modified Eagles Medium) without
FBS, supplemented with1% PS (penicillinat 10,000 U/ml and streptomy-
¢inat10,000 pg/mL) and 1 pug/mL TPCK-trypsin at 37 °Cina humidified
CO, incubator and titrated on Vero E6 cells.

For the invitro studies, the viral strainhCoV-19/France/IDF0571/2020
was provided by Dr. X. Lescure and Prof. Y. Yazdanpanah from the Bichat
Hospital, Paris, France, where the isolate was obtained from another
patient returning from Jichang (China) and passaged three times. For
the virus used in the in vivo experiments, whole genome sequencing
was performed as described in Lescure et al. with no modifications
observed compared with the initial specimen’. For sequencing of the
virus used invitro, viral RNA extraction was done using the QiAmp viral
RNAKIit (Qiagen). The complete viral genome sequence was obtained
using lllumina MiSeq sequencing technology. Sequences were depos-
ited after assembly on the GISAID EpiCoV platform under accession
numbers ID EPLISL_406596 for hCoV-19/France/IDF0372/2020 and
EPLISL_411218 for hCoV-19/France/IDF0571/2020.

Viral replication kinetics and antiviral treatmentin VeroE6 cells
VeroE6 cells were seeded 24 hin advance in multi-well 6 plates, washed
twicewith PBS and theninfected with SARS-CoV-2 at the indicated MOls.
For HCQtreatment, the inoculum of infected VeroE6 was removed 1 hpi
and cells were immediately treated with solutions in DMEM of HCQ.
Supernatants were collected at 48 and 72 hpi and stored at =80 °C for
RNA extraction and viral quantification.

Viral quantification in VeroE6 cells

Viral stocks and collected samples were titrated by tissue culture
infectious dose 50% (TCID50/ml) in VeroE®6 cells, using the Reed &
Muench statistical method. Relative quantification of viral genome was
performed by one-step real-time quantitative reverse transcriptase
and polymerase chain reaction (RT-qPCR) from viral RNA extracted
using QiAmp viral RNA Kit (Qiagen) in the case of supernatants/api-
cal washings. Primer and probe sequences were selected from those
designed by the School of Public Health/University of Hong Kong
(Leo Poon, Daniel Chu and Malik Peiris) and synthetized by Eurogen-
tec. Real-time one-step RT-qPCR was performed using the EXPRESS
One-Step Superscript™ qRT-PCRKit (Invitrogen, reference 1178101K)
Thermal cycling was performed in a StepOnePlus™ Real-Time PCR
System (Applied Biosystems) in MicroAmp™ Fast Optical 96-well reac-
tion plates (Applied Biosystems, reference 4346907), as described in
Pizzorno etal®.

Viralinfection and treatment in reconstituted human airway
epithelia (HAE)

MucilAir™HAE reconstituted from human primary cells obtained from
nasal (pool of donnors) or bronchial (single donnors) biopsies were
provided by Epithelix SARL (Geneva, Switzerland) and maintained in
air-liquid interphase with specific culture mediumin Costar Transwell
inserts (Corning, NY, USA) according to the manufacturer’s instruc-
tions. Forinfection experiments, apical poles were gently washed twice
withwarm OptiMEM medium (Gibco, ThermoFisher Scientific) and then
infected directly with a150 pldilution of virusin OptiMEM medium, ata
multiplicity of infection (MOI) of 0.1. For mock infection, the same pro-
cedure was performed using OptiMEM asinoculum. Samples collected
from apical washes or basolateral medium at different time-points
were separated into 2 tubes: one for TCID50 viral titration and one
RT-qPCR. HAE cells were harvested in RLT buffer (Qiagen) and total
ARNwas extracted using the RNeasy MiniKit (Qiagen) for subsequent
RT-qPCR and Nanostring assays. Treatments with HCQ were applied
through basolateral poles. All treatments were initiated on day O (1h
afterviralinfection) and continued once daily. Samples were collected
at 48 hpi. Variations in transepithelial electrical resistance (A TEER)
were measured using a dedicated volt-ohm meter (EVOM2, Epithelial
Volt/Ohm Meter for TEER) and expressed as Ohm/cm2.

Virus quantificationin NHP samples

Upper respiratory (nasopharyngeal and tracheal) and rectal speci-
mens were collected with swabs (Universal transport medium, Copan,
Italy or Viral Transport Medium, CDC, DSR-052-01). Tracheal swabs
were performed by insertion of the swab above the tip of the epiglot-
tis into the upper trachea at approximately 1.5 cm of the epiglottis.
Allspecimens were stored between 2 °C and 8 °C until analysis witha
plasmid standard concentration range containing an RdRp gene frag-
ment including the RdRp-IP4 RT-PCR target sequence. The protocol
describing the procedure for the detection of SARS-CoV-2 is avail-
able onthe WHO website (https://www.who.int/docs/default-source/
coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov
-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2).

Plasma cytokine analysis

Cytokines were quantified in EDTA plasma using NHP ProcartaPlex
immunoassay (ThermoFisher Scientific) for IFN-, IL-1RA, IL-13, CCL-2/
MCP-1 CCL-11/eotaxin, CXCL-11/ITAC, CXCL-13/BLC, granzyme B and
PDGF-BB, using NHP Milliplex (Millipore) for CD40L, G-CSF, GM-CSF,
IFN-y, IL-2, IL-4, IL-5, IL-6, IL-8/CXCL-8, IL-10, IL-13, IL-15, IL-17A, CCL-3/
MIP-1 a, CCL-4/MIP-1B, TNF-«, VEGF and a Bioplex 200 analyzer
(Bio-Rad) according to manufacturer’s instructions.

Chest computed tomography and image analysis

Acquisition was done using a computed tomography (CT) system
(Vereos-Ingenuity, Philips) in BSL-3 containment on anaesthetized
animals placed ina supine position and monitored for heart rate,
oxygensaturationand body temperature. A bolus of iodine contrast
agent (Vizipaque 320 mg I/mL, GE Heathcare, 3mL/kg) was injected
(Medrad CT Stellant® injector, Bayer) in the saphenous vein 20 sec-
onds prior to the initiation of CT acquisition. The CT detector col-
limation was 64 x 0.6 mm, the tube voltage was 120 kV and intensity
of about 120mAs. Automatic dose optimization tools (Dose Right,
Z-DOM, 3D-DOM by Philips Healthcare) regulated the intensity. CT
Images were reconstructed with a slice thickness of 1.25 mm and an
interval of 0.25 mm.

Images were analyzed using INTELLISPACE PORTAL 8 software
(Philips healthcare). Allimages had the same window level of -300 and
window width of 1600. Lesions were defined as ground glass opacitiy,
crazy-paving pattern, or consolidation or pleural thickening as previ-
ously described®?*. Lesions and scoring were assessed independently
in each lung lobe by two persons, and final results were made by con-
sensus. Overall CT scoreincludes lesion type (scored from O to 3) and
lesion volume (scored from O to 4) summed for each lobe as detailed
in Extended Data Fig. 3.

Statistical analysis

The following viral kinetic parameters were calculated in each
experimental group as medians (min-max): viral load peak, area
under the curve (AUC) of the log,, viral load, time to first unquantifi-
ableviralload. Each viral kinetic parameter was compared to untreated
animals using Wilcoxon or Log-rank tests (Excel 2016, Graph Pad Prism
version 7). To evaluate a potential effect of drug exposure on viral
dynamics, we further evaluated the correlation of the viral kinetic
parameters with the plasma concentrations of HCQ, taking the mean
trough concentrations observed in each infected animal between
1 and up to day 15 post treatment as a marker for drug exposure
during treatment period (Spearman test, without adjusting for tests
multiplicity).

Ethics committee

Allinformation on ethics committee is available at https://cache.media.
enseignementsup-recherche.gouv.fr/file/utilisation_des_animaux_fins_
scientifiques/22/1/comiteethiqueeal7_juin2013_257221.pdf
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Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The data that support the findings of this study are included in the
onlinefiles.
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Extended Data Fig. 1| Invitro evaluation of the antiviral activity of
hydroxychloroquine against SARS-CoV-2.a, Dose-response curves of
hydroxychloroquine (HCQ) at 48 and 72 hpiin VeroEé cells. VeroE6 cells were
seeded 24 hin advance in multi-well 6-plates, washed twice with PBS and then
infected with SARS-CoV-2 (BetaCoV/France/IDF0571/2020 SARS-CoV-2 strain) at
theindicated MOI. The inoculum ofinfected VeroE6 was removed 1 hpiand cells
wereimmediately treated with different concentrations of HCQ. Supernatants
were collected at48 and 72 hpiand stored at —80 °C for RNA extraction and viral
titration by RT-qPCR. Results were expressed in relative viral production compared
to untreated control. The table summarizes the IC50, CC50 and selectivity index
(SI) for each condition. b, Apical relative viral production and trans-epithelial
resistance (TEERin Ohms/cm?) between the apical and basal poles in nasal and

bronchial HAE at 48 hpi. Mucilair HAE reconstituted from human primary cells
obtained from nasal or bronchial biopsies were provided by Epithelix SARL
(Geneva, Switzerland) and maintained in air-liquid interphase. For infection
experiments, apical poles were gently washed twice with warm OptiMEM medium
(Gibco, ThermoFisher Scientific) and then infected directly with nasal swab
samples or a150 pl dilution of virus in OptiMEM medium, at amultiplicity of
infection (MOI) of 0.1. For mock infection, the same procedure was performed
using OptiMEM asinoculum. Samples collected from apical washes were separated
into 2 tubes: one for TCIDs, viral titration and one RT-qPCR. Results are expressed
inrelative viral production compared to the infected untreated control. The table
summarizes the relative viral production values (+/-SD) and the infectious titers
(loglOTCID50/mL) of three biological replicates tested in duplicate.
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Extended DataFig.2|Viralloads of SARS-CoV-2 infected cynomolgus
macagques treated withhydroxychloroquine. Viralloads measured by PCRin
throat swabs (a), nasal swabs (b), rectal swabs (c) and broncho-alveolar lavages
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(d). Thelimit of detection wasestimated at 2.3 log,, copies of SARS-CoV-2 RNA

per mLand thelimit of quantification was estimated at 3.9 log,, copies per mL
(dotted horizontal line). Shaded zones indicate treatment periods. Baseline
was adjusted today O onthe graphs.
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Extended DataFig. 3| Representative lung CT transversal slices from

SARS-CoV-2infected cynomolgus macaques treated with hydroxychloroquine.

Imaging was performed at baseline and day 2, 5and 11 or 13 post-exposure to
SARS-CoV-2. (a-f) Images are presented for each animal according to their group,

h

Day 11/13

Lesion type Score Lesion extension Score Pleural effusion Score
None o None o
GGO 1 < 25% of the lobe 1 Slight 1
Pleural thickenning 1 25 < x < 50% of the lobe 2 Mild 2
Crazy-paving pattem 3 50 < x < 75% of the lobe 3 Severe 3
C 3 75 < x < 100% of the lobe 4
Overator Date o ¥ animal_Localisalon | 660 | e | SRR consolisaion (%0 | v score

Cranial right lobe
Middle right lobe
Caudal right lobe
Cranial left lobe
culmen
Cranial left lobe
lingula

Caudal left lobe
Accessory lobe
Pleural space

Total

withawindow level of -300 and awindow width 0of 1600. CT scoring scales (g) and
working table (h). Total CT score is the sum of all lung lobe scores including lesion

type and extension contributions and pleural effusion severity.
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Extended DataFig.5|Completeblood count of SARS-CoV-2infected
cynomolgus macaquestreated with hydroxychloroquine. Absolute
numbers of white blood cells (WBC) (a), lymphocytes (b), neutrophils (c) and

monocytes (d) in SARS-CoV-2infected animals. Baseline was adjusted to day O
onthegraphs, andto the first day of treatment (day 7 pre-exposure) for the
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Extended DataFig. 6 | Cytokines and chemokines in the plasma of SARS-CoV-2
exposed cynomolgus macaques treated with hydroxychloroquine.

a, b, Heatmaps of the plasmatic concentrations of 20 cytokines. Each column
represents one cytokine or chemokine with its colour scale at the bottom. Scales
arein pg/mL. The asterisk (*) represents a significant difference at 2 dpibetween
the CTRL group and the Hi D1and/or Hi D1+ AZTH groups, as detailed in (d).

¢, d, Concentrations of IL-1RA and TNF-a at 2 days post-infection. Each plot
represents one animal. Values are means of two replicates for IL-IRAand a
monoplicate for TNF-a. Statistical significance was determined using a two-sided
Mann-Whitney U-test without correction and p-values are indicated on the
graphs.
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Extended DataFig.7|Plasmatic ALT levels of cynomolgus macaques pharmacokinetics (PK). ALT levels in plasma of allinfected animals (a-e) and in
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Extended DataFig. 8| Biochemistry incynomolgus macaques treated with
hydroxychloroquine.Inadditionto the 6 SARS-CoV-2infected groups, 3
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