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CONTEXTE DE LA THESE

Ce travail de thése a commencé en octobre 2019 et portait sur la modélisation de la dynamique
virale de virus émergents chez des primates non-humains traités par une molécule redirigée, le
favipiravir. Le premier volet de cette theése portait sur le virus de Lassa administré chez des primates
non-humains, qui a donné lieu a une publication dans PLoS Computational Biology (en annexe).
A partir de mars 2020, grace a 'implication de mon laboratoire dans I'étude de la pandémie de
SARS-CoV-2, j’ai redirigé mes efforts vers la description de la dynamique virale de cette nouvelle
maladie. J’ai tout d’abord abordé la problématique de I'histoire naturelle de la maladie chez des
patients hospitalisés qui n’étaient pas traités. Au cours de 'année 2021, j’ai pu utiliser ce que nous
avions appris du virus afin d’évaluer I'efficacité virologique d’un traitement antiviral, le remdesivir,
dans le cadre de I'essai DisCoVeRy. Enfin, j’ai pu continuer a travailler sur le favipiravir et son
impact sur la dynamique virale du SARS-CoV-2, étudié chez le hamster syrien doré puis le primate

non-humain.
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CHAPITRE

INTRODUCTION AU SARS-CoV-2

1.1 Epidemiologie

Apparu en décembre 2019 dans la province de Wuhan en Chine [1, 2], le SARS-CoV-2 (Severe
Acute Respiratory Syndrom - Coronavirus - 2), agent étiologique du Covid-19 (COronaVIrus Disease
2019) a touché plus de 500 millions de personnes [3]. Ce virus a été en 2 ans la cause directe de plus
de 6 millions de déces et provoquant une surmortalité de 18 millions d’individus [4]. La létalité de
cette pathologie est moindre que celle d’autres épidémies de maladies infectieuses [5, 6]. Cependant,
sa diffusion a été extrémement rapide a travers le monde et facilitée par son mode de transmission
respiratoire par gouttelettes/aérosols et par des phénomeénes de transmission asymptomatiques. De
ce fait, moins de 3 mois apreés 'apparition des premiers cas et avec 114 pays touchés, ’Organisation
Mondiale de la Santé a qualifié le phénomeéne de "pandémie"” [7]. Le nombre de reproduction initial
Ry, soit le nombre de personnes que contamine une personne infectée dans la population totale-
ment susceptible au début de I’épidémie, a été estimé a 3 [8]. L’impact des différentes vagues sur les
populations a varié selon les mesures sanitaires mises en place dans chaque pays et sur les caracté-
ristiques des souches apparues au cours du temps. Les premiéres mesures mises en place ont été des

interventions non-pharmaceutiques telles que I'instauration de la distanciation sociale associée au
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port du masque obligatoire, ainsi que la fermeture des écoles permettant une grande réduction de la
transmission [9, 10]. Les mesures les plus drastiques ont été 'instauration d’un couvre-feu ainsi que
le confinement a domicile, qui ont permis de réduire les contacts inter-personnes [11, 12]. Enfin, la
mesure la plus récente pour endiguer la surcharge hospitaliére a été 1’arrivée de la vaccination, qui
a permis de réduire considérablement le risque d’évolution vers une forme grave [13-15]. La combi-
naison de toutes ces mesures a permis d’endiguer 1’épidémie, cependant, chacune de ces mesures a
ses limites, comme décrit par le modeéle du "Swiss Cheese" (Figure 1.1). Il est nécessaire également
d’avoir des thérapeutiques permettant de traiter la population qui développe une forme sévere mal-
gré ces mesures, comme les personnes immunodéprimées ne répondant pas a la vaccination. Celle-ci
connait également d’autres limites, d'une part a cause de la diminution de son efficacité au cours
du temps et d’autre part suite a 'émergence de nouveaux variants d’intérét (Variants of concerns,
VoC). Afin de perpétuer son efficacité au cours du temps, il est donc nécessaire d’administrer des
doses de rappels régulierement. La longévité de la protection contre I’acquisition de forme grave
dure environ 6 mois, mais cette durée connait une certaine hétérogénéité [16]. De plus les différents
VoC qui ont émergé présentent des mutations sur la protéine Spike, la cible principale des anticorps
produits suite a une infection naturelle ou a la vaccination. Les VoC principaux qui sont apparus ont
été successivement les variants Alpha, Beta, Gamma, Delta puis Omicron, et ont été responsables

des différentes vagues de contamination en France.

1.2 Virologie

Le SARS-CoV-2 fait partie de la famille des coronaviridae, plus précisément du genre betacoro-
navirus, similairement aux deux autres coronavirus responsables d’épidémies de ce siécle : le SARS-

CoV(-1) (2003) et le MERS-CoV (2012), avec lesquels il partage certaines caractéristiques [17]. Il s’agit
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FIGURE 1.1 — Modéle de ’emmental

MODELE DE LEMMENTAL : SE DEFENDRE FACE A UNE PANDEMIE VIRALE RESPIRATOIRE

ou pourquoi un seul type dintervention ne suffit pas d aréter lo contogion

Sourig de i dbsirdarmaliod

RESPONSABILITE iNDIVIDUELLE RESPONSABILITE COLLECTIVE

d’un virus a ARN simple brin, dont le diamétre est compris entre 60 et 140 nm ([18], Figure 1.2). Son
génome est identique a 80% au SARS-CoV-1 et 50% au MERS-CoV [19]. Composé d’environ 30 kilo-
bases [20], il encode pour différentes protéines, dont les 4 protéines structurales : 'enveloppe (E), la
membrane (M), le nucléocapside (N) et enfin la protéine spiculaire, dite Spike (S). Ce sont les muta-

tions de cette derniere qui conférent des avantages de résistance face aux anticorps monoclonaux.

Cycle de réplication

Le virus cible particulierement les cellules exprimant le récepteur a 'enzyme de conversion
de l'angiotensine 2 (ACE2), la pénétration du virus pouvant étre facilitée par la présence de co-
récepteurs, comme la protéase transmembranaire a sérine 2 (TMPRSS2). 1l existe deux modes d’en-
trée principaux dans une cellule exprimant ACE2, la voie endosomale et la voie directe par fusion de
membrane [21]. Ces mécanismes reposent tous les deux sur la reconnaissance du recepteur ACE2,
exprimé a la surface des cellules cibles, par la protéine Spike (S) [22, 23]. Cette protéine Spike est
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FIGURE 1.2 — Schéma du SARS-CoV-2 et génome
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clivée lors de sa formation par la furine, une proprotéine convertase, en deux sous-parties associées
de maniére non covalente, S1 et S2 [24]. La sous-partie S2, exposée suite a un changement de confor-
mation subséquent a la reconnaissance du recepteur ACE2, doit étre clivée par le biais d’enzyme afin
de permettre 'exposition du peptide de fusion de membrane, mécanisme qui précede la libération
de PARN viral dans le cytoplasme de la cellule [25]. Dans le cas de la voie endosomale, le virus va
étre internalisé selon un processus d’endocytose a I'intérieur d’un "manteau de clathrine" [26], pour
former un endolysosome. A la suite de I’acidification de I’endolysosome, la sous-partie S1 de la pro-
téine S va étre excrétée, exposant ainsi la sous-partie S2. L’enzyme cathepsine-L va ensuite cliver
cette sous-partie S2, permettant 'exposition du peptide de fusion. Ceci permet ainsi la fusion avec la
membrane plasmatique de ’endolysosome, et la libération de I’ARN viral dans le cytoplasme. Dans
le cas de la voie directe, la réaction enzymatique permettant I'exposition du peptide de fusion se pro-
duit au niveau de la membrane plasmatique de la cellule, grace au co-récepteur TMPRSS2. Dans ce
cas, la membrane du virus fusionne avec la membrane de la cellule elle-méme et la molécule d’ARN
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est libérée a I'intérieur du cytoplasme [27].

Une fois libre, cette molécule d’ARN va étre ensuite répliquée puis traduite en polypeptides qui vont

étre protéolysés, pour donner notamment ’ARN polymérase (RdRP). Celle-ci va pouvoir transcrire

la molécule d’ARN initiale dans son entiéreté vers de 'ARN sous-génomique qui encode pour les

protéines structurales. Cet ARN va ensuite étre traduit dans le réticulum endoplasmique et aller

dans I’appareil de Golgi, ou le virion va étre assemblé puis relaché (Figure 1.3).

FIGURE 1.3 — Cycle de réplication du SARS-CoV-2 et traitements, réalisé a partir de Jackson et al. et

Bailey et al. [27, 28]
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1.3 Physiopathologie

Du fait de son mode de transmission aéroporté, le tropisme primaire se situe principalement
dans les voies respiratoires, supérieures (oropharynx et nasopharynx) tout d’abord, puis se diffuse
dans les voies respiratoires inférieures (systéme broncho-pulmonaire).

Au sein de ces voies respiratoires, il existe un gradient d’infectivité, qui évolue de maniére parallele
a celui de Pexpression du récepteur ACE2. En effet, les cellules ciliées présentes a la surface de la
muqueuse nasale ont un haut taux d’expression d’ACE2, et ce taux d’expression diminue au fur et a
mesure que 'on descend dans 'appareil pulmonaire [29]. Les cellules ciliées de la cavité nasale sont
ainsi le lieu de réplication principal dans I'infection initiale, de par leur taux d’expression d’ACE2
et par le fait qu’elles soient les cellules les plus exposées au pdle apical de la muqueuse nasale [30].
La dissémination se poursuit ensuite dans la trachée de par leur proximité spatiale. Les sécrétions
de Poropharynx permettent ensuite I'infection des poumons de maniére mécanique, par aspiration
[31, 32], faite pendant le sommeil. Un autre site de prédilection de réplication du virus est le systeme
digestif. En effet, c’est 1a qu'on retrouve une grande expression d’ACE2 [33]. De plus, on retrouve
également une expression de TMPRSS2 dans les pneumocytes de type 2, les entérocytes iliaux et les
cellules nasales goblets [34]. L’ARN viral a été retrouvé également dans les selles et les urines [32, 35,
36]. Des autopsies post-mortem [33] ont également noté la présence d’ARN viral dans de nombreux
organes, notamment le systeme lymphatique, le systeme endocrine avec les glandes thyroides et
surrénales, le systéme nerveux, le systéeme cardiovasculaire, le systéme uro-génital et enfin dans le

sang (Figure 1.4).
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FIGURE 1.4 — Tropisme du SARS-CoV-2, issu de Wong et al. [37]
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1.4 Symptomatologie

L’OMS classe les patients en trois catégories, selon la gravité de leurs symptomes : la forme
bénigne (exempte de signes de forme grave ou critique), grave (saturation en oxygene < 90%, signes
de pneumonie ou signes de détresse respiratoire grave) et critique, qui regroupe les syndrémes de
détresse respiratoire aigué, un état ou un choc septique, ou encore la nécessité de soins vitaux tels

que la ventilation mécanique ou ’administration de vasopresseurs [38].

Symptomes principaux chez le patient ambulatoire

Le tropisme extrémement divers de ce virus va de pair avec les différents symptomes retrouvés.
Le siege initial de la réplication virale étant le nasopharynx, la plupart des personnes présentent
de la fiévre (83-99 %), une toux (59-82 %), une fatigue (44-70 %), une anorexie (40-84 %), un essouf-
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flement (31-40 %) et des myalgies (11-35 %) [39]. De plus, le SARS-CoV-2 étant capable d’infecter
les neurones olfactifs sensoriels [40], 'inflammation provoquée et la perte des cils de ces neurones
présents dans la muqueuse nasale a été proposée comme responsable de I'anosmie [41]. Un autre
symptdmes neurologique couramment retrouvé également est I’agueusie, dont la physiopathologie
est encore non expliquée. Cependant, la capacité du SARS-CoV-2 a infecter le systéme nerveux cen-

tral et les cellules épithéliales de la langue est une piste envisagée pour expliquer ce phénomene [37].

1.5 Réponse immunitaire

La réponse primaire innée a I'infection par un virus consiste en la production d’interférons de
type I(IFN-a & ) et III (IFN-\). Dans les infections virales aigiies, la production d’interféron entraine
la transcription de génes dits "[FN-stimulated", qui conferent des propriétés antivirales et rendent
notamment les cellules réfractaires a 'infection [42]. Cependant, le SARS-CoV-2 a montré une cer-
taine capacité a échapper a cette réponse immunitaire, notamment en la neutralisant, et a induire
une réponse inflammatoire importante [43]. De nombreux travaux ont de plus montré qu’une ré-
ponse immunitaire dérégulée ou déficiente était corrélée a une maladie plus sévére (Figure 1.5) [33,
43-46], ceci méme a charges virales équivalentes [34]. Les patients décédés/séveéres ont également
des niveaux plasmatiques de cytokines pro-inflammatoires élevées et une quantité importante de
macrophages proinflammatoires dans les poumons [46]. Outre la production d’interférons I et III,
une marque communément retrouvée dans les cas les plus sévéres est une réponse cellulaire défi-
ciente [43], marquée par une lymphopénie ainsi qu’une baisse du taux de monocytes, eosinophiles
et basophiles [45]. La réponse anticorps, médiée par les lymphocytes B, se développe entre 5 et 15

jours apres apparition des symptomes [43]. Les immunoglobulines produites sont dirigées contre
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la nucléocapside (IgG anti-N) et la protéine Spike (IgG anti-S), cette derniére étant potentiellement
la plus importante, étant corrélée a la neutralisation in vitro [47, 48]. La présence de ces anticorps

procure de plus une protection contre les réinfections présente pendant plusieurs mois [49, 50].

F1GURE 1.5 - Différences de réponse immunitaires entre les cas non-séveres et les cas séveres, repro-
duit a partir de Sette et al. [43]
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1.6 Vaccins

La vaccination contre le SARS-CoV-2 a été introduite fin 2020 en France. Les premiers vaccins qui
ont été approuvés ont été les vaccins des laboratoires Pfizer-BioNTech, Moderna (2 ARN messagers)
et Oxford-AstraZeneca (a vecteur viral non réplicatif). Ceux-ci ont montré une efficacité respective
entre 90-95% dans la protection contre I’acquisition d’une infection symptomatique, et une réduc-
tion du taux d’évolution vers une forme sévére chez les populations vaccinées >95%, ceci contre les
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souches en vigueur au moment de leurs approbations [51-53]. Cependant, ces vaccins ont des limites
aujourd’hui. En effet, la réponse immunitaire induite par la vaccination consiste en la production
d’anticorps qui sont dirigés contre la protéine Spike du virus, qui consiste la principale probléma-
tique de 'émergence des variants d’intérét. La protéine Spike est un domaine hyper-variable qui
consiste la principale source de variabilité des variants émergents. Ainsi, 'efficacité de la réponse
anticorps induite par la vaccination diminue d’une part avec le temps mais également avec les VoC,
pouvant atteindre jusqu’a seulement 45% d’efficacité contre le variant Omicron malgré une dose de

rappel [54].

1.7 Thérapeutique

Gréace a des résultats préliminaires obtenus sur le MERS-CoV et le SARS-CoV-1 in vitro et sur
des modeéles animaux, beaucoup de molécules antivirales déja indiquées dans d’autres pathologies
ont été redirigées. Des traitements spécifiques ont ensuite été développés, tels que les anticorps

monoclonaux ou la combinaison nirmatrelvir+ritonavir.

Le patient ambulatoire

Chez le patient ambulatoire traité précocement (<7 jours), plusieurs molécules ont prouvé leur
efficacité dans la prévention de I’évolution vers un stage sévere de la maladie et de I'hospitalisa-
tion. Les thérapeutiques les plus efficaces aujourd’hui sont la combinaison nirmatrelvir+ritonavir,
le remdesivir et certains anticorps monoclonaux (Figure 1.3) tels que le sotrovimab ou les combinai-
sons casirivimab+imdevimab et bamlanivimab+etesevimab. Ces molécules ont montré une efficacité
supérieure a 70% pour réduire le taux d’hospitalisation ou de déceés [55-58]. La combinaison tixage-
vimab+cilgavimab a quant a elle montré une réduction de 77% d’apparition d’'une forme symptoma-
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tique chez des patients a risque d’étre non-répondeur a la vaccination ou a risque de forme sévere

[59].

Le patient hospitalisé

Certaines de ces molécules ont été étudiées également chez le patient hospitalisé, cependant avec
une réussite moindre, voire controversée. Le remdesivir seul a montré de faibles effets voire aucun
selon le critere de jugement considéré. L’essai Solidarity a par exemple retrouvé une mortalité 1é-
gerement réduite chez les patients non-ventilés [60]. L’essai DisCoVeRy en revanche n’a retrouvé
aucune amélioration clinique, mesurée sur I’échelle ordinale de ’OMS [61]. En combinaison avec
le bamlanivimab [62], aucune efficacité clinique n’a été retrouvée. L’essai ACTIV-3/TICO quant a
lui n’a retrouvé aucune efficacité clinique du bamlavinimab, sotrovimab ou de la combinaison BRII-
196+BRII-198 [63, 64], mesurée sur 1’échelle ordinale de 'OMS . Cependant, un facteur qui semble
important dans ’évaluation des thérapeutiques est la séropositivité a I'initiation du traitment. En
effet, I'essai RECOVERY a retrouvé une efficacité de la combinaison d’anticorps monoclonaux casi-
rivimab+imdevimab dans la sous-population de patients n’ayant pas encore développé de réponse

anticorps (30% -> 24% de mortalité) [65].

Molécules d’intérét dans le cadre de cette thése

Les thérapeutiques sur lesquelles nous nous sommes particuliérement concentrés dans le cadre

de cette thése ont été le remdesivir et le favipiravir.

Remdesivir
Le remdesivir est un analogue nucléosidique panviral qui inhibe ’ARN polymérase (RdRP) d’'un
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certain nombre de virus [66]. Le remdesivir en tant que tel n’est pas actif, mais nécessite de passer
par une cascade de métabolisation afin d’atteindre sa forme de nucléoside tri-phosphate (RTP) qui
peut ainsi s’intégrer a ’ARN polymérase (Figure 1.6). Chez le primate non-humain, ce traitement a
montré une diminution de la charge virale pulmonaire accompagnée d’une amélioration clinique [67,
68]. Chez le patient ambulatoire, il a montré une réduction du taux d’hospitalisation de 87% [56],
mais chez le patient hospitalisé son efficacité est contestée. En effet, certains essais trouvent une
amélioration clinique [60, 69], tandis que d’autres ne retrouvaient pas ces résultats [61, 70, 71].Ce-
pendant, il est difficile de comparer l'efficacité du remdesivir dans cette derniere population selon
les essais, car les critéres de jugement principaux pouvaient différer. Certains prenaient comme cri-
tére de jugement principale la réduction de mortalité [71] ou le passage sous ventilation [60], alors
que d’autres essais appréciaient I'effet antiviral mesuré sur I’échelle clinique ordinale de 'OMS en

7 points [61, 69, 70].

FIGURE 1.6 — Bioactivation du remdesivir
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Favipiravir

Le favipiravir est une molécule pan-virale prescrite dans le traitement de la grippe A au Japon.
Elle a été testée contre plusieurs virus tels qu’Ebola ou Lassa ([72-74]. Contre le SARS-CoV-2, cette
molécule a montré des résultats prometteurs in vitro [75] et dans un modéle rongeur, mais pas dans
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le modele primate non-humain (cf chapitre 7). Chez ’humain, il a été étudié dans plus d’une centaine
d’essais cliniques [76], avec des résultats discordants chez le patient hospitalisé, que ce soit au niveau
clinique ou viral [77-79]. Chez le patient ambulatoire, aucun essai contr6lé randomisé n’a trouvé
d’efficacité clinique [80, 81]. Malgré cela, il reste approuvé dans plusieurs pays tels que le Japon, la

Russie, la Serbie, Turquie, Inde et Thailande.
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CHAPITRE

DYNAMIQUE VIRALE DU SARS-CoV-2

2.1 Méthodes de quantification

La charge virale, au sens communément utilisé, correspond a une concentration de copies d’ARN
viral présent dans un échantillon. Dans le SARS-CoV-2, sauf mention contraire, la charge virale men-
tionnée est la charge virale nasopharyngée, collectée sous forme d’écouvillons nasopharyngés. Cet
échantillon subit une procédure de Polymerase Chain Reaction (PCR), qui va amplifier le gene grace
a des cycles qui répliquent la molécule d’ARN initiale, et le nombre de cycles d’amplification né-
cessaires a la détection du virus va étre inversement proportionnel a la quantité de virus présent
dans I’échantillon. Pour obtenir le nombre de copies d’ARN par millitre d’échantillon, il faut avoir
acces a des courbes de calibrations qui dépendent du geéne ciblé. Les courbes de calibrations diffé-
rant entre ces genes, la conversion vers des copies/mL peut donner des concentrations différentes
pour le méme prélevement. De plus, on peut avoir a faire a différentes qualités de prélevements, qui
peuvent contenir plus ou moins de cellules. Pour pallier a ce biais, dans ’essai DisCoVeRy, la charge
virale était normalisée par le nombre de cellules présentes dans le prélevement. De plus, on assimile
couramment le nombre de copies d’ARN viral au nombre de virus produits par les cellules infectées,

cependant ce raccourci est contesté [82].
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Au sein des particules virales produites, un grand nombre d’entre elles ne sont pas infectieuses di aux
erreurs faites par ’ARN polymérase, rendant la molécule non viable. Il convient donc de ne pas as-
socier quantité d’ARN produite et infectivité du virus. D’autres méthodes de quantifications existent
pour déterminer la quantité de virus infectieux produite par millilitre d’échantillon. Parmi celles-ci,
les plus courantes sont les essais de plaques (donnant des résultats en Plaque Forming Unit/mL) ou
une méthode de titrage donnant comme résultat le TCID50 (Tissue Culture Infective Dose), soit la

quantité de virus nécessaire pour détruire 50% des cellules.

2.2 Evolution naturelle de la charge virale

La modélisation intra-hote de la dynamique virale effectuée sur des données répétées au cours
de la maladie permet de reconstituer la totalité de I’histoire naturelle de I'infection depuis la conta-
mination jusqu’a la clairance virale. Connaitre I'intégralité de cette évolution a permis d’attribuer la
présence de deux pentes de décroissance a I’action du systéeme immunitaire [83, 84], ceci également
dans le compartiment salivaire [83]. La période d’incubation du virus a été estimée a 5 jours [84-86],
pouvant se prolonger jusqu’a 14 jours [86]. Le charge virale atteint son pic également 5 jours apres
I'infection ([84], Figure 2.1), ce qui a été confirmé par une étude contrélée qui a étudié la dynamique
virale chez des volontaires infectés [87]. Ce pic est atteint beaucoup plus vite que pour le SARS-CoV-
1 ou le MERS-CoV, qui en comparaison atteignent ce pic entre 10-14 et 7-10 jours respectivement
[88]. De nombreux travaux ont montré des trajectoires virales qui différent selon I’adge. En effet, la
littérature s’accorde aujourd’hui sur le fait que les patients 4gés ont une excrétion virale prolongée
[88-90]. L’impact de cette différence a été retrouvée notamment par notre travail de modélisation de

la dynamique virale chez une cohorte de patients hospitalisés ([84], cf chapitre 5).
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FIGURE 2.1 — Histoire naturelle de la maladie, issu de Killingley et al. [87]
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2.3 Charge virale et transmission

La charge virale a été montré dans de nombreux travaux comme étant corrélée a la transmis-
sion. Notamment, la charge virale nasopharyngée est positivement corrélée a la charge virale pré-
sente dans les gouttelettes excrétées dans I'environnement [91]. Cela représente donc un inocu-
lum viral plus important et donc une probabilité de transmission accrue. Marks et al ont égale-
ment corrélé cette probabilité de transmission au niveau de charge virale nasopharyngée obtenue
chez I'index au moment du diagnostic [92]. Plusieurs auteurs ont quant a eux, grace a la modé-
lisation intra-hote, quantifié la probabilité de transmission [93-95], confirmant que la probabilité
de transmission est la plus élevée lors du pic de charge virale. De plus, le pic de charge virale
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étant atteint au moment des symptdmes, cela a un impact important sur la part de transmission
pré-symptomatique/asymptomatique [87, 96]. Cependant, afin d’infecter de nouveaux individus, la
charge virale excrétée par le biais de gouttelettes ou d’aérosol doit étre capable d’infecter de nou-
velles cellules, donc qualifiée de charge virale "cultivable" ou "infectieuse". Cette charge virale in-
fectieuse a été montré comme disparaissant plus rapidement que la charge virale génomique apres
le début des symptomes/pic de charge virale (médianes : 10.2 jours vs 14.6 jours, [87]). En ce sens,
la charge virale génomique et la probabilité de transmission n’évoluent plus de maniére conjointe
apres le début des symptomes/pic de charge virale. De plus, il existe une grande hétérogénéité inter-
individuelle entre la quantité de virus infectieux produit et la charge virale totale (ARN génomique),
ce qui implique que d’autres mécanismes que la charge virale sont impliqués dans la capacité d’'un
individu a infecter ses pairs [83]. La transmission peut également étre impactée selon la souche du
virus concernée. Par exemple, le variant Alpha a montré une charge virale plus élevée que le va-
riant historique, avec un potentiel de transmission plus élevé [97, 98]. Egalement, le variant Delta
semble avoir une charge virale plus élevée que les autres variants [99, 100]. De plus, sa charge virale
infectieuse est également supérieure aux autres VoC [101], ce qui explique son infectivité accrue.
Cependant, il convient de faire attention aux biais existants dans ces comparaisons entre VoC, no-
tamment lorsque ceux-ci présentent des différences de période d’incubation ainsi que 'impact de la

vaccination.

2.4 Charge virale et évolution clinique

Chez le patient ambulatoire, la durée de portage est associée a la présence/absence de symptomes
[102] et la charge virale au risque d’évolution vers une forme sévere donc une hospitalisation [103].

Une fois hospitalisé, la charge virale nasopharyngée du patient a I’admission a I’hopital a été montrée
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dans de nombreux travaux comme étant corrélée a la gravité de la maladie [104-110]. que ce soit le
risque d’intubation ou le risque de déces. De plus, la modélisation a permis de quantifier ce lien entre
mortalité et charge virale (CF chapitre 5). Dans le cadre des VoC, le variant Alpha a notamment été
associé a une mortalité accrue de 61% par rapport au variant historique et aux autres variants non of
concern (VOI) [111]. Cette mortalité accrue va de pair avec une charge virale plus élevée. Cependant,

il convient toujours de faire attention aux mémes biais qui sont présents pour la transmission.

2.5 L’effet des vaccins et des thérapeutiques antivirales sur la

dynamique virale

La vaccination a montré un impact significatif sur la charge virale. En effet, de nombreux travaux
ont montré une clairance plus rapide de la charge virale génomique chez des individus vaccinés. De
plus, la charge virale infectieuse est également diminuée [99, 112-114]. L’efficacité de cette vaccina-
tion diminue cependant avec I’émergence des VoC. Par exemple, le variant Omicron nécessite un
rappel supplémentaire pour observer la méme diminution que chez les patients infectés par le va-
riant Delta par rapport aux personnes non vaccinées [115]. Plusieurs thérapeutiques ont également
montré une diminution de la charge virale génomique, ainsi que de la charge virale infectieuse. Chez
les patients ambulatoires, la combinaison casirivimab et imdevimab ont permis une réduction allant
de 0.71 a 0.87 log;( copies d’ARN/mL 7 jours apres le début du traitement [58]. Similairement, la
combinaison nirmatrelvir+ritonavir a permis une réduction de 0.87 log;, copies d’ARN/mL 5 jours
aprés 'initiation du traitement chez les patients traités précocement (< 3 jours apres le début des
symptomes). Enfin, le bamlanivimab en combinaison avec I'etesevimab a montré une réduction de
0.57 logyo copies ’ARN/mL 11 jours (+/- 4) aprés randomisation. Ces réductions de charge virales

ont été également montrées comme étant corrélées a la diminution du risque d’aggravation [103].
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En ce sens, la réduction minime de charge virale induite par le remdesivir que nous avons retrouvée

dans le chapitre 6 va de pair avec I’absence totale d’efficacité clinique.

2.6 La charge virale dans les autres compartiments

Comme dit précédemment, le SARS-CoV-2 a un tropisme extrémement divers. La charge virale
que 'on peut mesurer en dehors des autopsies peut étre présente dans les compartiments salivaire,
pulmonaire, ou encore dans le sang sous forme d’antigénémie. La charge virale salivaire a un inté-
rét particulier [116], puisque les tests se réalisent de maniere indolore, voire sont plus sensibles que
dans le nasopharynx [117]. Ainsi, certains auteurs présentent le test salivaire comme une alternative
a I’écouvillon nasopharyngé [118]. L’antigénémie quant a elle représente un marqueur plus global
de linfection. En effet, elle rend compte de I’extension de I'infection a la fois au niveau nasopha-
ryngé, mais également au niveau pulmonaire et dans les autres organes. En terme de stratégie de
test, elle procure une tres bonne sensibilité et spécificité lorsque collectée dans les 14 jours suivant
les symptomes, et pourrait donc représenter une alternative a I’écouvillon nasopharyngé pour le
diagnostic [119]. Chez le patient hospitalisé, la charge virale pulmonaire, bien qu’étant présente au
siege de I'infection dans les cas nécessitant une hospitalisation, n’est pas aisément récupérée. En
effet, afin de collecter celle-ci, il est nécessaire de réaliser un lavage broncho-alvéolaire. Cet examen
étant douloureux, il n’est réalisable de maniere répétée que chez des patients sédatés ou intubés en
service de réanimation, donc potentiellement plus graves que la population hospitalisée dans des

services de salle (voir discussion du chapitre 5).
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CHAPITRE

LA MODELISATION AU SERVICE DE L’'EVALUATION
THERAPEUTIQUE

3.1 Les modeles hotes pathogenes

Les modeéles historiques

La modélisation de la dynamique virale intra-hote a servi a décrire en premier lieu des patholo-
gies chroniques comme le VIH ou I’hépatite C [120, 121].
Ces modeles ont ensuite été adaptés pour décrire I’évolution de la charge virale de pathologies vi-
rales aigués. L'une des premieéres de ces pathologies a avoir été décrite par le biais de la modélisation
a été celle de la grippe A (Influenza A, [122, 123]). Le modéle le plus simple dans ce cas se compose
d’une population de cellules saines T et d'une population de cellules infectées I. Ces derniéres pro-
duisant p particules virales par jour et par cellules, qui réinfectent les cellules saines a une vitesse
B, poursuivant le cycle jusqu’a ce que plus aucune cellule saine ne soit disponible. En ce sens, ce
modele est dénommé "Target-Cell-Limited model", le facteur limitant du cycle étant le nombre de
cellules cibles. Il est possible d’incorporer une population de cellules supplémentaires infectées mais
non-productrice de virus, /3, dite "en phase d’éclipse” d'une durée de k jours, qui pourrait s’assi-
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miler dans un cadre épidémiologique a une période d’incubation ou I'individu contaminé ne peut
pas provoquer d’infection subséquente. Les cellules infectées productrices de virus constituent donc
une deuxiéme population dénotée I, éliminées a une vitesse 9. Ce modeéle a été utilisé pour dé-
crire plusieurs maladies virales aigués telles qu'Ebola ou Zika [73, 124]. Enfin, TARN polymérase
des virus a un taux d’erreur de réplication assez élevé, et peut donc produire des particules virales
qui sont mesurées par RT-qPCR, mais qui ne sont pas viables pour réinfecter de nouvelles cellules.
Ainsi, il est possible de diviser la production virale en 2 populations, les virus dits "non-infectieux"
et ceux dits "infectieux", ces derniers représentant une proportion p de la production virale totale.
Des paramétres de dynamique virale peut se dériver le nombre de reproduction Ry, qui représente
le nombre de cellules infectées secondairement par une cellule infectée au début de I'infection, tel

que Ry = 22 ‘g 0, avec Tj le nombre total de cellules cibles.

Ce modele peut s’écrire sous la forme d’équations différentielles ordinaires comme suit :

G = —BViT
4 = VT — kI
e — kI, — 61,
an

L= plop — cVy;

dv’ = ply(1 — p) —cV;

Les modeles incorporant la réponse immunitaire

La réponse immunitaire lors d’une infection virale peut agir sur la dynamique virale, par le biais
de plusieurs actions potentielles sur les différents compartiments. Cette réponse immunitaire peut
avoir différents modes d’action :

- Rendre cellules cibles réfractaires a 'infection, qui serait médiée par I’action d’interférons de type

32



1 [42, 125]. Ce type de réponse immunitaire a notamment été utilisé pour modéliser la charge virale
nasopharyngée dans le SARS-CoV-2 [83].

- Une action cytotoxique qui augmente 1’élimination des cellules infectées, diminuant de ce fait leur
demi vie, qui serait médiée par une réponse CD8+ ou NK [126]. Ce type de réponse immunitaire a
également été utilisé pour décrire la charge virale nasopharyngée [84, 127, 128] et la charge virale
salivaire du SARS-CoV-2 [83].

- Une augmentation de la clairance du virus, par 'apparition d’anticorps qui se fixeraient au virus
et permettraient leur élimination par les macrophages.

- Un blocage de la production de virus, de maniere similaire a un antiviral qui inhiberait ’ARN po-
lymérase du virus, potentiellement médiée par les interferons [83, 129].

- Un blocage de I'infection des cellules cibles qui s’apparenterait a I’action d’anticorps qui bloquerait

stériquement les virus [130].

L’utilisation de ces modéles peut se faire de maniére agnostique, en ’absence de connaissances
précises sur I'action du systéme immunitaire sur la charge virale. Dans le cadre du SARS-CoV-2,
plusieurs travaux de modélisation ont utilisé des modeles d’action cytotoxique afin de décrire au

mieux la dynamique virale nasopharyngée [84, 127, 128].

La paramétrisation de ce genre de modele peut étre faite de maniéres diverses. Une maniére
générique est de considérer la production de I'effecteur immunitaire considéré comme stimulée par
la quantité d’antigéne présent et proportionnel au nombre de cellules infectées. Dans notre modele,

cela se traduira par un compartiment F décrit de la maniére suivante :

= ql, — dF
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Cet effecteur F peut agir de maniére linéaire ou non-linéaire. Ainsi, pour un modéle qui incor-

porerait une réponse immunitaire cytotoxique, cela se traduirait par :

o — kI — 6, — @

dt I

_F
F+m

Ou de maniere simplifiée :

= kI, — 61, — @I,
Avec P 'effet maximal de cette réponse immunitaire, dont I’estimation doit étre dans les ordres
de grandeurs du parameétre qu’elle compleéte, ici d, et dans le cas non linéaire, 7 un parameétre de

saturation qui peut s’apparenter a une concentration efficace 50%, soit la valeur de F' nécessaire

pour atteindre 50% de ®.

D’autres auteurs ont également modélisé la réponse immunitaire de maniere différente. Ke et al.
[83] ont simplement considéré que I’élimination des cellules cibles 9 est un parametre dépendant du

temps comme suit :

(51 (Sl t< tl)

51 + 52 (Si t> tl)

D’autres paramétrisations plus complexes comprenant la dynamique de recrutement des cellules
cytotoxiques effectrices ont été également envisagées [127, 128]. Cependant, 'augmentation de la
complexité de la paramétrisation de la réponse immunitaire va de pair avec la complexité des don-
nées nécessaire a estimer correctement les parametres concernant cette réponse immunitaire. Cela

peut donc compromettre les capacités d’inférence et de prédiction du modeéle.
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FIGURE 3.1 - Différentes actions du systéme immunitaire sur la dynamique virale. Bleu :blocage de
I'infection ; rouge : augmentation de I’élimination du virus; vert : augmentation de I’élimination des

cellules infectées; jaune : diminution de la production virale ; gris : cellules cibles rendues réfractaires
a 'infection
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Les modeéles incorporant un traitement

La modélisation d’'une dynamique virale d’un individu traité peut se faire différemment selon le
mode d’action du traitement. Par exemple, les analogues nucléosidiques sont incorporés par ’ARN
polymérase du virus, bloquent ainsi la production de virus, soit complétement, soit en le rendant
non infectieux dii a une chaine d’ARN incompléte.

Cet effet s’incorpore dans le modéle de dynamique virale sous la forme d’un parameétre ¢ qui diminue

la production de virus p d’un facteur (1-¢,) comme suit :

d;/;” = ployp(l —€p) — Vi

avi _
P plo(1 — p)(1 — ep) —cV;
Les anticorps monoclonaux quant a eux peuvent avoir plusieurs modes d’action, que ce soit
protéger les cellules cibles en bloquant I'infection ou diminuer la demi-vie des cellules infectées.
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FIGURE 3.2 — Modéle Target-Cell-Limited avec traitement diminuant la production virale

i @ ‘ '
pX(1-p)%(1-€)
—_—_—
/pXpx(1-e)
e i

Cela se traduira ainsi par une diminution de la vitesse d’infection 3 par un facteur (1-€g) :

L — _B(1 —e5)ViT

dt

I = B(1 — eg)ViT — kI,

dt

ou par une augmentation de I’élimination des cellules infectées § par un facteur (1 + ¢;) :

a2 — kI, — 6(1 + €5) 15

dt

3.2 L’apport de la modélisation intra-hote en période épidé-

mique

En période épidémique, modéliser la dynamique virale permet d’apprendre beaucoup sur I'his-
toire naturelle de la maladie et de faire des prédictions, notamment sur 'introduction de traitements,
en prenant en compte le stade de la maladie auquel ils sont introduits et leur mode d’action. De
nombreux modéles intra-hotes du SARS-CoV-2 ont été publiés (tableau ci-dessous). Ces modeles
ont permis notamment de définir une cible pharmacodynamique (90%) permettant de réduire le RO
(cellulaire) en dessous de 1 et donc stopper l'infection de nouvelles cellules et et I'importance de
I’administration précoce des traitements antiviraux [131]. Czuppon et al. ont quant a eux permis
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de discriminer les types de traitements les plus a méme de prévenir 1’établissement de I'infection,
selon 'inoculum initial et I'efficacité du traitement [132]. Les modéles de dynamique virale ont éga-
lement permis permet d’inférer avec précision notamment le risque de transmission, qui ici est lié
a la quantité de charge virale présente dans le nasopharynx, et donc maximal autour du pic et du
début des symptomes [93, 95]. Cela permet également de proposer des stratégies de tests optimales
pour détecter le plus sensiblement les patients infectés [95]. De plus, il est possible d’identifier les
populations les plus a risques a cause de leur dynamique virale/réponse immunitaire déficiente, in-
dépendamment des facteurs de risques de mortalités connus (age, sexe etc) [84].

La modélisation permet également d’évaluer I'efficacité virologique d’un traitement déja administré
dans un essai clinique, en prenant en compte a la fois le mode d’action et les nombreuses hété-
rogénéités dans la population, apportant ainsi une plus grande puissance statistique [74]. Enfin,
il est possible d’identifier les populations les plus susceptibles de répondre a certains traitements,
afin d’optimiser la stratégie thérapeutique [74]. Au-dela de décrire 'histoire naturelle de la maladie,
la modélisation intra-hote permet de réaliser des prédictions de scénarios d’interventions (non)-
pharmacologiques. Goyal et al. ont modélisé grace a un modele liant dynamique virale et infectio-

sité 'impact de différents scénarios selon la compliance au port du masque sur la transmission [133].
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Auteur Nombre de sujets Résultats principaux

WANG ET AL. [127] 25 Déclin virologique en trois phase

Temps de clairance virale prolongé chez les patients

GASTINE ET AL. [134 645 . s . , .
[134] agés,les hommes et ceux atteints d’'une maladie sévere

Importance d’un traitement antiviral précoce

GONGALVES ET AL. [131] | 13 . 1 .
¢ [131] et puissant pour réduire la charge virale

La charge virale facteur de risque de mortalité.
NEANT ET AL. [84] 665 Nécessité de traitements puissants pour obtenir
un effet clinique

Durée d’infectiosité médiane de 5.5 jours.
Transmission pré-symptomatique liée

KE ET AL. [95 17 \ - s .
EET AL [95] a la période d’incubation.
Infectiosité réduite par la vaccination
Hétérogénéité de la dynamique virale liée
K ET AL. [83] 60 au "superspreading”.

Charge virale salivaire meilleur marqueur
pour la détection précoce

TaBLE 3.1 — Modeles publiés de dynamique virale du SARS-CoV-2
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CHAPITRE

METHODES D INFERENCE

4.1 Modéles non linéaires a effets mixtes

Prendre en compte les variabilités biologiques existant dans la réponse a une infection requiert
des outils statistiques complexes et une approche globale dite populationnelle. L’approche des mo-
deles a effets mixtes permet de prendre en compte I'intégralité des données longitudinales répétées

au cours du temps dans une population.

Les modeles a effets mixtes permettent de décrire I'observation y; ; de 'individu ¢ au temps j

suivant la structure suivante :

Yij = f(tiz, ©:) + g(tij, ©i) X €

ou f(t;;,©;) correspond au modeéle structural qui dépend du temps d’observation j de I'indi-
vidu i et du vecteur de parametres individuels ©; = {0y ;; 65 ,...; 0, ;}. Chaque paramétre individuel
0; peut se décomposer en deux composantes : la valeur de population p, appelée "effet fixe" et la
déviation de I'individu ¢ par rapport a cette valeur de population, 7;, appelée "effet aléatoire" (d’ou

I’appellation de ce type de modéle "effet mixtes"), qui est distribué selon une loi normale de moyenne
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0 et de variance w?. L’ensemble des effets aléatoires {43 M2,i--; Mn,i } permettent de former la ma-
trice de variance-covariance des effets aléatoires notée €). Pour obtenir la valeur d’'un parameétre
individuel, on peut combiner l'effet fixe et I'effet aléatoire de plusieurs manieres différentes, selon la
distribution du paramétre 6 considéré :

0; = p + n;, si le parametre 6 suit une loi normale.

0; = pxexp(n;), sile parameétre 0 suit une loi log-normale, le cas le plus courant en biologie, puisque
cette loi contraint le parametre a étre positif.

0; = . x expit(n;), sile parametre 0 suit une loi logit-normale, c’est a dire qu’il est contraint a étre
compris dans l'intervalle ]0;1[.

On peut rajouter également des effets de covariables/caractéristiques individuelles pour expliquer
une partie de la variabilité inter-individuelle (i.e. réduisent la variance de I’effet aléatoire). Dans le

cas d’une distribution log-normale du paramétre 6, cela s’écrira de la maniére suivante :

0; = pu x exp(n;) x exp(ze, X (o)

avec z¢, le vecteur de covariables C' de I'individu 7 (qui peuvent étre continues ou discrétes), et

(c le vecteur des parametres d’association entre les covariable C' et I'effet aléatoire.

Pour décrire notre observation y; ;, il convient d’ajouter au modele structural un terme d’erreur
résiduelle ¢(¢; ;, ©;) X €; j, inhérent aux techniques de mesures utilisées et a I'imprécision d’un mo-
déle, ol ¢; ; suit une loi normale de moyenne 0 et de variance 1. La fonction g qui caractérise la forme
du modéle d’erreur résiduelle s’écrit : g(; ;,0;) = a + b x f(t;;,0;). a est ici le terme d’erreur dit
"additif" ou "constant”, puisqu’il ne dépend pas de la valeur de f(t;;), et b est le terme d’erreur dit

"proportionnel".
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4.2 Modéeles conjoints

Les modeles de cinétique virale nous permettent de reconstruire I’évolution naturelle de la charge
virale voire d’autres biomarqueurs qui peuvent étre immunologiques. Comprendre 'impact de ces
biomarqueurs sur la survenue d’événements comme le passage en réanimation, la mise sous ven-
tilation mécanique et la létalité pourrait permettre d’optimiser les stratégies thérapeutiques. Les
modeles dits conjoints sont un moyen de quantifier I'impact d’un biomarqueur longitudinal comme
covariable dépendant du temps sur la probabilité de survenue d’'un événement d’intérét au cours
du temps [135]. En ce sens, un modéle conjoint se composera de deux sous-modeles, le premier
décrivant I’évolution longitudinale temporelle du biomarqueur d’intérét, tel qu'un modele de ci-
nétique virale, et tandis que le second décrivant le délai de survenue de I’événement d’intérét, dit
sous-modele de survie. Ce dernier permet de prendre en compte le fait que I’événement ne sur-
vienne jamais durant la période d’observation, appelé phénomeéne de censure. Cet événement peut
également se répéter, puisqu’il ne se limite pas uniquement a la létalité mais peut concerner tout
événement clinique.

Dans le cas d’'une survenue unique de I’événement d’intérét a un temps T, celle-ci est caractérisée
tout d’abord par une fonction de risque instantané h(t), qui représente le risque de faire I'événement

aux alentours du temps t, conditionnellement au fait que I’événement ne soit pas survenu avant t :

Pt<T<=t+A|T>t)

h(t) = 1imAt_>0 A,

Dans le cadre d’un modéle conjoint, cette fonction de risque peut étre redéfinie comme suit : A(t) =
ho(t)exp(V L(t) x «), ol hy(t) est appelée fonction de risque de base, V' L(t) est la valeur de la
charge virale au temps ¢, obtenue grace au sous-modéle longitudinal, et o représente la force d’asso-
ciation entre la valeur de V' L(t) et le risque instantané h(t). La fonction hg(t) peut prendre soit une

forme soit non-paramétrique (non-spécifiée) soit paramétrique. Parmi ces formes spécifiées, les plus
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courantes incluent les fonctions exponentielle (ou constante) : hy(t) = %, indépendante du temps,

Weibull : ho(t) = £(£)*~! ou encore Gompertz : ho(t) = a x exp(—b x t).

On peut dériver de cette fonction de risque instantané la fonction de survie, dénotée S(t), la

probabilité que le patient soit toujours a risque de faire I’événement au temps t: S(t) = P(T > t) =

exp(— fg h(u)du)

Pour estimer le lien entre biomarqueur longitudinal et probabilité d’événement, on peut les ap-
proximer en utilisant une approche dite two-stages. Cependant, cette approche ne permet pas de
prendre en compte dans I’estimation des parameétres du modele longitudinal la censure informative
liée aux sorties d’études (ou dropout), et est donc sujette a un biais. Ainsi, il est préférable d’es-
timer au sein de la méme procédure les parameétres longitudinaux et les parametres de survie. La

vraisemblance conjointe s’écrit comme suit :

N
L(V,y) = H/p(yilm,‘lf)p(TmI%\I’)p(m,‘I’)dm
=1
4.3 Estimation des parameétres

Le vecteur de 'ensemble des parameétres estimés est dénoté U, et comprend les effets fixes des pa-
rameétres u, la matrice de variance-covariance des effets aléatoires (), les termes d’erreur résiduelles
a et b, et enfin les potentiels effets des covariables (.

Les algorithmes les plus couramment utilisés en approche fréquentiste pour estimer ce vecteur ¥
reposent sur le principe de maximisation de la vraisemblance de I’ensemble des données observées.
Celle-ci est dénotée L(W,y) et peut se décomposer en le produit des vraisemblances individuelles,
en faisant I'hypothése d’indépendance conditionnelle des individus. La vraisemblance est donc cal-

culée comme l'intégrale de la vraisemblance des données completes par rapport a la distribution des
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effets aléatoires, ce qui donne :

N N

N
£(v.y) =[] £0s) = T[ptw®) = [T [ plon, 0o,
i=1 i=1 i=1

Cette expression de la vraisemblance n’a pas d’expression analytique dans les modeles non-
linéaires. Elle peut cependant étre approximée. Les premiéres méthodes développées dans les an-
nées 80-90 (First-Order puis First Order Conditional Estimate) étaient basées sur une linéarisation
du systeme, et ont été utilisé pour des modeles uniquement longitudinaux. Pour approximer la vrai-
semblance conjointe, des algorithmes plus récents ont été utilisés tel que 'approximation de Laplace
[136]. Enfin, des algorithmes se basant sur la méthode EM (Expectation-Maximization) développée
dans les années 90 par Dempster et al. [137] permettent une estimation de la vraisemblance sans
linéariser le modele. En particulier, 'algorithme SAEM (SA : Stochastic approximation) développé
par Delyon et al en 1999 [138], puis implémenté dans le logiciel Monolix par Lavielle et Kuhn [139]
en 2004, s’est montré assez robuste, bien que sensible aux parameétres initiaux fournis par l'utili-

sateur [140]. Dans le cadre de cette thése, nous avons utilisé cet algorithme pour estimer tous les

parameétres qui seront présenté dans les travaux des chapitres suivants.

4.4 Model Averaging

Pour simplifier les modeéles afin d’obtenir une identifiabilité pratique, il est possible de fixer cer-
tains parametres a des valeurs connues de la littérature ou en faisant des hypotheses biologiques.
Dans un second temps, une analyse de sensibilité ou par profil de vraisemblance permet d’évaluer le
poids de la variation du parametre dans le modele. Enfin, il est possible de sélectionner le meilleur
modeéle selon des critéres dérivés de la vraisemblance. Cependant, cette approche de sélection de
modele comprend des limites puisque I'incertitude autour du parametre considéré n’est pas évaluée.

Pour prendre en compte cette incertitude, il est possible d’utiliser une approche de Model Averaging
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(M A), développée en 1997 par Buckland et al. [141] puis étendue aux modéles de dynamique virale
[142]. Cette méthode permet d’obtenir non pas une seule estimation de parametres, mais des distri-
butions qui prendraient en compte l'intégralité des n modeles testés et la précision d’estimation de
ces parametres dans chacun des M modeles.

A chacun des modeles M est assigné un poids, proportionnel a la vraisemblance du modele. Ainsi, il
est possible de prendre en compte I'incertitude liée au modele. Le poids w); du modele M est défini

comme suit :

—AIC)f
e 2

n
—AIC),
de e
i=1
L’AIC étant 1’ Akaike Information Criterion, un dérivé de la vraisemblance [143]. Enfin, pour

Wprr =

chaque parametre 0 estimé, son incertitude d’estimation va étre prise en compte en tirant un grand
nombre de paramétres proportionnel au poids de chaque modeéle dans une loi normale N ~ (0, SE(6,)?).
Le parameétre ¢ va donc suivre une mixture de loi gaussienne, d’ou il est possible d’extraire un in-

tervalle de confiance au seuil « en calculant les quantiles a/2 et 1 — («/2) de cette loi.
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OBJECTIFS DE LA THESE

Ces travaux de thése ont eu différents objectifs qui ont évolué en fonction de I’épidémie, des
données disponibles et de la connaissance acquise pendant ces 3 derniéres années. En premier lieu,
nous avons eu pour but de reconstruire histoire naturelle de charge virale chez le patient hospi-
talisé en I’absence de traitement antiviral, et caractériser la variabilité inter patients. Pour ce faire,
nous avons utilisé les données de charge virales nasopharyngées des premiers patients de la cohorte
French Covid et avons appliqué des modeéles non-linéaires a effets mixtes qui ont permis d’obtenir
une description populationnelle de la dynamique virale. Nous avons ensuite pu prédire I'impact de
thérapies antivirales puissantes sur la mortalité. Dans un second temps, nous avons évalué I'impact
du remdesivir sur la charge virale nasopharyngée en utilisant les données des patients des bras SoC
et SoC + remdesivir de I’essai DisCoVeRy. En utilisant le modéle développé précédemment, nous
avons pu quantifier efficacité du remdesivir en 'incorporant en tant qu’inhibiteur de la production

virale.
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CHAPITRE

DYNAMIQUE VIRALE DU PATIENT HOSPITALISE EN
L ABSENCE DE TRAITEMENT

5.1 Reésumé

La cohorte French Covid a été lancée le 5 février 2020, peu de temps aprés I'arrivée des premiers
patients a I’hopital Bichat. Grace a I’étroite collaboration entre notre laboratoire et ’hopital, nous
avons été tout de suite impliqués dans la collecte des données concernant ces premiers patients.
Nous avons ensuite étendu notre étude a d’autres centres de cette cohorte nationale, nous donnant
ainsi acces a la charge virale de 655 patients, dont 284 d’entre eux avaient cette information répétée
au cours de leur hospitalisation.

Certaines études ont montré un lien entre age et charge virale a ’admission a I'’hopital, ainsi qu'une
corrélation avec la mortalité [104-110]. Cependant, au dela de ne pas faire consensus au moment
ou nous avons mené ce projet, ces études n’étudiaient ces liens que de maniére transversale, sans
prendre en compte 1’évolution naturelle de la charge virale. Les objectifs de ce projet ont évolué
au fur et a mesure de la compréhension des données : nous avons donc tout d’abord cherché a re-
construire la cinétique virale a un niveau populationnel chez une cohorte importante de patients

hospitalisés et a caractériser sa variabilité. Nous avons ensuite cherché a identifier le meilleur mo-
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dele nous permettant de décrire nos données. Enfin, nous avons cherché a quantifier I'impact de
la charge virale sur le risque de déces, et en conséquence prédire I'effet d'un traitement antiviral
puissant sur la mortalité, administré lors de ’admission a ’hopital.

Grace a notre approche populationnelle effectuée sur un grand nombre de patients aux préléve-
ments répétés, nous avons pu estimer la période d’incubation entre I'infection et I’arrivée des pre-
miers symptdmes a 5 jours. Nous avons également constaté que le pic de charge virale coincide avec
ce déclenchement des symptdmes, confirmant ainsi I'importance des phénomenes de transmission
asymptomatique. Nous avons ensuite exploré les covariables individuelles associées au parametres
de dynamique virale, et avons identifié le fait d’étre 4gé de 65 ans et plus comme étant associé a
une réponse immunitaire moins efficace, et donc a une excrétion virale prolongée par rapport aux
patients agés de moins de 65 ans (16 jours contre 13 jours).

A l'aide d’'un modéle conjoint liant I’évolution longitudinale de la charge virale et la probabilité de
déces, nous avons ensuite montré que la charge virale est un facteur prédictif de la mortalité (Hazard
Ratio = 1.31, P<1073), indépendamment des autres facteurs de risques identifiés dans notre cohorte
(étre Agé de 65 ans et plus, étre un homme et avoir une maladie pulmonaire chronique). Enfin, nous
nous sommes interrogés sur 'impact d’un traitement introduit a ’admission a I’hépital, qui rédui-
rait la production de charge virale, a I'instar d’analogues nucléosidiques. Nous avons prédit qu'un
tel traitement efficace a 99% réduirait la mortalité relative chez les patients les plus a risque de 41%

(passant de 17 a 10%).

48



5.2 Article 1

MODELING SARS-CoV-2 VIRAL KINETICS AND ASSOCIATION WITH MORTALITY IN HOSPITALIZED

PATIENTS FROM THE FRENCH COVID COHORT

Nadeége Néant, Guillaume Lingas, Quentin Le Hingrat, Jade Ghosn, Ilka Engelmann, Quentin
Lepiller, Alexandre Gaymard, Virginie Ferré, Cédric Hartard, Jean-Christophe Plantier, Vincent Thi-
bault, Julien Marlet, Brigitte Montes, Kevin Bouiller, Francois-Xavier Lescure, Jean-Francois Tim-
sit, Emmanuel Faure, Julien Poissy, Christian Chidiac, Francois Raffi, Antoine Kimmoun, Manuel
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The characterization of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) viral kinetics in hospitalized patients and
its association with mortality is unknown. We analyzed death and
nasopharyngeal viral kinetics in 655 hospitalized patients from the
prospective French COVID cohort. The model predicted a median peak
viral load that coincided with symptom onset. Patients with age >65y
had a smaller loss rate of infected cells, leading to a delayed median
time to viral clearance occurring 16 d after symptom onset as com-
pared to 13 d in younger patients (P < 10~%). In multivariate analysis,
the risk factors associated with mortality were age >65 y, male gen-
der, and presence of chronic pulmonary disease (hazard ratio [HR] >
2.0). Using a joint model, viral dynamics after hospital admission was
an independent predictor of mortality (HR = 1.31, P < 1073). Finally,
we used our model to simulate the effects of effective pharmacolog-
ical interventions on time to viral clearance and mortality. A treatment
able to reduce viral production by 90% upon hospital admission
would shorten the time to viral clearance by 2.0 and 2.9 d in patients
of age <65 y and >65 y, respectively. Assuming that the association
between viral dynamics and mortality would remain similar to that
observed in our population, this could translate into a reduction of
mortality from 19 to 14% in patients of age >65 y with risk factors.
Our results show that viral dynamics is associated with mortality in
hospitalized patients. Strategies aiming to reduce viral load could have
an effect on mortality rate in this population.

SARS-CoV-2 | viral dynamics | mortality

he severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) which originated in Wuhan, China, at the end of
December 2019, has spread rapidly around the world, resulting,

PNAS 2021 Vol. 118 No. 8 2017962118

in November 2020, in over 60 million confirmed cases and more
than 1.4 million deaths worldwide (1). Dozens of studies have
evaluated risk factors or comorbidities associated with death
(2-7), in particular, male gender, older age, diabetes, severe
asthma, obesity, or chronic kidney diseases (7).

In other acute or chronic viral diseases (influenza, HIV,
hepatitis C virus in particular), the characterization of viral load
kinetics has played an important role in understanding the
pathogenesis of the virus, identifying most at risks patients, and
designing antiviral drugs (8-11). In the case of SARS-CoV-2,
viral kinetics remain poorly characterized, and its association
with disease evolution is controversial. This is due to the fact that
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Significance

A detailed characterization of viral load kinetics and its asso-
ciation with disease evolution is key to understand the virus
pathogenesis, identify high-risk patients, and design better
treatment strategies. We here analyze the mortality and the
virological information collected in 655 hospitalized patients,
including 284 with longitudinal measurements, and we build a
mathematical model of virus dynamics and survival. We predict
that peak viral load occurs 1 d before symptom onset, on av-
erage, and that dynamics of decline after peak is slower in
older patients. Viral load dynamics after hospital admission is
an independent predictor of the risk of death, suggesting that
prolonged viral shedding of high quantities of virus is associ-
ated with poor outcome in this population.

many studies rely either on large cross-sectional analyses with
few patients having serial data points or, conversely, on detailed
but small series of patients, often with a mild disease (12, 13).
Moreover, the discrepancies in the time of samplings, the defi-
nition of disease severity, and the populations analyzed make it
difficult to get a clear picture of viral kinetics. Despite these
heterogeneous data, pieces of evidence accumulate to suggest
that the incubation period is about 5 d, and that the peak viral
load occurs in the early phase of illness, close to the time of
symptom onset (14, 15). The time to viral clearance is variable
across studies, but viral shedding could persist for several weeks
after symptom onset, even months in some individuals (16), and
may be shorter in young and/or asymptomatic individuals (17).
Among hospitalized patients, some observational studies suggest
a higher viral load in severe patients compared to nonsevere
patients (18, 19), and a recent study found that higher viral load
value at hospital admission was independently associated with
mortality (20). However, there exist contradictory findings on the
impact of disease severity on the duration of virus shedding (15,
21, 22). Besides disease severity, it has been suggested that older
age may be associated with a delayed time to viral clearance (23,
24), but this, again, was not found in other studies (15). All to-
gether, these elements suggest that viral kinetics could be asso-
ciated, to some extent, with disease severity. However, the
precise assessment of the association between patient’s charac-
teristics, viral kinetics, and survival is unknown and subject to
multiple biases emerging from observational studies.

As done for other viral diseases (25, 26), we here used the
techniques of mathematical modeling to characterize, in detail,
the viral dynamics in the French COVID multicenter prospective
cohort of 655 patients admitted to the hospital before April 1,
2020, for which longitudinal data and mortality were collected.
We developed a joint model of host/pathogen interaction and
survival that captures the heterogeneity of viral patterns ob-
served, reconstructs individual trajectories, and evaluates the
association between viral kinetics and death. Finally, we use the
model to anticipate the effects of antiviral treatments on viral
dynamics and survival.

Results

Baseline Characteristics and Virological Data at Admission. A total of
655 patients were included in this study (Table 1); 478 (77%)
were hospitalized in a conventional unit upon admission, and 144
(23%) were admitted in an intensive care unit. The delay be-
tween symptom onset and admission ranged from 0 d to 14 d,
with a median time of 7 d (interquartile range [IQR]: 3 to 9 d).
The majority of patients were male (59%) and under the age of
65y (59%). Hypertension (39%), obesity (23%), chronic cardiac
disease (20%), and diabetes (17%) were the most common
comorbidities. Forty percent of patients received oxygen therapy

20of 11 | PNAS
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upon admission, with an initial oxygen saturation median value
of 95% (IQR: 93 to 97%). Nearly 40% of patients received at
least one antiviral treatment during their hospitalization, essen-
tially lopinavir/ritonavir (n = 136), hydroxychloroquine (n = 62),
or remdesivir (n = 8); nearly 20% of patients received
corticosteroid therapy.

A total of 587 nasopharyngeal swabs were performed within
the two first days after admission, and the median viral load
value was 6.3 log;o copies per mL (IQR: 4.1 to 8.4 log;o copies/
mL) (Fig. 14). In multivariate regression analysis, viral load at
admission was associated with chronic cardiac disease (P =
0.009) and a shorter number of days between symptom onset and
admission (P < 107°), suggesting that patients admitted early
after symptom onset had higher viral load than patients arriving
later on (Fig. 1C) (SI Appendix, Table S1).

Virological Follow-up and Clinical Outcome. In 284 patients, at least
two viral load data were available (i.e., one at hospital admission
and at least one during follow-up; SI Appendix, Table S2). The
median follow-up time was 10 d after admission (ranging from
1 d to 55 d). A total of 78 patients (12%) died during the study
follow-up, with a median time to death of 17 d after symptom
onset (IQR: 9 to 25 d) (Fig. 1D). Overall, only four (5%) deaths
occurred later than 35 d after symptom onset; 231 patients were
lost to follow-up before that time, essentially due to hospital
discharge or transfer to other hospitals, and were then analyzed
as censored in survival analyses (see Materials and Methods).
High levels of viral load (>6 log;, copies per mL) at days 7 and
14 post symptom onset were significantly associated with mor-
tality (SI Appendix, Fig. S1).

Viral Dynamic Modeling. The best model describing the virological
data in terms of Bayesian information criterion (BIC) and re-
sidual error incorporated an antigen-dependent stimulation in
the elimination of infected cells (S1 Appendix, Fig. S2 and Tables
S3 and S4). In this model, the equation governing the produc-
tively infected cells (see Materials and Methods) was given by

dl, F
g =k = oh = . [1]

By construction, the minimal and the maximal loss rates of
infected cells are given by 6 and & + ¢, respectively. Following
the procedure of covariate selection, only age >65 y was associ-
ated with a viral kinetic parameter, namely, the maximal decline
rate after peak viral load, ¢(P < 10‘4). Viral dynamic parameters
and their variability were estimated with good precision (Ta-
ble 2). Our model well recapitulated individual viral kinetics
(Fig. 2), and the visual predictive check (VPC) showed that the
central trend and the variability predicted by the model were
consistent with those observed in the data (SI Appendix, Figs.
S3 and S4). We also evaluated the result obtained with the target
cell-limited model for the sake of comparison (Table 2 and
Fig. 2).

Viral dynamic parameters predicted that viral load peaked, on
average, 1.1 d before symptom onset, with values of ~9.8 logg
copies per mL, with no difference between patients aged >65 y
and those aged <65 y. In this model, the effective loss rate of
productively infected cells was further enhanced by model-
predicted differences in the action of immune effector F. Max-
imal effect of this immune response, ¢, was estimated to be
0.92 d~! for patients aged <65 y and 0.65 d~' for patients
aged >65 y. Therefore, the loss rate of infected cells varied from
8 = 0.33 d! at the beginning of the infection to & + ¢ = 1.25 d~*
and 0.98 d™' in patients <65 y and >65 y, respectively, at the
peak of the infection, when the effect of the immune response
was maximal, as illustrated in Fig. 3 4 and B. This allowed us to
capture a biphasic decline of the virus after peak viral load,
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Table 1. Demographic, clinical, and biologic characteristics of the 655 patients analyzed

Characteristics

Median (IQR or n %) Missing data (%)

Male gender*
Age*
Age <65y
Age > 65y
Time since symptom onset (days)
Viral load at admission® (log1o copies per mL)
Comorbidities
Hypertension
Obesity*
Chronic cardiac disease (not hypertension)*
Diabetes
Chronic pulmonary disease (not asthma)*
Asthma
Chronic kidney disease
Malignant neoplasm
Rheumatologic disorder
Chronic neurological disorder
Chronic hematologic disease
Solid organ transplant
Chronic liver disease
Inflammatory bowel disease
Dementia
Malnutrition
Sickle cell disease
AIDS/HIV
Splenectomy
Clinical characteristics at admission
Heart rate (beats per minute)
Respiratory rate (breaths per minute)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Oxygenation on room air
Oxygen saturation on room air (%)
Oxygenation on oxygen therapy
Oxygen saturation on oxygen therapy (%)
Biological and virological data within the first 2 d after admission
Haemoglobin (g/dL)
Platelet count (x10° cells per L)
WBC count (x10° cells per L)
Lymphocyte count (x10° cells per L)
C-reactive protein (mg/L)
Treatment
At least one antiviral
Antibiotic
Antifungic
Corticosteroid

386 (59%) 0 (0%)
60 (48 to 72) 0 (0%)
387 (59%) 0 (0%)
268 (41%) 0 (0%)
7(3t09) 6 (1%)
6.3 (4.1 0 8.4) 68 (10%)
255 (39%) 9 (1%)
145 (23%) 13 (2%)
126 (20%) 9 (0%)
111 (17%) 12 (2%)
72 (11%) 9 (1%)
54 (8%) 9 (1%)
44 (7%) 10 (2%)
47 (7%) 9 (1%)
36 (6%) 12 2%)
30 (5%) 10 (2%)
29 (4%) 9 (1%)
16 (3%) 23 (4%)
7 (1%) 9 (1%)
7 (1%) 20 (3%)
7 (1%) 10 (2%)
4 (1%) 12 (2%)
4 (1%) 124 (19%)
0 (0%) 553 (84%)
3 (0%) 24 (4%)
87 (77 to 100) 75 (11)
21 (18 to 27) 270 (41)
130 (113 to 145) 74 (11)
76 (65 to 85) 74 (11)
328 (60%) 112 (17)
96 (94 to 98) 0 (0)
215 (40%) 112 (17)
95 (93 to 97) 0 (0)
13.2 (11.8 to 14.4) 209 (32)
189 (151 to 244) 209 (32)
5.52 (4.26 to 7.28) 215 (33)
0.96 (0.7 to 1.36) 277 (42)
240 (39%) 43 (7)
387 (63%) 40 (6)
32 (5%) 48 (7)
108 (18%) 47 (7)

*Baseline risk factors of mortality assessed in our cohort were those identified in the ISARIC international cohort (2), with a prevalence larger than 10% and

less than 10% of missing data.
T+2d.

where a rapid age-dependent decline was followed by a slower
decline rate due to lower antigen stimulation. This corresponded
to a half-life of infected cells decreasing from 50 h (IQR: 30 to 52
h) in all patients to 13 h (age <65 y; IQR: 11 to 14 h) and 17 h
(age >65 y; IQR: 14 to 17 h) (Fig. 3B). The predictions obtained
by the target cell-limited model gave close estimates, with a
mean half-life of infected cells of 15 and 20 h in patients
aged <65 y and those aged >65 y, respectively (Table 2). As a
consequence, the predicted time to viral clearance occurred
earlier in patients aged <65 y, with a median time of 13 d after
symptom onset (IQR: 10 to 15 d) as compared to 16 d (IQR: 12
to 20 d) in patients aged >65 y (P < 10~ (Fig. 3C).

In the samples where virus was cultured, extended viral
shedding was not associated with culture positivity, with all cultures

Néant et al.

Modeling SARS-CoV-2 viral kinetics and association with mortality in hospitalized patients

from the French COVID cohort

of viral load assessed more than 10 d after symptom onset being
negative (Fig. 1B). As an exploratory analysis, we evaluated the
association between antiviral or corticosteroid treatment and viral
load decay. No significant association was found between antiviral
treatment and time to viral clearance. Corticosteroid had no effects
on the time to viral clearance in aged patients; however, younger
patients treated with corticosteroids had a longer time to viral
clearance as compared to young untreated patients (P = 0.01; S/
Appendix, Fig. S5; see Discussion).

Alternative Models and Sensitivity Analyses. Alternative models of
the immune response did not improve the data fitting, and pa-
rameter estimates were close to those obtained with the final
model (SI Appendix, Tables S5 and S6). In the subset of 76
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Fig. 1. Nasopharyngeal viral load data in 655 patients from the French COVID cohort. (A) Longitudinal viral load data expressed in time since symptom onset.
(B) Viral load data in samples where virus culture was done. Red, positive culture; black, negative culture. The connective lines indicate serial samples from the
same patients (44 samples from 37 patients) (C) Viral load at admission according to the time since symptom onset; the blue line is the regression line of viral
load vs. time. (D) Kaplan—Meier curve of cumulative incidence of mortality. Patients lost to follow-up were censored at the last time point where they were

known to be alive.

individuals where antibody could be measured, the median time
to seroconversion was 12 d (SI Appendix, Fig. S6). We therefore
also tested models assuming an increase in the loss rate of pro-
ductively infected cells after 12 d, but these models did not lead to
any improvement of the fitting criterion (SI Appendix, Table S6).

To evaluate reliability of our final model predictions, we also
performed sensitivity analyses, varying fixed parameters k be-
tween 1 and 5 d™' and ¢ between 5 and 20 d~'. The parameter
estimates and the BIC were stable in all tested values, except
when k was lower than 3 d™' (SI Appendix, Fig. S7).
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Association between Viral Dynamics and Mortality. In the 74 indi-
viduals who died within 35 d from symptom onset, the model
predicted that the viral load was below the limit of quantifica-
tion/detection in 23% (17/74) of the cases (SI Appendix, Fig. S8).
In 39% of individuals (29/74), the viral load predicted by the
model was higher than 6 log;, copies per mL at time of death. In
multivariate analyses, the risk factors associated with survival
were chronic pulmonary disease, age >65 y, and male gender (S/
Appendix, Table S7). Using a joint model adjusting for these risk
factors, the viral load was significantly associated with survival

Néant et al.
Modeling SARS-CoV-2 viral kinetics and association with mortality in hospitalized
patients from the French COVID cohort
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Table 2. Population parameters of the final joint model of viral dynamics and survival

Parameter estimates (RSE, %)

Final model

Target-cell limited model

Longitudinal model Fixed effect

A(mLvirus™'.d™") 1.46x10°5 (23.4)
pTo(virus.mL~'.d™") 1.48x10" (26.8)
5(d™" 0.33 (30.0)
Bage(<65)(d") -
Bage(265)(d ") -
$age(<65)(d7") 0.92 (8.7)
Page(265)(d7") 0.65 (23.3)
O(F.mL™") 70 (80.8)
Tint(d) 4.8 (3.2)
o(virus.mL™") 1.49 (4.0
Male gender 2.55 (25.2)
Age >65y 2.58 (37.9)
Chronic pulmonary disease 2.31 (36.8)

Viral load (log;o virus.mL™") 1.31 (17.0)

Random effect SD

Fixed effect Random effect SD

0.65 (26.1) 4.93x10°5 (39.8) 0.95 (26.1)
1.82 (7.7) 8.09%10'° (33.5) 1.74 (7.7)
0.93 (22.3) - -

- 1.09 (7.8) 0.39 (8.7)

- 0.84 (22.8) -
0.20 (31.2) - -
0.12 (14.7) 5.4 (9.0) 0.16 (14.7)

- 1.58 (4.7) -

- 2.54 (28.5) -

- 2.59 (24.6) -

- 2.27 (38.7) -

- 1.30 (17.1) -

B, infection rate; 6, loss rate of infected cells; p, rate of viral production; ¢, maximal rate of immune cell clearance; 9, F concentration giving 50% of ¢; Tinr,

time to infection; o, residual variability; RSE, relative SE.

(hazard ratio [HR] = 1.31, P < 0.001), showing that viral load
dynamics was an independent predictor of death. In the final
joint model, the hazard ratios associated with age >65 y, male
gender, and chronic pulmonary diseases were equal to 2.58, 2.55,
and 2.31, respectively, showing that the presence of any of these
risk factors were associated with a large increase in the risk of
death (all P < 0.01). The joint model could well recapitulate the
impact of viral load and risk factors on survival rate, with patients
characterized by older age and a prolonged viral shedding
showing a rapid decline of their predicted survival rate, in par-
ticular when there was another risk factor (i.e., male gender or
chronic pulmonary disease; Fig. 4 and SI Appendix, Fig. S9).

Here, as well, we tested alternative models to test the ro-
bustness of our predictions. Assuming that the hazard function,
h(t), only increased after a fixed time of 7 d or 10 d after in-
fection worsened the fitting criterion, but predicted a similar
association between viral load dynamics and survival. Similar
results were obtained with alternative models where A(f) could
increase upon infection or symptom onset, consistent with the
interpretation that late, but not early, viral load may be associ-
ated with outcome (SI Appendix, Table S8).

Antiviral Treatment Simulation. To get a better sense of the specific
impact of viral load, we further stratified our population
according to age and presence of at least one risk factor. Then
we evaluated the model predictions with a putative potent an-
tiviral therapy capable of reducing viral production,p, by 90% or
99%, that would be initiated upon hospital admission. A treat-
ment inhibiting 90% of the viral production could shorten the
median time to viral clearance by 2 d (IQR: 1.5 to 2.2 d) in
patients aged <65 y and by 2.9 d (IQR: 1.9 to 3.8 d) in patients
aged >65 y (Fig. 44). Considering a treatment blocking 99% of
viral production, the effects would be further improved in pa-
tients aged >65 y, with a median reduction in time to viral
clearance of 5.4 d (IQR: 3.7 to 6.9 d).

To calculate the impact of reduced viral load levels on mor-
tality, we assumed that viral dynamics was on the causal pathway
for mortality, and thus the association between viral load and
mortality was fixed to the value found in our original cohort of
patients that did not receive any effective antiviral therapy. With
a treatment blocking 90% of viral production, the accelerated
viral decline would translate, in this model, into mortality rates
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reduced from 2.2 to 1.9% in patients below the age of 65 y with
no additional risk factor, and from 6.0 to 4.8% in those with at
least one risk factor (i.e., either being male or having a chronic
pulmonary disease). The effects of treatment would be more
sensible in patients above the age of 65 y, with a mortality re-
duced from 6.4 to 5.0% for those without additional risk factor
and from 19 to 14% in those having at least one other risk factor.
With a treatment efficacy of 99%, the effects would be even
larger, with a decrease in mortality from 19 to 12% in patients
above the age of 65 y having one additional risk factor (Fig. 4C).

Discussion

To the best of our knowledge, this is the largest analysis of
prospective nasopharyngeal SARS-CoV-2 viral dynamic data in
hospitalized patients. A mathematical model of viral dynamics
accounting for age- and time-dependent effects in the loss rate of
infected cells could well reproduce the variability of the patterns
observed, and found that older patients had a slower decline of
virus after peak viral load. Using joint modeling, a statistical
approach to assess the effect of a time-dependent covariate on
the hazard function, we could show that the viral load was as-
sociated with death, even after adjustment of risk factors such as
chronic pulmonary disease, older age, and male gender. This
result was robust to various changes in model assumptions, in-
cluding the parameterization of the second-phase decline. This
shows that viral load kinetics could, in addition to other estab-
lished risk factors, help identify most-at-risk patients during
hospitalization. Accordingly, it suggests that approaches reduc-
ing viral load levels could reduce mortality, and our model can be
used to quantify the magnitude of such an effect.

Our population was in line with previous series of hospitalized
patients, with a population predominantly male (59%), aged 65 y
and more (41%), with comorbidities that were mostly hyper-
tension (39%), obesity (23%), and diabetes (17%) (2, 6, 7). The
first striking observation in our series, as previously suggested
(20), was the strong correlation between the viral load at ad-
mission and the time since symptom onset, suggesting that the
peak viral load was close to the time of symptom onset. To ex-
plore this possibility in greater detail, we used a mathematical
model of viral kinetics. The model providing the best fit to the
data was a target cell-limited model in which the loss rate of
infected cells was antigen dependent. Although only a few viral
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Fig. 2. Individual predictions of nasopharyngeal viral kinetics in the 42 patients for which more than three serial samples were available after day 14. The
solid and dotted lines (blue, age <65 y; orange, age >65 y) are the individual predictions of viral load with the final model and target cell-limited model,
respectively (Table 2). The circles are the observed data according to age, and triangles are data below the limit of quantification.

load data were available in the first 7 d after symptom onset, and
the exact time of peak viral load could not be precisely observed,
our modeling predictions suggested that the mean peak viral
load was close to symptom onset (15, 27). It is noteworthy that
only limited information was available in the first days from
symptom onset (SI Appendix, Table S2), which means that these
estimates represent a typical trajectory in our population, and
may hide variability in the early kinetics that could not be ob-
served in our data. Using the target cell-limited model, results
also nonetheless indicated a high within-host reproduction, with
a mean R of 36. Results obtained in previous reports suggested
lower levels of Ry, in a range 5 to 15 (28-30). In nonhuman
primates, which do not show severe infection, we estimated R, in
the nasopharynx to be about 5.6 (95% CI: 1.3 to 21) (31).
Whether the high value found here is a consequence of the
disease severity of our population as compared to other reports
or is artifactual due to the limited information in the very early
phase of the disease will require more investigation. Whatever
the exact value of R, the fact that the viral load observed in early
admitted patients was very high and could be above 10 log;,
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copies/mL is consistent with an intense replication rate of the
virus that coincides with symptom onset.

The viral load after peak declined in a biphasic manner,
consistent with observations made by He et al. (15). The first
phase of viral decline was rapld and age dependent, with a rate
equal to 1.25 and 0.98 d™" in patients aged <65 y and >65 v,
respectively, when the effect of the immune response was max-
imal (Fig. 3B). This corresponded to half-life of infected cells
decreasing from 50 h to 13 h (age <65 y) and 17 h (age >65y).
After this first decline, a second phase of viral decline ensued
that was slower, with rate §. As we relied only on viral data and
did not have access to immunological data, we could not assess
which component of the immune response was most likely in-
volved in the time-dependent clearance rate of infected cells. In
the subset of individuals in which antibody could be measured,
the median time to seroconversion was 12 d after symptom onset
(SI Appendix, Fig. S6). However, models that assumed an in-
crease in the loss rate of infected cells after day 12 did not im-
prove data fitting (SI Appendix, Table S6). The reduced loss rate
of infected cells could stem from a lower antigen stimulation, as
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proposed in our model, or from other immunological features,
such as immune exhaustion, and suggests that seroconversion
does not lead to a dramatic acceleration of viral clearance in
these patients. Here we did not identify complex patterns of viral
dynamics such as described in refs. 32-34; however, this may also
be due to the fact that such models require intensive sampling
measurements, which can hardly be done outside the context of
small specific clinical or preclinical studies. Antiviral treatment
and corticosteroids could, in theory, play a role in this viral de-
cay, but could not be properly estimated in this observational
study. However, we now know that hydroxychloroquine and
lopinavir/ritonavir are highly unlikely to have any antiviral ac-
tivity in SARS-CoV-2—infected patients (35-37). Regarding
corticosteroids, a small effect toward delayed time to viral
clearance in young treated as compared to young untreated
patients was found.

As a consequence of their faster viral decline rate, the pre-
dicted time to viral clearance occurred earlier in patients
aged <65 y, with a median time of 13 d postsymptom onset as
compared to 16 d in patients aged >65 y (P < 107*). These
median values nonetheless mask important heterogeneity across
patients. For instance, 25% of patients aged <65 y had detect-
able viral loads 15 d after symptom onset, while this increased to
20 d in patients aged >65 y. These results show the importance of
younger age, probably reflective of a more effective immune
response, and are in line with previous reports (19, 38). It is
important to note that a longer period of viral excretion may not
necessarily translate into a similarly long infectiousness period.
In our data, all viral cultures from samples collected more than
10 d after symptom onset or associated with viral load lower than
6 logyo copies per mL were negative (Fig. 1B). Even if culture
results are not a direct measure of the infectiousness, they
nonetheless suggest that the period during which an individual is
contagious is probably short, even if virus continues to be ex-
creted (16, 39, 40). In fact, our model predicted that the median
time to achieve 6 log;o copies/mL was 6.5 and 8.3 d in patients
aged <65 y and >65 y, respectively (P < 107%).

Next, we aimed to assess the factors associated with death. In
multivariate analyses, age >65 y, male gender, and chronic pul-
monary diseases were strongly associated with survival (all HR >
2). By using a joint model, a method used to capture the effects
of time-dependent covariate on survival, viral kinetics was also
1dent1f1ed as an independent predictor of death (HR = 1.31, P <
107%). Although the effects of viral load were probably not as a
dramatic as those of risk factors, and its causality has not been
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yet established, our results nonetheless suggest that reducing
viral dynamics could have a sensible effect on mortality. To study
the effects of reducing viral load in more detail, we conducted
simulations assuming that an antiviral treatment reducing 90%
or 99% of viral production could be readily initiated upon hos-
pital admission. The largest effects were obtained in patients
aged >65 y and having at least one other risk factor, with a re-
duction of the time to viral clearance of 2.9 and 5.4 d, respec-
tively. Assuming that the effects of viral dynamics on survival
would remain similar to what was obtained here in patients re-
ceiving no effective antiviral treatments, this would translate to
predicted mortality rates at day 35 of 14% and 12%), respectively,
as compared to 19% in our cohort. In other populations of
younger patients or without additional risk factors, the effects
were predicted to be much less dramatic. Interestingly, we here
considered, for the sake of simplicity, treatments blocking viral
production, but largely similar results could be obtained with
drugs that would block infection, as is the case for monoclonal
antibodies. This level of 90% is not out of reach, and roughly
corresponds to drug concentrations being 10 times higher than
their ECs (concentration for which 50% of maximum effect is
obtained), which are standard for antiviral drugs in other infec-
tions [e.g., HIV, hepatitis B virus , hepatitis C virus, Ebola (41)].
Given the fact that peak viral load occurs early, as discussed
above, it is likely that aggressive strategies that could identify
patients earlier than in our study (where admission occurred, on
average, 7 d after symptom onset) could have even better results.
Our prediction also implicitly hypothesizes that viral load is in
the causal pathway of mortality and that effective antiviral
treatment, by reducing viral load, would reduce mortality rate.
This assumption has been verified for other acute severe viral
infections for which effective antiviral strategies exist, such as
Ebola virus (8, 42). In the case of SARS-CoV-2, several antiviral
drugs have been tested, but the effects on viral kinetics or even
symptom evolution remain modest, even though promising re-
sults were recently found with monoclonal antibodies (43). It is
also possible that viral replication in the lower respiratory tract
(LRT) is a better predictor of outcome than nasopharyngeal viral
load (44). Here our data showed a correlation between viral load
values in both compartments (SI Appendix, Fig. S10). However,
the predictive value of LRT could not be tested, due to the fact
that patients having LRT were not representative and had a
much larger mortality rate than the general population (S Ap-
pendix, Fig. S10).
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To conclude, our analysis reveals that hospitalized patients are
characterized by a high viral load peak close to symptom onset in a
majority of patients, followed by a biphasic decline, with age being
significantly associated with a delayed viral shedding. Using a joint
model, we showed that viral load was an independent factor associated
with death. Our results demonstrate the importance of viral dynamics
to identify at-risk patients and suggest that strategies aiming to ac-
celerate viral clearance could decrease mortality in these patients.

Materials and Methods

Ethics. Hospitalized patients with a laboratory-confirmed SARS-CoV-2 infection
were enrolled in the French COVID cohort (registered in clinicaltrials.gov
NCT04262921) (45). The study was conducted with the understanding and the
consent of each participant or its surrogate. The study was sponsored by French
National Institute of Health and Medical Research, and was supported by the
Research & Action emerging infectious diseases (REACTing) consortium (46) and
the French Ministry of Health. Ethics approval was given on February 5 by the
French Ethics Committee CPP-lle-de-France VI (ID RCB: 2020-A00256-33).
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Patients and Data Collection. We analyzed the results obtained from patients
enrolled in the cohort between February 5 and April 1, 2020, hospitalized in
18 different hospitals and for whom nasopharyngeal swabs were available.
Data were collected from the French modified version of the open-access
Case Report Form of the Clinical Characterization Protocol for Severe
Emerging Infections of International Severe Acute Respiratory and Emerging
Infection Consortium (ISARIC) (47). Data at admission time included demo-
graphic characteristics (age and gender), time since symptom onset, pres-
ence of various comorbidities, and clinical and biological markers. Survival
data after hospital admission were collected up to 60 d postadmission. Pa-
tients lost to follow-up were censored at the last date of observation.

Viral Load Assessment. Nasopharyngeal swabs were collected at admission
and during patient’s follow-up. In a subset of patients, viral load in the LRT
was also available (S/ Appendix, Table S2). Viral load was determined by real-
time semiquantitative RT-PCR, using either the Charité World Health Orga-
nization (WHO) protocol (testing E gene and RdRp) or the Pasteur institute
assay (testing E gene and two other RdRp targets: IP2 and IP4) (48, 49).
Results were provided in cycle threshold (Ct) and transformed into log,o RNA
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copies per mL using the relationship assessed by Pasteur Institute for both E
and IP4 genes (48) IP4 viral load value was used as a reference (Pasteur in-
stitute assay), or E gene (Charité WHO protocol). For E gene, a corrective
factor was applied to correct for the differences observed between the viral
load from the two genes (S/ Appendix). Ct values above 37 (corresponding to
a viral load of ~2 log, for E gene and 2.7 log, for IP4) were considered as
below the limit of detection.

Infectious Virus. For a subset of patients, viral isolation was performed in a
biosafety level 3 (BSL-3) laboratory. Briefly, for each sample, 200 uL of virus
transport media containing the nasopharyngeal swab was diluted into
800 pL of Dulbecco’s modified Eagle’s medium (DMEM, Gibco), filtered
through a 0.45-um filter (Sartorius); then 500 pL of the filtered material was
inoculated to 50,000 Vero E6 cells (reference CRL-1586, ATCC) plated in a
24-well plate. After 1 h at 37 °C, 500 pL of DMEM containing 4% of FBS (fetal
bovine serum, Gibco) was added to each well. At day 6 postinfection, wells
were screened for cytopathogenic effect (CPE), and, for all wells with signs
of CPE, an RT-PCR targeting both E and S genes of SARS-CoV-2 (RealStar
SARS-CoV-2 RT-PCR, Altona) was performed on 50 pL of supernatant to
confirm the success of viral isolation.

Risk Factors Associated with Viral Load and Survival. We explored the effects
of risk factors associated with higher mortality in hospital previously found by
ISARIC, a consortium of large cohort studies of hospitalized patients (2),
namely, age (>65 y), male gender, chronic cardiac disease, chronic pulmo-
nary disease, chronic kidney disease, obesity, dementia, moderate/severe
liver disease, chronic neurological disease, or malignancy. Among them, only
those with less than 10% of missing data and more than 10% of prevalence
in our dataset were explored in our analyses. Thus, only age >65 y, male
gender, chronic cardiac disease, chronic pulmonary disease, and obesity
were evaluated in our analyses (Table 1).

Factors Associated with the Viral Load at Admission. \We aimed to evaluate the
factors associated with the viral load at admission (defined as the first viral
load available within 2 d of admission) in a linear regression model, according
to the risk factors described above and the time since symptom onset. All
factors associated with P < 0.1 in univariate analyses were tested in multi-
variate analyses. Backward elimination was used, and P < 0.05 was consid-
ered statistically significant. In multivariate analyses, missing data for
continuous comorbidities were imputed to the median population value. For
categorical risk factors, the values were imputed randomly with a proba-
bility equal to the prevalence of each category in the population.

Viral Dynamic Model.

Model equations. We used a target cell-limited model with an eclipse phase (8,
25, 26) . The model includes three types of cell populations: target cells (T),
infected cells in an eclipse phase (/1), and productively infected cells (). The
model assumes that target cells are infected at a constant infection rate g
(milliliters per virion per day). Once infected, cells enter an eclipse phase and
become productively infected after a mean time 1/k (d). We assume that
productively infected cells have a constant loss rate, noted 5(d’1). Infected
cells produce p viral particles per day (virus per day), but only a fraction of
them, 4, is infectious, and the virus particles can either be infectious, noted
V;, or noninfectious, noted V,;. We assumed that viral load, as measured by
RNA copies, is the sum of infectious and noninfectious viral particles, both
cleared at the same rate, c. The model can be written as

dT

e= VT
% =BV,T — ki

‘2’; = kI — 5l [21
% = puly — cV;

dVpi
d:l = p(1 —,M)Iz bl CVn,'.

The basic reproductive number R,, defined by the number of secondary
infected cells resulting from one infected cell in a population of fully sus-
ceptible cells, Ty, is defined by Ry = fpTou/cs.
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In order to evaluate the role of an immune response, we added to the
model a dimensionless compartment F representing an immune response
stimulated by viral antigens (50), defined as follows:

P ety 3
We considered several scenarios where F either acts by reducing viral in-
fectivity and leads to cells refractory to infection (51-53), decreases the rate
of viral production (54, 55), decreases the infection rate (25), or increases the
viral clearance or the loss rate of infected cells (55-57) (S/ Appendix, Fig. S2).
Following the class of models that we evaluated in previous works (30), we
used similar parameterizations for the different models (S/ Appendix), with a
nonlinear and saturable effect for F defined by ¢(F/F + 6). Thus, in this
model, ¢ represents the maximal potential effect of the immune response,
and @ is the level of F required to achieve 50% of this maximal effect.
Assumptions on parameter values. To ensure parameter identifiability, a number
of parameters had to be fixed. Virion clearance rate, ¢, was fixed to 10 d™'
similar to what has been performed in ref. 30. We assumed that the loss rate
of immune effectors was slower than viral clearance, and we fixed ds =
0.4 d~" (8). As only the product p x Ty is identifiable, we fixed the density of
susceptible epithelial cells, Ty, to 1.33 x 10> cells per mL. This assumption
stems from the fact that there are ~ 4 x 108 epithelial cells in the upper
respiratory tract (URT), that the URT has a volume of 30 mL, and that 1% of
cells express ACE2 and TMPSS receptor (58), which are used by the virus to
bind target cells. The proportion x of infectious viruses was fixed to 10~ of
the total RNA viral load, which was the upper bound found in animal
models (31).
Initial conditions at infection. In each patient, we estimated the time of in-
fection, noted t,+. To ensure identifiability, we assumed that, at t = t.,
there was exactly one productively infected cell in the entire URT. Thus, for
t < tinf, T=To; 11 =0; I, = 1/30; and V = 0. We assumed a maximal duration of
14 d between the infection and the onset of symptoms, and thus t;,; was
bounded between 0 and 14 d before symptom onset (14).
Parameter estimation and fitting assessment. The structural model used to de-
scribe the observed logg viral loads Yj; of the ith subject at time t;; is

Y,‘j = IOng(t[j, l,l/,-) + ey,

where V(tj, ;) is the viral load predicted by the model at time t;;, y; is the
vector of parameters of subject i, and e;; is an additive residual Gaussian
error term of constant SD, ;. Individual parameters y; follow a log-normal
distribution,

wi =7 xexp(n;),

where y indicates the fixed effects and 7; are the random effects following a
normal centered distribution with a diagonal variance—covariance matrix Q.
Parameters were estimated by computing the maximum likelihood esti-
mator using the stochastic approximation expectation-maximization (SAEM)
algorithm implemented in Monolix Software 2018R2 (http://www.lixoft.eu/).
Goodness-of-fit was assessed by visual inspection of VPC (see more details in
SI Appendix, Supplementary Information Text) (59).
Model building strategy for viral dynamics. We used only viral load data to
construct the viral dynamic model following the strategy below:

1) The target cell-limited model (Eq. 2) was used to estimate the
parameters.

2) The five models with immune effects (models B through F; SI Appendix
and Egs. 2 and 3) were tested. The model providing both the lowest BIC
and the lowest residual errors was retained, provided that the SEs were
not worsened and the goodness-of-fit graphics were adequate.

3) The impact of risk factors was then assessed (see above). Covariates were
screened using empirical Bayes estimates (EBE) of individual parameters
using nonparametric tests, and those with P < 0.1 were included in the
model. Backward elimination was used, and P < 0.05 was considered
statistically significant.

4) Random effects with an SD < 0.1 or associated with a relative SE of
greater than 100% were deleted by using a backward procedure and
were kept out if the resulting BIC did not increase by more than
two points.

Joint Model to Evaluate the Impact of Viral Dynamics on Survival.
Baseline risk factors associated with survival. Let X; and C; denote survival and
censoring times for patient i, respectively, and T; denote the last time of
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observation: T; = min(X;, G;), 6; = 1ix,<c;;- We used a parametric exponential
survival model to characterize the baseline hazard function, with constant
rate A. Consistent with what was done above, the risk factors associated with
a P < 0.1 in univariate analyses were tested in multivariate analyses. Back-
ward elimination was used, and variables were removed one by one until no
improvement of BIC was obtained.

Assessing the impact of viral load on survival. Finally, we aimed to assess the
impact of viral dynamics on survival using a joint model, where the pa-
rameters of both viral load dynamic and survival are analyzed simultaneously
to limit the bias due to dropout (8, 59, 60). In this model, the hazard function
for patient i at time t, h;(t|y;)is the instantaneous hazard function in patient
i at time t,

r .
hi(tly;) = A% exp[ Z 7j X 2+ vxlogioV(t, 1,/,-)),

j=

where r are the significant risk factors found in the survival analysis above, zf
denotes the presence or the absence of the risk factor j in patient /, and
exp(y;) denotes the hazard ratio associated with the risk factor j. Finally, v
denotes the impact of the current (log) viral load value in patient on the
hazard function, with v = 0 implying that viral load has no impact on the
hazard function and v > 0 implying that the current viral load value increases
the hazard function. Using the same notation as before, exp(v) is the hazard
ratio of the current viral load value.

For the sake of identifiability, we assumed that h;(t|y;) was equal to 0 up
until time of admission, and the survival rate up to time t in patient i, noted
Si(tly;), was then obtained using the following formula:

Si(tly;) = exp[ - /Zh,-(uhy,-)du . [4]

The joint likelihood of the longitudinal and the survival data is then maxi-
mized using the SAEM algorithm following the methodology developed in
refs. 8, 59, 60.

Predicting the impact of an effective antiviral treatment on viral kinetics and
survival. The joint model was also used to simulate the effect of an antiviral
treatment on viral kinetics and survival. We simulated this impact on the
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CHAPITRE

DYNAMIQUE VIRALE DU PATIENT HOSPITALISE EN
PRESENCE D 'UN TRAITEMENT ANTIVIRAL

6.1 Résumé

L’essai European DisCoVeRy (NCT04315948) été lancé en mars 2020 en tant qu’essai fille de
I’OMS Solidarity (NCT04647669). Ces essais avaient pour objectifs d’évaluer 'efficacité clinique
d’un certain nombre de médicaments redirigés selon les recommandations initiales de 'OMS chez
le patient hospitalisé. L’utilité des traitements antiviraux, dont fait partie le remdesivir, a été cri-
tiquée, étant donné qu’a 'admission a I’hopital, la réponse immunitaire déréglée ou tempéte de
cytokines était considérée comme le principal moteur de la dégradation clinique. A la différence des
grands essais cliniques comme Solidarity ou RECOVERY (NCT04381936) qui visaient uniquement
a évaluer des traitements, cet essai avait en plus de I’évaluation thérapeutique, un objectif scien-
tifique de compréhension de la maladie. En ce sens, cet essai recrutait moins de patients que ceux
sus-cités, mais a pu se procurer un grand nombre de données. En particulier, 'essai a collecté des
données centralisées et normalisées de charge virale collectées séquentiellement a des temps pré-
cis apres la randomisation afin d’enrichir 'analyse de 'efficacité clinique des traitements avec une

analyse de lefficacité virologique. Son critére de jugement principal était ’'amélioration clinique
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du patient a J15 post-randomisation, mesurée sur I’échelle clinique ordinale en 7 points définie par
I’OMS. Cet essai comprenait 5 bras, Standard of Care (SoC), hydroxychloroquine, lopinavir/ritonavir,
lopinavir/ritonavir+IFN3-1a et enfin remdesivir. Les bras de I’hydroxychloroquine et ceux contenant
du lopinavir/ritonavir ont été arrétés rapidement pour futilité (respectivement le 25 mai et le 29 juin
2020) [144], pour ne garder que le bras SoC seul vs SoC + Remdesivir, arrété le 20 janvier 2021 et qui
n’a pas montré d’efficacités clinique ou antivirale dans cet essai [61].

En utilisant les connaissances acquises précédemment sur I’évolution virale naturelle, nous avons
évalué tout d’abord I'impact des bras hydroxychloroquine et ceux contenant de 'IFN sur cette der-
niére [145]. Cependant, suite a de I’absence de signal chez le primate non-humain quant a leurs
efficacités antivirales, nous n’avons pas poursuivi notre approche sur ces bras. Le remdesivir quant
a lui avait montré des signaux d’efficacité antivirale chez le méme modéle animal, ainsi qu’une effi-
cacité clinique chez 'Homme, controversée, mais qui a mené a son approbation quant a 'utilisation
chez le patient hospitalisé. Afin d’explorer plus précisément la question de l'efficacité antivirale,
nous avons modélisé la dynamique virale de patients hospitalisés traités soit par le Standard of Care
(N=329) soit par le Standard of Care + Remdesivir (N=336). En nous appuyant sur le modele dé-
veloppé au chapitre précédent, nous avons incorporé leffet du traitement par remdesivir comme
parameétre inhibant la production virale. En raison de la latence nécessaire pour atteindre sa forme
active, nous avons ajouté plusieurs délais pharmacologiques possibles, allant de 0 a 5 jours apres le
début du traitement, et nous avons effectué une approche de Model Averaging prenant en compte ces
différents délais. Enfin, nous avons mené une analyse exploratoire en stratifiant notre population en
fonction de la charge virale au moment de la randomisation, afin d’identifier la catégorie d’individus
la plus susceptible de répondre au traitement.

Nous avons estimé une faible réduction de la production virale induite par le remdesivir de 52 %
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(IC%95 :35-69). Les simulations avec cet effet de traitement prévoyaient une diminution de seule-
ment 0,7 (0-1,3) jour en termes de temps de clairance virale. Nous avons constaté que cet effet s’éle-
vait a 80 % (IC%95 :65-96) chez les patients dont la charge virale a I'admission était supérieure au
seuil d’infectiosité (3,5 log10 copies/ 10* cellules), entrainant un délai de clairance virale raccourci
de 2,4 (IIQ : 0,9-4,5) jours par rapport aux patients non traités. En conclusion, nous avons identifié
un effet antiviral du remdesivir sur la charge virale. Cependant, cet effet reste modeste, et bien que
plus puissant chez les patients admis a I’hopital avec une charge virale élevée, cette efficacité reste
en deca de la cible pharmacodynamique de 90% identifiée dans de précédents travaux [131], ce qui

peut explique U'inefficacité clinique retrouvée dans cet essai.
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6.2 Article 2

EFFECT OF REMDESIVIR ON VIRAL DYNAMICS IN COVID-19 HOSPITALIZED PATIENTS : A MODELLING
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Background: The antiviral efficacy of remdesivir in COVID-19 hospitalized patients remains controversial.
Objectives: To estimate the effect of remdesivir in blocking viral replication.

Methods: We analysed nasopharyngeal normalized viral loads from 665 hospitalized patients included in the
DisCoVeRy trial (NCT 04315948; EudraCT 2020-000936-23), randomized to either standard of care (SoC) or SoC+
remdesivir. We used a mathematical model to reconstruct viral kinetic profiles and estimate the antiviral efficacy
of remdesivir in blocking viral replication. Additional analyses were conducted stratified on time of treatment initia-
tion (<7 or >7 days since symptom onset) or viral load at randomization (< or >3.5 logyo copies/lO" cells).

Results: In our model, remdesivir reduced viral production by infected cells by 2-fold on average (95% CL:
1.5-3.2-fold). Model-based simulations predict that remdesivir reduced time to viral clearance by 0.7 days com-
pared with SoC, with large inter-individual variabilities (IQR: 0.0-1.3 days). Remdesivir had a larger impact in pa-
tients with high viral load at randomization, reducing viral production by 5-fold on average (95% CI: 2.8-25-fold)
and the median time to viral clearance by 2.4 days (IQR: 0.9-4.5 days).

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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Conclusions: Remdesivir halved viral production, leading to a median reduction of 0.7 days in the time to viral
clearance compared with SoC. The efficacy was larger in patients with high viral load at randomization.

Introduction

Remarkable progress has recently been made in finding effective
antiviral treatments in SARS-CoV-2-infected patients that can
prevent disease progression and hospitalization. These treat-
ments, which can rely either on monoclonal antibodies®? or
small molecules,>* need to be administered early in the infec-
tion, typically in the first week after symptom onset, to be fully
effective. Although the use of monoclonal antibodies has shown
some encouraging results in the Recovery trial,® the role of anti-
viral treatments in hospitalized patients to prevent mechanical
ventilation and death remains unclear. Among these drugs, re-
mdesivir has received an emergency use authorization for the
treatment of COVID-19 hospitalized patients in several countries,
and is approved for hospitalized patients in the United States.®
However, its clinical efficacy remains controversial, with some
randomized clinical trials pointing to efficacy in preventing dis-
ease worsening, and others finding no efficacy.”*°

Remdesivir is a nucleoside analogue prodrug inhibiting RNA poly-
merase activity of several viruses'* that has shown antiviral activity
against SARS-CoV-2 both in vitro and in animal models.**** An im-
portant element to precisely evaluate remdesivir is to analyse its
effect onviral dynamics, whichis likely a prerequisite to clinical ef-
ficacy. However, results from the literature are still scarce. In three
randomized and controlled clinical trials, no differenceinviral load
levels were found between hospitalized patients receiving remde-
sivir and those that did not receive remdesivir.”'%'* In two of
these studies,”® the analysis of the effect was hampered by lim-
ited number of patients (with 237 and 181 patients included) and
by the design of the analysis, which compared viral load at differ-
ent timepoints and not the overall effect on viral dynamics.’
Moreover, the results remained limited by the heterogeneity in
the biological samples and the molecular techniques used. In
the larger DisCoVeRy trial, which used normalized viral loads,*®
no effect of remdesivir on viral dynamics was found, but the varia-
bility of the time interval between the onset of symptoms and
treatment initiation, which is a key factor for antiviral drug evalu-
ation,'®'” was not considered. One potential approach to address
this issue is to use a model-based approach to reconstitute the
precise effect of treatment on the course of viral dynamics, as
we previously showed in a cohort of hospitalized patients.*®

Here, we developed this approach to estimate the effect of re-
mdesivir in inhibiting viral replication. We used normalized and
centralized data on viral kinetics from the European randomized
controlled DisCoVeRy trial that compared the efficacy of remde-
sivir plus standard of care (SoC) with SoC alone in COVID-19 hos-
pitalized patients.>>*°

Patients and methods
Study design and data collection

Hospitalized patients with a laboratory-confirmed SARS-CoV-2 infection
were enrolled in the DisCoVeRy trial (NCT 04315948; EudraCT

2020-000936-23"°), sponsored by the Institut national de la santé et de la
recherche médicale (Inserm, France). Written informed consent was ob-
tained from all included participants (or their legal representatives if unable
to consent). We analysed the results obtained from patients allocated to re-
ceive either SoC alone or SoC plus remdesivir between March 2020 and
January 2021, hospitalized at 48 different sites in France, Belgium,
Portugal, Austria and Luxembourg, and for whom nasopharyngeal swabs
were available. Given that patients who were reported to arrive very late in
their disease could be indicative of a poor reporting of the time of symptom
onset, we removed from our analysis the N=17 patients whose delay be-
tween the reported time of symptom onset and the randomization was lar-
ger than 20 days. Remdesivir was administered intravenously at a loading
dose of 200 mg on day 1 followed by 100 mg infusions once-daily for up
to 10 days. More details on study design, ethics approval and inclusion/exclu-
sion criteria can be found in the initial trial report.*®

Viral load measurements

Normalized viral load in samples was measured at randomization and at
days 3, 5, 8, 11, 15 4+ 2 and 29 + 3 after randomization, in nasopharyn-
geal swabs collected through validated devices containing flocked swabs
and virus transport medium.

To allow the comparison of samples of different qualities (cell rich-
ness) we followed the same methodology of normalized viral load devel-
oped previously in the context of influenza virus infection.° In brief, the
normalized SARS-CoV-2 viral load was determined by RT-PCR blinded to
treatment arm, divided by the number of cells measured (quantification
of HPRT-1 housekeeping gene) and expressed in copies per 10* cells. All
samples were centralized and analysed in the same laboratory at the
National Centre for Viral Respiratory Infections (Hospices Civils de Lyon,
France). We estimated the limit of detection (LoD) as 1 logio copies/10*
cells and all viral loads strictly below LoD were considered as censored.'®

Viral load was also assessed in broncho-alveolar lavage (BAL) fluids for
a subset of patients, at the clinician’s discretion (see Discussion).

Viral dynamics model

We used a mathematical model to reconstruct the viral kinetics from the
time of infection (t=0) until viral clearance. The model incorporates an
effect of remdesivir, denoted as ¢, that reduces viral production after a
pharmacological delay, denoted as 1. The estimation of both viral kinetic
and treatment parameters was obtained through fitting of the model
to the virological data from both remdesivir-treated and -untreated
patients from the Discovery trial.

Model equations

Given the small number of patients hospitalized in the first days after
symptom onset,’ we used a target-cell limited model with an eclipse
phase to characterize viral dynamics,'® and did not consider more com-
plex models.'® The model includes target cells (T) and infected cells, that
are initially non-productive (I;)during the eclipse phase and become sub-
sequently productively infected (I,). The model assumes that target cells
are infected at a constant infection rate B, and the mean duration of the
eclipse phase is noted 1/k. Productively infected cells have a constant loss
rate, denoted 3§, that differs between patients above or below 65 years
old."® Each infected cell produces p viral particles per day, but only a frac-
tion of these particles, p are infectious. We note V the sum of infectious
viral particles, V; and of non-infectious viral particles, V,; and both are
cleared at rate c. The model can be written as:
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dv;
dit’ = pply — v,
dvy;
=Pl =)L = cVy (1)

At the time of infection, we assumed that there is exactly one produc-
tively infected cell I, in the entire nasopharyngeal tract, thus: T=Ty;
1;=0; I,=1; V;=0; V,=0. The basic reproductive number Ry, defined as
the number of secondary infected cells resulting from one infected cell in
a population of fully susceptible cells, is equal to ppTou/cd where Ty, the
total number of susceptible cells, is equal to 4 x 10° cells.?! We used a
scaling factor, f, to convert V into a normalized viral load and we note
Vobs=fx V. As only the parameter pxf can be estimated, we assumed
without loss of generality that the proportion of susceptible cells in the
biological sample was on average 10-fold lower than in the nasopharyn-
geal compartment, i.e. 0.1%.%" Thus, we fixed f to 1073x 10%/4 x 10°=
2.5x107°. Changing the value of the scaling factor would affect the
estimate of p, but not the value of the other parameters, including the
estimation of Rg and the treatment efficacy (see below).

We fixed c to 10 days™?, kto 4 days~* and pto 10~ as previously pub-
lished.*®822 Further we fixed the time of infection to 5 days prior to
symptom onset in all individuals, which corresponds to the mean dur-
ation of the incubation phase.*® We estimated p and & as well as their in-
terindividual variabilities. Given the lack of data on the viral upslope, we
also fixed the standard deviation of the random effect associated to Ry,
denoted wgo to 0.5 (which corresponds to assuming a coefficient of var-
iation of ~50% for this parameter).

Modelling remdesivir effect and pharmacological delay

Theinitiation of remdesivir reduces viral production p by a factor e, a parameter
comprised between 0 (no activity) and 1 (full viral suppression), leading to:
dv;
i (1 —¢)pply — Vv,
dVp
dt

=(1-¢)p(l —wl, —cVy (2)

Active forms of remdesivir have a long mean terminal elimination half-
life (t1,) of about 24 h, and in non-human primates reaches steady-state
concentrations at day 423 Therefore, we assumed that treatment was
only effective after a certain delay after treatment initiation <, and we
considered different possible values for t, ranging from t=0 (model
Mp) to T=5 (model Ms).

We used a model averaging approach?* to account for the uncertainty
in . Thus, the median parameter estimates and their 95% CIs were ob-
tained by sampling in the mixture of the parameter estimate asymptotic
distribution of each model, with weights of model M; calculated as fol-
lows:

ot
AIG (3)
Ye T
where AIC; is the Akaike Information Criterion (AIC) of model M;. We com-
puted the model averaged likelihood using weights M; and tested the sig-
nificance of the effect of remdesivir in both models M; and model
averaging using Likelihood Ratio Test (LRT).?

Wi =

To quantify and visualize the effect of remdesivir on the time to viral
clearance, 5000 individual profiles were sampled for each candidate
model M; using the population parameters estimated in Table S1, and
each potential trajectory was selected with a probability w;. Times of
treatment initiation were sampled from the fitted Gamma distribution
of observed times of randomization in the population. For each simulated
individual, we calculated the AUC of viral load and time to reach viral
clearance, and computed the cumulated incidence of viral clearance.
The same individual parameters were used assuming a null treatment
efficacy e, to simulate 5000 untreated individuals and compute the differ-
ence between a treated individual and its own control. Finally, we evalu-
ated the effects of earlier treatment initiation, assuming a fixed time to
treatment initiation of 3, 5, 7 or 9 days after symptom onset.

Sub-analyses according to viral load at admission and time since symptom
onset

We used the same modelling strategy in two distinct populations, i.e. in pa-
tients in whom treatment was initiated early (<7 days since symptom on-
set) and those initiating the treatment >7 days since symptom onset. We
chose the cutoff of 7 days from symptom onset, consistent with the initial
analysis.'® Similarly, we conducted the same analysis in patients with high
or low viral load at admission, taking the cutoff of 3.5 log; o copies/10“ cells,
which is the threshold level below which the virus cannot be cultured.?®

Parameter estimation

Parameters were estimated by maximum likelihood estimation using the
stochastic approximation expectation-maximization (SAEM) algorithm
implemented in Monolix2020R1 (http:/www.lixoft.eu), which provides
estimations of the fixed effects and the standard deviation of their ran-
dom effect (see Supplementary data, available at JAC Online). These es-
timates were then used to perform model averaging and results were
reported as the median and 95% CI of these parameters.

Results

Baseline characteristics and viral load data of analysed
population

A total of 832 patients were evaluable for the primary
intention-to-treat analysis,’®> among whom 684 had at least
one nasopharyngeal viral load available (Figure 1 and Figure S1).
Two patients randomized in the remdesivir arm who did not re-
ceive treatment were excluded, as well as 17 patients who were
randomized more than 20 days after onset of symptoms (see
Methods), leaving a total of 665 patients (SoC alone, N=329;
SoC+remdesivir, N=336) (Table 1; Figures S1 and S2).
Patients were mostly male (N=457, 68.7%), younger than
65 years (N=349, 52.5%) and randomized more than 7 days
after symptom onset (N=455, 68.4%). The median viral load at
randomization was 3.2 log,o copies/10* cells. Overall, 15%
(61/420) of patients had undetectable viral load at symptom on-
set; this proportion was equal to 18% (49/272) in patients rando-
mized >7 days after symptom onset, and it was equal to 8%
(12/148) in patients randomized <7 days after symptom onset.

Viral dynamics parameters

We used a target-cell limited model with an effect of age on the loss
rate of infected cells, 5, (see Methods) which was estimated to
0.88 days ™" (95% CI: 0.80-0.96) in individuals aged <65 years and
0.75 doys’1 (95% CI: 0.67-0.84) in those >65 years, respectively
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Figure 1. Nasopharyngeal normalized viral load data in 665 patients from DisCoVeRy trial analysed in the present study. (a) SARS-CoV-2 nasophar-
yngeal viral load according to the time since randomization. (b and ¢) SARS-CoV-2 nasopharyngeal viral load according to the time since randomization
in patients (N=184) with >3.5 log;, copies/10“ cells (b) and patients (N=236) with <3.5 log,, copies/10* cells (c). Data are presented as means (35%
CI). Red lines, patients receiving remdesivir + SoC; green lines, patients receiving SoC only. Tables below show the number of samples available at each

time.

(P value <1073; Table 2). Ry was estimated at 10.6 (95% CI: 8.53-
12.7; Table 2). The viral production p was estimated at 1.20x10°
viruses per day (95% CI: 0.66 x 10°~1.7 x 10°), leading to a burst
size of infectious viruses, given by p x p/8 of 136 and 160 in individuals
aged <65 years and those aged >65 years, respectively.

Table 1. Baseline characteristics of the analysed population at
randomization

Standard of
Standard of care  care+remdesivir
Characteristics (N=329) (N=336)

Male gender 222 (67.5%) 235 (69.9%)
Age (years) 64 (53-72) 63 (55-73)
Age >65 years 160 (48.6%) 156 (46.4%)
Time from symptom onset to 9 (7-11) 9 (7-11)

hospitalization (days)
Patients admitted within 7 days
of symptom onset

109 (33%) 101 (30%)

Duration of hospital stay (days) 12 (8-24) 13 (10-25)
Deaths 30 (9%) 30 (9%)
Normalized viral load at 3.2 (1.9-4.5) 3.2 (1.8-4.5)
randomization (logo copies/
10% cells)®
Number of viral samples under 24 (12%) 37 (17%)

LOQ at randomization (% of
available samples)

Results shown are median (IQR) or n (%) depending on the data type.
%Viral load data at randomization was not available in 39.8% and 33.9%
of untreated and treated patients, respectively.

Estimation of remdesivir effect on viral dynamics

Remdesivir effect, &, was estimated for different putative values
of the pharmacological delay ranging from 0 to 5 days (see
Methods). Using model averaging, we estimated remdesivir to
decrease the viral production p by a factor of 2 (e=52%, 95%
CI: 35%-69%; Table 2) and this effect was statistically significant
in model averaging (P value=0.0031). The antiviral effect of re-
mdesivir, €, was statistically significant for t=0 to t=3, with va-
lues equal to 49%, 50%, 53% and 52%, respectively (P value=
0.020, 0.033, 0.0026, 0.0024, respectively, Figure 2; Table S1).
To get a sense of the effect size, we simulated 5000 in silico
virological profiles using the estimated parameter distributions
and we calculated the exact time to viral clearance for each

Table 2. Parameter distribution using model averaging

Parameter estimates, median (95% CI)

SD of the random

Parameter Fixed effects effect ®

Ro 10.60 (8.53-12.68)
865 (days™1) 0.88 (0.80-0.96)
8-65 (days™) 0.75 (0.67-0.84)
p (10° virus cell™! days™1)° 1.20 (0.66-1.72) 0.38 (0.14-0.63)
¢ (%) 52 (35-69) 0.77 (0.18-1.37)
o (log1o RNA copies/10% cells) 1.14 (1.09-1.19) -

0.50
0.46 (0.41-0.51)

Ro, basic reproductive number; §, loss rate of infected cells; p, rate of viral
production; e, remdesivir effect; o, residual variability.

“The value of p depends on the normalization factor used to quantify viral
load (see Methods).
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Figure 2. Model-based individual fits for t= 3. Patients represented here are the patients with seven data points collected within one week of symptom
onset. Circles represent detectable viral load, triangles represent data below the limit of quantification. Results obtained by using the individual pre-
dictions of the model t=3. Red lines and symbols, patients receiving remdesivir+ SoC; green lines and symbols, patients receiving SoC only.

simulated individual. Remdesivir shortened the time to viral
clearance by 0.7 days (IQR: 0.0-1.3), with a median time to viral
clearance of 14.5 days (IQR: 10.4-20.2 days) and 15.3 days since
symptom onset (IQR: 10.6-21.5 days) in treated and untreated
individuals, respectively (Figure 3a and b). Because patients older

than 65 years had a slower clearance of infected cells (P value
<1073), they cleared virus less rapidly (15.6 versus 16.6 days in
treated and untreated individuals, respectively, for patients >65
years and 13.3 versus 14.1 days in treated and untreated indivi-
duals, respectively, for patients <65 years). In terms of time since
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Figure 3. Viral dynamics predicted by the model. (a) Median predicted nasopharyngeal viral dynamics according to the time since symptom onset.
(b) Cumulative incidence of the predicted time to viral clearance. Red line, patients receiving remdesivir + SoC; green lines, patients receiving SoC only.
Results obtained by sampling 5000 individuals in the estimated parameter distributions.

randomization, remdesivir led to a time of viral clearance also
reduced by 1day, with a median time equal to 5.5 days (IQR:
1.0-12.0 days) and 6.5 days (IQR: 1.0-13.0 days) in treated and
untreated individuals, respectively (Figure S3a and c), with initial
undetectability at time of randomization slightly overestimated
as compared with the observations (Table 1). Overall, the maxi-
mum difference in median viral loads between treated and un-
treated individuals was obtained at day 11.5 post symptom
onset, and equal to 0.24 logqo copies/10* cells (IQR: 0.06-0.39),
corresponding to a 2-fold reduction in viral load levels (Figure 3aq).

We repeated the same estimation procedure in subpopulations
stratified by the delay since symptom onset (Figure S4) and by the
viral load at admission. In patients initiating treatment in the first
7 days following symptom onset, remdesivir effect was larger
than 0 only for t=3 (e=36%; P value=0.041, Table S2q), but it
was not statistically significant by model averaging approach
(Pvalue=0.07, Table S2b). In patients initiating treatment >7 days
after symptom onset, remdesivir effect was no greater than 0 for
any of the models considered (Tables S3a and S3b). In patients
with a high viral load at admission (see Methods, N= 184, median
time of admission=8 days since symptom onset, IQR: 6-10,
Figure 1b), remdesivir reduced viral production by 80% (95% CIL:
65%-96%), i.e. a reduction by 5-fold compared with SoC, and
this effect was statistically significant in model averaging (P value
<107>, see Methods, Table S4a). In line with the analysis on the
whole population, remdesivir effect was statistically significant
for values of t ranging from 0 to 3 days after treatment initiation,
with values equal to 80%, 82%, 50% and 55%, respectively (P value
<1073 for all values of 1, Table S4b). In patients admitted with a low
viral load (N= 236, median time of admission=9 days since symp-
tom onset, IQR: 7-12, Figure 1c), remdesivir effect was lower and
was estimated at 49%, with a poor precision of the estimation
(95% CI: 0-100, P value=0.013, Table S5a).

Using parameter distributions estimated in the population with
high viral load at randomization, simulations showed that remde-
sivir led to a time to viral clearance shortened by 2.4 days (IQR: 0.9-
4.5, Figure 4). Further, remdesivir led to a maximum difference be-
tween median viral loads of treated and untreated patients of 0.7
log;o copies/10* cells, reached at 12 days after symptom onset.
Similar effects were obtained when looking at data in terms of
time since randomization, with a median time equal to 10.5 days
(IQR:6.5-14.6 days) and 13.5 days (IQR: 10.0-18.0 days) in treated
and untreated individuals, respectively (Figure S3b and d).

Discussion

We found that remdesivir had a statistically significant antiviral effi-
cacy, reducing viral production from infected cells by 52% (95% CI:
35%-69%), which corresponds to a 2-fold reduction in viral produc-
tion. The impact on viral dynamics remained modest, with an aver-
age 0.7 days reduction in the time to viral clearance and large
interindividual variability. This explains why less sophisticated ap-
proaches did not find any effect of remdesivir on viral dynamics.”*%>

The overall limited antiviral effect of remdesivir may be due to
factors that mitigate a potential effect, in particular the hetero-
geneity in the time between infection and treatment initiation,
as well as variability in viral load levels at the time of treatment
initiation. To explore this question, we here relied on a very rich
dataset of 665 patients, for which viral loads were centralized
and normalized, and we used a model previously developed on
a large cohort of hospitalized patients to disentangle the effects
of remdesivir from the natural clearance of viral load. To identify
factors associated with the effects of remdesivir on viral kinetics,
we performed exploratory analyses by stratifying the population
on timing of treatment initiation in days since symptom onset
and on viral load at randomization, the latter being an
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distributions.

exploratory analysis not included in the initial trial protocol. We did
not identify a significant effect of remdesivir in patients treated
early, consistent with the results from descriptive models.*® This
may be due to the fact that symptom onset may not be a very
good proxy of active viral replication and/or to the lack of statistical
power due to the fact that viral load at admission was missing in
about 40% of individuals arriving within 7 days of symptom onset
(Table 1). However, remdesivir effect in reducing viral production
was larger in patients with a high viral load at admission, leading
to a median reduction of 2.4 days (IQR: 0.9-4.5) in the time to viral
clearance compared with untreated patients. These results there-
fore suggest that remdesivir could be more effective in patients
with high viral load, at a stage of the infection where viral replica-
tion is very active. This hypothesis is consistent with the results of
the Recovery trial,®> which identified a significant effect of mono-
clonal antibody combination REGN-CoV-2 on clinical outcome in
hospitalized patients with a seronegative status at baseline, a fac-
tor associated with high viral load.”?” The relationship between
treatment effect and viral load was also reported in outpatients
receiving monoclonal antibodies within 7 days of symptom on-
set.??” Simulations conducted with our model suggested no dra-
matic difference in viral shedding when administration is initiated
between 3-7 days (Figure S5), but our model did not account for
immune mechanisms that could act, in concert with early antiviral
treatment, to accelerate viral clearance.?? Consistent with the in-
terpretation that it could be beneficial to administrate remdesivir
as early as possible, results from the Pinetree study showed that
administration of remdesivir in outpatients within 7 days of symp-
tom onset led to a significant reduction of the risk of hospitaliza-
tion.> However there was no effect of remdesivir on the average
change in nasopharyngeal viral load, but more detailed analyses
taking into account interpatient variability will be needed to esti-
mate the precise effect of remdesivir on viral dynamics.

How does remdesivir antiviral efficacy compare with other
antiviral drugs now available? Our estimated effect of 52% in
the whole population is below the pharmacodynamic target of
90% that we determined previously to achieve clinical efficacy
in hospitalized patients and/or to prevent disease acquisition in
prophylactic setting.’®'®28 Tt is also probably lower than what
has been shown in outpatients treated with monoclonal anti-
bodies. For instance, 7 days after treatment initiation, the viral
load in ambulatory individuals receiving casirivimab +imdevi-
mab or bamlanivimab + etesevimab was reduced by 5-10-fold
compared with patients receiving placebo, as compared to
2-fold in our hospitalized population here.?2° The lower efficacy
of remdesivir could nonetheless be relevant in a combination set-
ting to increase the genetic barrier to resistance due to the emer-
gence of variants of concern.>®3! This could be even more
relevant in patients with high viral load, to reduce the risk of mu-
tation emergence in a context where huge quantities of viral pro-
geny are still produced upon treatment initiation.

We acknowledge some important limitations to our study.
First a more complete evaluation of remdesivir would involve
analysing viral dynamics in the lower respiratory tract, as was
done in non-human primates.*** In our study, viral loads in
lower respiratory tracts were available in a subset of 120 indivi-
duals. However, the number of samples was limited and these
individuals had very severe disease (Table S6), making it impos-
sible to provide an unbiased and precise estimate for remdesivir.
Also, our model did not incorporate any time-dependent effects
of the immune response and underestimates the response of
the host in clearing the virus. Further, this model predicts that
a modest antiviral effect reduces the growth rate of virus and
therefore requires more time to deplete all target cells.
Consequently, in this basic model treatment may have the para-
doxical effect of lowering the viral load but extending the period
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of shedding and the time to viral clearance.® This phenomenon
explains why our model predicts that nearly 25% of patients
would have no benefit of remdesivir in terms of viral clearance.
Second, we could not evaluate the association between remde-
sivirdrug concentration and viral decay, which would be import-
ant to obtain more definitive evidence on remdesivir antiviral
activity. Here, drug concentrations were available for only a lim-
ited number of patients (N=61), and no significant association
between drug concentrations and the time to viral clearance
(Figure S6) could be found. Moreover, given that symptom onset
is often after the peak viral load,*®32 a potential bias in the es-
timation of early viral dynamic parameters cannot be ruled out
(see a discussion on this ospectls). Finally, the use of adjuvant
drugs such as corticosteroids or any immunosuppressive treat-
ment that might promote viral replication, as well as the intrin-
sic immune competency of each treated individual have not
been considered.

In conclusion, the use of a within-host model of the infection
allowed us to estimate the in vivo antiviral efficacy of remdesivir
using the nasopharyngeal swabs of hospitalized patients. Overall,
we showed that remdesivir had a modest antiviral activity in re-
ducing viral production, leading to a reduction by 0.7 days of the
time to viral clearance. In exploratory analyses, remdesivir had a
higher antiviral efficacy in patients with high viral load at rando-
mization (>3.5 log copies/10“ cells), leading to a reduction of
time to viral clearance of 2.4 (IQR: 0.9-4.5) days between treated
and untreated patients. The limited effect of remdesivir is con-
sistent with the lack of clinical efficacy in hospitalized patients re-
ported by the DisCoVeRy trial.'®
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CHAPITRE

LES THERAPEUTIQUES DANS LES ETUDES PRECLI-
NIQUES

Dans le cadre de ce projet de these, nous avons également été impliqué dans le développement
pharmacologique précoce chez I’animal.
Les études précliniques d’abord in vitro puis suivies d’études sur les animaux sont partie du pipe-
line nécessaire pour faire approuver une molécule. Plus précisément, dans le cadre du SARS-CoV-2,
les hamsters dorés syriens Mesocricetus auratus sont des modeles rongeurs largement utilisés, ayant
été étudié précédemment pour plusieurs virus respiratoires dont le SARS-CoV-1 et la grippe [146].
L’infection par le virus provoque des symptomes légers a modérés, pouvant méme aller jusqu’a la
détresse respiratoire, cependant la maladie reste non-létale. Nous avons ainsi pu étudier différents
traitements chez ce modéle (annexe 2) en collaboration avec I'Unité des Virus Emergents (UVE, IN-
SERM U1207, Université d’Aix-Marseille). Le primate non-humain est quant a lui le gold standard
dans les maladies virales, étant le modele se rapprochant le plus de 'Homme en terme de phy-
siopathologies et de réponse immunologique [147]. Dans le SARS-CoV-2, trois types de primates
non-humains sont utilisés couramment : les macaques rhésus (Macaca mulatta, les macaques cy-

nomolgus (Macaca fascicularis) et enfin les singes verts africains (Chlorocebus aethiops). L’avantage
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de ces modeles est que bien qu’ils ne fassent pas de forme grave, ils reproduisent adéquatement la
physiopathologie du virus observée chez ’'Homme, notamment I'induction d’une réplication virale
élevée pendant deux semaines, une forte réponse immunitaire qui empéche une réinfection, une
pneumonie et une excrétion virale prolongée chez les macaques agés de la race rhésus ou cynomol-
gus [146]. Ces derniers ont été utilisés par I'infrastructure Infectious Diseases Models for Innovative
Therapies (IDMIT) avec qui nous avons collaboré pour évaluer des traitements, notamment ’hy-

droxychloroquine [145] et le Lopinavir/Ritonavir (non publié) et enfin le favipiravir.

7.1 Favipiravir

Dans le cadre de cette these, le favipiravir (molécule d’intérét du projet initial de la thése) a
tout d’abord été étudié en tant que traitement du virus de Lassa chez des primates non-humains.
L’objectif de ce travail était de modéliser la dynamique virale de ce virus et 'impact de P'effet anti-
viral du traitement sur cette derniere. Nous avons pu identifier son mode d’action en tant qu’agent
mutagéne qui rend les virus produits non infectieux. Nous avons pu ensuite estimer son efficacité
antivirale, et réaliser des prédictions quant a son efficacité lors de I'utilisation chez 'Homme a des
doses déja connues. Cet article a été publié le 7 janvier 2021 dans le journal PLoS Computational
Biology (Annexe 1). Le favipiravir ayant eu des résultats prometteurs in vitro dans le SARS-CoV-
2, nous I’avons étudié tout d’abord chez le hamster syrien. Notre objectif a été de déterminer les
doses efficaces qui induisaient une réduction de 90 ou 99% des titres infectieux. Des hamsters sy-
riens ont été infectés par différentes doses de virus infectieux (10%; 10°; 10° TCID3) et traités par
favipiravir (1340+36, 670+42 and 1390+126 mg/kg/day) ou non-traités. Les données récupérées a

différents temps post-infection consistaient en titres infectieux de virus, ARN viral et concentration
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plasmatiques de favipiravir. Nous avons pu constater une réduction significative de la concentration
de titres infectieux et d’ARN quel que soit I'inoculum lorsque les hamsters étaient traités par 1400
mg/kg/jour de favipiravir. Utilisant une régression non linéaire, nous avons pu calculer les doses
nécessaires pour réduire de 90% et 99% la charge virale infectieuse (article publié, voir annexe 2).
Devant ces signes encourageants du favipiravir, nous I’avons ensuite ré-étudié chez le primate non-
humain (cynomolgus macaques) en collaboration avec 'IDMIT, en utilisant la méme approche que
pour ’hydroxychloroquine [145]. Les régimes de doses utilisés ont été déterminé en utilisant une
relation allométrique [148], ce qui a donné des doses proches de ce que nous connaissions de pré-
cédentes études sur les virus Ebola [73] et Zika. Malheureusement, suite a ’absence de signal quant
a son efficacité antivirale, nous n’avons pas réalisé de modélisation plus complexe sur ce modéle
animal. Dans cette étude, des macaques cynomolgus ont été infectés soit par le virus Zika, soit par
le SARS-CoV-2 puis traités par favipiravir ou non-traités. Nous avons pu montrer que le traitement
n’avait malheureusement aucun effet sur la cinétique virale du SARS-CoV-2, et 4 animaux traités ont
du étre euthanasiés en raison d’une détérioration clinique rapide, ce qui suggeére un réle potentiel
du favipiravir dans I’aggravation de la maladie chez les animaux infectés par le SARS-CoV-2.

Ce résultat préclinique peut étre mis en relation avec celui d’Holubar et al., qui ne trouvent pas
d’améliorations clinique ni virologique [81], et compromettent donc son utilisation future quelle

que soit le type de patient considéré.
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The COVID-19 pandemic has exemplified that rigorous evaluation in large
animal models is key for translation from promising in vitro results to suc-
cessful clinical implementation. Among the drugs that have been largely tested
in clinical trials but failed so far to bring clear evidence of clinical efficacy is
favipiravir, a nucleoside analogue with large spectrum activity against several
RNA viruses in vitro and in small animal models. Here, we evaluate the antiviral
activity of favipiravir against Zika or SARS-CoV-2 virus in cynomolgus maca-
ques. In both models, high doses of favipiravir are initiated before infection
and viral kinetics are evaluated during 7 to 15 days after infection. Favipiravir
leads to a statistically significant reduction in plasma Zika viral load compared
to untreated animals. However, favipiravir has no effects on SARS-CoV-2 viral
kinetics, and 4 treated animals have to be euthanized due to rapid clinical
deterioration, suggesting a potential role of favipiravir in disease worsening in
SARS-CoV-2 infected animals. To summarize, favipiravir has an antiviral
activity against Zika virus but not against SARS-CoV-2 infection in the
cynomolgus macaque model. Our results support the clinical evaluation

of favipiravir against Zika virus but they advocate against its use against
SARS-CoV-2 infection.

Favipiravir (T-705) is an RNA polymerase inhibitor approved in Japan
for the treatment of noncomplicated influenza infections and in clin-
ical development in the United States. The drug has shown a strong
antiviral activity against several RNA viruses in vitro' and in macaque
models, including Ebola virus?, Lassa virus®, and Marburg® virus, mak-
ing it an attractive candidate against emergent RNA viruses. During the
2013-2016 Ebola outbreak, the drug was evaluated in a clinical trial in

Guinea’, with no significant or definite effect on mortality, possibly due
to suboptimal dosing regimens®. Few months later, favipiravir was also
evaluated against Zika virus (ZIKV). It showed a strong antiviral activity
in vitro’, but its clinical impact could not be evaluated, due among
others to the rapid decline of the epidemic. Results from mathematical
modeling provided evidence that favipiravir could have a strong
antiviral efficacy against ZIKV in cynomolgus macaques (CM)’.

A list of author affiliations appears at the end of the paper. - e-mail: jeremie.guedj@inserm.fr; roger.le-grand@cea.fr
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Favipiravir has also naturally been considered as a drug candidate
against SARS-CoV-2. In vitro evaluation showed mixed results, with an
antiviral activity of favipiravir, as measured by the 50% effective con-
centrations (EC50), ranging from 62 to >500 pM (10 to >78 pg/mL)*™.
The results were more encouraging in vivo, with favipiravir leading to
reduction of infectious titers in lungs and clinical alleviation of the
disease in the hamster model”. Given the complexity of the drug
pharmacokinetics™'¢, an important finding of these studies was that
the antiviral efficacy was achieved with plasma trough concentrations
that were comparable or lower to those found during human clinical
trials®. However toxicity signals were observed in some animals at the
largest doses', and the translation to humans doses is made difficult
by the rapid metabolic activity of rodents. Nonetheless, these results
prompted a large interest due to the lack of per os antiviral drugs
available, and favipiravir is currently being evaluated in more than 72
clinical trials registered in February 2022", both in ambulatory and
hospitalized patients, making it the third largest evaluated antiviral
drug administered to COVID-19 patients. Although some preliminary
studies suggested that favipiravir could decrease the time to viral
clearance in mild or moderate COVID-19 patients® or the time to
clinical improvement”, the retrospective aspect or the absence of
randomization of most studies precludes solid conclusion on favipir-
avir efficacy.

In order to support ongoing and future clinical evaluations of
favipiravir against SARS-CoV-2 and Zika infections, and more generally
against future emerging RNA viruses, we designed three successive
experiments in cynomolgus macaques (Fig. 1). We first provided a
detailed description of favipiravir pharmacokinetic in uninfected ani-
mals over a 14 days repeated-dose experiments to define relevant
dosing regimens. In a second experiment, we evaluated the antiviral
efficacy of favipiravir in a CM model of Zika infection. In a third
experiment, we evaluated the antiviral efficacy of favipiravir against
SARS-CoV-2 infection in a CM model that reproduces human infection
and makes possible the evaluation of drug efficacy in a well-controlled
setting. We discuss the implications of our findings for favipiravir
clinical evaluation against emerging or re-emerging RNA viruses.

Results

Selection of dosing regimen against Zika and SARS-CoV-2 virus
infections

We first evaluated the pharmacokinetics of favipiravir in non-infected
CM, using a loading dose of 250 mg/kg twice a day (BID) administered
intravenously (IV), followed by repeated subcutaneous administra-
tions of 150 mg/kg BID. In the four animals, the drug concentrations
rapidly increased to achieve a median maximal (Cyax) and trough
(Cirougn) concentrations of 309.1and 75.2 ug/mlL, respectively, after the
loading dose (Fig. 2). Interestingly, favipiravir concentrations were
maintained at high levels over the 14 days of the experiment, with
trough concentrations of 79.1 and 131.6 uyg/mL at day 7 and day 14,
respectively (Fig. 2). These values are larger than the drug ECso of
favipiravir against ZIKV, that ranges between 2.2 and 6.6 pg/mL, sup-
porting the choice of this dosing regimen in challenge experiments. In
the case of SARS-CoV-2, the uncertainty in the exact value of ECsq (see
“Discussion”) led us to consider a larger spectrum of doses. Consistent
with our previous studies?, we used doses 0of 100/150/180 mg/kg BID to
evaluate the full spectrum of efficacy and toxicity of favipiravir.

Favipiravir pre-exposure prophylaxis reduces Zika virus
replication

In a second experiment, we analyzed the antiviral efficacy of favipiravir
against Zika virus. In this experiment, 6 control animals were untreated
and infected by ZIKV (strain H/PF/2013), and 6 animals initiated favi-
piravir treatment 3 days before infection (pre-exposure prophylaxis),
using the same dosing regimen than in the PK experiment (Fig. 1).
Animals treated with favipiravir had lower levels of viral load than

Time(dpe) 4 2 0 2 4 6 8 10 12 14 16

PK 150 maig BID = (777777777771

Viral
expcisure

CTRL 28 :

150 moig BiD =777/

ZIKV

CTRL =10

100 mghkg BID =2—77T T}
1

150 mgkg BID =177/
180 mgkg BID =77}

Fig. 1| Study design of the 3 experiments. In the first experiment of pharmaco-
kinetic (PK), n =4 animals were treated with favipiravir (FPV) for 14 days. In the
second experiment, n =12 were either treated or received placebo, and were
challenged with 10° PFU of Zika virus (ZIKV) three days after treatment initiation. In
the third experiment, n =30 animals were either treated or received a placebo, and
were challenged with 10° PFU of SARS-CoV-2 two days after treatment initiation.
Hatched area indicates FPV treatment without viral exposure. Colored areas indi-
cate FPV dosing regimens; cyan: 200 mg/kg twice a day (BID) administered intra-
venously (i.v) on day -2 followed by 100 mg/kg BID administered subcutaneously
(s.c); magenta: 250 mg/kg BID i.v. on day -3 (ZIKV) or -2 (SARS-CoV-2) followed by
150 mg/kg BID s.c.; yellow: 250 mg/kg BID i.v. on day -2 followed by 180 mg/kg BID
sc. Untreated animals received NaCl 0.9% solution as placebo.
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Fig. 2 | Plasma FPV concentration of four uninfected NHPs. a Favipiravir phar-
macokinetic parameters during treatment with 250 mg/kg BID i.v. on day O fol-
lowed by 150 mg/kg BID s.c. for 14 days. b Longitudinal evolution of plasma FPV
concentrations with respect to ECso values obtained on ZIKV and SARS-CoV-2 given
in refs. 7, 12. Source data are provided as a Source Data file.

untreated animals (Fig. 3a, b). Their viral kinetic profile was none-
theless less consistent than control animals, with some individuals
experiencing longer duration of viral shedding. Overall, favipiravir had
a significant effect on the peak viral replication, with median peak viral
load of 5.6 and 6.5 log;o copies/mL in treated and untreated animals,
respectively (p=0.026, Fig. 3c). The overall viral shedding, as mea-
sured by the Area Under the Curve (AUC) from O to 7 days post
exposure (dpe), was also significantly different between untreated and
treated animals, with median values of 6.5 vs 5.9 log;o copies.day/mL in
untreated and treated animals, respectively (p = 0.041, Fig. 3d). We also
investigated a concentration-dependent effect of favipiravir, taking
the geometric mean of plasma trough concentrations between 0 and 5
dpe as a surrogate of drug exposure (see “Methods”). Drug con-
centration showed a trend towards an effect on peak viral load and on
AUC viral load (p=0.056 and p=0.074, respectively, Fig. 3e, f), sug-
gesting that high concentrations could be associated with a reduction
of viral load, with a nonlinear relationship.

Beside drug concentrations, several treated animals exhibited
distinctive cytokine dynamics compared to control animals (Figs. 3g
and S2). Indeed, levels of IL-IRA and CCL2 peaked at 1 dpe and went
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Fig. 3 | Viral kinetic and pharmacokinetic in ZIKV infected cynomolgus maca-
ques treated with FPV. a Individual plasma viral loads determined by RT-PCR in all
animals; b Median plasma viral load values observed in each treatment group;

¢, d Viral kinetic parameters (peak and AUC viral load) during the first 7 days of
infection. Median value is indicated by horizontal bar. Parameters were compared
between groups using the two-tailed non-parametric Mann-Whitney test. e, f Viral
kinetic parameters (peak and AUC viral load between 0 and 7 dpi) according to
geometric mean FPV plasma trough concentration. Grey: untreated; Purple:

150 mg/kg BID. A Spearman correlation test was performed to assess the associa-
tion between drug concentration and viral kinetic parameters. Two-tailed p values
are indicated. g Heatmaps of the concentrations of IL-IRA, CCL2, and IL-15 mea-
sured in plasma ZIKV infected animals. The asterisk indicates a significant differ-
ence in the concentration of IL-1RA at 4 d.p.e. between the control group and the
FPV group. Parameters were compared between groups using the two-tailed non-
parametric Mann-Whitney test. The color scale (in pg.mL™) is shown at the bottom.
Source data are provided as a Source Data file.

back to basal level at 2/3 dpe for most animals, whereas the pro-
inflammatory factors were sustained at high concentration until 5-7
dpe for treated animals, suggesting that they could be causally related
to favipiravir administration (Fig. 3g).

Overall the treatment was well tolerated, even if the median loss
weight at day 7 post treatment initiation was more elevated in treated
(6.71%) than control (2.96%) animals (p=0.093, Figs. S1b and Sid).
Biochemistry parameters tended to be impacted in treated animals,
especially with alteration of liver function and metabolism. In fact, the
treated animals, which exhibited sustained inflammation, showed also
markers of hepatic cytolysis (ASAT elevation), slight cholestasis (GGT
elevation) associated with increase uremia and lipidaemia after ZIKV
exposure, whereas these parameters remained unchanged in
untreated animals (Fig. S3).

Favipiravir pre-exposure prophylaxis does not reduce SARS-
CoV-2 virus replication

Following what was done for hydroxychloroquine?’, we studied in vitro
antiviral activity of favipiravir against SARS-CoV-2 infection in the
reconstituted human airway epithelium MucilAir™ model (HAE).
Doses of 200-600 uM failing to reduce significantly SARS-CoV-2 apical
viral titers at 48 h post infection, and did not protect the epithelial
integrity during infection (Fig. S4).

We next tested the efficacy of favipiravir in the CM model of SARS-
CoV-2 infection following exposure to 1x 10° pfu of SARS-CoV-2 (hCoV-
19/France/IDF0372/2020) by combined nasopharyngeal and tracheal
routes as we previously reported”** (Fig. S10). Ten control animals
were left untreated and infected by SARS-CoV-2 virus, and 20 animals
initiated favipiravir treatment 2 days before infection (pre-exposure
prophylaxis), with a loading dose followed by maintenance doses of 100
(n=5), 150 (n=10) and 180 (n=5) mg/kg BID. Viral kinetics in

nasopharyngeal compartment were similar between untreated and
treated animals, irrespective of the dose (Fig. 4a, b). Peak viral load in
nasal fluid was largely similar in all groups, with median values of 8.2,
7.2, 8.3, and 8.1 log;o copies/mL in untreated, 100 mg, 150 mg, and
180 mg/kg BID groups respectively (Fig. 4c). Similar results were
obtained for the AUC viral load in the nasal fluid, with median values of
8.5, 7.4, 8.6, and 8.4 log;, copies day/mL in untreated, 100 mg, 150 mg
and 180 mg/kg BID groups, respectively (Fig. 4d). Results were largely
similar in the tracheal fluid (Fig. S5), although a larger peak viral load was
observed in animals treated with 180 mg/kg BID as compared to
untreated (median values of 8.0 and 7.4 log;o copies/mL, respectively,
p=0.003, Fig. S5c). There was no effect of drug concentration on
nasopharyngeal peak viral load (p = 0.64 Fig. 4f), but there was a trend
towards an effect of favipiravir concentration in increasing AUC viral
load (p=0.084, Fig. 4g). The same results were observed in tracheal
fluid, with a trend towards tracheal peak viral loads (p = 0.087) and AUC
viral load (Supplementary Fig. SSe, f).

Viral load was also measured in BAL at 3 dpe (Fig. 4e). There was a
trend towards larger viral loads in treated animals, in particular at the
larger doses. While control animals had a median peak viral load at 6.39
log;o copies/mL, these values were equal to 6.32, 7.08, and 7.80 log;o
copies/mL in treated animals at the dose of 100, 150, and 180 mg/kg
BID, respectively (p-value to controls of 0.768, 0.143, and 0.005,
respectively). The favipiravir concentrations determined in the epi-
thelial lining fluid (ELF) were also correlated with the BAL viral load
(p<0.0001, Fig. 4h). Similar trends were observed in lung tissues at
euthanasia (Fig. S5g, h).

Untreated infected animals exhibited mild clinical signs, con-
sistent with a disease being often asymptomatic or mildly sympto-
matic in humans, with coughing or sneezing without dyspnea in SARS-
CoV-2 infected animals (Fig. S6). Slight weight loss was observed in all
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untreated infected animals that could be due to either infection and/or
repeated anesthesia (Fig. Slc). Treatment led to weight loss, with a
median weight loss after 7 days of treatment equal to 2.78, 6.23, 4.87,
and 6.44% in untreated, 100 mg, 150 mg, and 180 mg/kg BID groups,
respectively (p-value to controls of 0.001, 0.006, and 0.055, respec-
tively) (Fig. S1d).

Exacerbation of SARS-CoV-2 disease in favipiravir treated
macaques

Similar to previous observations*>* animals infected by SARS-CoV-2
showed transient elevated levels of IL-1RA, CCL2, and IL15, that peaked
at 2 dpe. As observed during ZIKV infection, levels of these pro-
inflammatory factors were sustained or continued to increase after 2

Nature Communications | (2022)13:5108



Article

https://doi.org/10.1038/s41467-022-32565-w

Fig. 4 | Viral kinetic and pharmacokinetic in the respiratory tract of SARS-CoV-
2-infected cynomolgus macaques treated with FPV. a Individual nasopharyngeal
viral loads determined by RT-PCR in all animals; b Median nasopharyngeal viral load
values observed in each treatment group; ¢, d Viral kinetic parameters (peak and
AUC viral load) during the first 7 days of infection. e Viral load in bronchoalveolar
lavages (BAL) at 3 dpe. Median value is indicated by horizontal bar. Parameters were
compared between groups using Kruskal-Wallis test following Dunn’s multiple
comparisons. f, g Viral kinetic parameters (peak and AUC viral load between 0 and 7

dpi) according to geometric mean FPV plasma trough concentration. h Viral load in
BAL according to FPV concentration in the epithelial lining fluid (ELF). A Spearman
correlation test was performed to assess the association between drug con-
centration and viral kinetic parameters. Two-tailed p value is indicated. Grey:
untreated; cyan: 100 mg/kg BID; purple: 150 mg/kg BID; yellow: 180 mg/kg BID.

i Heatmaps of the concentrations of IL-1IRA, CCL2 and IL-15 measured in plasma
SARS-CoV-2 infected animals. The color scale (in pg.mL™) is shown at the bottom.
Source data are provided as a Source Data file.

dpe in treated animals, suggesting that they could be exacerbated by
the administration of favipiravir. Consistent with this interpretation,
there was a dose-dependent effect on cytokines, with larger levels
observed in SARS-CoV-2 infected animals treated with 150 or 180 mg/
kg BID than those untreated or treated with 100 mg/kg BID (Fig. 4i). In
treated animals, 4/20 animals (MF18, MF22, MF25, and MF27) had to be
euthanized due to rapid deterioration of their clinical score, and all
these animals were infected with SARS-CoV-2 (2 receiving 150 mg/kg
BID and 2 receiving 180 mg/kg BID). In these 4 animals, the levels of IL-
1RA and CCL2 remained large at all times, and similar observations
could be made on other cytokines (Fig. S7). Veterinary examination
showed a shock in these four animals with severe hypothermia, bra-
dycardia, with or without electrocardiographic abnormalities, hypox-
emia, discordance, tachypnea, hypotension neutrophilia, and
lymphopenia. Blood chemistry showed an increase of transaminases
(ASAT and ALAT) without change in PAL or GGT suggesting hepato-
cellular necrosis (Fig. 5a and Fig. S8). In these animals, metabolism
impairment was observed with an increase of plasma triglycerides and
decrease of fructosamine and cholesterol levels with a similar kinetic
than clinical score (Figs. S8 and S6). This interpretation is also corro-
borated by an increased levels of plasma creatinine in two animals
from high dose group suggesting acute kidney failure. Moreover,
metabolism alteration was confirmed by the continued increase of
favipiravir plasma concentration, the reduction of M1 metabolite/
favipiravir plasma ratio over time (Fig. 5b) and an accumulation of
favipiravir in tissues (Fig. S9a). Ultrasounds and CT imaging performed
5 dpe and histological analyses showed typical feature of severe form
of SARS-CoV-2 infection such as acute interstitial pneumonia with
significant pleural effusion and left ventricle dilatation along with
hepatomegaly with severe liver steatosis (Fig. 5c-e and Fig. S9c).
Lesions on tissues were also noticed on other animals at a lower extent
(Fig. S9b). Furthermore, high amount of virus was found in lung tissues
of these four animals (Fig. 5f and Fig. S9d). Altogether, this suggest that
animals had a multiple organs dysfunction syndrome (MODS) with
liver and cardiac failure, associated with an acute kidney failure in two
animals. This is consistent with the elevated levels of CCL2 and IL-1RA
observed in all four animals, showing an immune activation which part
of MODS physiopathology.

Discussion

Here we showed the results of experiments in cynomolgus macaques
to evaluate the antiviral effect of favipiravir against Zika and SARS-CoV-
2 viruses. We determined dosing regimens that achieved relevant drug
concentrations with respect to drug ECso and we evaluated the effects
of pre-exposure favipiravir treatment on viral kinetics. Favipiravir sig-
nificantly reduced Zika viral replication while being well tolerated at
150 mg/mL BID. However, it had no antiviral effect against SARS-CoV-2
at any of the doses tested (ranging 100-180 mg/kg BID), and 4/20
treated animals had a rapid clinical deterioration which required pre-
mature euthanasia during the study.

The effects of favipiravir on Zika virus viremia in macaques
unambiguously demonstrate for the first time in vivo antiviral activity
of favipiravir. As mentioned for other viral diseases, favipiravir can
penetrate the sexual compartments and cross the blood brain barrier,
facilitating the purge of the reservoirs of the virus?. In addition to
mono-therapy, favipiravir may represent a good candidate for

combined therapies with antiviral drugs such as galidesivir, which was
also reported highly active in the NHP model®. Although the probable
teratogenicity of favipiravir prevents its use in pregnant women, its
ease of storage and its oral administration make it particularly relevant
as a first line of protection to administer to suspect or contact cases.
The results obtained against SARS-CoV-2 infection are in contra-
diction with those in the hamster model™. This may stem from several
factors, that are not mutually exclusive. First, the drug pharmacoki-
netics in NHPs differ from that in hamsters that was characterized by
rapid drug metabolism, reducing its toxic effects and offering the
possibility to administer large doses in hamsters®. For instance, we
estimated previously that the effective dose to reduce viral replication
by 90% (EDgo) in hamster in preventive therapy was 35 mg/day, which
corresponds to about 600 mg/kg BID. Using the classical allometric
rules, this would correspond to a dose of 200 mg/kg BID in NHPs, which
is higher than the 100-180 mg/kg BID range tested here. However, the
results found in HAE system, with no viral activity observed at doses up
to 600 uM (Fig. S4) suggest that concentrations may need to be very
high to generate a strong antiviral effect. In fact, our results even sug-
gested an enhanced viral replication effect, with larger viral load levels
in highest dosing group regimens than in untreated animals, despite
mean plasma favipiravir concentrations well above the highest ECsq
value and good diffusion into lung tissue (mean lung/plasma ratio 86%).
Whether this is a genuine effect or is simply coincidental is unknown,
but it is noteworthy that similar results were also reported in previous
ex vivo models”. Regardless of the origin of this difference between the
hamster and the NHP models, the dosing regimens used here in NHPs
correspond to doses in humans that are already larger than 1200 mg
BID (see refs. 2, 24 for a detailed analysis of the correspondence
between NHP and human pharmacokinetics). This is to be compared
with the dose of 600-800 mg BID favipiravir usually administered, and
is consistent with the lack of antiviral activity that has been reported in
randomized clinical trials®®*. In fact our results show that even larger
doses are unlikely to generate an antiviral activity, and therefore do not
support the use of favipiravir against SARS-CoV-2 infection.
SARS-CoV-2 infection results in several extrapulmonary mani-
festations, including kidney and liver injury®®. Angiotensin-
converting enzyme 2 (ACE2), the entry receptor for SARS-CoV-2,
is expressed in the liver and kidney® * but viral replication in these
organs remains controversial***, Both kidney and liver injury are
likely multifactorial involving direct effects of the virus with
inflammation and tissue damages, but also indirect effects resulting
from systemic inflammation, dysregulated immune responses,
endothelial dysfunction, and impaired organ crosstalk®*, Eleva-
tion of liver enzymes have been reported during SARS-CoV-2
infection, however, liver injury may be a reflection of a severe
form of the disease®. Hepatic injury associated with COVID-19
seems due to systemic inflammation and multi-organ dysfunction®.
Our results showed also an exacerbation of SARS-CoV-2 disease in
four animals treated with favipiravir, with an impact on liver and
kidney functions. Importantly this effect had not been seen in pre-
vious experiments involving favipiravir and repeated anesthesia nor
in infected untreated animals®, suggesting that this effect was
causally related to the dual effects of favipiravir administration and
SARS-CoV-2 infection. Effects on liver functions and liver enzyme
levels were reported as main adverse effects in COVID-19 patients
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that received favipiravir treatment”. Favipiravir metabolization by
the liver may increase the susceptibility to liver injury with SARS-
CoV-2 infection and thus revealed liver pathogenicity.

To summarize, our results show that favipiravir has an antiviral
activity against Zika virus but not against SARS-CoV-2 infection in the
cynomolgus macaque model. They do not support the use of favipir-
avir in humans against SARS-CoV-2 infection.
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Methods

Ethics and biosafety statement

Cynomolgus macaques (Macaca fascicularis), aged 44-86 months (20
females and 22 males, Table S1) and originating from Mauritian AAALAC
certified breeding centers were used in this study. All animals were
housed in IDMIT facilities (CEA, Fontenay-aux-roses), under BSL-2 and
BSL-3 containment when necessary (Animal facility authorization #D92-
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Fig. 5 | Exacerbation of SARS-CoV-2 induced disease in four FPV-treated
macaques. Four infected animals treated with FPV were early euthanized after
reach of humane endpoint. a Analyze of ASAT and Cholesterol levels in plasma of
treated infected animals. b Longitudinal evolution of FPV concentration and M1/
FPV ratio in plasma. ¢ Lung lesions were assessed by chest CT at 5 dpe. Overall CT
score are indicated, historical untreated animal were showed in grey. Representa-
tive images of lung lesions in the four NHPs. d Liver density and volume was
assessed by CT scan at 5 dpe. Values for MF18, MF22, MF25, and MF27 are indicated
in color according to the FPV dose (pink: 150 mg/kg BID and yellow: 180 mg/kg

BID), and other FPV treated animals were indicated in grey. Median value is indi-
cated by horizontal bar. Source data are provided as a Source Data file. e Tissue
lesions and cell infiltrates were analyzed at necropsy and histological score for lung
(alveolar and vascular areas) and liver were shown for the 4 NHPs in comparison
with control animals (median of n = 5). Representative images of lung (top) and liver
(down) were shown. The letter E indicates presence of edema and black arrows
show the neutrophilic infiltration. f Presence of SARS-CoV-2 infected cells in lung
tissue was exhibited anti-Nucleocapsid antibody. Black arrows indicated infected
cells. The black bars indicate 50 pm.

032-02, Prefecture des Hauts de Seine, France) and in compliance with
European Directive 2010/63/EU, the French regulations and the Stan-
dards for Human Care and Use of Laboratory Animals, of the Office for
Laboratory Animal Welfare (OLAW, assurance number #A5826-01, US).
The protocols were approved by the institutional ethical committee
“Comité d’Ethique en Expérimentation Animale du Commissariat a
IEnergie Atomique et aux Energies Alternatives” (CEtEA #44) under
statement numbers A16-013 and A20-011. These studies were author-
ized by the “Research, Innovation and Education Ministry” under
registration numbers APAFIS#4079-2016021212132792v3 and APA-
FIS#24434-2020030216532863V1.

Design of the experiments

In the first experiment, the pharmacokinetics of FPV was assessed in 4
uninfected animals, that received a loading dose (250 mg/kg) BID by
intravenous route on the first day and a maintenance dose (150 mg/kg)
BID for 14 days by subcutaneous route (simply called “150 mg/kg BID”
in the following).

In the second experiment, 12 animals (including the four animals
from the first experiment) were randomly assigned to the same dosing
regimen or received NaCl 0.9% solution as control (simply called
“untreated” in the following). Three days after treatment initiation,
animals were exposed to 10° pfu of H/PF/13 Zika strain via sub-
cutaneous route. All animals were followed for at least 14 days post
exposure. Blood sampling was performed all along the study to
quantify circulating levels of ZIKV, to determine the concentrations of
favipiravir and cytokines in plasma. Animals were euthanized between
14 and 16 dpe.

In the third experiment, favipiravir was evaluated for the treat-
ment of SARS-CoV-2. In our animal model, SARS-CoV-2 infection is
similar in male and female cynomolgus macaques (Fig. S10). Animals
were randomized to the same dosing regimen or were left untreated,
as well as a larger maintenance dose of 180 mg/kg BID (called “180 mg/
kg BID” in the following) or a lower dosing regimen group with a
loading dose of 200 mg/kg BID on day O followed by a maintenance
dose of 100 mg/kg BID (called “100 mg/kg BID” in the following). Two
days after treatment initiation, all animals were exposed to 10° pfu of
SARS-CoV-2 (hCoV-19/France/IDF0372/2020 strain; GISAID EpiCoV
platform under accession number EPLISL_406596) via the combina-
tion of intranasal and intra-tracheal routes (Day 0), using atropine
(0.04 mg/kg) for pre-medication and ketamine (5 mg/kg) with mede-
tomidine (0.05 mg/kg) for anesthesia. All animals were euthanized at
day 7 post exposure.

In all experiments, animals were observed daily and clinical exams
were performed at baseline, daily on anaesthetized animals using
ketamine (5 mg/kg) and medetomidine (0.05 mg/kg). During SARS-
CoV-2 infection follow-up, body weight, rectal temperature, food/
water consumption, activity, dehydration, respiration, heart rates, and
oxygen saturation were recorded in a scoring grid. If animals reached
the humane end point score, euthanasia was performed. Blood, as well
as nasopharyngeal, tracheal, and rectal swabs, were collected among
time. Broncho-alveolar lavages (BAL) were performed using 50 mL
sterile saline on 3 and 6 dpi. Chest CT was performed on 5 dpi in
anesthetized animals using tiletamine (5 mg/kg) and zolazepam (5 mg/
kg). Blood cell counts, haemoglobin and haematocrit were determined

from EDTA blood using a DXH800 analyzer (Beckman Coulter). Bio-
chemistry parameters were analyzed with standard kits (Siemens) and
with a canine kit (Randox) in lithium heparin plasma, inactivated with
Triton X-100, using ADVIAI800 analyzer (Siemens). Cytokines were
quantified in EDTA-treated plasma using NHP Milliplex (Millipore) and
a Bioplex 200 analyser (Bio-Rad) according to the manufacturer’s
instructions.

Virus quantification in cynomolgus macaque samples

Plasma samples were collected from EDTA blood. Analysis by RT-qPCR
using primers and probes derived from*” (ZIKV_F, and ZIKV_R)
encompassing a small segment coding for the E protein. Briefly, RNA
was purified from 100 uL of plasma, using the Nucleospin 96 Virus Kit
(Macherey Nagel, Diiren, Germany, ref: 740452.4) according to the
manufacturer’s instructions. RNA was eluted in 100 pL of nuclease-free
water and stored at —80 °C until analysis. ZIKV viral stock, diluted in an
EDTA-plasma sample from ZIKV-non-infected macaques was used to
generate a standard curve by serial 10-fold dilutions. Three aliquots of
the ZIKV stock and two EDTA-plasma samples from ZIKV-negative
macaques were used as positive and negative RT-qPCR controls,
respectively. Then, 10 uL of the extracted RNA was mixed with the
QRT-PCR medium containing primers, probes, enzyme and buffer
(Supersript IlI platinum one step qPCR system from Invitrogen, Ville-
bon-sur-Yvette, France) in a 96 well plate and ran on a Bio-Rad CFX
thermocycler (Bio-Rad Lab., Marnes-la-Coquette, France). Results were
quantified relative to ZIKV Vero supernatant diluted from 10’ copies/
mL to 330 copies/mL that was previously calibrated as described in ref.
38. Lower limit of quantification (LOQ) = 2.70 log;o copies of ZIKV RNA
per mL; Lower limit of detection (LOD) =2 log;o copies/mL. Data were
analysed with CFX Maestro (V2.2)

Upper respiratory (nasopharyngeal and tracheal) and rectal spe-
cimens were collected with swabs (Viral Transport Medium, CDC, DSR-
052-01). Tracheal swabs were performed by insertion of the swab
above the tip of the epiglottis into the upper trachea at approximately
1.5 cm of the epiglottis. All specimens were stored between 2 and 8 °C
until analysis by RT-qPCR with a plasmid standard concentration range
containing an RdRp gene fragment including the RdRp-IP4 RT-PCR
target sequence (Supplementary Table II). The limit of detection was
estimated to be 2.67 log;o copies of SARS-CoV-2 gRNA per mL and the
limit of quantification was estimated to be 3.67 log;o copies/mL. The
protocol describing the procedure for the detection of SARS-CoV-2 is
available on the 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).

CT scan imaging of SARS-CoV-2 infected animals

CT acquisitions were performed under breath-hold using the Digital
Photon Counting (DPC) PET-CT system (Vereos-Ingenuity, Philips)
implemented in a BSL-3 laboratory. The CT detector collimation used
was 64 x 0.6 mm, the tube voltage was 120 kV, and the intensity was
approximately 150 mAs. The intensity was regulated by automatic dose
optimization tools. CT images were reconstructed with a slice thick-
ness of 1.25mm and an interval of 0.63 mm. Images were analyzed
using INTELLISPACE PORTAL (V8, Philips Healthcare) and 3DSlicer
(open-source tool; Version 5). All lung images had the same window
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level of -300 and a window width of 1600. Pulmonary lesions were
defined as ground-glass opacity, crazy-paving pattern, or consolida-
tions, as previously described”***. Two to three individuals assessed
the lesion features detected by CT imaging independently and the final
CT score results were determined by consensus. Pre-existing back-
ground lesions or lesions induced by experimental atelectasis were
scored O. Liver volume and average density were assessed following
organ segmentation in 3DSlicer software.

Pharmacokinetic assessment

Quantification of favipiravir, in plasma, BAL and tissues was performed
by a validated sensitive and selective validated high-performance
liquid chromatography coupled with tandem mass spectrometry
(HPLC-MS/MS) method (UPLC-TQD, Waters, USA) with a lower limit of
quantification of 0.1 ug/mL as previously described (12). Its major cir-
culating metabolite M1 was quantified in plasma and tissues using to
the same validated LC-MS/MS method. Lung biopsies 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). Cellular debris was removed by
centrifugation, and the supernatant was stored at —80 °C. Favipiravir
and M1 were extracted by a simple protein precipitation method, using
acetonitrile for plasma and ice-cold acetonitrile for clarified tissue
homogenates. Briefly, 50 pL of samples matrix was added to 500 pL of
acetonitrile solution containing the internal standard (favipiravir-
13C,15N, Alsachim), then vortexed for 2 min followed by centrifugation
for 10 min at 4 °C. The supernatant medium was evaporated and the
dry residues were then transferred to 96-well plates and 50 uL was
injected.

Drug accumulation in lung was assessed by calculating a tissue to
plasma concentration ratio. The favipiravir concentration in the epi-
thelial lining fluid (ELF) were obtained from measured BAL fluid con-
centrations (Cgar) after correction using the urea dilution method:
Cerr = Cpar* (Ureapasma/Ureapa), where Ureapa, and Ureapjasma corre-
spond to the concentrations of urea determined in BAL fluid and
plasma, respectively. Urea was determined in BAL by LC-MS/MS with a
limit of quantification of 1.25 ug/mL as previously described*’.

Favipiravir pharmacokinetics and effects on viral kinetic
parameters

The following pharmacokinetic parameters of plasma favipiravir were
calculated in the 4 treated uninfected animals through non-
compartimental analysis (NCA) and are presented as median: Cpax,
Tmax half-life, Crin, areas under curve (AUC): AUCq51> and AUCqse.
Cmin are the concentrations extrapolated 10 h after treatment admin-
istration using A, regression determined with PkAnalix.

The following viral kinetic parameters were calculated in all
infected animals: peak viral load, logarithm of the AUC of viral load
between 0 and 7 dpe. In treated infected animals, we used the geo-
metric mean concentrations of pre-dose favipiravir observed between
0 and 5 dpe (ZIKV), and 0 and 7 dpe (SARS-CoV-2) as a pharmacoki-
netic parameter reflecting the exposure to favipiravir.

In vitro efficacy of favipiravir against SARS-CoV-2 infection in
the HAE system

MucilAir™ HAE reconstituted from human primary cells obtained from
bronchial biopsies, were provided by Epithelix SARL (Ref. EPOIMD,
Geneva, Switzerland) and maintained in air-liquid interphase with
specific culture medium in Costar Transwell inserts (Corning, NY, USA)
according to the manufacturer’s instructions. For infection experi-
ments, apical poles were infected with a 150 pl dilution of virus in
OptiMEM medium (Gibco, ThermoFisher Scientific), at a multiplicity of
infection (MOI) of 0.1. Treatments with FPV were applied through
basolateral poles. FPV treatments were performed on days -2,-1,0 (1 h

after viral infection), and 1 post infection. 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.

Statistical analysis. Data were collected using classical Excel files
(Microsoft Excel 2016). Differences between unmatched groups were
compared using the Mann-Whitney U test and Kruskal-Wallis test
following Dunn’s multiple comparisons (Graphpad Prism 8.0). The
following viral kinetic parameters were calculated in each experi-
mental group as medians: viral load peak, logarithm of the area under
the curve of the viral load. 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 FPV, taking
the geometric mean trough concentrations observed in each infected
macaque between O and 7 days after infection as a marker of drug
exposure (Spearman test).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. The data generated in this
study are provided in the Source Data file. Source data are provided
with this paper.
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CHAPITRE

DiscussION

L’objectif principal de ce travail de these était de modéliser la dynamique virale intra-hote du
SARS-CoV-2 depuis I'infection jusqu’a la clairance virale chez le patient hospitalisé a I’aide de mo-
deles mathématiques. Dans notre premier travail, nous nous sommes appuyés sur des données de
cohorte issues des patients de la premiére vague de la pandémie. A I’aide d’'un modele conjoint liant
dynamique virale et risque de déces, nous avons pu quantifier le lien entre ces deux composantes
et prédire I'impact de traitements antiviraux efficaces. Le second projet visait quant a lui a évaluer
I'efficacité du remdesivir sur la réduction de la charge virale. Nous avons modélisé la dynamique
virale des patients des bras Standard of Care et Standard of Care + Remdesivir de I’essai DisCoVeRy.
Grace a ce modéle, nous avons ainsi pallié aux biais liés aux hétérogénéités inter-patients non prises
en compte dans l'analyse initiale des mémes données qui n’avaient pas trouvé d’effet significatif
du remdesivir. Nous avons ainsi cherché a différencier et quantifier cette différence entre les dyna-
miques virales des patients traités et non traités et enfin a identifier les patients les plus susceptibles

de répondre a ce traitement.

Nous avons pu identifier grace a nos modeéles que le début des symptomes coincidait avec le pic
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de charge virale, mettant en exergue 'importance de la transmission asymptomatique. De plus, nous
avons pu quantifier le lien entre charge virale et risque de déces, démontrant ainsi I'importance de
la composante virale de la maladie chez le patient hospitalisé. En couplant cette information avec
notre résultat montrant que parmi ces patients, les plus 4gés ont une excrétion virale prolongée, nous
avons démontré ainsi I'importance de faire baisser la charge virale nasopharyngée chez le patient
hospitalisé. Cependant I'efficacité d’un traitement a réduire la production virale se doit d’étre élevée

(>90%) afin d’avoir un effet clinique, seuil non atteint par le remdesivir.

Une premiere limite de nos modélisations concerne les données, limitées a des charges virales
génomiques éparses, qui nous a poussé a utiliser un modele simple "Target-Cell-Limited", sans possi-
bilité de modéliser la charge virale infectieuse ou la réponse immunitaire. Compte tenu des effectifs
importants, la fréquence de nos prélévements ne permettait pas une description précise de chaque
trajectoire individuelle. Cependant, modéliser la dynamique virale au niveau populationnel sur un
grand nombre de patients a permis dans ces travaux d’obtenir des résultats fiables, évitant les phéno-
menes de régression vers la moyenne et de shrinkage. Néanmoins, nous avons pu dans notre premier
travail identifier un modéle plus complexe incorporant une réponse immunitaire qui décrivait tout
aussi bien nos données. Ce type de réponse immunitaire a notamment été utilisé par la suite par Ke
et al. qui ont modélisé des données individuelles plus détaillées [83]. Cependant, I’absence de donnée
concernant la réponse immunitaire nous a empéché de confirmer ou d’infirmer ce résultat. De plus,
nos prédictions quant a la réduction de la mortalité suite a la baisse de la charge virale reposent sur
I’hypothése selon laquelle la dynamique virale nasopharyngée est directement liée au risque de dé-
ces. Or, ne disposant pas d’information sur la réponse inflammatoire, nous n’avons pu quantifier le
lien entre cette derniere et la probabilité de déces. Or ces deux composantes ont été montrées comme

étroitement imbriquées dans de nombreux travaux [33, 43-46]. De plus, la maladie, a I’hépital, est no-
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tamment accompagnée d’'une pneumonie, donc dans le compartiment pulmonaire. Les données dont
nous disposions dans ce compartiment étaient biaisées par la population dans laquelle elles avaient
été collectées (voir discussion du chapitre 5). Cependant, la charge virale pulmonaire pourrait po-
tentiellement représenter un biomarqueur reflétant de maniere plus réaliste I’évolution clinique de
la maladie. En ce sens, il pourrait étre intéressant de questionner la cible pharmacodynamique de
90% décrite par Gongalves et al. [131], qui a été identifiée sur la charge virale nasopharyngée.
Parienti et al. chez le patient ambulatoire [103], montrent que la réduction de la charge virale na-
sopharyngée induite par des traitements va de pair avec la diminution du risque d’hospitalisation
et de déces. Dans notre second projet, la modélisation nous a permis d’identifier et de quantifier
Pefficacité antivirale du remdesivir a réduire la production virale, ce qui n’avait pas été retrouvée
dans I'analyse principale [61]. Malheureusement, celle-ci se trouve étre en deca des cibles pharma-
codynamiques de 90 et 99% utilisées pour les prédictions de traitement antiviral de notre premier
projet. Cela est donc cohérent avec le résultat clinique retrouvé, et ajoute donc un élément compro-
mettant son utilisation hospitaliére. Cependant, il est intéressant de noter que l'efficacité antivirale
du remdesivir est fortement augmentée chez les patients ayant une charge virale élevée. Ce résultat
est en concordance avec ceux concernant d’autres traitements. En particulier, la combinaison ca-
sirivimab+imdevimab a montré une efficacité croissante avec les niveaux de charge virale chez le
sujet ambulatoire [58]. L’essai RECOVERY a quant a lui retrouvé une efficacité clinique du méme
traitement chez les patients hospitalisés séronégatifs a ’admission [65], signe d’une charge virale
plus élevée que chez ceux ayant déja monté une réponse anticorps a I'infection [149]. Enfin, cette
combinaison d’anticorps a montré une efficacité de plus de 99% pour bloquer les infections de novo
des cellules cibles [150].

Un autre traitement qui a montré des signaux prometteurs est notamment la combinaison tixagevi-
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mab-+cilgavimab, qui cible la protéine Spike du virus. En effet, nous avons pu chez le hamster syrien
évaluer et comparer les efficacités de ce traitement entre les souches ancestrale, Omicron BA.1 et
Omicron BA.2. Nous avons constaté une forte réduction de la concentration de titres infectieux et
d’ARN quelle que soit la souche lorsque les hamsters étaient traités par dose élevée de tixagevi-
mab+cilgavimab. De la méme maniére que pour le favipiravir (voir chapitre 7), nous avons pu cal-
culer la concentration nécessaire pour réduire de 90% la charge virale infectieuse (EC90), soit notre
cible pharmacodynamique (article accepté, voir annexe 2). Ce traitement est actuellement évalué
dans la seconde partie de ’essai DisCoVeRy. Au vu des données pharmacocinétiques de ce traite-
ment [151], et des doses administrées dans cet essai [152], il est raisonnable de penser que 'EC90
de ce traitement, tout du moins contre le variant BA.2, puisse étre atteinte. Egalement, les patients
enrdlés ont notamment pour critére de recrutement un test antigénique positif a I’admission, syno-
nyme d’une charge virale élevée [153].

Tous ces résultats nous poussent donc a croire que les molécules faisant baisser fortement la charge
virale, sous condition d’une efficacité >90%, ont leur place dans I’arsenal thérapeutique du patient
hospitalisé [65]. Parmi celles-ci, les petites molécules n’ayant pas pour cible la protéine Spike ont un
intérét particulier. En effet, celles-ci, telles que le molnupiravir ou le nirmatrelvir, gardent leur acti-
vités antivirales face aux variants émergents [154, 155], la ou les anticorps monoclonaux voient leurs
efficacités grandement diminuées [154, 156-159], notamment contre le variant Omicron. Notamment,
dans le cadre de cette thése, nous avons estimé que la concentration de tixagevimab+cilgavimab né-
cessaire pour obtenir une réduction de 90% de la charge virale infectieuse concentration était mul-
tipliée par 14 pour le variant BA.1 et par 5 pour le variant BA.2. par rapport a la souche ancestrale

(Annexe 3).
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Perspectives

Dans ces travaux, la modélisation de la dynamique virale du patient hospitalisé a permis la quan-
tification de I'impact de la charge virale sur le risque de mortalité et celui du remdesivir sur la dyna-
mique virale. Cependant, ce dernier n’a pas eu d’effet conséquent et aucun effet sur I’'amélioration
clinique des patients. Il conviendrait ainsi d’étudier I'efficacité antivirale de traitements ayant une
efficacité clinique chez le patient hospitalisé. De plus, nos travaux n’ont pas permis de caractériser de
maniére fine les trajectoires individuelles, d 4 des données éparses. Il conviendrait ainsi de modéli-
ser de maniére plus précise 'histoire naturelle de la dynamique virale, par exemple pour caractériser
le rebond viral qui a pu étre observé sous traitement par nirmatrelvir+ritonavir [160].

Notre modélisation ne s’est concentrée que sur un seul biomarqueur, a savoir ’ARN génomique naso-
pharyngé. Cependant d’autres marqueurs virologiques existent, tels que I'antigénémie, qui présente
de nombreux avantages par rapport a la charge virale nasopharyngée. Obtenue par une simple prise
de sang, elle procure un marqueur plus global de I'infection. En effet, celui-ci refléte la progression
de 'infection au niveau nasopharyngé mais également dans les autres compartiments, dont pulmo-
naire. De plus, il permettrait d’obtenir un biomarqueur virologique dans le méme compartiment que
les biomarqueurs immunitaires, évitant des extrapolations. Ces derniers ont d’autant plus d’impor-
tance que la couverture vaccinale, qui impacte de maniére tres conséquente la dynamique virale
[161], est maintenant largement étendue. Un marqueur pouvant permettre de prendre en compte la
protection immunitaire globale, naturelle ou vaccinale, est notamment I’'ED50, obtenu in vitro, qui
mesure la capacité des anticorps a neutraliser le virus/les cellules infectées. Celui-ci est d’autant plus
intéressant qu’il permet de tester 'immunité globale d’un individu contre d’autres VoC [162]. Enfin,
nos modeles pourraient également s’appliquer aux patients ambulatoires, afin de quantifier le lien

entre dynamique virale et probabilité d’évolution vers une forme grave. Plus finement, il serait inté-
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ressant de modéliser conjointement la dynamique virale et la dynamique de la symptomatologie, a
I'instar de Canini et al. [123] dans le cadre de la grippe. En couplant la neutralisation des anticorps
présents suite a une infection ou a une vaccination ou l'efficacité antivirale d’'une molécule a nos
connaissances sur la dynamique virale, il serait donc possible d’anticiper la protection conférée par
notre systéme immunitaire ou un traitement contre ’acquisition de I'infection ou I’évolution vers

des formes graves causées par de nouveaux variants.
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Abstract

Lassa fever is an haemorrhagic fever caused by Lassa virus (LASV). There is no vaccine
approved against LASV and the only recommended antiviral treatment relies on ribavirin,
despite limited evidence of efficacy. Recently, the nucleotide analogue favipiravir showed a
high antiviral efficacy, with 100% survival obtained in an otherwise fully lethal non-human pri-
mate (NHP) model of Lassa fever. However the mechanism of action of the drug is not known
and the absence of pharmacokinetic data limits the translation of these results to the human
setting. Here we aimed to better understand the antiviral effect of favipiravir by developping
the first mathematical model recapitulating Lassa viral dynamics and treatment. We analyzed
the viral dynamics in 24 NHPs left untreated or treated with ribavirin or favipiravir, and we put
the results in perspective with those obtained with the same drugs in the context of Ebola
infection. Our model estimates favipiravir ECsg in vivoto 2.89 ug.mL'1, which is much lower
than what was found against Ebola virus. The main mechanism of action of favipiravir was to
decrease virus infectivity, with an efficacy of 91% at the highest dose. Based on our knowl-
edge acquired on the drug pharmacokinetics in humans, our model predicts that favipiravir
doses larger than 1200 mg twice a day should have the capability to strongly reduce the pro-
duction infectious virus and provide a milestone towards a future use in humans.

Author summary

Lassa virus is the etiological agent of Lassa fever, an haemorrhagic fever endemic that
cause nearly 5000 deaths every year in West Africa. Here, we provide the first within-host
mathematical model of the infection by Lassa virus in a macaque model and we analyze
the antiviral effect of two candidate drugs, favipiravir or ribavirin. We show that both
drugs act primarily by increasing mutagenesis in vivo. Both drugs had a strong antiviral
efficacy in reducing the proportion of non infectious virus produced by infected cells, up
to 91 and 40% for favipiravir and ribavirin, respectively. We bridge these predictions with
our knowledge of the drugs pharmacokinetics to identify target concentrations having the
capability to rapidly clear infectious virus from infected individuals.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1008535 January 7, 2021
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non-linear mixed effect model is available at
FigShare, using the following DOI: 10.6084/m9.
figshare.13061588 (https:/figshare.com/search?
=10.6084%2Fm9.figshare.13061588).
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Introduction

Lassa Virus (LASV; family Arenaviridae, genus Mammarenavirus) is the etiological agent of
Lassa Fever (LF), a severe haemorrhagic fever. LF is endemic in West Africa, with 100,000-
300,000 individuals infected with LASV every year resulting in an estimated 5,000 deaths [1]
due to haemorrhage and multi-organ failure, while about 20% of survivors present long-term
complications, such as hearing deficit [2]. In 2015/16, a particularly severe outbreak of LF
occurred in Nigeria, associated with a mortality rate exceeding 50% and several nosocomial
transmission events to health care providers, posing a serious threat to public health and
resulting in a state of emergency being declared [3]. Further, the circulation of LASV is extend-
ing, with human cases detected recently in previously unaffected countries such as Mali, Bur-
kina Faso or Ghana, leading to increasingly frequent outbreaks and leaving about 200 million
people at risk for the disease [4]. Therefore treatment of LF is essentially supportive. WHO rec-
ommends high doses of ribavirin administered intravenously for severe cases, as ribavirin
showed efficacy in macaques [5, 6]; however there is no clear evidence of efficacy in humans
and the treatment is associated with potential side effects [7].

In the last years, several research groups were involved in the evaluation of the antiviral
activity of favipiravir, an anti-influenza drug approved in Japan, against a variety of emerging
RNA viruses, in particular Ebola, Lassa and Marburg viruses [8, 9]. In 2018, Guedj et al. [10]
showed that early administration of favipiravir was associated with a strong antiviral activity in
cynomolgus macaques infected by Ebola virus, with a 50% survival obtained at daily doses of
300 mg/kg and 360 mg/kg. The same year, Rosenke et al. [11] showed 100% survival in cyno-
molgus macaques infected with Lassa virus and treated up to 4 days post infection using daily
doses of 300 mg/kg.

Although these results obtained in the “gold standard animal model” [12] may support the
evaluation of favipiravir in clinical trials, we need to better understand how favipiravir acts in
vivo against the virus and to better characterize its dose-concentration-antiviral activity rela-
tionship. Given the difficulty to access detailed data with BSL4 agents, it is crucial to leverage
information by bridging the data collected in the different experiments. For instance the exper-
iments performed in Ebola infected macaques provided a detailed understanding of favipiravir
pharmacokinetics [13]. This information can be used to calculate the drug ECs in vivo in
LASV-infected animals. Likewise the comparison of viral dynamics obtained during treatment
with favipiravir in different infections can be used to better understand the drug’s mechanism
of action. Previous results suggested that favipiravir could increase mutagenesis but also
reduce specific infectivity [14-16].

Here, our goal was to reanalyze the viral dynamics in macaques infected with LASV and
treated with favipiravir or ribavirin. Using our experience acquired on drug’s PK/PD gained in
previous experiments of macaques infected with Ebola virus [8], we aimed to build a mathe-
matical model that could recapitulate the viral dynamics in LASV infected animals. We used
this model to provide a better understanding on favipiravir and ribavirin mode of action and
antiviral activity in vivo. We discuss how these results could be relevant for future clinical use
of favipiravir in humans.

Materials and methods
Study design and data provided

We reanalyzed the data provided by Rosenke et al. in two successive experiments [11]. In brief
the data involve N = 24 female cynomolgus macaques (Macaca fascicularis) that received either
ribavirin (RBV, N = 8), favipiravir (FPV, N = 8) or were left untreated (controls, N = 8). Each
animal was injected intramuscularly with a lethal dose of LASV strain Josiah (10* 50% tissue
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culture infective dose TCIDsy). In all treated animals, treatment was initiated at D4 post-infec-
tion and was continued during 14 consecutive days. Animals treated with favipiravir received
a loading dose of 300 mg/kg intravenously the first day of treatment, followed by subcutaneous
injection of 50 mg/kg every 8 hours (TID, i.e., a daily dose of 150 mg/kg, N = 4) or 300 mg/kg
once a day (QD, N = 4). Animals treated with ribavirin received a loading dose of 30 mg/kg
the first day of treatment, followed by subcutaneous injections of 10 mg/kg TID (daily dose 30
mg/kg, N = 4) or 30 mg/kg QD (N = 4). Animals were euthanized when the clinical score was
greater than 35 and surviving animals were otherwise euthanized at day 56. Animals were sam-
pled for RNA viral load (copies/mL) and TCIDs, per mL (thereafter referred to as titers).
Blood samples were collected at days 0, 3, 6, 9, 12, 15, 18, 24, 31, 42, 49 and 56, and at the time
of death for euthanized animals. In 12 animals (4 controls as well as those receiving FPV TID
or RBV TID), no data were available for viral titers at D3 and the qPCR limit of quantification
was 2.75 log;o RNA copies per mL. The other animals had a qPCR limit of quantification of
3.26 log;o RNA copies per mL. In 4 animals (receiving RBV QD), viral titers were available
only at the time of death. Limit of quantification for titers was 2 log;q TCID5, per mL. For the
sake of the descriptive analysis, all ribavirin treated animals were considered as a single treat-
ment group and we analyzed the RNA and titers kinetics at the time of peak RNA viral load,
comparing each treatment group to the controls.

Viral dynamic model

Our goal was to build a within-host model of Lassa viral infection in order to unravel the host-
pathogen-drug interactions and determine ribavirin and favipiravir most likely modes of
action against LASV.

Biological model. We used a target-cell limited model with a compartment for the innate
immune response, F, that renders target cells, T, definitely refractory to infection [8]. The
model includes four types of cell populations: target cells (T), refractory cells (R), infected cells
in an eclipse phase (I;) and productively infected cells (I,). The model assumes that target cells
are infected at a constant infection rate 8 (mL.RNA copies'.day™"). Once infected, cells enter
an eclipse phase and become productively infected after a mean time 1/k (day). We assume
that productively infected cells have a constant loss rate, noted & (day '). Infected cells produce
p RNA copies per day (RNA copies.mL'.day™"). Because both RNA viral load and infectious
virus were measured, we further distinguished infectious virus, noted V;, and non infectious
virus, noted V,,;. We assumed that viral load, as measured by RNA copies, is the sum of infec-
tious and non-infectious viruses, both cleared at the same rate, c. We assumed for simplifica-
tion that 1 TCIDs, corresponds to 1 infectious virus. Infected cells produce proportionally as
well a dimensionless immune effector, namely F, eliminated at a rate dz The model therefore
can be written as:

‘;_Z: —ﬁV,T—¢TFL+0 (1)
% = BV.T — kI, (2)

% — kI, — 51, (3)

dd‘? - %D e 4 pul, — ¢V, )
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av

dtni =p(l =@, —cV, (5)
dF
5 - L—dF (6)

where S is the rate of infection of target cells and c is the clearance rate of RNA copies in the
circulation. Once productively infected, cells produce p RNA copies per day, but only a frac-
tion of them, y, is infectious. One can derive the basic reproduction number, R, = ﬁ%{f” that

corresponds to the numbers of cells infected by an infected cell in a population of fully suscep-
E
F+0°

tible cells (Ty). The effect of the immune response is therefore represented by the term ¢T
In this model, the presence of viral antigen stimulates the innate immune response, repre-
sented by the compartment F, which activates and renders uninfected cells refractory to infec-
tion at a rate noted ¢, while 0 represents the concentration of F required to achieve 50% of the
maximal effect.

As an initial infectious viral load is required to model the start of the infection, we used a
model proposed by Best et al. [17] to model the progressive arrival of the viral inoculum to the
infection site after intramuscular injection. In this model the initial inoculum dose, D (equal to
10* TCIDs,), is diluted into the plasmatic volume, vol (equal to 300 mL in macaques [18]) and
is transported to the site of infection with rate a. During the transport, the virus can also be
eliminated, with a clearance rate c,.

Further, as some animals did not show any viral load rebound after treatment cessation, we
modeled the possibility that animals could be cured from virus. Following what has been done
in other curable viral infection (such as Hepatitis C virus), we assumed that the infection was
cured if there was less than one infectious virus in the plasmatic volume, vol [19]. This corre-
sponds to having a concentration of V;<0.003 TCIDs,.mL™".

Favipiravir and ribavirin pharmacokinetic models. We used published pharmacokinetic
models to predict plasma drug concentrations of favipiravir and ribavirin, noted Cgpy and
Crav- respectively. Ribavirin pharmacokinetics was described by a one-compartment model
[20] while complex favipiravir pharmacokinetics was described by a one-compartment model
with an enzyme-dependent elimination rate [13] (S1 Text). Given the absence of pharmacoki-
netic data in the experiment, we fixed all individual parameters to the mean values found in
the literature [13, 20] (see S1 Table and predictions in S1 Fig).

Favipiravir and ribavirin modes of action. We studied the possibility that FPV and RBV
could either reduce the viral production, p, or decrease the proportion of infectious virus, p.
We noted €4y, the antiviral efficacy of the considered drug (i.e. €gpy or €gpy) and we assumed
an E,,,,, model to relate drug concentration to efficacy:

C (t)
. ) = — —“FPViT ’
ey () Crpy () + EC, ’
CRBV(t)
Cuavt) = = pe 8
RBV( ) CRBV(t) + EC5URBV ( )

where EC,

50Epy

and EC;,  are the drug concentrations of FPV and RBV, respectively, needed
to achieve 50% efficacy. In the case of FPV, for which 2 different doses were used, we further
considered the possibility of a sigmoidicity parameter (Hill coefficient, noted x) in the concen-
tration-effect relationship, ranging from 1 to 5 (close to an “on-off” effect). We did not con-
sider a Hill coefficient for RBV different than 1 since only one dose was used. During
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treatment the model equations given by Eqs (4) and (5) become:

dv,
d_tl = %Dei(qu)t +p:u(1 - edrug)I‘Z - CVi (9)
av,,

dt = P(l - lu)(l - Edrug)IZ - Cvni

(if treatment blocks production) (10a)
av,,

dt :p(]' - (H(l - Edmg)))IZ - CVni

(if treatment makes virus non infectious) (10b)

Parameter estimation & model building

Assumptions on fixed parameter values. To ensure parameter identifiability, a number
of parameters had to be fixed. Viral clearance in plasma, noted c, respectively, was fixed to 20
d™!, similar to what has been performed in Zika and Ebola viruses [8, 18]. For simplification,
we fixed viral clearance in the tissues c, to the same value. Clearance rate of immune effector,
dg was fixed to 0.4 d™" [8]. As only the product pTj, is identifiable, we fixed T to 107 cells.mL ™",
as it is an approximation of the liver size, which is the main target of LASV [18].

Algorithm for inference. Parameter estimation was performed in a non-linear mixed
effect model framework and the likelihood was maximized using the SAEM [21](Stochastic
Approximation Expectation-Maximization) algorithm implemented in Monolix software
(http://lixoft.com). Information brought by data under limit of quantification was taken into
account in parameter estimation [22, 23]. Statistical criterion used for model discrimination
was the BIC.

Model building strategy. Our model building strategy was the following (S2 Fig).

1) We considered 4 models assuming that favipiravir or ribavirin could either block viral
production or viral infectivity (Eq 10a or Eq 10b). All 4 candidate models were fitted assuming
different fixed values for k and a ranging from 4 to 20 d"" and 0.005 to 0.1 d*, respectively. At
this stage, we assumed no sigmoidicity for FPV and x = 1.

2) We considered other modes of action of the immune response, using the same parame-
trization that was used in previous works. We tested several scenarios where F either acted by
reducing viral infectivity, decreasing the rate of viral production, increasing viral clearance or
the loss rate of infected cells through a cytotoxic effect (S2 Text).

3) The selected model was then reduced to limit the number of random effects. Random
effects with a standard deviation <0.1 or associated with a relative standard error of +100%
were deleted by using a backward procedure and were kept out if the resulting BIC did not sig-
nificantly increase by more than 2 points.

4) Finally, we aimed to account for uncertainty on the sigmoidicity parameter, k. We con-
sidered values of k ranging from 1 to 5 and we estimated the model parameters in each sce-
nario. We then used the model averaging approach proposed in Gongalves et al. [24] to take

into account model uncertainty. Thus, we calculated the weight associated to each value of x,
BIC,
given by o, = . Then the parameter estimate and its confidence interval was obtained
=

e

by sampling parameters in the mixture of the asymptotic distribution of the estimators of each
model, with weights w,.
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Survival probability

1.00

0.751
0.501
0.251

0.00
0

Simulations studies and extrapolation

Predicting the effects of drug human exposure. Using the same approach of model aver-
aging to account for model uncertainty on &, we simulated viral dynamic profiles that could be
obtained with clinically relevant residual concentrations. We assumed a fixed treatment dura-
tion of 14 days, with treatment initiation at D4, D6 or D8 post infection. We assumed constant
favipiravir concentrations equal to 46.1 or 25.9 ug.mL™", which correspond to the mean resid-
ual concentrations obtained respectively 2 and 4 days after treatment initiation in Ebola-
infected patients of the JIKI trial [25]. We also considered a larger value of 80 ug.mL™", which
corresponds to the residual value showing efficacy in NHPs infected with Ebola virus [10]. For
ribavirin, we assumed constant drug concentration of 15 ug.mL ", which corresponds to the
mean value reported in individuals receiving the recommended dosing regimen in Lassa infec-
tion (1000 mg every 6 h) [26].

Results
Descriptive analysis of viral kinetics

Survival at D56 was achieved in 100% of animals receiving 300 mg/kg/day of favipiravir,
whereas all other animals died within 23 days post-infection (Fig 1). Although all animals
treated with ribavirin died, the survival was extended over control animals (P<0.001), showing
the benefit of ribavirin. Finally, low dose favipiravir of 150 mg/kg/day showed no benefit on
survival compared to untreated animals (P = 0.4).

Ribavirin and favipiravir 150 mg/kg/day had a limited effect on viral titers at peak RNA
viral load with median values of 4.32 and 4.07 log,oTCIDso.mL ", respectively, vs 5.90 log;oT-
CIDs,.mL! for controls, (p<0.01 to controls in both cases). In contrast all animals receiving
300 mg/kg/day favipiravir has undetectable viral titers at all times (p<0.01 vs control, Table 1).

Although viral titers remained undetectable, high levels of viral load were observed in these
animals during all the course of the infection, with peak viral load of 5.03 log;o RNA copies.

mL™" compared to 7.96 log;o RNA copies.mL " in untreated animals (p<0.01). The effect of

7 14 21 28
Time (Days)

Fig 1. Observed survival according to treatment received. Black curve: animals receiving vehicle treatment; green: animals treated
with RBV; blue: animals treated with FPV 150 mg/kg/day; red: animals treated with FPV 300 mg/kg/day.

https://doi.org/10.1371/journal.pcbi.1008535.9001
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Table 1. Description of viral kinetics. Median (min-max). * = p <0.05 to untreated (Log-rank test for survival, Wilcoxon test for viral load and titers).

Time to death (d)
Time to peak viral load (d)

Peak viral load (log;o RNA copies.mL'l)

Viral titers at peak viral load (logloTCIDSO.mL'l)

https://doi.org/10.1371/journal.pchi.1008535.t001

No Treatment RBV FPV FPV
30 mg/kg/day 150 mg/kg/day 300 mg/kg/day
10 20.5* 10 NA
(8-12) (17-23) (10-19)
9 15* 10 7.5
(9-12) (11-15) (9-15) (6-15)
7.96 7.68 7.37* 5.03*
(7.47-8.07) (7.21-8.57) (7.20-7.94) (4.68-6.65)
5.90 4.32* 4.07* 2*
(5.35-6.95) (4.20-4.44) (3.94-5.20) (2-2)

favipiravir was dose dependent, with a dose of 150 mg/kg/day leading to high levels of RNA
viral load at peak (7.37 log,o RNA copies.mL ™, p<0.05 compared to untreated animals). In
ribavirin treated animals, the peak viral load was similar to untreated animals (Table 1).

Taken together, these results suggest a greater effect of both ribavirin and favipiravir on
viral titers than on viral load. To visualize that, we plotted the ratio of viral titers to viral load at
the time of peak viral load, a proxy of the ratio of proportion of infectious virus (Fig 2). Inter-
estingly there was a clear reduction of this ratio in all treated animals (p<0.05 for all groups
compared to control). Of note, as viral titers were under the limit of detection in animals in
animals treated with 300 mg/kg/day, the values were imputed to the limit of detection, i.e., 2
log;TCIDso.mL". Hence this ratio represents a minimal estimate for these animals. We com-
pared these observations with those obtained in other cynomolgus macaques infected with
Ebola virus and treated with comparable doses of favipiravir [10]. Interestingly, in these ani-
mals the ratio of viral titers to viral load remained unchanged across the different doses of favi-
piravir and was not lower than in untreated animals (Fig 2). This suggests that the mechanism
of action of favipiravir observed here against Lassa virus could be different from what was
observed in Ebola infected individuals.

Viral dynamic models

Model building and drug’s most likely mechanism of action. The BIC obtained for all
tested models are given in S3 Fig. The model assuming an effect of both favipiravir and ribavi-
rin in reducing the proportion of infectious virus (Eq 10b for both drugs) systematically pro-
vided a better fit to the data than a model assuming that the favipiravir or ribavirin could block
viral production (Eq 10a, S3A & S3D Fig, ABIC = 10 points in all cases considered). When
considering further different levels of sigmoidicity in the concentration effect curve of favipira-
vir, the best model was obtained with x = 5 (Fig 3 and S3E Fig).

We also aimed to understand in more details what were the differences in model predic-
tions according to the putative mechanisms of action of both drugs. Assuming that both drugs
block viral production not only deteriorated data fitting criterion (i.e. increased BIC by 10
points) but also provided inconsistent predictions. Indeed, the ratio of infectious virus was
increased during treatment and was dose dependent, and this pattern could not be reproduced
by a model assuming that treatment reduces the production of virus per infected cell (Fig 2
and S4A Fig). In contrast, assuming an effect in reducing the proportion of infectious virus
could recapitulate the effect of treatment on the proportion of infectious virus (S4B Fig). Fur-
ther, the analysis of the individual parameter estimates showed differences across the treat-
ment groups in the distribution of the proportion of infectious virus, u (S5 Fig). This is at odds
with the fact that y is not related to treatment, and therefore should be similarly distributed in
all groups.
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Fig 2. Ratio of titers to viral load at the time of peak viral load in cynomolgus macaques infected with Lassa (top)

-1
or Ebola (bottom) virus. The ratio of titers is given by log ,, (%

either untreated (black), treated with FPV 150 mg/kg/day (blue) or 300 mg/kg/day (red), and treated with RBV
(green). Similar ratio was calculated in animals infected with Ebola virus that were either untreated, treated with FPV
200 mg/kg/day (blue), FPV 300 mg/kg/day (red), or FPV 360 mg/kg/day. Empty circles correspond to undetectable
viral titers imputed to the limit of detection (2 longCIDSO.mL’l). * = p<0.05 (Wilcoxon test).

https://doi.org/10.1371/journal.pcbi.1008535.9002

) . Animals infected with Lassa virus were

Challenging immune response’s mode of action. The refractory model outperformed all
other models of immune response (S2 Text), with BIC difference of more than 9 points (S2
Table). Moreover, we verified the necessity of this immune response as well as the effector
compartment. Those models showed deteriorated statistical criteria in terms of BIC, with
increase of at least 6 points, supporting the use of a refractory response with an effector com-
partment (S3 Table).

Parameters estimation of best model using model averaging. Next, we took into
account the uncertainty on the sigmoidicity of the concentration-effect relationship of favipir-
avir (see Materials and methods), using the best model determined above. Indeed, the parame-
ter estimates obtained with varying values of x from 1 to 5 were largely similar, even when the
concentration-effect curve was close to an on-off effect (x = 5). Overall the model averaging
results provided an estimate of the favipiravir and ribavirin ECs, of 2.89 (95% CI 1.44-4.55)
and 2.97 (95% CI 2.46-3.51) ug.mL"", respectively (Table 2). With the PK profile of each drug
(S1 Fig), one can calculate the average antiviral efficacy during the course of treatment. At the
doses of 150 and 300 mg/kg per day, favipiravir led to average efficacy of 59% and 91% with a
sigmoidicity, in reducing virus infectivity. The large level of efficacy in animals treated with
300 mg/kg was sufficient to rapidly drive the infectious virus to the cure boundary after treat-
ment initiation and reproduce extinction of infectious viruses. For ribavirin, the predicted
average drug concentration was equal to 3.6 ug.mL™" (irrespective of the dosing regimen, see
S1B Fig), corresponding to an average efficacy of 40% in reducing virus infectivity. Of note,
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Fig 3. Individual fits of viral load (plain lines) and viral titers (dashed line) for best model considered (x = 5). Plain circles represent
observed viral loads and empty circles represent observed viral titers. Data below the limit of detection were represented by crosses (viral
load) or crossed empty circles (viral titers).

https://doi.org/10.1371/journal.pchi.1008535.9003
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Table 2. Parameters distribution using model averaging (Median, 95% CI).

Parameter estimates

Parameter Fixed effects (Median, 95% | Standard deviation of the random effect (Median,
cIn 95% CI)

Ry 38.6 (37.9-39.3) 0

¢ (d™) 0.43 (0.31-0.54) 0

s(1071d™ 1.1 (1.05-1.12) 0.13 (0.10-0.16)

p (10* RNA copies/cell/d) | 5.86 (2.01-12.4) 0.33 (0.01-0.65)

0 121.8 (0-393.7) 0

ECyy gy (1g/mL) 2.97 (2.46-3.51) 0

EC,p, (1g/mL) 2.89 (1.44-4.55) 0.95 (0.37-1.50)

u 0.005 (0.004-0.006) 0

ornallogoRNA copies. 0.642

mL™)

rem,, (10g,y TCID;.mL™) | 0.571 -

Fixed parameters

ad™® 0.05

k@h 4 -
c(d™ 20 -
vol (mL) 300

To (Cells.mL™) 107 -
df(d™ 0.4 -
K 1-5

https://doi.org/10.1371/journal.pcbi.1008535.t002

this estimate of ECs, was robust to hypothesis on the mechanism of action and a model assum-
ing an effect of both drugs in blocking viral production led to estimates of drug ECs of 5.82
(95% CI 2.62-9.02) and 5.1 (95% CI 3.92-6.28) ;,tg.mL'1 for favipiravir and ribavirin, respec-
tively (S7 Fig).

The model included a compartment for the innate immune response, whose antigen-depen-
dent stimulation render susceptible cells refractory to infection. We estimated that the maximal
rate of conversion from susceptible to refractory, ¢, was equal to 0.43 d™! (95% CI 0.31-0.54).
By depleting the compartment of susceptible cells and preventing the infection to start again by
reaching the cure boundary, this mechanism explains why viral load does not increase after
treatment cessation at D17 (Fig 3 and S6 Fig), even when the efficacy was modest. In all surviv-
ing animals, viral load after peak viral load declined slowly which was attributed to a loss rate of
infected cells of 0.11 d™" (95% CI 0.105-0.112), corresponding to a half life of 6 days.

Predictions of drug efficacy for human dosing regimens

We simulated the effect of favipiravir and ribavirin on viral dynamics for levels of drug con-
centrations similar to those obtained with clinical dosing regimens of favipiravir and ribavirin
(Fig 4). In the JIKI trial, patients infected with Ebola virus received 1200 mg BID of favipiravir,
with residual drug concentrations of 46.1 and 25.9 ug.mL™" respectively 2 and 4 days after
treatment initiation, respectively. These dosing regimens would both lead to antiviral efficacy
against Lassa infection larger than 99%. Even in the most conservative scenario where only a
sigmoidicity of 1 would be considered, these levels are sufficient to achieve an efficacy greater
than 90%. For ribavirin, the recommended dosing regimen against Lassa would correspond to
drug concentration of 15 ug.mL™" (see Materials and methods), corresponding to an antiviral
efficacy of 83%.
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As predicted by viral kinetic models [27] the impact of these treatment is larger when it is
initiated early in the infection. For instance initiating a treatment at D4 post infection (i.e., at
the first detectable viral load) would lead to cure within a day with all concentrations of favipir-
avir considered. For treatment initiated at D6 or after, treatment may need to be administered
for more than 2 weeks to drive the virus to the cure boundary. For ribavirin, the efficacy was
sufficient to bend the course of virus and reduce peak viral load, but it was not sufficient to
drive the virus towards extinction.

Discussion

We developed the first mathematical model describing LASV viral dynamics during treatment
with favipiravir and ribavirin in a non-human primate model of Lassa infection. The compara-
tive approach used to discriminate between drugs modes of action showed that the best
description of the data was obtained when both favipiravir and ribavirin were assumed to act
reduce the proportion of infectious virus. Our model provided an estimate of the drugs ECs,,
equal to 2.89 and 2.97 ug.mL™" for favipiravir and ribavirin, respectively. Given the viral
dynamic profiles of LASV, our model predicted that favipiravir and ribavirin achieved average
drug efficacy of 91 and 40% in reducing infectious virus, respectively.

One of the interest of this study was to compare with results obtained previously in the con-
text of Ebola infection, in a similar animal model of cynomolgus macaques. The in vivo ECs
identified for favipiravir against Lassa virus was much lower than against Ebola virus (2.97 pg/
mL is ribavirin EC50. the correct one is Favipiravir EC50, which is 2.89 pg/mL. vs 200 yg.mL™",
respectively [8]) and was consistent with values found in vitro of 4.6 yg.mL’1 [28]. Another
interesting observation was the difference in the drug mechanism of action in the two viral
infections. Here, the data showed that favipiravir, and ribavirin to a lesser extent, had an effect
in reducing the virus infectivity, as measured by the ratio of TCIDs5, to RNA copies (Fig 2). In
the context of Ebola and Marburg infection NHP models, favipiravir was associated with an
increased virus diversity [10, 16]. A small effect on virus infectivity was reported in [16], but
this was not observed in our previous study. Further studies on genomic viruses will be needed
to confirm that the strong effect of favipiravir on virus infectivity is also caused by an increased
in virus mutagenesis and, if so, what levels of mutagenesis might be associated with “error
catastrophe”. In our model, the concentration-effect relationship of favipiravir was associated
with a high sigmoidicity, suggesting that error catastrophe can only be observed when the
drug concentrations passes a critical threshold. Of note, mutagenesis may also increase the risk
of emergence of mutations conferring resistance. Resistance to treatment were not observed in
NHP models of Ebola and Marburg infections, but patterns of resistance to resistance to favi-
piravir were identified in in vitro models of influenza infection [29].

Another important finding of our study was the demonstration that ribavirin had an antivi-
ral efficacy in vivo against Lassa infection. Here again the effect passed through a modulation
of the infectivity rather than the viral production. In a previous mice model of Lassa infection,
we identified an effect of ribavirin in reducing the loss rate of infected cells but no specific anti-
viral effect [30]. Interestingly and consistent with an effect of ribavirin that would not be purely
antiviral, animals treated with ribavirin had a median survival of 20.5 days, as compared to 10
days in animals left untreated or receiving 150 mg/kg/day favipiravir.

To what extent these promising effects translate to clinical setting? Here as well we com-
pared our results with those obtained in Ebola infection, where patients received high doses of
favipiravir [31]. The residual drug concentrations of 46.1 or 25.9 ug.mL"" obtained respectively
at 2 and 4 days after treatment initiation are more than 10 x ECso, and may therefore be suffi-
cient to generate a high antiviral efficacy. Although the pharmacokinetics of favipiravir is
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Fig 4. Mutagenesis model simulations. Constant favipiravir plasmatic concentration (a-c) or constant ribavirin plasmatic concentration (d). Treatment started at
D4 (navy blue), D6 (blue), or D8 (red).

https://doi.org/10.1371/journal.pchi.1008535.g004

challenging and that some reductions in drug concentrations may occur over time [25] these
results suggest that favipiravir could have a strong antiviral efficacy against Lassa virus. As dis-
cussed by we and others, antiviral treatment needs to be initiated before most target cells have
been infected (i.e., before peak viral load) to have a large efficacy [8, 24, 27, 32]. By reducing
peak viral load, treatment will in addition reduce the antigen stimulation and reduce the risk
of a dysregulated immune responses. In clinical setting, the implication of these findings is
treatment should be initiated as early as possible [33] and before peak viral load. This is thus a
limitation for the translation of our results to human. However, with these levels of efficacy it
is possible that viral load may be sufficiently reduced to accelerate the time to viral negativity,
as suggested by our simulations (Fig 4). Importantly, the clinical efficacy of ribavirin against
Lassa virus has never been demonstrated in clinical trials. Here our results show that ribavirin
has a genuine antiviral efficay; at the doses recommended by WHO guidelines (1000 mg every
6 h, [26, 34]), ribavirin may reduce virus infectivity by ~ 80%. Given the other viral dynamic
parameters, this efficacy may not be sufficient to drive the virus to error catastrophe (see Fig
4D). However it may still be relevant to reduce viral growth, lower inflammation and increase
survival [8]. It is noteworthy that the mechanism of action of favipiravir may lead to a strong
disconnection between the viral load kinetics, as measured by PCR, and the kinetics of infec-
tious virus, measured by TCIDs,. In that respect, the analysis of the viral dynamic should rely
on both viral dynamics to precisely measure drug efficacy.

Several limitations need to be kept in mind. First, we assumed that LASV infection occurred
only in one compartment. Although this may raise criticism [35], modeling multicompart-
mental infection will require data that do not exist at this time. We took the liver size as a
proxy for the number of infected cells, which is supported by necropsy sampling showing that
the liver was the organ having the highest level of viral replication (S8 Fig). Second we used a
simple “cure boundary”, based on concepts developed in other curable viral infections.
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Although this hypothesis could well recapitulate the kinetics observed, the precise estimation
of this cure boundary will require specifically designed experiment, such as studies involving
shorter and repeated cure of treatments. In fact the existence of this cure boundary may be
questioned, and may be more likely a virological control, as low levels of infectious virus were
still detected in the liver and the cerebellum of “cured” animals long after treatment cessation
(S8 Fig). Finally, and unlike what was done in Ebola infections, our model did not include an
adaptive immune response [8]. This is due to the fact that we did not have any data on T or B-
cell dynamics. Here our model focused primarily on the innate immune response. Following
previous findings in Ebola virus [8], our model assumed an effect of the immune response in
rendering cells refractory to infection, that could reflect the effects of IFNa. We also considered
several alternative models where an immune compartment could reduce viral infectivity, viral
production, or increase the loss rate of free virus and infected cells, and verified the necessity of
this immune response as well the presence of an effector compartment (S2 Text), but all alterna-
tive models showed deteriorated statistical criteria. Our prediction of the importance of IFNa is
in line with in vitro [36] and in NHP [37] findings. Finally, and unlike what was done in Ebola
infections, we did not incorporate an adaptive immune response in the model. Although IgG
and IgM may be detectable 15 days after infection [37], it is noteworthy that the viral load con-
centrations did not show a rapid decline after peak viral load. Even surviving animals with
undetectable viral titers at all times had detectable viral load until 40 days after infection, sug-
gesting a modest role of the adaptive immune response in viral clearance. This immune effector
is also known to reduce viral production, however favipiravir and ribavirin acting on the same
target probably rendered this mode of action impossible to properly evaluate. Further viral
dynamics after peak was characterized by a rather slow decline, suggesting that the adaptive
immune response was limited, including in animals treated with high dose favipiravir.

To summarize our results provide the first description of viral dynamics in NHPs infected
with Lassa virus. They provide target drug concentrations for ribavirin and favipiravir and
strongly suggest that these drugs could be effective in reducing the proportion of infectious
virus at dosing regimens relevant in humans.

Supporting information

S1 Fig. Pharmacokinetic models and concentrations predictions of treatments considered.
a). Favipiravir model. b). Ribavirin model.
(TIF)

S2 Fig. Model building procedure. Steps of model selection.
(TIFF)

S3 Fig. BIC of models tested throughout model building. A-D) Step 1. A) FPV and RBV
blocking production. B) FPV mutagen, RBV blocking production. C) RBV mutagen, FPV
blocking production. D) FPV and RBV mutagens. E) Step 2-3. Mutagenesis model after ran-
dom effect selection.

(TIF)

$4 Fig. Predictions of titers/RNA at peak RNA viral load. Top: Production blockage model.
Bottom: Mutagenesis model. Yellow bars represent observed medians of each group.
(TIF)

S5 Fig. Empirical Bayes estimates of parameter g. EBEs were obtained using the production
blockage model. * = p < 0.05. Horizontal lines represent medians by group.
(TIF)
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S6 Fig. Evolution of target cells TC, productive infected cells 12, refractory cells R and
immune effector F. Black curve: animals receiving vehicle treatment; green: animals treated
with RBV; blue: animals treated with FPV 150 mg/kg/day; red: animals treated with FPV 300
mg/kg/day.

(TIF)

S7 Fig. Parameters estimates distributions by model averaging. Top: Production blockage
model. Bottom: mutagenesis model.
(TIF)

S8 Fig. Post-mortem RNA viral load by organ. Black: Untreated. Green: Treated by ribavirin.
Blue: Treated by low dose favipiravir. Red: Treated by high dose favipiravir.
(TIF)

S1 Table. Pharmacokinetic parameters of favipiravir and ribavirin. Values are estimated
population values.
(PDF)

S2 Table. BIC Comparison between modes of action of the immune response. FPV and
RBV mutagen agents, x = 1.
(PDF)

$3 Table. F compartment assessment. Refractory model with FPV and RBV mutagen agents,
k=1
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S1 Text. Favipiravir pharmacokinetic model. Equations for the pharmacokinetic model of
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ARTICLE

n March 2020, the World Health Organization declared cor-

onavirus disease 2019 (COVID-19) a pandemicl. The

COVID-19 outbreak was originally identified in Wuhan,
China, in December 2019 and spread rapidly around the world
within a few months. The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19,
belongs to the Coronaviridae family and is closely related to the
SARS-CoV, which emerged in China in 20022. After an incuba-
tion period of about 5 days, disease onset usually begins with an
influenza-like syndrome associated with high virus replication in
respiratory tracts>*. In some patients, a late acute respiratory
distress syndrome, associated with high levels of inflammatory
proteins, occurs within one to two weeks?. As of 11 November
2020, more than 90 million cases of COVID-19 have resulted in
more than 1,936,000 deaths’. In the face of this ongoing pan-
demic and its unprecedented repercussions, not only on human
health but also on society, ecology and economy, there is an
urgent need for effective infection prevention and control
measures.

Whilst host-directed and immune-based therapies could prove
useful for the clinical management of critically ill patients, the
availability of safe and effective antiviral molecules would repre-
sent an important step toward fighting the current pandemic. As
conventional drug development is a slow process, repurposing of
drugs already approved for any indication was extensively
explored and led to the implementation of many clinical trials for
the treatment of COVID-19°. However, the development of
effective antiviral drugs for the treatment of COVID-19, should,
as much as possible, rely on robust pre-clinical in vivo data, not
only on efficacy generated in vitro. Accordingly, rapid imple-
mentation of rodent and non-human primate animal models
should help to assess more finely the potential safety and efficacy
of drug candidates and to determine appropriated dose regimens
in humans”:.

Favipiravir (6-fluoro-3-hydroxypyrazine-2-carboxamine) is an
anti-influenza drug approved in Japan that has shown broad-
spectrum antiviral activity against a variety of other RNA
viruses?~1. Favipiravir is a prodrug that is metabolized intra-
cellularly into its active ribonucleoside 5’-triphosphate form that
acts as a nucleotide analog to selectively inhibit RNA-dependent
RNA polymerase and induce lethal mutagenesis!®17. Recently,
several studies reported in vitro inhibitory activity of favipiravir
against SARS-CoV-2 with 50% effective concentrations (ECsg)
ranging from 62 to > 500 uM (10 to > 78 pug/mL)!8-20, Based on
these results, more than 20 clinical trials on the management of
COVID-19 by favipiravir are ongoing (https://clinicaltrials.gov/).

In the present study, we evaluate the efficacy of favipiravir
in vitro and using a Syrian hamster model (Mesocricetus auratus).
Our results show that preventive or preemptive administration of
high doses favipiravir induce significant reduction of infectious
titers and histopathological damages in lungs and clinical alle-
viation of the disease. Analysis of genetic diversity of viral popu-
lations in lungs also confirms the mutagenic effect of favipiravir.

Results

In vitro efficacy of favipiravir. Using VeroE6 cells and an anti-
viral assay based on reduction of cytopathic effect (CPE), we
recorded ECsy and ECyg of 204 and 334 uM using a multiplicity of
infection (MOI) of 0.001, 446, and > 500 uM with an MOI of 0.01
(Table 1 and Supplementary Fig. 1) in accordance with previous
studies!'8-20. Infectious titer reductions (fold change in compar-
ison with untreated cells) were > 2 with 125 uM of favipiravir and
ranged between 11 and 342 with 500 uM. Using Caco-2 cells,
which do not exhibit CPE with SARS-CoV-2 BavPatl strain,
infectious titer reductions were around 5 with 125uM of

favipiravir and ranged between 144 and 7721 with 500 uM of the
drug. 50% cytotoxic concentrations (CCs) in VeroE6 and Caco-2
cells were > 500 uM.

Infection of Syrian hamsters with SARS-CoV-2. Following
Chan et al., we implemented a hamster model to study the effi-
cacy of antiviral compounds’. Firstly, we intranasally infected 4-
week-old female Syrian hamsters with 106 TCIDs, of virus.
Groups of two animals were sacrificed 2, 3, 4, and 7 days post-
infection (dpi). Viral replication was quantified in sacrificed
animals by RT-qPCR in organs (lungs, brain, liver, small/large
bowel, kidney, spleen, and heart) and plasma. Viral loads in lungs
peaked at 2 dpi, remained elevated until 4 dpi and dramatically
decreased at 7 dpi (Supplementary 2). Viral loads in plasma
peaked at 3 dpi and viral replication was detected in the large
bowel at 2 dpi (Supplementary Fig. 2 and Supplementary Data 1).
No viral RNA was detected in almost all the other samples tested
(Supplementary Data 1). Subsequently, we infected animals with
two lower virus inocula (10° and 10* TCIDs,). Viral RNA was
quantified in lungs, large bowel, and plasma from sacrificed
animals 2, 3, 4, and 7dpi (Supplementary Fig. 2 and Supple-
mentary Data 1). Viral loads in lungs peaked at 2 and 3 dpi with
inocula of 10° and 10% TCIDsy, respectively. Maximum viral loads
in lungs of animals infected with each virus inoculum were
comparable. Viral RNA yields in plasma and large bowel followed
a similar trend but with more variability, with this two lower
inocula. In addition, clinical monitoring of animals showed no
marked symptoms of infection but normalized weights (i.e., % of
initial weights) significantly lower from 3 dpi when compared to
animals intranasally inoculated with sodium chloride 0.9%
(Supplementary Fig. 2).

In vivo efficacy of favipiravir. To assess the efficacy of favipir-
avir, hamsters received the drug, intraperitoneally, three times a
day (TID). We used three doses of favipiravir: 18.75, 37.5, and
75mg/day (corresponding to 340+36, 670+42 and 1390+
126 mg/kg/day, respectively).

In a first set of experiments, treatment was initiated at the day
of infection (preemptive antiviral therapy) and ended at 2 dpi. We
infected groups of 6 animals intranasally with three virus inocula
(106, 10°, and 10* TCIDs) and viral replication was measured in
lungs and plasma at 3dpi (Fig. la). Each virus inoculum was
assessed in an independent experiment. When analysis of virus
replication in clarified lung homogenates was based on infectious
titers (as measured using TCIDs, assay), the effect of favipiravir
in reducing infectious titers was dose dependent, in particular
when low virus inocula were used to infect animals (Fig. 1b). At
each virus inoculum, mean infectious titers for groups of animals
treated with 75 mg/day TID were significantly lower than those
observed with untreated groups (p<0.0001): reduction of
infectious titers ranged between 1.9 and 3.7 log;o. For animals
infected with 10° or 10* TCIDs, significant infectious titer
reductions of around 0.8 log;, were also observed with the dose of
37.5mg/day TID (p<0.038). Drug 90 and 99% effective doses
(EDgy and EDgg) were estimated based on these results and
ranged between 31-42mg/day and 53-70 mg/day, respectively
(Table 2). When analysis of virus replication in clarified lung
homogenates were assessed on viral RNA yields (as measured
using quantitative real-time RT-PCR assay), significant differ-
ences with groups of untreated animals, ranging between 0.7 and
2.5 log;o, were observed only with the higher dose of favipiravir
(p <£0.012). Once again, this difference was more noticeable with
lower virus inocula (Fig. 1c). Since we found higher reductions of
infectious titers than those observed with viral RNA vyields, we
estimated the relative infectivity of viral particle (i.e., the ratio of
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Table 1 In vitro efficacy of favipiravir.

Cell line Mol Drug effective concentration? Infectious titer reduction®
ECso ECso 125 uM 250 uM 500 uM
Vero E6 0.001 204 uM 334uM 22 13.2 341.9
0.01 446 pM >500 uM 20 57 10.9
Caco-2 0.001 na na 5.6 137.4 7720.8
0.01 na na 4.0 7.2 144.0

MOI multiplicity of infection, na not applicable.
aEstimated from dose-response curves of antiviral activity (Supplementary Fig. 1).
bCalculated using mean infectious titers without favipiravir (virus control).

the number of infectious particles over the number of viral RNA
molecules). Decreased infectivity was observed in all treated
groups of animals. These differences were always significant with
the higher dose of favipiravir (p < 0.031) and were significant with
the dose of 37.5 mg/day TID for animals infected with 10° or 10*
TCIDs, of virus (p <0.041) (Fig. 1d). We then measured plasma
viral loads using quantitative real-time RT-PCR assay and found,
with the higher dose of favipiravir and the groups of animals
infected with 10° or 104 TCIDs,, significant reductions of 2.1 and
2.62 logjg, respectively (p<0.022) (Fig. le). Finally, signs of
toxicity were observed with animal treated with the dose of
75 mg/day TID: normalized weights were significantly lower than
those of untreated animals (Fig. 1f).

In a second set of experiments, we assessed, over a period of
7 days, the impact of the preemptive therapy on the clinical
course of the disease using weight as the primary criterion
(Fig. 2a). Since signs of toxicity were noticed during the first set of
experiments, we evaluated the toxicity of the three doses of
favipiravir with groups of four non-infected animals treated
during four days (Fig. 2b). Important toxicity was observed with
the dose of 75 mg/day TID with, from the first day of treatment,
normalized weights significantly lower than those of untreated
animals (Supplementary Data 5). We also found a constant, but
moderate, toxicity with the dose of 37.5 mg/day TID that was
significant at day 4, 5, and 6 only. No toxicity was detected with
the lower dose of favipiravir. To assess if the toxicity observed
with the highest dose of favipiravir was exacerbated by the
infection, we compared normalized weights of infected and non-
infected animals treated with the dose of 75mg/day TID.
Regardless of the virus inoculum, no significant difference was
observed at 1, 2, and 3 dpi (Supplementary Fig. 4). After this
evaluation of favipiravir toxicity, we intranasally infected groups
of 10 animals with two virus inocula (10 or 10* TCIDs,). Each
virus inoculum was assessed in an independent experiment.
Treatment with a dose of 37.5 mg/day TID was initiated on the
day of infection (preemptive antiviral therapy) and ended at 3 dpi
(Fig. 2a). With both virus inocula, treatment was associated with
clinical alleviation of the disease (Fig. 2c, d). With the inoculum
of 10° TCIDs, mean weights of treated animals were significantly
higher than those of untreated animals at 5 and 6 dpi (p < 0.031).
Similar observations were made with the inoculum of 10* TCIDs,
at 5, 6, and 7 dpi (p <0.0001).

In a third set of experiments, treatment was started 1 day
before infection (preventive antiviral therapy) and ended at 2 dpi.
We intranasally infected groups of 6 animals with 10* TCIDs, of
virus and viral replication was measured in lungs and plasma at
3 dpi (Fig. 3a). Once again, an inverse relationship was observed
between lung infectious titers and the dose of favipiravir (Fig. 3b).
Mean infectious titers for groups of animals treated with 37.5 and
75 mg/day TID were significantly lower than those observed with
untreated groups (p<0.002). Of note, undetectable infectious
titers were found for all animals treated with the higher dose.

Estimated EDgy and EDgy were 35 and 47 mg/day, respectively
(Table 2). Significant reductions of viral RNA yields of 0.9 and 3.3
log;0, were observed with animals treated with 37.5 and 75 mg/
day TID, respectively (p <0.023) (Fig. 3¢). Resulting infectivity of
viral particle was decreased, with a significant reduction only for
the higher dose of favipiravir (p =0.005) (Fig. 3e). Finally, we
found significantly reduced plasma viral loads with animals
treated with 37.5 and 75 mg/day TID (p <0.005) (Fig. 3f). Once
again, signs of toxicity were observed with animal treated with the
dose of 75mg/day TID: normalized weights were significantly
lower than those of untreated animals (Fig. 3d).

In a last set of experiments, we assessed the impact of favipiravir
treatment on lung pathological changes induced by SARS-CoV-2.
Animals were intranasally infected with 10* TCIDs, of virus.
Treatment with two doses of favipiravir (37.5 and 75 mg/day TID)
was initiated one day before infection (preventive antiviral
therapy) or at day of infection (preemptive antiviral therapy)
and ended at 3 dpi. For each therapeutic strategy and for each dose
of favipiravir, a group of four animals was sacrificed at 3 and 5 dpi
(Fig. 4a and ¢). As a control, we used four vehicle-treated groups
of four animals (one at 3 dpi and one at 5 dpi for each therapeutic
strategy). Based on the 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 (0=
normal; 1=mild; 2=moderate; 3 =marked and 4 = severe;
details in Supplementary Data 7). Overall, lungs of untreated
animals displayed typical lesions of air-borne infection (ie.,
broncho-interstitial pneumonia), with a progression between 3 dpi
and 5dpi that reflects the virus dissemination within the
respiratory tree as previously demonstrated”2!. At 3dpi, 7/8
untreated animals displayed mild pulmonary pathological changes
(Fig. 4b and d) leading to difficulty to assess the efficacy of the
treatment even if almost all mean cumulative scores of treated
animals were significantly lower than those of untreated groups. In
contrast, at 5 dpi all untreated animals displayed severe pulmonary
impairments and we observed a dose-dependent effect of
favipiravir (Fig. 4b and d). When using a preemptive antiviral
strategy, all animals treated with 37.5 mg/day TID had marked
histopathological damages in lungs and animals treated with
75mg/day TID displayed mild or moderate histopathological
damages (Supplementary Fig. 5). When using a preventive
antiviral strategy, all animals treated with 37.5 mg/day TID had
mild to marked damages in lung and animals treated with 75 mg/
day TID displayed no or mild histopathological damages
(Fig. 4e-h). At 5 dpi, significant cumulative score reductions were
observed with both doses of favipiravir regardless the therapeutic
strategy used (p = 0.0286, details in Supplementary Data 8).

Favipiravir pharmacokinetics (PK) in a hamster model. We
first assessed the PK and lung distribution of favipiravir in a
subgroup of uninfected animals. Groups of animals were treated
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respectively with a single dose of favipiravir administrated
intraperitoneally: 6.25mg, 12.5mg, and 25mg. In each dose
group, we sacrificed three animals at specific time points post-
treatment (0.5, 1, 5 or 8 h) for determination of favipiravir in
plasma. Drug concentration in lung tissue was determined at 0.5
and 5 h post-treatment. Subsequently, we assessed the favipiravir
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concentration after multiple dose in animals intranasally infected
with 10° TCIDs, of virus. Groups of nine animals received the
three doses evaluated for 3 days (Fig. 1): 18.75 mg/day, 37.5 mg/
day or 75 mg/day TID and were sacrificed at 12-h after the last
treatment dose. Favipiravir trough concentrations were quantified
in plasma (n=9) and lung tissue (n = 3).
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Fig. 1 Virological results with preemptive favipiravir therapy. a Experimental timeline. Groups of 6 hamsters were intranasally infected with 106, 10° or
104 TCIDs of virus. b Viral replication in lung based on infectious titers (measured using a TCIDs, assay) expressed in TCIDso/copy of y-actine gene
(n =6 animals/group). ¢ Viral replication in lung 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). d Relative lung viral particle infectivities were calculated as follows: ratio of lung infectious titer over viral RNA yields
(n= 6 animals/group). e Plasma viral loads (measured using an RT-gPCR assay) are expressed in viral genome copies/mL of plasma (the dotted line
indicates the detection threshold of the assay) (n = 6 animals/group). f 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, Student t-test, Mann-Whitney test, Welch's test, and two-way ANOVA with Post-hoc
Dunnett's multiple comparisons test (details in Supplementary Data 3 and 4). ****, ***, ** and * symbols indicate that the average value for the group is
significantly lower than that of the untreated group with a p-value < 0.0001, ranging between 0.0001-0.001, 0.001-0.01, and 0.01-0.05, respectively.

Source data are provided as a Source data file.

Table 2 Drug effective doses (ED) on reducing viral titers
according to the level of viral inoculum.

Virus inoculum ED5° EDgo EDgg
mg/day (95% mg/day (95%  mg/day (95%
CI2) CI?) CI?)
Preemptive therapy
104 TCIDso 34 (30-37) 42 (38-46) 53 (48-58)
105 TCIDsg 26 (21-30) 37 (31-44) 56 (46-65)
108 TCIDsg 15 (10-20) 31 (21-41) 70 (48-93)
Preventive therapy
104 TCIDso 27 (25-29) 35 (32-38) 47 (44-51)

Dose-response curves are presented in Supplementary Fig. 3.
395% confidence interval.

Results are presented in Table 3 and Supplementary Fig. 7. The
single dose PK analysis showed that the maximum concentration
of favipiravir was observed at 0.5 h at all doses, then plasma drug
concentrations decreased exponentially to reach concentrations
below 10 pg/ml at 12h. Favipiravir PK exhibited a non-linear
increase in concentration between the doses. After multiple doses,
trough concentrations (12 h) of favipiravir also exhibited a non-
linear increase between doses. The extrapolated 12h post-
treatment concentrations after a single dose were calculated in
order to determine the accumulation ratio. Accumulation ratios
were respectively 6, 16, and 21 at the three doses, confirming the
non-proportional increase between doses. The average concen-
tration after single dose administration over 0-12-h intervals was
calculated and the respective values obtained were 10.1 pg/mlL,
38.7 ug/mL, and 100.5 pg/mL for the three favipiravir doses.

Favipiravir lung concentrations were 1.6-2.7-fold lower than in
plasma for both administration of single and multiple doses. After
a single dose, the mean lung to plasma ratio ranged from 0.37 to
0.62 according to the time post-treatment and was similar
between the three doses of favipiravir at 0.5h. A high ratio 5h
post-treatment was observed at the highest dose (25 mg) with an
increase by a factor 1.6-1.8 compared with the lower doses. After
multiple doses, the lung penetration of favipiravir was confirmed
with a mean lung to plasma ratio ranging from 0.35 to 0.44.
Favipiravir was not detected in the lungs at the lowest dose
(18.75 mg/day).

Mutagenic effect of favipiravir. To understand which genomic
modifications accompanied favipiravir treatment, direct complete
genome sequencing of clarified lung homogenates from animals
intranasally infected with 10® TCIDs, of virus and treated with
the two highest doses of drug (preemptive antiviral therapy;
Fig. 1) was performed. Data were generated by next-generation
sequencing from lung samples of four animals per group
(untreated, 37.5mg/day TID and 75mg/day TID). The mean
sequencing coverage for each sample ranged from 10,991 to

37,991 reads per genomic position and we subjected substitutions
with a frequency > 1% to further analysis. The genetic variability
in virus stock was also analyzed: 14 nucleotide polymorphisms
were detected of which 5 recorded a mutation frequency higher
than 10% (Supplementary Data 10).

In order to study the mutagenic effect of favipiravir, we used
the consensus sequence from virus stock as reference and all the
mutations simultaneously detected in a lung sample and in virus
stock were not considered in the further analysis (1-4 mutations
per sample, see Supplementary Data 10). Overall, no majority
mutations were detected (mutation frequency > 50%), and almost
all of the mutations occurred at a frequency lower than 10%
(Fig. 5a). In addition, mutations were distributed throughout the
whole genome (Fig. 5b).

Results revealed a relationship between the number of
mutations detected per sample and the dose of favipiravir
(Fig. 5¢): the mean number of mutations increased by a factor 2
and 4.8 with groups of animals treated with 37.5 and 75 mg/day,
TID respectively. The difference is significant only with a dose of
37.5mg/day TID (p=0.029). This increase of the number of
mutations is mainly the consequence of the occurrence of a large
number of G — A substitutions and, to a lesser extent, C— U
substitutions. Consequently, regardless of the dose of favipiravir,
mean frequency of G — A substitutions was significantly
increased by a factor of 42 (p<0.009). This rise of these
transition mutations led to increased frequency of all transition
mutations (significant only at dose of 37.5mg/day TID;
p=0.037) and increased frequency of non-synonymous muta-
tions (significant only at dose of 75mg/day TID; p=0.009)
(Fig. 5d). We investigated whether or not effectiveness in treated
animals was linked with the characteristics of the mutations
detected on viral populations and found that infectious titers in
lungs were negatively associated with frequency of non-
synonymous and G — A mutations, and positively associated
with frequency of synonymous mutations (p<0.03; Fig. 5e).
Finally, our experiments revealed some parallel evolution events;
32 substitutions in viral sub-populations were detected in two
independent animals. Notably, 18 of these shared mutations were
detected only with treated animals, 14 of them being non-
synonymous (Supplementary Data 13). These mutations are
located in nsp2, 3, 4, 5, 6, 14, N protein, Matrix, ORF 3a and 8. At
this stage, one cannot conclude if these substitutions reflect the
adaptation to the hamster model or are the result of the antiviral
selection.

Discussion

In the current study, we used a hamster model to assess efficacy of
the favipiravir against SARS-CoV-2. Following infection, viral
RNA was mainly detected in lungs, blood, and, to a lesser extent,
in the large bowel. Peak of viral replication was observed at
2-3 dpi, in line with recently reported investigations that involved
6-10-weeks-old hamsters’. Clinically, the main symptom was the
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Fig. 3 Virological results with preventive favipiravir therapy. a Experimental timeline. Groups of 6 hamsters were intranasally infected with 104 TCIDsg of
virus. b Viral replication in lungs based on infectious titers (measured using a TCIDsq assay) expressed in TCIDso/copy of y-actine gene (n =6 animals/
group). ¢ Viral replication in lungs based on viral RNA yields (measured using an RT-gPCR assay) expressed viral genome copies/copy of y-actine gene
(n =6 animals/group). d 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. e Relative lung virus infectivities were calculated as follows: ratio of lung infectious titer over viral RNA yields (n = 6 animals/group).
f Plasma viral loads (measured using an RT-gPCR assay) are expressed in viral genome copies/mL of plasma (the dotted line indicates the detection
threshold of the assay) (n=6 animals/group). Data represent mean + SD (details in Supplementary Data 2). Statistical analysis were performed using
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test (details in Supplementary Data 3 and 4). ****, ** and * symbols indicate that the average value for the group is significantly different from that of the
untreated group with a p-value < 0.0007, ranging between 0.001-0.01 and 0.01-0.05, respectively. Source data are provided as a Source data file.
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lack of weight gain, observed from the first day of infection and
followed by recovery at 7dpi. Histopathological changes are
comparable to those previously described”-21. Notably, our results
revealed that all animals with marked or severe pulmonary
impairments displayed vascular lesions (endothelitis, vasculitis) as
previously described in humans?2. Overall, this confirmed that

the in vivo model, with younger animals (4 weeks-old), is suitable
for preclinical evaluation of antiviral compounds against SARS-
CoV-2.

Using a preemptive strategy, we demonstrated that doses of
favipiravir of around 700-1400 mg/kg/day TID reduced viral
replication in the lungs of infected animals and allowed clinical
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Fig. 4 Lung histopathological changes with preemptive or preventive favipiravir therapy. Groups of four animals were intranasally infected with 104
TCIDsg of virus and sacrificed at 3 and 5 dpi. Experimental timelines for preemptive (a) and preventive (c) favipiravir therapies. At day of sacrifice, lungs
were collected, fixed, and embedded in paraffin. Tissue sections were stained with hematoxylin-eosin (H&E). Based on severity of inflammation, alveolar
hemorrhagic necrosis, and vessel lesions, a cumulative score from O to 10 was calculated and assigned to a grade of severity (I, Il, lll, and IV). Scoring of
pathological changes for preemptive (b) and preventive (d) favipiravir therapies (n =4 animals/group) (details in Supplementary Data 7). Two-sided
statistical analysis were performed using Shapiro-Wilk normality test, Student t-test, Mann-Whitney test, and two-way ANOVA with Post-hoc Dunnett's
multiple comparisons test (details in Supplementary Data 7 and 8). * Symbol indicates that the average value for the group is significantly different from
that of the untreated group with a p-value ranging between 0.01 and 0.05. e Representative images of lung tissue (left lobe) (scale bar: 4 mm): multifocal
and extensive areas of inflammation for untreated animal, multifocal but limited areas of inflammation for 37.5 mg/day treated animal and normal lung for
75 mg/day treated animal (n =4 samples/group). f Representative images of bronchial inflammation (scale bar: 100 w): severe peribronchiolar
inflammation and bronchiole filled with neutrophilic exudates for untreated animal, mild peribronchiolar inflammation for 37.5 mg/day treated animal and
normal bronchi for 75 mg/day treated animal (n =4 samples/group). g Representative images of alveolar inflammation (scale bar: 100 p): severe
infiltration of alveolar walls, alveoli filled with neutrophils/macrophages for untreated animal, moderate infiltration of alveolar walls, some alveoli filled with
neutrophils/macrophages for 37.5 mg/day treated animal and normal alveoli for 75 mg/day treated animal. h Representative images of vessel
inflammation (scale bar: 50 p): infiltration of vascular wall with neutrophils/cell debris and endothelial damage (arrow) for untreated animal, moderate
endothelial leukocytic accumulation for 37.5 mg/day treated animal and normal vessel for 75 mg/day treated animal (n =4 samples/group). Clinical

courses of the disease are presented in Supplementary Fig. 6. Source data are provided as a Source data file.

Table 3 Plasma and lung concentrations of favipiravir after administration of a single dose or multiple dose of favipiravir.
Time post-treatment Single dose Multiple dose? (Day 3)
Dose Plasma (ug/mL) Lung (ug/g) L/p ratio Dose Plasma (ug/mL) Lung (ug/g) L/p ratio

0.5h 25mg 372+£475 216 +39 0.58 £0,04 75mg/day TID
Th 279+49.9
5h 135+49.0 81.3+24 0.62+0.10
8h 577 +1.34
12h 1.43b 29.9+9.83 16.0 £4.87 0.44+£0,07
0.5h 125mg 166+52.0 90.7 £12.7 0.58 £0.14  37.5mg/day TID
Th 155+ 20.6
5h 10.7+5.16 3.84+£1.49 0.37£0.052
8h 1.94 +0.06
12h 0.16b 257122 136+0.14  035%0,03
0.5h 6.25mg 8634 50.2+16.4 0.58 £0.17  18.75mg/day TID
Th 352+27.8
5h 290+£0.25 1.09+£0.05 0.38=+0.05
8h 0.56+0.16
12h 0.05b 0.31+£0.14 Not detected NA
NA not applicable.
Data represent mean + SD; three animals for each condition except at multiple dose (n=19 for plasma; n =3 for lung); details in Supplementary Data 9.
leftrr:;c\)ilzaetzdafcter 3 days of favipiravir administered three times a day, at the end of the dosing interval (trough concentrations).

12h-

alleviation of the disease (Figs. 1 and 2). In the most favorable
situation, where high doses were used as a preventive therapy,
favipiravir led to undetectable viral replication in lung and plasma.
These results showed that the use of high doses of favipiravir could
expand its in vivo spectrum against RNA viruses. Reduction of
viral replication was greater when estimated on the basis of
infectious titers than on total viral RNA as previously observed in
non-human primates treated with Remdesivir and in hamsters
treated with favipiravir?>?4, Furthermore, the analysis of pul-
monary histopathological changes revealed that favipiravir played
a protective role by reducing the severity of the lesions. However,
the effective doses of favipiravir were higher than those usually
used in rodent models (=100-400 mg/kg/day)!%1225-28  This can
be correlated with the high favipiravir ECs, found in vitro for
SARS-CoV-2. Moreover, effective doses were associated with sig-
nificant toxicity in our hamster model (Fig. 2). This observed
toxicity reflected only the adverse effects of favipiravir and was not
exacerbated during SARS-CoV-2 infection. Indeed, similar
weights were measured among infected and non-infected animals
treated with the highest dose of favipiravir at 1, 2, and 3 dpi.

In the present study, reduction of viral replication was corre-
lated with the dose of favipiravir administrated and inversely
correlated with the virus inoculum. In a recent study, the efficacy
of favipiravir intraperitoneally or orally administrated twice daily
(loading dose of 900 and 1200 mg/kg/day followed by 600 and
1000 mg/kg/day, respectively) was assessed using a similar ham-
ster model (6-10 weeks old) with high virus inocula (2 x 106
TCIDs4)?*. Treatment with the highest dose of favipiravir resulted
in a moderate decrease of viral RNA yields in lung tissue and the
lowest dose induced an even smaller inhibitory effect. However,
significant infectious titers reduction were observed in a dose-
dependent manner in lungs. Both doses were also associated with
regression of pulmonary histopathological impairments. Overall,
these results are in accordance with ours at the medium and the
high doses of favipiravir (around 670 and 1390 mg/kg/day TID).
However, in this other study, no signs of toxicity were associated
with favipiravir treatment regardless the dosing regimen. This
discrepancy could be due to the difference between (i) the highest
daily doses used (1000 mg/kg/day in regards to 1390 mg/kg/day
in our study), (ii) the dosing regimens (BID instead of TID in our
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study), and/or (iii) the age of the hamsters at day of infection
(6-10 weeks old in comparison to 4 weeks old in our study).
With influenza viruses, favipiravir acts as a nucleotide analog
since it is recognized as a purine nucleotide by the viral RNA-
dependent RNA polymerase. It is metabolized intracellularly to its
active form and incorporated into nascent viral RNA strands.

0.0 01 0.2 03 04 05
Frequency of synonymous mutation

00 01 0.2 03 04 05
Frequency of G— A mutation

This inhibits RNA strand extension and induces abnormal levels
of mutation accumulation into the viral genome!®17. Recently, it
was shown in vitro that favipiravir has a similar mechanism of
action with SARS-CoV-2 through a combination of chain ter-
mination, reduced RNA synthesis and lethal mutagenesis2%. Our
genomic analysis confirmed the mutagenic effect of favipiravir
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Fig. 5 Mutagenic effect of favipiravir. a Viral genetic diversity in clarified lung homogenates. For each condition, four samples were analyzed. Each triangle
represents a mutation (only substitutions with a frequency >1% were considered). b Patterns of mutation distribution on complete viral genome. Each
variable nucleotide position was counted only once when found. The variability was represented using 75 nt sliding windows. For each condition, variable
nucleotide positions were determined and represented using a 300 nt sliding window. € Mean number of mutations (n = 4 samples/group). Data represent
mean = SD. d Mutation characteristics (n = 4 samples/group). For each sample, the frequency of a given mutation was calculated as follows: number of
this kind of mutation detected in the sample divided by the total number of mutations detected in this sample. Data represent mean = SD (details in details
in Supplementary Data 10 and 13). Two-sided statistical analysis were performed using Shapiro-Wilk normality test, Student t-test, Mann-Whitney test,

) *kk Kk
. ’

and Welch's test (details in Supplementary Data 11 and 12

and * symbols indicate that the average value for the group is significantly lower than

that of the untreated group with a p-value ranging between 0.0001-0.001, 0.001-0.01, and 0.01-0.05, respectively. e Association between lung infectious
titers (measured using a TCIDsq assay) and frequency of non synonymous, synonymous and G — A mutations. Each dot represent data from a given
animal. Statistical analysis was performed using univariate linear regression. The error band (in gray) represent the 95% confidence interval of the

regression line. Source data are provided as a Source data file.

in vivo?4, Indeed, we found that favipiravir treatment induced
appearance of a large number of G — A mutations into viral
genomes (Fig. 5). This was associated to a decrease of viral
infectivity probably because alteration of the genomic RNA dis-
turb the replication capacity. Similar findings were described
in vitro and in vivo with other RNA viruses®1%2%30, Of note, we
also observed a strong inverse association between infectious
titers in lungs and the proportion of non-synonymous mutations
detected in viral populations. Because random non-synonymous
mutations are more deleterious than synonymous mutations?!,
this suggests that they were randomly distributed over the three
positions of the codons and that no compensatory mechanism
was triggered by the virus to eliminate them (i.e. negative selec-
tion). Finally, the inverse correlation between lung infections
titers and the frequency of G — A substitutions showed that an
increased proportion of these mutations beyond an error
threshold might be expected to cause lethal mutagenesis.

Genomic analyses revealed that 18 mutations detected in viral
sub-populations were shared only with treated animals. Two of
them were located in the nspl4 coding region involved in the
proof-reading activity of the viral RNA polymerisation3%33.
However, they were located in the N7 MTase domain involved in
viral RNA capping®#3>. By comparison, resistance mutations
selected against Remdesivir in [-coronavirus murine hepatitis
virus model were obtained in the RdRP (nspl2) coding
sequence’®. Further investigations are needed to assess the impact
of these mutations on the antiviral effect of favipiravir.

Favipiravir PK in our hamster model displayed a non-linear
increase in plasma exposure between the doses as already
reported in non-human primates3’. The observed favipiravir
concentration versus time profiles were in agreement with pre-
vious results of a PK study performed in 7-8-week-old hamsters
orally treated with a single dose of 100 mg/kg of favipiravir38. The
maximum plasma drug concentration occurred at 0.5 h after oral
administration, earlier than in humans, and then decreased
rapidly in agreement with its short half-life>>. After repeated
doses, plasma exposure confirmed non-linear PK over the entire
range of doses, further emphasized by accumulation ratios. The
important accumulation observed at the highest dose could
explain in part the toxicity observed in hamsters at this dose.
Favipiravir undergoes an important hepatic metabolism mainly
by aldehyde oxidase producing an inactive M1 metabolite and
inhibits aldehyde oxidase activity in a concentration- and time-
dependent manner. These properties explain the self-inhibition of
its own metabolism as observed in our study in which the highest
dose of favipiravir led to a greater increase in favipiravir
concentrations*0.

A good penetration of favipiravir in lungs was observed with
lung/plasma ratios ranging from 35 to 44% after repeated doses,
consistent with its physicochemical properties. Lung exposure
was also in accordance with the previous studies3s.

The medium dose of favipiravir used in this study (670 mg/kg/
day TID) is within the range of the estimated doses required to
reduce by 90% (EDy) the level of infectious titers in lungs
(ranging between 31 and 42mg/day corresponding to
570-780 mg/kg/day) (Table 2) and displayed limited drug-
associated toxicity (Fig. 2b). Animals infected with 10° and 10%
TCIDs, of virus, and treated following a preemptive strategy with
this dose displayed significant reduction of infectious titers and
histopathological scores in lungs and clinical alleviation of the
disease (Figs. 1, 2, and 4). Animal treated following a preventive
strategy with this dose also displayed significant reduction of viral
replication and histopathological scores in lungs (Figs. 3 and 4).
Regarding the accumulation ratio after repeated doses and the
good penetration of favipiravir in lungs, effective concentrations
can be expected in lungs, throughout the course of treatment
using this dose of 670 mg/kg/day TID.

How clinically realistic are these results? To address this
question we compared the drug concentrations obtained in the
hamster model with those obtained in patients. In 2016, a clinical
trial evaluated the use of favipiravir in Ebola-infected patients*!.
The dose used in Ebola-infected patients was 6000 mg on day 0
followed by 1200 mg BID for 9 days. The median trough con-
centrations of favipiravir at day 2 and day 4 were 46.1 and
25.9 pg/mL, respectively. This is within the range observed here in
hamsters treated with the highest dose (around 1400 mg/kg/day),
with a mean trough concentration of 29.9 ug/mL. However,
additional investigations are required to determine whether or
not similar favipiravir plasma exposure in SARS-COV-2 infected
patients are associated with antiviral activity. The major differ-
ences in PK between hamster and humans, and the toxicity
observed at the highest doses in our animal model limits the
extrapolation of our results. Therefore, whether safe dosing
regimens in humans may achieve similar plasma exposure and
recapitulate the profound effect on viral replication is unknown.
Further, the intracellular concentration of the active metabolite
was not determined and which parameter of the drug pharma-
cokinetics best drives the antiviral effect remains to be
established.

In summary, this study establishes that high doses of favipir-
avir are associated with antiviral activity against SARS-CoV-2
infection in a hamster model. The better antiviral efficacy was
observed using a preventive strategy, suggesting that favipiravir
could be more appropriate for a prophylactic use. Our results
should be interpreted with caution because high doses of favi-
piravir were associated with signs of toxicity in our model. It is
required to determine if a tolerable dosing regimen could gen-
erate similar exposure in non-human primates, associated with
significant antiviral activity, before testing a high dose regimen in
COVID-19 patients. Furthermore, subsequent studies should
determine if an increased antiviral efficacy can be reached using
favipiravir in association with other effective antiviral drugs, since
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this strategy may enable to reduce the dosing regimen of favi-
piravir. Finally, this work reinforces the need for rapid develop-
ment of animal models to confirm in vivo efficacy of antiviral
compounds and accordingly, to determine appropriate dose
regimens in humans before starting clinical trials.

Methods

Cells. VeroE6 cells (ATCC CRL-1586) and Caco-2 cells (ATCC HTB-37) were
grown at 37 °C with 5% CO, in minimal essential medium (MEM) supplemented
with 7.5% heat-inactivated fetal bovine serum (FBS), 1% penicillin/streptomycin
and 1% non-essential amino acids (all from ThermoFisher Scientific).

Virus. All experiments with infectious virus were conducted in biosafety level
(BSL) 3 laboratory. SARS-CoV-2 strain BavPat1, supplied through European Virus
Archive GLOBAL (https://www.european-virus-archive.com/), was provided by
Christian Drosten (Berlin, Germany). Virus stocks were prepared by inoculating at
MOI of 0.001 a 25 cm 2 culture flask of confluent VeroE6 cells with MEM medium
supplemented with 2.5% FBS. The cell supernatant medium was replaced each 24 h
and harvested at the peak of infection, supplemented with 25 mM HEPES (Sigma),
aliquoted and stored at —80 °C.

In vitro determination of ECsq, ECoo, CCso, and infectious titer reductions.
One day prior to infection, 5 x 10* VeroE6 cells were seeded in 96-well culture
plates (5 x 10* cells/well in 100 uL of 2.5% FBS medium (assay medium). The next
day, seven 2-fold serial dilutions of favipiravir (Courtesy of Toyama-Chemical;
0.61 pg/mL to 78.5 ug/mL, in triplicate) were added (25 uL/well, in assay medium).
Eight virus control wells were supplemented with 25 pL of assay medium and eight
cell controls were supplemented with 50 pL of assay medium. After 15 min, 25 pL of
virus suspension, diluted in assay medium, was added to the wells at an MOI of 0.01
or 0.001 (except for cell controls). Three days after infection, cell supernatant media
were collected to perform TCIDs, assay (at concentration of 500, 250, and 125 uM),
as described below, in order to calculate infectious titer reductions and cell viability
was assessed using CellTiter-Blue reagent (Promega) following the manufacturer’s
intstructions. Fluorescence (560/590 nm) was recorded with a Tecan Infinite 200Pro
machine (Tecan). The 50 and 90% effective concentrations (ECs, ECoo) were
determined using logarithmic interpolation (% of inhibition were calculated as
follows: (ODgampte — ODyirus control)/(ODeell control = ODyirus control))- For the eva-
luation of CCs, (the concentration that induced 50% cytoxicity), the same culture
conditions were set as for the determination of the ECs,, without addition of the
virus, then cell viability was measured using CellTiter Blue (Promega). CCs, was
determined using logarithmic interpolation.

In vivo experiments

Approval and authorization. In vivo experiments were approved by the local ethical
committee (C2EA—14) and the French ‘Ministére de 'Enseignement Supérieur, de
la Recherche et de I'Innovation’ (APAFIS#23975) and performed in accordance
with the French national guidelines and the European legislation covering the use
of animals for scientific purposes. All experiments were conducted in BSL 3
laboratory.

Animal handling. Three-week-old female Syrian hamsters were provided by Janvier
Labs. Animals were maintained in ISOcage P - Bioexclusion System (Techniplast)
with unlimited access to water/food and 14 h/10 h light/dark cycle. Animals were
weighed and monitored daily for the duration of the study to detect the appearance
of any clinical signs of illness/suffering. Virus inoculation was performed under

general anesthesia (isoflurane). Organs and blood were collected after euthanasia
(cervical dislocation) which was also realized under general anesthesia (isoflurane).

Hamster Infection. Anesthetized animals (four-week-old) were intranasally infected
with 50 UL containing 10, 10> or 10 TCIDs, of virus in 0.9% sodium chloride
solution. The mock group was intranasally inoculated with 50 pL of 0.9% sodium
chloride solution.

Favipiravir administration. Hamster were intraperitoneally inoculated with dif-
ferent doses of favipiravir. Control group were intraperitoneally inoculated with a
0.9% sodium chloride solution.

Organ collection. Organs were first washed in 10 mL of 0.9% sodium chloride
solution and then transferred to a 2 mL or 50 mL tube containing respectively 1 mL
(small/large bowel pieces, kidney, spleen, and heart) or 10 mL (lungs, brain and
liver) of 0.9% sodium chloride solution and 3 mm glass beads. They were crushed
using a Tissue Lyser machine (Retsch MM400) for 5 min at 30 cycles/s and then
centrifuged 5 min at 16,200 x g. Supernatant media were transferred to a 2 mL tube,
centrifuged 10 min at 16,200 x g, and stored at —80 °C. One milliliter of blood was
harvested in a 2mL tube containing 100 uL of 0.5 M EDTA (ThermoFischer Sci-
entific). Blood was centrifuged for 10 min at 16,200 x g and stored at —80 °C.

Quantitative real-time RT-PCR (RT-qPCR) assays. To avoid contamination, all
experiments were conducted in a molecular biology laboratory that is specifically
designed for clinical diagnosis using molecular techniques, and which includes
separate laboratories dedicated to perform each step of the procedure. Prior to PCR
amplification, RNA extraction was performed using the QIAamp 96 DNA kit, and
the Qiacube HT kit and the Qiacube HT (both from Qiagen) following the
manufacturer’s instructions. Shortly, 100 pl of organ clarified homogenates, spiked
with 10 uL of internal control (bacteriophage MS2)42, were transferred into an S-
block containing the recommended volumes of VXL, proteinase K, and RNA
carrier. RT-qPCR (SARS-CoV-2 and MS2 viral genome detection) were performed
with the Express one step RT-qPCR Universal kit (ThermoFisher Scientific) using
3.5 uL of RNA and 6.5 uL of RT-qPCR mix that contains 250 nmol of each primer
and 75 nmol of probe. Amplification was performed with the QuantStudio 12K
Flex Real-Time PCR System (ThermoFisher Scientific) using the following con-
ditions: 50 °C for 10 min, 95 °C for 20 s, followed by 40 cycles of 95 °C for 3's, 60 °C
for 30 s. qPCR (y-actine gene detection) was perfomed under the same condition as
RT-qPCR with the following modifications: we used the Express one step gPCR
Universal kit (ThermoFisher Scientific) and the 50 °C step of the amplification
cycle was removed. Data were collected using the QuantStudio 12K Flex Software
v1.2.3. Primers and probes sequences used to detect SARS-CoV-2, MS2 and y-
actine are described in Supplementary Table 1.

Tissue-culture infectious dose 50 (TCID5() assay. To determine infectious
titers, 96-well culture plates containing confluent VeroE6 cells were inoculated with
150 puL per well of serial dilutions of each sample (four-fold or ten-fold dilutions
when analyzing lung clarified homogenates or cell supernatant media, respectively).
Each dilution was performed in sextuplicate. Plates were incubated for 4 days and
then read for the absence or presence of cytopathic effect in each well. Infectious
titers were estimated using the method described by Reed & Muench*3.

Favipiravir pharmacokinetics. Animal handling, hamster infections, and favi-
piravir administrations were performed as described above. A piece of left lung was
first washed in 10 mL of sodium chloride 0.9% solution, blotted with filter paper,
weighed and then transferred to a 2 mL tube containing 1 mL of 0.9% sodium
chloride solution and 3 mm glass beads. It was crushed using the Tissue Lyser
machine (Retsch MM400) during 10 min at 30 cycles/s and then centrifuged 5 min
at 16,200 x g. Supernatant media were transferred to 2 mL tubes, centrifuged

10 min at 16,200 x g and stored at —80 °C. One milliliter of blood was harvested in
a 2mL tube containing 100 uL of 0.5 M EDTA (ThermoFischer Scientific). Blood
was centrifuged for 10 min at 16,200 x g and stored at —80 °C.

Quantification of favipiravir in plasma and lung tissues was performed by a
validated sensitive and selective validated high-performance liquid
chromatography coupled with tandem mass spectrometry method (UPLC-TQD,
Waters, USA) with a lower limit of quantification of 0.1 ug/mL. Precision and
accuracy of the three quality control samples (QCs) were within 15% over the
calibration range (0.5 pg/mL to 100 pg/mL) (Bekegnran et al., submitted).
Favipiravir was extracted by a simple protein precipitation method, using
acetonitrile for plasma and ice-cold acetonitrile for clarified lung homogenates.
Briefly, 50 uL of samples matrix was added to 500 pL of acetonitrile solution
containing the internal standard (favipiravir-13C,15N, Alsachim), then vortexed
for 2 min followed by centrifugation for 10 min at 4 °C. The supernatant medium
was evaporated and the dry residues were then transferred to 96-well plates and
50 pL was injected. To assess the selectivity and specificity of the method and
matrix effect, blank plasma and tissues homogenates from 2 control animals
(uninfected and untreated) were processed at each run. Moreover, the same control
samples spiked with favipiravir concentration equivalent to the QCs (0.75, 50, and
80 pg/mL) were also processed and compared to the QCs samples. Data were
collected using the MassLynx Mass Spectrometry Software 4.1.

Noncompartemental analysis conducted using software Pkanalix2019R2 (www.
lixoft.com). Areas under the plasma concentration time curve were computed using
medians of favipiravir concentrations at 0.5, 1, 5, and 8 h, and extrapolated until
T =12 h. Cyrougn Were extrapolated at T = 12 h using lambda-z loglinear regression
on the decreasing slope of concentrations.

Histology. Animal handling, hamster infections, and favipiravir administrations
were performed as described above. Lungs were collected after intratracheal
instillation of 4% (w/v) formaldehyde solution, fixed 72 h at room temperature
with a 4% (w/v) formaldehyde solution and embedded in paraffin. Tissue sections
of 3.5 um, obtained following guidelines from the “global open RENI” (The stan-
dard reference for nomenclature and diagnostic criteria in toxicologic pathology;
https://www.goreni.org/), 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 compartments were
examined (see Supplementary Table 2): (1) for bronchial and alveolar walls, a score
of 0 to 4 was assigned based on the severity of inflammation; (2) regarding alveoli, a
score of 0 to 2 was assigned based on presence and severity of hemorrhagic
necrosis; (3) regarding vessel lesions (endothelitis/vasculitis), absence or presence
was scored 0 or 1 respectively. A cumulative score was then calculated and assigned
to a grade of severity (see Supplementary Table 3).
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Sequence analysis of the full-length genome. 200 pL of lung clarified homo-
genate or infectious cell supernatant (virus stock) was inactivated with an equal
volume of VXL lysis buffer (Qiagen) and viral RNA was extracted using an EZ1
Advanced XL robot with the EZ1 mini virus 2.0 kit (both from Qiagen) and linear
acrylamide (ThermoFisher Scientific) in place of carrier RNA. cDNA was generated
in a final volume of 40 pL using 14 pL of nucleic acid extract, random hexamer and
the Protoscript II First Strand cDNA Synthesis Kit (New England Biolabs). A
specific set of primers (Supplementary Table 4) was used to generate thirteen
amplicons covering the entire genome with the Q5 High-Fidelity DNA polymerase
(New England Biolabs). PCR mixes (final volume 25 uL) contained 2.5 pL of cDNA,
2 uL of each primer (10 uM), and 12.5 uL of Q5 High-Fidelity 2X Master Mix.
Amplification was performed with the following conditions: 30 s at 98 °C, then 45
cycles of 15s at 98 °C and 5 min at 65 °C. Size of PCR products was verified by gel
electrophoresis. For each sample, an equimolar pool of all amplicons was prepared
and purified using Monarch PCR & DNA Cleanup Kit (New England Biolabs).
After DNA quantification using Qubit dsDNA HS Assay Kit and Qubit 2.0 fluo-
rometer (ThermoFisher Scientific), amplicons were fragmented by sonication into
fragments of around 200 bp long. Libraries were built by adding barcodes, for
sample identification, and primers using AB Library Builder System (ThermoFisher
Scientific). To pool equimolarly the barcoded samples a quantification step by real-
time PCR using Ion Library TagMan Quantitation Kit (ThermoFisher Scientific)
was performed. Then, emulsion PCR from pools and loading on 530 chip was
performed using the automated Ion Chef instrument (ThermoFisher Scientific).
Sequencing was performed using the S5 Ion torrent technology v5.12 (Thermo-
Fisher Scientific) following the manufacturer’s instructions. Consensus sequence
was obtained after trimming of reads (reads with quality score < 0.99, and length <
100 pb were removed and the 30 first and 30 last nucleotides were removed from the
reads). Mapping of the reads on a reference (determine following blast of De Novo
contigs) was done using CLC genomics workbench software v.20 (Qiagen). A de
novo contig was also produced to ensure that the consensus sequence was not
affected by the reference sequence. Mutation frequency for each position was cal-
culated as the number of reads with a mutation compared to the reference divided
by the total number of reads at that site. Only substitutions with a frequency of at
least 1% were taken into account for the analysis (Supplementary Data 10).

EDso, EDgo, and EDgg determination. We conducted a nonlinear regression of
infectious viral load against dose, using an E,,,x model, giving VL = VL, x

(1 — (mg—;ny)) with VL, being infectious viral load of untreated animals. We
50

estimated Ds, the dose required to decrease viral load by 50%, using a coeffi-
cient y to account for the high sigmoidicity of the relation between dose and
titers. y coefficient was chosen as the one maximizing likelihood of the model.

We extrapolated the Doy and Dog using Dgy = {/9x DLy and Dyg = /99 x DL,

as well as their 95% confidence interval using the delta method.

Graphical representations and statistical analysis. Graphical representations
and statistical analyses were performed with Graphpad Prism 7 (Graphpad soft-
ware) except linear/nonlinear regressions and their corresponding graphical
representations that were performed using R statistical software (http://www.R-
project.org). Statistical details for each experiment are described in the figure
legends and in corresponding Supplementary data. When relevant, two-sided
statistical tests were always used. P-values lower than 0.05 were considered sta-
tistically significant. Experimental timelines were created on biorender.com.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Raw sequence reads of the virus genome analyzed in this study have been deposited in
the BioProject data bank (PRJNA648821). Authors can confirm that all other relevant
data are included in the paper and/or its Supplementary information files. Source data
are provided with this paper.

Received: 17 July 2020; Accepted: 28 January 2021;
Published online: 19 March 2021

References

1.  'WHO. World Health Organization. WHO Director-General’s opening
remarks at the media briefing on COVID-19—11 March 2020 (https://www.
who.int) (2020).

2. Zhu, N. et al. A novel coronavirus from patients with pneumonia in China,
2019. N. Engl. J. Med. 382, 727-733 (2020).

3. Huang, C. et al. Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. Lancet 395, 497-506 (2020).

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

He, X. et al. Temporal dynamics in viral shedding and transmissibility of
COVID-19. Nat. Med. 26, 672-675 (2020).

Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track
COVID-19 in real time. Lancet Infect. Dis. 20, 533-534 (2020).

Mercorelli, B., Palu, G. & Loregian, A. Drug repurposing for viral infectious
diseases: how far are we? Trends Microbiol 26, 865-876 (2018).

Chan, J. F. et al. Simulation of the clinical and pathological manifestations of
Coronavirus Disease 2019 (COVID-19) in golden Syrian hamster model:
implications for disease pathogenesis and transmissibility. Clin. Infect. Dis.
https://doi.org/10.1093/cid/ciaa325 (2020).

Rockx, B. et al. Comparative pathogenesis of COVID-19, MERS, and SARS in
a nonhuman primate model. Science 368, 1012-1015 (2020).

Guedj, J. et al. Antiviral efficacy of favipiravir against Ebola virus: a
translational study in cynomolgus macaques. PLoS Med. 15, €1002535 (2018).
Yamada, K. et al. Reevaluation of the efficacy of favipiravir against rabies virus
using in vivo imaging analysis. Antivir. Res 172, 104641 (2019).

Segura Guerrero, N. A., Sharma, S., Neyts, J. & Kaptein, S. J. F. Favipiravir
inhibits in vitro Usutu virus replication and delays disease progression in an
infection model in mice. Antivir. Res 160, 137-142 (2018).

Tani, H. et al. Therapeutic effects of favipiravir against severe fever with
thrombocytopenia syndrome virus infection in a lethal mouse model: dose-
efficacy studies upon oral administration. PLoS ONE 13, 0206416 (2018).
Jochmans, D. et al. Antiviral activity of favipiravir (T-705) against a broad
range of paramyxoviruses in vitro and against human metapneumovirus in
hamsters. Antimicrob. Agents Chemother. 60, 4620-4629 (2016).

Takahashi, K. et al. In vitro and in vivo activities of T-705 and oseltamivir
against influenza virus. Antivir. Chem. Chemother. 14, 235-241 (2003).
Rosenke, K. et al. Use of favipiravir to treat lassa virus infection in macaques.
Emerg. Infect. Dis. 24, 1696-1699 (2018).

Baranovich, T. et al. T-705 (favipiravir) induces lethal mutagenesis in
influenza A HINI1 viruses in vitro. J. Virol. 87, 3741-3751 (2013).

Sangawa, H. et al. Mechanism of action of T-705 ribosyl triphosphate against
influenza virus RNA polymerase. Antimicrob. Agents Chemother. 57,
5202-5208 (2013).

Wang, M. et al. Remdesivir and chloroquine effectively inhibit the recently
emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 30, 269-271 (2020).
Jeon, S. et al. Identification of antiviral drug candidates against SARS-CoV-2
from FDA-approved drugs. Antimicrob. Agents Chemother. https://doi.org/
10.1128/AAC.00819-20 (2020).

Shannon, A. et al. Rapid incorporation of Favipiravir by the fast and
permissive viral RNA polymerase complex results in SARS-CoV-2 lethal
mutagenesis. Nat. Commun. 11, 4682 (2020).

Sia, S. F. et al. Pathogenesis and transmission of SARS-CoV-2 in golden
hamsters. Nature 583, 834-838 (2020).

Varga, Z. et al. Endothelial cell infection and endotheliitis in COVID-19.
Lancet 395, 1417-1418 (2020).

Williamson, B. N. et al. Clinical benefit of remdesivir in rhesus macaques
infected with SARS-CoV-2. Nature 585, 273-276 (2020).

Kaptein, S. J. F. et al. Favipiravir at high doses has potent antiviral activity in
SARS-CoV-2-infected hamsters, whereas hydroxychloroquine lacks activity.
Proc. Natl Acad. Sci. USA https://doi.org/10.1073/pnas.2014441117 (2020).
Sidwell, R. W. et al. Efficacy of orally administered T-705 on lethal avian
influenza A (H5N1) virus infections in mice. Antimicrob. Agents Chemother.
51, 845-851 (2007).

Smither, S. J. et al. Post-exposure efficacy of oral T-705 (Favipiravir) against
inhalational Ebola virus infection in a mouse model. Antivir. Res. 104,
153-155 (2014).

Julander, J. G., Shafer, K., Smee, D. F., Morrey, J. D. & Furuta, Y. Activity of T-
705 in a hamster model of yellow fever virus infection in comparison with that
of a chemically related compound, T-1106. Antimicrob. Agents Chemother. 53,
202-209 (2009).

Qestereich, L. et al. Efficacy of favipiravir alone and in combination with
ribavirin in a lethal, immunocompetent mouse model of lassa fever. J. Infect.
Dis. 213, 934-938 (2016).

Escribano-Romero, E., Jimenez de Oya, N., Domingo, E. & Saiz, J. C.
Extinction of West Nile virus by favipiravir through lethal mutagenesis.
Antimicrob. Agents Chemother. https://doi.org/10.1128/AAC.01400-17 (2017).
Arias, A., Thorne, L. & Goodfellow, I. Favipiravir elicits antiviral mutagenesis
during virus replication in vivo. Elife 3, 03679 (2014).

Cuevas, J. M., Domingo-Calap, P. & Sanjuan, R. The fitness effects of
synonymous mutations in DNA and RNA viruses. Mol. Biol. Evol. 29, 17-20
(2012).

Eckerle, L. D., Lu, X,, Sperry, S. M., Choi, L. & Denison, M. R. High fidelity of
murine hepatitis virus replication is decreased in nsp14 exoribonuclease
mutants. J. Virol. 81, 12135-12144 (2007).

Ferron, F. et al. Structural and molecular basis of mismatch correction and
ribavirin excision from coronavirus RNA. Proc. Natl Acad. Sci. USA 115,
E162-E171 (2018).

12 | (2021)12:1735 | https://doi.org/10.1038/s41467-021-21992-w | www.nature.com/naturecommunications



ARTICLE

34. Chen, Y. et al. Structure-function analysis of severe acute respiratory
syndrome coronavirus RNA cap guanine-N7-methyltransferase. J. Virol. 87,
6296-6305 (2013).

35. Ma, Y. et al. Structural basis and functional analysis of the SARS coronavirus
nspl4-nspl0 complex. Proc. Natl Acad. Sci. USA 112, 9436-9441 (2015).

36. Agostini, M. L. et al. Coronavirus susceptibility to the antiviral remdesivir
(GS-5734) is mediated by the viral polymerase and the proofreading
exoribonuclease. mBio https://doi.org/10.1128/mBi0.00221-18 (2018).

37. Madelain, V. et al. Favipiravir pharmacokinetics in nonhuman primates and
insights for future efficacy studies of hemorrhagic fever viruses. Antimicrob.
Agents Chemother. https://doi.org/10.1128/AAC.01305-16 (2017).

38. Gowen, B. B. et al. Alterations in favipiravir (T-705) pharmacokinetics and
biodistribution in a hamster model of viral hemorrhagic fever. Antivir. Res.
121, 132-137 (2015).

39. Madelain, V. et al. Ebola virus infection: review of the pharmacokinetic and
pharmacodynamic properties of drugs considered for testing in human
efficacy trials. Clin. Pharmacokinet. 55, 907-923 (2016).

40. Madelain, V. et al. Modeling favipiravir antiviral efficacy against emerging
viruses: from animal studies to clinical trials. CPT Pharmacomet. Syst. Pharm.
9, 258-271 (2020).

41. Sissoko, D. et al. Experimental treatment with favipiravir for Ebola virus disease
(the JIKI Trial): a historically controlled, single-arm proof-of-concept trial in
Guinea. PLos Med. https://doi.org/10.1371/journal. pmed.1001967 (2016).

42. Ninove, L. et al. RNA and DNA bacteriophages as molecular diagnosis
controls in clinical virology: a comprehensive study of more than 45,000
routine PCR tests. PLoS ONE 6, e16142 (2011).

43. Reed, L. J. & Muench, H. A simple method of estimating fifty per cent
endpoints. Am. J. Epidemiol. 27, 493-497 (1938).

Acknowledgements

We thank Laurence Thirion (UVE; Marseille) for providing RT-qPCR systems. We thank
Camille Placidi (UVE; Marseille) for her technical contribution. We thank Lionel
Chasson (CIML; Marseille) for helping to generate low magnification pictures. We also
thank Pr. Ernest A. Gould (UVE; Marseille) for his careful reading of the manuscript and
English language editing. We thank Pr. Drosten and Pr. Drexler for providing the SARS-
CoV-2 strain through the European Research infrastructure EVA GLOBAL. This work
was supported by the Fondation de France “call FLASH COVID-19”, project TAMAC,
by “Institut national de la santé et de la recherche médicale” through the REACTing
(REsearch and ACTion targeting emerging infectious diseases) initiative (“Preuve de
concept pour la production rapide de virus recombinant SARS-CoV-2”), and by Eur-
opean Virus Archive Global (EVA 213 GLOBAL) funded by the European Union’s
Horizon 2020 research and innovation program under grant agreement No. 871029. A
part of the work was done on the Aix Marseille University antivirals platform “AD2P”.

Author contributions

Conceptualization, J.S.D., M.C., G.M., and A.N.; methodology, J.S.D., M.C,, G.L, GM,,
C.L, and AN, formal analysis, ].S.D., M.C,, and G.L; investigation, J.S.D., M.C., G.M.,,
F.T., P.RP. GP., KB, CL, and AN resources, F.T., B.C,, ].G.,, X.d.L.,, C.S,, and AN,
writing—original draft, J.S.D., M.C,, CL,, ].G., C.S.,, and A.N,; writing—review & editing,
].G., X.d.L, CS., and A.N,; visualization, ].S.D., M.C,, G.L,, F.T., P.R.P., and A.N,;
supervision, A.N,; funding acquisition, F.T., B.C., X.d.L.,, and A.N.

Competing interests
J.G. has consulted for F. Hoffman-La Roche. C.S. has consulted for ViiV Healthcare,
MSD and Gilead. The remaining authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21992-w.

Correspondence and requests for materials should be addressed to A.N.

Peer review information Nature Communications thanks Nikolaus Osterrieder and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:1735 | https://doi.org/10.1038/s41467-021-21992-w | www.nature.com/naturecommunications 13



Annexe 3 : Activity of Tixagevimab/Cilgavimab against the Omi-
cron variant of SARS-CoV-2 in a hamster model, en révision

dans Ebiomedicine

140



Activity of Tixagevimab/Cilgavimab against the Omicron variant of SARS-CoV-2 in a
hamster model

Brief title: Tixagevimab/Cilgavimab activity in hamster model

Jean-Sélim Driouich’, Guillaume Lingas?, Léa Luciani', Maxime Cochin’, Paola Mariela Saba Villarroel', Grégory
Moureau’, Paul-Rémi Petit!, Franck Touret!, Jérémie Gued;?, Xavier de Lamballerie’ & Antoine Nougairéde'*

T: Unité des Virus Emergents, UVE: Aix Marseille Univ, IRD 190, INSERM 1207, Marseille, France.
2. Université de Paris, IAME, INSERM, F-75018 Paris, France
# These authors contributed equally

Corresponding author: Antoine NOUGAIREDE, antoine.nougairede@univ-amu.fr

Key words: SARS-CoV2, Omicron variant, hamster model, monoclonal antibody, clinical therapeutics



Abstract

The efficacy of pre-exposure prophylaxis by the Tixagevimab/Cilgavimab cocktail (AZD7442) was evaluated
in hamsters against a clinical BA.1 strain of SARS-CoV-2 variant Omicron. AZD7442 retains inhibitory
activity against Omicron despite a substantial loss of efficacy. We estimate that Omicron virus requires
about 20-times more antibodies in plasma than the ancestral B.1 strain (G614) virus to achieve a similar
drug efficacy in reducing lung infectious titers.



Research in context

The recent emergence of Omicron SARS-CoV-2 variants carrying mutations on the spike protein raises the
question of a possible escape to therapeutic antibodies. Here we evaluated in vivo the efficacy of the
Tixagevimab/Cilgavimab cocktail (AZD7442) on a clinical strain of the Omicron BA.1 variant using the
hamster model. Our results indicate that AZD7442 retains inhibitory activity in vivo against this variant,

although this activity is less than against an ancestral SARS-CoV2 strain.



Introduction

Since its emergence in 2019, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
causative agent of the coronavirus disease 2019 (COVID-19), has evolved rapidly, leading to the successive
emergence of variants carrying mutations on the spike protein. Assessing the degree of escape of
circulating variants from naturally produced antibodies (previous infections or after vaccination) or
therapeutic antibodies is crucial to inform public health policies (1).

The Omicron variant (lineage B.1.1.529) comprises several sublineages. The original BA.1 sublineage
emerged in South Africa in late 2021 and has rapidly spread worldwide with very high incidence levels (2).
This variant contains a large number of mutations, including over 30 in the spike protein (Fig.1-A). Some
of these mutations are associated with potential escape from humoral immunity and higher
transmissibility (3, 4). Soon after the emergence of this first variant, another sublineage, BA.2, has begun
outcompeting BA.1. In March 2022, BA.2 was the dominant sublineage in many countries(5). BA.2 differs
from BA.1 notably by the presence of 21 mutations in the spike protein (Fig.1-A), which may impact the
susceptibility of the variant to different monoclonal antibodies (mABs). Several in vitro studies have shown
that mABs already used against SARS-COV-2 during the pandemic have reduced or no efficacy against
these variants (6-14). In one of these live-virus assays, the activity against BA.1 sublineage of the
combination of Cilgavimab/Tixagevimab (AZD7442) that targets the SARS-CoV-2 spike receptor binding
domain (RBD)(15) and marketed by AstraZeneca as Evusheld, was drastically reduced (6). In contrast the
Omicron BA.2 contains fewer spike mutations than BA.1 among these some are shared and others are
original (Fig 1-A). Various in vitro assay against BA.2 have shown a restored activity of Cilgavimab resulting
in a significant improvement of the Evusheld neutralizing activity In patients treated with the C/T
combination, several studies also described a reduced efficacy against these variants, since their sera have
a low neutralization capacity against various Omicron sublineages (16-18).

Here, we present in vitro experiment assessing the neutralizing activity of Evusheld against differrents
Omicron sub variants and the evaluation of the efficacy of pre-exposure prophylaxis by AZD7442 in Syrian
hamsters (Mesocricetus auratus), against the two sublineages BA.1 and BA.2 of SARS-CoV-2 variant
Omicron.



Methods
Cells

VeroE6 cells (ATCC CRL-1586) were cultured at 37°C with 5% CO2 in minimal essential medium (MEM)
supplemented with 1% Penicillin/Streptomycin, 1% non-essential amino acids and 7% of heat-inactivated
fetal bovine serum (FBS) (all from ThermoFisher Scientific). VeroE6/TMPRSS2 cells (NIBSC 100978) were
cultured in the same medium supplemented with 2% of G-418 (ThermoFisher Scientific).

Viruses

The B.1 BavPatl SARS-CoV-2 strain (G614 strain) was obtained from Pr. C. Drosten through EVA GLOBAL
(https://www.european-virus-archive.com/) and contains the D614G mutation. Virus stocks of this strain
was produced using VeroE6 cells (passage history: 2 for in vivo studies). The clinical strains of the SARS-
CoV-2 BA.1 and BA.2 Omicron variants used here are respectively named 2021/FR/1514 and
2022/FR/TCO and are available through EVA GLOBAL (www.european-virus-archive.com, ref: 001V-
04653, GISAID: EPI_ISL_7899754; ref: 001V-04663, GISAID: EPI_ISL_ 11926922; respectively). The clinical
strains of the SARS-CoV-2 BA.1.1 was provided by Pr B. Lina and is named hCoV-19/France/ARA-
HCL021232176201/2021 and have been deposited on GISAID : EPI_ISL_8544750.

Virus stocks of this strain was produced using VeroE6/TMPRSS2 cells (passage history: 1 for in vivo studies).
All virus stocks were characterized by whole-genome sequencing (lon Torrent) in order to verify the
absence of additional mutations, especially in the spike-coding region. All experiments with infectious
viruses were performed in a biosafety level 3 laboratory.

Antibodies

The combination Cilgavimab/Tixagevimab (AZD7442, Evusheld, AstraZeneca) were obtained from
pharmacy of the University hospital of La Timone, Marseille, France.

In vitro experiments

In vitro 50% effective concentrations (ECso compound concentration required to inhibit viral RNA
replication by 50%) were determined as previously described (19). Briefly, one day prior to infection,
VeroE6/TMPRSS2 cells were seeded in 96 well culture plates. The next day, antibodies were diluted in PBS
with % dilutions from 5000 to 2.4 ng/mL. Twelve twofold serial dilutions of antibodies in triplicate were
added to the cells (25 pL/well). Then, 25 uL of a virus mix diluted in medium was added to the wells. The
amount of virus working stock used was calibrated prior to the assay so that the viral replication was still
in the exponential growth phase for the readout (19-22). Plates were incubated 15 min at room
temperature and then 2 days at 37 °C prior to quantification of the viral genome by real-time RT-PCR as
previously described (19-22). RT-gPCR reactions were performed on QuantStudio 12K Flex Real-Time PCR
System (Applied Biosystems) and analyzed using QuantStudio 12K Flex Applied Biosystems software
v1.2.3. Primers and probe sequences, which target SARS-CoV-2N gene, are described in Touret et al, 2022
(19). Viral inhibition was calculated as follow: 100 * (quantity mean “virus control” - sample
quantity)/quantity mean “virus control”. The ECso were determined using logarithmic interpolation after
performing a nonlinear regression as previously described (19-21, 23-25).

In vivo experiments




All experiments were approved by the local ethical committee (C2EA—14) and the French ‘Ministére de
I’Enseignement Supérieur, de la Recherche et de I'Innovation’ (APAFIS#23975).

Three-week-old female Syrian hamsters, provided by Janvier Labs (SPF status), were housed in ISOcage P
- Bioexclusion System (Techniplast) with unlimited access to food/water and 14h/10h light/dark cycle.
Wooden gnawing blocks and extra bedding materials were provided as cage enrichment. The animals were
monitored and weighed daily to detect the appearance of clinical signs of pain, suffering or distress.
Infection, nasal washes and intramuscular administrations were performed under general anesthesia
(isoflurane). Animals were infected with 3.10% TCIDso of virus (virus diluted in 0.9% sodium chloride
solution, intranasal infection with 50uL). Organs and blood were collected after euthanasia (cervical
dislocation under general anesthesia (isoflurane)).

Study design

Group size was calculated with an effect size of 2 and a power of 80%, resulting in 5 to 9 animals/group.
Sample sizes were maximized within the capacity of the BSL3 housing, and compound and virus stock
availability. A total of 146 animals were used in this study. Animals were randomly assigned to groups but
confounders were not controlled. Since, the same experimenters carried out infection/treatment/clinical
follow-up, it was impossible to perform a blind trial. Predefined humane endpoints (>20% weight loss,
moribund and a scoring >10 calculated according to a clinical evaluation scale) were set as exclusion
criteria. No animals were excluded from the study.

Organ and blood collection

Nasal washes were performed with 150ul of 0.9% sodium chloride solution and transferred into 1.5mL
tubes containing 0.5mL of 0.9% sodium chloride solution, centrifuged at 16,200g for 10 minutes and stored
at -80°C. Lung and blood samples were taken just after the animals were sacrificed. Left pulmonary lobes
were washed with 10mL of 0.9% sodium chloride solution, blotted with filter paper, weighed, transferred
into 2mL tubes containing 1mL of 0.9% sodium chloride solution and 3mm glass beads, crushed using a
Tissue Lyser machine (Retsch MM400) for 20min at 30 cycles/s and centrifuged 10 min at 16,200g.
Supernatant media were transferred into 1.5mL tubes, centrifuged 10 min at 16,200g and stored at -80°C.
Recovery of plasma: One milliliter of blood was harvested in a 2mL tube containing 100uL of 0.5M EDTA
(ThermoFischer Scientific) and centrifuged 10 min at 16,200g.

TCIDsp assay

Virus titration was performed with 96-well culture plates containing confluent VeroE6/TMPRSS2 cells
inoculated with 150uL per well of four-fold dilutions of crushed lung supernatant samples (dilutions with
medium supplemented with 2.5% FBS). After 6 days of incubation the absence/presence of cytopathic
effect in each well was read and infectious titers were estimated using the Reed & Muench calculation
method.

Real time quantitative RT-PCR (RT-gPCR) assays

For viral quantification in lungs clarified homogenates and nasal washes, nucleic acids from each sample
were extracted using QlAamp 96 DNA kit and Qiacube HT robot (both from Qiagen). Viral RNA yields were
measured using a real time RT-qPCR assay targeting the rdrp gene as previously described (26).

Quantification of Cilgavimab/Tixagevimab monoclonal antibodies in blood samples




To estimate the exposure of animals to Cilgavimab/Tixagevimab monoclonal antibodies (AZD7442), we
measured the level of human IgG antibodies directed against the S1 domain of the spike protein of the
SARS-CoV-2 using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Euroimmun). Results
were expressed in binding antibody units per mL (BAU/mL) following manufacturer instructions and
converted to pg/mL using blank plasma from untreated/infected animals spiked with known quantities of
AZD7442.

ECyo determination

We used the following non-linear function to determine the concentration/effect relationship:

v
Y Y
ECSO + CAZD74-4-2

Where VL is the lung viral load in untreated animals, Caozp7442 is the plasma concentration of AZD-
7442, ECs is the drug concentration required to decrease viral load by 50% compared to untreated
animals, and y is a sigmoidicity parameter, chosen as the one maximizing likelihood of the model. We

Y
extrapolated the ECqq using ECqy = /9 X EC}’0 . Parameters were estimated separately according to

strain, using non-linear regression. Values under the limit of detection (LoD) for lung infectious titers or
AZD7442 concentrations were imputed to this LoD, respectively 2.43 TCIDso/g and 0.54 pg/mL.

Graphical representations and statistical analysis

Experimental timelines were generated on biorender.com. Graphical representations and statistical
analyses) were realized using Graphpad Prism 7 software, except nonlinear regressions and their
corresponding graphical representations that were performed using the package nlreg, implemented in R
statistical software (http.//www.R-project.org). Statistical details for each experiment are provided in the
figure legends. P values less than 0.05 were considered statistically significant.




Results
AZD7442 in vitro evaluation against Omicron sub variants

First we evaluated, in vitro, the neutralization ability of the Evusheld cocktail against the Omicron sub
variant BA.1, BA.1.1 and BA.2 using the B.1 ancestral strain as reference. We evaluated the variants
sensibility to Evusheld with a standardized dose-response experiment developed for SARS-Cov-2 antivirals
evaluation and applied to therapeutic antibodies (Fig 1-b). Among all three sub-variants, the BA.1.1 is less
susceptible to Evusheld neutralization than BA.1 with fold change (f.c) of 91.7 and 21.5 respectively (Fig 1-
¢). This result is in line with a recent publication exploring Omicron sub variants antibody escape using
pseudo particles. Regarding BA.2 we confirmed the restoration of Evusheld neutralizing ability with an ECso
of 98.9 ng.ml? resulting in a smaller fold change (f.c~3.7) when compared to BA.1 and BA.1.1 (Fig 1-c).
Observing that BA.1 has been totally replaced by BA.2 making BA.1.1 not epidemiologically relevant we
decided to evaluate Evusheld in vivo only with BA.1 and BA.2.
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Figure 1: Genomic organization and in vitro evaluation of Omicron sub variant.

Log conc ng/ml




a) Spike substitutions in SARS-COV-2 variants Omicron BA.1, BA.1.1 and BA.2 compared to the
ancestral strain B.1. Omicron BA.1, BA.2 and BA.5 sequences used for the graphical representation are the
strains sequences used in this study. Red color indicates the mutation that is present in all strains. The blue
color indicates the mutations, which are common to BA.1, BA.1.1 and BA.2. The blue color indicates the
mutations, which are common to BA.1. BA.1.1 and BA.2.The orange color indicates the mutations that are
specific to BA.1 and BA.1.1. The green color indicates the specific mutation of BA.1.1. The purple color
indicated the mutations, which are specific to BA.2. b) Dose response curves reporting the susceptibility of
the SARS-CoV-2 BavPatl D614G (B.1) ancestral strain, and Omicron sub variant BA.1 BA.1.1 and BA.2
variant to Evusheld/AZD7742. c) Interpolated EC50 values (ng/mL) and fold change to B.1. Data presented
are from three technical replicates in VeroE6-TMPRSS2 cells, and error bars show mean +s.d.C) Activity of
therapeutic antibodies against B.1, Omicron BA.1, BA.1.1 and BA.2 variants. Interpolated EC50 values are
expressed in ng/mL. This figure was created with BioRender.com.

AZD7442 evaluation in the hamster model

We evaluated the efficacy of AZD7442 on two clinical strains, of the Omicron variant (BA.1: 2021/FR/1514
; BA.2: 2022/FR/TCO) using the hamster model and an ancestral B.1 (G614) strain as reference. Animals
received pre-exposure prophylaxis by intraperitoneal injection of 2, 4, 16 or 32 mg/kg of AZD7442. Animals
were infected intranasally (3x10* TCIDso) seven days later with the BA.1 variant, the BA.2 variant or the
G614 strain, and sacrificed at 3 days post-infection (dpi) (figure 2a).
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Figure 2: In vivo efficacy of pre-exposure prophylaxis of AZD7442 on G614 strain and Omicron BA.1
and BA.2 variants

(a) Experimental timeline (realized on biorender.com). Groups of hamsters were intraperitoneally treated with 0 (n=6
; untreated group), 2, 4, 16 or 32 mg/kg of AZD7442 (n=5 per group for the G614 strain ; n=7 per group for the both
Omicron variants). Seven days later, animals were intranasally infected with 3x10* TCIDs of virus and sacrificed at
3 dpi. (b) Lung infectious titers measured using a TCIDsg assay. Viral RNA vyields in lungs (c) and in nasal washes (d)
measured using a RT-gPCR assay. (b-d) Data represent mean = SD of individual data of hamsters. ****, *** ** gnd
* symbols indicate that the average value for the group is significantly lower than that of the untreated group with a p-
value <0.0001, ranging between 0.0001-0.001, 0.001-0.01, and 0.01-0.05, respectively. (Two-sided statistical
analysis were performed using Shapiro—Wilk normality test, Student t-test, Mann—Whitney test, and Welch’s test). (e)
Dose-response curves based on lung infectious titers were established to determine 90% effective concentrations in
plasmas of animals. Animals infected with the G614 strain, the BA.1 or the BA.2 Omicron variant were represented
in red, blue and green respectively. Clinical follow-up of this experiment is presented in Supplemental Figure 1.



In animals infected with strain G614, administration of AZD7442 resulted in a dose-dependent decrease
in infectious titers and viral RNA levels in the lungs (figure 2b-c). This decrease in infectious titers is
significant with the dose of 16 and 32 mg/kg when compared with untreated animals (p=0.0043 and
p=0.0022 respectively). For viral RNA levels, significant reduction is observed with all doses (p=0.0425 for
2 mg/kg, p=0.0468 for 4 mg/kg, p=0.0156 for 16 mg/kg and p<0.0001 for 32 mg/kg). With regard to viral
load in nasal washes, a dose-dependent reduction in the amount of viral RNA is also observed but to a
lesser extent than in the lungs. (figure 2d). It is significant with the higher dose when compared with
untreated animals (p=0.0002). Regarding the impact of AZD7442 administration on the weight of the
animals, we found that all doses induced a clinical attenuation of the disease at 3dpi (supplemental figure
1).

In animals infected with the Omicron BA.1 variant, administration of AZD7442 also induced a dose-
dependent reduction in infectious titers and viral RNA levels in the lungs (figure 2b-c). This decrease is
significant for infectious titers and viral RNA at the dose of 16 mg/kg (p=0.0115 and p=0.0088 respectively).
As with strain G614, a limited dose-dependent decrease is also observed in nasal washes (figure 2d). It is
significant with the two highest doses used when compared with untreated animals (p=0.0004 for 16
mg/kg and p=0.0006 for 32 mg/kg). As BA.1 Omicron infection has no detectable effect on the weight of
the animals in our model, the impact of AZD7442 administration on the clinical course of the disease could
not be assessed in this way. (supplemental figure 1)(27).

In animals infected with the Omicron BA.2 variant, administration of AZD7442 also induced a dose-
dependent reduction in infectious titers and viral RNA levels in the lungs (figure xxx). This decrease is
significant for infectious titers at the dose of 4 and 32 mg/kg (p=0.0008 for both) and for viral RNA at the
dose of 16 and 32 mg/kg (p=0.0229 and p=0.0002 respectively). Once again, a limited dose-dependent
decrease is also observed in nasal washes (figure xxx). It is significant with the three highest doses used
when compared with untreated animals (p=0.0311 for 4 mg/kg, p=0.0263 for 16 mg/kg and p=0.0015 for
32 mg/kg). Similarly to BA.1 Omicron, the BA.2 variant infection has no detectable effect on the weight of
the animals in our model, the impact of AZD7442 administration on the clinical course of the disease could
not be assessed here either. (supplemental figure 1)

Next, the concentration of AZD7442 in plasma was measured in animals sacrificed at 3 dpi. Variable
exposures were observed for identical doses, which may be related to the intraperitoneal route of
administration. This variability allowed investigating the relationship between animal exposure to
AZD7442 and infectious viral loads in the lungs (figure 2e). We conducted a nonlinear regression of
infectious viral titers against plasma concentration of AZD7442. It allowed estimating 90% effective
concentrations (ECqo) in plasma to reduce lung infectious titers with each viral strain: 3.8 pg/mL (95%
confidence interval (95%Cl): 0-8.8), 54.4 ug/mL (95%Cl: 0-142.4) and 18.6 pg/mL (95%Cl: 0-50.5) for the
G614 strain, the BA.1 variant and the BA.2 variant respectively, indicating a ~18 and ~5 fold change
between the ancestral and BA.1/BA.2 strain, respectively.






Discussion

Overall, our results indicate that AZD7442, when used as pre-exposure prophylaxis, has inhibitory activity
in vivo against the Omicron BA.1 variant, although this activity is less than against a B.1 G614 virus. This is
in line with previous results obtained in vitro (6-11) and a recent in vivo study in which a curative treatment
with 5mg/kg of antibody cocktail, synthesized without any modification in their Fc region, efficiently
inhibited the Omicron variant replication in lungs of hamsters (28). The U.S. Food Drug Administration
(FDA) has published pharmacokinetic data obtained after intramuscular administration of 300mg of
AZD7442 (29), the dose used successfully in the PROVENT clinical trial (NCT04625725)(30). The mean
serum concentrations peak at ~30ug/mL two weeks after dosing and remain above 12 pg/mL for more
than 150 days, with limited inter-individual variability (coefficient of variation was 25-39% even beyond
200 days after dosing). In our study, the plasma ECqy value estimated from hamsters treated preventively
and infected with the G614 strain are largely below these concentrations. In contrast, the ECq value
estimated in hamsters infected by Omicron is close to the abovementioned exposures observed in humans
after the dose of 300mg. However, the linear and dose-dependent pharmacokinetics of AZD7442 between
the 300mg and 3000mg doses suggest that the 600mg dose, currently being tested in the TACKLE, ACTIV-
2/3 and DisCoVeRy clinical trials (D8851C00001, NCT04723394, NCT04518410, NCT04501978 and
NCT04315948), may be a recourse to compensate for the diminished efficacy of this monoclonal antibody
cocktail against the Omicron variant. This increase in AZD7442 dosage has just been recommended by the
U.S. FDA for pre-exposure prophylaxis of SARS-CoV-2 infection (31).
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Supplementary Information Text
1) Data description

A- Viral load data

Ct results were transformed into logio RNA copies/mL using the relationship assessed by Pasteur
Institute for both E and RdRp genes [1].

In order to homogenize viral loads after transformations from Ct to logio RNA copies/mL, gene E
logio viral loads were converted to IP4 logio viral loads, using regression analysis coefficients
determined on patients whose RT-PCR for both genes had been performed (N=72, r=0.95, p<10
5).

Thus, the relationship between viral load transformation from E gene viral load to IP4 viral load

was:

10g10 VLips = —2,26321 + 1,1211 X (VLggene)

B- Lower respiratory tract (LRT) samples

LRT samples were available in 98 patients, and included tracheal aspirate, broncho-alveolar lavage
and bronchial aspirate (see Table S1). We compared the mortality in patients for which at least one
LRT was available and those for which no LRT data was available (Fig. S9). Finally we compared
the viral load levels in individuals having samples at the same time (+/- 2 days). In individuals
having several pairs of observations, only the first one was considered.

C- Viral load and survival
We performed a Kaplan Meier survival analysis to compare the cumulative incidence of mortality
among patient with high (>6 logio copies/mL) and low viral load (<6 logio copies/mL) at different
time points, i.e., 3, 7 and 14 days (+/- 2 days) after symptom onset. Log rank testing was used to
compare the cumulative incidence of mortality between these two groups.

2) Viral dynamic modeling
A- Mathematical models of antigen-driven immune response

We tested several models with an antigen-driven immune response, noted F. For the sake of
comparison, we used models with a similar parameterization and the same number of unknown

parameters. In all models we assumed that F was dimensionless and we fixed d=0.4 d*



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75
76

77

78

79

80

81
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Model F: Immune effector F increases the elimination of infected cells
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B. Alternative models for the time-dependent change in the elimination rate of infected cells

Model F provided the best fit to the data, suggesting an antigen-dependent effect in the loss rate of

infected cells (Table S4).

Next, we tested different other models accounting for the changes in the loss rate of infected cells
after day 12, which was the median time of antibody seroconversion. We also considered simpler

models where that F and I, were in quasi-steady state. However none of these models improved the

data fitting (SI appendix, Table S5).

Model F1. Loss rate of productive infected cells takes on a new value after 12 days post symptom

onset

dT

T BV.T
dl,
E = ﬁVlT - k11
dl,
E - kIl - 612
av,
—— = pul; —cV;

dt
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Model F2. Loss rate of productive infected cells increases continuously after 12 days post
symptom onset

The model assumed a saturation after day 30 to reflect the saturation of antibody levels over time

a1 = V:T
dl,
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dl,
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dv;
T~ PHL Vi
AV,
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Model F3: F and I, are in quasi steady-state

We studied the case where F and I are in quasi steady state (F = a X I,), assuming in addition

with 8 > F, leading to a simplification of model F as follows:

ar
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Fig. S1. Cumulative incidence of mortality according to the level of viral load at 3 (a), 7 (b)
and 14 (c) days since symptom onset.
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Fig. S2. The viral kinetic models tested.
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Fig. S3. Individual predictions of nasopharyngeal viral kinetic in the 131 patients for which

3 serial NP samples were available.
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The solid line is the individual prediction of viral load and the circles are the observed data
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Fig. S4. Visual predictive check of cytotoxic model.
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Fig. S5. Predicted time to viral clearance according corticosteroid treatment (a) or antiviral
treatment (b).
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211 Fig. S6. Cumulative incidence of seroconversion 1gG againstSARS-CoV-2 since symptom

212 onsetin 76 patients. (Blue: age < 65 year. Orange: age > 65).
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Fig. S7. Sensitivity analysis on fixed parameters.
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Estimation was performed with different value for each fixed parameter using the final model. BIC
values and estimated population median values for 8, p, §, ¢, 8 and time of infection are reported.
Colors indicate BIC or parameter values, with dark blue indicating lower values, white indicating
median values and dark red indicating larger estimated values. The reference model is k=4 d-! and
¢=10 d-!(black border). The model fit with To=1.33%10° cells.mL™, dr= 0.4 d*, n=0.0001.



225  Fig. S8. Viral load at the time of death. Left: observed viral load at the time of death (+/- 2
226  days); Right: predicted viral load at the time of death using the final model
227
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229  The dark circles and the black triangles represent the observed data and the data below the limit of
230  detection, respectively. The empty circles and the empty triangles represent the viral load data
231  predicted by the model at the time of death. Black horizontal dashed line represents threshold of
232 positive culture.



233

234

235

236

237

Fig. S9. Visual predictive check of the predicted mortality.
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Figure S10. a) Cumulative incidence of mortality in patients having at least one LRT sample
(N=98, black) and those having no LRT samples (N=557, grey). Log-rank test (P < 0.0001)
b) Correlation between NP and LRT viral load data in patients sampled on the same day

(+/- 2 days).
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245  Table S1. Linear regression analysis on the factors associated with viral load at admission.
246

Univariate analysis Multivariate analysis
Parameter Coefficient P-value Coefficient P-value
Time since -0.22 <105 -0.21 <10
symptom onset
Age >65 0.13 0.53
Male gender -0.16 0.45
ChEe eIl 0.6 0.01 0.62 0.009
disease
Chronic
pulmonary 0.15 0.65

disease




247  Table S2. Number of patients having nasopharyngeal (NP) samples or lower respiratory
248  tract (LRT) samples according to the phase of the disease.

249
Number of patients having NP samples Number of patients having LRT samples
7-14 days >14 days 7-14 days >14 days
Data points 0-7 days since since since 0-7 days since since since
available in = Symptom onset symptom symptom symptom onset ~ symptom symptom
each phase N=326 onset onset N=15 onset onset
N=371 N=222 N=46 N=65
292 289 144 13 30 21
1
(89.6%) (77.9%) (64.9%) (86.7%) (65.2%) (32.3%)
27 58 36 1 9 19
2
(8.3%) (15.6%) (16.2%) (6.7%) (19.6%) (29.2%)
4 20 23 1 7 15
3
(1.2%) (5.4%) (10.4%) (6.7%) (15.2%) (23.1%)
3 4 19
>4
(0.9%) (1.1%) (8.5%)




250  Table S3. Description of alternative models of immune response.

251
Models Description of the model Equation
Model A: TCL The model assumes a constant loss rate of dly 1 _ s
~ model (without infected cells qr - v o
immune response)
Model B: F leads The model assumes a protection of target
target cells . . dT F
refractory to cells by rendering them definitely i —BV;T — ¢F—+9T
. . refractory to the infection
infection
il ><<1 ¢F)><1 V,
Model C: F The model assumes a decrease of non- dt F+6 : ‘
decreases the rate of infectious and infectious viruses’ dViy; F
viral production production in the same fashion 7 - PX (1 Ay 9) x(1-wl,
- CVni
aTr F
Model D: F The model assumes a protection of target @ —B % (1 - ¢F—+9) x VT
decreases infection cells by decreasing infection rate, i
rate decreasing the number of infected cells G ey (1 _ ) < V.T — kI
a =P Prva)* !
inl\éll?eiilef\:/i:’:al The model assumes two mechanisms of dV; ; Vi— ¢ v
iral eliminati ——=puly —cVi— ¢V,
clearance viral elimination dt F+0
Model F: F dl,
increases the The model assumes two mechanisms of cell qr kl; =61, — ¢ Frok

clearance of infected
cells

elimination



252  Table S4. Selection procedure of longitudinal models tested.

253
254
Model BIC Residual error

Model A 4485.54 1.53
Model B 4504.24 1.54
Model C 4503.78 1.57
Model D 4488.10 1.54
Model E 4503.75 1.56
Model F 4487.59 1.45

255

256  The quality of model fit was evaluated by both the BIC and residual error for each of the models
257  tested. The model providing both the lowest BIC and the lowest residual errors was retained.

258



259  Table S5. Description of alternative models of immune response that did not include an
260  explicit antigen-dependent stimulation.

Models Description of the model Equation
. i dl
Model F with an age- 1 he model assumes two mechanisms of Yo
cell elimination gt~ =0k =¢ gl

dependent immune
response

Model F1: TCL
model with a time
dependent adaptive
immune response

The parameter ¢ is age-dependent

The model assumes a constant loss rate of
infected cells

The parameter 6 changes at time t=12
days post symptom onset to reflect
antibody increase

¢ =¢o+ ¢1I{age>65}

dl,
E = k[]_ - 512

8 = 8o + 61l time>12)

Model F2: TCL
model with a time
dependent adaptive
immune response

Model F3: Assuming
that F and I, are in
quasi steady-state at
all times (F = a X I,)
andthat 6 >>a x I,

261
262
263

264

The model assumes a constant loss rate of
infected cells

The parameter 6 increases exponentially
from t=12 days post symptom onset to
t=30 days to reflect the progressive
increase of antibody increase

The model assumes two mechanisms of
cell elimination, one linear and one
quadratic

The quadratic term ¢ is age-dependent

dl,
E = k[]_ — 6[2

6 =8 + 61 e‘3CI7W><mm((t_12)'30)1{time>12}

dl, 2
E = kll - 612 - ¢12
b=¢o+ ¢1I{age>65}



265  Table S6. Parameter estimates of alternative models of immune response.

266

Model F

Model F1

Model F2

Model F3

Longitudinal model

Fixed effect (RSE%)

B

(mL.virus™. d?)

1.46 X 107°(23.4)

1.17 x 1075 (21.2)

4.85x 107> (16.7)

2.2 %X 1075(> 100)

(virusz.)r:OL-l. d) 1.48 x 101! (26.8) 1.77 x 1011(34.3) 5.71x 10%°(31) 1.50 x 10! (33)

& (d7) 0.33 (30.0) - - 1.04 (6.5)

8, (d) - 0.13 (37.7) _ _
Bage(< 65) (d) _ 1.23 (5.8) 1.04 (6.3) -
Bage(= 65) (d) _ 0.98 (22.3) 0.82 (19.9) -

w (d) - - 0.005 (52.3) -
Page(< 65) (dY) 0.92 (8.67) - — 1.14x 1075 (14.8)
Page(= 65) (dY) 0.65 (23.3) - - 1.22x 1075(572)

6 (F.mLY 70 (80.8) - - -

Tiny (d) 4.8 (3.2) 5.8 (8.5) 6.4 (6.0) 5.15 (8.6)
Survival Model Hazard Ratio (RSE%)

Vizi:o'i‘e’:‘/dm(l'_o)gm 131 (17) 1.30 (16.1) 1.29 (19.3) 130 (15.8)

Age >65 2.58 (37.9) 2.58 (42.3) 2.58 (24.4) 2.83 (23.8)

Male gender 2.55 (25.2) 2.54 (33.1) 2.51 (42.9) 2.53 (25.6)
Chro"gﬁsi‘;'sgonary 2.31(36.8) 2.30 (30.7) 2.78 (46.5) 2.27 (32)
BIC 5441.98 5446.20 5457.06 5472.23

267  B:infection rate; &: loss rate of infected cells; w: exponential coefficient of increase immune
268  response; p: rate of viral production; ¢: maximal rate of immune cell clearance; 6: F concentration

269  giving 50% of ¢; Tin: time to infection; To: uninfected target cells at baseline; o: residual

270  variability; RSE: relative standard error; BIC: Bayesian Information Criterion

271

272



273  Table S7. Survival analysis (using an exponential model for the baseline hazard function).
274

Univariate analysis Multivariate analysis
Parameter Hazard ratio P-value Hazard ratio P-value
Obesity 1.29 0.31
Age >65 3.22 <10® 3.02 <10®
Male gender 2.55 <10* 2.63 0.0003
ChI’OI’!IC cardiac 112 <105
disease
Chronic pulmonary 3.12 <10 2.47 0.0003
disease
275
276
277

278



279 Table S8. Parameter estimates in the reference survival model and in survival models
280  assuming a hazard starting at the day of infection, day of symptom onset, 7 and 10 days of
281 infection.
282
Reference model del H1: with del H3: with del H4- with
(RSE, %): with Model H1: ywt Model H2: with Model H3: ywt Model H4: ywt
' . hazard startingat d starti t hazardstartingat  hazard starting at
niezslel Sl e day of infection azarc sarting a day 7 of infection day 10 of infection
day of admission) y day of symptom y y
onset
Male 2.55 2.49 2.47 2.47
gender (252) <0.001 22) <0.001 | 2.48(30.2) <0.001 (129%) >0.05 (33.6) 0.002
2.58 2.88 2.63 2.47
>
Age >65 (37.9) <0.001 (28.5) <0.001 2.80(23.4) <0.001 (32%) 0.002 (53.1) >0.05
Chronic
2.31 2.25 2.24
pulmonary (36.8) <0.001 (32.4) 0.002 2.23 (32) 0.002 (39.3%) 0.01 2.30 (35) 0.004
disease
Logio viral 1.05 1.21 1.35
load 1.30 (17) = <0.001 (61.5) 0.10 1.11 (50.3) 0.04 (77%) >0.05 (14.6) <0.001
-2LL 5325.26 5408.54 5387.73 5361.95 5352.26
BIC 5441.98 5525.26 5504.45 5478.68 5468.99




Annexe 5 : Matériel supplémentaire du chapitre 6
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Supplementary data

This file includes:
Supplementary Materials and Methods

Supplementary Figures S1 to S6
Supplementary Tables S1 to S6

Materials and Methods:
Plasma drug determination

Remdesivir requires triphosphorylation by intracellular kinases to be pharmacologically active. After
administration, it is metabolized into two main sub-compounds: first GS-441524, the predominant active
plasma metabolite, and then GS-443902, which is the PBMC-associated pharmacologically most active
metabolite. In a subset of patients from several centers, plasma samples were collected and centralized
to measure remdesivir and GS-441524 at day 1 for maximal concentration (Cmax) and at days 2, 5 and 8
after treatment initiation for trough concentrations (Ciougn). Both remdesivir and GS-441524 were
measured using Liquid Chromatography coupled with tandem Mass Spectrometry, after plasma

protein’s precipitation with a lower limit of quantification at 1 ng/mL.



Fig. S1. Flowchart of data selection in viral kinetic modeling

Patients included between March Patients excluded: patients
2020 and January 2021 > without viral load data available
N=832 patients N=148 patients

VIRAL KINETIC MODELING

Patients excluded: admitted > 20

. “h h | days since symptoms onset
Patlent's wit nasoP aryngea N=17 patients
viral load available

N=684 patients
‘ Patients excluded: did not receive

SoC: 339 / SoC+remdesivir: 345
at least one dose of remdesivir
l N=2 patients

Patients with nasopharyngeal
viral load available
N=665 patients
SoC: 329 / SoC+remdesivir: 336



Fig. S2. Distribution of randomization times since symptom onset. Red: patients receiving
remdesivir + SoC. Green: patients receiving SoC only.
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Fig. S3. Viral dynamics predicted by the model in time since randomization. Top: Median
predicted nasopharyngeal viral dynamics according to the time since randomization. Bottom:
Cumulative incidence of the predicted time to viral clearance. Left: Whole population. Right: Patients
with viral load at baseline > 3.5 logio copies/10* cells. Red: patients receiving remdesivir + SoC.
Green: patients receiving SoC only. The simulated individuals presented here are the same as in Figure

2 & 4, centered on time of randomization.
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Fig. S4. Nasopharyngeal viral load data in 665 patients from DisCoVeRy trial analyzed in the
present study. SARS-CoV-2 nasopharyngeal viral load according to the time since randomization in
patients admitted within the first week of symptom onset (N=210, a) and after the first week of symptom

onset (N=455, b). Data are presented as means (95%CIl). Red: patients receiving Remdesivir + SoC.

Green: patients receiving SoC only.
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AUC of viral load (logqo copies/ 10" cells)

Fig. S5. AUC of viral loads for 5000 simulated patients treated 3, 5, 7 or 9 days after symptom
onset, or left untreated. a) Whole population. b) Subpopulation with viral load at baseline = 3.5 logio
copies/10* cells. The individual parameters are identical to the ones used in Figure 2 & 4, except for the

time of treatment initiation.
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Fig. S6. Pharmacokinetic/pharmacodynamic effect. Predicted individual time to viral clearance
versus Cmax at D1 (N=17, a) and Cuougn at D2 (N=18, b) of GS-441524 in patients with viral load at
baseline > 3.5 logao copies/10* cells
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Table S1. Population parameters of models including remdesivir efficacy starting between 0 and 5 days after randomization

Tlag 0 1 2 3 4 5

Ro 102(117) 050  10.0(9.2) 050  10.6(10) 050  10.7(10.2) 050  11.1(104) 050  10.8(10.8) 0.50

p (10°virus.

cells™.dl) 1.30 (16.9) 0.32 1.4 (135) 0.31 1.20 (25.0) 0.40 1.20 (21.0) 0.40 120 (19.3) 034 1.20(19.7)  0.35

o (virusmL?)  1.14 (2.27) - 114(218) - 114(218) - 114(228) - 114(219) - 1.14(230) -

Tiag: pharmacological delay between the administration and the beginning of antiviral efficacy; R,: basic reproductive number; §: loss rate of infected cells; p:
rate of viral production; e: remdesivir efficacy; o: residual variability; RSE= relative standard error.



Table S2a. Population parameters of models including remdesivir efficacy starting between 0 and 5 days after randomization in patients randomized
<7 days since symptom onset

Tiag 0 1 2 3 4 5
RETL Random Random Random Random Random
Fixed effect m Fixed effect effect Fixed effect effect Fixed effect effect Fixed effect effect Fixed effect effect
(RSE) esféeCt (RSE) sD (RSE) sD (RSE) sD (RSE) SD (RSE) SD
Ro 17.3(19.1) 0.50 17.9 (20.6)  0.50 18.4 (30.9) 0.50 18.5 (39.6) 0.50 17.6 (22.3)  0.50 17.4 (20.6)  0.50
4 0.92(7.5) 0.92 (7.5) 0.90 (9.4) 0.89 (11.4) 0.91 (7.9) 0.93(7.4)
8,00(< 65) (d . ! ) ! ! ;
5e(<65) (@) 0.84 (91.5) il 0.84 (91.5) s 0.81 (89) = 0.80 (90) e 0.82 (89.2) Ll 0.85 (90.5) e

Bage(=65) (d7)

108 virus.
Sefls,l ;’Lr)us 236(255) 024 243(305) 025  236(209) 025  2.16(268) 029  218(338) 024  248(3L5) 0.0
p— Bp—— Py 0.36 (49.7) 18 (57.8) 14 (51.8)
£ (%) value=013 %% value=016 %' vale-ooss P iy - D[ U3
e _' e value=0.045 value=0.53 value=0.51
oirusmly)  1.11(34) - 11134) - 111(34) - 11132 — 111(35) ~ 11134) -

Tig: pharmacological delay between the administration and the beginning of antiviral efficacy; R,: basic reproductive number; 6: loss rate of infected cells; p:
rate of viral production; e: remdesivir efficacy; o: residual variability; RSE= relative standard error.



Table S2b. Parameters distribution using model averaging (Median, 95% CI) in patients randomized <7 days since symptom onset

Parameter estimates

Ro 18.09 (6.29-30.26) 0.5

P (10° virus.cell.d?) 2.20 (1.10-3.40) 1.43 (0.24-3.07)

Ry: basic reproductive number; &: loss rate of infected cells; p: rate of viral production; e: remdesivir efficacy ; *values <0 were set to 0



Table S3a. Population parameters of models including remdesivir efficacy starting between 0 and 5 days after randomization, in patients randomized
>7 days since symptom onset

Tag 0 1 2 3 4 5
Rl Random Random Random Random
Fixed effect (RSE) m Fixed effect effect Fixed effect effect Fixed effect  Random Fixed effect = Fixed effect effect
effect  (RSE) (RSE) (RSE) effect SD  (RSE) (RSE)
SD SD SD SD SD
Ro 6.74 (18.3) 0.50 6.76 (14.7)  0.50 6.92 (9.8) 0.50 6.98 (9.8) 0.50 7.77 (9.51) 050 7.50 (9.34) 0.50
8,0(< 65)
3 0.94 (5.6) 0.94 (5.5) 0.94 (5.3) 0.94 (5.2) 0.92 (4.9) 0.93 (5.0)
(sd )(> 65) 0.77 (84.5) nEs 0.77 (25.8) L 0.77 (25.4) e 0.76 (24.9) et 0.75 (25.4) e 0.76 (24.5) e
age\=—
(dh)
5
‘C’eflls‘?l ‘g,ﬂ;’s' 6.66 (84.5) 0.63 7.50(60)  0.60 6.80 (30.1) 0.62 7.00(31.3)  0.60 8.70 (20.8) 0.48 8.82(25.1) 047
g _ 52 (27.9) p- 49 (20.7) p- 51 (20) p- 41 (47.1) p- 41 (24.5) p-
& (%) D (D28 prat L e value=0.9 i value=0.9 L= value=0.7 e value=0.8 e value=0.7 et
g/irus'ml__l) 1.14 (2.8) - 1.14 (2.8) - 1.14 (2.8) - 1.14 (2.8) - 1.14 (2.8) - 1.14 (2.8) -

Tig: pharmacological delay between the administration and the beginning of antiviral efficacy; Ry: basic reproductive number; &: loss rate of infected cells; p:
rate of viral production; e: remdesivir efficacy; o: residual variability; RSE= relative standard error.



Table S3b. Parameters distribution using model averaging (Median, 95% CI) in patients randomized >7 days since symptom onset

Parameter estimates
Parameter Fixed effects (Median. 95% CI) Random effect SD (Median. 95% CI)

Ro 6.91 (4.97-8.65) 05

-1
Bage(< 65) (d) 0.94 (0.84-1.04)

H :
8age(= 65) (d) 0.77 (0.68-0.87) 0.34 (0.28-0.41)

5 \/i -1 -1
p (10° virus.cell™*.d™®) 7.1 (0%-15) 0.61 (0.03-1.19)

£ (%) 50 (16-82) 0.69 (0.05-1.41)

Ry: basic reproductive number; 8: loss rate of infected cells; p: rate of viral production; e: remdesivir efficacy; *values <0 were set to 0



Table S4a. Parameters distribution using model averaging (Median, 95% CI) in patients with viral load at admission >3.5 log:o copies/10* cells

Parameter estimates

Ro 8.68 (6.59-10.75) 05

P (10° virus.cell.d?) 3.51 (2.80-4.20) 0.11 (0.02-0.21)

Ry: basic reproductive number; 6: loss rate of infected cells; p: rate of viral production; e: remdesivir efficacy



Table S4b. Population parameters of models including remdesivir efficacy starting between 0 and 5 days after randomization in patients with viral
load at admission >3.5 logio copies/10* cells

Tlag 0 1 2 3 4 5
Random e Random Random Random
Fixed effect effect Fixed effect om Fixed effect effect Fixed effect effect Fixed effect effect Fixed effect Random
(RSE) D (RSE)  effect  (RSE) o (RSE) s (RSE) D (RSE) effect SD
SD
Ro 8.66 (11.6) 050  868(13) 050 9.63(128) 050  994(115) 050  946(11.7) 050  9.51(11.6) 0.50
8age(< 65)
4 0.70 (5.2) 0.70 (5.3) 0.71 (6.6) 0.71 (5.0) 0.74 (5.0) 0.74 (5.36)
gd )(> 65) 0.65 (63.6) 021 65605 O o065(543) 0% 0.65 (55) 023 ge7s86) %2 0.68(619) 2
age (=
@)
-
geflls(,’l 2,’,'1';“5' 3.56 (7.7) 011  349(121) 012 3.36(206) 0.3 3.50 (8.9) 0.10 3.72 (10) 008  3.53(85) 0.09
82 (9.8) 50 (62.1) 10 (128)
£ (%) ?/gl(igfl)o’_’; 2.16 p- 222 pvalue<los  3.33 _Vislu(:f)lo_4 3.09 vﬁu(g_gé o 247 - 2.64
value<10* 4 p-value= p-vaiue=o. value=0.81
oirusmLY) 109 (3.3) - 1.08(34) - 1.10 (3.4) - 1.10 (3.3) - 1.12 (3.3) - 112 (33) -

Tig: pharmacological delay between the administration and the beginning of antiviral efficacy; R,: basic reproductive number; 6: loss rate of infected cells; p:
rate of viral production; : remdesivir efficacy; o: residual variability; RSE= relative standard error.



Table S5a. Parameters distribution using model averaging (Median, 95% CI) in patients with viral load at admission < 3.5 logio copies/10* cells

Parameter estimates

Parameter

Fixed effects (Median. 95% CI)

Random effect SD (Median. 95% CI)

Ro

55.48 (11.31-110.70)

0.5

Bage(< 65) (d)
Bage(2 65) (d)

0.49 (0.40-0.58)
0.48 (0.33-0.64)

0.47 (0.38-0.55)

p (10* virus.cell.dY)

1.26 (0.025-2.61)

0.56 (0*-1.37)

€ (%)

64 (0*-1)

2.35 (0%-7.47)

Ry: basic reproductive number; §: loss rate of infected cells; p:

rate of viral production; e: remdesivir efficacy; *values <0 were set to 0



Table S5h. Population parameters of models including remdesivir efficacy starting between 0 and 5 days after randomization, in patients with viral
load at admission < 3.5 logso copies/10* cells

Tiag 0 1 2 3 4 5
Fixed effect eRfiggto M Fixed effect eRfiggto M Fixed effect eRf?ggto M Fixed effect eRfi;ggto M Fixed effect eRfiggto M Fixed effect Random
(RSE) SD (RSE) SD (RSE) sD (RSE) SD (RSE) SD (RSE) effect SD
Ro 55.3(40.1) 050  60.7(60.1) 0.50 51.2(43.1) 0.50 65.6 (92.1)  0.50 487 (36.9) 0.50 64.2 (35.3)  0.50
fgg‘;“ ) 053840) . 052(96) ..  O51(873) .,  049(936) .,  049(798) ..  048(736) .
8,0(> 65) 0.52 (640) : 0.51 (672) : 0.50 (823) : 0.48 (851) : 0.48 (318) : 0.47 (772) :
age\=—
(dh)
p (10*virus. 1.93
cells™.c) 93 (40.0) 058 21(454) 0.74 153 (43.4) 0.79 1.48 (495) 057 1.17 (425) 0.44 1.34(585) 0.44
10 (77.8) p- 11 (67.4) p- 30 (74.8) p- 49 (88.2) p- 67 (31.7) p- 62 (61.4) p-
& (%) value=1 e value=1 Ohe value=0.25 ey value=0.08 Gl value=0.013 el value=0.014 Cee
o (virusmLY)  0.97 (3.6) - 0.97 (3.6) - 0.97 (3.6) - 0.97 (3.6) - 0.97 (3.6) - 0.97 (3.6) -

Tig: pharmacological delay between the administration and the beginning of antiviral efficacy; R,: basic reproductive number; §: loss rate of infected cells; p:

rate of viral production; : remdesivir efficacy; o: residual variability; RSE= relative standard error.



Table S6. Characteristics of the population with in lower respiratory tract samples

Characteristics Patients with LRT samples
(N=120)

Male gender* 88 (72.7%)

Age* 67.5 (59-73)

Age <65 46 (38.3%)

Age >65 74 (61.7%)

Admitted in Intensive Care Units 105 (87.5%)




Modélisation de la dynamique virale du SARS-CoV-2 : Implication pour
P’évaluation thérapeutique

Au cours des deux derniéres décennies, la modélisation a largement contribué a élucider les déterminants
de l'interaction hote/pathogeéne des infections virales, a identifier les populations les plus vulnérables et a
optimiser les stratégies de traitement. Lors d’une pandémie, 'identification rapide des parametres clés de la
dynamique virale peut fournir des éléments de compréhension de I’histoire naturelle de la maladie, et répondre
a des questions essentielles telles que la pertinence de certaines stratégies de traitement. Dans le contexte du
SARS-CoV-2, le remdesivir, un médicament antiviral, a montré des résultats contradictoires entre les études
concernant 'efficacité clinique chez les patients hospitalisés. Les objectifs de cette thése étaient de décrire la
dynamique virale chez les patients hospitalisés avec le SARS-CoV-2 depuis l'infection jusqu’a la clairance vi-
rale, d’explorer le lien entre la dynamique virale et la mortalité et d’évaluer I'effet antiviral du remdesivir chez
les patients hospitalisés. Nous avons d’abord utilisé les données des écouvillons nasopharyngés des premiers
patients hospitalisés au début de la pandémie, inclus dans la cohorte multicentrique French-Covid (N=655),
puis les données de I’essai européen DisCoVeRy (N=665). Nous avons utilisé une approche de modélisation
conjointe non-linéaire pour identifier la dynamique virale comme un prédicteur indépendant de la progres-
sion de la maladie. Dans un second temps, nous avons estimé une faible réduction de la production virale
induite par le remdesivir, et que cette réduction était plus importante chez les patients ayant une charge vi-
rale élevée a ’admission. Ces travaux montrent que les molécules antivirales, a condition d’étre suffisamment
efficaces, ont leur place dans I’arsenal thérapeutique des patients hospitalisés.
Mots-clés : SARS-CoV-2; Charge virale; Modélisation non-linéaire a effets mixtes; Modélisation conjointe; Rem-
desivir; Antiviraux

Modeling SARS-CoV-2 viral dynamics : implication for therapeutic evalua-
tion

In the last two decades, modelling has largely contributed to unravel the determinants of host/pathogen
interaction of viral infections, identify the most vulnerable populations and optimize treatment strategies.
During a pandemic, rapidly identifying the key parameters of viral evolution can provide elements for un-
derstanding the natural history of the disease, and answer critical questions such as the pertinence of certain
treatment strategies. In the context of SARS-CoV-2, remdesivir, an antiviral drug, showed some contradic-
tory results across studies regarding clinical efficacy in hospitalized patients. The objectives of this thesis
was to describe the viral dynamics in patients hospitalized with SARS-CoV-2 from infection until viral clea-
rance, explore the link between viral dynamics and mortality and evaluate the antiviral effect of remdesivir
in hospitalized patients. We first used data of nasopharyngeal swabs from the first hospitalized patients at
the beginning of the pandemic, included in the multicentric French Covid Cohort (N=655) and data from the
European DisCoVeRy trial (N=665). We used a non-linear joint modelling approach to identify viral dynamics
as an independent predictor of disease progression. In a second time, we estimated a weak remdesivir-induced
reduction of viral production, and that this reduction was higher in patients with a high viral load at admis-
sion. This work show that antiviral molecules, provided that they are sufficiently effective, do have a place in
the therapeutic arsenal for hospitalized patients.

Keywords : SARS-CoV-2; Viral load; Non-linear mixed effects modelling ; Joint modelling ; Remdesivir; Antivi-
rals
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