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Résumé

Etude des interactions entre hepacivirus et hépatocytes conduisant a des perturbations
métaboliques du foie

L'hépatite C chronique est une maladie progressive du foie, entrainant la stéatose, une
accumulation anormale de lipides, ainsi qu'une cirrhose et un carcinome hépatocellulaire (CHC) a long
terme. La prévalence de ces manifestations varie selon le génotype (Gt) viral, le Gt3 étant trés fortement
associ¢ a la stéatose. Ces pathologies sont le résultat de mécanismes a la fois directs, supposés étre
principalement médiés par les protéines Core et NSSA du virus de I’hépatite C (VHC), et indirects. La
compréhension des mécanismes moléculaires mis en jeu souffre de 1'absence d'un modéle d'étude
pertinent. Un mode¢le de substitution prometteur a émergé avec la démonstration en 2018 qu’un nouvel
hepacivirus de rongeur (RHV-rn1) établit une infection chronique chez le rat.

Ce travail visait a élucider les bases moléculaires de la dérégulation des voies hépatocytaires
menant a la stéatose et au CHC, notamment les effets communs et différentiels des Gts du VHC. Dans
le premier projet, les partenaires cellulaires (IPs) des protéines NS5A et Core et les voies de
signalisation dérégulées spécifiquement ont été identifiés dans un systéme d'infection pertinent. Le
deuxiéme projet a permis de disposer d’un modé¢le animal immunocompétent, celui des rats Sprague
Dawley infectés par le RHV-rn1, pour réaliser 1'étude des désordres métaboliques in vivo.

Nous avons produit un ensemble de virus chimériques dérivés d'une souche adaptée du Gt2a
(Jad) codant NS5A ou Core d'isolats de patients de Gtl-4 pour lesquels les données cliniques étaient
disponibles, et des recombinants Jad exprimant Core ou NS5A dotées d'un tag twin-strep (ST) a des
fins de purification de complexes protéiques a partir de cellules d'hépatome humain Huh-7.5 infectées.
Les IPs ont été identifiés par nano-chromatographie liquide couplée a la spectrométrie de masse en
tandem. Les IPs forts ont été discriminés par rapport & des contréles non spécifiques avec un nouvel
algorithme que nous avons développé. A 1'aide des outils CytoScape et STRING, les voies cellulaires
en majorité enrichies parmi les 134 IPs de Core s'avérent impliquées dans la régulation de I'expression
des génes de I'héte, tandis que les 527 IPs de NS5A font essentiellement partie des voies impliquées
dans les processus métaboliques, du transport, des réponses immunes et du CHC. Nous avons ensuite
identifié¢ des IPs de NS5A spécifiques de souche/Gt, les voies de biosynthése du cholestérol et de
gluconéogenése étant enrichies principalement pour les IPs de NS5A du Gt3. Le séquencage comparé
des ARNm des cellules Huh-7.5 infectées par les différents virus intergénotypiques exprimant Core des
Gtl-4 a démontré un impact élevé de tous les virus par rapport aux cellules non infectées. Des
dérégulations transcriptomiques différentielles selon les souches/Gts ont été observées par analyse
d'enrichissement de génes.

En paralléle, nous avons développé avec succes le modele animal de substitution du VHC basé
sur des rats Sprague Dawley infectés par RHV-rn1, montrant un taux élevé d'infections chroniques et
de stéatose hépatique. Des analyses pilotes lipidomiques et métabolomiques comparatives de rats
chroniquement infectés par rapport a des rats non infectés ont révélé une gluconéogenése perturbée,
ainsi qu'une augmentation des esters de cholestérol et des diacylglycérides dans les foies infectés.

En conclusion, dans des systémes d'infection pertinents, nous avons montré que NS5A et Core
du VHC peuvent contribuer a la progression des Iésions hépatiques d'une maniére spécifique selon le
génotype viral, respectivement en interagissant directement avec des protéines impliquées dans des
voies spécifiques de I'hdte ou en dérégulant le transcriptome. Nous avons également identifié des
altérations métaboliques au cours des infections chroniques a hepacivirus dans un modele animal de
substitution, ouvrant la voie a une caractérisation plus approfondie, y compris en présence de facteurs
de comorbidité de I'hdte comme le régime alimentaire.

Mots cles : VHC, NS5A, Core, interactomique, transcriptomique, métabolisme du foie, stéatose,
carcinome hépatocellulaire, modé¢le animal, virus recombinants
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Abstract

Hepacivirus/hepatocyte interplay leading to liver metabolic disorders

Chronic hepatitis C is a progressive liver disease, resulting in metabolic disorders, such as steatosis,
an abnormal lipid accumulation in hepatocytes, and long-term complications of cirrhosis and
hepatocellular carcinoma (HCC). The prevalence of clinical manifestations varies according to hepatitis
C virus (HCV) genotypes (Gt), with Gt3 being highly associated with steatosis. HCV-induced
pathologies can be driven by both indirect mechanisms and virus-driven host deregulations, thought to
be essentially mediated by two pleiotropic viral proteins, the capsid protein (Core) and a nonstructural
protein, NS5A. A detailed understanding of the molecular mechanisms involved has been hindered by
the absence of a fully pertinent study model. A promising surrogate model emerged with the
demonstration in 2018 that a new rodent hepacivirus (RHV-rn1) establishes chronic infection in rats.

This work aimed at elucidating the molecular bases for HCV manipulation of host pathways
leading to steatosis and HCC, with a focus on the common and distinct effects of HCV Gts. The first
project targeted the identification of cellular interacting partners (IPs) of HCV NS5A and Core and
specifically deregulated signaling pathways in a relevant infection system. The second project provided
an immunocompetent surrogate animal model to focus on the study of metabolic disorders in vivo.

We generated a panel of functional recombinant viruses encoding HCV NS5A or Core of Gtl-4
within the backbone of a Gt2a highly cell culture-adapted strain (Jad). NS5A and Core sequences were
selected from clinical isolates of patients with known stages of liver damage. In frame twin strep-tag
(ST) fusion to NS5A or Core allowed affinity purification of protein complexes from infected human
hepatoma Huh-7.5 cells. IPs were identified by liquid nano-chromatography coupled to tandem mass
spectrometry. Strong IPs were discriminated with respect to nonbinding V5-tagged controls by a novel
scoring algorithm that we developed. Using CytoScape and STRING tools, the highest scored pathways
enriched among the 134 IPs of Jad Core were involved in the regulation of host gene expression, while
for the 527 Jad NS5A IPs, enrichment highlighted pathways involved in metabolic, transport, immune
system and HCC processes. We next unveiled Gt/strain-specific IPs of NS5A, with cholesterol
biosynthesis and gluconeogenesis pathways being enriched mainly in the Gt3 NS5A IPs. To further
proteomic data obtained on Core, we examined hepatocyte transcriptomic deregulations in response to
infection of Huh-7.5 cells with Core intergenotypic recombinant viruses. RNA sequencing analysis
demonstrated a high impact of all viruses compared to noninfected cells. Differential regulations by
specific strains and/or Gts were observed by gene set enrichment analyses.

In parallel, we successfully developed the HCV surrogate animal model based on Sprague Dawley
rats infected with RHV-rnl, showing a high rate of chronic infections and liver steatosis. Pilot
comparative lipidomic and metabolomic analyses of chronically infected versus noninfected rats
revealed perturbed gluconeogenesis, as well as increased cholesteryl ester and diacylglycerides in
infected livers. Moreover, the composition of cholesteryl esters, free fatty acids, diacylglycerides and
triacylglycerides was found altered by RHV-rnl infection, with a preferential accumulation of longer
fatty acyl chains in the infected rats.

In conclusion, in relevant infection systems, we found that NS5A and Core may contribute to the
progression of HCV-induced liver damage in a genotype-specific manner, by directly interacting with
proteins involved in specific host pathways or by deregulating the host transcriptome, respectively. We
also identified hepacivirus-induced metabolic alterations during chronic infection in a surrogate
hepacivirus animal model, paving the way for further characterization, including in the presence of host
comorbidity factors like western diet.

Keywords: HCV, NS5A, Core, interactomics, transcriptomics, liver metabolism, steatosis,
hepatocellular carcinoma, animal model, recombinant virus



Résumé substantiel en francais

Introduction

Le virus de I'hépatite C (VHC) est un hepacivirus humain, qui infecte globalement 1.5
millions d'individus par an. L'hépatite C chronique est une maladie progressive du foie,
entrainant une stéatose, une accumulation anormale de lipides dans les hépatocytes, ainsi que
des complications a long terme telles que la fibrose, la cirrhose et le carcinome hépatocellulaire
(CHC). La prévalence de ces manifestations cliniques varie selon le génotype viral (8
génotypes et >90 sous-types identifiés a ce jour). L'infection par le génotype 3, trés répandue
parmi les utilisateurs de drogues par voie intraveineuse (UDVI) en Europe, présente une
prévalence accrue de la stéatose de 1'ordre de 80% des infections, et l'infection par le sous-type
1b serait associée a un risque accru de développement du CHC, alors que des données cliniques
font défaut pour les génotypes 4 a 8.

Les pathologies induites par le VHC peuvent étre provoquées par une combinaison
complexe de mécanismes a la fois directs et indirects tels que 1’inflammation chronique du
foie, potentiellement aggravée par un régime alimentaire de type occidental, le diabete ou la
consommation d'alcool. Les mécanismes directs semblent principalement médiés par deux
protéines virales pléiotropes : la protéine de capside, Core, et une protéine non structurale,
NS5A, qui seraient associées a la dérégulation de multiples processus cellulaires de 1'hote,
notamment les cascades des réponses immunitaires ainsi que les voies de signalisation
métaboliques, qui pourraient étre associé¢es au développement de la stéatose, et celles connues
pour étre impliquées dans le développement du CHC. Cependant, en 1’absence de systémes de
culture cellulaire permettant I’étude des souches cliniques du VHC, ces dérégulations
spécifiques de génotype et/ou impliquant les protéines du VHC ont été principalement étudiées
dans des systémes in vitro de surexpression protéique transitoire et/ou dans des cellules non
hépatiques.

De plus, une compréhension détaillée des mécanismes moléculaires impliqués dans la
pathologie induite par le VHC est entravée par 1’absence de modéeles d’étude pleinement
pertinents, que ce soit en culture cellulaire ou in vivo. Cette connaissance reste pourtant
cruciale, méme a I’ére des agents antiviraux directs (AAD), qui peuvent actuellement guérir
plus de 95% des infections chroniques, car la clairance virale n'élimine pas toujours le risque
de progression vers des Iésions hépatiques graves induites par le VHC. De plus, le cofit élevé
des traitements ciblés et la proportion accrue d’individus infectés qui ignorent leur statut sont
des facteurs restrictifs importants qui doivent réglés avant de pouvoir envisager la diminution
drastique de 80% de l'incidence des nouvelles infections 8 VHC et de 65% de la mortalité li¢e
au VHC, objectif fixé par 1'Organisation Mondiale de la Santé a 1'échelle mondiale a 1'horizon
2030. Dans ce contexte et en I’absence de vaccin préventif contre le VHC, il reste important
de compléter nos connaissances sur le cycle viral, les interactions du VHC avec les composants
cellulaires et I'association entre la variabilité génotypique du VHC et la pathogenése.

Une découverte prometteuse a été faite en 2014 : le séquencage d'un nouvel hepacivirus
de rat, le RHV-rnl. Malgré sa forte divergence génétique par rapport au VHC, l'infection par
le RHV-rnl présente chez le rat, son hote naturel, des caractéristiques tres similaires a celles
du VHC chez I'homme, incluant un hépatotropisme, une virémie persistante détectable pendant
plus d'un an et de nombreux traits de la pathologie hépatique liée au VHC, tels que les micro-
et macro- stéatose vésiculaire, agrégation lymphoide et 1ésions épithéliales biliaires.

Dans la partie introductive du manuscrit de thése, ces informations sont développées, et
une revue plus générale de 1'état de I'art synthétise de trés nombreuses études concernant les
hepacivirus humain, VHC, et animaux, notamment le RHV, les données moléculaires relatives
au cycle infectieux du VHC, la pathogenese de I'hépatite C chronique, les modeles d'étude
disponibles et les interférences connues entre le VHC et I'hépatocyte hote.
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Objectifs des travaux de theése

Notre groupe vise a élucider les interactions moléculaires entre les hepacivirus et leurs
hoétes conduisant a des troubles métaboliques hépatiques. Ma thése est ainsi composée de deux
projets visant a €¢lucider dans des systémes d'infection pertinents les bases moléculaires de la
manipulation par le VHC des voies de signalisation de I'hdte conduisant a la stéatose et au
CHC, en mettant l'accent sur les effets communs et distincts de protéines du VHC d'origines
génotypiques diverses.

A cette fin, un premier projet a ciblé l'identification (i) des partenaires cellulaires
d'interaction (IP) des protéines Core et NS5A de virus prototypiques et de virus de différents
génotypes et (ii) des voies de signalisation cellulaires spécifiquement dérégulées. Ce projet
comprenait le développement de nouveaux outils viraux capables de se répliquer dans des
cellules d'hépatome humain et codant les protéines Core ou NSS5A dérivées de souches
cliniques de différents génotypes, isolées de patients présentant divers degrés de troubles
hépatiques. Ces modéles ont été utilisés pour 1'étude des dérégulations transcriptomiques
spécifiques de l'origine génotypique de ces protéines. La génération d'un ensemble de virus
recombinants parentaux et inter-génotypiques codant les protéines Core et NS5A respectives
fusionnées en phase avec un twin strep-tag (ST) a permis la purification par affinité¢ de
complexes protéiques impliquant d'une part Core et d'autre part NS5A, et la détermination de
l'interactome de ces deux protéines virales.

Dans le second projet, le modele animal de substitution immunocompétent basé sur des
rats Sprague Dawley infectés par le RHV-rnl, initialement établi en 2018 par le laboratoire du
Dr Amit Kapoor (Ohio State University, Columbus, Ohio, USA) a été mis en place en France
grace a son don généreux de 'ADNc de longueur génomique du RHV-rnl. Avec ce modele,
nous avons cherché a caractériser les troubles métaboliques hépatiques déclenchés par une
infection chronique par le RHV, a I'aide, dans un premier temps, de cohortes de rats de taille
limitée, afin d'établir une preuve de concept de 1'intérét de ce modele de substitution pour
poursuivre des études de physiopathologie, alors que d'autres groupes dans le monde I'utilisent
pour des études vaccinales.

Ces deux projets font partie d'études collaboratives soutenues par 1'agence ANRS | MIE,
qui devraient a terme contribuer a une meilleure compréhension des mécanismes moléculaires
impliqués dans la stéatose et le CHC induits par le VHC en lien direct avec des facteurs viraux
spécifiques et des polymorphismes génotypiques, ainsi que livrer des informations précieuses
sur l'incidence de facteurs de co-morbidité et sur la persistance potentielle des perturbations
métaboliques aprés élimination de I'hepacivirus infectant, études qui n'ont quasiment pas pu
étre abordées chez I'homme.

Matériels et Méthodes

Une partie détaillée de Matériels et Méthodes décrit I'ensemble des matériels disponibles
au laboratoire et produits au cours de ma thése, ainsi que toutes les approches méthodologiques
que j'ai suivies au cours de ces travaux ou qui ont été mises en oeuvre sur les plateformes
technologiques avec lesquelles nous avons collaboré.

Résultats

Nous avons généré avec succes par génétique inverse une série de virus recombinants
fonctionnels dérivés d'une souche du génotype 2a (Jad) hautement adaptée a la culture
cellulaire et codant les protéines Core ou NS5A de VHC de génotypes 1 a 4. Les séquences
Core et NS5A ont été sélectionnées a partir d'isolats cliniques de patients présentant des stades
connus de lésions hépatiques ou de souches prototypiques du VHC. Certains virus
recombinants (codant Core) avaient été préalablement développés au laboratoire, tandis que
les séquences consensus des protéines NSS5A ont été établies et les virus recombinants ont été
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produits au cours de ma thése apres substitution de la séquence codante de NS5A au sein de
I'ADNc du Jad par ces séquences de génotypes différents, puis transfection de cellules
d'hépatome humain avec les ARN synthétiques correspondants produits in vitro. Les virus
recombinants ont ensuite été caractérisés. Les virus intergénotypiques exprimant les protéines
NS5A hétérologues des sous-types 1a, 1b et 2a se sont avérés hautement réplicatifs, alors que
ceux exprimant les protéines NS5A des génotypes 3 et 4 ont nécessité des mutations de
compensation au sein des séquences codant les protéines non structurales NS3 et NS4B afin
d'aboutir a des virus hautement infectieux.

Des virus Jad recombinants exprimant les protéines Core ou NS5A parentales étiquetées
par l'insertion en phase d'un "twin strep tag" (ST) ont été produits a des fins de purification des
complexes protéiques impliquant ces protéines virales. Les insertions ont été réalisées pres de
l'extrémité amino-terminale de Core ou a l'une des deux positions identifiées dans le segment
carboxy-terminal de NS5A. Pour les recombinants intergénotypiques exprimant les protéines
NS5A d'autres génotypes, une seule des deux positions d'insertion était utilisable et a été
sélectionnée. Dans tous les cas, I’insertion de 1’étiquette a été un succés sans abroger la
réplication virale, la morphogenése ou altérer la localisation subcellulaire des protéines virales.

Les complexes protéiques ont alors été purifiés par affinité a partir de trois ou cinq réplicats
biologiques issus de l'infection de cellules d'hépatocarcinome humain Huh-7.5, a l'aide de billes
magnétiques recouvertes de résine StrepTactin. Les partenaires d'interaction ont été identifiés
par nano-chromatographie liquide couplée a la spectrométrie de masse en tandem (Nano-LC-
MS/MS). Les IP forts ont été discriminés par rapport a des contrdles non spécifiques étiquetés
avec un tag V5, en ayant recours a un nouvel algorithme de notation que nous avons développé
en intégrant les statistiques d'interaction par spectrométrie de masse (MiST) et I'analyse de
significativité des scores INTeractome (SAINT) a notre analyse statistique initiale "label free".
A l'aide des outils CytoScape et STRING, les voies de signalisation qui se sont avérées les
mieux notées apres enrichissement a partir des 134 IP de la protéine Core du parent Jad sont
celles impliquées dans la régulation de 1'expression des geénes de 1'hote. En revanche, pour les
527 IP de la protéine NS5A du parent Jad, l'enrichissement a mis en évidence les voies
impliquées dans les processus métaboliques, de transport, du systéme immunitaire et du CHC.
L'analyse comparative des interactomes déterminés pour les différentes isoformes de NS5A a
révélé 96 partenaires d'interaction communs a tous les génotypes, ainsi que certains partenaires
spécifiques. Nous avons en outre pu identifier certains partenaires cellulaires impliqués dans
le métabolisme de la cellules hote interagissant spécifiquement avec les protéines NS5A de
sous-type 3a associées au phénotype stéatogene, ce qui corrobore l'association observée sur le
plan clinique du génotype 3 du VHC avec une prévalence plus élevée de stéatose. Les données
protéomiques nous ont ¢galement permis d'identifier des sites de phosphorylation connus pour
le génotype 2a et utilisés différentiellement pour les protéines NS5A des différents génotypes,
ainsi que deux sites sites de phosphorylation de NS5A, qui n'ont & notre connaissance encore
jamais été décrits et qui mériteraient d'étre explorés davantage.

Pour approfondir les données protéomiques obtenues avec Core, nous avons examiné les
dérégulations transcriptomiques des cellules Huh-7.5 en réponse a l'infection par des virus
recombinants intergénotypiques exprimant des protéines Core de divers génotypes. L’analyse
du séquencage a haut débit de I’ARN a démontré un impact élevé de tous les virus par rapport
aux cellules non infectées. Des régulations communes et différentielles par des souches et/ou
des génotypes spécifiques ont été déterminées par 1'analyse d'enrichissement d'ensembles de
genes. Ce travail a révélé que les génes impliqués dans les processus métaboliques étant régulés
négativement par tous les virus recombinants exprimant Core de différents génotypes et que la
régulation négative de la majorité de ces génes était plus forte quand les protéines Core
exprimées étaient issues de génotypes autres que le génotype 3.

xiii



En paralléle, nous avons réussi a implémenter le modele animal de substitution du VHC
basé sur des rats Sprague Dawley infectés par le RHV-rnl, qui a révélé un taux élevé (> 90%)
d'infections chroniques et de stéatose hépatique. Des analyses lipidomiques et métabolomiques
pilotes comparées, avec des cohortes de taille limitée de rats chroniquement infectés par rapport
a des rats non infectés ont révélé une gluconéogenése perturbée, ainsi qu'une augmentation des
esters de cholestérol et des diacylglycérides dans les foies infectés. De plus, la composition des
esters de cholestérol, des acides gras libres, des diacylglycérides et des triacylglycérides s'est
avérée altérée par l'infection par le RHV-rnl, avec une accumulation préférentielle de "fatty
acyl chains" plus longues dans le foie des rats infectés, en accord avec des mécanismes
d'altération métabolique observés pour le VHC.

Conclusion et Perspectives

En conclusion, dans les systémes d'infection utilisés, nous avons constaté que Core et
NS5A sont impliquées dans la progression des lésions hépatiques induites par le VHC de
maniere spécifique a la souche et/ou au génotype infectant, en dérégulant, respectivement le
transcriptome de 1'hote ou en interagissant directement avec des facteurs cellulaires impliqués
dans des voies de signalisation spécifiques de 1’hote. Nous avons également identifié des
altérations métaboliques du foie induites par un hepacivirus au cours d'une infection chronique
dans un mode¢le animal de substitution, ouvrant la voie a une caractérisation plus approfondie,
y compris en présence de facteurs de co-morbidité de 1'hote, comme un régime alimentaire de
type occidental riche en sucres et en graisses. Il est important de noter que nos observations
réalisées dans le modele animal de substitution avec un hepacivirus animal sont en accord avec
celles conduites dans des cultures de cellules infectées par le VHC, validant ainsi nos résultats
et mettant en évidence certaines cibles cellulaires dont nous avons entrepris d'approfondir le
role. Il s'agit désormais d'avoir recours a des systémes encore plus physiologiques, comme les
cultures de cellules Huh-7.5 différenciées et maintenues sous hypoxie, qui recréent un
environnement se rapprochant du foie. Des études transcriptomiques réalisées dans ces
modeles cellulaires renforceront les données acquises au cours de ces travaux de thése et
pourraient dévoiler de nouvelles voies de signalisation d'intérét. Nous nous concentrons
¢galement sur la validation d'une sélection de partenaires cellulaires des protéines Core et
NS5A et sur la caractérisation fonctionnelle plus approfondie de ces interactions. Enfin, nous
attendons des études dans le modele animal de substitution du VHC qu'elles étayent la
compréhension des mécanismes plus généralement impliqués dans le développement de la
stéatopathie non alcoolique, en combinaison ou non avec l'infection virale.
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I. Introduction

I.A° Hepacivirus genus

I.A.(a) What is a hepacivirus?

Hepacivirus is the genus of lipidated enveloped viruses with spherical virions of about 40-
75nm in diameter, which are known to infect the livers of mammals'. Hepacivirus have evolved
to infect a variety of hosts including humans?, rodents®, bats®, cattle’, boars®, small primates’,
possums®, shrews’, treeshrews'’, squirrels'!, sloths'?, dogs'“and horses'*'>. They can also be
found in nonmammalian hosts (reptiles'®, amphibians'’, birds'®'*, sharks and other fish'>»*"),
as well as nonvertebrates, such as ticks’"** and mosquitos®’. No geographical restriction is
evident, since hepacivirus infections have been documented worldwide="-->=-1=> . However,
certain of these viruses are endemic in specific regions. In most instances, they cause acute
infections accompanied by liver inflammation or hepatitis. However, this is not the same in
humans, as it will be described in §1.B.(o1).

The only known human hepacivirus was also the first to be identified in 1989°°: the
hepatitis C virus (HCV). HCV has been studied widely, and our knowledge on the hepacivirus
genus comes almost exclusively from studies of this virus. Therefore, the extent and limitations
of shared attributes between HCV and the nonhuman hepaciviruses are still not fully
uncovered, especially with respect to pathology, possible virus recombination, immune
evasion, evolutionary dynamics and rate of infection.

Although HCV was the first hepacivirus to be discovered, it was not the first to emerge
and is hypothesized that it has a zoonotic origin of millions of years ago®’-**. The foundation
of this SIV/HIV (Simian Immunodeficiency Virus/Human Immunodeficiency Virus)
reminiscing hypothesis lies on the geographical circulation of HCV in areas co-populated by
Old World monkeys, humans, and apes. Convincing evidence to this remark is still missing,
but the identification of the huge animal reservoir of hepacivirus and the study of the genetic
distances and evolution among them may provide a definite answer. For the moment, multiple
evidence of hepacivirus crossing over species® and even orders*’'? favour the hypothesis of
HCYV originating from an animal hepacivirus.

I.A.(B) Classification and genetic variability

Hepacivirus are a member of the group IV Table 1: Hep'acivirus species recognized by
in the Baltimore Classification system, with [CTV and their natural host range.

their genome consisting of a single positive-
strand RNA molecule of about 10kb that

Hepacivirus species Natural host
Hepacivirus bovis Cattle

encodes the structural and nonstructural viral
proteins in a polyprotein format. Hepacivirus
classification and evolution has been studied

Hepacivirus colobi
Hepacivirus equi
Hepacivirus glareoli
Hepacivirus hominis

Non-human primate
Horse & Dog
Rodent

Human

based on the differences found in their coding | Hepacivirus macronycteridis | Bat

sequences, attributing them the following | Hepacivirus myodae Rodent

lineage: Riboviria; Orthornavirae; | Hepacivirus norvegici Rodent
Kitrinoviricota; Flasuviricetes; Amarillovirales; | Hepacivirus otomopis. Bat

laviviri Hepacivirus peromysci Rodent

Flaviviridae. o Hepacivirus patyrrhini Non-human primate

Although  hepaciviruses  were  only | Hepacivirus ratti Rodent

discovered in the past thirty-five years, their | Hepacivirus rabdomysis Rodent
Hepacivirus vittatae Bat

emergence is suggested to have happened
millions of years ago, resulting to their high diversity and variety of species®!".
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Figure 1: Up-to-date phylogenetic tree of Hepacivirus genus based on complete genomes by Li et
al.z, 2023.

The figure was used according to and is protected by Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License (CC BY-NC-ND 4.0).
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The species recognised by the International Committee on Taxonomy of Viruses (ICTV)
and their respective natural hosts are summarized in Table 1. According to this, a single species
is recognized to be infecting cattle, equine, canine, and human hosts, two species nonhuman
primates, three species bats and six species rodents, while it becomes evident that a wide variety
of hosts described in the previous paragraphs is missing from this list. In fact, there is an ever-
growing number of nonclassified hepaciviruses, probably due to the increased discovery rate
of the past years, thanks to the scientific advancements and the expanding interest in identifying
surrogate animal models for HCV.

The most recent phylogenetic tree of the Hepacivirus genus has been constructed by Li et
al.””, as shown in Figure 1. The authors have respected the most recent ICTV classification,
hence the tree branches of identified hepaciviruses without official nomenclature. Some
interesting information arising from the clustering and proposed evolution of these viruses
include the close proximity of HCV (Hepacivirus hominis) with the species infecting horses
and dogs (Hepacivirus equi). Furthermore, in accordance with previous findings*%, the
uppermost observed genetic heterogeneity across species of bat and rodent hepaciviruses
tentatively renders them a highly probable initial source of transmission among mammals®’.
However, this might simply be due to greater search in these small animal populations that are
more readily accessible. Lastly, the phylogenetically most distant viruses are the nonclassified
hepacivirus infecting the genetically most distant hosts, the poikilotherms, indicating that they
have co-evolved with their hosts. The evolution of hepaciviruses thus seems to have followed
the evolution of life.

I.B Hepatitis C Virus

I.B.(a) Hepatitis C history

Hepatitis is the medical term describing liver inflammation, often caused by viral infection.
The history of human hepatitis goes back to the ancient times, with first references of a similar
disease called “epidemic jaundice” being written by Hippocrates. However, the first report of
hepatitis being caused by a pathogen was made in 1963, with the identification of the Australia
antigen, the envelope of hepatitis B virus (HBV) *%*'. HBV infection results in chronic hepatitis
with severe manifestation in the liver. A decade later, the causative agent of an acute hepatitis,
the hepatitis A virus (HAV), was first seen under the microscope’2. One of the great differences
between HAV and HBV is the method of transmission: HAV is transmitted through infected
sources of water and food, while HBV is a bloodborne virus, transmitted through infected blood
and its byproducts.

Following the discovery of HBV, blood screening begun, in order to eliminate the
transmission of the pathogen through transfusion. However, over the following years, a high
percentage of blood recipients continued to develop hepatitis. In order to exclude the
probability of the blood being infected despite the screening, Dr Harvey J. Alter and his
colleagues tested the blood for the presence of the Australia antigen and for cross-reactivity
with HBV and HAYV antibodies. In 1975, they reported receiving only negative results, giving
rise to the nonA, nonB hepatitis (NANBH)*. In 1978, Dr Harvey J. Alter further inoculated
chimpanzees with plasma or serum from patients with NANBH and observed that they
developed hepatitis, concluding that NANBH is caused by a transmissible agent™”.

This agent was isolated and identified in 1989 by Dr Michael Houghton and his colleagues,
in a clone of a cDNA library generated from the plasma of chimpanzees presenting NANBH,
that cross-reacted with the serum of NANBH positive patients. This new agent was named
hepatitis C virus and the NANBH was then called hepatitis C2°. Towards keeping the blood
supply clean from both HBV and HCV and in order to be able to identify HCV carriers, Dr
Houghton and his colleagues also developed a diagnostic test against HCV in 1989,
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Further significant advancements in the HCV research were made in 1997 by Dr Charles
M. Rice, who, using molecular biology, achieved to clone a genome-length cDNA and
recapitulated the virus life cycle following intrahepatic inoculation of cDNA-derived, synthetic
RNAs, that caused chronic infection and similar manifestations in the chimpanzee study model,
as those observed in humans*°.

However, despite the attempts to control its transmission, HCV infection remains today
one of the main causes of chronic hepatitis worldwide. Chronic hepatitis C is a silent disease,
that takes years to manifest its symptoms, allowing the carriers to unknowingly spread the
virus. With World Health Organization (WHO) most recent report accounting for 57.8 million
infections worldwide attributed to 0.8% of Earth’s population, and over 280.000 annual
deaths”’, chronic hepatitis C is a major global health problem. Due to this, the discoveries and
advancements made by Drs Alter, Houghton and Rice, rightfully earned them the 2020 Nobel
in Physiology or Medicine. It is, though, unfortunate that the tremendous contribution of Dr
Ralf Bartenschlager in the development of HCV cell culture study systems was not equally
recognized, since highly efficient HCV therapy could not have been available today without
the efforts of him and his team in Germany.

Selected milestones of the HCV history, as will be presented in the following paragraphs,
are illustrated in Figure 25, page - 48 -.

L.B.(B) Transmission and prevention

Like HBV, HCV is mainly transmitted parenterally, meaning through contact with infected
blood. Hence, one mode of transmission is through untested blood transfusion, or unsafe
medical procedures, occurring mainly in underdeveloped countries. Nowadays, injected drug
use if considered to be the most common way of contracting HCV=%, Although less
documented, incidences of infection through sexual intercourse, during cosmetic procedures
that may lead to exposed blood (e.g. tattooing, shaving at a barber’s shop), after medical
personnel’s interaction with infected material have also been reported’”. Transmission from
infected mother to infant during labor is also rare, but has been associated to the mother’s viral
load, while the risk is doubled in mothers co-infected with HCV and HIV#%4!,

Though reduced, compared to the global prevalence of the past years, the HCV burden is
not alleviated, with a multitude of individuals either remaining chronically infected, or
becoming infected every day. Since 2016, the WHO has adopted an HCV elimination strategy,
aiming at reducing HCV incidence by 80% and HCV-induced mortality by 65% by the year
2030. This goal implies the adoption of both national and international policies and
collaboration among decision makers, health care providers, scientists, and pharmaceutical
companies.

In the absence of an HCV prophylactic vaccine, prevention relies solely on elimination of
exposure. This can be achieved by thorough testing of donated blood for HCV and other
pathogens, the sterilization of the equipment used in any medical, dental, or cosmetic
intervention that could involve blood, and the appropriate training of personnel conducting it,
as well as by managing the spread among the groups of intravenous drug users (IVDU).
However, harm reduction is not the only way to achieve exposure management. An increase in
testing, in order to identify the unaware infected individuals, and access to the available therapy
(see § 1.B.({)) would help towards reduction of the infected population, hence the pool of the
virus*.

Implementation of the WHO strategy has helped decrease the overall number of global
active HCV infections, when compared to before the WHO strategy. However, modelling
studies indicate that the reduction rate observed is not sufficient to achieve the WHO goal by
2030, with some western countries not reaching this target before 2050 and several

underdeveloped countries possibly never succeeding in this endeavor®**.
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I.B.(y) Virus particle organization, genome, and proteins

I.B.y.(@) HCV virion and structural proteins

HCV particles are comprised of the viral genome, enclosed in a nucleocapsid of no
apparent symmetry, formed by the capsid protein, or Core, surrounded by a phospholipid
envelope, in which the viral glycoproteins, E1 and E2, neutral lipids (cholesterol esters and
triglycerides), and cellular apolipoproteins (ApoB, ApoC, ApoE, ApoM) are embedded**’
(Figure 2). HCV virions are spherical, highly heterogenous particles, depending on their
association or not with lipoproteins or immunoglobulins®®. The association of HCV with
different cellular lipoproteins of diverse densities, such as low-density-lipoproteins (LDL),
very-low-density-lipoproteins (VLDL) has resulted into HCV particles of a wide range of sizes
(40-100nm in diameter””), buoyant densities and associated components®’. This heterogenous
population of HCV particles has been observed in both infected cell cultures and in patient sera
by electron tomography, cryo-electron microscopy, or transmission electron microscopy~*/2,
and is considered to affect HCV infectivity. Particles related to lipoproteins (lipo-viro-particles,
LVPs) are more infectious and constitute the majority of blood-circulating virions>*. Moreover,
LVP immunogenicity is reduced, due to their resemblance to cellular circulating lipoproteins,
and due to the decreased accessibility of anti-E2 antibodies.

. +«—Apolipoproteins C

Dimers of
glycoproteins

Viral genome

Capsid protein,
Core

Figure 2: Structural organization of the HCV particle.

(4, B) Representative electron micrographs of particles immunocaptured with anti-E2 monoclonal
antibody AR3A from the serum of an HCV-infected patient (A-B). Photos reproduced from Piver et al.,
20172 with permission from BMJ Publishing Group Ltd (License No 5612391449360). (C) The
theoretical model of the lipoviroparticle illustrating the similarities in structure and composition with
serum lipoproteins. The surface glycoproteins E1 and E2, the apolipoproteins (ApoB, ApoC, ApoE) and
the nucleocapsid composed of Core and viral RNA are shown. Adapted with permission from Lavie et
al., 2015*,

El and E2

Each viral envelope glycoprotein E1 and E2 consists of an amino-terminal protruding
region, a transmembrane domain and a carboxyl-terminal hydrophobic region, features that in
E2 are separated by an amphipathic stem helix, amounting to their computed molecular weight
of 31 kDa for E1 and 70 kDa for E2°°. Both glycoproteins are highly glycosylated, with 4-5 N-
glycosylation sites in E1 and 9-11 sites found in E2, depending on the viral genotype and/or
strain (for genotypes see §1.B.6.(i1)). Glycosylation not only protects E1 and E2 from humoral
immune recognition and neutralization®, but also ensures the proper folding of the proteins,
together with the disulfide bonds created by the cysteine residues present in their
ectodomains™’.

Of note, there are three hypervariable regions (HVR1, HVR2 and IgVR)*, differing up to
80% among HCV genotypes (see §1.B.5.(ii)), within the N-terminus of E2 with dual roles™”.
First, as exposed E2 represents an immunogenic target, HVR1, HVR2 and IgVR can function
as “decoys” and hide the most conserved regions from the host immune cells, in order to protect
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the virus against neutralizing antibodies. Second, HVRI is essential for recognition and
attachment to the host target-cell. Despite the lack of conservation in the exact residue sequence
of HVRI, the charge of the residues in certain positions and the overall conformation are
maintained®’. Entry in the host-cell is thought to be the result of coordinated action between
E2 recognition and binding to cell receptors and El-mediated fusion with the endosomal
membrane®, as further described in §1.B.(5).

E1 N-terminal odex
region

E1 stem
region

Figure 3: The structural model and 3D electron microscopy (EM) reconstruction of HCV EIE?2
heterodimer.

A pair of de novo designed helical hairpins (DHD15, PDB entry: 6DMA) was used to replace the
transmembrane domains of E1 and E2 in order to maximize the yield of E1E2 heterodimer. Three views
at different angles of the coevolution-based E1E2-DH15 structural model (low-density contour: grey
mesh, high-density contour: surface) fitted into the EM reconstruction are shown. The solved structures
of E2 (PDB entry: 4MWE, green), E1 (PDB entry: 4UOI, orange), and DHD15 (brown) are plotted
against the EM density, revealing that a significant fraction of E1 and E2 are missing in the known
crystal structures. In the high-density contour, the densities corresponding to E2, E1, and DHD15 are
colored green, orange, and brown, respectively. The structural model depicts E2 hypervariable region
2 (HVR2, blue) and E1 probable fusion peptide (magenta). Figure from Cao et al., 2019, with Creative
Commons Attribution 4.0 International License (CC BY 4.0).

To shape the viral envelope, E1 and E2 are arranged in heterodimers through their
transmembrane domains. A resolved 3D structure of the E1-E2 dimers is only available through
computational reconstruction of or in complex with neutralizing antibodies (Figure 3).
Furthermore, according to computational prediction modelling, the E1-E2 dimers may form
trimers (trimers of dimers)®, which are stabilized by disulphide bonds, and finally adopt a

conformation of twelve pentamers of trimers of dimers®*.

Core

In contrast, the 3D arrangement of Core homo-oligomers is not yet resolved. The only
available nuclear magnetic resonance (NMR) data come from a partial region, with Core still
in complex with E1l, revealing the mechanism of Core maturation through cleavage by the
cellular signal peptide peptidase (SPP)*. Immature Core protein, localized at the ER, consists
of 191 amino acid residues (aa), and requires a cleavage of its carboxyl-terminus in order to
produce its mature, active form of 173-179 residues and 21 kDa®. Mature Core can be found
on the surface of cytosolic lipid droplets (LDs), an association essential for viral replication
and HCV particle assembly™, as illustrated in §1.B.(¢).



Core is composed of two principal (D1, D2) and a provisional (D3) domains (Figure 4)
and its amino acid sequence is highly preserved across HCV genotypes®’. RNA binding and
oligomerization capacity of Core lie within its N-terminal D1 domain, a flexible hydrophilic
domain, further divided in three arginine-, lysine-, glycine- and proline-rich basic
subdomains®-®’. D1 is also essential for the mediation of Core-host interactions, as described
in §1.B.6.(i1). D2 contains residues 118-177, forms two amphipathic a-helices separated by a
highly hydrophobic loop and is responsible for Core association to LDs. More specifically, aa
138-169 are essential for Core localization at LD surface’’. Lastly, D3 is formed by the 20 C-

terminal residues of the protein, Tan—

which are responsible for its Membrane/ for callular
. . . Homotypic lipid droplet izati
retention to the ER. This region RNA binding s el PrEoplet localization of E1

contains a sequence recognized

and e by PP, sl e (Y
. 71

maturation of Core’. 82 106 117 177 191a.a

Domain 1

[ury

Figure 4: HCV Core protein
structural domains.

Figure from Strosberg et al., 201072,
with Creative Commons Attribution
3.0 Unported License (CC BY 3.0).

Domain 2

Domain 3
e

Core protein

LB.y.(1i)HCV genome

HCV genome (see Figure 5 & Figure 6), similar to that of the other species of the
Hepacivirus genus, consists of a positive single stranded RNA of approximately 9.6kb. The
viral genome serves not only as a messenger RNA (mRNA) for the translation of all the viral
proteins, but also as a matrix for the production of multiple copies of itself, during viral
replication. Furthermore, one copy of the genome is allocated per virus particle, during HCV
assembly. Due to its critical roles, the protection of the viral genome is of utmost importance
and RNA viruses have developed strategies to protect and mask their genetic material, such as
5’-capping. No such tactic was uncovered for HCV, until the publication of Sherwood et al.”*,
this year, demonstrating that in ~75% of HCV RNA the 5’end of the genome consists of a
redox-active coenzyme, the flavin adenine dinucleotide (FAD), resulting in 5’-FAD capping!
Importantly, the 5’-FAD cap was conserved across genotypes, was also identified in vivo, and
was shown to inhibit HCV recognition by the innate immunity pathway of the retinoic acid-
inducible gene I (RIG-I).

The coding sequences of the genome (open reading frame, ORF) are framed by the 5’- and
3’- untranslated regions (UTRs), which form secondary structures and are essential for virus
replication and/or assembly.

The 5’-UTR is a well conserved sequence of ~340 nucleotides forming four stem-loops (I-
IV)*. HCV genome replication and translation is dependent on regulatory elements found in
this region. Parts of stems I and II form a pseudoknot’, while stems II-IV and the first 30
nucleotides coding the capsid protein shape a type III internal ribosome entry site (IRES)”.
The IRES allows the docking of the small ribosomal subunit (40S) and is crucial for the
initiation of viral RNA translation’®. Two binding sites of miR-122, a micro-RNA expressed
exclusively in the liver’’, have been identified adjoining stem I and below stem II. Whether
one of the two annealing positions is more significant than the other is still debated”***
however miR-22 binding to both positions is essential for HCV RNA stability, promotion of
replication and translation. Additional annealing sites of miR-122 in NS5B and in the 3’-UTR
have been reported, although their relevance is still under investigation®’. Overall, the
significance of miR-122 in HCV replication and translation, taken together with the liver
specificity of the microRNA, could justify the strict hepatotropism of the virus.
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plus strand genome

Figure 5: Structure of the HCV UTRs and cis-acting replication elements (CRE) that are involved
in the regulation of genome translation and replication.

Regions of the 5"-UTR, 3'-UTR, and CRE that bind to the ribosomal 40S subunit are highlighted in light
vellow. Stem-loops (SLs) in the 5'UTR are numbered by roman numerals. The IRES includes SLs I[I-1V
of the 5'UTR but also spans into the Core coding region. The canonical AUG start codon in SL 1V of
the 5'UTR is illustrated by a black dot. The 3'UTR contains the variable region, a poly(U/C) tract (U/C),
and the so-called 3'X region including SLs 1, 2, and 3. The SL 5BSL3.2 in the 3'"-region of the NS5B
coding region is a CRE, flanked by upstream SL 5BSL3.1 and downstream 5BSL3.3. The polyprotein
stop codon is located in the SL 5BSL3.4 indicated by an asterisk. Alternative reading frame start codons
are shown in grey dots. Positively and negatively acting long-range RNA—RNA interactions (LRIs) are
shown in green or red arrows, respectively. Selected binding sites for miR-122 are shown in blue.
Binding of miR-122 within the 5'-UTR is also illustrated together with the sequence and canonical RNA
secondary structure of the HCV IRES in (B). The sequence shown is from genotype 2a (J6 isolate).
Length variations among HCV isolates are indicated by short horizontal dashes at nucleotide positions
within Core and NS5B sequences. Figure adapted from Niepmann et al., 20207, protected by Creative
Commons Attribution License.

The 3°-UTR is shorter than the 5’-UTR by approximately 100 nucleotides and is composed
of three distinct domains. A low-conservation sequence of 40 nucleotides is situated directly
downstream of the ORF, followed by a pyrimidine-rich sequence of about 90 nucleotides (poly-
U/C) and a highly conserved sequence of 98 nucleotides, forming the 3° X-tail**. Similar to the
5°-UTR, the first domains of the 3’-UTR have been found to enhance the IRES-mediated
translation®”, while the second of the three stem-loop structures within the 3°X-tail has been
found to promote genome replication in cis through interaction with the loop 5B-SL3.2 present
in the coding sequence of the HCV RNA-dependent RNA polymerase, NS5B,

L.B.y. (i) HCV nonstructural proteins

Translation of the viral genome through the IRES within the 5’-UTR generates a
polyprotein of ~3000 aa residues. The polyprotein is proteolytically cleaved simultaneously
with or directly after the translation®’, leading to the formation of three structural (Core, E1,
E2) and seven nonstructural (p7, NS2-NS5B) proteins. The structural proteins and the p7
oligopeptide are cleaved by cellular signal peptidases, while the rest of the nonstructural
proteins are cleaved by the two virus-encoded proteases, NS2 or NS3/4A, as described in the
paragraphs of the virus life cycle (I.B.(9)). The existence of an alternative ORF, overlapping
with the core coding sequence at the frame +1, has been reported following computer-assisted
analysis of the HCV genome®. This ORF may code for an accessory HCV protein, the
alternative reading frame protein (ARFP), frameshift (F) or Core+1%°. Despite the reports of



anti-Core+1 antibodies present in patient sera’’”', the expression of the protein itself has yet to
be verified in patients or in infected cells, allowing for scientific controversy in the field”2.

The structural proteins, as described in §1.B.y.(i), constitute the HCV virus particles.
Heterodimers of E1 and E2 are embedded into the HCV virion envelope, while the capsid
protein, Core, forges the viral capsid, in which the viral genome is insulated.

The nonstructural proteins are responsible for carrying out the various steps of the HCV
life cycle. Many of these proteins are involved in multiple viral processes, a multi-functionality
that can by favoured by either frequent conformational changes or by alterations in the cellular
microenvironment, involving a specific network of interactions with other viral and cellular
partners, as described in §1.B.(0).

"NS5A | NSSB |
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Figure 6: The HCV genome (a) and encoded proteins function and topology with respect to
membrane bilayer (b).

(a) The ORF of HCV is illustrated between the predicted secondary structures of 5'- and 3'-UTRs, also
called nontranslated regions (NTRs). Start and stop codons of the ORF are indicated by black bullets.
Cleavage sites of cellular signal peptidases are indicated by scissors at the corresponding ORF
position, while the cleavage removing the carboxy-terminal region of the Core, required for protein
maturation, mediated by cellular signal peptide peptidase, is indicated by an asterisk. Arrows illustrate
cleavage sites of the viral protease. (b) The key roles and membrane topologies of the HCV polyprotein
cleavage products are shown. Each HCV protein is connected to ER membranes by at least one
transmembrane segment or, in the case of Core and NS5A, by amphipathic a-helices. NS3 binds to
membranes through a short a-helix and through its cofactor, NS4A, which intercalates into the NS3
amino-terminal protease domain. Only NS5A is represented as a dimer, although the vast majority, if
not all, of HCV proteins form homo- or heterodimers. Figure reproduced from Bartenschlager et al.,
2013%, with permission from Springer Nature (License No 5633130933991).



Protein p7

P7 is a small polypeptide of 63 aa residues, localized in the endoplasmic reticulum (ER).
P7 is a viroporin, consisting of two transmembrane a-helices connected by a cytoplasmic loop.
It serves as an ion channel upon oligomerization (hexamer or heptamer) and the regions
forming the channel are highly conserved across genotypes)’’. A graphical representation of
models from NMR examination of the ion channel created by p7 of genotypes 1a, 1b and 5 can
be found in Figure 7. This protein is essential for the assembly and release of infectious HCV

particles” and can induce cellular immune responses™.

Figure 7: Representation of p7 viroporin models of GTla, 1b, or 5a (from left to right) from NMR.
Differences in conformation of p7 monomers forming the ion channel based on the genotypic origin of
the protein are shown. Reprinted from Kalita et al., 2015°7, with permission from Elsevier (Licence No:
5612020870723).

NS2

Nonstructural protein 2 (NS2) is a transmembrane protein of 217 aa residues and estimated
molecular weight of 23 kDa. NS2 amino-terminus has 3 predicted transmembrane passages
and a protruding end within the ER, while the C-terminal catalytic domain (aa 94-217) has
cytosolic localization and forms a dimeric cysteine protease with two composite active sites
(Figure 8). NS2 3D atomic structure was obtained by X-ray crystallography in 2006

NS2 role during the virus life cycle is to self-cleave from the polyprotein at the NS2/NS3

junction and to promote the assembly of viral particles™.

Protease Domain.

Monomers are in blue and red, respectively. Side chains
of the residues contributing the two protease catalytic
triads are shown. Reprint from Lorenz, 2010
Creative Commons Attribution License.

NS3

NS3 is a multifunctional protein of 631 aa residues with a predicted molecular weight of
70 kDa. NS3 has two distinct domains, with two distinct roles: the N-terminal serine protease
domain (aa 1-180) and the NTPase/RNA helicase domain in its C-terminal two-thirds (aa 181—
631). Those NS3 activities are crucial for the processing of the polyprotein, viral genome
replication and HCV assembly'’.,

To form the active HCV protease, carrying out the cleavage of the peptide bonds between
NS3/NS4A (autoregulation), NS4A/NS4B, NS4B/NS5A and NS5A/NS5B°°, NS3 creates a
noncovalent complex with its co-factor, NS4A. The amino-terminal transmembrane segment
of NS4A, together with NS3 N-terminal a-helix are responsible for the complex’ association
to ER membranes, as shown in Figure 9. NS3 protease fold resembles that of chymotrypsin,
with with two B-barrel subdomains and a zinc (Zn?") binding site. The latter is essential for the
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stabilization of the structure and for the NS2/NS3 processing by NS2'"2, The protease catalytic
triad consists of His 57, Asp 81 and Ser 139 and NS3/4A substrates are composed of an acidic
residue at P6 position, a cysteine or threonine at P1 and a small side chain amino acid at the
P1’°. However, cellular substrates of the protease do not always bear the consensus recognition
site of the enzyme, while a plethora of host proteins with the exact consensus cleavage pattern
are not cleaved by NS3/4A, indicating that additional parameters are required for determination
of NS3/4A substrate specificity. Such substrates include the cellular Toll/IL-1 receptor domain-
containing adapter inducing IFN-beta (TRIF) and mitochondrial antiviral-signaling protein
(MAYVS), which are necessary for natural innate immune responses'’! (see .B.0.(1)).

The NS3 helicase contains 3 subdomains and is a member of the DExH/D-box group of
the helicase superfamily 2. Its role is to unwind double-stranded or single-stranded RNA
regions with extensive secondary structure, while hydrolyzing ATP. The exact function(s) of
NS3 helicase remains elusive, yet it is known to be vital for HCV genome replication and
assembly'”. Reverse genetic analysis of NS3 surface residues have correlated alteration of
conserved NS3 aa residues with decreased NS5A hyperphosphorylation (see below), genome
replication and virion assembly, indicating that NS3 participates in the regulation of the HCV
life cycle and its different steps'®»'%>. A recent study further showed that the ATP-binding
domain of the NS3 helicase is required for NS5A
sequential phosphorylation, probably by recruiting
casein kinase Ia (CKIa)'%.

Figure 9: NS3/4A protease structural model and
topology.

The cytosolic side of the membrane bilayer is illustrated
on the top. Green represents the N-terminal o-helix of
NS3 (amino acids 13-23), cyan represents the serine
protease domain, while the side-chain atoms of the
catalytic triad (His 57, Asp 81, and Ser 139) are
highlighted in magenta. Co-factor NS4A is shown in
yellow/orange. Adapted from Brass et al., 2008 with
permission from PNAS. Copyright 2008 National
Academy of Sciences, USA.

NS4A

NS4A is a small protein (54 aa), which in spite of its length has multiple functions. As a
co-factor of NS3, NS4A central portion (aa 21-32) is necessary for NS3 proper folding, while
its N-terminal a-helix (aa 1-21) ensures integral membrane association of the NS3/4A protease.
NS4A is also responsible for the regulation of NS5A hyperphosphorylation (see below) and
can have an effect on HCV replication and assembly through its carboxyl-terminal portion (aa
40-54)105.109.101

NS4B

NS4B is a hydrophobic protein of 27kDa and 261 aa in length. NS4B structure, as shown
in Figure 10A, is composed of an N-terminal domain of ~70aa forming two consecutive o-
helices (AH1 and AH2), a middle potion of ~120aa with 4 transmembrane segments (TMs),
and a C-terminal domain (~70aa) similar to amino-terminus, with two a-helices (HI and
H2)M

NS4B has been found to induce the formation of the membranous web''., the site of HCV
RNA replication (see §1.B.c.(iii)) and to interact with other viral nonstructural proteins and
RNA!2, highlighting its role in HCV replicase. The N-terminus of NS4B may adopt two
different topologies, either a cytosolic, or an ER luminal. Its orientation has been found to be
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affected by the expression of other viral proteins, especially NS5A, proposing a dynamic,

protein-protein-interaction-dependent topology of NS4B AH1 and AH2'. NS4B has further

been reported to oligomerize, alterations of which are inhibiting membranous web formation

and viral genome replication'' !>, while it is also important for HCV particle assembly''°.
Apart from the virus life cycle, NS4B A

may also favor HCV immune evasion by ::::,. e - H

interaction with STING protein, further "-".av, VT N

hindering the interaction of STING with

Cardif, therefore suppressing the RIG-I

induced IFN-b pathway'. ‘

Figure 10: HCV NS4B N-terminus has dual
topology. Illustrations of the (A) cytosolic
and the (B) ER membrane topology. S
The predicted transmembrane segments (TMs) . sl R TP

2 Cytosol

ER lumen

of the protein are shown as grey cylinders. hd
Figure reprinted from Gouttenoire, 2014, Q;
Creative Commons Attribution License. 2

(W FF)J\Z

ER lumen

NSS5A

NS5A is a membrane-associated protein of ~460 aa residues, with an N-terminal
amphipathic o-helix (AH), three domains (DI-DIII), and two intermediate low complexity
sequences (LCSI and LCSII) (for review, Ross-Thriepland & Harris, 2015'%). Via its AH,
NSS5A is predominantly embedded in the cytosolic leaflet of the ER or ER-derived membranes.
NS5A has no known enzymatic activity, but has been found to be involved in several steps of
the virus life cycle, rendering it a perfect example of viral genetic economy.

Functional NS5A is a homodimer generated by the interaction of their DI domains, the
most conserved region of NS5A across genotypes, whose crystal structure was first resolved
in 2005, DI has the ability to bind RNA and, in this original structural model reported, an
RNA binding groove was formed at the interface of the DI monomers'2’. However in a NS5A
crystal structure solved later, the previously hypothesized RNA binding residues were located
within two flat surfaces that were further apart'>'. NS5A RNA binding capacity is actually not
restricted in vitro to DI and the essentially disordered DII and DIII have also been reported to
bind RNA 22, NS5A DI is involved in virus replication and can induce re-arrangements of the
ER membrane to form the HCV replication factories (see 1.B.e.(iii))'2>'2*. The reported
existence of different NS5A DI dimer conformations is suggestive of distinct NS5A roles
during HCV life cycle, an attribute further supported by the proposed mechanisms of action of
NS5A-targeted therapeutic small molecules (see [.B.C.(i1)).

DIl is largely dispensable for HCV replication, although specific residues in its C-terminus
are essential for this process'>'2°, NS5A was found to interact with Cyclophilin A (CypA),
which catalyses the cis/trans isomerization of peptidyl-prolyl bonds within domain IT of NS5A
(P319 for subtype 1b and P315 for type 2a), stimulating NS5A binding to the 3’'UTR of HCV
genome'?”. NMR experiments have revealed that CypA may influence HCV genome
replication efficiency by fine-tuning the dynamic ensemble of the disordered DIT'*, while also
revealing evidence of three a-helices formation near the NS5A carboxyl-terminus, when
expressed together with the low complexity sequences'2”. DII also contains a 39-residue region
called Interferon Sensitivity Determining Region (ISDR), which is considered to suppress the
activation of cellular protein kinase R (PKR), conferring interferon-resistance to HCV'",
Intriguingly, the most conserved region of DII among the most well-studied HCV subtypes 1b
and 2a is also located at its C-terminal part. However, despite the high conservation, mutational
analysis of these amino acids revealed different phenotypes for these viruses, possibly
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reflecting differential protein—protein interactions of NS5A proteins of this genotypic origin
with factors involved in the virus life cycle*-12,

NS5A LCSII of all genotypes contains a PxxPxR motif, allowing the protein to interact
with cellular Src homology 3 (SH3)-domain-containing proteins, such as amphiphysin II
(BINI). Amino acid substitutions within this motif abolished PxxPxR/SH3 interactions in a
subgenomic replicon system'*?, and were found to have no effect on genome replication or
virion assembly, while they inhibited the activation of a pro-apoptotic potassium channel
(Kv2.1) in response to oxidative stress, highlighting a putative role of NS5A in establishing
viral persistence**.

M Daclatasvir

Nature Reviews | Microbiology

Figure 11: Illustration of the full-length NS5A dimer associated with a phospholipid membrane and
a more detailed representation of the NS5A DI dimer structure according to data published in Love
et al., 2009'2" (PDB accession 3FQQ) (b) and in Tellinghuisen et al., 20052,

Each monomer (lilac or cyan) consists of the N-terminal amphipathic o-helix (AH; Protein Data Bank
(PDB) accession 1R7E), the highly structured domain 1 (DI; PDB accession 1ZH1) — which is shown
in position relative to a I1-palmitoyl-2-oleoyl-3-sn-glycero-3-phospholcholine membrane bilayer,
according to data published in Tellinghuisen et al., 2005 12— and the intrinsically unfolded DII and
DIII. A surface representation of cyclophilin A (CypA) in complex with cyclosporin A (CsA) is shown
on the upper left (PDB accession 1CWA), while a putative structure for CypA and its main binding site
in NS5A4 DIl is shown on the upper right. (a) The left images of panels b and c illustrate side views, and
the right images show views of the putative membrane-interacting surface of DI homodimers. The
respective positions of mutations conferring resistance to NS5A inhibitors are shown. Mutation of Pro58
has been associated with secondary daclatasvir resistance, but does not confer resistance by itself>>;
this residue is shown to distinguish the alternative monomer orientations in the different homodimer
structures. The structure of the NS5A targeting antiviral daclatasvir (see 1.B.{ (ii)), shown by stick
representation in scale, is also added. Figure reproduced from Bartenschlager et al., 2013%3, with
permission from Springer Nature (License No 5633130933991).
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NS5A DIII has no significant role in HCV genome replication, but is indispensable for
efficient virus assembly. Mutational analysis revealed that deletion of small region within DIII
and mutation of a single serine residue within this region in particular, serine 457, can abrogate
HCYV virion assembly at early assembly stages'*°.

Moreover, NS5A is a phosphoprotein existing in two forms, a basally- and a hyper-
phosphorylated one, with corresponding molecular weights of 56kDa and 58kDa,
respectively®’. NS5A basal-phosphorylation determinants cluster mainly in DII and DIII,
while hyperphosphorylation is targeting a serine rich cluster within LCSI. This latter highly
conserved cluster contains eight serine residues, six of which have been identified by mass
spectrometry as phosphorylation sites: S222, S225, S229, S232, S235 and S238 (see Figure
12). Phosphorylation of NS5A is mediated by several cellular kinases, but the two best
characterized are CKla and casein kinase II (CKII). CKla is primarily responsible for NS5A
hyperphosphorylation, while CKII phosphorylates residues within DII and DIII representing
the basal phosphorylation of the protein'**. CKII in particular is known to phosphorylate serine
457 (S457), within NS5A DIII, leading to augmented infectious HCV particle production.
S457-phosphorylated NS5A is mainly recruited to low density membrane structures around

LDs and has been associated with Core/NS5A interaction>”.

Lipid droplet binding Pl4Kllle binding
100-104 202-210
DCV resistance Cyclophilin A binding
28, 31 and 93 311-318
Tetracysteine SHS3 binding
39, 57,59 343-356
and 80
1 3;3,;1,_; v v I21 3 I250 33|8 ?52 46?7

| AH | Domain | H Domain Il H Domain lll

DI ‘ LCS 1Ii/DlNl I
CQVPAPEFF PPIPPPRRKRTVV
CQLP?PEFF APTPPPRRRR'IFVG
146 348 356
LCS ]l
GSPPSLASSSASQLSAPS GSDVESYSSM..GSWSTVSEE
G|SPP|SEA???VSIQLSIAP? PSIETG§AS|?M...GSIWSITCS|E E
222 225 228-230 232 235 238 408 412 414/5 452454 457

Figure 12: NS5A protein domain organization with a focus on positions of key interactions with
cellular protein (top) and phosphorylation sites (bottom).

The protein-protein interaction sites highlighted include the tetracysteine zinc-coordination motif
(Tellinghuisen et al., 2005'2%), specific residues implicated in daclatasvir (DCV) resistance (Fridell et
al., 2010"3), the reported lipid droplet-binding motif (Miyanari et al., 2007*%Y), PI4KIlla-binding motif
(Reiss et al., 2013'Y), the binding site of Cyclophilin A (Hanoulle et al., 2009**2) and P2 polyproline
SH3-binding motif (Hughes et al., 2009'23). Previously reported phosphorylation sites that have been
determined by mass spectrometry (in red), or predicted phosphorylation sites based on genetic evidence
in the absence of any biochemical data (in blue) are also shown for NS5A sequences of genotype 1b (J4
isolate, GenBank accession number AF054250, upper sequence) and genotype 2a (JFH-1 isolate,
GenBank accession number AB047639, lower sequence). Figure reproduced from Ross-Thriepland &
Harris, 201518, permission conveyed by Copyright Clearance Center, Inc (License ID 1403228-1).
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Both pulse-chase and mutational studies have shown that basal and hyper-phosphorylation
of NS5A occur only after the proteolytic NS4B/NS5A and NS5A/NS5B cleavages are
completed, indicating that NS5A phosphorylation in general is dependent on correct cleavage
and/or NS5A protein structure'**-*>127_ NS5A hyperphosphorylation is the result of sequential
phosphorylation of residues within DI, LCSI and DIII. More specifically, phosphorylation of
S457 is considered to be a prerequisite towards the modification of other phospho-acceptors
involved in p58 NS5A generation*®, while phosphorylation of S146 in DI is also considered
to promote NS5A hyperphosphorylation in genotype 2 HCV strains. Within LCSI, the
sequence of phosphorylation by CKla is hypothesized to commence by NS3-mediated
recruitment of the kinase and phosphorylation of S225'%, Subsequent phosphorylation of S229
triggers the phosphorylation of S232, S235, and S238'““. A negative feedback loop starts with
the phosphorylation of S235, signaling dephosphorylation of S229, putting a pause to the
hyperphosphorylation cascade'*’. Mutational analysis of these serine residues in NS5A
proteins of genotype 1, 3, 4, and 5 revealed that S>A mutation reduces p58 and enhances HCV
genome rephcatmn”\, while, surprisingly, the same mutations decreased both
hyperphosphorylation and viral replication in genotype 2 strains'**-'°%'“%, These mutations,
however, did not affect NS5A phosphorylation but rather resulted in reduced activation of the
lipid kinase phosphatidylinositol 4-kinase Illa (PI4KIIIa), whose overactivation was shown to
be detrimental to viral replication'>*. Recently, S229, S232 and S238 phosphorylation was also
found to regulate DI-mediated NS5A dimerization and HCV genome translation'”,
Furthermore, a threonine-rich cluster downstream of LCSI was found to also affect pS6/p58
balance’.

Each of p56 and p58 forms are considered to regulate either HCV genome replication or
assembly. Inhibition of basal NS5A phosphorylation in DII and/or DIII had no evident effect
on HCV RNA replication'*®, but reduced HCV virion production, while mutagenesis in DIII
reduced Core/NS5A interaction*”. These data, together with the findings by Secci et al.'**,
indicate that basal NS5A phosphorylation is essential for HCV assembly. On the other hand,
the functions of hyperphosphorylated NS5A are a subject of controversy. Phosphorylated S222
(pS222) and p58 in general are considered negative modulators of HCV genome
replication°>1>’, while other researchers claim that pS235 promotes the formation of HCV
replication complexLj and is essential for HCV RNA replication>* and Goonawardane et al.">”
report no direct effect of NS5A hyperphosphorylation on virus genome replication.

A collective conclusion could be that pS6/p58 balance might function as a regulatory
switch between RNA replication and virion assembly, with different effects for strains of
various genotypic origins. Because of this intricacy, the experimental characterization of the
diverse NS5A functions is extremely challenging. Although the exact mechanisms for this
multifunctionality of NS5A remain unknown, recent evidence show that the NSS5A
phosphovariants interact with distinct host cell components'®’.

NS5B

The last protein to be encoded in the HCV polyprotein format is the RNA-dependent RNA
polymerase (RdRp), NS5B. NS5B consists of 591aa and has an estimated molecular weight of
66 kDa. The N-terminal 530 aa of the enzyme form its catalytic domain, which is linked by 40
aa with the carboxyl-terminal membrane anchor a-helix of the protein (aa 570-591)'°". HCV
RdRp is responsible for the synthesis of positive HCV RNA strands, as well as of the
intermediate negative copies'**

Similar to the RdRps of the other member of the Flaviviridae family, HCV NS5B
comprises a highly conserved GDD motif in its catalytic domain and an overall structure of
subdomains resembling a right palm with fingers and a thumb'®® (Figure 13). The enzyme’s
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active center is represented by the palm, while the thumb and fingers regulate the interaction
with the viral RNA substrates'**.

Due to its crucial role in HCV replication, NS5B constitutes the perfect target for anti-viral
drugs (see §1.B.(() for more information).

Figure 13: Illustration of the full-length NS5B
(Protein Data Bank accession 1GX6) and its topology
with respect to a membrane bilayer via its C-terminal
transmembrane tail.

The finger, thumb and palm subdomains are indicated,
with the p-loop shown in orange. The C-terminal
linker sequence (grey) links the enzyme's core to the
membrane insertion anchor (magenta). Two priming
nucleotides (vellow) highlight the active site. The
RNA-binding groove is masked in this predicted closed
conformation by the NS5B ectodomain, which stacks
to the membrane. Figure reproduced from
Bartenschlager et al., 2013%, with permission from
Springer Nature (License No 5633130933991).

I.B.(6) Heterogeneity and Prevalence

[.B.3.(1)) HCV Global Prevalence

HCV infection constitutes a pandemic spread across all continents. However the burden
of hepatitis C is unevenly distributed across and within continents, geographic regions and
countries. HCV prevalence is low in the developed countries of Europe and North America,
while the higher percentages of highly affected countries are located within Asia and Africa,
as shown in Figure 14A. Since 2015, and stably every year, the countries with the highest HCV
distribution have been Pakistan, China, and India, with almost 10, over 8 and over 5 million
chronic infections recorded, respectively (Figure 14B).

Until 2016, the country following these three in total number of infections was Egypt,
which in 2008 had the highest global prevalence of HCV in percentage (15% of Egypt
population was HCV seropositive). Now, despite Egypt still being in the top 20 countries in
total number of infections, the national HCV prevalence has been decreased to below 0.4%,
nominating it one of the few countries that might actually achieve the goals set by WHO for
2030. Egypt’s success story relies on important initiatives embraced by the government, such
as the establishment of the National Committee for the Control of Viral Hepatitis (NCCVH) in
2006, the launch of the national treatment program with direct antiviral agents (DAAs) in 2014
and the adoption of a national screening program in 2018. These efforts, however, would not
have prospered without the significant contribution of pharmaceutical companies developing
the highly efficient and extremely expensive DAA drugs against HCV (see §1.B.(C) for virus
treatment options). In an unprecedented token of humanity, John Martins, the then CEO of
Gilead, the big pharma in charge of production and distribution of these new drugs, accepted
not only to distribute the pills in almost 1/100% of the initial price to low-income sub-Saharan
African countries, but also to waive patent protection of the product in the area, allowing other
companies to manufacture and distribute the therapy at the same low price. Overall, the
example of Egypt shows that HCV elimination is achievable in a welfare state with the
coordinated efforts of all actors responsible and benevolence as a guide (for a review see
Waked, 2022'%).

-16 -



L.B.3.(1i) HCV heterogeneity and distribution

Isolation of the virus from around the globe and analysis of its genomic sequence revealed
substantial nucleotide sequence variability throughout the viral genome. This evolutionary
advantage of RNA viruses usually arises from exerted pressure by the host’s immune system
and the combination of high replication rates of the viral genome, together with errors made
by the RdRp lacking a proofreading capacity'°®. The mutation rate introduced by HCV NS5B
per replicative cycle is estimated at 3.5x1071%7,

A Hepatitis C Viremic Prevalence — 2023 B ..

Total Infection:

- United States
6 - Indonesia
7 . Nigeria
8 - Ukraine

£ 4 o [ vvenistan
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Figure 14: HCV viremic prevalence (A) and top 20 countries/territories with most HCV infections
(B) in 2023.

Adapted from CDA Foundation's Polaris Observatory, 2023 [updated Aug 21 2023]. Available from
https://cdafound.org/polaris/ (Accessed 24/08/2023).

In the interest of organisation and simplification of future epidemiological and
phylogenetic studies of HCV, Simmonds et al. proposed an HCV classification system in 1994.
According to this system, variants with analogous sequences were grouped together in
"genotypes", while groups of variants with more similar sequences within these genotypes
were grouped into individual “subtypes™. The adopted nomenclature followed the
chronological order of discovery, staring with the classification of the strain identified by Choo
etal., in 19892° in genotype 1, subtype a, or subtype 1a. The strains considered for classification
of a novel geno- or sub-type have some common characteristics, such as formation of a distinct
phylogenetic group, representation by at least three isolates of unrelated epidemiology and
absence of recombination (see [.B.5.(iv)). Today, HCV is classified in 8 genotypes, differing
by 30% or more among each other, and 93 recognized subtypes, with a nucleotide sequence
divergence below 15% among the members of each subtype'®>"Y ( Figure 15). The genotypic
and subtypic differences among the different HCV strains are defined within the conserved
sequences of the 5°-UTR, the 98 nucleotides of 3’-UTR, the Core or the NS5B coding
sequences .

In contrast to these conserved sequences, the viral genome also comprises some sequences
of high variability, such as those encoding the hypervariable region 1 (HVR1) within E2 amino
terminus and NS5A"!. NS5A varies up to 50% at the nucleotide level and by ~20 aa residues
in length, notably in DII-III. Interestingly, NSSA AH, DI, DII and LCSI are all indispensable
for HCV genotype 1-7 genome replication, while mutations in LCSII and deletions in DII and
DIIT have been found to cause genotype-specific effects, such as reduced RNA replication
and/or viral titers, indicating functional diversity among the NS5A protein of diverse genotypic
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origin'”2, HCV heterogeneity affects to a great extent the virus-induced pathology (sce 1.B.(61))
and the response to some treatment regiments (see [.B.C.(i1)).
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Figure 15: Phylogenetic tree of the 93 identified HCV strains as of March 2022.
Figure from International Committee on Taxonomy of Viruses'®. CC BY-SA 4.0 license.

Matching the imbalanced distribution of HCV infections across the globe, genotype and
subtype distribution also varies, as shown in Figure 16. Genotypes 1-3 circulation is not
restricted, while genotypes 4-7 are mostly found in distinct geographical areas of the African
and Asian WHO region'”®. Genotype 8 was identified only 5 years ago in the plasma of four
patients originated from Punjab, India'”*. Almost half of the global infections occur by strains

of genotype 1, while genotype 3 is the second most prevalent'”.
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Figure 16: Global distribution of HCV genotypes.
Figure from Cuypers et al, 2016"% with permission from John Wiley and Sons (License No
5615300718825).

1.B.8.(iif) HCV quasi-species

The same mechanisms that are responsible for HCV evolution and genotypic divergence,
i.e. high replication rates, NS5B introduced mutations and pressure by host immunity, are also
liable for the development of a high number of close related, yet distinct HCV RNA sequences
within one host, called “quasi-species”. This term was first introduced in 1977 in an attempt to
mathematically model and predict the evolutionary process of primitive life forms'”’. Since
then, it has been found and extensively studied in viruses, which usually differ by no more than
1-3%. The sequences of the different quasi-species found in an organism verge to a consensus
sequence, which may, at times, be nothing but a nonexistent, averaged creation of the alignment
of the different mutated sequences.

The accumulation of these mutation might have either a detrimental or an evolutionary
advantageous effect on the virus. If the mutations occur in genomic sequences of great value
for viral functions (e.g. replication, translation, particle production), or if the mutation rate is
increased, deficient genomes are produced. Intracellular accumulation of deficient genomes
has been shown for other viruses to be attenuating, either due to the inability of the virus to
retain genetic information or due to increased probability of the viral genome to be sensed by
the immune system (reviewed in Domingo et al., 2005'”* and Borderia et al., 2016'”). On the
other hand, a few mutation in less conserved sequences may increase the adaptation of the virus
and provide an escape mechanism from immune sensing'®’ and antiviral factors'®..
Furthermore, this attribute of HCV increases the difficulty in vaccine development attempts.

1.B.5.(iv) Natural HCV recombination

HCV evolution is additionally promoted by viral recombination, i.e. the formation of
chimeric viruses comprising genomic sequences of distinct phylogenetic origin. HCV
recombination was first reported in 2002. Today, 14 natural HCV recombinants have been
reported bearing sequences of either different HCV genotypes (intergenotypic recombination)
or of different HCV subtypes (intragenotypic recombination).
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A necessary event for recombination to occur is a simultaneous infection of a host-cell
with two different viral strains. For some RNA viruses, HCV included, infected cells have been
shown to become refractory to subsequent infection of the same or related virus species
(superinfection exclusion)'* severely limiting the possibility of finding two viruses in the same
cell. Nonetheless, superinfection has been detected in HCV patients receiving blood donation,
undergoing haemodialysis, organ transplantation or using drugs intravenously'***'*> In vitro
studies have further demonstrated that HCV co-infection of a cell is possible when it is
simultaneous, while a pre-infected cell is resistant to another infection'“. Additionally, 18%
of chronically infected patients have been found to host recombinant viruses'*’.

Most of the natural HCV chimeras include sequences of genotype 2 genetic origin,
suggesting the putative existence of genotype-specific elements that could stabilize or favor
the functionality of recombinant viruses. The process of recombination takes place during the
simultaneous replication of two viral genomes, as the RdRp exchanges RNA matrices in frame,
leading to the formation of complementary hybrid strands'®®. Usually, the recombination
occurs at the NS2/NS3 junction, resulting in a replication-necessary fraction of one
strain/genotype and a structural fraction of another'®”. This is also the case for the only actively
circulating chimera, encoding the structural genes of a subtype 2k strain and the nonstructural

genes of a subtype 1b strain. This virus has been isolated from patients in Austria'”’, Georgia'”',

the Netherlands'”?, Cyprus'”, France'”, Uzbekistan'” and Ireland'“°. Interestingly, all the
circulating 2k/1b chimeras have originated from the same strain, identified in 2002 in St
Petersburg'”’.

For the time-being, HCV chimeras are being characterized and studied, but not classified,
since this would require identification of the exact junction point between the two strains

combined in each chimera!’’.

I.B.(¢) Virus life cycle

Although significant advancements have been made in the characterization and resolution
of crucial steps of the HCV life cycle, certain aspects remain elusive. A simplified view of the
main steps of the viral life cycle is illustrated in Figure 17. HCV entry, genome translation,
formation of the replication factories, genome replication and particle assembly are described
in the following paragraphs with an emphasis on the roles of lipids in these steps.

I.B.e.(i) HCV entry in hepatocytes

As a hepacivirus, the main target of HCV are the liver cells. Following HCV parenteral
transmission, as described in [.B.(3), viral particles circulating in host’s blood may cross the
endothelium of the hepatic sinusoid cells and end up in the space of Disse. There, HCV
particles are exposed to the basolateral pole of hepatocytes and can infect them through the
“cell-free” HCV entry process. However, viral persistence is also achieved thanks to cell-to-
cell transmission of HCV from an infected hepatocyte to adjacent ones. The cell-free HCV
entry will be described below, while highlighting the common and discrete aspects with
comparison to cell-to-cell transmission.

HCYV entry consists of three key steps: (1) viral attachment to the hepatocyte, (2) cellular
receptor-mediated endocytosis of the viral particle, and (3) endosomal fusion for the release of
the viral genome (Figure 18).

As described in §1.B.y.(i), HCV particles circulating in the bloodstream are coupled to
lipoproteins, hence the low-density lipoprotein receptor (LDLR)'*, glycosaminoglycans such
as heparan sulfate proteoglycans (HSPGs)”” and Scavenger Receptor class B type 1 (SR-B1)>%Y
have been found to contribute to viral attachment. Additionally, cholesterol transporter
Niemann-Pick C1-like 1 (NPC1L1) has also been found to be involved in HCV entry, although
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its exact role remains evasive’’!. These factors are likely contributing to cellular HCV
transmission as well*’2, SR-B1 seems to be promoting a modification of the lipid profile of the
LVP, allowing the interaction of SR-B1 with the HVRI1 of E2, further exposing the domain of
E2 interacting with cluster of differentiation 81 (CD81). E2 interaction with CD81 and
epidermal growth factor receptor (EGFR) leads to translocation from the hepatocyte basolateral
membrane to the tight junctions and association of CD81 to tight junction protein claudinl
(CLDN1)2%, while occludin (OCLN) is also essential for HCV entry2’*. Other host factors,
such as protein kinase A (PKA) and ephrin type-A receptor 2 (EphA2), are also known to
promote this association, both in cell-free and cell-to-cell related HCV entry?’>2"°, However,
CDS8I presents an example of a factor that is not essential for cell-to-cell transm1ss10n2ﬂ.
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Figure 17: Main steps of HCV life cycle and targets of therapeutic regimes.
Reprinted from Pietschmann & Brown, 201928 with permission from Elsevier (License No:
5614301403047).

Viral internalization is dependent on plasma membrane rearrangements, leading to
clathrin-mediated HCV endocytosis. Cellular factors, namely phosphatidylinositol 4-kinases
type III alpha (PI4KIIla) and beta (PI4KIIIB) have been suggested to affect membrane
remodelling and HCV trafficking during entry in a genotype-specific manner””. Following
endocytosis, E2 and E1 heterodimerize promoting fusion between the viral envelope and the
endosomal membrane. The viral fusion is promoted by acidification of the endosomal lumen
by V-type ATPases, while the endosomes containing the virus are transported into the cell by
cellular microtubules. Cellular factors, such as EGFR and EphA2 may also contribute to HCV
fusion?. Lastly, the virus capsid disassembles, and releases the viral RNA in the cytoplasm,
allowing the initiation of translation and replication.
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Figure 18: Schematic representation of the HCV LVP “cell-free” entry process from cell attachment
to genome cytoplasmic release.

Interaction with cellular glycosaminoglycans (GAG), LDLR and SR-BI, promotes HCV binding to
CD81 and EGFR activation (1). HCV/CDS81 coupled to EGFR are translocated to the tight junctions,
where CD81 interacts with claudinl (CLDNI). Internalization is completed by clathrin-mediated
endocytosis (3-4), while the viral genome is released in the cell via a pH-dependent membrane fusion
mechanism, mediated by the viral glycoproteins E1 and E2 (4). Figure adapted from Colpitts et al.,
202022, Creative Commons Attribution License.

I.B.e.(i) HCV genome translation

Upon release in the cytoplasm, the (+)ssRNA genome of HCV serves directly as an mRNA
to produce the viral polyprotein. As described above, the 5’-UTR of HCV forms an IRES,
allowing the docking of the 40S subunit of the ribosome?'". Towards ribosome assembly, the
cellular factors eIF2, elF3 and RNA initiation factors (tRNA) are required*'?. These are
successively recruited to the IRES. Binding of miR-122, as previously described, initiates the
recruitment of translation initiator factors elF2 and elF3. The pre-initiation complex (48S) is
formed by elF3 and elF2 in complex with the methionine-tRNA and a guanosine triphosphate
(GTP) molecule. The 80S functional ribosome is formed by the recruitment of the 60S
ribosomal subunit, following the hydrolysis of eIF2-GTP and eI[F5B-GTP by elF5. During this
process elF2 and elF3 disassociate from HCV IRES?%2“, Met-tRNA is then placed at the P
ribosomal position, signaling the initiation of protein elongation.

The N-terminal part of the viral polyprotein is directed to endoplasmic reticulum (ER)
lumen by four signal peptides present within C-E1-E2-p7 coding sequences. There, the
polyprotein is subjected in meta-translational modifications, towards release of functional
HCV proteins. It is co-translationally cleaved by cellular signal peptidases (SP), catalysing the
cleavage at Core/El, E1/E2, E2/p7, and p7/NS2 junctions. NS2 self-cleaves at the junction
with NS3, the release of which initiates its serine protease activity. NS3, while still C-
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terminally associated with its cofactor NS4A, cleaves sequentially the NS5A/NSS5B,
NS4B/NS5A, and NS4A/NS4B junctions. The NS4B/NS5A cleavage site in particular seems
to be cleaved in two paces, either rapidly, attested by the early detection of NS4A/NS4B
precursors, or more slowly, with a half-life of ~1h, supported by the detection of a stable
NS4A/NS4B/NS5A>212,

Released mature viral proteins are retained at the ER through a process mediated by
geranylgeranyl pyrophosphate, a product of cholesterol biosynthetic pathway whose role in the
association of HCV proteins with the membranes is largely dependent on cellular fatty acid
contents of the cell?'“?'/, HCV ER-integrated envelope proteins are in the ER lumen, the
nonstructural proteins are oriented towards the cytosolic face, while Core and NS5A are not
solely localised in the ER. Core requires an additional cleavage of its transmembrane segments
retaining it at the ER, by cellular SPP, towards protein maturation. Mature Core is mainly found
in association with cytosolic LDs”". Lipid droplets are lipid storage organelles consisting of a
hydrophobic core of neutral lipids and cholesterol esters, surrounded by a monolayer of
phospholipids. Core localization at the LD surface is a prerequisite for assembly of virions®%.
NS5A has a peculiar subcellular localization and can either remain anchored at the ER, in order
to assist HCV genome replication, or be found in close proximity to LDs, probably to further
HCYV particle assembly (for review see He et al., 2006>"7).

I.B.e.(iii) Formation of the HCV replication factories

Viral replication is the next stage of the viral life cycle. HCV transcription and replication
take place in a “replication niche”, within the membranous web. The membranous web is
generated by HCV-induced remodelling of the ER, forming mainly double membrane vesicles
(DMVs). These alterations have been described within hepatocytes from either patients or
chimpanzees infected with HCV and constitute typical replication sites of (+)RNA viruses?".

Their formation confers a micro-environment protected from RIG-I and MDAS
(melanoma differentiation-associated protein 5) immune system sensing?’!, nucleases, and
proteinases’*?, in which the local concentration of the factors necessary for HCV genome
replication is increased, further boosting RNA replication efficiency. Moreover, this spatial
separation of viral proteins and cellular components may aid in the coordination of the different
stages of the viral cycle.

The exact mechanisms of the membranous web biogenesis are undetermined, yet kinetics
of DMV formation has been correlated with HCV RNA replication during cell infection. The
expression of NS3-NS5B subgenomic replicon (see §1.B.1.(i)) has been found sufficient to
induce these alterations in ER organization’’. Experiments of independent expression of each
nonstructural protein have shown that NS4B alone can cause the formation of a membrane
network resembling that observed in infected cells. However, NS4B was found to provoke the
formation of single-membrane vesicles instead of DMVs. On the other hand, although not
highly efficient, NS5A alone could lead to the appearance of DMV structures’?’, while
mutagenesis and/or deletion of NS5A a-helix and possibly DI would abrogate DMVs
formation, in the context of NS3-NS5B expression without RNA replication'**. Importantly, if
the cleavage of the polyprotein at the NS4B/NS5A junction is too fast or if the synthesis of the
NS4B-NS5A precursor is prevented (e.g. insertion of an IRES), the formation of DMVs is
reduced or completely perturbed, respectively, demonstrating the importance of the
NS4B/NS5A precursor in the DMV biogenesis'?*. This study by Romero-Brey et al. also
highlighted the role of NS3 in this process. Furthermore, the observed compensatory mutations
in the NS5A coding sequence, in response to mutations introduced into the sequence of NS4B,
suggest a further coordinated role between these two proteins?>*'",
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Nevertheless, the effect of viral protein expression in ER rearrangement is bolstered by
cellular factors. The most well described roles of host proteins aiding DMV formation are those
of the prolactin regulatory element-binding protein (PREB), and a variety of factors involved
in lipid metabolic processes, such as sphingomyelin (SM), oxysterol-binding protein (OSBP)
and PI4KlIIoa.
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Figure 19: HCV-induced formation of double-membrane vesicles (DMVs) and multimembrane
vesicles (MMV’s) following subversion of host lipid homeostasis.

In the left panel a representation of an uninfected hepatocyte is shown, with decreased
phosphatidylinositol 4-phosphate (PI4P) and cholesterol levels. In the right panel a model of HCV-
subverted host cell proteins and lipids is shown with respect to DMV/MMYV formation. PI4Kllla
interacts with NS54 and NS5B to induce elevated levels of PI4P (1), which in turn induce the
recruitment of oxysterol-binding protein (OSBP). OSBP recruitment, further facilitated by NS5A
interaction with VAPA and VAPB (2), also delivers cholesterol to the remodelled membranes. Inside the
enlarged DMV on the right, the replication complex of HCV is depicted, consisting of the viral genome
and the nonstructural proteins NS3-4A (in grey-blue-orange), NS4B (in green), NS5A (in purple) and
NS5B (in red). Illustration reprinted from Paul et al., 201422, with permission from Elsevier (License
Number 5644900180336).

PREB expression has been reported to be induced by HCV infection in vitro and in vivo,
while the protein had been was found to interact with the central portion of NS4B. Inhibition
of this interaction demonstrated the importance PREB in the formation of the membranous web
and the maintenance of its structural integrity?*°.

The first steps of SM biosynthesis in the ER give rise to ceramide, which is then transferred
to the Golgi apparatus by ceramide transfer protein (CERT). There, ceramide is converted to
SM. Reduced SM biosynthesis, induced by either inhibitors or by knockout (KO) of CERT,
leads to observed low numbers of DMVs and decreased viral genome replication in HCV-
replicon transfected human hepatoma cells. SM supplementation or CERT expression reverted
the phenotype, only when CERT mutants that were able to associate with the vesicle-associated
membrane protein-associated protein (VAP) or phosphatidylinositol 4-phosphate (PI4P) were
used. These findings suggest that SM is important for the HCV-induced ER deregulations,
while VAP and PI4P are essential for virus replication’”’.

The PI4P phospholipid is physiologically transferred from the Golgi apparatus to the ER
in a counter-exchange of cholesterol transportation from the ER to the Golgi apparatus by

-4 -



OSBP. OSBP is hijacked by PI4KIIIo recruitment to DMVs?*, leading to increased PI4P levels
at HCV replication sites”?”. This process is regulated by PPIs between the viral NS5A protein,
OSPB% and PI4KIIlo?*'. As expected, OSBP/PI4KIIla depletion significantly alters HCV-
induced DMV structure, with clusters of smaller diameters being observed. Of note, NSSA
interaction with PI4KIlla has a dual role in HCV replication, since it prevents NS5A
hyperphosphorylation by CK-Ia, leading to an abundance of the RNA replication associated
p56 form of NS5A L% In fact, NS5A seems to play a major role in HCV genome replication,
not only as a co-factor of the replication complex, as described below, but also as a key
regulator of PI4P levels in the DMVs. This is coordinated, not only by the mechanism described
above, but also by interaction of NS5A with ADP-ribosylation factor GTPase-activating
protein 1 (ARFGAP1), a central player of cargo sorting in coat protein complex I (COPI)
transport>*2. COPI is a highly conserved pathway of protein and lipid trafficking between the
ER and the Golgi.

Overall, these findings reveal the importance of both viral proteins and host factors in the
ER remodelling and DMV formation. Nonetheless, transmission electron microscopy imaging
of liver biopsies from patients chronically infected with HCV strains of diverse genotypic
origin has not validated the formation of DMVs in vivo, despite the presence of virus-induced
membrane rearrangements. This discrepancy might either be due to either the lack of interferon
in human hepatoma cultures, which highly affects HCV RNA replication, or due to higher virus
replication rates in cell culture, resulting in higher levels of expression of viral proteins, which
are possibly essential for this phenotype?*.

I.B.e.(iv HCV genome replication
g p

Within the “replication niche” of the remodelled ER, the HCV RNA is copied through an
intermediate step of negative, complementary ssRNA synthesis. The RNAs of the two
polarities constitute a double-stranded RNA intermediate, which is possibly unwinded by the
NS3 helicase, although the exact NS3 role has not yet been uncovered?**. The (-)ssRNA then
serves as a matrix for de novo production of new (+)ssRNA molecules?>. The HCV RNA
replication is mediated by the viral RdRp, NS5B, in collaboration with other viral and cellular
factors, forming the replication complex. Among the mature HCV proteins, only NS3-NS5B
are indispensable for RNA replication, as proved by the development of self-replicating
subgenomic RNAZ°, Elements present in HCV 5°- and 3’-UTRs are also important for the cis-
regulation of this process, as described in §1.B.y.(ii).

NSS5B initiates RNA synthesis from the 3’ end of the (+)ssRNA in a primer-independent
manner>’. The positive HCV genome starts with an adenosine (A) or guanosine (G) and
terminates with a 3’ uridine (U) for all known strains. Propagation of viruses with other
nucleotides in their termini results in reversion to the original A/G or U, respectively,
suggesting selective pressure for A-priming of the (-)ssRNA and some of the (+)ssRNA, such
as JFH1 (see §1.B.1.(ii1))>**2,

This year, the Danish groups of Drs Jens Bukh, Troelsch Scheel and Jeppe Vinther
(University of Copenhagen, Copenhagen, Denmark) uncovered that NS5B initiates (-)ssRNA
with the cellular metabolite FAD, resulting into 5’-FAD-capping of the reverse HCV genome.
The researchers reported a high frequency of 75% FAD-capped 5’-termini in genomes of both
polarities in Huh-7.5 hepatoma cells infected with the HCV subtype 2a J6/JFH1 recombinant
variant c2. FAD cap was also found in RNA intermediates of strains from genotypes 1-6, in
the positive RNA genomes of genotypes 2a, 3a and 6a and was also detected in vivo! No effect
of the metabolite on HCV RNA stability was documented. This study further constitutes the
first report of an immune escape mechanism at the 5° of (-)ssRNA, since FAD was also found
to protect the RNA from RIG-I sensing””.
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On the other hand, the well-studied proximal binding of the liver-specific cellular micro
RNA miR-122 in 5’-UTR is known to stabilize the viral RNA, to protect it from recognition
by the host innate immune system and to increase the number of viral RNA copies in vitro and
in vivo**=4,

A cellular protein interacting with NS5A and NS5B, CypA, is another well-documented
host factor that is critical for HCV genome replication. CypA/NS5B interaction facilitates
RdRp proper folding”****>, while CypA catalyzes the isomerization of certain domains of
NS5A towards a functional replication complex**®>*>, VAPA, apart from its role in PI4P level
regulation at the DMVs, further promotes HCV RNA replication by facilitating the correct
positioning of NS5B within the lipid rafts”*’.

I.B.e.(v) HCV particle assembly

Once copies of the HCV genome and mature viral proteins are in abundance, the formation
of new virions commences. Although the HCV particle assembly process is not yet completely
understood, certain steps and key factors of both viral and cellular origin have fairly been
characterized. Overall, HCV assembly can be subdivided in the sequential processes of
encapsidation, envelopment though budding into the ER lumen, virion lipidation towards
“mature” LVP production and release in the extracellular environment.

Encapsidation

HCV encapsidation involves the interaction of Core with the RNA genome and the
formation of the viral capsid by progressive Core oligomerization. However, there is a spatial
issue in this process, since mature Core protein is anchored at the surface of cytosolic LDs***,
while the copies of (+)ssRNA of HCV are produced and localized at the viral factories in the
ER-derived DM Vs.

Core/LD association is vital for virus morphogenesis, since HCV assembly is abolished in
the presence of mutated Core unable to traffic to the LDs. Another element supporting this
notion is the high conservation of the Core/LD anchoring motif across HCV
genotypes” 45230 Whether the localization of Core at the surface of LDs is important for (i)
divergence of the protein from the replication sites to abrogate competition with the replication
complex for RNA binding, (ii) interaction of Core with key components of HCV life cycle
stored in the LDs (proteins and lipids), (iii) redirection of cellular proteins from other cellular
compartments to the LDs in order to inhibit their natural function, (iv) indirect regulation by
Core of LD factors/activators/inhibitors thereby brought in proximity, or (v) all of the above
remains still unclear’>.

As a matter of fact, in support of notions (ii) and (iv) Core has been found to decrease
intracellular triglyceride (TG) degradation (lipolysis) by interfering with the activity of a key
enzyme of the first lipolytic steps, the adipose triglyceride lipase (ATGL). Camus et al.>>!
showed that Core/LD association is a pre-requisite for Core-induced inhibition of ATGL-
mediated lipid mobilization. These researchers further demonstrated that Core increased the
interaction of ATGL with its activator, the Comparative Gene Identification 58 (CGI-58), as
well as their recruitment to LDs. Furthermore, in support of notion (iii), recent experiments by
Boson et al.>2, revealed Core-directed re-localization of Nup98 from annulate lamellae to LD-
apposed areas. This nucleoporin was further found to bind viral RNA, while downregulation
of Nup98 expression was associated with exclusion of HCV genome from areas containing
active translating ribosomes and the Core and NS5A proteins. Increased concentrations of
HCV RNA and Nup98 in the vicinity of LDs suggest a favourable role of this host protein in
HCV encapsidation. Taken together, these results endorse the multifunctional theory of Core
dispatch from ER to LDs.
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Nonetheless, Core is eventually required to verge towards the RNA, or vice-versa, in order
to commence the encapsidation process. Whether HCV encapsidation occurs at the LD surface
or at the ER membranes is still unclear. Additionally, exactly how Core and HCV RNA come
together stands ambiguous, yet HCV NS5A has been documented to play an important role in
this process. Immunofluorescent observations have revealed NS5A localization in the
periphery of LDs, in a concentric distribution external to that of core”**, while yeast two-hybrid
and NS5A/Core co-immunoprecipitation experiments>* are further attesting to
NS5A/Core/LD interactions. Inhibition of this synergy by mutations in NS5A DIII has been
shown to perturb HCV virion production'?>"*?, This interplay may additionally be regulated by
cellular and viral factors, such as diacylglycerol O-acetyltransferase 1 (DGAT1), which has
been reported to promote the co-localization and interaction of Core and NS5A to LDs>>2,
In addition, NS3 has been proposed to both interact with and modulate NS5A
hyperphosphorylation, hence the switch between NSS5A participation in HCV genome
replication or assembly'**. Of note, mutations of conserved residues of NS3 have recently been
reported to interfere with early HCV assembly steps, but not with lipidation of nucleocapsids,
nor release of infectious particles'”.

The RNA binding capacity and mobility of NS5A across cellular membranes would allow
the protein to deliver HCV RNA to Core at the surface of LDs"**!?%%7 while on the other
scenario, its interaction with Core, could recruit the LDs at the ER for encapsidation, in
coordination with NS2 and p7>*‘. Despite its instrumental role in HCV encapsidation, the
mechanism of p7 action in this process is yet undetermined””. Nevertheless, eventual release
of Core from the LDs is necessary for HCV infectivity. This is mediated by interaction of Core
with the p subunit of clathrin adaptor protein complex 2 (AP2M1). AP2M1 is physiologically
involved in targeting cargo proteins to clathrin vesicles and inhibition of its interaction with
Core was shown to confer increased accumulation of Core at the LDs, leading to a defect of
HCV assembly>®’,

Although it is not clear on which exact step(s), NS5A also plays a decisive role in viral
assembly, mainly through its DIII. This is supported by the fact that several mutations and
deletions in this region have been found to (i) abolish virus production at an early assembly
stage'“°, (ii) significantly reduce viral titers'2®, (iii) perturb NS5A/Core association'>>%*7, (iv)
reduce NS5A RNA binding capacity and therefore trafficking of viral RNAs to LDs for
assembly>”’, without in any case affecting genomic replication. It is hypothesized that these
results are linked to an alteration or loss of a N-terminal cluster of four positively charged
residues within DIII and/or of the CKlla recognition sequence, leading to impaired NS5A
phosphorylation at serine 457%°’, Furthermore, a region that is essential for NS5A association
with LDs and subsequently Core has been found within NS5A DI,

Budding

Neosynthesized encapsidated virions acquire their envelope glycoproteins through
budding in the ER Ilumen, where non-covalent heterodimers of E1 and E2 remain
localized**"*'¥, Deletion of E1 and E2 coding sequences was found to decrease the interaction
between Core and viral RNA, indicating that encapsidation and envelopment are two related
steps of the virus life cycle. Electron microscopy studies revealed that envelopment is taking
place at the ER membrane in close proximity LDs?*>2%}, Progressive formation of the viral
nucleocapsid promotes intussusception of the ER membrane towards the lumen, allowing the
envelopment”’,

HCYV budding is mainly coordinated by the viral E2, NS2 and p7 proteins. Notably, NS2
is known to interact with E1/E2 and to induce the migration of the heterodimer to the assembly
sites?0%202,
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Post-envelopment lipidation

HCV virion maturation takes place upon diversion of the VLDL assembly route towards
lipidation of the particles. Cholesterol, sphingolipids and some of the main components of LDs
are essential for the production of highly infectious viral particles’®® and are made available to
HCV by ATGL-dependent lipolysis of the LDs under the control of 1-acylglycerol-3-
phosphate O-acyltransferase (ABHD5)*“. Cholesterol-esters and TG are incorporated to the
virions via the action of the microsomal transfer protein (MTP). MTP physiologically acts in
VLDL synthesis via interaction with ApoB100 and formation of luminal LDs, incorporating
ApoE and ApoCIII at their surface. HCV may also fuse with pre-VLDLs or with luminal LDs
to incorporate the necessary lipids. Luminal LD association to HCV virions has been found to
be an effect of E2 interaction with ApoE under the control of a regulator of the endo- and exo-
cytosis trafficking pathways, the annexin 3 (ANXA3)***. Many apolipoproteins can be found
at the surface of circulating HCV particles, such as ApoB, ApoAl, and ApoCI-III, though
incorporation of ApoE alone would be sufficient to render the particle infectious, in accordance
with its role in viral entry (see §1.B.£.(1))2°>2”". ApoE has also been shown to physically interact
with HCV NS5A in yeast two-hybrid and co-immunoprecipitation studies*’>’2, Interestingly,
ApoE dependence and association to LVPs has been found to differ across HCV genotypes and
cell lines*”,

Release

Egress of infectious particles is dependent on endosomal sorting complex components and
trans-Golgi network-associating adaptors, supporting viral release by a TGN-endosomal
secretion pathway, distinctive of the VLDL secretion route’’*2”>, In support of the Golgi-
mediated HCV secretion, unlike the heterodimers observed in the ER, E1/E2 dimers on
infectious particles are found in covalent complexes by disulphide bridges, N-glycosylated and
associated with complex sugars resistant to treatment with endoglycosidase H>"°.

Furthermore, viral particles have been found in COP-II vesicles, an anterograde transport
of cargo proteins from the ER to the Golgi*”. In addition, inhibition of the Rablb GTPase,
which is responsible for the regulation of the ER-Golgi trafficking, reduces the rate of LVPs
release’’®. Virion maturation is completed while egressing, once their density resembles that
of VLDLs. In parallel, p7 oligomerizes to form an ion channel to balance the pH in the transport
vesicles of the maturing viral particles, towards protecting them from an acidic environment.
A defect in the capacity of p7 to form the channel inhibits HCV release, but can surprisingly
be compensated by the expression of viroporin M2 of the influenza virus 2”2, Within the trans-
Golgi network, LVPs join the endosomal compartment’®, and are secreted via clathrin
vesicles?®! or via exosomes budding from multi-vesicular bodies (MVB)Z%2:2%,

Alternatives to this secretory pathway, which do not involve the Golgi apparatus in the
final steps of the virus life cycle have also been proposed. In this model the COP-II vesicles
may fuse directly with the plasma membrane or with the late endosomes and successively
release the cargo in the extracellular matrix***,

Overall, virus assembly and release are regulated by both viral and cellular factors and the
exact mechanisms are still to be uncovered. Recent, studies unravelled the role of Poly(rC)-
binding protein 1 (PCBP1) in regulation of HCV assembly and release**>. PCBP1 is known to
interact with the 5°-UTR of the viral genome”*°. Although PCBP1 knock down decreases viral
RNA accumulation, it simultaneously increases virion secretion, suggesting that PCBP1 may
play a regulatory role in preventing RNA molecules from entering the assembly and release
step of the virus life cycle. To further support this, PCBP1 knockdown had no direct impact on
viral entry, translation, genome stability or replication. Experiments in Huh-7.5 cells infected
with the J6/JFH1 chimeric strain revealed the role of PCBPI1 in both virion packaging and
release, while the same experiments with a cell culture-adapted JFH1 strain suggest that the
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RNA has already been packaged into new infectious viral particles before the assistance of
PCBPI1 is required*®.

I.B.(ot) Pathogenesis

The HCV incubation period lasts approximately 7 weeks and corresponds to the period
during which the virus multiplies in the hepatocytes of its new host. Following this incubation
phase, a sudden elevation of the serum levels of two markers of hepatic cell lysis, the alanine
amino transferase (ALT) and the aspartate amino transferase (AST), mark the acute phase of
HCV infection. In general, this phase is more often asymptomatic, while symptoms such as
discomfort, nausea, and jaundice may emerge in 20% of reported cases. About one in four
HCV infected individuals may spontaneously clear the virus during the first 12 months post-
infection”®’-2**, while the lack of CD4+ responses during the acute phase is associated with the
development of chronic disease’®”2”". During chronic infection, the virus damages the hepatic
cells, causing inflammation, the seriousness of which increases over time and its persistence
can lead to liver fibrosis and liver cirrhosis development. Ultimately, 1-7% of viral infected
patients with established cirrhosis will form hepatocellular carcinoma each year, due to chronic
HCYV infection (CHC). A large proportion of chronically infected patients have been found to
develop an additional liver pathology associated with the accumulation of triglycerides and
cholesterol esters in the form of LDs in infected hepatocytes, called steatosis. Steatosis
prevalence has been found to be double in patients infected with HCV genotype 3 strains over
those infected with non3 genotypes?’!. Rarely, another form of hepatitis may be manifested
early in the weeks following the infection. This is called fulminant hepatitis, corresponding to
rapid and massive necrosis of hepatic parenchyma, accompanied by a decrease in liver size,
that winds up fatal in the majority of cases. The overall evolution of hepatitis C pathology is
summarized in Figure 20.

The assessment of liver damage in patients may be performed by both invasive (e.g. liver
biopsy) and noninvasive methods. As biopsies are generally limited due to invasiveness,
sampling errors (liver sections of biopsy samples usually represent 1/50,000™ of the total liver
mass, depending on the individual’”’?), possible complications and ineptness of regular
repetition to monitor progression, noninvasive imaging techniques are generally preferred (for
a review on fibrosis see Sebastiani et al., 201423, Horowitz et al., 20172, for a review on
steatosis see Park et al., 20222”°). These include ultrasound elastography, acoustic radiation
force impulse imaging (ARFI), dynamic shear wave transient elastography (SWE), the most
validated transient elastography (TE) and the most accurate, especially for the determination
of mild fibrotic stages, magnetic resonance (MR) elastography for the assessment of liver
fibrosis. Liver steatosis can noninvasively better be assessed by MR spectroscopy and magnetic
resonance imaging proton density fat fraction (MRI-PDFF). Direct or indirect markers of
hepatic fibrosis can also be found in patients’ sera, allowing serological tests to detect
respectively either the byproducts of collagen synthesis/degradation, or serum aspartate
aminotransferase to platelet ratio index, indicative of altered hepatocyte function. However,
serological tests are not able to discriminate among stages of liver damage except for low to
high fibrosis, and their results may be influenced by the existence of extrahepatic inflammation
in the patient’s body.
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Figure 20: Evolution of HCV-induced

pathogenesis.
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I.B.ot.(3) Steatosis

Steatosis is generally characterized as fatty liver disease, with no early manifestation of
symptoms, resulting to its detection most commonly during routine blood tests, by the
abnormally increased levels of liver enzymes (e.g. AST, ALT transaminases) or biomarkers,
such as albumin and bilirubin. Hepatic steatosis is defined as a hepatic fat content exceeding
5% of liver weight’”, which is in clinical practice diagnosed by the quantification of
hepatocytes containing fatty vacuoles, otherwise known as LDs?””. The severity of liver
steatosis is determined histologically by the percentage of lipid-rich hepatocytes. Mild steatosis
is defined by a maximum of 33% LD-containing hepatocytes, moderate steatosis by 34-66%
and severe steatosis by more than 66%-"".

Two forms of steatosis with distinct hepatocyte alterations may be detected in steatotic
patients: macrovesicular steatosis, in which few large vacuoles occupy the cytoplasm of the
cell, displacing the nucleus and distorting the cellular architecture, and microvesicular steatosis
characterized by numerous, small finely defined LDs in hepatocellular cytoplasm, as a result
of mitochondrial damage leading to impaired B-oxidation. Microvesicular steatosis is less
common but generally more serious than its counterpart.

Human liver might be protected by controlled accumulation of lipids, but prolonged lipid
accumulation may induce inflammation and reduction of liver metabolic competence®’!. This
leads to lobular inflammation with mixed infiltration of neutrophils, lymphocytes and
macrophages, a condition called steatohepatitis. The exact virological mechanisms inducing
this type of liver damage are yet not completely resolved, but HCV is known to deregulate the
intrahepatic metabolism of lipids by altering lipid peroxidation, lipid synthesis, insulin
resistance, VLDL assembly and secretion, as well as to induce oxidative stress, in order to
promote its highly lipid-dependent life cycle 2>, A simplified overview of critical pathways
of the human metabolism can be found in “Information box 1”. More mechanistically,
excessive storage of TGs in LDs could be the result of increased in TG synthesis, combined
with LD biogenesis, decreased lipid catabolism and LD lipolysis, altered lipoprotein secretion
or a combination of these processes (reviewed in Gluchowski et al., 2017°%°). Physiologically,
LD formation is increased in response to excessive accumulation of lipids under hypoxic
conditions, which modulate the expression of genes involved in the absorption and synthesis
of fatty acids’”. The excess of free fatty acids (FFAs) as substrates for B-oxidation results in
increased synthesis of acetyl-CoA that may uncouple the tricarboxylic acid cycle (TCA cycle)
function from mitochondrial respiration in the liver and promote the production of reactive
oxygen species (ROS). In addition, it might further shift the normal metabolic process to the
synthesis of toxic lipid intermediates, such as ceramides.
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Hepatic steatosis was considered to be a benign and reversible pathology, though now, it
has become a serious HCV-driven issue, that has been associated with higher fibrosis scores in
chronically infected patients®’’, and varying response to HCV treatment depending on the viral
genotype .

I.B.ot.(11) Fibrosis

Liver fibrosis is developed following the persistent inflammation induced by the
expression of HCV proteins in hepatocytes, promoting certain signaling and metabolic
pathways and inducing host’s immune responses. Hepatic inflammation is a wound-healing
process coordinated by a population of liver cells, the activated Hepatic Stellate Cells (HSCs).
Upon HCV induced hepatic injury, HSCs are differentiated into their active form,
myofibroblasts, which are responsible for the regulation of extracellular matrix (ECM)
production and degradation balance, by metalloproteinases (the ECM degradation enzymes,
MMPs) and their inhibitors (TIMPs). CHC-induced inflammation disrupts the equilibrium
between MMPs and TIMPs production, subsequently resulting in ECM overproduction. A
progressive thickening of fibrotic septae and chemical crosslinking of collagen ensues in the
liver, namely fibrosis*””. The formation of fibrous scar tissue in the liver can be induced by
HCYV either directly, due to oxidative stress induced by HCV replication®'” and activation of
HSCs by Core protein®'’, or via indirect mechanisms that involve activating immune responses
and certain host signaling pathways.

Using the Metavir Score, fibrosis is divided into five stages ranked from zero to four (FO-
F4), with patients assigned a stage based on their hepatic stiffness and F4 representing mostly

cirrhotic stages of liver damage*"’.

I.B.ot. (i) Cirrhosis

Liver cirrhosis follows the stage of fibrosis and is the result of the combined action of
several cellular and molecular factors over a course of approximately three decades. The main
clinical manifestations of cirrhosis are the gradual loss of liver function, portal hypertension
and progress of liver disease to the HCC development stage. Cirrhosis is marked by distortion
of the liver parenchyma and vascular architecture, with one of its most prominent features
being the formation of degenerative parenchyma nodules surrounded by fibrotic septae.
Cirrhosis cases can be divided into compensated or decompensated stages. During the initial
stage of compensated cirrhosis the liver is still capable of performing most of its basic functions
and no significant symptoms are present, with the rare exceptions of possible fatigue, nausea,
anorexia, and weight loss*'2. However, when patients with compensated cirrhosis are left
unattended, there is a great risk of progression to an uncompensated phase, which is
characterized by the appearance of more serious complications (e.g. variceal bleeding, portal
hypertension, ascites, encephalopathy, jaundice, and spontaneous bacterial peritonitis)*'*. The
survival of the patient is at risk during decompensated cirrhosis since half of the patients might
not survive more than five years after entering this stage’'*. This leaves in many cases liver
transplantation as the only option of survival.

IB.ot.(iv) Hepatocellular carcinoma (HCC)

Hepatocellular carcinoma (HCC) is the most common form of primary liver cancer, the 7%
most prevalent and 2" deadlier type of cancer globally’"”. The main causal factor of HCC
formation is chronic infection with hepatitis B and C viruses, as well as pre-existing liver
cirrhosis due to these chronic infections. Hepatocarcinogenesis is a complex process that
evolves over decades and involves the accumulation of genetic changes that will ultimately
lead to the malignant transformation of hepatocytes. Regardless of the causative agent,
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malignant transformation of hepatocytes is believed to be the result of the continuous changes
that cells undergo due to chronic and recurrent liver injury and regeneration, that lead to an
imbalance between controlled cell proliferation and apoptosis®'“. In transgenic animal models
expression of independent HCV proteins has been associated with HCC development, data that
may also be corroborated by the epidemiology observed in HCV patients. Several signaling
pathways that regulate cell proliferation, differentiation, survival, as well as inflammatory and
angiogenic responses are affected during HCV-induced hepatocarcinogenesis (for review see
Virzi et al., 20187, Goto et al., 2020°'* and Farzaneh et al., 2021°"). Briefly, these pathways
are mainly the Transforming Growth Factor beta (TGF-B), Wnt/B-catenin, Hedgehog, Notch,
Epidermal Growth Factor (EGF), Vascular endothelial growth factor (VEGF), mitogen-
activated protein kinase (MAPK), Stat3, PI3K-Akt-mTor-PTEN, peroxisome proliferator-
activated receptor gamma (PPARY), Nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB), Tumor Necrosis Factor alpha (TNF-a), pS3, and pRB signaling pathways. The
interplay between HCV and these pathways will be more extensively described in §1.B.(0).
HCV-induced DNA modifications may also play a role in HCV carcinogenesis, notably
alterations in CpG methylation, histone modifications and expression of small noncoding
RNAs (sncRNAs) and long noncoding RNAs (IncRNAs).

ﬁnformation box 1: Simplified overview of human energy metabolism. \
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ﬁnformation box 1: Simplified overview of human energy metabolism. (...continuh

The liver is a major player in human metabolism, regulating the balance among
energy production over storage, based on the signals from elements in the bloodstream
(e.g. insulin and glucagon). The primary source of energy for the cells is glucose, which
can be stored in the form of glycogen through glucogenesis. Conversion of glycogen
to glucose is done by a process called glycogenolysis, while through glycolysis glucose
is converted to pyruvate. With the exception of a few steps in this process, such as
phosphoenol pyruvate (PEP) conversion to pyruvate by the pyruvate kinase, most of
the reactions are reversible. Some intermediate steps, such as fructose-6-phosphate
conversion to fructose-1,6-biphosphate are not illustrated for conciseness purposes.

In the aerobic conditions of the liver mitochondria, pyruvate goes through a
transition phase to acetyl-CoA. Acetyl-CoA has a central role in energy metabolism,
linking glycolysis to the tricarboxylic acid cycle, (TCA cycle), also known as Krebs cycle
and citric acid cycle, to cholesterol synthesis, to lipid and ketone metabolism. The
result of TCA cycles are nicotinamide adenine dinucleotide hydride (NADH) and
dihydroflavine-adenine dinucleotide (FADH2) molecules, that enter the electron
transport chain (ETC) in the mitochondria. ETC involves iron and cytochrome c,
leading to the production and release of protons (H') from the mitochondria matrix to
the intermembrane space. High H' concentration chemiosmotically activates oxidative
phosphorylation (OXPHOS) for the production of energy in the form of adenosine
triphosphate (ATP).

Acetyl-CoA can also be the result of lipid metabolism, and more specifically of
triglycerides (TGs). TGs are produced by a process called lipogenesis, during which a
glycerol molecule sequentially incorporates three fatty acid (FA) chains, generating
monoacylglycerol (MAG), diacylglycerol (DAG) and triacylglycerol or TGs. The FA
used in this process are synthetized during hyperglycemia and/or when ATP levels are
increased. In these instances, citrate concentrations are increased, leading to its
transfer to the cytoplasm, where it is broken back down to oxaloacetate (OAA) and
acetyl-CoA. Part of the acetyl-CoA is then used for the production of the FA “building
block”, the malonyl-CoA and the other partis directly used together with malonyl-CoA
by the fatty acid synthetase 1 (FAS1) for the initiation of FA synthesis, generating a 4-
carbon molecule that gets enriched in every round of synthesis by 2 carbons from
malonyl-CoA. To produce, for example, a palmitoleic acid (16 carbons), 7 rounds of FA
synthesis are required. The inverse process of breaking down FA to acetyl-CoA that
could be used for ATP production through the TCA cycle is called B-oxidation.
Interestingly, even-chain FA B-oxidation gives rise to 8 acetyl-CoA molecules through
7 rounds, while in odd chain FA, the final 5-carbon chain yields one molecule of acetyl
CoA and one molecule of propionyl CoA, which can then be converted to sucecinyl-
CoA and enter the TCA cyele. Peroxisomes are another site of 3-oxidation, with the
difference that instead of redirection of the byproducts to the ETC, H202 is generated,
further converted by the enzyme catalase to H20 and oxygen. In any case, the
availability of FA is dependent on TG mobilization and lipolysis, a process regulated

by protein kinase A (PKA), which phosphorylates perilipin 1 (PLIN1), allowing lipases
to break down the TGs.
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ﬁnformation box 1: Simplified overview of human energy metabolism. (...last part) \
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On the other hand, the cholesterol formed after several steps in the cholesterol
synthesis process is important for membrane preservation, steroid hormone production,
lipid emulsification through the production of bile salts and generation of VLDL, LDL
and HDL upon transformation to cholesterol-ester.

Proteins can be another source of energy in cases of severe stress or starvation
since their amino acids (aa) can participate in the formation of new glucose molecules
through gluconeogenesis. The first steps towards this process involve aa transamination
in the presence of a keto acid (e.g. a-ketoglutarate), leading to the formation of a new aa
and a new keto acid, from the exchange of the amine group and the oxygen between the
two molecules. The new aa can undergo oxidative de-amination, reverting this process
and generating ammonia (NHs). To reduce the effects of its toxicity, ammonia is converted
to urea, through the urea cycle. Different aa give rise to different keto acids. The green
boxes in the figure indicate the aa whose transamination can lead to the direct or indirect
production of the indicated products.

Pentose phosphate pathway has an oxidative and a nonoxidative phase, leading to
the production of ribose-5-phosphate, using glucose-6-phosphate or fructose-6-
phosphate and glucose-6-phosphate (GA3P) as substrates, respectively. Ribose-5-
phosphate can further be used for the synthesis of DNA, RNA, ATP, NAD+, FAD, CoA,
or be converted back to fructose-6-phosphate and GA3P towards gluconeogenesis.

Pyruvate produced from glucose or from protein transamination in the anaerobic
conditions of muscles can be converted to lactic acid. Lactic acid can be released in the
bloodstream, uptaken by the liver and be used for gluconeogenesis. The glucose
produced can travel through the bloodstream back to the muscles and enter a new
glycolysis pathway. This cycle is known as the Cori cycle.

Lastly, gluconeogenesis is the process of producing glucose within the cells,
independent of dietary intake. As shown in the box summarizing the substrates and
products of each metabolic process, gluconeogenesis can be initiated from 4 pathways,
although the contribution of odd chain FA B-oxidation is minimal. The other three
involve (i) the Cori cycle and the lactic acid produced in the muscles uptaken by the liver
to produce glucose, (i1) dihydroxyacetone phosphate (DHAP) production by glycerol, that
can follow the inverted pathway of glucose synthesis, and (ii1) aa transamination, leading
to the production of keto acids involved in the TCA cycle, of acetyl-CoA or pyruvate that

\can end up in OAA synthesis, further going back to PEP, and from there to glucose. /
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HCV induced extrahepatic manifestations

Despite the hepatotropism of the virus, HCV exhibits extrahepatic manifestations, some
of which are better supported by epidemiological data than others. By disrupting its host’s
glucose and lipid homeostasis HCV may extend its burden to a systemic level. Summarized in
Figure 21 are metabolic, cardiovascular, autoimmune, neoplastic, neuropsychiatric, and organ-
specific manifestations that have been associated with HCV infection (reviewed in Cacoub et
al., 2021°2%),

More specifically, metabolic disorders include insulin resistance (IR) and type 2 diabetes
mellitus (T2DM). HCV infection may induce IR through downregulation of insulin receptor
substrate signaling 1 (IRS-1), by overexpression of suppressor of cytokine signaling 3 (SOCS3)
and TNF-o2'. IR together with the release of proinflammatory cytokines, and other HCV-
induced immune-mediated processes may drive T2DM development, which has an increased
incidence rate in HCV infected patients versus non infected individuals®*.

These alterations may further cause cardiovascular events, by inducing chronic endothelial
lesions and accelerated atherosclerosis in a pro-inflammatory, pro-fibrogenic environment*%.
The most commonly reported cardiovascular events include carotid atherosclerosis,
myocarditis, acute coronary syndrome, and dilated or hypertrophic cardiomyopathy"**.

Autoimmune manifestations are referred to cryoglobulinemic vasculitis, an immune-
mediated inflammation of blood vessels, and to the rare cases of rheumatoid arthritis.
Autoimmunity may be organ directed, leading to thyroid dysfunction, pulmonary fibrosis,
dermatological disorders, ocular Sicca or Sjogren’s syndromes®>*. Cryoglobulinemic vasculitis
is the most common HCV-induced extrahepatic manifestation that may appear after the
production of auto- anti-IgG antibodies after chronic antigen stimulation by the virus. This
chronic stimuli, together with the action of HCV proteins, may also lead to clonal proliferation
of B-cells and lymphoma development. HCV has been also found to cause endothelial and
mesangial inflammation, as well as podocyte and tubular damage in the kidneys, in addition to
chronic inflammation caused by atherosclerosis and insulin resistance, that could result into
chronic nephropathy?2°. Glomeruli may be the
epicenter of cryo-precipitable deposits, which
are commonly expressed as type I
membranoproliferative glomerulonephritis. gl

Nonetheless, the extent and type of liver | [umehad
damage observed in HCV patients, whether
intra- or extra-hepatic, is influenced by both
viral and host determinants, as described below.

HCV-related lymphoproliferative
disorders

Effect of HCV on various organs
and systems

Depression, fatigue,
neurocognitive impairment

Sicca syndrome

Hypothyroidism

Increased risk of MACEs

Cryoglobulinemic
vasculitis

Type 2 diabetes mellitus,
Membranoproliferative insulin resistance

glomerulonephritis

Figure 21: Illustrative summary of extrahepatic

manifestations of HCV infection.

HCV-related benign (cryoglobulinaemic vasculitis)
or malignant lymphoproliferative disorders are
shown at the left, while HCV effects on various
organs are shown in the yellow panel at the right.
AIHA: autoimmune haemolytic anaemia, ITP:
immune thrombocytopenia, MACE: major adverse
cardiovascular  event, MGUS: monoclonal
gammopathy of undetermined significance, RF:
rheumatoid factor. Reproduced with permission from
Cacoub et al., 2021*%°, Copyright Massachusetts
Medical Society.
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IB.ot.(v) HCV genotype-related pathologies

Viral determinants refer to the genotypic origin of the HCV strain causing the chronic
infection. More specifically, the globally most prevalent genotype 1, and subtype 1b in
particular, has been found to be more aggressive and associated with a higher incidence rate of
HCC development in CHC patients*>’-*>*, Certain aa polymorphisms within HCV 1b NS5A DI
have also been correlated with HCC incidence, such as S3T, T122M, M1331, and Q181E*%".
On the contrary, HCV genotype 2 is rarely related to HCC incidence. CHC by genotype 3
strains has been linked to a higher prevalence of steatosis and therefore an increased risk of
progression to severe hepatic complications of fibrosis, cirrhosis and HCC**". In fact, steatosis
found in HCV genotype 3 infected patients has been correlated with expression of the HCV
proteins and with viral loads. It could be reverted upon elimination of the virus, giving it the
title of “viral steatosis”, while in the presence of non3 HCV genotypes “metabolic steatosis” is
Genotype 4, although generally less characterized for its clinical manifestations, was highly
endemic in Egypt, accounting for over 65% of Egyptian patients with HCC, while the
distribution of HCV genotype 4 infection within the country was closely paralleled by the
distribution of HCC development. However, solely these epidemiological data do not suffice
for a conclusion on HCV genotype 4 association with HCC***, Similarly, the clinical
characteristics of patients infected with HCV genotypes 5-8 are even less studied, for a
conclusion to be made on the association of these genotypes with liver pathology.

Nonetheless, the data on genotypes 1-3 underline the importance of combined clinical
studies and fundamental analyses in order to identify signatures specific to certain genotypes,
or even directly "at risk" residues within viral sequences.

I.B.ot.(vi) Host comorbidity factors and reversal of liver damage

Liver damage can, of course, be developed independently of HCV infection, influenced
by patient factors and characteristics. However these factors in the presence of the virus,
whether induced by HCV or not, may drive the development of liver damage either faster, or
to greater degrees. In the initial stages of HCV infection, comorbidity factors are relatively less
prominent, although the host's age, gender, and genetic factors can influence the progression
of liver disease. In general, age at the time of infection has been found to impact the rate of
fibrosis progression, with older individuals often experiencing a more rapid deterioration of
liver function’**, while male gender has also been associated with increased risk of advanced
liver disease.

Liver steatosis is mainly attributed to increased alcohol consumption that can inhibit fat
mobilization by altering the redox balance through the recurrent detoxification of ethanol to
acetate’°, in the frame of alcohol-related liver disease (ARLD), or to other nonalcohol related
risk factors, in the frame of metabolic dysfunction-associated steatotic liver disease
(MASLD)**’. Risk factors of MASLD include obesity, T2DM, IR, thyroid function
abnormalities, high blood pressure, high cholesterol, metabolic syndrome (a combination of
diabetes, high blood pressure and obesity), increased age and smoking (reviewed in Huang et
al., 2021°*%). More specifically, increased intake of omega 6 and fructose stimulate de novo
lipogenesis, while excess nutrition in general can lead to desensitization of the liver to insulin
secretion. IR promotes the release of free fatty acids from adipose tissue into the blood and
their re-absorption by the liver**”. High glucose and free fatty acid levels, in the presence of
increased insulin lead to overstimulation of lipogenesis, and eventual to liver steatosis®**’. Of
note, host genetic polymorphisms in the PNPLA3**! and TM6SF2*** genes that are involved
in a defect in lipoprotein lipidation, are also risk factors for the development of steatosis.
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In HCV fibrotic stages, host-dependent factors, including age, sex, coinfection with HIV
or HBV, and alcohol intake become increasingly significant. Moreover, obesity and IR can
exacerbate liver damage during this stage, as they are linked to increased inflammation and
fibrogenesis**".

In advanced stages of HCV-induced liver disease host-dependent comorbidity factors
continue to be crucial, with HCV aetiology of cirrhosis varying according to the geographic
region. Alcoholism, chronic HCV infection and MASLD are the main causes in Western
countries, while chronic HBV infection is the main cause of cirrhosis in regions of Asia and
sub-Saharan Africa**’. Risk factors for cirrhosis also include increased age, male sex, obesity,
T2DM, autoimmune hepatitis, and inherited diseases such as cystic fibrosis, Wilson's disease
and hemochromatosis®*’. Risk factors for HCC development include all of the above and the
development of liver steatosis®'®. It should be noted however, that liver damage caused by HCV
may progress to the severest forms of cirrhosis and HCC even upon SVR, with the progression
risk being higher in the presence of alcoholism, older age, infection with HCV genotype 3, and
elevated markers of hepatic fibrosis**°.

For the moment, there are no approved treatments of liver damage, although some steatosis
targeting therapies are in pre-clinical development or in clinical trials. However, steatosis is a
reversible condition, which can disappear by elimination of the cause, e.g. weight loss and a
more appropriate diet, in the case of MASLD**/**%, a cessation of alcohol consumption in the
case of ARLD and SVR in the case of CHC. However, the more advanced the liver disease,
the more limited the effects of elimination of the cause will be. Therefore, at this stage, the
only available treatment options would be liver transplantation or tumor removal coupled to
elimination of the cause. Maximum life expectancy without liver transplantation for patients
with decompensated cirrhosis is 3 years, provided that they remain under close monitoring and
heavy medical treatment and 5 years for HCC. Liver transplantation is the second most
common organ transplantation after kidney transplantation. However, less than one in ten
people requiring liver transplantation can successfully undergo the procedure, due to a limited
number of donors**”. Despite the measures taken to encourage donations and to develop
emergency transplant procedures following cardiac arrests, the number of liver transplants
remains insufficient in Western and developing countries. The selection of the patients who
will receive the valuable organ is based on criteria predicting the benefit of transplantation for
each patient’".

1.B.(§) Diagnosis and Treatment options

I.B.C.(i) HCV Diagnosis

A timely diagnosis of active HCV infection is not only essential towards prevention of
virus spreading, but can also be decisive of an auspicious outcome. Unfortunately, though,
most of HCV cases are diagnosed upon turning into a chronic state, due to the absence of
symptoms during the onset of infection. Diagnosis of HCV infection typically occurs in three
stages with three types of tests: (i) indirect tests examining the presence of antibodies against
the virus, (ii) direct tests, detecting viral components, and (iii) genotyping of the infectious
strain (reviewed in Roger et al., 2021°°)).

HCYV serological tests were developed soon after the identification of HCV, following the
cloning of the HCV genome, mainly towards screening of blood donations. Antibodies against
specific epitopes of HCV Core and NS3-5 are detected in the plasma of HCV infected patients
by immunoassays, such as ELISA (enzyme linked immunosorbent assay) or CLIA
(chemiluminescence immunoassay). Third generation ELISA is most commonly used and can
detect seroconversion at 8-12 weeks following infection. Fourth generation tests, introduced in
2008, have decreased the waiting period to 4 weeks, allowing both anti-HCV antibodies (Abs)

-37 -



and HCV antigen (Core, cAg) detection™>*>*, Despite the low incidence of false positive
results, mostly associated with patients in haemodialysis or profoundly immunocompromised,
the reported sensitivity and specificity of these tests approaches 99%**. Determination of false
positive tests could be achieved by recombinant immunoblot assays (RIBA), which are no
longer in use.

In case of positive HCV-Ab detection, patients are screened for viral components, such as
HCV RNA or cAg antigen. This test is important to distinguish patients with active HCV
infection from those who have successfully cleared the virus, yet still carry antiviral Abs. HCV
RNA genome detection and quantification is performed by quantitative real-time PCR (qRT-
PCR). WHO has established an international unit for the evaluation of HCV loads, expressed
in ITU/mL*>*, with the gRT-PCR tests conferring a high sensitivity of 10-50 [U/mL"**°. However,
these tests can be expensive and required certain expertise to be conducted. Therefore, ELISA
or CLIA tests against the cAg were developed in the early 2000°°7, with a limit of detection
now at 500-3000 HCV RNA TU/mL**,

Lastly, identification of the HCV genotype is essential to determine the most appropriate
therapeutic approach and duration of treatment, as discussed below. HCV genotyping is based
on the sequencing of conserved HCV regions. Sequencing of the 5’-UTR is mostly selected by
the laboratories, providing an accuracy rate higher than 97%>°.

LB.L () HCV treatment

Nonspecific therapies have been widely available not long after the virus was identified.
The desired outcome of HCV treatment is the persistent elimination of viral RNA from patient
sera, called sustained virological response (SVR). SVR is considered achieved by the end of
treatment, in the absence of HCV RNA detection for a minimum of twelve (SVR12) or twenty-
four (SVR24) weeks thereafter’™>”. However, the high number of infections globally, even in the
era of highly efficient treatment options, as it will be discussed below, is indicative of restraints
in achieving the goals set by WHO for 2030. Recently, a meta-analytic study, evaluated the
reported barriers of CHC treatment and found significant differences among geographic
locations for factors such as prioritization of HCV management, comorbidities, patients’
psychology and cost of treatment (Figure 22).
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Figure 22: Meta-analysis results of types of barriers of untreated chronic hepatitis C (CHC) patients
by continent.

Restriction factors with significant variation among geographic regions include HCV not being a
priority, advancement of liver disease, inability to follow-up, lack of knowledge of infection due to the
absence of symptoms, medical co-morbidities, and cost of treatment. HCV, hepatitis C virus. Figure
from Nguyen et al., 2023*%, reproduced with permission from John Wiley and Sons (License N°
5615950332562).

Interferon against HCV

Similar to the treatment scheme against hepatitis B and other viruses, since 1989 patients
with chronic HCV infection received interferon alpha (IFNa) as therapy. [FNa is a key
mediator of antiviral innate immune responses, yet its exact mechanism of action against HCV
has not yet been identified. IFNa alone exhibited low percentages of successful virus clearance,
hence it was complemented in 1998 by ribavirin (RBV), another known antiviral agent,
doubling SVR rates from <20% to ~40%°°+*%2, A further augmentation of SVR was achieved
with the replacement of IFNa by a covalent conjugate of it with polyethylene glycol (PEG).
Up until 2011, administration of PEG-IFNo/RBV for 24-48 weeks was the standard of care
against HCV, with an SVR rate of 90% for acute infections and 55% for chronic ones****,
Response to PEG-IFNo/RBV therapy is highly dependent on both virus and host
characteristics. Viral genotypes 2 and 3 are easier to treat, with an SVR rate of 65-80%, while
genotypes 1 and 4 are more resistant’®. Furthermore, patient’s gender, age, ethnicity, nutrition
habits and certain polymorphisms (e.g. IFNL3 rs12979860 and IFNL4 rs368234815) have been
shown to affect both response to treatment and SVR rates’*>*“’. Finally, on top of PEG-
IFNo/RBV low efficiency, this treatment was also associated with a multitude of side effects,
such as anemia, neutropenia, thrombocytopenia, fatigue, depression, autoimmunity, and
thyroid dysfunction, driving ~10% of the patients to quit before completion of the treatment
cycle.

Direct Antiviral Agents (DAAS)

Over the time following HCV discovery, the accumulated deeper understanding of the
virus life cycle and its key components allowed researchers to identify ideal targets for drug
development. This led to the introduction of Direct Antiviral Agents or DAAs in 2011, which
were designed to inhibit viral polyprotein processing, genome replication and virion assembly
(see also Figure 17, page - 21 -). DAAs can be divided into three categories according to their
viral target:

1. NS3/4A protease inhibitors: drug name ending in “-previr”, such as Grazoprevir
(GZR), Paritaprevir/Ritonavir (PTV/RTV), Telaprevir (TEL), Boceprevir (BOC),
Simeprevir (SMV), Voxilaprevir (VOX) and Glecarevir (GLE)

2. NSS5A inhibitors: drug name ending in “-asvir”, such as Daclatasvir (DCV)
Elbasvir (EBR), Ledipasvir (LDV), Ombitasvir (OBV), Pibrentasvir (PIB) and
Velpatasvir (VEL)

3. NS5B polymerase inhibitors, drug name ending in “-buvir”, which are either
nucleotide analogues (Sofosbuvir, SOF), which act by competing for binding to the
active site of the RdRp or nonnucleoside inhibitors (Dasabuvir, DSV) that bind at
allosteric sites

These new drugs presented significant advantages compared to PEG-IFNo/RBV therapy,
since they can be administered orally, they present fewer and easily manageable side effects
(e.g. fatigue, headaches, nausea), require shorter treatment cycles (8-12 weeks), and exhibit an
SVR of above 90%, even in patients with compensated cirrhosis. However, there are some
contra-indications for patients with specific co-morbidities. For example, protease inhibitors
should not be prescribed to patients with decompensate cirrhosis, due to possible liver toxicity,
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while SOF and RBV in combination with any DAA should be avoided in severe renal
impairment cases (glomerular filtration rate<30ml/min).

Table 2: Simplified recommendations for HCV therapeutic regimens and duration, depending on
HCYV genotype, cirrhosis status, prior treatment experience, issued by the European Association for
the Study of the Liver (EASL) in 2020°%,

Table adjusted and reproduced with permission from Elsevier (License N° 5615960490326).

Sofosbuvir/

. i Prior treatment Sofosbuvir Glecaprevir/ 7 Grazoprevir/
Type of treatment Genotype Cirrhosis status experience velpatasvir, pibrer':tasvir ﬁﬁfﬁﬂ elbasvir
Treatment-naive
simplified treatment, No cirrhosis Treatment-d
no genotype/subtype All genotypes EXPEriEnced
determination® Compensated Treatment-naive
(Child-Pugh A) Treatment -
cirrhosis) experienced
Treatment-naive
No cirrhosis Treatment-
Genotype 1a, 1b, experienced
2,4,5and 6 Compensated Treatment-naive
(Child-Pugh A) Treatment-
cirrhosis) experienced
Treatment-naive
G - No cirrhosis Treatment-
enotype/sul e experienced
detertn"’\?nationt-)l')gsed Genotype 3 Compensated Treatment-naive
treatment (Child-Pugh A) Treatment-

cirrhosis) experienced
Subtype 11, 4r, Treatment-naive
3b, 3g, 6u, 6vor No cirrhosis Treatment-
any other experienced

subtype naturally Treatment-naive
harbouring one or Compensated

several NS5A (Child-Pugh A) Treatment-
RASs® cirrhosis) experienced

IFN, interferon; RASs, resistance-associated substitutions.

2If resistance testing is performed, only patients with the NS5A Y93H RAS at baseline should be treated with sofosbuvir/velpatasvir plus ribavirin or with
sofosbuvir/velpatasvir/voxilaprevir, whereas patients without the Y93H RAS should be treated with sofosbuvir/velpatasvir alone.

bIn treatment-naive patients infected with genotype 3 with compensated (Child-Pugh A) cirrhosis, treatment with glecaprevir/pibrentasvir can be shortened to 8
weeks, but more data are needed to consolidate this recommendation.

As determined by sequence analysis of the NS5A region by means of population sequencing or deep sequencing (cutoff 15%).

dWhenever HCV genotype and subtype determination is not available, not affordable and/or limits access to care.

Importantly, since 2015°%, clinical trials have shown that two or more inhibitors may be
combined, resulting in SVR rates of 95-100%, with potentially pan-genotypic effects! The pan-
genotypic combinational regimens currently in use and approved by the European Association
for the Study of the Liver (EASL)**® are the protease/NS5A inhibitors GLE/PIB, under the
commercial name Maviret® and the NS5A/NS5B inhibitors SOF/VEL, under the commercial
name Epclusa®. Maviret® proposed administration period is 8 weeks, with weeks added
depending on previous therapy attempts, infection with HCV genotype 3 strains and liver
cirrhosis, while for Epclusa® 12 weeks are required. Two more combinational regimes are also
in use, with a genotype-specific effect. These are the NS5SA/NS5B inhibitors LED/SOF, under
the commercial name Harvoni® and the protease/NS5A inhibitors GZR/EBR, under the
commercial name Zapatier®. Harvoni® is indicated for patients infected with HCV genotype
1, 4, or 6, independently of liver cirrhosis, for 12 weeks. This period may be decreased to 8
weeks in some very specific cases depending on HCV genotype and liver damage. Zapatier®
is efficient against genotypes 1 and 4 with a duration of therapy of 12 weeks, independently of
liver cirrhosis. Both Harvoni® and Zapatier® are only rarely used, due to the approval of pan-
genotypic regimens, while the high efficiency of these combinational regimes has led to the
voluntary discontinuation of some DAAs, such as TEL and BOC, by the owner companies. For
the few patients with failed IFN-free, DA A-based therapy, the highly efficient VOX/VEL/SOF
against all three HCV targets is proposed for a duration of 12 weeks. These most recent EASL
guidelines for HCV therapy are summarized in Table 2, in a simplified version.

The greatest barrier to universal therapy using DAAs is their high cost, which prevents
some patients from receiving such treatment and necessitates prioritizing. This year, the first
DAA pharmacovigilance study accentuated their safety, while revealing the correlation of
certain regimens with higher incidences of side effects, such as the association of

- 40 -



OBV/PTV/RBV with a 4-fold increase in the risk of renal impairment and 9-fold increase of
anaemia, when compared to SOF-based regimens*’’.

Nevertheless, the need for a protective vaccine remains, since HCV cure does not eliminate
the risk of re-infection, nor the progression of HCV-induced liver damage to the severest forms
of cirrhosis and HCC, even upon SVR*! Several aspects of HCV may hinder vaccine
development attempts, i.e. its high genetic diversity, its immune evasion mechanisms, the low
immune responses mounted by the host and the lack of an easily manageable,
immunocompetent, animal model to evaluate the efficacy of vaccine candidates. However,
with the great success of DAAs, some researchers are considering to assess vaccine candidates
in humans, in a controlled human infection model*”~.

I.B.(n) Study models

HCV research was greatly impacted for almost a decade following the discovery of the
virus, due to the absence of cellular or animal study models amenable to reproducing the virus
life cycle. Initially, virus-containing serum from HCV infected patients was used in an attempt
to infect cultured cells, with extremely low replication efficiency and inefficient viral
production, if at all. The construction of the first infectious cDNA clone from a subtype la
isolate of HCV, H77, allowed the in vitro transcription of HCV genome-length synthetic
RNAs, which could be intrahepatically inoculated to chimpanzees, causing productive
infection. Nonetheless, such HCV RNAs were not infectious in cell culture?’>-°. Soon after,
the first subgenomic replicon systems in cell culture were developed, followed by pseudo-
typed particle study systems and the infectious models we are using today in cell culture or in
the various animal models described below (reviewed in Ramirez & Bukh, 2018**", Lohmann,
2019°™ and Burm et al., 2018°%).

L.B.n.(1) Replicon systems

In 1999, the construction of HCV bicistronic subgenomic RNAs, that self-replicate in vitro
in human hepatoma cells was a milestone in HCV research. In their original form, viral RNA
replicons were derived from a subtype 1b viral strain (Conlb), in which the coding sequences
of the structural proteins and p7-NS2 were replaced by the neomycin phosphotransferase gene
(neo), conferring resistance to the antibiotic neomycin (G418). The viral genome was separated
in two cistrons, the one downstream of HCV 5'UTR and IRES driving neo synthesis and a
second cistron downstream of the heterologous encephalomyocarditis virus (EMCV) IRES
driving translation of the HCV non-structural proteins NS3-NS5B followed by HCV 3’UTR
of the virus>*»*"*”2 (Figure 23). The constructed replicon was cloned under the transcriptional
control of a phage promoter, that would allow the transcription of the full-length viral RNA.
Importantly, the neo gene may be replaced by genes coding for luminescent proteins, such as
the firefly luciferase, allowing researchers to quantify viral replication through measurement
of the intensity of luminescence.

Figure 23: Schematic representation . : NS2  NS4B S o
. . | l
of HCV genomic and replicon RNAs.  genome oy res | (CLE1LE2 | =
ECMYV: Encephalomyocarditis Virus, 7 Ns4A
IRES: Internal ribosome entry site, NS4B Bt
on- No ; , cansfer Subgenomic ” rt $
Neo. Ncolmycm phosphots ansfeiwase e - IRES —m N83II [NS5A| NS5B|= %
gene. Figure reproa"uced from EMCVIRES NS4A
Uprichard et al., 2006*". Creative 7
Commons Attribution 2.0 Full length N'sz NS4B “@
Generic License (CC BY 2.0). replicon WCIHI E2[]  [Ns3|[ |NSSANS58 =
HovIRes EMCVIRES p7 NS4A
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Transfection of the human hepatoma cell line Huh-7 with the subgenomic RNA and
maintenance of the cells under selective pressure of G418 yielded only a small number of
neomycin-resistant cell colonies, in which HCV RNA was stably replicating. Of course, in the
absence of structural proteins, no infectious particles can be produced in this system. Following
the construction of the Conlb subgenomic replicon, the development of other replicon systems
followed, in which the sequences of various strains from genotypes 1-6 were used’*~*,
Nonetheless, the replication efficiency of subgenomic replicons was still low unless adaptive
mutations providing replication fitness were selected?’**"%, The replicons system has further
been significantly improved following the identification of SEC14-like protein 2 (SEC14L2)
as a critical host factor allowing increased RNA replication of this system without the
requirement of adaptive mutations®”*.

In parallel to viral adaptive mutations, the cell lines clones harboring stably replicating
HCV replicons, such as Huh-7.5"> and Huh-7-Lunet™ cells were shown to have evolved to
support high HCV replication rates. At least two phenotypes may support an HCV-replication
favorable environment: first, host factors essential for this process can be highly expressed (e.g.
PI4KIIIa), and second, pathways of innate immunity, such as RIG-I in the case of Huh-7.5, are
defective in these cells™.

Altogether, this subgenomic replicon system has been extremely useful in the study of the
molecular details of HCV genome replication, including the characterization of the
membranous network involved in this process™ and in the development of antiviral
therapies’”’. Regardless, this system also presents some limitations, the main of which is the
inability to undergo the full life cycle of the virus, not allowing the study of crucial steps, such

as the entry, particle assembly and release of infectious virions.

L.B.n.(i1) Pseudo-particles

Early stages of the HCV life cycle can be studied using the pseudo-typed system (HCVpp),
introduced in 2003, in which defective retroviruses coding for a reporter gene (e.g. luciferase)
express the HCV glycoproteins E1 and E2 on their surface’”***”, For the production of HCVpp
a human embryonic kidney cell line (HEK-293T) is co-transfected by three independent
vectors encoding (i) the HCV glycoproteins, (ii) the structural proteins gag-pol-env of a
retrovirus (usually the human immunodeficiency virus, HIV or the murine leukemia virus,
MLYV), and (iii) the recombinant retroviral genome including a reporter gene. This approach
has been adopted for the generation of HCVpp expressing E1 and E2 of diverse genotypic
origin (genotypes 1-6), allowing comparative studies of HCV entry across genotypes’’ and
strains isolated derived from HCV patients™’".

This system has been extensively used for the identification of essential HCV entry factors,
for the characterization of E1/E2 conformational changes during HCV entry, for in vitro studies
of HCV neutralization, and for extensive screening of putative HCV entry inhibitors*’2#03.01404,
This models further allows the investigation of conserved protein functions across genotypes
and clinical isolates’”. However, the limitations of this HCVpp model include an observed
alteration of E1/E2 glycosylation patterns compared to virions produced in cell culture
(HCVce)™ and an absence of associated lipoproteins and proper particle lipidation upon

production of HCVpp in HEK-293T#07298:408409,

1.B.n.(iti) Cell culture infection systems

A major breakthrough in HCV research was accomplished in 2003, with the isolation of a
peculiar HCV strain of subtype 2a from a Japanese patient with fulminant hepatitis, the JFH1
strain, and the demonstration that a subgenomic replicon derived from it was able to readily
replicate at high levels without requirement for adaptive mutations®'’. Two years later,

genome-length JFH1 RNA was found to not only efficiently yield to progeny virus in Huh-7
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cells and chimpanzees*', but cell cultured-grown JFH1-derived virus was able to also infect

chimpanzees and humanized mice (see §1.B.1.(iv))*2. The first HCV infectious model was
born.

Nonetheless, the infectivity of this viral clone was low, turning researchers into a quest for
virus adaptation. Through serial passaging of the virus in cell culture, recurring mutations in
certain region of the viral genome conferred higher viral replication rate. Most commonly, the
mutations were clustered in NS5A and E2, while a p7 mutation was also highly associated with
increased viral titers of HCVcc. The combination of three adaptive mutations, two in NS5A
(V2153A, V2440L) and one in NS5B (V2941), were found to boost viral production to high
titers in Huh-7.5 cells*", giving rise to the JFH-1 adapted (Jad) virus, that we are using in our
lab today. Other groups have selected strains with different single or combined adaptive
mutations for their studies.

Another mechanism that proved to increase HCV titers in cell culture by up to 2-3 log
units was the construction of intragenotypic chimeric viruses, comprised of the 5’-UTR and
NS3-3’UTR sequences of JFHI and Core-NS2 sequences of another subtype 2a strain, the
J6*1*. Another widely used chimeric HCV virus, with high propagation in cell culture is the Jc1
strains, which is again a (J6/JFH1) chimera, with the only difference that in which Core to the
first transmembrane domain of NS2 haves the J6 sequence, while the rest of the NS2 to the
3’UTRremaining comes from the JFH1 strain. With exchanges like this similar designs, several
HCV chimeras intra- or inter-genotypic recombinant viruses have been developed, using Core-
NS2, or Core-NS2 and NS5A sequences of J6 and/or sequences from strains of other genotypes
within the JFH1 backbone, with additional substitutions of JFH1 sequences in some instances
to produce infectious virus. A summary of these attempts is illustrated in Figure 24, reproduced
from Ramirez et al., 2018,

Over the past few years, a restricted number of strains from the most commonly circulating
genotypes have been adapted by serial passage in cell culture, as well as through the
introduction of multiple point mutations within several protein coding sequences by genetic
engineering. Ultimately, these accumulated coding alterations have enabled a moderately
efficient replication of these viruses in cell culture. These strains, however, remain scarce and
heavily mutated in comparison to the initial clinical strains.

Despite its multiple advantages, this Huh-7.5 infection cell culture system has limitations.
The necessity of adaptive mutations for efficient virus production prevents the use of clincial
strains. The blocked IFN signaling pathway precludes host’s immune pressure on virus
evolution during infection and such a hepatoma cell line does not allow the evaluation of
carcinogenesis mechanisms™*.

An alternative to this system, could be the less accessible, yet more liver-resembling option
of culturing primary human hepatocytes (PHH), differentiating stem cells or using liver
organoids. However, even these models come with significant considerations. PHH, for
example, coming from non-cancerogenic liver sections retrieved during a biopsy are difficult
to obtain, they vary considerably from one donor to another, they have only a limited life span
in culture, where they also eventually lose the biological characteristics of hepatocytes*' . On
the other hand, despite the increased reproducibility conferred by differentiation of embryonic
stem cells (ESC) or induced pluripotent stem cells (IPSC) to mature hepatocytes, the latter are
not highly permissive to HCV infection and may clear the virus within ~10 days of
infection*1¥, The same issues on permissivity are uncovered through attempts to infect liver
organoids, which can be produced from stem cells cultured in extracellular matrices in the
presence of spontaneous tissue self-organization growth factors, giving rise to hepatocytes and
the three main nonparenchymal cells of the liver (HSCs, Kupffer cells and endothelial cells)*”.
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Figure 24: A summary of the HCV chimeric genomes developed within the JFH1 backbone.
Full-length JFHI1 and J6/JFH1 genomes are shown on top. Sequences derived from JFH1are displayed
in blue, from J6 in orange, and from various other genotypes in green. The names of the various HCV
genomic sections encoded proteins are only shown in the JFHI genome depiction, but are comparable
in the schematic representations of the rest remaining genomes schemes. The name of each virus
recombinant and the genotypes available for that chimera are displayed on the left side of the
illustration indicate the viral sequence exchanged and genotypic origins available, while the
corresponding literature references to the literature are presented on the right. NS3-P: NS3 protease
domain, NS3-H: NS3 helicase, AHVRI: deletion of the hypervariable region 1 in E2.Figure from
Ramirez et al., 2018**°, reproduced with permission from Elsevier (License No 5618870536666).

LB.n.(v) Models for iz vive studies

Since the discovery of the virus, HCV research has greatly been contingent on animal
models, that can support the infection and/or develop similar pathologies as the humans. The
in vivo models for HCV studies can be divided in five big categories (summarized in Table 3):
(1) hosts that can be naturally infected by the virus without the need of viral adaptation and/or
host manipulation, (ii) transgenic animals, (iii) genetically humanised mice, (iv) xenotransplant
mice, and (v) surrogate animal models (for review see Vercauteren et al., 2015 “2, Catanese et
al., 2015, Burm et al., 2018 and Yong et al., 2019*2}).

Hosts supporting natural infection

Besides humans, chimpanzees are the only animal species to be naturally susceptible to
highly productive HCV infection rendering it the only acceptable model for the evaluation of
therapeutic and vaccine strategies. However, since 2010, new ethical guidelines have hampered
the use of chimpanzees as animal testing models for HCV in the European Union and since
2015 in the United States as well**.
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Almost a decade following the discovery of HCV a small mammal resembling squirrels,
the tree shrew, was found to support HCV infection’?, and develop liver fibrosis, cirrhosis,
and oxidative stress just as chronic HCV infected patients might do****>>, However, the viremia
induced was not high and this model is not widely available.

Recently, well-renowned scientists of the hepatitis C field have been contemplating that
in the absence of a better animal model, either due to ethical or financial restrictions, and in the
presence of highly efficient and effective antiviral treatment, vaccine candidate testing could
be redirected to the natural HCV host, the humans®’2. In fact, this is not the first instance in
which such a concept is being proposed*?®. Controlled Human Infection Models (CHIMs)
entail deliberate exposure of healthy human volunteers to a well-documented pathogen towards
in depth investigation of disease processes, treatment, and vaccine assessment, and are already
undergoing optimisation and refinement for tuberculosis (TB) and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) studies*****. A lot of collective thinking has been put
into this model, with specific workshops being held over the past years, led mainly by Drs Jake
Liang and Jordan Feld. During these meetings several considerations have been raised and an
in-depth proposal addressing them has been recently submitted**”. Personally, I fail to
comprehend how the ethical and financial repercussions of a human animal model are lesser
that those of a nonhuman one. Even more so, when the consensus proposal on the human cohort
suggested to undergo the controlled infection targets a vulnerable subgroup of people, those
addicted to intravenous drug use. No matter the extended knowledge we have acquired over
HCV life cycle, we are still not completely aware of the associated pathology inducing
mechanisms and we are only recently beginning to fathom the extent to which an HCV
infection may still affect the host upon clearance, e.g. through epigenetic alterations and
reprogramming of host gene expression*". Despite scientists’ thirst for knowledge and need to
serve the public, it might be beneficial to occasionally ask ourselves “Would I enroll my child
in this?”.

Transgenic mice

Mice do not express human hepatocyte factors essential for HCV entry (for review,
Sandmann and Ploss, 2013**") and they do express factors restricting viral multiplication in
murine hepatocytes*?, rendering them resistant to HCV infection. Transgenic animal
technology, allowing for the germline insertion of exogenous genes, has provided researchers
with a model in which HCV coding regions, from selected proteins to the whole polyprotein,
are expressed in mice and the effects of this expression can be observed (for review Barth et
al., 2008**%). Transgenic mice are unable to recreate the full life cycle of the virus, but they
have been reported to exhibit liver pathology. Steatosis, HCC and oxidative stress have been
documented, following the expression of HCV Core protein*****°, while the expression of the
complete viral polyprotein was associated with an increased risk of cancer®’ suggesting that
hepatocarcinogenesis is the result of the combined action of several HCV proteins. It should
be noted however that the observed pathogenesis has not always been successfully reproduced
by independent groups™****°, Nonetheless, as this model does not support HCV infection, not
all findings are directly relevant to the HCV pathogenesis in vivo.

Genetically humanized mice

In order to address this this constraint, mice can be rendered susceptible to infection
through transgenic introduction of the human orthologs required for HCV entry**". Indeed,
expression of the HCV co-receptors CD81, SR-B1, CLDN1 and OLCN permitted HCV entry
in mouse hepatocytes in vivo*™!, while in the context of immunodeficient mice HCV persistent

infection could be recapitulated**~.
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Although no apparent pathology has been observed in these mice, possibly due to the
absence of inflammation in this immunodeficient background, they embody an appropriate
model for the study of antivirals and murine vaccine responses**~**>, They have also largely
been used for in vivo examination of the virus life cycle*>**%, Fibrosis development has been
reported in this model (Table 3), an observation made by a single group in immunocompetent
humanized mice that developed sustained viremia for more than 12 months in parallel with
hepatic lesions*”,

Xenotransplanted mice

Another method to overcome the species barrier entails xenotransplantation of PHH or in
vitro cultured human hepatic organ01ds towards humanization of the murine liver™". However,
this process can only be successful in the absence of B-, T- and natural killer (NK) cell
responses, meaning that these mice are severely immunocompromised. To improve this model,
transplantation of both PHH and human hematopoietic cells has led to the development of
immunocompetent chimeric mice, with human liver and immune system. These can prove to
be invaluable in the investigation of HCV-induced liver damage and in the pre-clinical

validation process of vaccine candidates, once proven to be permissive to HCV infection®>*2,

HCV surrogate animal models

For several years, the only available surrogate animal model for HCV was the distantly
related GB-virus B (GBV-B) infection of small New World primates, such as tamarins and
marmosets. GBV-B is the exemplar virus of the Hepacivirus platyrrhini species, within the
Hepacivirus genus. GBV-B can cause acute hepatitis and rare persistent infections upon
experimental administration in small primates, serving as a useful model for the understanding
of immune responses and possible restrictions in vaccine development attempts for HCV*>*-
455

With the recent advancements in the Hepacivirus field, several new species have been
identified and phylogenetically analysed, revealing the increased genetic proximity of the
human Hepacivirus hominis to the canine Hepacivirus equi. Otherwise known as nonprimate
hepacivirus (NPHV), this virus was first isolated from infected dogs*°. However, it was later
found that its natural host are horses (Equus ferus), in which NPHV can induce persistent
infection, with hepatotropism and development of liver inflammation. The chronicity of
infection is decreased compared to HCV in humans, but the exerted immune response is highly
similar, with delayed seroconversion and inflammation in the liver*’. Therefore, the
immunocompetent horses infected with NPHV would be a great model to study Hepacivirus
pathology and responses, had the animal been easier to manage and less costly to sustain.

Lastly, the rodent hepaciviruses identified over a decade ago also constitute a greatly
interesting surrogate model for HCV and will be described with in more detail at the dedicated
section (see §1.C).
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Table 3: In vivo models for the study of HCV, possible surrogate animal models and their applications.
All immunocompetent surrogate animal models are appropriate for the study of therapies and vaccine development against the respective virus, hence not
applicable (NA) for HCV. HCC: hepatocellular carcinoma.

Adaptive | Good for the study of HCV o o )
Animal model details Viremia Liver pathology . . 3 Availability Bibliographic references
Immunity Therapies Vaccines
458
Bukh et al., 2001—;
. Pan troglodyte (Chimpanzee) Chronic or acute - v v v - 459
Hosts supporting Lanford et al., 2001——
natural infection Fibrosis
Tupaia belangeri (Tree shrew) Intermediate . .’ - - - Low Feng et al., 2017720
Cirrhosis
: 435,
H . Perlemutter et al., 2002~
expressing viral proteins NA St?atO.SIS' cc, v NA NA High 436
Transgenic mice Oxidative stress Liang et al., 2004~
expressing HCV polyprotein NA Steatosis, HCC v NA NA High Lerat et al., 200227
Gengtlcally. expressing HCV essential entry Persistent Fibrosis v v v High Chen et al., 2014449
humanized mice factors
Meuleman et al., 200846
. o . Y, Bukh et al., 2010*%%;
Human liver chimeric mice Persistent - - - Low 463
| g Burchill et al., 2017
X
enotrarjnsp ante Andreo et al., 20174(74
mice 46 ‘3
| . Low/only in| - Washburn et al., 2011
Human liver and immune ow/only in liver nflammation,
“and imm y L] . - v Very low Keng et al., 2016"°;
system chimeric mice extracts fibrosis e
Zeng et al., 2017~
Hepacivirus platyrrhini (GB- . Acute hepatitis, ) 453
: p ) v NA NA Low 3
virus B) infected small primates ersistent or acute Steatosis Martin et al., 2003
H ivi i infi E . . 5
. epacivirus equi infected Equus Persistent or acute Inflammation v NA NA Low Pacchiarotti et al., 20222
Hosts supporting ferus (horses)
| infecti H ivi i . . . .
natur.a m.ectlon epacnylrus ratt.l (FOREy (T Persistent chronic Steatosis v NA NA High Trivedi et al., 2018708
with viral hepacivirus-1) infected rats
homologs H o I o
epacivirus ratti or Hepacivirus . . 469
D | . . Billerbeck et al., 2017—
norvegici (norway rat im?'r?jggzoomn a:tlgac Fibrosis v NA NA High 470
hepacivirus-2) infected mice P ¥ Brown et al., 2023~
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2CY Milestones

First Identification Isolation of GBV- Addition of RBV to
description of HCV _B from sera ar.1d IFN-a treatment
of NANBH Inoculation of HCV livers of tamarins
Passaging of plasma or blood of classification inoculated with HCV
infectious GB NANBH patients GB agent transgenic Development of
in marmosets causes hepatitis in HC_V nucl.elc mice the HCV
chimpanzees acid testing replicon system
< 5
g ? ‘ ¥ -
1975 1978 1989 1993 1994 1995 1997 1998 1999
HCV antibody First infectious
i |
testing - . c on(:’ - RHV-rn1
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Figure 25: A summary of the HCV milestones described so far in this manuscript.

Bibliographic references can be found within the corresponding section of the manuscript. Figures reproduced with permission from SmartServier
(https.//smart.servier.com/), Freepik (https://www.freepik.com/), Inotiv (https://www.inotivco.com/), or Uprichard et al., 200611 (CC BY 2.0).
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1.B.(0) Virus-host interactions

HCV promotes its life cycle and induces deregulations in the host cells through the actions
of virus-encoded proteins, which may cause rewiring of cellular pathways either by direct
interaction with cellular proteins implicated in these processes or by modifying the expression
of cellular genes. A schematic synopsis of the HCV-induced perturbations of hepatocellular
homeostasis essentially leading to HCC is provided in Figure 26, with an emphasis on the
implications of the viral proteins modulating each process. These disturbances of host
processes may be induced at the protein or at the gene level. Since a detailed overview of all
host cell modulations is beyond the scope of this manuscript, the interactions of HCV with the
host immunity is briefly presented below, followed by an outline of reported PPIs and
regulation of cellular gene expression by HCV proteins, with stress on the roles of Core and
NSS5A.
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Figure 26: Schematic summary of HCV-induced perturbations of hepatocellular homeostasis.

The main focus is on HCV-host interactions and signaling during viral infection that contribute to
cellular transformation and HCC development. Red arrows are indicative of the direct effects of HCV
RNA or proteins on specific hallmark processes. HCC mechanisms observed in the clinics and in in vivo
models are linked to the hallmarks by the black arrows. Dotted lines represent examples of
inflammation-driven carcinogenesis. EMT: epithelial mesenchymal transition, HSC: hepatic stellate
cells, IFN: interferon, SRNA: small RNA. Reprinted from Bandiera et al., 2016*, with permission from
Elsevier (License number: 5623560073115) and from original Mesri et al., 2014*”2(License number:
5623561123899).

1.B.6.(1) Immune evasion

Infection of hepatocytes with HCV triggers the activation of the immune system in order
to clear the virus*. To this end, dendritic cells (DC), HSCs, and Kupffer cells express
cytokines (MIP-1, IL-12, IL-15, and IL-18) to attract NK cells that will produce IFNy in the
liver*”**>, The production of type I and III interferons causes sinusoidal endothelial cells to
secrete chemokines (CXCL10, MIG), further attracting T lymphocytes toward viral

clearance™’®.
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Nonetheless, HCV can evade the host immune system and cause persistent infection. The
virus accomplishes this in a variety of ways, including the disruption of DCs and NK cells.
HCV has been demonstrated to increase the levels of indoleamine-2,3,-deoxygenase,
disrupting DC maturation and antigen-presenting capabilities’””. DC disruptions further
include altered phagocytic capabilities through induced plasmacytoid dendritic cell (pDC)
apoptosis and impaired DC proteasomal subunits*’®. Early in HCV infection, impaired DC
activity leads to low levels of NK cell maturation and an immunosuppressive regulatory T-cell
phenotype due to poor priming of CD4+ and CD8+ T cells*”>**", Persistent HCV infection also
results in varying expansion and differentiation of NK cells among patients*®', while NK cell

function during HCV acute and chronic infection have also been found to permutate**”.

HCV dsRNA yo
o
=
L
1 Endosome
IFNAR

Virus
replication
NS3
helicase
HCV RNA
IVAVAVAN

7~
o/
-

production

Figure 27: Mechanisms of HCV evasion of innate immunity.

The steps in which viral proteins interfere with physiological host immunity pathways are highlighted
by red “stop” signs. elF2a.: eukaryotic initiation factor 20, HCV: hepatitis C virus, IFN: interferon,
IRF: IFN regulatory factor, ISG: IFN-stimulated gene, MAVS: mitochondria antiviral signaling protein,
MITA: mediator of IRF3 activation, MyD88: myeloid differentiation pro-inflammatory response 88,
PIASI: protein inhibitor of activated STATI, PKR: protein kinase R, PRMTI: protein arginine
methyltransferase 1, SOCS3: suppressor of cytokine signaling 3, STAT: signal transducer and activator
of transcription, STING: stimulator of interferon gene, TLR: Toll-like receptor, TRIF: TIR domain-
containing adaptor inducing IFN-p. Figure reproduced from Wong et al., 2016** under Creative
Commons Attribution-NonCommercial-NoDerivatives 3.0 Unported License (CC BY-NC-ND 3.0).

At the molecular level, host cells possess several recognition and defence mechanisms
against viral intrusion (Figure 27). Two important signaling pathways that activate the host
innate immunity against viral infection can be subverted by HCV-encoded proteins. One of
these pathways utilizes members of Toll-like receptor (TLR) family and the other senses
intracellular viral double-stranded RNA (dsRNA) via the RNA helicase RIG-I and is involved
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in the activation of transcription factors. Viral detection by these pattern recognition receptors
(PRR) is the first step to type I IFN (a and B) and interferon-stimulated gene (ISG) induction,
via the activation of IRF3, IRF7 and NF-kB transcription factors by adapter proteins such as
TRIF, MYD88 and MAVS. Secreted IFN is detected by interferon receptors of neighbouring
cells and induces through the JAK/STAT pathway the transcription of ISGs, such as
inflammatory cytokines, pattern recognition receptors and effector proteins**.

The best characterized mechanism of subversion of HCV immunity is the NS3/4A
protease-induced inhibition of the RIG-I and TLR3 signaling pathways through the cleavage
of MAVS and TRIF, respectively®>**, Additionally, NS3 itself has been found to bind tank
binding kinase (TBK1) in order to prevent the engagement of IRF3 and the expression of
IFN*’, TBK1 is also a target of NS4B, which in turn targets the STING-mediated activation
of the protein, to suppress the induction of type I IFN***, Core also plays an important role by
inhibiting the JAK/STAT signaling through direct interaction with STAT1** and by inducing
the production of suppressor of cytokine signaling proteins (SOCS1 and SOCS3)*"*!, Core
binding to STAT1 was shown to prevent its phosphorylation and thus, its activation”?. Core,
in its monomeric form, can additionally stimulate TLR2 pathway assisting the virus evasion of
the innate immune system*”>***, Moreover, E2 and NS5A are known to inhibit PKR*>*,
while NS5A additionally interacts with 2'-5'-oligoadenylate synthase (2'5'OAS), blocking its
antiviral effect and reducing ISG expression levels®”’ and with the TLR adaptor MyD88 to
inhibit TLR-mediated innate immune evasion’. Furthermore, NS5A induces gene
transcription of interleukin 8 (IL-8), which has been found to suppress the antiviral actions of
IFN-0"* and to downregulate the expressions of NKG2D, an activating cell surface receptor
on NK cells, via TLR4 pathway, impairing the functional ability of these cells*””.

Nonetheless, despite all these subversion mechanisms, activation of the IFN pathway is
still detected in HCV infected patients, an attribute that could be explained by the fact that not
all hepatocytes are infected or by induction of the signaling before the production of viral
proteins’”’, These mechanisms are collectively represented in Figure 27°%,

1.B.6.(11) Protein-protein interactions

The identification and functional characterization of individual HCV-host PPIs can be of
great importance towards better understanding the mechanisms of viral pathogenesis and
promotion of the HCV life cycle. On the other hand, a more collective mapping of these PPIs
into networks may reveal valuable insights into functional constitution of the viral protein
interactomes, through analysis of different aspects of the network, such as its complexity and
size.

Several researchers of the HCV field have undertaken to identify HCV-host PPIs by
different small-scale or high-throughput experimental approaches, or by computational
prediction models. The wet lab techniques more commonly used to identify direct or indirect
PPIs include the in vivo Yeast 2 Hybrid (Y2H) system, and the in vitro glutathione s-transferase
(GST) pull-down, affinity chromatography, co-immunoprecipitation, protein-fragment
complementation assays (PCA), biotin-based proximity labeling techniques (BiolD, APEX)>"!,
and (tandem) affinity purification of protein complexes coupled to identification of retrieved
peptides by mass spectrometry (AP-MS) (for review see Rao et al., 2014°%%).

Whether attempting to produce a comprehensive map of HCV by determining the
interactomes of multiple viral proteins, or just focusing on a single viral protein and
functionally characterizing few selected partners, the list of publications on HCV PPIs is
enormous. For a time, a group of researchers had created and manually curated an HCV-
specific PPI publicly available database called HCVpro®” (http://cbre.kaust.edu.sa/hcvpro/),
which unfortunately has not been maintained during the past few years. Similarly, the
VirusMINT database’™ (http://mint.bio.uniroma2.it/virusmint/), containing viral PPIs includes
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only limited HCV-related data, that are rarely linked with specific HCV proteins, but rather
with the polyprotein.

Hence, exhaustive lists of HCV protein PPIs are currently lacking. Some researchers have
employed text-mining approaches attempting to tackle this, such as in the publications of:

(1) Mukhopadhyay & Maulik (2014), who performed mining of HCVpro to uncover
HCV-host PPIs, String database to extract cellular PPIs and the Genetic Disease
Association Database to collect protein associations to disease phenotypes™”,

(i)  Saiketal. (2016), who developed a mining tool, ANDSystem, and recovered HCV-
host PPIs from PubMed abstracts and full text articles>"?,

(ii1))  Farooq & Khan (2019), who extracted HCV PPIs from a selected list of 13 papers
with accessible interaction data, out of the 729 studies retrieved by advanced search

of PubMed for HCV PPIs?"/,

or, in an attempt to complement their own experimental data, the works of:

(1) de Chassey et al. (2008), who complemented the interactome of Conlb derived
proteins obtained by Y2H using a fetal brain and spleen cDNA library by text-
mining data obtained by BIND database and PubMed"", and

(i1))  Thripathi et al. (2013), who focused solely on HCV NSS5A protein, performing a
Y2H screen using truncated NS5A (aal973-2419) of genotype 1b J1 strain and a
human liver cDNA library and reported previously described pairwise NS5A-
human interactions mined from Medline, supplemented by follow-up manual
inspections®”.

Original high-throughput studies addressing the HCV interactome include those of:

(1) Dolan et al. (2013), who carried out large scale Y2H screens using genotype 2a
JFH1-derived whole or truncated proteins (Core, E2, NS2, NS3, NS4B, NS5A,
NS5B) and a human liver cDNA library to identify HCV-host PPIs'",

(i)  Germain et al. (2014), who used HEK 293T cells expressing 3xFLAG-tagged Core
(JFH1-derived), NS2, NS3/4A, NS4B, NS5A (Conlb-derived), or NS5B viral
proteins to perform immunoprecipitation (IP) of viral-host protein complexes
coupled to liquid chromatography—tandem mass spectrometry (LC-MS/MS)
expreiments®, and

(ii1))  Ramage et al. (2015), who implemented affinity purification (AP) coupled to MS
(AP-MS) experiments using the lysates of Huh-7 cells independently
overexpressing each JFHI1 protein and verified the retrieved interaction in a

512

replicon system-~.

High-throughput investigation of the Core interactome has been carried out in the studies
of:

(1) Roohvand et al. (2009), who performed protein chip and direct Core-dependent
pull-down assays, followed by mass spectrometry, using C-terminally His-tagged
Core proteins aa 2-169 (D1 and D2) and aa 2-122 (D1) expressed in Huh-7 cells™",

(i)  Tripathi et al. (2010), performing a Y2H screen using Core of Conlb strain and a
human liver cDNA library”"*, and

(iii))  Dolan et al. (2015), who investigated the interactomes of two N-terminal
computationally predicted molecular recognition features of JFH1-derived Core in

515

a Y2H screen with a human liver cDNA library>.

For NS5A, while the distinct interactomes of the two phosphorylation forms has been studied
by Pan et al.'’, using lysates of genotype 2a J6/JFH1 infected Huh-7.5.1 cells to perform AP-
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MS/MS using antibodies specific to either pS6 or p5S8 NS5A, other studies evaluating the NSSA
interactome without discriminating NS5A phosphorylation status include those of:

(1) Meistermann et al. (2013), who identified NS5A interactors in Huh-7 cells stably
expressing Conlb subgenomic replicon by immuno-competitive capture mass
spectrometry (ICC-MS) experiments®'®,

(i)  Eberle et al. (2014), who performed a TAP-MS screen using HEK293 cells
ectopically expressing genotype 2a Jc1 NS5A°", and

(ii1))  Vlaicuetal. (2017), who constructed a full-length functional replicon in the context
of a modified JFH1 genome encoding tagged NS5A protein with a compensatory
deletion of 40aa (previously described by Moradpour et al.”**, and Gottwein et

al.”'?) towards AP-MS experiments using Huh-7 cells*2",

Many of these data, including additional PPIs are reported in the review papers of Kao et al.*2
for Core and Ross-Thriepland & Harris''® for NS5A (Supplementary Table 1 and
Supplementary Table 2). As detailed above, the limitations of the vast majority of these studies
lie in the fact that they have rarely been performed in fully relevant infection systems.

Concerning NS5A, its interaction with certain cellular factors has well been documented
and functionally characterized. More specifically, the crucial role of CypA and PI4KIlla for
HCV replication has already been presented in §1.B.c.(iv) and is supported by extensive
experimental evidence. Furthermore, interaction of NS5A with Amphiphysin II (BIN1) was
shown to down-regulate NS5A phosphorylation, affecting the HCV life cycle’??, although the
interaction was found to be dispensable for HCV RNA replication’”’. NS5A interaction
through its DIII with annexin A2 (ANXA2) was also extensively studied, while ANXA
knockdown or silencing were shown to dramatically affect HCV Jcl titers in infected cells’?,
or to decrease the formation of membranous web-like structures and HCV genotype 1b and 2a
RNA replication’?, respectively. NS5A/Heat shock protein 72 PPI was also thoroughly
examined, with the interaction being mapped to aa 147-301 of NS5A and aa 231-380 of Hsp72.
Overexpression and knockdown experiments in Huh-7.5.1 cells stably carrying HCV
subgenomic replicon pSGR-JFH1 showed that Hsp72 acts as a positive regulator of HCV
replication possibly by increasing the stability of viral proteins levels within the replicase or
by enhanced IRES translational efficiency’>°. Moreover, Hsp72 levels were found increased in
the presence of NS5A, an effect that could be linked to increased nuclear factor of activated T
cells 5 (NFATS) activity due to ROS production by NS5A. Hsp72 modulation via NFATS
might be a potential mechanism implicated in NS5A-directed induced liver pathology~~’.

The host factors mentioned above are only a few of the reported NS5A interacting partners,
with a more extensive list in Supplementary Table 2.

1.B.6.(i1 Regulation of gene expression
g g

Microarray studies in liver biopsies from HCV-infected patients in comparison to non-
HCV infected controls showed that HCV infection can perturb host gene expression®2*>2,
Combined experiments in HCV infected cell culture, chimeric mice with humanized liver and
liver tissues from HCV patients revealed HCV-induced perturbations in metabolic, immune
response, and HCC-related pathways>*".

The role of HCV Core, in particular, in host gene expression disturbances has been
underlined by many studies in cell culture systems and in animal models, focusing on the
effects on both the virus life cycle and the viral pathogenesis (for review see Kao et al.,
2016°2Y). Ectopic expression of the protein alone in transgenic mice has been extensively
studied and found to be in link with pathologies observed in HCV infected patients. Notably
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activation of retinoid X receptor alpha, alteration of cytokine expression, oxidative stress,
steatosis, and HCC are part of the liver phenotypes observed in such mice (for review see Barth
et al., 2008**%). One mechanism of HCV Core-induced development of steatosis may rely on
the reported downregulation of peroxisome proliferator-activated receptor alpha (PPARa), an
important regulator of fatty acids degradation in the liver’*!. Core has also been found to induce
the expression of TGF-B1°%%, the levels of which are found significantly elevated in HCV
infected patients”*. An overstimulation of the genes encoding PPARa and TGF-B by genotype
3a highly cell culture-adapted strains compared to genotype la strain was reported by Patra et
al., 2019°**, In support of the role of HCV Core in steatosis development, this viral protein has
also been found to upregulate the transcription of the sterol regulatory element binding protein
1 (SREBPI) and of the peroxisome proliferators-activated receptor gamma (PPARYy), which
are involved in the regulation of hepatocellular lipid metabolism™**, HCV Core has further been
found to regulate the expression of antioxidant genes™°, proto-oncogenes, as well as hepatic
miR-122, which has the intrinsic property to regulate genes involved in suppression of
metastasis. Core exhibits both pro- and anti-apoptotic properties, such as its ability to stimulate
or inhibit intrinsic or extrinsic pathways mediated by p53 or by TNF-a>*’,

Sharing some host signaling pathways with Core, NS5A seems to modulate MAPK,
phosphatidylinositol 3-kinase, Wnt/p-catenin, p53 and NF-kB, resulting in the activation of
cell proliferation and the inhibition of apoptosis, thus likely contributing to HCV
pathology>**'*, NS5A is also involved in HCV-induced lipid metabolism perturbations, as it
has been found to increase the expression levels of sterol regulatory element binding protein-
Ic (SREBPIc), acetyl-coenzyme A carboxylase 1 (ACC1) and fatty acid synthase (FASN) in
vitro and by ectopic expression in mice™”.

Despite the apparent huge body of reported data with regard to hepatocyte pathways
deregulated by HCV, many works have not been carried out in physiologically relevant
infection systems or with a diversity of HCV genotypes or have led to discrepant statements,
calling for additional works to consolidate and reconciliate these data.

I.C Rodent Hepacivirus

I.C.(a) History

Following the identification of Hepacivirus equi, many researchers attempted to find
HCV-related viruses in a plethora of hosts. One of these groups was the lab of Dr. Ian Lipkin
(Center for Infection and Immunity, Columbia University, New York, USA), who captured
and examined more than 400 wild rodents from four Rodentia species, for the presence of novel
viruses?*. Brown sewer rats (Rattus norvegicus) from New York city were found to be infected
with two novel hepaciviruses among others, the Norway rat hepacivirus 1 (NrHV-1, RHV-rnl
or Hepacivirus ratti) and the Norway rat hepacivirus 2 (NrHV-2, or Hepacivirus norvegicus)>*".
These viruses were identified in rat sera by unbiased high-throughput sequencing (UHTS)
using degenerate primer sets targeting conserved domains within the NS3 helicase of known
hepaciviruses and the closely related pegiviruses within the Flaviviridae family.

The identification of RHV was followed by the reported presence of such viruses in the
sera and organ tissues of South African four-striped mice (Rhabdomys pumilio) and European
bank voles (Myodes glareolus), following the screening of 4,770 rodents (Rodentia, 41 species)
from Africa, Europe, Mexico, and Thailand. The hepatotropism of these viruses was supported
by the presence of viral RNA and low levels of lymphocytic invasion found by
histopathological and molecular analyses of liver samples from RHV-infected bank voles.
Moreover, these animals seem to be able to control hepacivirus infections, since low
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serological co-occurrence of viral RNA and anti-RHV NS3 antibodies was reported in PCR-
positive animals (5.3%)>*".

I.C.(B) Genome, proteins, and virus particle organization

As shown in Figure 1 (page - 2 -), phylogenetic analyses of the various RHV species
identified up to date have revealed a substantially great molecular divergence from HCV,
unlike that observed between HCV and NPHYV, indicating an absence of hepaciviral
cospeciation””2%*142 ' A considerable level of genetic diversity has also been observed among
RHYV species, rendering the individual RHV species as unrelated to each other as they are to
other species among the Hepacivirus genus identified in a plethora of hosts*”.

The overall genome organization of rodent hepaciviruses is highly similar to that of HCV,
with 5’- and 3’-UTRs and a long ORF encoding three structural and seven nonstructural
proteins, with homologous predicted cleavage sites**. However, distinct differences are found
in the sequence and structure of the UTRs, with their complete functional characterization
remaining unmet to date. More specifically, the number of miR-122 binding sites within the
5’-UTR ranges from one to two among the different species, while two of the RHV lineages
obtained from European bank voles contain an IRES resembling that present in the species of
the Pegivirus genus®*'. The main difference among RHV species and HCV within the 3’-UTR
seems to be the absence of a poly(U) tract in the former, whereas similarities exist within the
terminal stem-loop of certain RHV isolates®**',

The hepacivirus ratti, or RHV-rnl that is used in the present study was first sequenced by
the group of Dr Amit Kapoor (Ohio State University, Columbus, Ohio, USA). In spite of the
high nucleotide divergence with HCV species, hepacivirus ratti harbours a well-structured 5°-
UTR containing an IRES and two miR-122 seed sequences, like HCV, an important
determinant for efficient replication in liver cells. In contrast, hepacivirus norvegici, or RHV-
m2, was found to harbour only one miR-122 binding sites within its 5°-UTR*®”,

As for HCV, little is known about the structure of infectious RHV particles, although
recent studies in cell culture (see 1.C.(0)) revealed that cell-culture derived RHV-rnl particles
have biophysical properties characteristic of HCV, such as a very low density, and lack of
correlation of increased levels of RHV E2 embedded in the virion envelope with highest

infectivity in vitro®*.

I.C.(y) Host information

The order Rodentia constitute the most diverse and over-represented group of mammals
(40%). In the absence of a clearly matching phylogenetic clustering of the evolutionary history
of RHV and mammals, it is suspected that the unexpected diversity found among RHV species
is the result of several cross-species transmissions. Nonetheless, further research is required to
determine whether hepaciviruses from other mammalian hosts are capable of crossing species
and infecting rodents.

Rodents' ecology and behaviour are incredibly diversified, rendering them viable in
practically any terrestrial ecosystem, including man-made habitats. All rodents, however, share
numerous physical characteristics, the most representative of which is their pairs of continually
developing, razor-sharp, open-rooted incisors. The majority of rodents are herbivorous,
meaning they only eat plant material such as seeds, stems, leaves, flowers, and roots, while
some are omnivorous, and others are predators.

Rats is the common name for the genus Rattus of muroid rodents. Rats are medium-sized,
long-tailed rodent. The main discriminatory factor among rats and mice (Mus) is their size,
with rats being significantly bigger. The black rat (Rattus rattus) and the brown rat (Rattus
norvegicus) have become the most well-known rat species, with the latter often used as model
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organisms for scientific research. Interestingly, despite the high genetic differences among rats
and humans, the livers of these mammals present more similarities than differences. The
differences include the presence of lobation and the absence of a gallbladder in rats, though in
the presence of a highly similar liver microarchitecture™*,

The existing resemblances, taken together with the intrinsic predisposition of certain rat
species to develop obesity, DM2 and MASLD, and the fact that large sequences of the genome
of Rattus norvegicus are now known, render rats a unique model for liver-disease associated
studies”. For experimental purposes, entirely new breeds or "lines" of brown rats have been
outbred, including the Wistar, the Long—Evans, and the Sprague Dawley rats.

Wistars are albino rats, developed by the Wistar Institute in 1906 for use in biological and
medical research as a model organism over the predominantly utilized house mouse (Mus
musculus) at the time. The original colony formed by physiologist Henry Herbert Donaldson,
scientific administrator Milton J. Greenman, and genetic researcher/embryologist Helen Dean
King is the source of more than half of all laboratory rat lines. The Wistar rat, distinguished by
its broad head, big ears, and a tail that is usually shorter than its body length, is today one of
the most often used laboratory rodents.

A

Figure 28: Different lines of laboratory rats that have been used for setting up the RHV model*%,
Wistar Han (4), Long Evans (B), Sprague Dawley (C) and Holtzman (D) rats are not shown in scale.
Photos reproduced with permission from Inotiv (https://www.inotivco.com/).

Wistars were used for the breeding of the Long—Evans, and the Sprague Dawley rats and
are usually more energetic than these other breeds. Long and Evans produced the Long-Evans
rats in 1915 by crossing Wistar females with wild grey males. Long-Evans rats are white with
a darker coloured hood (black or brown). They are commonly used as a versatile model
organism in behavioral studies, particularly in alcohol research, as they consume alcohol at a
considerably faster rate than other lines, allowing for more time-efficient behavioral
investigations.

The Sprague Dawley rats were first produced by the Sprague Dawley farms in Madison,
Wisconsin in 1925, by crossbreeding a hooded male hybrid of unknown origin with a Wistar
female, and repeating with the female’s progeny for 7 generations. Sprague Dawley rats are
albino, and typically have an elongated head and a longer tail in proportion to their body length
than their parental breed, Wistars. They are extensively used in medical and nutritional
research, and they are preferred due to their rapid growth, docility, and ease to handle. Sprague
Dawleys have been further used for the outbreeding of other laboratory rat lines, such as the
Harlan Sprague-Dawley rats by Harlan Co. (Indianapolis, IN) and the Holtzman Sprague-
Dawley rats by Holtzman Co. (Madison, WI).

I.C.(0) Pathogenesis and surrogate animal model for HCV

As described in §1.B.1.(iv), HCV can robustly infect only humans and chimpanzees, with
the restricted use of the latter in biomedical research tremendously limiting in vivo modeling
of chronic infection and pathogenesis. Hence, in the absence of a more appropriate animal
model available, RHV infecting its natural host, rats, seems to be an ideal alternative thanks to
the manageability and extended knowledge researchers possess of the animal, the chronicity of
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infection reported in immunocompetent animals, the HCV-like pathogenicity observed, and
the permissivity for vaccine studies.

More specifically, serum from a wild brown rat infected with one of the rat hepacivirus
species isolated from Rattus norvegicus, the RHV-rnl, has been used to infect Sprague Dawley
laboratory rats. The viral genome thereof has been cloned and synthetic RNA derived from this
cDNA has been intrahepatically inoculated in Sprague-Dawley, Holtzman, Long-Evans, and
Wistar Han outbred laboratory rats, resulting in liver infection. This study by the group of Dr
Amit Kapoor revealed moderate hepatic inflammation in experimentally infected rats,
characterized by a consistent pattern of dense lymphocytic aggregates focused on the portal
tracts, and more parenchymal damage with hepatic plate disarray at later times in chronically
infected animals. Interestingly, liver steatosis was also observed in these animals. Furthermore,
analysis of differentially expressed genes in the liver of a small cohort of infected rats showed
activation of interferon signaling pathways that increased in late stages of chronic infection, as
in HCV infected patients*®,

Importantly, this RHV strain fails to establish persistent infection in immunocompetent
laboratory mice, though immunocompromised mice lacking type I interferon and adaptive
immunity (A129, AG129, and NRG) can be chronically infected. Evidence of possible RHV
adaptation to the immunocompromised mouse host also surfaced from these attempts*®”.

As in vivo studies are usually coupled to molecular analyses in vitro, the group of Dr Troels
Scheel (University of Copenhagen, Copenhagen, Denmark) undertook to establish an in vitro
model to culture RHV in hepatic cells of rat origin. First, efficient RHV-rnl selectable
subgenomic replicons were developed and then cell clones that could harbour stably replicating
RHV-rnl subgenomic RNAs without the need of adaptive mutations were selected.
Interestingly, the efficiency of RHV replication in cells of rat origin may be increased
following the introduction of adaptive mutations in NS4B and NS5A, previously identified in
transfected hepatoma cell lines of murine origin, implying that adaptive mutations are not
species-specific but rather boost RHV genome replication in cell culture more broadly.
Miravirsen, a miR-122 antagonist that suppresses HCV replication, was also shown to suppress
RHV-rnl genome replication, demonstrating the ubiquitous relevance of this host factor for
hepaciviruses, the importance of the existence of the miR-122 binding sites in RHV 5’-UTR,
further highlighting significant commonalities between RHV and HCV-"°,

Scheel et al. further described an infectious reverse genetic cell culture system for RHV-
rnl employing the selected highly permissive rat hepatoma cells and RHV-rn1 bearing adaptive
mutations in E2, NS4B, and NS5A viral proteins. RHV-rnl particles produced in cell culture
(RHVcc) present similar biophysical properties as HCV and are infectious in rats. In
immunocompetent rats, culture adaptive mutations attenuated RHV, and the mutations
reversed after extended infection™*’.

Overall, RHV-rnl in rats has a profile very similar to that of HCV in humans, characterized
by hepatotropism, persistent viremia detectable for over 1 year and recapitulation of many
aspects of liver pathology, such as micro- and macro-vesicular steatosis, lymphoid aggregation,
and biliary epithelial damage*®®. These attributes render it an appropriate surrogate model to
study viral persistence, the role of various interferon stimulating genes and immune responses
in hepacivirus pathogenesis, as well as vaccine candidate efficiency. In fact, the group of Dr
Kapoor is now devoted to exploring vaccine strategies, recently showing that single-dose
immunization with vaccine candidate composed of a recombinant adenovirus vector
expressing RHV nonstructural proteins can induce effective immunity in vaccinated rats.
Resolution of RHV infection was found to coincide with a vigorous recall of intrahepatic
cellular responses, while this study also provided direct evidence of the importance of co-
operation between CD4+ and CD8+ T cells for hepacivirus immunity**’. Furthermore, viruses
containing escape mutations within MHC class I-restricted epitopes reduced the efficacy of
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this vaccine candidate upon challenge”*®. Further research into the immune responses that
result in protection against various RHV challenges in this model may aid in the development
of widely effective HCV vaccines, increasing the appeal of this rat model.
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I1. Objectives

Chronic HCV infection is a progressive and long-term asymptomatic disease, resulting in
metabolic disorders, such as steatosis, an abnormal accumulation of neutral lipids in
hepatocytes, and long-term complications of cirrhosis and hepatocellular carcinoma (HCC).
The prevalence of clinical manifestations varies according to the hepatitis C virus (HCV)
genotype (8 genotypes and >90 subtypes identified so far), with g. Genotype 3 infection, which
is highly prevalent among IVDU in Europe presenting an increased association with steatosis,
with an incidence rate of 80%, and subtype 1b infections being are associated with increased
risk for HCC development, while significant clinical data are lacking for genotypes 4-8

HCV-induced pathologies can be driven by a complex combination of both direct, as well
as indirect mechanisms such as chronic liver inflammation. Virus-driven mechanisms are
thought to be essentially mediated by two pleiotropic viral proteins, the capsid protein, Core,
and the nonstructural protein NS5A. Core and NS5A are reportedly involved in the
deregulation of several host pathways (see [.B.(0)), including metabolic signaling pathways
that could be associated with steatosis development, immune system cascades and signaling
pathways known to be involved in HCC development. However, in the absence of cell culture
systems allowing the study of clinical strains of HCV, these HCV genotype- and/or protein-
specific deregulations have mainly been studied in transient protein over-expression systems
and/or in non-hepatic cells in vitro.

Moreover, a detailed understanding of the molecular mechanisms involved in HCV-
induced pathology is hindered by the absence of a fully pertinent study model. This knowledge
remains crucial, even in the era of DAAs, which can currently cure >95% chronic infections,
since SVR does not always eliminate the risk of developing liver complications. In addition,
the high cost of the treatment and the increased proportion of unknowingly infected individuals
are restrictive factors of prominent HCV elimination, highlighting the need of a preventive
vaccine. A promising surrogate model emerged with the demonstration in 2018 that a new
rodent hepacivirus (RHV-rnl) establishes chronic infection in rats, its natural host and can,
similar to HCV in humans, cause steatosis.

Our group is aiming at elucidating in relevant infection systems the molecular bases of
HCV manipulation of host pathways leading to steatosis and HCC, with a focus on the common
and distinct effects of HCV proteins with diverse genotypic origins.

Towards this end, a first project targeted the identification of (i) cellular interacting
partners (IPs) of Core and NS5A and (ii) specifically deregulated signaling pathways. This
project included the development of new virological models capable of replicating in human
hepatoma cells, encoding Core or NS5A from clinical strains of different genotypes isolated
from patients with varying degrees of liver disease. These systems were used for the study of
transcriptomic deregulations specific to the genotypic origin of the protein. The generation of
a panel of HCV Core and NS5A intergenotypic recombinants encoding respective proteins
tagged in frame with a twin strep-tag (ST) allowed the affinity purification of protein
complexes and the determination of the interactome of these proteins.

In our second project, the immunocompetent surrogate animal model based on Sprague
Dawley rats infected with RHV-rn1, initially established by the lab of Dr. Kapoor*®® (Ohio
State University, Columbus, Ohio, USA) was set up in France thanks to his generous gift of
RHV-rnl genome-length cDNA. With this model, we aimed at characterizing liver metabolic
disorders triggered by chronic RHV infection using small rat cohorts, in order to validate the
high potency of this surrogate model to pursue pathobiology studies, while other groups in the
world are using it for vaccine-related investigations™*">*%,

Both projects are part of collaborative studies supported by the ANRS and are expected to
ultimately contribute to a better understanding of the molecular mechanisms involved in HCV-
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induced steatosis and HCC in direct link with specific viral factors and genotypic
polymorphisms, as well as provide information about the interaction with co-morbidity factors
and potential persistence of metabolic perturbations following hepacivirus cure.
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III. Materials and Methods

ITI. A Ethics Statement

This study complied with the ethical guidelines of the Declaration of Helsinki (1975) and
has been approved by the following committees and institutes concerning:

(1) animal experimentation
* The Ethics Committee on animal experimentation n°012 (number C3851610006)
delivered to our collaborator running the animal facility, Dr. Hervé Lerat (UMS hTAG,
Université Grenoble Alpes, Inserm US46, CNRS UAR2019, La Tronche, France).

(i1) clinical virus strains

* The National Consultative Ethics Committee for the Life Sciences and health in
France (declaration number DC-2008-531), delivered to our collaborator, Dr. Claire
Gondeau (Institut de Médecine Régénératrice et de Biothérapie, Hopital Saint-Eloi,
Montpellier, France)

» The National Ethics Committee of Cameroon (number 199/CNE/SE/2011) and the
Ministry of Cameroon Health (number 631-01.12), delivered to our collaborator Dr.
Richard Njouom (Centre Pasteur du Cameroun, Yaoundé, Cameroon)

» The Bioethics Committee of the Cantacuzino National Medical-Military Institute of
Research and Development of Romania (number 16/CEE), delivered to our
collaborator Dr. Gabriela Oprisan (Titu Maiorescu University, Faculty of Pharmacy,
Bucharest, Romania).

Written informed consent was obtained from all patients or their families. Patient data
communicated to the laboratory were restricted to patient gender, age, the reason for the
surgical resection and comorbidity factors, when available. HCV RNAs extracted from
patients' sera were provided to the laboratory by its collaborators.

III.B Cell culture

Human hepatocarcinoma Huh-7.5 cells, highly permissive to HCV infection’”, were a
kind gift from Dr. Charles Rice (The Rockefeller University, New York, USA). Huh-7.5 is a
cell clone derived from Huh-7 hepatocarcinoma cells harboring stably autonomously
replicating subgenomic HCV RNA, that have been cured from it by interferon treatment.

Huh-7.5 cells were cultured as a monolayer at 37°C in an atmosphere of 5% CO; in
complete medium, i.e. DMEM medium (Dulbecco’s Modified Eagle Medium, Gibco,
#11574486) supplemented with decomplemented 10% fetal calf serum (FBS, Gibco, #10270-
106), 1mM sodium pyruvate (Gibco, #11360039), 100 U/mL penicillin, 100pg/mL
streptomycin (Gibco, #11548876) and non-essential amino acids (Gibco, #11140035). Cells
were split every 3—4-days following detachment with trypsin/EDTA solution. Cells were
quantified by the Countess ™ II Automated Cell Counter (Invitrogen™) in Trypan blue solution
and were seeded at a range of 0.6-1.2x10° cells per 75cm?-flask, or proportionally adjusted for
the sizes of other flasks and multi-well plates.

III.C Recombinant hepatitis C viruses

I1.C (o) Clinical isolates and prototypical strains of HCV

Viral RNAs extracted from the serum of chronically infected HCV patients with varying
degrees of micro- and macro-steatosis were provided by Dr. Claire Gondeau (Institut of
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Research in Biotherapy, Montpellier, France)**. The degree of steatosis was determined by
semi-quantitative estimation of the percentage of hepatocytes containing fat vacuoles
compared to all hepatocytes by optical microscopy of stained liver sections.

The sequence coding Core of subtype 4a isolate (designated 4aR, ENA #ERZ655054) was
isolated from an HCV positive blood donor and provided by Dr. Gabriela Oprisan. The Core
coding sequence of the subtype 4f isolate (designated 4fC, ENA #ERZ672786) was isolated
from a patient with HCC and provided by Dr. Richard Njouom. The 4aR and 4fC Core
sequences have been determined and published in a previous study from our laboratory>>". The
Core coding sequence of the prototypical strain H77 subtype 1a was derived from the genome-
length ¢cDNA (1aH77, GenBank #AF011751)*”, generously provided by Dr. Robert Purcell
(National Institute of Health, Bethesda, United States). Core and NS5A coding sequences of
subtype 2a prototypical JFH-1 (GenBank #AB047639) and J6 (GenBank #D00944) strains
were derived from full-length cDNAs, pJFH1 and pJc1-2EI3 or pJFH1-(C-NS2)J6-(NS5A)2a-
J6 (GenBank #HQ852461), generously provided by Drs. Takaji Wakita (National Institute of
Infectious Diseases, Tokyo, Japan)*'' and Ralf Bartenschlager (University of Heidelberg,
Heidelberg, Germany)” and Jens Bukh (University of Copenhagen, Copenhagen,
Denmark)'’2, respectively.

The sequences of Core used by Emeline Simon, Brigitte Blumen and Stephanie Aicher to
produce the Core intergenotypic recombinant viruses presented in this study are summarized
in Table 4.

Table 4: Clinical HCV strains used to retrieve NS5A sequences.
LS: low steatosis, MS: moderate steatosis, HS: High steatosis, nc: not communicated.

Viral Patient Patient Steatosis Steatosis Remarks
Genotype Code Birth year Ranking
. Cirrhosis - No response to
1 S411 1960 Mod
a oderate steatosis MS IFN/RBV
POSL 1964 Mlcro-steatos'1s and macro- MS i
steatosis 50%
376 1968 Macro-steatosis 20% MS Treatment naive - Diabetic
S389 1965 <5% NS Treatment naive

3a S390 1974 Mlcro-steatos'ls and macro- HS
steatosis 60%

Treatment naive - Obese

Rel - Alcohol
S395 1962 Macro-steatosis 40% MS clapser - Alcoho

consumption

401 1952 Micro-steatosis and macro- LS

steatosis 5% Intolerance to IFN/RBV
0

4 4aR n.c. n.c. n.c. -
44C n.c. n.c. n.c. -
II1.C (B) Sequencing and cloning of NSSA from clinical HCV strains

Clinical strains incorporated in this study were selected based on viral genotype and the
level of assessed steatosis severity in patient liver sections. Exclusion criteria were treatment
attempts before or during the period of liver damage estimation and the existence of
comorbidity factors, as described in §1.B.ot.(vi). This resulted into the selection of the strains
summarized in Table 5.
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Table 5: Clinical HCV strains used to retrieve NS5A sequences.
LS: low steatosis, MS: moderate steatosis, HS: High steatosis, nc: not communicated.

Viral Patient Patient Steatosis Steatosis Remarks
Genotype | Code | Birth year Ranking
) Cirrhosis - No response
la S411 1960 Moderate steatosis MS to IFN/RBV
1b S434 1962 Not communicated nc Treatment naive
S401 195 | Microssteatosisand |y oo e o IFN/RBY
3 macro-steatosis 5%
a S385 1956 Macro-steatosis 50% MS Treatment naive
S407 1966 Macro-steatosis 80% HS Intolerance to IFN/RBV
4 S431 1965 Not communicated nc Relapse

The NS5A coding sequences from the clinical strains were obtained after reverse
transcription (RT) of the viral RNAs using a non-specific random hexamer primer and the
Transcriptor High Fidelity cDNA Synthesis kit (Roche), followed by PCR amplification using
the Phusion Hot Start Il High-Fidelity DNA Polymerase kit (Thermo Scientific™). In some
instances semi-nested or nested PCR amplification was required, To design specific primer
pairs that would hybridize to subtype-specific NS4B and NS5B consensus coding sequences
framing NS5A sequence, HCV genome-length or target-protein-specific nucleotide sequences
were retrieved from enHCVdb (https://cuuhcvdb.lyon.inserm.fr/euHCVdb/) and aligned using
CLC Main Workbench 20.0 (QIAGEN). Primer sequences are summarized in Table 6.

The amplified PCR fragments were purified using the NucleoSpin® Gel and PCR clean-
up kit (Macherey-Nagel) with 50% buffer NTI and were sequenced as bulk products by Sanger
(Eurofins), as described in §111.F.(y). Additional internal primers were designed for sequencing
purposes, based on the first sequences retrieved with external primers (see Table 6). Next, the
DNA fragments were cloned in a shuttle vector using the Zero Blunt® TOPO® PCR Cloning
kit for Sequencing (Thermo Fisher Scientific), in order to acquire a clonal sequence to
substitute that of Jad NS5A, as well as to appreciate the presence and the frequency of possible
quasispecies. For this second step, twelve (12) clones were selected for expansion, plasmid
purification with the NucleoSpin® Plasmid kit (Macherey-Nagel), and sequencing of NS5A
coding sequence by Sanger (see §II1.F.(y)). The predominant consensus sequences encoding
NS5A were established from these analyses, and the clones reflecting them at the protein level
were selected to construct the intergenotypic recombinant cDNAs.
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Table 6: Custom primers designed to amplify and/or sequence NS5A sequences of clinical HCV
strains.

The targeted viral genotype (Gt), subtype (St) or sample (S), the polarity of the primer (FW: forward,
RV: reverse) and the position with respect to viral proteins (int: NS5A4 internal) were incorporated in
the primer name. 1o increase the primers’ efficiency, degenerate nucleotides were incorporated; H
=A/C/T, Y =C/T, R =A/G, K=T/G when required. More external primers are indicated with odd
numbers, while more internal ones, used for (semi-)nested PCR reactions are indicated with even
numbers in their name.

Geno;;Z§§z i Primer name Primer Sequence (5°— 3°)
Gtla NS4B FW-1 CCCGCGTCACTGCCATACT
Gtla NS4B FW-2 GCACCAGTGGATAAGCTCGGA
Ia Gtla NS5B RV-3 CTTTGGCAAGCACTGCGTGA
Gtla NS5B RV-+4 AGCAACGAGTTGCTCAGTGC
S411 NS4B FWint CAGGAGATGGGCGGTAATATC
S411 NS4B RVint GATATTACCGCCCATCTCCTG
Stlb NS4B_FW-1 CGCGTGTCACTCAGATCCT
Stlb NS5B_RV-4 AGCAAAGAGTTGCTCAACGC
S434 NS5A FWint-2 GGATTTCCACTACGTGACGG
1b S434 NS5A FWint-3 CAGCTAGCCAGTTGTCTGC
S434 NS5A RVint-1 GATCGGTGAGCATGGAAGTG
S434 NS5A RVint-2 CCGTCACGTAGTGGAAATCC
S434 NS5A RVint-3 GCAGACAACTGGCTAGCTG
Gt3a NS4B FW-1 | CACCAGTGGATCAATGAAGACTA
Gt3a NS4B FW-2 | CAGTGGATCAATGAAGACTACCC
34 Gt3a_NS5B RV-3 GGCAGTTTCTCCTCCTCAGC
Gt3a_NS5B RV-+4 CTCCTCAGCACTACATGGTG
Gt3a_NS4B FWint CCTCCATCAGAGGCAAGCTC
Gt3a NS4B RVint GAGCTTGCCTCTGATGGAGG
Gt4 NS4B FW-1 TCATCCCTCACTGTGACHTCCC
Gt4 NS4B FW-2 CGCCTCCACAAGTGGATCAAYG
4 Gt4 NS5B _RV-3 ARGAGTGARTTGCTCAGGGG
Gt4 NS5B RV-+4 TTGCTCAGGGGGYTRATKGGC
S431 NS4B FWint GCTGACAGATCCGTCTCAC
S431 NS4B RVint GTGAGACGGATCTGTCAGC

HI.C (y) Plasmids

Plasmid pJad contains the genome-length cDNA of a highly cell culture-adapted
derivative*” of HCV subtype 2a JFH1 strain*'!, (JFH1-adapt or Jad), cloned downstream of
bacteriophage T7 RNA polymerase promoter. Three codon substitutions, two in NSS5A
(V2153A, V2440L) and one in NS5B (V2941M) coding sequences (see Figure 29) confer high
titer growth to Jad.

Plasmids pJad/GAA and pJad/AEp7 are derived from plad, containing codon
substitutions in NS5B coding sequence (GDD-->GAA) or an in-frame cDNA deletion of the
E1-E2-p7 coding sequence, respectively. Plasmids pJad/NSS5A-(TEV)-ST-418, -ST-449, -
V5-418, -V5-449 and pJad/C17-ST, /C17-VS were constructed and available in the
laboratory. They derived from pJad and contain in-frame insertions of heterologous sequences
within NS5A coding sequence following codon 418 or 449, as indicated, or Core coding
sequence following codon 17, respectively. In addition to the twin-strep tag (ST) or V5 tag
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itself, a 7-aa coding sequence was inserted upstream (ENLYFQS), corresponding to the
recognition site of tobacco etch virus (TEV) protease for purification purposes. The (TEV)-ST
and (TEV)-V5 sequences were framed by Ser-Gly and Ser-Gly-Gly, Ser-Gly-Ser or Gly-Gly
flexible hinges at their N- and C-termini, respectively, that were either additionally inserted or
present in the authentic NS5A sequence.

T7 RNA Pol promoter C (JFH)
E1 (JFH)
E2 (JFH)
p7 (JFH)
JFH1-adapt (pJad)
. 12 368bpp NS2 (FH)
GTG>ATG, V2941M !
NS5B (Jad)
NS3 (JFH)

G4458A, R1373Q

Jad whole genome
GTG>TTG, V2440L

ORF Jad
NS5A (Jad) (466aa) NS4A (JFH)
GTT>GCT, V2153A NS4B (JFH)
C6233T, H1965Y G6050A, A1904T

Figure 29: Map of the pJad plasmid.

The genome-length cDNA of the Jad strain (black) was inserted downstream of the T7 RNA polymerase
promoter, generating the 12,360-base pair (bp) plasmid pJad. The open reading frame coding the Jad
proteins is indicated in grey, while each protein is shown by alternating pink and blue colours. Jad
adaptive mutations V21534, V2440L and V2153M are indicated in purple, together with the positions
of the mutations required for the adaptation of the chimeras with the NS5A4 sequence of the genotype 3
or 4 strains (G44584, G60504, C6233T). The unique restriction site (Xbal) used towards DNA
linearization prior to in vitro transcription is shown in yellow, while the unique restriction sites (Nsil
and BsrGl) used for construction of the intergenotypic recombinant cDNAs are indicated in orange.
The map was using the CLCMainWorkbench software.

III.C.y (1) Construction of chimeric pJad plasmids

The construction of the plasmids containing the chimeric cDNAs is based on an over-
lapping PCR strategy designed to exchange only the Jad NS5A coding sequence for those of
the predominant NS5A sequences from the clinical strains previously obtained in pTOPO
vectors. Briefly, three segments of viral cDNA were amplified as a first step, two segments
upstream and downstream of NS5A coding sequences, respectively, using pJad as a template
and a middle segment corresponding to the heterologous NS5A coding sequence using pTOPO
vectors. For this, primers with extensions complementary to the segments to be fused were
used, which in turn allowed the overlapping of the products and the amplification of fusion
products with exact junction points (see Table 7) using the 3 PCR products from the first step
as templates. Following digestion with appropriate enzymes recognizing restriction sites close
to the extremities of the fusion product, the hybrid fragments were lastly cloned in the pJad
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vector digested with these same enzymes, yielding the pJad/NS5A(x) plasmids indicated in
Table 7.

Table 7: Custom primers for overlapping PCR reactions to exchange NS5A sequence of pJad to that
of other prototypic virus or clinical strains.

The sample number and the polarity of the primer (+: forward, -: reverse) were incorporated in the
primer name. Blue font colour represents the sequence of the corresponding clinical strain or other
prototypic virus. Pink font colour represents JFHI sequences. Black letters correspond to Jad adaptive
mutation V2440L within NS5A sequence. Underlined sequences fully hybridized on selected templates
for PCR reactions. Highlighted sequences represent primer overlap for overlapping PCR reactions and
lowercase characters indicate nucleotide differences between Jad NS5A sequence and the
corresponding selected strain.

Pl;lg:;i;;:)zes Primer name Primer Sequence (5°— 3°)
3.411-NS5B+ GCCCCATCCCATGCTCCGGETCCTGGCTaaG
pJad/NS5A4-411 2.411-NS3- GCCAGGAaCCGGAGCATGGGATGGGGC
(la) 4.411end-411- GTATGACATGGAGCAGCACAGGacatccTCc
5.411end-5B+ gatgtCCIGTGCTGCTCCATGTCATACTC
3.434-NS5B+ GCCCCATCCCATGCTCCGGcTCgTGGC
pJad/NS5A4-434 2.434-NS3- GCCAcGAgCCGGAGCATGGGATGGGGC
(1b) 4.434end-434- GTATGACATGGAGCAGCAaAGGacGtccTCAC
5.434end-5B+ gaCgtCCTtITGCTGCTCCATGTCATACTCC
pJad/NS5A4-J6 1.J6end-NS3- GACATGGAGCAGCACAGGACGGAGTCG
(2a) 2.J6end-5B+ CGACTCCGTCCTGTGCTGCTCCATGTC
3.385-NS5B+ CTGCCCCATCCCATGCagCGGtgatTGGC
pJad/NS54-385 2.385-NS3- CAatcaCCGctGCATGGGATGGGGCAGTCC
pJad/NS54-401 3.401-7-NS5B+ CTGCCCCATCCCATGCagCGacgatTGGCTgCG
pJad/NS54-407 2.401-7-NS3- CAatcgtCGctGCATGGGATGGGGCAGTCC
(3a) 4 3aend-3a- GTATGACATGGAGCAGCAgAGcacGeTcTge
5.3aend-NS5B+ gAgCgtgcTCTGCTGCTCCATGTCATACTCC
Gt4 NS4B FW-1 | CCCCATCCCATGCgatcGeTCtTGGtTatGgGAg
pJad/NS54-431 | Gt4 NS4B FW-2 | AaCCAaGAgCgatcGCATGGGATGGGGCAGTCC
(4) Gt4 NS5B RV-3 GACATGGAGCAGCACAGtacatccTCcg
Gt4 NS5B RV-4 | gGAggatgtaCIGTGCTGCTCCATGTCATACTC

XL1-Blue competent bacteria (Agilent) were transformed with the ligation mixtures
(Rapid DNA ligation kit, Roche) following a heat-shock and cultured for 16h at 37°C on Luria
Bertani (LB) Petri dishes containing 500 pg/mL ampicillin. Plasmid DNA was purified from
bacterial colonies using Nucleospin plasmid kit (Macherey-Nagel) and screened by restriction
reactions with the cloning enzymes (Nsil''f + BsrGIMF) and with enzymes allowing to
discriminate the desired NS5A sequence from that of Jad. More specifically, genotype 1 and 3
strains were discriminated by Sall''f digestion, genotype 4 by Pstl and the J6 strain by triple
digestion with Nsil + BsrGIMF and Pstl. All restriction enzymes and respective buffers were
from New England Biolabs. The nucleotide sequence of NS5A within selected plasmid DNAs
was further verified by Sanger sequencing (see §III1.F.(y)). Large scale DNA preparations of
the clones found to have substitutions were performed using Nucleobond Xtra Midi Plus kit
(Macherey-Nagel).

Custom primers to insert identified adaptive mutations within the NS3 and/or NS4B
coding regions were designed to accommodate the overlapping PCR strategy described above
(see Table 8). The plasmids pJad and pJad/NS5A(x) were used as templates for the primary

- 66 -



PCR reactions, while pJad digested either with Nsil''¥ + BsrGI'" or with Spel™f + BsrGIHF
served as vector for the insertion of a single mutation in NS4B sequence (genotype 4 NS5A
recombinant) or one mutation in NS3 and one in NS4B (genotype 3 NS5A recombinants),
respectively. Since point mutations were introduced, the clones obtained were first validated
by restriction with the respective cloning enzymes and then by Sanger sequencing (see
§IILF.(y)). The names of the derived plasmids were: pJad/G4458A/G6050A/NS5A-385,
pJad/G4458 A/G6050A/NS5A-401, pJad/G4458 A/G6050A/NS5A-407,
pJad/G4458 A/G6233A/NS5A-407 and pJad/G6050A/NS5A-431.

Table 8: Custom primers to insert adaptive mutations in intergenotypic pJad recombinants.

The position and nature of the substitution, as well as the polarity of the primer (FW: forward, RV:
reverse) were incorporated in the primer name. Pink font colour represents JFHI sequences. Black
letters correspond to the position of the indicated adaptive mutations within the indicated viral protein
sequence.

Mutation Vlra.l Primer name Primer Sequence (5°— 3°)
protein
G4458A FW GGTCATCTGCGCGACCATTCTGCGCCG
G44584 NS3 G4458A RV CGGCGCAGAATGGTCGCGCAGATGACC
G6050A FW GTAGGCCTCGGGCAGGAGGGTGAGATC
660504 G6050A RV GATCTCACCCTCCTGCCCGAGGCCTAC
NS4B C6233T FW CTCAGAAGACTCTACAATTGGATAACTG
62337 C6233T RV CAGTTATCCAATTGTAGAGTCTTCTGAG

The substitution of Jad core coding sequence by core sequences from other genotypes was
previously done according to the same strategy by other members of the group. The Jad Core
recombinant viruses did not require adaptive mutations (Aicher et al., 2018 and unpublished
data).

III.C.y (iiy Construction of chimeric pJad plasmids encoding tagged NS5A

Custom primers to insert ST- or V5-tag sequences following a conserved Pro codon
equivalent to codon 418 of NS5A in Jad were designed to accommodate the overlapping PCR
strategy described above (see Table 9). The plasmid pJad digested either with Nsil''f + BsrGIHF
served as vector for the insertion of PCR-amplified fragments introducing the tagged clinical
or J6 NS5A sequences produced from the following templates used for the primary PCR
reactions: pJad/NS5A(x), pJad-NS5A-(TEV)-418-ST, pJad-NS5A-(TEV)-418-V5 and pJFH1-
(C-NS2)J6-(NS5A)2a-J6. The nucleotide sequence of the fragment between the ligation points
in the selected clones was verified with triple digestion with Nsil, BsrGI'F and Pstl and by
Sanger sequencing (see §IIL.F.(y)).
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Table 9: Custom primers for insertion of twin-strep or V5 tag in NS5A of intergenotypic pJad
recombinant at position 418.

The genotype or sample number and the polarity of the primer (+: forward, -: reverse) were
incorporated in the primer name. Blue font colour represents the unique sequence of the corresponding
clinical strain or other prototypic virus. Pink font colour represents common sequences of JFHI and
the clinical or prototypic strains. Green font colour corresponds to silent nucleotide substitutions
inserted by the primer within subtype 3a strains. Orange font colour represents the sequence of flexible
linker - Tobacco Etch Virus (TEV) protease recognition site — tag. Underlined sequences fully hybridize
on selected templates for PCR reactions. Highlighted sequences represent primer overlap for
overlapping PCR reactions.

GS; ‘;’Zg}l;e Primer name Primer Sequence (5°— 3°)
2.1a-NS3- CTCTCCGGAGGGGGGCATGGAAGAGCAAG
3.1a-tag+ TGCTCTTCCATGCCCCCCTCCGGAGAG
4.1aend-ST- CTCCCCCTCTAGGCCGCCAGACTTCTC
la 5.1aSTend-5B+ GAGAAGTCTGGCGGCCTAGAGGGGGAGCCTGGG
4.1aend-V5- CAGGCTCCCCCTCTAGGCCACCCGTAG
5.1aV5end-5B+ CTACGGGTGGCCTAGAGGGGGAGCCTGGG
2.1b-NS3- CTCCGGAGGGGGGCATGGAGGAGTACG
3.1b-ST+ CGTACTCCTCCATGCCCCCCTCCGGAG
1o 4.1bend-ST- CCCCCGGCTCCCCCTCAAGGCCGCCAG
5.1bend-5B+ CTGGCGGCCTTGAGGGGGAGCCGGGGG
2.J6-NS3- CTCTCCGGAGGGGGGCATGGAAGAGATG
2 3.J6-ST+ CATCTCTTCCATGCCCCCCTCCGGAGAG
3 ST-5A419- CCCCTCGAGGCCGCCAGACTTCTCAAACTGGGGATGGC
5.J6STend-5B+ TTTGAGAAGTCTGGCGGCCTCGAGGGGGAGCTTGG
2.3a-385-NS3- TTCTCTCCGGAAGGAGGCATGGACGAGCACG
2.3a-401/7-NS3- TTCTCTCCGGAAGGAGGCATGGACGAGCATG
3a 3.3a-ST+ CTCGTCCATGCCTCCTTCCGGAGAGAATTTG
4.3aend-ST- CCCGGTTCTCCCTCGAGGCCGCCAGAC
5.3aend-5B+ CTGGCGGCCTCGAGGGAGAACCGGGCG
2.4-NS3- TTCTCTCCGGATGGAGGCATTGACGAGTAAGAC
3.4-ST+ CTCGTCAATGCCTCCATCCGGAGAGAATTTG
4 4.4end-ST- CCGGGTTCCCCTTCAAGGCCGCCAGACTTC
5.4end-5B+ CTGGCGGCCTTGAAGGGGAACCCGGCG
MI.C (3) In vitro RNA transcription of genome-length viral cDNAs

Jad-derived plasmids were linearized by Xbal restriction enzyme, generating a protruding
3’ end, which was subsequently eliminated by treatment with Mung Bean nuclease (New
England Biolabs), and purified by phenol/chloroform (Sigma-Aldrich) extraction and ethanol
precipitation. Linearized DNAs (1pg, quantified on 1% agarose gel) served as templates for in
vitro transcription of the cDNAs using bacteriophage T7 RNA polymerase (77 RiboMAX
Express Large Scale RNA Production System, Promega). DNA templates were subsequently
removed by treatment with 1U of RQ! RNase-free DNase (Promega). Synthetic RNAs were
purified by extraction with phenol/chloroform and precipitated with 1 volume of isopropanol
supplemented with 0.3M sodium acetate. The quality and quantity of RNA resuspended in
RNAse-free H-O were evaluated by electrophoresis on 1% agarose gel and by measurement of
the absorbance at 260nm using mySPEC microvolume spectrophotometer (Ozyme).
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ITI.D Cell transfection

Huh-7.5 cells (2x10 cells) diluted in opti-MEM Reduced Serum Medium (Gibco, Thermo
Fisher) were electroporated with Sug in vitro-transcribed viral RNA using 4mm-width cuvettes
in a Gene pulser XCELL electroporation system (Bio-Rad) and a pulse at 240V, 900uF. In case
more cells were required (e.g for purification of protein complexes), the above-mentioned
quantities were adjusted proportionally for the experiments concerning the parental Core and
NSS5A, or an increase of 30% in RNA over the number of cells was employed for the
purification of NS5A complexes with the inter- and intra-genotypic recombinant viruses.
Following electroporation, cells were immediately resuspended in complete DMEM.

(1) For transfections performed toward protein expression monitoring through Western
blotting, transfected cells (3x10° cells) were seeded in 1 well of 6-well plates and cultured
for 72h post-transfection (p.tf.) Protein extracts were prepared in 200ul. NuPage LDS
Sample Buffer (Lithium Dodecyl Sulfate bufter, Invitrogen™) supplemented with 0.71M
B-mercaptoethanol (Sigma-Aldrich), as indicated in §111.G.

(i1) For transfections performed toward virus passage and amplification, transfected cells
(1.7x10° cells) were seeded in 75cm?-flasks and cultured for up to 18 days (d) p.tf., with
cell splitting ranging from 1:2-1:8 dilutions every 3-4 days. Supernatants were collected
at each cell passage and were clarified by centrifugation at 12,000g, 4°C for 10min.
Clarified supernatants were stored at 4°C for a short period of time (<1 month) or stored
in aliquots at -80°C. Part of the split cells was kept for intracellular total RNA extraction
with RNAzol® RT (Sigma-Aldrich).

(iii) For transfections performed toward immuno-labelling and confocal microscopy kinetic
experiments, transfected cells (1x10* cells) were seeded per channel in glass u-Slide VI
0.5 (Ibidi) and fixed at 48h, 72h or 96h p.tf. (see §III.H).

(iv) For transfections performed toward Core protein complex purification, transfected cells
(4.5x10° cells) were seeded in 175cm?-flasks and cultured for 3d p.tf. For purification of
protein complexes involving NS5A of diverse genotypic origins, transfected cells
(2.5x106 cells) were seeded in 175cm?-flasks and cultured for 5d p.tf. Cell lysates were
collected from trypsinised cells, as indicated in §III.J.

In all cases, following transfection, cells were incubated at 37°C under 5% CO> for 4h and
then the medium was replaced by fresh DMEM to remove the cellular debris from electric
shock.

ITI.E Cell infection

Huh-7.5 cells were seeded 24h prior to infection and were then infected by replacement of

the growth medium with the appropriate viral inoculum diluted in complete DMEM as needed.

i) For preparation of viral stocks, 1.3x10° cells were seeded in 75¢cm?-flasks and infected

at a multiplicity of infection (MOI) of 0.01 Tissue Culture Infectious Dose 50%

(TCID50) /cell. Infected cells were expanded by passaging every 2-3 days up until 10d
post-infection (p.i.). Supernatants were collected and clarified at every passage.

ii) For confocal microscopy, 5x10° cells were seeded per channel of glass slides (u-Slide VI
0.5, Ibidi) and infected with the viral inoculum at the maximum MOI possible for each
virus. Infected cells were incubated at 37°C in a 5% CO; atmosphere for 96h prior to
processing for indirect immunofluorescence, as indicated in §I11.G.

iii)For protein purification, 1.8x10° cells were seeded in 175c¢cm?-flasks 24h prior to
infection were infected with the tagged NS5A parental Jad viruses at MOI of 1. Infection
volumes were adjusted with fresh DMEM between pairs of ST/V5 corresponding viruses
to be equal, depending on the viral titers of the replicate stocks used. Cells were cultured
in 23mL DMEM for 4d p.i. before lysis, as indicated in §II1.J.
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iv)For total RNA extracts toward transcriptomic studies, 1.5x10%cells were seeded per well

in 24-well plates, infected with an MOI of 3 in a total inoculum volume of 300uL.

Infected cells were cultured in ImL fresh DMEM, until lysis at 5d p.i., as indicated in

§IILK

In all cases, following infection, cells were incubated at 37°C under 5% CO, for 4h and

then the inoculum was replaced by fresh DMEM to better support cell growth. When recquired,

cells were washed with fresh DMEM at this stage to remove any traces of infectious inoculum
towards specific titration of neosynthesized virus.

ITI.F HCYV characterization

IILF.(a) HCV genome quantification

To extract intracellular RNAs, infected Huh-7.5 trypsinised from half 175c¢m?-flask were
thoroughly washed in Dulbecco's Phosphate Buffered Saline (DPBS) and resuspended in
500uL RNAzol® RT (Sigma-Aldrich). The lysates were transferred in RNase free Eppendorf
tubes and frozen at -20°C. After thawing, total RNA was extracted according to the
manufacturer’s guidelines. RNA pellets were resuspended in 15-30uL ribonuclease-free H»O,
quantified by optical density using a nano-spectrophotometer (MySpec, Ozyme) and stored at
-80°C.

For extractions of viral RNAs from 140uL infected cell culture supernatant, the QiaAmp
Viral RNA Mini kit (Qiagen) was used, according to the manufacturer’s guidelines. Viral RNAs
were eluted in 60uL ribonuclease-free H>O and stored at -80°C.

Viral genomes were quantified in 20ng of total intracellular RNA or Syl of particulate
RNA by one-step RT-qPCR using the TagMan Fast-virus 1 Step Master Mix kit (Applied
Biosystems), with a pair of primers that target the 5'-UTR of HCV and the 5'-FAM (6-
carboxyfluorescein)- 3-TAMRA (6-carboxytetramethylrhodamine) fluorescent probes.
Measurements were acquired by the 7500 Fast Real-Time PCR System (Applied Biosystems)
real-time thermocycler with the following program: RT at 50°C for 5 min, then after
denaturation of the RT enzyme at 95°C for 20s, the qPCR steps were carried out over 40 cycles
of 15s at 95°C and 1min at 60°C.

Absolute quantification of viral genomes was obtained using a standard curve established
from HCV RNA transcribed in vitro, for which the concentration in genome equivalents per
microliter (copies/uL) was determined by measuring the absorbance at 260nm. Quantities of
intracellular RNA were normalized with respect to the amount of ribosomal RNA measured
using primers and a VIC fluorescent probe (20-chloro-70phenyl-1,4-dichloro-6-carboxy-
fluorescein) specific for the 18S RNA (Eukaryotic 18S rRNA Endogenous Control, Applied
Biosystems). Values were expressed in copies/mL or in copies/pg of total RNA.

HLF.(f) HCV infectivity titration by endpoint dilutions

Huh-7.5 cells (1.8-2.5x10° cells) were seeded in 96-well plates 24h prior to infection.
Serial dilutions of virus inocula were prepared in complete DMEM and each dilution was used
to infect 8 wells. Dilution factors were chosen such as to start with a virus dilution ensuring
infection of all 8 wells and end with a virus dilution unable to infect a single cell in all 8 wells.
Cells were infected with 100uL of each viral dilution and cultured for 5 days. Cells were then
fixed and permeabilized in methanol.

Staining of infected cell foci was performed by quenching endogenous peroxidase activity
with 0.3% hydrogen peroxide, blocking nonspecific antigenic sites with 1.25% normal horse
serum in DPBS (blocking solution, /mmPRESS HRP kit, Vector Laboratories), and probing
infected cells by an overnight incubation with anti-HCV NS3 mouse monoclonal antibody 2E3
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(BioFront Technologies) diluted 1:3000 in DPBS containing 0.1% Tween-20 (PBS-T). After
washing, cells were incubated with anti-mouse IgG-HRP ImmPress reagent (ImmPRESS HRP
kit, Vector Laboratories) diluted 1:2 in PBS-T and stained brown with chromogenic substrate
3,3'-diaminobenzidine (DAB), using the DAB Peroxidase (HRP) Substrate kit (Vector
Laboratories) according to manufacturer’s guidelines. Plates were observed under a light
microscope to score infected wells containing at least one focus of >2 infected cells. Data were
introduced into the Reed and Muench TCID50 algorithm®>', in order to obtain TCID50/mL
titers.

IILF.(y) Sequencing of HCV genome(s)

Intracellular (1pg total RNA) or particulate (10uL) viral RNA extracted as described above
(§II1.F.(c)) was subjected to reverse transcription using 3-6uM pdN(6) hexamer, 2mM dNTP
mix, 10mM dithiothreitol (DTT), 20U ribonuclease inhibitor and 22U THFT enzyme in THFT
Reaction Buffer (Transcriptor High Fidelity ¢DNA Synthesis kit, Roche). Following
denaturation of RNA structures by incubation at 65°C for 10min, then immediate transfer onto
ice, RT reactions were assembled and subjected to successive incubations at 25°C for 10min,
at 42°C for 50min and at 70°C for 15min.

The cDNAs (1-2uL) were further subjected to PCR amplification using the Phusion Hot
Start I High-Fidelity DNA Polymerase kit (Thermo Scientific™) according to the
manufacturer’s guidelines, with 0.5uM of each forward (+) and reverse (-) HCV-JFH1-specific
primers (summarized in Table 10). The following cycling program was used: 1 cycle at 98°C
for 30s, 30-40 cycles comprising 98°C for 30s, 58°C for 30s, 72°C for Imin/1000 base pairs,
1 cycle at 72°C for Smin. RT-PCR products were checked on 1% agarose gels and were purified
using Nucleospin PCR Clean up kit (Macherey-Nagel) with 50% Buffer NTI. Following
purification, RT-PCR product concentration was determined by electrophoresis on agarose gels
and comparison with a DNA molecular weight ladder (Mass ruler express forward DNA ladder
mix, Thermo Scientific™) containing known quantities of DNA fragments.

Sanger sequencing reactions (in 10uL total volume) were performed in 96-well plates
using 15-30ng RT-PCR product, 0.32uM appropriate primer (Table 10) and Big Dye
Terminator v3.1 cycle sequencing kit (Applied Biosystems™). The cycling program was the
following: 1 cycle at 95°C for Imin and 25 cycles comprising 95°C for 45s, 50°C for 30s, 60°C
for 4min. Sequencing reactions were then processed by Eurofins and data were analyzed using
CLC Main Workbench (Qiagen).

Table 10 : List of oligonucleotides complementary to JFHI sequences, used as primers for PCR
and/or Sanger sequencing of virus-genome-containing plasmids, viral cDNAs or RNASs.

The polarity of the primer was incorporated in the primer name and represented in black for forward
(+) and pink for reverse (-). Primers used for PCR amplification are indicated by asterisks (*).

HCV
I;'lmer genome Vlra.l Primer Sequence (5°— 3’)
ame position  protein
(nts)
*JFH 181+ 181-200 5'UTR AAGACTGGGTCCTTTCTTGG
JFH 596+ 596-616 Core TATGGGAATGAGGGACTCGGC
*JFH 940+ 940-970 ) CTACATGGTGACCAATGACTGCTCCAATGAC
JFH 1039+  1039-1057 El GAATACGTCACGGTGTTGG
*JFH 1412+ 1412-1422 ) GGCTTGGCCTACTTCTCTATG
JFHI724+  1724-1743 E2 ATCGAGGCTTTCCGGATAGG
JFH 2180+  2180-2200 1372 CACTACCCTTACAGACTCTGG
*JFH 2556+  2556-2575 E2 TGTGGATGCTCATCTTGTTG
JFH 2564+  2564-2590 1372 CTCATCTTGTTGGGCCAGGCCGAAGCA
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JFH 2699+  2699-2718 p7 GTCCCCTTGACCACCTATTG

JFH 3200+  3200-3220  NS2 TATGACCACCTCACACCTATG
JFH 3699+  3699-3718 NS3 GGACCAAGTCTTTGGAGCCG
*JFH 3945+ 3945-3966  NS3 TTGAGACACTCGACGTTGTTAC
JFH 4698+  4698-4718 NS3 ACTCCGTGATCGACTGCAATG
*JFH 5019+  5019-5038 NS3 AATTTTGGGAGGCAGTTTTC
JFH 5216+  5216-5236  NS3 ACACCTCTCCTGTACCGTTTG
JFH 5715+  5715-5735 NS4B CTTCCATGATGGCATTCAGTG
JFH 6197+  6197-6217 NS4B GGCTCTCTTACTATAACCAGC
JFH 6235+  6235-6256 NS4B CAATTGGATAACTGAGGACTGC
JFH 6244+  6244-6264 NS4B AACTGAGGACTGCCCCATCCC
JFH 7693+  7693-7713  NS5B TCTAATAACTCCCTGTAGCCC
JFH 8021+  8021-8041 NS5B ATCAAGTCCGTGTGGAAGGAC
*JFH 8528+ 8528-8547 NS5B AGCATGGGTAACACCATCAC
JFH 9200+  9200-9219 NS5B ATCTCCCGTGGAGGGAAAGC
JFH 963- 943-963 El GAGCAGTCATTGGTCACCATG
*JFH 1672-  1672-1691 E2 CTGACGAGTTAAAGCGGTTG
JFH 2432-  2432-2451 E2 TGTACGTCCACGATGTTCTG
*JFH 2877-  2877-2897  NS2 GATAGCACAACCACCACAGAC
JFH 2951-  2933-2951 NS2 GCACCTGCATGGGTGGTAC
*JFH 3463-  3443-3463 NS3 TCGTGTTTGCTGGGCATAAGC
*JFH 4149-  4149-4168 NS3 ATGTGCCTTGGATAGGTACG
JFH 4453-  4433-4453 NS3 GAGGCCTACCTCTTCTATATC
JFH 4971-  4952-4971 NS3 CTAAGCCTGACGGTGGTCTC
*JFH 5322-  5287-5322  NS3  GTCATGACCTCAAGGTCAGCTTGCATGCATGTGGCG
JFH 5469-  5449-5469 NS4A TCAAAAGCCTCATACAGGACC
JFH 5965-  5945-5965 NS4B GCCAGACATGATCTTGAATGC
JFH 6469-  6449-6469  NSSA GACATTGCCAGAGATGTTGGC
*JFH 6496-  6496-6515  NSS5A TGTTCATGCAGGTTTTAGGC
JEH 7767-  7744-7767 NS5B TGGTATCGCAACAGCGAGTTACTC
JFH 7753-  7753-7772  NS5B TGTTATGGTATCGCAACAGC
JEFH 7960-  7941-7960 NS5B TCTTGCAGAATGGGGTGGAG
JFH 8040-  8020-8040 NS5B TCCTTCCACACGGACTTGATG
JFH 8456-  8436-8456  NSS5B CTCCTACGTAAAGTCTCTCAG
*JFH 9070-  9070-9089  NS5B GCATAGAAAAGGCGTCAAGC
*JFH 9461-  9461-9484 3'UTR AAAGGAACAGTTAGCTATGGAGTG

III.G Immunoblotting

Protein extracts from transfected or infected Huh-7.5 cells lysed in denaturating Lithium
Dodecyl Sulfate buffer (NuPAGE™ LDS Sample Buffer, Invitrogen™) complemented with 5%
B -mercaptoethanol (Sigma-Aldrich) were denaturated by a 15min incubation at 95°C and
stored at -20°C. Aliquots of these extracts were loaded onto 4-12%, 10% or 12% 10- or 12-
well polyacrylamide gels (NuPAGE Bis-Tris Gels, Invitrogen™ & BOLT Bis-Tris Gels,
Invitrogen™). The samples were electrophoresed in MOPS SDS Running Buffer (Invitrogen™)
at 200V for ~45min. Proteins were transferred onto a nitrocellulose membrane (Nitrocellulose
Premium, 0.45um, Amersham) by wet transfer at 40V for 1h45, using NuPAGE Transfer Buffer
(Invitrogen™), or onto a PVDF membrane by semi-dry transfer, using the iBlot™ 2 Gel
Transfer Device (Thermo Fisher Scientific) and pre-cast iBlot™ Transfer Stack (Thermo
Fisher Scientific), according to manufacturer’s guidelines. The membrane was saturated by
incubation in DPBS containing 5% skimmed milk (blocking solution) for 1h at room
temperature under shaking, then overnight at 4°C with the appropriate primary antibody (see
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Table 11), diluted in PBS-T containing 1% milk. Following three PBS-T washes, the
membrane was incubated for 30min with fluorescent anti-Ig conjugates (see Table 12) diluted
1:20,000 in 1% milk-PBS-T. Following three PBS-T and one DPBS washes, fluorescent
signals were acquired by scanning the membrane on the Odyssey CLx infrared imaging system
(LI-COR) and analysed using the ImageStudioLite software (LI-COR).

In case the membrane was re-used to hybridize another primary antibody, antibody
stripping was performed using Antibody Stripping Buffer (Gene Bio Application) for 15min
under shaking. The membrane was then washed extensively with H-O and western blotting
was performed as described above, starting from blocking step.

ITI.H Indirect Immunofluorescence

Infected cells in Ibidi slides were fixed at 48h, 72h, 96h or 120h p.i. using 4%
paraformaldehyde (Electron Microscopy Sciences) and permeabilized in 40ug/mL digitonin
(Sigma-Aldrich). Blocking of unspecific antigenic sites was performed by a 15min incubation
in DPBS containing 5% animal serum (Sigma-Aldrich). Serum origin was determined by origin
of secondary antibodies. If the different antibodies used were generated in both goat and
donkey, 2.5% of each serum was used. Cells were successively incubated for 1h with the
appropriate primary antibodies (see Table 11), then with the secondary antibodies coupled to
fluorochromes Alexa Fluor 488, 555, or 647 (Thermo Fisher Scientific, see Table 12), both
diluted in DPBS containing 1% corresponding animal serum. LDs were either labelled
metabolically for 15h before fixation using a fluorescently-labeled fatty acid (BODIPY®
558/568 C12, Invitrogen™) diluted 1:10,000 in DMEM without serum, or immuno-labelled
post-fixation, using an antibody against adipose differentiation-related protein (ADRP) that is
found on LD surface, or by a 30min incubation in HCS LipidTOX™ Red Neutral Lipid Stain,
for cellular imaging (Invitrogen™) at a dilution of 1:1,000 in DPBS. Following
immunolabeling, cells were incubated with 4-, 6-diamidino-2-phenylindole (DAPI, 1pg/mL,
Invitrogen™) for 10 min at room temperature and were conserved at 4°C in non-polymerizing
mounting medium (/bidi mounting medium, Ibidi).

Table 11: List of primary antibodies used for immunolabelling.
IF: used for indirect immunofluorescence experiments, WB: used for western blotting, MAb:
monoclonal antibody, PAb: polyclonal antibody.

Target Origin and Specific Catalog

protein Provider clonality clone Number Dilution used
HCV IF/WB :
Core Santa Cruz mouse MAb 1851 SC-58144 1:1,000
ooy phaTon o mouseMAb  dFS HCV-4F5  IF: 1:1,000
Gift from Dr. Agata o
I(-:I(():I:: Budkowska (Institut mouse MAb  ACAP27 - VIV;S i 1113(’)%%0
Pasteur, Paris, France) s

?SCSX EChG . o mouseMAb  7BS HCV-7B5  WB': 1:2,000
IEI-IS(‘:SX abcam mouse MAb H26 ab13833 WB : 1:1,000
HCV

NS5A ID Labs mouse MADb - IDVG1127 WB : 1:1,000
HCV . . WB : 1:1,000
NS5A Sigma-Aldrich mouse MADb 9E10 MABF2775 IF - 1:100
aev BioFront mouse MAb  2F6 HCV-2F6  IF: 1:4,000

NSSA TECHNOLOGIES
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HCV BioFront

NS5B TECHNOLOGIES mouse MADb 4B8 HCV-4B8 WB : 1:2,000

Human Gift from Dr John
Al;)RP McLauchlan sheep PAD - - IF : 1:1,000

(MRC, Glasgow, UK)

I;‘E;;‘; Invitrogen rabbit PAb - PA1-007 IF : 1:100
S;;egp Qiagen mouse MAb ; 34850  WB: 1:2,000
Stre Gift from Dr. Pierre
Ta P Lafaye (Institut mouse MAb - - IF : 1:100

g Pasteur, Paris, France)
V5 tag Invitrogen mouse MAb - R960-25 IIF_ /1“([)]30:

Table 12: List of secondary antibodies used for immunolabelling.

Target . Frer'
Organism IgG gﬁ:ﬂ:}%ﬁ:ﬁi Origin Provider IEI:::I?:)(:&gr Dllilsl:hon
(H&L)
Mouse Dylight 680 Goat LI-COR 926-68070  1:10,000
Mouse Dylight 800 Goat Invitrogen SA5-35521 | 1:10,000
Rabbit Dylight 800 Goat Invitrogen SA5-35571 @ 1:10,000
Mouse Alexa Fluor 488 Goat Invitrogen A-11029 1:500
Rabbit Alexa Fluor 555 Donkey Invitrogen A-31572 1:500
Rabbit Alexa Fluor Donkey Invitrogen A-31673 1:500
Rabbit Alexa Fluor Goat abcam ab150079 1:500
Sheep Alexa Fluor Donkey Invitrogen A-21448 1:500

III.I. Confocal Microscopy

Slides were observed with an LSM 700 inverted confocal microscope (Zeiss). Images were
acquired using the 40X or the 63X objective in oil immersion and the ZEN software (Zeiss).
The emission filters were configured to detect signals sequentially with a restriction of <460nm
for DAPI, 490 to 555nm for Alexa Fluor 488, 550 to 620nm for Alexa Fluor 555, and >640nm
for AlexaFluor 647. Confocal diaphragm was adjusted such as to prevent light outside the focal
plane from reaching the detector by placing it in 1 Airy unit and the resolution of acquired
images was either 1024x1024 or 2048x2048, in order to obtain a pixel size of 0.05um x
0.05um, which is optimal for image deconvolution. Once laser power and voltage (gain) for all
channels were fixed for the control sample, snapshots or z-stacks were acquired for all samples
of the slide with the same conditions. The vertical interval between stacks was standardly set
to 0.15 pm.

III.J Protein complex purification and identification

1.J.(a) Affinity Purification of HCV Protein Complexes

Huh-7.5 cells were infected as described in §III.E with verified stocks of Jad/NS5A-
(TEV)-ST-418, -V5-418, -ST-449, -V5-449 viruses, or transfected with genome-length RNAs
of Jad/C17-ST, /C17-V5, or Jad/NS5A-(TEV)-1a-411-V5, -1a-411-ST, -1b-434-ST, -2a-J6-
ST, -3a-385-ST, -3a-401-ST, -3a-407-ST, -4-431-ST, as indicated in §III.D. Cells were
cultured in 175¢cm?-flasks (T175) for the indicated period and trypsinised for lysate preparation.
Lysis buffer was composed of 25 mM Tris-HCL pH 8 (Sigma-Aldrich), 150mM NaCl (Sigma-
Aldrich), 2mM B-mercaptoethanol (Sigma-Aldrich), 0.5% NP40 (Thermo Scientific),
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200ug/mL avidin, anti-protease cocktail (Complete, Roche) and, only in the NS5A
experiments, anti-phosphatase cocktail (PhosSTOP, Roche). Cell lysates were collected at 96h
p.i. from 1xT175 per replicate sample for infected cells, at 120d p.tf. from 1xT175 per replicate
sample for transfected cells for NS5A-related experiments and at 72d p.tf. from 5xT175 per
replicate sample for Core-related experiments. Cell lysis was performed in 1.2mL lysis buffer
per T175 for each replicate sample for 20min in ice with regular agitation. Cell debris were
removed by a 20min centrifugation at 16,000g at 4°C and supernatants were transferred in a
clean Protein LoBind® 5mL tube (Eppendorf). At this step, a lysate aliquot corresponding to
approximately 0.04xT175 (i.e. ~ 9x10* cells) was retrieved and mixed with appropriate volume
of LDS+B-mercaptoethanol to be used for immunoblotting.

The remaining lysates were mixed with 300uL prepared MagStrep “type3” XT magnetic
beads (IBA Lifesciences) for NS5A complex purifications or 75uL StrepTactin Sepharose
High Performance beads (Cytiva) for Core complex purifications. Bead preparation entails
three (3) washes in washing buffer (25 mM Tris-HCL pH 8, 150mM NaCl, 2mM B-
mercaptoethanol, 0.5% NP40, anti-protease cocktail + anti-phosphatase cocktail). Protein
binding was performed on a rotating wheel at 4°C for 1h for NS5A and 1.5h for Core.

Beads were then successively washed three times in wash buffer without NP40 for NS5A,
or once with wash buffer and twice with wash buffer without NP40 for Core purification, in
order to eliminate unspecifically bound proteins and the detergent itself. During the last wash,
aliquots corresponding to approximately 9x10* cells were retrieved to be used for
immunoblotting. Washed beads were resuspended in 560ul. 50mM ammonium bicarbonate
(NH4HCO:3) buffer containing 20 mM tris(2-carboxyethyl)phosphine reducing agent (TCEP,
CoH1506P).

Five biological replicates of these samples for each tagged-NS5A and three for tagged-
Core viruses were provided to the Proteomics Platform of Institut Pasteur (UTechS MSBio)
for the nano liquid chromatography coupled to mass spectrometry (nano-LC-MS/MS) analysis
of proteins retrieved..

HILJ.(p) Nano-LC-MS/MS

ITLJ.8.(4) On-beads protein digestion

Digestion of the proteins were performed on-bead using 0.5ug of Sequencing Grade
Modified Trypsin (Promega) for 16 hours at 37°C under agitation at 1,000 rpm.

For NS5A interactomic experiments:

First supernatants were retrieved following a short centrifugation step (4,000 rpm, 30 sec,
room temperature). Next, a 1 min incubation of the beads with100uL of NH4HCO3 50 mM on
a magnetic device led to a second supernatant that was pooled with the first one, and formic
acid (FA) was added at 1% final concentration.

For Core interactomic experiments:

First supernatants were retrieved following a centrifugation step at 10,000 rpm for 5 min
at room temperature. Then, 100 pL of NH4HCO3; 50 mM were added to the beads and placed
in a membrane-containing filter unit (Corning™ Costar™ Spin-X™ Centrifuge Tube Filters,
Fisher Scientific), 200uL of the same buffer was then added and the flow-through was retrieved
by a centrifugation at 6,000 g for 30 sec at room temperature. This operation was repeted in
the same conditions. Pooled supernatants were acidified with FA at 1% final concentration and
filtered on a new filter unit.
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II1.].8.(i1) Peptide desalting

For Jad NS5A and Core interactomic experiments:

Acidifed peptide solutions were desalted using stage-tip> and three C18 Empore discs,
and were eluted with 80uL acetonitrile (ACN) 80%, FA 0.1%. All samples were dried in a
Speed-Vac and peptides were resuspended in ACN 2%, FA 0.1% prior to LC-MS/MS analysis.

For other NS5A interactomic experiments:

Acidifed peptide solutions were desalted using an automatic workflow with the
AssayMAP Bravo (Agilent). Peptides were eluted from the CI18 cartridge (Agilent
Technologies, SuL bead volume) with 60uL ACN 80%, FA 0.1% and all samples were speed-
vac dried. Peptides were resuspended in ACN 2%, FA 0.1% prior to LC-MS/MS analysis.

IT1.J.B3.(ii1) LC-MS/MS: Data Dependent Acquisition

For Jad NS5A and Core interactomic experiments:

A nanochromatographic system (Proxeon EASY-nLC 1200, Thermo Fisher Scientific)
was coupled on-line to a Q Exactive HF mass spectrometer (Thermo Fisher Scientific) using
an integrated column oven (PRSO-V1, Sonation). For each sample, peptides were loaded on a
home-made 39cm capillary column picotip silica emitter tip (75um inner diameter) with C18
resin (1.9um particles, 100A pore size, Reprosil-Pur Basic C18-HD resin, Dr. Maisch) after an
equilibration step in 100 % solvent A (H2O, FA 0.1%). Peptides were eluted with a multi-step
gradient using 2-7% solvent B (ACN 80%, FAO0.1 %) for Smin, 7- 23% for 70min, 23-45% for
30min and 45-95% for Smin at a flow rate of 250nL/min over 132min. Column temperature
was set at 60°C.

Mass spectra were acquired using Xcalibur software and a data-dependent Top 10 method
with survey scans (300-1700 m/z) at a resolution of 60,000 and MS/MS scans (fixed first mass
100 m/z) at a resolution of 15,000. The AGC target and maximum injection time for the survey
scans and the MS/MS scans were set at 3.0E+06, 50ms and 2.0E+05, 60ms, respectively. The
isolation window was set at 1.2m/z and normalized collision energy fixed at 28 for HCD
fragmentation. A minimum AGC target of 2.5E+03 for an intensity threshold of 4.2E+04 was
used. Unassigned precursor ion charge states, as well as 1, 7, 8 and >8 charged states were
rejected and peptide match was disable. "Exclude isotopes" was enabled and selected ions were
dynamically excluded for 30 seconds.

For other NS5A interactomic experiments:

A nanochromatographic system (Proxeon EASY-nLC 1200, Thermo Fisher Scientific)
was coupled on-line to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific) using
an integrated column oven (PRSO-V1, Sonation). For each sample, peptides were loaded on a
home-made 49cm capillary column picotip silica emitter tip (75um inner diameter) with C18
resin (1.9um particles, 100A pore size, Reprosil-Pur Basic C18-HD resin, Dr. Maisch) after an
equilibration step in 100% solvent A (H20, FA 0.1%). Peptides were eluted with a multi-step
gradient using 5- 25% solvent B (ACN 80%, FA 0.1%) for 95min, 25- 40% for 15min and 40-
95% for 10min at a flow rate of 250nL/min over 130min. Column temperature was set at 60°C.

Mass spectra were acquired using Xcalibur software using a data-dependent Top 10
method with survey scans (300-1700 m/z) at a resolution of 70,000 and MS/MS scans (fixed
first mass 100m/z) at a resolution of 17,500. The AGC target and maximum injection time for
the survey scans and the MS/MS scans were set at 3.0E+06, 20ms and 1.0E+06, 60ms,
respectively. The isolation window was set at 1.6m/z and normalized collision energy fixed to
28 for HCD fragmentation. We used a minimum AGC target of 1.0E+04 for an intensity
threshold of 1.7E+05. Unassigned precursor ion charge states, as well as 1, 7, 8 and >8 charged
states were rejected and peptide match was disable. "Exclude isotopes" was enabled and
selected ions were dynamically excluded for 45 seconds.
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IILJ.B.(iv) Data processing for protein identification and quantification

Raw data were analysed using MaxQuant software version 1.6.6.0°>* using the Andromeda
search engine™”. The MS/MS spectra were searched against a UniProt Homo sapiens database
(downloaded in 18/06/2020, 20,353 entries) and virus databases including ST- and V5- tagged
proteins (Jad NS5A: 10 entries, Core: 13 entries, other NS5A: 20 entries). Usual known mass
spectrometry contaminants and reversed sequences of all entries were included.

Andromeda searches were performed choosing trypsin as specific enzyme with a
maximum number of two missed cleavages. Possible modifications included
carbamidomethylation (Cys, fixed), oxidation (Met, variable), N-terminal acetylation
(variable) and phosphorylation (Ser, Thr, Tyr, variable). The mass tolerance in MS was set to
20ppm for the first search, then 4.5ppm for the main search and 20ppm for the MS/MS.
Maximum peptide charge was set to 7 and 7aa were required as minimum peptide length.

The “match between runs” feature was applied for samples having the same experimental
condition with a maximal retention time window of 0.7 min. One unique peptide to the protein
group was required for the protein identification. A false discovery rate (FDR) cut-off of 1%
was applied at the peptide and protein levels.

IIL].B.(v) Specific case for NS3, NS4B and NS5A proteins

NS5A proteins derived from various genotypes share > 55% aa sequence identity. A
number of peptides, notably short peptides retrieved can therefore be common to all NS5A
proteins, while some peptides are unique and specific to each of the NS5A proteins. In
MaxQuant software, razor peptides™>* are peptides that are found in more than one protein. In
“razor” peptide assignment, the peptide and its related intensity is assigned to the protein group
with the larger number of identified peptides or, in case of a tie, to the protein group with more
highly scoring peptides. In our case, 8 NS5A sequences were gathered in a database and
peptides were wrongly assigned by MaxQuant rules to nonmatching NS5A proteins. Because
we know which NS5A protein was expressed in a given sample, “razor” peptides were
reattributed to the proper NS5A protein, leading to the real intensity of each NS5A in each
genotype. Same was applied for NS3 and NS4B with compensatory mutations.

III.K Hepatocellular transcriptome analysis by RNA-Seq

Infected Huh-7.5 (see §IIL.E) were lysed in 350uL lysis buffer (RNeasy Plus Mini kit,
Qiagen) supplemented with 0.1 % B-mercaptoethanol (Sigma-Aldrich), following the
manufacturer's instructions, and total RNAs were extracted. Genomic DNA was eliminated by
DNase treatment on the column for 15min (RNase-free DNase Set, Qiagen). RNA integrity and
quality were assessed by MySpec nano-spectrophotometer (Ozyme) and the 2700 Bioanalyzer
(Agilent). Following the MGI's RNA Direction Library prep set user Manual (MGI Tech,
Shenzen Shi, China), poly(A) mRNAs were enriched from 200ng total RNA using Dynabeads
mRNA Purification Kit (Thermo Fisher Scientific), and were subsequently cleaved into
fragments of 150 bp, reverse-transcribed and complemented. MGI adapters were ligated before
a 14-cycle DNA fragment amplification step. The quality of the DNA libraries was checked by
capillary electrophoresis (Fragment Analyzer, Agilent) using the HS NGS Fragment Kit
(Agilent). The DNA libraries were then assembled and prepared according to the RNA
Directional Library prep set and High-throughput (Rapid) Sequencing Set user manuals of
MGI (MGI Tech, Shenzen Shi, China) and sequenced on a high-throughput cell in single 100bp
reads (DNBSEQ-G400, MGI Tech, Shenzen Shi, China).
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III.. RHV-rnl virus production

III.L.(a) RHV-rnl genome-length RNA

RHV-rnl genome-length cDNA (GenBank accession No KX905133)*°* cloned in pUC57
was kindly provided by Dr Amit Kapoor (Ohio State University, Columbus, Ohio, USA). XL1-
Blue competent bacteria (Agilent) were transformed with this vector following a heat-shock
and cultured for 16h at 37°C on LB Petri dishes containing 500 pg/mL ampicillin. Plasmid
DNA was purified from cultured bacterial colonies using Nucleospin plasmid kit (Macherey-
Nagel) and screened by restriction reactions spanning both the plasmid and the inserted viral
cDNA sequences with the following enzymes:

i) EcoRI iii) Smal
ii)) BamHI iv) Mlul & BspEI

All restriction enzymes and respective buffers were from New England Biolabs. Large
scale DNA preparations of two clones with a correct pattern were performed using Nucleobond
Xtra Midi Plus kit (Macherey-Nagel) and the nucleotide sequence was further verified by
Sanger sequencing (see §111.F.(y)) using the primers indicated in Table 13.

Table 13 : List of oligonucleotides complementary to RHV-rnl sequences, used as primers for PCR
and/or Sanger sequencing of viral RNAs.

The polarity of the primer was incorporated in the primer name and represented in black for forward
(F) and pink for reverse (R). Primers used for PCR amplification are indicated by asterisks (*).

Primer Name

Primer Sequence (5°— 3°)

Primer Name

Primer Sequence (5°— 3°)

*RHV 1 F ACCATCACACTCCCCAATG RHV 570 R CACACAGATTCCACCACAGG
RHV 287 F TGGCTCTGTGGAGATAAAGC RHV 1019 R GAAAATGCCAGCACTAGCC
RHV 842 F TGATCTCCTGCATCACGTTC RHV 1826 R GCAGGCCAAGTTAGTCCATC
RHV 1467 F GCCATCCAGCTGAATACCAC RHV 2382 R AAATGAGGCCAGTGCTCAAG
RHV 2159 F GGCTGGCTTCAACCTACC RHV 2966 R TTGCTGCAAACATACCAAGC
RHV 2703 F GTGGTTGAGGCTTACGAAGG *RHV 3570 R GGGGATAAGTGGCAAAGTCC
*RHV 3246 F TACGCAAGATTGGGCAAGAC RHV 4211 R AATTCCAAGCACGGTAGTGG
RHV 3834 F AAGGTTGGAGCCCAGATACC RHV 4727 R GTAGTACGTTCCCGGTTTGC
RHV 4573 F ACTCCGTGTACGACTGTTGC RHV 4810 R AAGTATGCCAGGCCAGAATC
RHV 5059 F TTTCAGGCAAGGCAAAATTC RHV 5416 R ATTTTGTCTCCGAGCCACTG
RHV 5637 F  ACAAAGCTAACAACACAGACG  RHV 6024 R TTTCCAGCCACTTGATGATG
*RHV_6262 F TAAAATCAACGTGCGAGTGC *RHV 6612 R GACACTTCCGCCAATCAGTC
RHV 6828 F CCGTATGACACCGAGGAAAC RHV 7229 R CATGGGAATCTCCAATCGTG
RHV 7474 F CGCTAAAAATCAAGGGCAAG RHV 7813 R ATTTGGTAGCGCAACTCAGG
RHV 8086 F TTGCTTATCCCCACCTTGAG RHV 8434 R CTCCTGTAGCCCACTTCAGC
RHV 8706 F AACGTCTCCTCTGCCAACAC RHV 9055 R TGGCTCACACGCTGTATTTC
RHV 9302 F TCTAGGCATGGGAATCATAGC ~ *RHV 9656 R AGTTGAGGTGGGCGTAACG

RHV-rnl plasmid was linearized by MIul digestion and purified by phenol/chloroform
(Sigma-Aldrich) extraction and ethanol precipitation. Linearized DNAs (1pug, quantified on 1%
agarose gel) served as templates for in vitro transcription of the viral ¢cDNA using
bacteriophage T7 RNA polymerase (77 RiboMAX Express Large Scale RNA Production
System, Promega). In preparation of two types of samples for intrahepatic inoculations of
Sprague Dawley rats, some reactions underwent DNase treatment (Promega), and purifications
as described in §II1.C (5), while others were kept unpurified. Purified products subjected to a
second round or purification with ethanol, to eliminate the residual un-incorporated
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ribonucleotides, served for the preparation of aliquots with known quantity of RHV-rnl
molecules towards standard curve necessary for RT-qPCR assays. The quality and quantity of
RNAs were evaluated by electrophoresis on 1% agarose gel and by measurement of the
absorbance at 260nm using mySPEC microvolume spectrophotometer (Ozyme), while their
sequence was verified following reverse transcription, amplification in overlapping PCR
fragments spanning the entire genome (see Table 12), and sequencing by Sanger sequencing
as indicated above.

HI.L.(g) RHV-rnl viral stocks generation

Sprague Dawley rat intrahepatic inoculations of purified or nonpurified RHV-rn1 genome-
length RNAs were performed by our collaborator, Hervé Lerat (W'TAG, La Tronche, France).
Briefly, the procedure was performed under general anaesthesia of the rats with isoflurane:
anaesthetic induction by inhalation of a mixture of oxygen at a flow rate of 3L/minute and
isoflurane at 4% for 2 minutes in an appropriate hermetic cage. The animals were kept asleep
by inhaling a mixture of 2.5% isoflurane and oxygen at a rate of 1.5L/minute. This technique
is the one with the least reported impact on liver metabolism. The viral RNA solution was
injected intra-hepatically at 4 different injection points (in the left lateral and median lobes),
according to the following procedure:

» The laparotomy was performed by first making a skin incision of about 2cm along the
linea alba, then an incision in the peritoneal wall, 1 cm below the xiphoid process, on
shaved, Vetadine treated area.

» Part of the left lobes of the liver was pushed slightly outwards and stabilized with a cotton
applicator. Intrahepatic injection was performed using a 30G needle mounted on a 0.3 mL
syringe. After removal of the needle, light pressure was applied by a cotton applicator to
ensure haemostasis. After each injection, the absence of haemorrhage was verified and, if
necessary, a Gelfoam resorbable haemostatic gelatine sponge was be placed at the injection
sites.

» The liver was pushed back into the abdomen, making sure that there is no active bleeding.

» Closure was performed in two planes: first of the peritoneo-muscular plane and then of the
cutaneous plane with sterile 5/0 silk thread.

Rats that underwent surgery were isolated for a maximum of 1 week, depending on their
recovery, and were then grouped with their original congeners to re-establish social links. Free
access to drinking water and food pellets was provided to all animals. Blood samples were
recovered from the sublingual vein, following general anaesthesia, every 4 days for 12 days to
detect and quantify the viremia, by RT-(q)PCR, as described below.

Infectious serum (viral) stocks were generated by intrahepatic inoculation of 3 rats that
were exsanguinated post-mortem at day 12 post-inoculation.

HI.L.(yY) RHV-rnl genome quantification

Viremia was quantified by RT-(q)PCR by analysing SuL of RNA extracted from 70uL rat
sera samples using the QiaAmp Viral RNA Mini kit (Qiagen), according to the manufacturer’s
guidelines. One-step RT-(q)PCR reactions were performed using the TagMan Fast-virus 1 Step
Master Mix kit (Applied Biosystems), with a pair of primers and 5-FAM (6-
carboxyfluorescein)- 3-TAMRA (6-carboxytetramethylrhodamine) fluorescent probe, as
previously described by Trivedi et al.**",

Optimal concentrations of primers and probe were worked out as 400/400/100nM,
respectively. Measurements were acquired by the 7500 Fast Real-Time PCR System (Applied
Biosystems) real-time thermocycler with the following program: RT at 50°C for 5 min, then
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after denaturation of the RT enzyme at 95°C for 20s, the qPCR steps are carried out over 45
cycles of 15s at 95°C and Imin at 60°C.

II1.L.(8) Next Generation Sequencing of viral RNA extracted from rat sera

RHV-rnl genomic RNA was extracted from 70uL pooled rat sera representing viral stocks,
using the QiaAmp Viral RNA Mini kit (Qiagen) according to the manufacturer’s guidelines, in
the absence of carrier RNA.

RNA was reverse transcribed and successful RNA extraction was tested by PCR
amplification using RHV-specific primers RHV 1 F and RHV 3570 R, as described in
§IILE.(y) (see Table 13). Resulting cDNA was then used to synthesize a second DNA strand
and generate Illumina TruSeq nano libraries following fragmentation into 350bp-long
fragments, UDI indexation and 15-cycle amplification (Illumina). Paired-end sequencing was
performed on a NextSeq 2000 system with a P1 flowcell and reagents for 151 cycles (Illumina)
by the Biomics platform at Institut Pasteur.

Quasispecies were analyzed using the variant calling pipeline from the Sequana project
(v0.8.5)>>°. First, the homogeneity of the coverage was checked with Sequana coverage™°.
Next, single-nucleotide polymorphisms (SNPs), insertions and deletions (indels) and multi-
nucleotide polymorphisms (MNPs) were detected with Freebayes (v1.3.2) using the default
option except for the ploidy option, which was set at 25°°’. Variants were filtered, and only
those with a Freebayes score >1, a frequency >5%, a minimal depth of 10, and a minimal
forward and reverse strand ratio of 0.2 were retained.

Titers of viral stocks were also quantified according to the procedure described in §II1.M.

III.M RHV-rnl experiments in Sprague Dawley rats

Towards infection, the rats underwent light general anaesthesia to perform a sublingual
harvest and were directly after intravenously injected with 10-100uL of infectious serum, so
as to receive 3x10% 3x10° or 3x10° viral genome equivalents.

Towards treatment evaluation, the DAA combination called Maviret (Glecaprevir &
Pibrentasvir) was administered orally according to the dosage described in the studies
performed in humanized mice infected with HCV (Maviret: Glecaprevir 60mg/kg/day and
Pibrentasvir 25 mg/kg/day for 6 weeks)™>".

For pyruvate tolerance test (PTT), the animals were fasted for 5 hours prior to injection
of a solution of pyruvate (2 g/kg, IP), and the blood sugar of the animals was monitored by
OneTouch®Ultra® glucometer for 120 minutes. For this, a blood sample of SuL was taken from
the end of the rat tail at t=0, 15, 30, 45, 60, 90 and 120 minutes after the injection.
Intraperitoneal injection and blood sampling are not painful for the animal and do not require
any anaesthesia or restraint.

Liver tissues were fixed in formalin solution, neutral buffered at 10% (Sigma-Aldrich) and
paraffin-embedded, then four-micrometer sections of tissue were prepared. Hematoxylin-eosin
(H&E) staining was used for the histopathological examination. Frozen tissue sections were
prepared (8 um) and stained with Oil-Red-O (ORO) dye (Sigma-Aldrich) to identify neutral
lipids. Images were acquired with an AxioCamMRS5 camera (ZEISS Industrial Metrology) and
the degree of steatosis was estimated by calculating the percentage of the area occupied by oil
red O-stained lipid droplets using Image-J software (https://imagej.net/), averaging 3-5
separate, randomly selected fields.

Towards metabolomics and lipidomics analyses, upon rat sacrifice, liver tissues were
snap-frozen in liquid nitrogen and stored at -80°C. Whole frozen livers were then pulverized
using a mortar. A biphasic extraction was performed on 50mg of each sample. The polar phase
was used for metabolomic analysis of 56 different metabolites by NMR, while the nonpolar
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phase was used for lipidomic analysis by GC-MS/LC-MS by the GEMELI lipidomics platform
(C. Botté, IAB, La Tronche).

III.N Bioinformatic tools and statistical analyses

II1.N.(a) Analysis of LC-MS/MS data

ITI.N.a. (i) Statistical analysis

To identify the proteins more abundant in one condition than in another (ST- Vs V5-tag),
the intensity values from Maxquant were compared. Reverse hits, potential contaminants, and
proteins “Only identified by site” were removed from the analysis. Then, proteins identified
with at least one peptide that is not common to other proteins in the FASTA file used for the
identification (at least one "unique" peptide) were kept. Additionally, only proteins with at least
four intensity values (NS5A replicates) and 2/3 or 3/3 intensity values (Core replicates) in one
of the two compared conditions were kept for further statistics. Proteins absent in a condition
and present in another were put aside ("exclusive" partners). These proteins can directly be
assumed differentially abundant between the conditions. After this filtering, intensities of the
remaining proteins were first log-transformed (log2). Next, intensity values were normalized
by median centering within conditions (section 3.5 in Giai Gianetto, 2023°>”). Statistical testing
was conducted using a limma t-test thanks to the R package limma>*". An adaptive Benjamini-
Hochberg procedure was applied on the resulting p-values thanks to the function adjust.p of
the cp4p R package™®' using the robust method described in Pounds & Cheng, 2006°% to
estimate the proportion of true null hypotheses among the set of statistical tests. The proteins
associated to an adjusted p-value inferior to an FDR level of 5% and an absolute logx(fold-
change) superior to 1 have been considered as significantly differentially abundant proteins.
Therefore, the proteins of interest are those which emerge from this statistical analysis
supplemented by exclusive partners which are be present in one condition and absent in
another.

ITI.N. . (if) Scoring of protein-protein interactions and network analysis

In order to score PPIs with ST-tagged bait proteins in infected samples, two dedicated
software were used: SAINTexpress™* and MiST>“*, In both methods, corresponding samples
infected with V5-tagged recombinant viruses were used as controls.

For SAINTexpress, posterior probabilities of true interactions (AvgP) superior to 0.5 can
be associated to potentially true interactors. For MiST, a score superior to 0.75 can be
associated to potentially true interactors.

To enrich the representation of our data from the nano-LC-MS/MS statistical analysis, we
generated a “final score” based on the collective results of these statistical analyses, as well as
MiST and SAINT scores. The statistical analysis was essential to consider a hit as a putative
interactor in all cases (score +1). This score was increased by 1 in case the same hit was also
found as a significant potential interactor by MiST (>0.75) or by SAINT(>0.5). For Core,
taking into account the dual statistical analysis performed (2/3 or 3/3 intensity values), we
increased the final score by 0.5 for partners coming up in both. Exceptionally, taking into
consideration our additional aim at putatively identifying partners’ domain of interaction with
Jad NS5A, we considered as common interactors of NS5A-ST-418 and NS5A-ST-449 those
that significantly came up in both statistical analyses, or in the statistical analysis of the one
and the MiST score of the other, making the analysis of retrieved 418- or 449-specific partners
more stringent. Based on the comparative analysis of scoring tools by Verschueren et al.”®,
who found MiST to be the more accurate scoring tool among those tested, we also decided to
assign an additional 0.5 in the final score in case a hit was reproducibly coming up in our
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statistical analysis and with MiST, but not with SAINT. For the putative interacting partners
of NS5A proteins of diverse genotypic origins, we instead assigned an additional 0.5 in the
final score for each partner retrieved exclusively with NS5A-ST. For all NS5A analyses the
final score was normalized with respect to the number of baits it was significantly identified
with.

ITIL.N.(B) Analysis of RNA-Seq data

Statistical analyses were performed to identify host genes for which the expression profiles
were significantly different between viruses and genotypes. Differential analyses were
performed using the DESeq2 R package. All logoFC were shrunken with the “ashr” option (see
IfcShrink() function). For each comparison of interest, one separate DESeq2 model was fitted
to perform the following comparisons:

* Jad Cla 411 vs Mock » Jad C3aP98L vs Mock

» Jad Cla H77 vs Mock » Jad C4aR vs Mock

« Jad C2a J6 vs Mock » Jad C4fC vs Mock

« Jad C3a 389 vs Mock * Genotype 1 strains Vs Mock (G1M)

* Jad C3a 390 vs Mock * Genotype 2 strain Vs Mock (G2M)

* Jad C3a 395 vs Mock * Genotype 3 strains Vs Mock (G3M)

« Jad C3a 401 vs Mock * Genotype 4 strains Vs Mock (G4M)

* Jad C3a 376 vs Mock * Non-genotype 3 strains Vs Mock (G124M)

Based on the same contrasts, a functional analysis was performed using CAMERA model
from limma R package with default parameters for inter-gene correlations. The model was
applied on Kyoto Encyclopedia of Genes and Genomes (KEGG)*°, The Molecular Signatures
Database (MSigDB) Hallmark gene set collection®®’, reactome >’ wikiPathways*’%"",

Batch correction for visualization (PCA, heatmaps) was performed with
RemoveBatchEffect() function from limma R package, on log counts with batch factor set as
the concatenation of the library preparation and extraction dates and the batch kit. In differential
and functional analysis, batch was accounted for by adjusting the statistical model on the
biological condition (viruses, genotypes) and on the concatenated batch factor simultaneously.

Principal Component Analysis was performed taking the 500 most variable genes, on
scaled Variance Stabilizing Transformation (VST) transformed expression table.

IIL.N.(y) Representation of results in figures

lustrations of results were created by either of the following tools, unless otherwise
indicated: Prism 9 (GraphPad, San Diego, United States), Cytoscape 3.9.1°/%°7, stringApp
2.0.1°7,

Pathway databases exploited were Gene Ontology , Kyoto Encyclopedia of Genes
and Genomes (KEGG)>“°, The Molecular Signatures Database (MSigDB) Hallmark gene set

collection’®’, reactome™**>%? | wikiPathways>’%>’!, and DISEASES""".

575,576

Upset graphs

Upset graphs are extensions of Venn diagrams to allow the visualization of the
intersections between more than 5 sets of genes. Upset graphs from the UpSetR R package
were used to compare lists of differentially expressed genes (DEGs) for some comparisons
between genotypes and viruses. The bars on the left indicate the size of each set of genes. The
vertical bars indicate the size of the intersection between combinations of comparisons
indicated by black dots and connected with black lines.
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Heatmap of DEGs

DEGs were represented with heatmaps based on genes expression table standardized with
VST transformation or batch correction expression table. To allow comparisons among genes,
the gene expression table was scaled by gene. Only genes significant (p-adjusted < 0.05) for at
least one comparison are used in the heatmaps.

Heatmap of functional analysis

Pathways and gene sets deregulated between groups were represented by heatmaps based
on the CAMERA analysis output (limma R package). We used the enrichment score computed
by CAMERA as a proxy of the regulation direction of significant genes sets (p-adjusted <
0.05): for a comparison of group A vs group B, a positive enrichment score (in red) suggests
that a given genes set has higher expressions in group A rather in group B. Similarly for
negative enrichment score (in blue) and lower expressions.

Bubble plots of enrichment analysis (ORA)

Enrichment of the intersection of significant genes for several comparisons (among all
viruses and among all viruses except Jad) was performed using Over-Representation Analysis
(ORA) implemented in the enricher() function of clusterProfiler R package. After filtering the
significant genes sets (p-adjusted < 0.05), the results are represented by bubble plots showing
the averaged logFC (from DESeq2 analysis) within each genes set, for all viruses. Colour
indicates the amplitude (the darker, the higher) and the direction of the average log2FC (blue
for negative value, red for positive values). Size of the bubbles shows the level of significance
(*: p-adjusted < 0.05, **: p-adjusted < 0.01, ***: p-adjusted < 0.001

Volcano plots for comparisons between viruses

The differential analysis output involving comparisons between viruses and Mock was
visualized with volcano plots. For better visualization, logFC higher than 5 in absolute value
were set to 5 or -5 depending on their sign. Then we used EnhancedVolcano R package to show
distribution of adjusted p-values against logoFC. The dotted lines correspond to the 5%
threshold for p-values and to (-1,1) threshold for log>FC. Colours of the points are derived from
these thresholds.

Volcano plots for comparisons between genotypes

Differential analysis output involving comparisons between genotypes are visualized
using complex volcano plots in which comparisons between genotypes are enriched with the
results of comparisons with the Mock. Each panel shows the adjusted p-values against the
log>FC of comparisons between genotypes (e.g. G1 vs G4) or combinations of genotypes (e.g.
G3 vs G1+G2+G4 without Jad). Colours indicate if a gene is significant only for genotypes
(blue), only compared to Mock (green), both (red) or none of the above (grey).
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IV. Results
Part 1: HCV-host interplay in infected cell cultures

This first part of my PhD was focused on examining the interplay between HCV proteins
of diverse genotypic origins and the host in vitro, in a system as physiological as possible. To
this end, we have chosen to conduct our experiment in an infection system comprised of
cultured human hepatoma Huh-7.5 cells and intra-/inter-genotypic recombinant viruses
generated in the backbone of the JFH1-adapted strain, Jad.

The two proteins of interest, Core and NS5A, were selected based on their reported diverse
induced hepatocyte deregulations, as described in §1.B.(0).

Core intra- and inter-genotypic recombinant viruses were previously generated and
characterized in the lab, during the respective PhD theses of Stephanie Aicher and Emeline
Simon. Core sequences were derived either from HCV prototypic strains, or from clinical
strains isolated from patient sera and collected by Dr Claire Gondeau (Institut de Médecine
Régénératrice et de Biothérapie, Montpellier, France). Core substitution did not significantly
affect viral genome replication or viral assembly, leading to the generation of viruses that
exhibited similar growth curves, allowing comparative studies at the same time-points (Aicher
et al., 2018>°"; Simon, Aicher, et al., unpublished data, Supplementary Figure 2).

The successful production of NS5A intra- and inter-genotypic recombinant viruses was
previously described by Scheel et al.'’”?, within the backbone of chimeric virus J6/JFHI,
consisting of the Core to NS2 sequences of subtype 2a J6 strain and the remaining of subtype
2a JFH1 strain. The sequences of NS5A that were selected in the Scheel study were derived
from prototypic HCV isolates: H77C(1a), TN(la), J4(1b), J6(2a), S52(3a), ED43(4a),
SA13(5a), HK6a(6a), or QC69(7a). Most of the recombinant viruses were reported to grow
equally well as the parent without the need for adaptive mutations, with the exception of the
b, 3a and 4a chimeras. Wang et al>’® also described a 2a-1b triple chimera (FL-J6/JFHI-
NS5A.J4N) and Okamoto et al.””” reported other NS5A chimeric viruses within the JFH1
backbone bearing NS5A sequences from strains of genotypes la (JFH1-NS5A.H77), 1b (JFH1-
NS5A.Conlb), 2a (JFHI-NS5A.J6CF), and 2b (JFH1-NS5A.MA). These findings supported
that the development of NS5A intra- and inter-genotypic recombinant viruses within the Jad
backbone with NS5A sequences from field strains was feasible, although some adaptive
mutations might be required. Our successful generation of these viruses is described in the
following §1.B.(0).

The study of the interplay of HCV proteins with the host cells is divided in two sections:
the interactions of Core and NS5A with human hepatocyte proteins (proteomic/interactomic
studies) and the HCV protein-driven regulations of host gene expression (transcriptomic
studies), which are both described in this chapter.

e For the transcriptomic studies, Core intergenotypic chimeras briefly described above
were used.

e For the interactomic studies, parental, as well as intra- and inter-genotypic NS5A
recombinant viruses expressing tagged NS5A were developed and characterized during my
thesis, as described in the following paragraphs (§1V.C.(a) and §IV.C.(J3)). Jad recombinant
viruses expressing similarly tagged Core were previously developed and characterized by
Stephanie Aicher and Houda Tabbal, a former post-doctoral researcher in the laboratory.

Evidence for tolerance of insertions within Core and/or NS5A sequences has previously
been reported in ectopic protein expression’’, subgenomic replicon’® and infection
systems ®1- 1028298 1 without abolishing HCV RNA replication or virion morphogenesis.
Additional specific positions within the Core and NS5A sequences that may tolerate insertions
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have also been identified by transposon-based insertional mutagenesis coupled to next-
generation sequencing”®*,
A schematic summary of the viral tools produced, the experimental processes followed and

the analyses performed can be found in Figure 30.

Experimental Summary
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Figure 30: Schematic illustration of the viral tools, experimental processes and analyses in this study.
For certain items BioRender.com was used (https://www.biorender.com/).

IV.A Characterization of the NS5A sequences derived from clinical
isolates

HCV patient sera were kindly provided by C. Gondeau, together with the patient
information summarized in Table 5 (see §1.B.ct.(vi), page - 36 -). The clinical isolates to be
used in this project were selected based on the level of patient’s assessed liver damage and the
absence of known co-morbidity factors that could influence a quicker progression to more
severe steatosis. RNAs were extracted from the sera, reverse transcribed in two independent
reactions, then amplified by PCR with the primers indicated in Table 6 (Materials and Methods,
page - 64 -) and sequenced by Sanger sequencing. Consensus aa sequences were compared to
each other and to the consensus aa sequences of NS5A from all respective genotypes and/or
subtypes in euHCVdb>*°. These alignments first confirmed the genotyping of the selected
strains and second revealed the specific features of these strains with respect to the consensus
NS5A sequences of each geno-/sub-type of HCV (data not shown). In the case of sample 431
of genotype 4, alignment of this NS5A sequence with those retrieved from the euHCVdb
revealed closest phylogenetic distance of our sequence of interest with that of genotype 4d.
Blasting of 431-NS5A also returned subtype 4d sequences with the highest percentages of
identity, similarity and best e-values. Therefore, we may consider that the 434 NS5A sequence
is likely of subtype 4d, although no definite conclusion can be drawn in the absence of
sequencing data in any other genomic region.

In a second step, the PCR products were cloned in TOPO vector to select a clone with the
desired consensus sequence, to be further cloned in pJad, as described in §I11.C (y). Overall, at
least 10 TOPO clones for each strain were sequenced. For 1a-411 18% of the sequenced clones
was found with the consensus sequence, for 1b-434 60%, for the three subtype 3a sequences,
the percentage of consensus sequence recovered clones was 40-44% and for 431 only 9%.
Notably, both NS5A aa Val-2153 and Val-2440 were 100% conserved in a total of 86 clones
sequenced for all strains and differ from residues corresponding to the two Jad adaptive
mutations at these positions in NS5A. Since we were aiming at developing the intergenotypic
recombinants within the Jad backbone and given that the adaptive mutation V2440L was
shown by Kaul et al.*" to be the most important of the three substitutions within the Jad
sequence for virus highly cell culture adaptation, we incorporated it in the sequence of all
clinical strains.

The alignment of the different NS5A sequences of the clinical isolates bearing the
engineered NS5A C-terminal adaptive mutation with the parental sequence and the sequence
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of another prototypic strain of subtype 2a (J6) can be found in Figure 31. Figure 32 shows
phylogenetic proximity/distance between these strains.

Analyses presented in Figure 31 and Figure 32B reveal low conservation of NS5A protein
sequences in general, both in aa identities, with up to 45% divergence among strains, and in
protein lengths, with over 35 residues missing in certain strains. Proteins of the same genotypic
origin do cluster together in a phylogenetic UPGMA tree constructed using the Jukes-Cantor
model to measure protein distance (Figure 32A), however, quantified percentages of identity
differ among genotypes. For example, the three subtype 3a strains differ from each other by
only 6-7%, while subtype 2a strains differ by ~15% and genotype 1 strains by ~20%. There are
no differences in protein length among the subtype 3a strains and among the subtype 2a strains,
but there is one additional residue in the C-terminal NS5A sequence (aa468 in alignment)
derived from the 1a strain, when compared to the 1b strain.

A few regions of NS5A are conserved among strains of all four genotypes, including the
hyper-phosphorylation region within LCSI, which bears only few differences at position 226
and a highly conserved A231 aa residue in all sequences except for Jad. A sequence of ~20 aa
within NS5A C-terminal domain III, which includes one of the positions that tolerate
insertions, downstream of aa 449, is specific to subtype 2a strains and is absent from all clinical
NS5A sequences. In contrast, the other possible insertion position, downstream of aa 418,
together with its surrounding region are highly conserved in all strains examined (Figure 31).
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Figure 31: Alignment of NS5A protein sequences derived from clinical or prototypic strains.
Consensus aa sequences from RNA nucleotide sequencing of viruses from patient sera are classified
according to the genotype of the infecting strain. Identical residues are depicted by dots and missing

residues, by dashes.

The most representative aa of each position is in black colour, while different or

unique residues are in red. A bar diagram showing the percentage of sequence conservation is included
below the alignment, followed by a line diagram depicting the gap fraction within the aligned
sequences, and the sequence logo, incorporating all residues present in each position, with the more
prevalent in higher font size. The adaptive mutation V21534 of Jad, and V2440L, present in Jad and
engineered in all other sequences, are shown by black arrows. A purple and a blue arrow illustrate the
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418 and 449 putative tag insertion positions, respectively. The yellow box spans the NS54 hyper-
phosphorylation region within LCSL.

Since there is only one representative strain of HCV subtype 3a associated to each grade
of steatosis, it is difficult to conclude on a potential correlation between a particular sequence
or aa and the steatosis likelihood. However, it is interesting to note that there seems to be no
association between the genetic distance of NS5A and the steatosis severity observed in
patients infected with HCV subtype 3a, since the sequences of the strains with no steatosis
(401) and high steatosis (407) are clustered closer together, while the NS5A of the strain
causing medium steatosis (385) is genetically more distant. In fact, looking at the percentages
of sequence identity, the 385 strain is closer genetically to the 401 strain, than the 407.

Genotype 2

NS5A 2a-J6

Genotype 3 NS5A 1b-434

0.500

B

NS5A Jad
NS5A 1a-411
NS5A 1b-434

NS5A 2a-J6
NS5A 3a-385
NS5A 3a-401
NS5A 3a-407

NS5A 4-431

% 1D

Gaps

Figure 32: Analysis of the sequence alignment of the NS5A proteins derived from prototypic strains
or clinical isolates.

(4) Circular Phylogenetic tree of NS5A sequences of diverse genotypic origins used in this study. The
UPGMA tree was constructed using the Jukes-Cantor model to measure protein distance. Resampling
from 100 replicates was performed to assess the reliability of clustering. Significant values (>65%) are
indicated in light grey. The tree is drawn to scale, the length of the branches being proportional to the
average number of aa substitutions per site, as shown by the scale bar. (B) Pair-wise comparisons of
NS5A sequences of diverse genotypic origins used in this study, shown by percentage of aa sequence
identity (top right comparisons) and by number of gaps between the two compared sequences (bottom
left). Low values are shown in shades of blue and high values in shades of red.
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IV.B Development of NS5A inter- and intra- genotypic recombinant
viruses

IV.B.(a) Virus production and characterization

The strategy of chimeric viruses, rather than transient expression systems, was selected in
order to monitor the effects of the proteins in the context of viral infection, to sustain the
physiological subcellular localization of NS5A, that might be perturbed in the absence of the
other viral proteins, and to avoid triggering irrelevant cellular disturbances by protein
overexpression.

The goal of our approach, as described above, was to produce recombinant cDNAs derived
from Jad, by substituting the NS5A coding sequence with the sequences corresponding to either
other prototypical strains or clinical isolates of other genotypes. Introduction of a heterologous
NS5A sequence can have three potential deleterious implications on the viral cycle: (i) a
cleavage defect at the intergenotypic hybrid junctions NS4B/NS5A and NS5A/NS5B by the
Jad protease NS3/4A, (ii) an impairment of viral RNA genome replication, and/or (iii) an
alteration in the synthesis of viral particles. NS5A is indeed part of the HCV replication
complex and has to interact with the other viral members of the replicase and with viral RNA,
as well as with cellular proteins to be effective in both genome replication and virion
morphogenesis. Should these interactions be genotype-specific, they might be disrupted at least
to some extent by heterologous NS5A.

Recombinant cDNAs have been constructed and synthetic, genome-length RNAs have
been produced, as described in the Materials and Methods section. Following transfection of
Huh-7.5 cells with these RNAs, in order to quickly assess whether rescued chimeras would
require adaptation, as was the case for some of the recombinant viruses described by Scheel et
al.'”2, viral protein expression and infectious particle production were first monitored at 72h
p.tf.

Infectious particle production was severely impaired in genotype 3 and 4 NSS5SA
recombinant viruses and observably, though not significantly lower, in the subtype 1b NS5A
chimera (Figure 33A), while it was at parent-like levels for subtype la and 2a chimeras. Jad
Core detection, as a common protein to all chimeras, demonstrated decreased levels for
genotype 3 and 4 NS5A chimeras and Jad-like levels for genotype 1 and 2a chimeras (Figure
33B). These data are indicative of a probable defect in polyprotein cleavage and/or RNA
replication for genotype 3a and 4 recombinant viruses.

Transfected cells from two independent transfections were passaged for 11days and, as
shown in Figure 33C, no evolution of viral titers was noted for the genotype 3 and 4 NS5A
recombinant viruses, indicating that there was a marked virus replication defect that might be
rescued only at later time-points upon genome adaptation. In contrast, the viral titers of the
subtype la chimera (411) were consistently high over this observation period, as were those of
the 1b NS5A chimera (434) in one transfection. In the replicate 434 transfection, titers were
initially lower but increased over time, eventually reaching those of 411, suggesting that
replication of this virus may be slightly delayed. A validation of this assumption came when
the entire ORF of 411 and 434 intracellular RNAs extracted at 14d p.tf. were sequenced and
no mutation was found in the genome of both chimeras.
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Figure 33: Monitoring of protein expression and infectious titers of intergenotypic NS5A chimeras
over the course of transfection.

(A) Mean viral titers (logio TCID50/mL) quantified at 72h p.tf.in transfected cell supernatants from 2-
4 independent replicate transfection experiments. Statistical analysis with respect to Jad parent was
performed by a t-test with hypothetical value set at the mean of Jad quantified values. Only significantly
different data are shown according to: (*)<0.05, (**)<0.01, (****)<0.0001 (B) HCV Core protein
expression monitoring at 72h p.tf. using anti-Core monoclonal antibody 1851. Electrophoretic
mobilities of proteins with known molecular weights (MW, kDa) is shown at the left. (C) Viral titer
evolution (expressed in logyTCID50/mL) in two independent transfection experiments (marked as -1
and -2) over a course of 11 day-observation period. Replicate viruses are represented by the same
colour with different symbols to discriminate the two experiments. The grey area covers values below
the limit of quantification of the assay, which is indicated by the dotted line.

IV.B.(B) Virus adaptation

Towards adaptation of the NS5A chimeric viruses with significantly reduced infectious
virus production, transfected Huh-7.5 cells of the two independent experiments were serially
passaged for a period of two months. The viral titer evolution during this period is illustrated
in Figure 34. Passaging of subtype la and 1b chimeras was stopped when viral titers reached
parent-like levels. Passaging of Jad was also interrupted at 14d p.tf. during the first experiment
and at 21d p.tf. during the second, since the virus cytopathic effect did not allow us to continue
cell splitting at the same pace as chimeras.

We were unsuccessful in adapting the subtype 3a 401 virus, but we did successfully rescue
adapted viruses for the other two constructs bearing NS5A sequence of subtype 3a (385 and
407) in one or in both adaptation attempts, as well as for NS5A 434 of genotype 4. As
summarized in Table 14, RT-PCR products spanning either the whole ORF or only the NS5A
coding region of these viruses, produced from extracted intracellular RNAs as templates were
sequenced by Sanger method. In addition, the p7-NS5A coding region was also sequenced
using particulate RNAs extracted from corresponding infected cell culture supernatants.

For both genotype 1 NS5A sequences (411 and 434), intracellular RNAs were collected at
day 14 p.tf. in the two transfections. No mutation was found over the ORFs, confirming the
robust fitness of these 2a/la and 2a/1b NS5A recombinant viruses.
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NS5A chimeras titer evolution in transfected Huh-7.5 cells
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Figure 34: Intergenotypic NS5A chimera adaptation.

Viral titer evolution in two independent transfection experiments (marked as -1 and -2) over a course
of 56-day observation period. Titration experiments were performed on fresh cell culture supernatants
collected at the indicated times p.tf. Replicate viruses are represented by the same colour and different
symbols to discriminate between the two experiments. The grey area covers values below the limit of
detection of the assay, which is indicated by the dotted line.

Subtype 3a 385 virus was sequenced at 25d p.tf. in the first transfection and at 19d p.tf.
(NS5A) and 33d p.tf. (ORF) in the second transfection. Five fully established or quasi-species,
non-synonymous substitutions were identified in attempt 1 and three, in attempt 2. These
mutations were found within E2, NS3 and NS4B coding sequences, respectively, in both
experiments. One mutation toward a biochemically similar aa (Ile>Leu), but with high
occurrence rate was also identified within NS5A of attempt 1. Interestingly, one of the NS3
mutations (G4458A), encoding an arginine to glutamine substitution was present in both
adaptation attempts, indicating that this mutation is likely highly significant for the fitness of
this virus. Notably, the same mutation was found in the genome of adapted Jad/NS5A-3a-407,
which was eventually rescued at a very late time point (56d p.tf.). These findings strongly
suggest that the Arg1373Gln substitution within the helicase region of NS3 is likely essential
for an optimal crosstalk of Jad NS3 with subtype 3a NS5A to ensure an essential virus life
cycle step.

The rescued Jad/NS5A-3a-385 virus also bore a G6050A substitution, encoding an alanine
to threonine substitution in NS4B. Similarly, the same NS4B mutation was also found in one
of the Jad/NS5A-4-431 rescued virus, with equally high occurrence rate. Furthermore, the
presence of another mutation in the same NS4B coding region (G6060A), found in the replicate
385 rescued virus pointed towards the importance of an adaptive mutation within this NS4B
region for the efficient adaptation of the genotype 3 and 4 NS5A chimeras.

Subtype 3a 407 virus was rescued after a long delay and only in one attempt. Intriguingly,
in addition to the NS3 helicase substitution discussed above and a point substitution in NS4B
(C6233T), this virus also harboured a T9120C mutation within NS5B coding sequence. This
mutation targeted the Jad NS5B high titer-adaptive mutation. However, instead of reverting the
methionine to valine, the original aa found in JFH1, methionine was substituted to threonine.

Lastly, genotype 4 431 virus was sequenced at 16d p.tf. (NS5A) and 32d p.tf. (NS5A &
ORF) in attempt 1 and at 19d p.tf. (NS5A & ORF) in attempt 2. Substitutions occurred in NS4B
in the two independently rescued viruses, remarkably also including the same G6050A
substitution in one virus, as indicated above. One case of each NS5A and E2 quasi-species was
also reported.
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Table 14: Genome sequence of intergenotypic NS5A chimeric viruses collected at various times p.tf.

The time-points selected were either close to the beginning of viral adaptation or close to the end of
passaging when the viral titer was the highest. The coding region sequenced indicated is that from
intracellular RNAs. Estimated percentages of mutation occurrence was based on Sanger
electropherograms from multiple sequencing reactions. The numbering of nucleotides subjected to
mutations corresponds to their position within the genome of each virus. Due to differences in NS5A

lengths (see §IV.A), nucleotide positions in NS5A and NS5B coding sequences may vary form one virus
to the other. Recurring mutations are in the same font colour (either red or yellow). “-": no mutation
found, “NA”: not applicable, “Unknown”: region not sequenced.

virus | Transfection Days post- |Coding region| Nucleotide | Amino acid Targeted Estimated occurrence |Estimated occurrence in
transfection | sequenced mutation mutation [protein region| in intracellular RNAs Infectious particles
211 1 14 NS5A NA NA
2 14 ORF NA NA
1 14 NS5A - NA NA
434
2 14 ORF - - NA NA
NS5A A6290C lle > Leu NS5A 45% 100%
qasrc [ exthe | I T T S Unknown
1 - 13492C | Met>Thr [ ns3 |00 L 0% ...
ORF | Gasssa | Ag>Gn | Ns3 |t L 100% ..
.G6060A | Arg>tis | Nsas | 100 100% ..
385 A6290C lle > Leu NS5A 45% 100%
19 NS5A - NA NA
NS5A - - - NA NA
2 » .G1sosA [ Glyxasp | 2 | as% ] Unknown
ORF | Gasssn | Ag>Gin | NS3 L 7S 50% ...
Ala > Thr NS4B 80% 80%
NS5A C74217 Pro > Ser NS5A 20% <10%
G4458A Arg > GlIn NS3 25% 10%
207 5 s | Co2sor | Thr>le | Ns3 | s | as%
ORF C6233T His > Tyr NS4B 30% 20%
C7421T | Pro>Ser NS5A . 25% | <10%
T9120C Met > Thr NS5B 35% -
16 NS5A - - - NA NA
NS5A G6311A Val > lle NS5A 50% 55%
1 32 T1581C lle > Thr E2 10% Unknown
ORF
431
G6311A Val > Ile NS5A 50% 55%
NS5A - - - NA NA
2 19 ore  |-.A6146G [ Thr>pa | nsa [ 10% e
G6155A Val > Met NS4B 10% 30%

Altogether, it was remarkable that mutations were not reliably selected in heterologous
NS5A coding sequences, but that rather second-site, recurrent point mutations appeared in Jad
NS4B and/or NS3 coding sequences for both genotype 3 and 4 NS5A intergenotypic
recombinant viruses. Therefore, one NS4B mutation is likely to confer some level of
compensation for the exchange of both genotype 3 and 4 NS5A sequences. In addition, another
adaptive mutation in NS3 is likely necessary for genotype 3 NS5A chimeric viruses, and one
or more substitutions are possibly needed in E2 for both genotype 3 and 4 NS5A recombinants.
In contrast, no adaptive mutation appeared to be required for subtype la and 1b NS5A
chimeras.

IV.B.(y) Characterization of adapted viruses obtained by reverse genetic
analysis— Genotype 3 and 4 NSSA chimeras

The observed decrease in protein production from genotype 3a and 4 NS5A recombinants
suggested impaired replication of these nonadapted intergenotypic chimeras. Some published
studies reported compensatory mutations in the NS5A coding sequence in response to
mutations introduced into the NS4B sequence, indicating a coordinated role of these two
proteins in JFH1 genome replication’?!2*, Therefore, based on these reports and on the well
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described role of the NS3 helicase in HCV genome replication, we hypothesised that
introduction of the NS3 and NS4B mutations in the genotype 3 recombinant viruses and of the
NS4B mutation alone in the genotype 4 chimera would suffice to rescue fully functional
viruses. Hence, as a first step, G4458 A NS3 codon substitution and G6050A NS4B substitution
were introduced in the cDNAs of Jad/NS5A-3a-385, 3a-401, 3a-407, while only G6050A
NS4B substitution was introduced in the cDNA of Jad/NS5A-4-431 (summarized in Figure
35). For the 3a-407 chimera, another mutant was generated, in which in addition to the NS3
codon mutation, the C6233T NS4B codon substitution that was uniquely recovered during the
adaptation process of this virus was incorporated.
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Figure 35: Schematic representation of the NS5A and Core recombinant genomes used in this work.
Core and NS5A4 sequences of diverse genotypic origins are illustrated in colourful boxes, while Twin-
strep (ST) or V5 tags are shown by orange textured rectangles. JFHI cell culture adaptive mutations
are represented by red lines, while compensatory mutations introduced in NS3 and NS4B for the rescue
of genotype 3 and 4 NS5A chimeras are represented by blue and purple lines, respectively. The NS4B
compensatory mutation finally chosen for adapted virus Jad/NS5A4-3a-407 is C6233T, while it is
G6050A in the other chimeras (see text).

Genome replication and infectious virus production were monitored at 96h p.tf. in Huh-
7.5 cells electroporated with the genome-length RNA transcripts of the genotype 3 and 4 NS5A
recombinants carrying or not engineered putative compensatory mutations in NS3 and NS4B
sequences. Three control RNAs were used for comparison purposes: i) Jad parent, ii) Jad/GAA
in which the sequence encoding the active site of NS5B polymerase (Gly-Asp-Asp) has been
substituted by nonfunctional codons (Gly-Ala-Ala), providing a replication-deficient control,
and iii) Jad/AEp7 containing an in-frame deletion of E1-E2 envelope glycoprotein and p7
viroporin coding sequences, as an assembly-deficient control.
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For RNA replication, intracellular RNAs were extracted and viral RNAs were quantified
by RT-(q)PCR, following normalization with respect to quantified ribosomal 18S values
(Figure 36A). The quantification of remaining RNA of the input replication-deficient GAA
control set the baseline of replication-incompetent RNAs. AEp7 quantified logio genome
equivalents (GEQ) /ug total RNA were as high as the parent, indicating full genome replication
competency. For all four NS5A intergenotypic recombinant viruses in the absence of any
compensatory mutation, the quantified viral RNA levels were significantly lower compared to
the parent (2.0-2.5 log, one-way ANOVA test; p <0,001), yet reproducibly higher than the
replication deficient GAA control, indicating substantially impaired RNA replication. The
introduction of the adaptive mutations in NS3 and/or NS4B increased the RNA replication
levels to different degrees, with an average of 1.5 log increase in GEQ/ug total RNA that
rescued 385, 401 and 431 genome replication to Jad-like levels (one-way ANOVA test; p >
0,05). For both 407 adapted chimeras, the increase in genome replication was more modest
(~0.6 log and significantly different from Jad, one-way ANOVA test; p <0,01), but similar for
either NS4B compensatory mutation (one-way ANOVA test; p > 0,05).

A Genome Replication at 96h p.tf. B Infectious virus particle production at 96h p.tf.
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Figure 36: Comparative monitoring of viral genome replication and infectious virion production for
NS5A intergenotypic recombinant viruses in the presence and absence of putative compensatory
mutations.

Viral RNAs quantified in intracellular RNA extracts from transfected Huh-7.5 at 4d p.tf. are expressed
in logio GEQ per ug total RNA (A), while infectious titers are expressed in log0TCID50/mL (B). Cells
transfected with genome-length parental RNA, the replication deficient GAA construct, or the assembly
deficient AEp7 construct served as controls. Asterisks represent p-values obtained following one way
ANOVA and correction with the Tukey's multiple comparisons test: p <0,05 (*) ; p <0,01 (**) ; p <0,001
(***) ; p <0,0001 (***%) ; p >0,05 (ns : not significant).
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We then examined the efficiency of infectious virus production by end-point dilution
titration of the respectively collected transfected cell culture supernatants. We found that three
out the four genotype 3a and 4 NS5A recombinant viruses produced viral titers below the
detection limit of our assay, while the fourth, 385, was significantly impaired in virus
production compared to the parent (Figure 36B, one-way ANOVA test; p <0,001). Introduction
of the compensatory mutations led to the successful rescue of all viruses, with the exception of
the 407 intergenotypic recombinant bearing the G6050A mutation. There was a 1 log difference
in TCID50/mL viral titers between the Jad/G4458A/G6050A/NS5A-3a-407 and
Jad/G4458 A/C6233T/NS5A-3a-407 viruses. These data, taken together with their similar RNA
replication levels (Figure 35A) support a specific effect of the NS4B C6233T mutation in
boosting virion assembly. These findings further point to a role of NS4B in the particle
assembly step of the virus life cycle. It should be noted that 385 and 431 were rescued at or
close to parent levels, whereas 401 and 407 remain less efficient in virus production. These
data indicate that alternative aa changes in NS3, NS4B, and/or in additional genomic regions,
as found in selected 407 virus, may be more prone to provide fitness to these 2a/3a chimeras.

IV.B.(0) Evaluation of recognition of heterologous NSS5A proteins from
different genotypes by monoclonal antibodies

NS5A expression levels from NS5A intergenotypic recombinants were more tricky to
monitor, since most of the commercially available NS5A-pecific antibodies are produced using
HCV prototypic strains, such as JFH-1 of subtype 2a or Conlb of subtype 1b, while NS5A
sequence is not well conserved across genotypes (see §1V.A).

To find pan-genotypic antibodies, we tested a panel of antibodies against protein lysates
collected at 3d.p.tf. from Huh-7.5 cells transfected by the different intra- and intergenotypic
chimeras, or by the parent. Detection of the cellular -actin served to attest to similar total
protein loads, while detection of HCV Core, a shared JFH1 protein showed that all viruses
exhibited similar viral protein expression levels (Figure 37).

Anti-NS5A antibodies that did not recognize the majority of the NS5A proteins were all
monoclonal antibodies raised in mice against either the JFH1 NS5A, as 7B5 (Biofront
Technologies), or against full-length NS5A of unknown genotypic origin, H26 (abcam) and
IDVG1127 (kindly gifted by Dr. Eliane Meurs, Institut Pasteur, Paris, France). The only
antibody that did recognize the NS5A proteins of all genotypic origins, except for the 2a-J6
strain was the mouse monoclonal 9E10 (IgG2a\ clone) raised in the laboratory of Dr Charles
Rice’* (The Rockefeller University, New York, USA) against a C-terminal epitope of Conlb
NS5A protein. This antibody was kindly provided to us by Prof. John McLauchlan (University
of Glasgow, Scotland, UK) and also became commercially available by Merck during the
second year of my PhD thesis. It should be noted that NS5A of the various virus strains used
have different electrophoretic mobilities that are not necessarily in link with the number of aa
of the protein.
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Figure 37: Evaluation of the recognition efficiency of NS5A proteins of diverse genotypic origins by

a panel of monoclonal mouse antibodies.

Total proteins extracted at 72h p.i. from Huh-7.5 cells infected with intergenotypic recombinant viruses,

the parental strain, or PBS (mock infected) were separated by SDS-PAGE electrophoresis and probed
with the antibody indicated at the side of each panel. Genotype 3a and 4 NS5A chimeras used were
those bearing compensatory mutations in NS3 and/or NS4B. When detected, NS5A p56 is shown by red
arrows and p58 by pink. Detection of viral Core protein and p-actin are shown separately. Markers of
molecular masses (kDa) are indicated at the left of the images.
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IV.C Development of tagged NS5A recombinant viruses towards protein
complex purification

IV.C.(a) Parental Jad protein tagging
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Jad

< Ns4B , NSS5A

NS5A-(TEV)-sT TEV pro site

D Core ] ’

1

1

i V5 tag (-LvTEV protease recognition site

! V

(1} E—TC—
1

| Insertion position
1 downstream of core aa 17

a

|

418 pair 1 418 449 466 (aa)
NSSA-(TEV)-vs EV prosite ) V5 tag (contol)

NS5A-(TEV)-ST  TEV prosite _]

E

449 pair

. 449 466 (aa)
NSSA-(TEV)-vs  TEV prosite T\VS tag

For space economy , Core and NS5A tagged viruses are illustrated below a single backbone.

Figure 38: Schematic representation of Jad encoding tagged Core or NS5A.

The Jad genome with the 3 structural and 7 nonstructural proteins is illustrated at the top. The three
Jad adaptive mutations are represented by red bars, twin-strep tag insertions are illustrated in orange
boxes and V5 tag, in yellow. Tobacco Etch Virus (TEV) protease recognition peptide inserted C-
terminally from the tag in Core and N-terminally from the tag in NS5A chimeras is illustrated by a black
broken line.

IV.C.c. (i) Jad NS5A

Towards affinity purification of Jad NS5A protein complexes and identification of NSSA
interacting partners in infected cells, a twin strep-tag (ST) or a control V5 tag was fused in
frame with the protein downstream of aa 418 or aa 449 within the Jad backbone (Figure 38).

NSS5A insertion position 418 has previously been described in the context of a replicon
Conlb system”'® and has previously been exploited by our laboratory for the insertion of a
fluorescent protein gene (mCherry) within the 2a-Jad genome-length cDNA. This was found
to substantially impair infectious viral production (reduction of >2.0 log TCID50/mL titers
with respect to Jad parent) and lead to virus genomic instability resulting in large in-frame
deletions of the mCherry gene as well as NS5A DIII sequences upon virus passage (Kotanidou
et al., unpublished data).

NS5A insertion position 449 appeared as relatively tolerant to insertions from a study
monitoring the effect on Jcl replication and infectivity of random, transposon-driven 15nt-
insertions throughout the genome **. Our aim was to insert the purification tag at the most C-
terminal point within NS5A without preventing NS5SA/NS5B cleavage and such as to avoid the
disruption of any NSS5A/cellular factor interaction, keeping in mind that the important
interaction with CypA, for example, involves the C-terminus of NS5A DIIP*. In that respect,
insertion position 449 was downstream of the most C-terminal Pro residue affected by CypA
and still reasonably distant from the NS5A/NS5B cleavage site to expect no polyprotein

cleavage defect. Of note, previous works from the laboratory have explored the possibility to
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insert small tags 2 to 5 aa upstream of the NS5A/ NS5B cleavage site. However, this resulted
in drastic impairment of viral RNA infectivity (Aicher et al., unpublished data).

In addition to the ST or V5 tag itself, a 7-aa coding sequence was inserted upstream,
corresponding to the recognition site of tobacco etch virus (TEV) protease for intended
purification purposes. The (TEV)-ST and (TEV)-V5 sequences were framed by Ser-Gly and
Ser-Gly-Gly, Ser-Gly-Ser or Gly-Gly flexible hinges at their N- and C-termini, respectively,
that were either additionally inserted or present in the authentic NS5A sequence.

IV.C.o.(ii) Jad Core

Towards affinity purification of Jad Core protein complexes and identification of Core
interacting partners in infected cells, a twin strep-tag (ST) or a control V5 tag were fused in
frame near the N-terminus of the protein, downstream of aa 17 within the Jad backbone (Figure
38, also see Figure 35, page - 93 -). Additional TEV protease recognition site sequence and
flexible linkers were also inserted, as described for Jad NS5A. Different insertion positions
were previously examined in our laboratory, based on the random, transposon-driven 15nt-
insertion data of Remenyi et al.”** or previously reported to bear very short tetracystein tag
insertion (Coller et al., 2012°*}; Counihan et al., 2011°*%). Namely, positions downstream of
codons 2, 3, 8, or 15 have been investigated in the presence or absence of the TEV protease
recognition site. However, these attempts were found to affect profoundly (positions 2, 3, 8) or
significantly (position 15) HCV infectious particle production and/or distort Core subcellular
localization and association with the LDs (unpublished group data).

IV.C.(B) Tagging of intra- and inter-genotypic NSSA chimeras

Alignment of the NS5A protein sequences of the clinical isolates, J6 and Jad revealed high
conservation of the residues in and around the Jad 418 position across samples and the absence
of the residues in and around the Jad 449 position in non-genotype 2a samples (see Figure 31,
page - 87 -). Therefore, towards affinity purification of protein complexed with NS5A of
diverse genotypic origins from infected cells, the corresponding Jad position 418 was used for
the insertion of the TEV protease recognition site, followed by a ST or control V5 tag, framed
by Ser-Gly and Ser-Gly-Gly, Ser-Gly-Ser or Gly-Gly flexible linkers (Figure 35, page - 93 -).

In order to minimize the number of replicate samples required for the AP-MS/MS, only
one V5 control was produced in the 1a-411 intergenotypic recombinant Jad backbone and used
for further experiments.

IV.D Characterization of recombinant viruses expressing Core or NS5A
in fusion or not with ST /V5 tags

IV.D.(a) Jad viruses encoding tagged Core

Both tagged Core Jad and intra-/inter-genotypic Core recombinant viruses were previously
developed and characterized in the group by combined efforts of Stephanie Aicher, Brigitte
Blumen, Emeline Simon and Houda Tabbal.

Briefly, chimeras expressing Core sequences of diverse genotypic origins were used to
infect Huh-7.5 cells at an MOI of 3 TCID50/mL and viral genome replication, particle
assembly and infectious virion production were monitored by quantification of intracellular
viral RNA and extracellular viral RNA by RT-(q)PCR and infectious viral titers by endpoint
dilution assays. Interestingly, all chimeras were found to grow according to similar kinetics,
with no requirement for compensatory mutations, allowing their use in comparative
transcriptomic studies (Simon, PhD manuscript, Supplementary Figure 2).

- 98 -



Jad/C17-ST and Jad/C17-V5 Core protein expression was monitored at 72h p.tf. in protein
extract collected from cells transfected with the respective genome-length RNAs and compared
to parental Jad Core expression. Fusion proteins C17-ST and C17-V5 were detected with
apparent electrophoretic mobilities consistent with their increasing molecular masses due to
inserted sequences, the TEV-V5 and TEV-ST insertions introducing 24 and 39 additional aa in
Core, respectively (Figure 39A). Insertion of the tag was found to only minimally decrease
infectious virus particle production (by < 0.5 log units), but consistently for both tags (Figure
39B), allowing the use of these tagged viruses in comparative interactomic studies.

Figure 39: ST/V5-Corefusion protein O
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IV.D.(B) Fusion of ST/VS tags to Jad NS5A does not affect virus production
or subcellular NS5SA localization

NS5A is released from viral polyprotein by NS3/4A protease-mediated cleavage,
according to HCV polyprotein maturation scheme. The tag insertion in the C-terminal part of
NS5A could potentially alter the folding of the protein, hence its stability and /or interfere with
proteolytic cleavage at the NS5SA/NS5B junction. To address these questions, expression levels
of tagged NS5A and cleavage from polyprotein were monitored for all recombinant RNAs.

Toward this end, Huh-7.5 cells were electroporated with in vitro transcribed recombinant
Jad/NS5A-tagged RNAs or with H2O as a negative control (Mock). Protein extracts were
prepared from transfected cells at 72h p.tf. and probed for expression of NS5A with mouse
anti-NS5A monoclonal antibody 7B5. An example of the images obtained from replicate
transfections is shown in Figure 40.

Jad NS5A is detected as a doublet of products, corresponding to basally and hyper-
phosphorylated NS5A forms. Similarly, all NS5A-V5, NS5A-ST (with insertions at either 418
or 449 position) were detected under these two phosphorylation forms and with apparent
electrophoretic mobilities consistent with their increased molecular masses following insertion
lengths (Figure 40A). Consistent results were also obtained when a mixture of anti-ST and anti-
V5 monoclonal antibodies was used to probe NS5A-(TEV)-V5 and NS5A-(TEV)-ST tagged
proteins (data not shown). Detection of B-actin to roughly similar levels in all samples indicated
similar total protein loading across samples.

In order to monitor the genetic stability of Jad/NS5A-(TEV)-ST and NS5A-(TEV)-V5
viruses, transfected cells were serially passaged every 3-4d for 14d p.tf. At each passage,
transfected cell supernatants were collected and viral infectivity was monitored by endpoint
dilution virus titration. Jad parent was used as a control in parallel. Infectious titers of all NS5A
tagged recombinants were consistently high and Jad parent-like over the observation period
(Figure 40B). The experiment was stopped at 14d p.tf. due to the high cytopathic effect induced
by these viruses.
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Viruses were amplified to generate high amounts of viral stocks dedicated to the infection
of Huh-7.5 cells toward AP/MS-MS experiments. Titers of viral stocks were not significantly
different from those of the parental virus (Figure 40C), and the NS5A-tagged nucleotide
sequences were shown to be identical to the engineered sequences.

Since the Jad/NS5A-(TEV)-ST viruses were meant to be used to seek host interacting
partners of NS5A in infected cells using a high-throughput mass spectrometry analysis, we also
verified that the fusion with ST did not alter subcellular localization of NS5A during Jad life
cycle. In addition, we undertook to comparatively investigate subcellular localization of NS5A-
ST/VS and Jad NS5A with respect to ER and LDs. Representative figures from experiments
performed with Jad virus bearing ST insertion at position 449, along with the V5-449 virus and
Jad parent are shown in Figure 41 (For NS5A-(TEV)-ST-418 related data, please see Figure
44, page - 109 -).

Insertion of ST/V5 tag does not NS5A tagged viruses show steady-state NS5A tagged virus stocks exhibit
impair NS5A phosphorylation infectious titers during the course of similar infectious titers as Jad
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Figure 40: Characterization of Jad/NS5A-tagged recombinant viruses.

(A) Comparative analysis of tagged NS5A expression levels. Protein extracts were prepared from Huh-
7.5 cells transfected with the indicated RNAs and probed for HCV NS5A (upper panel), HCV Core
(middle panel) and S-actin (lower panel). Protein molecular weight markers (MW) are shown at the left
of the images. Red and magenta arrows pinpoint basally and hyper-phosphorylated NS5A4, respectively.
(B) Evolution of infectious viral titers over time post-transfection. Supernatants were collected from
cells transfected with parental RNA Jad or with the indicated recombinant RNAs over the indicated
days p.tf., then titrated by endpoint dilution assay. (C) Comparison of viral stock titers obtained for
parental virus and tagged-NS5A chimeras.

Huh-7.5 cells seeded in Ibidi slide channels were infected at the highest MOI achievable
with respect to viral stock titers, given that our purpose was to analyze single infected cells.
Jad was used at an MOI of 0.2 TCID50/cell, while Jad/NS5A-(TEV)-ST-449 and -V5-449 were
used at an MOI of 0.07 TCID50/cell. Cells incubated with complete medium served as
noninfected controls. Infected cells were fixed at 96h p.i. and processed for indirect
immunolabeling using a mixture of three primary antibodies: a mouse anti-JFHI NS5A
monoclonal antibody, rabbit anti-calnexin (CALX) polyclonal antibodies to label ER, and
sheep anti-ADRP polyclonal antibodies to label LDs. Following incubation with appropriate
anti-species Ig conjugates, then DAPI to label cell nuclei and mounting in a nonpolymerizing
medium, cells were observed by confocal microscopy. NS5A labelling was revealed with the
488 channel (green), CALX with the 555 channel (red) and ADRP with the 647 channel
(white).

NSS5A of the two recombinant viruses, as well as Jad NS5A presented similar patterns,
either a cytoplasmic localization in a large peri-nuclear region or a localization in dot- or ring-
like structures (green arrows, Figure 41, left images). From these images, it was difficult to
conclude whether the first was exclusively reticulate and coincides with ER labelling.
Interestingly, the dot- or ring-like pattern of NS5A was found to coincide, at least in part, with
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ADRP labelling of LDs (overlapping green arrows and grey arrowheads in merged images).
Of note, dot/ring-like labelling of LDs with anti-ADRP was easier to visualize in noninfected
cells (Mock and "NI" cells) than in infected cells, a feature that has already been reported by
us and others. Altogether, these observations indicate that neither ST nor V5 tag alters Jad
NSS5A intracellular localization during the viral life cycle.

anti-NS5A  anti-CALX (ER) anti-ADRP (LD) Merge + DAPI

Mock

Jad

Jad/NS5A-
(TEV)-ST-449

Jad/NS5A-
(TEV)-V5-449

NI: non infected cells — NS5A > Lipid droplets (LD) —=» NS5A labeling co-localizing with LDs

Figure 41: Subcellular localization of NS5A-(TEV)-ST-449, NS5A-(TEV)-V5-449 and parental
NS5A with respect to LDs and ER.

Huh-7.5 infected with the indicated viruses and noninfected cells were probed for expression of proteins
indicated on top of each column and color-coded according to the channel used. Merged images with
additional DAPI staining are shown at the right. Images were acquired on a confocal microscope using
a 63X objective. The scale bar indicates 10um.

IV.D.(y) Comparative characterization of all chimeric viruses encoding
NS5A from different genotypes
IV.Dy.(1) Monitoring of viral replication and protein expression

Comparative monitoring of virus genome replication and infectious virus production of all
NS5A intra-/inter-genotypic recombinant viruses described thus far was performed by
quantification of intracellular viral RNAs and infectious titers in supernatants collected at 72h
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p. tf. from Huh-7.5 cells transfected with the respective genome-length RNAs. Cells transfected
with genome-length parental RNA, the replication deficient GAA construct, or the assembly
deficient AEp7 construct served as controls.

As illustrated by the solid filled bars in Figure 42, exchange for cognate proteins of
genotypes 1 and 2a did not affect viral RNA replication nor infectious virion production
compared to the parental virus (one-way ANOVA test; p > 0,05). With genotype 3a and 4
NS5A, viral genome replication and infectious virus production was rescued by the insertion
of compensatory mutations in NS3 and NS4B proteins, with the exception of the 3a-407 virus
carrying G6050A substitution in NS4B, as already described above (IV.B.(7y)).

Interestingly, insertion of ST or V5 tag within the backbone of viruses bearing NS5A of
genotypes 1, 2 or 4 did not significantly affect genome replication capacity compared to Jad
nor to corresponding chimeras encoding untagged NS5A (Figure 42A). Infectious titers of
these tagged NS5A recombinants were also not significantly different from the titers of their
respective untagged counterparts (Figure 42B). In genotype 3 NS5A chimeras, insertion of the
ST tag significantly affected both RNA replication and infectious virus production only in the
case of 385 NS5A (p < 0.0001), while assembly of infectious particles was also impacted in
the Jad/G4458A/C6233T/NS5A-3a-407 virus (p = 0.0025). Presence of the inserted tag
sequences were verified in intracellular viral RNAs in all cases.

Altogether, among the eight intra- or inter-genotypic recombinant viruses encoding tagged
NS5A, only two viruses (385-ST and 407-ST) were significantly affected in infectious particle
production, although most of them were not as efficiently replicating as the Jad parent.

These data were further supported by the monitoring of HCV Core and NS5A expression
in infected cell lysates collected at 72h p.tf., as shown in Figure 43. For the labelling of NS5A,
two different monoclonal antibodies were used, 9E10 recognizing the majority of NS5A
homologues and 7B35, recognizing (at least to some extent) the J6 derived NS5A.

Unfortunately, insertion of the tag disrupted the recognition of NS5A by the 9E10 antibody
in all cases, except for NS5A of genotype 1b (data not shown), as the epitope recognized spans
aa 414-428°*". Hence, for the monitoring of tagged protein expression, we relied on anti-ST
and anti-V5 antibodies (Figure 43). As a consequence, comparative observations across all
viruses can only be made with respect to the expression of Core protein, which is common to
all viruses and for which the same antibody was used.

In aggregate, viral protein expression was as high as with the parental Jad in all intra- and
inter-genotypic chimeras, with or without a tag insertion, provided that the identified
compensatory adaptive mutations were introduced into the backbone of 3a and 4 chimeras.

Furthermore, the hyperphosphorylated form of NS5A was evident as an additional band
of higher molecular weight only in the genotype 2a samples, Jad and J6. Of note, 7B5 affinity
for J6 NS5A appeared considerably reduced compared to 9E10 affinity for Jad (compare
relative Core and NS5A intensities), hence preventing from visualizing pS8 band in the 2a-J6
chimera. Over-exposure of the same membrane actually revealed a second product of slightly
higher molecular weight in the 2a-J6 lane (data not shown). Hyperphosphorylation of genotype
1 NS5A proteins has previously been reported'“®'**, while there is a paucity of information
regarding the phosphorylation status of NS5A of genotypic origins other than genotype 2.
Hence, the absence of a visible second NS5A-reactive product that may represent the hyper-
phosphorylated form of genotype 1, 3a, 4 NS5A could either be attributed to closer
electrophoretic mobilities of the two forms of non-genotype 2 NS5A that were not resolved in
these gel conditions, to technique limitations or to the actual absence of the hyper-
phosphorylated form in some or all instances.

High volume stocks were produced for untagged viruses, which had titers in the range of
4.1-5.3 log10TCID50/mL. The genomic sequence of chimeric viruses thus amplified was found
to be as expected over the ORF by Sanger sequencing, supporting their genetic stability.
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A Genome Replication at 72h p.tf.

kkkk

*kkk

kokkk

kokkk

Fkkok

Fkkok

9 k% kokkk

NN

Log,,GEQ/ug total RNA

4 1 1 1
O TG T
& P D
F NNV o

» » » «0
F K F S S N 4
S &£ L &S &F F S
&* &F &F O & & &S
V; d% ©o° O (? O
g;b GP g;) %) @ O ‘;
N N G P X &
& & & o R WP
L o @ ©

Jad/NS5A-

Infectious virus particle production at 72h p.tf.

*%

*okkk

*okkk

*okokk

*kk

skokkk

skokkk ‘

skkkk kkkk

skkkk kkk

>
(7]

kkkk

Log,,TCID50/mL
w

Jad/NS5A-

Figure 42: Comparative monitoring of viral genome replication and infectious virion production of
all NS5A recombinant viruses developed in this study.

Viral RNAs quantified at 72h p.tf. in intracellular RNA extracts from transfected Huh-7.5 are expressed
in logiy genome equivalents per ug total RNA (A), while infectious titers measured by virus end-point
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dilution assays in the respectively collected culture supernatants are expressed in log;0TCID50/mL.
Cells transfected with genome-length parental RNA, the replication deficient GAA construct, or the
assembly deficient AEp7 construct served as controls. Asterisks represent p-values obtained following
one way ANOVA and correction with the Tukey's multiple comparisons test: p <0,05 (*); p <0,01 (*%*),
p <0,001 (**%); p <0,0001 (****); p >0,05. For space economy nonsignificant (ns) comparisons with
the parent or between the non-tagged and the tagged chimeras are not illustrated.
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Figure 43: Comparative characterization of protein expression of all NS5A recombinant viruses
developed in this study.

A comparative analysis of NS5A expression levels was performed in protein extracts prepared from
Huh-7.5 cells transfected with the indicated RNAs and probed with HCV NS5A, ST and V5 (upper
panel), HCV Core (middle panel) and p-actin (lower panel) -specific antibodies. The migration of
protein molecular weight markers (MW) is indicated on the left of the images. GAGA: G44584/G60504
mutations, GA: G6050A4 mutation, GACT: G4458A4/C6233T mutations.

LA« (1) Monitoring of subcellular NS5A localization

NS5A subcellular localization was studied following infection of Huh-7.5 cells seeded in
Ibidi slide channels with intra- and inter-genotypic recombinant viruses at an MOI of 1
TCID50/cell (Figure 44, - 109 -). For tagged NS5A-encoding viruses, cells electroporated with
in vitro transcribed genome-length RNAs were seeded in Ibidi slides. Cells incubated with
complete medium ("Mock-infected") or transfected with H,O served as noninfected controls.
Infected cells were fixed at 120h p.i./p.tf. and processed for indirect immunolabeling using a
mixture of two primary antibodies: either the mouse 9E10 anti-NS5A monoclonal antibody or
anti-tag mouse monoclonal antibodies, and rabbit anti-CALX polyclonal antibodies to label
ER. LDs were labelled metabolically with the use of a fatty acid analogue, the 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene or BODIPY. Following incubation with appropriate anti-species
Ig conjugates, then DAPI to label cell nuclei and mounting in a nonpolymerizing medium, cells
were observed by confocal microscopy. NS5A labelling was revealed with the 488 channel
(green), BODIPY with the 555 channel (red) and CALX with the 647 channel (magenta). J6
NS5A intragenotypic recombinant virus is not shown, since none of the NS5A-specific
antibodies available recognized 2a-J6 NS5A in its native conformation, but J6-NS5A-ST is
shown with anti-ST labelling.

LD staining with BODIPY was clearer than the anti-ADRP staining described previously,
allowing us to identify the LDs in the form of solid and clear spheres. We have previously
shown that HCV infection leads to a redistribution and progressive strong clustering of LDs,
as attested by the increase in LD observed average size and simultaneous decrease in number.
We have identified HCV Core as the driver of this LD association. The LD distance observed
at 120h p.i. by confocal microscopy is below the threshold of the microscope’s resolution,
leading us to believe that Core might even drive fusion of LDs over the course of Jad infection
(Simon et al., manuscript in preparation).

104 -



Here, we also observed clustered LDs, polarized preferentially around the nuclei in most
cells infected at a late stage (denoted by red arrows with a yellow frame, for a few examples),
while in cells that are at an earlier stage of infection or that are not infected, LDs are spread
evenly over the cytoplasm.

The NS5A proteins of intergenotypic viruses and Jad NS5A exhibited relatively similar
intracellular distributions, which are in all cases not homogenous from one cell to another
within the infected cell monolayers. Either a reticulate localization throughout the cytoplasm,
with variable amounts of intense dots of diverse sizes (blue frames, as examples), or a
localization in the form of larger "aggregates" or "clusters" (yellow frames) was observed. The
reticulate pattern mainly coincided with the labelling of the ER, while the more clustered
pattern overlapped with or was found adjacent to the LD labelling (yellow signal or apposed
green/red signals in the merged channel images). However, this is not equally straightforward
in all images, due to a potential differential affinity of the 9E10 anti-NS5A antibody for the
different NS5A homologues. In addition, technical issues stemmed from different volumes of
the cells and single Z-stack acquisitions, leading to potentially different signal intensities for
each labelled object (nucleus, ER, LD and viral protein).

Altogether, we can conclude that for all intergenotypic viruses, two distinct NS5A
intracellular distribution profiles can be visualized within the same cell monolayer, with
proportions possibly varying from one virus to another. The different NS5A patterns may
suggest that cells do not host the virus at the same stage of the infectious cycle. With NS5A
undergoing translation (reticular distribution) or involved at the stage of genomic replication
(punctiform distribution), the cell would present an earlier stage of the viral cycle. NS5A
aggregation could reflect the viral particle assembly stage during which viral proteins
accumulate in the cytoplasm of the infected cell and NS5A tends to interact with the LDs.

Importantly, NS5A-1b-434-ST protein was efficiently detected by both anti-NS5A 9E10
and anti-ST antibodies. Both reticulate and LD-associated patterns were also observed with the
two antibodies in cells infected with Jad/NS5A-1b-434-ST, indicating that the ST labelling can
substitute for 9E10 labeling for tagged viruses. This observation also held true for parental Jad-
NS5A-(TEV)-ST (data not shown).

For all tagged recombinant viruses, as for their untagged counterparts, both reticulate-like
and clustered NS5A was observed, in association with the ER or the LDs, respectively,
allowing us to conclude that the insertion of the ST or the V5 tag did not alter NS5A subcellular
localization. Therefore, these tools were employed for the investigation of NS5A-host PPIs.
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Figure 44: Comparative analysis of the subcellular localization of native or ST/V5-tagged NS5A of
various genotypes in infected Huh-7.5 cells

Representative images of Huh-7.5 cells infected with intergenotypic viruses or transfected with tagged
intergenotypic RNAs, acquired at 120h p.i./p.tf. NS5A(-ST) proteins are shown in green, LDs are marked
in red, ER is revealed in magenta, and nuclei in blue. The “MERGE” images show the superposition
of all stainings. Anti-NS5A 9E10 antibody was used to label NS54 in the absence of a tag and anti-ST,
or anti-V5 antibodies were used to stain tagged NS5A proteins, unless otherwise indicated. All
illustrated pictures were acquired using an inverted confocal microscope and a 40X objective. Scale
bars (20um) are shown at the bottom right of each image. Blue and yellow rectangles depict
representative cells with different NS5A subcellular localization patterns and red arrows point to cells
in which LD redistribution and clustering are prominent.

IV.E Protein-protein interaction networks of HCV Core and NS5A

In order to identify the Core and NS5A interactomes of the parental Jad virus, the tagged
recombinant viruses developed (see Figure 35, page - 93 -) were used to infect human hepatoma
Huh-7.5 cells, as described in §I11.J.(a). Cell lysates were independently incubated with Strep-
Tactin beads to allow the binding of tagged viral proteins and their protein complexes.
Following on-bead trypsin digestion and identification of retrieved proteins by nano liquid
chromatography coupled to mass spectrometry (nano-LC-MS/MS), hits were scored following
our stringent algorithm, incorporating the label-free statistical analysis, the MiST>>* and the
SAINT=" scores. Core and NS5A interactomes were visualized in the form of networks using
Cytoscape”= and StringApp>"~. Further enrichment of the networks revealed interesting
pathways for each protein, as described below. An illustration of the experimental processes
followed can be found in Figure 30 (page - 85 -).

IV.E.(0) The interactome of Jad NSS5A

IV.E.a.(3) Successful aftinity purification and identification of NS5A-ST
complexes
Five biological replicates of each of the Jad/NS5A-(TEV)-ST-418, -V5-418, -ST-449, -

V5-449 infected Huh-7.5 cell lysates collected at 96h p.i. were subjected to an affinity
purification protocol relying on the high affinity of the twin-strep tag fused to NS5A with a
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Strep-Tactin®XT resin covering magnetic agarose beads (see I11.J). To monitor the success of
the affinity purification process, aliquots of proportional quantities of infected Huh-7.5 lysates
(Lysate), supernatants retrieved following binding to Strep-Tactin beads (SN), pools of post-
binding washes of the beads with an appropriate buffer (Wash), and final eluates of bound
proteins retrieved upon incubation of beads for 10min at 70°C in LDS+p-mercaptoethanol
buffer (Eluate) were analysed by western blotting. Proteins were revealed using the anti-NS5A
7B5 antibody (Figure 45A-B).

NS5A-(TEV)-ST and NS5A-(TEV)-V5 were detected in similar amounts in lysate aliquots
from cells infected with the corresponding viruses for both pairs with 418 and 449 insertion
positions, indicating equivalent bait protein abundances in the cell lysates. NS5A-ST products
were detected in eluates for both ST samples, whereas the absence of signal in both V5 eluates
demonstrated specific purification of tagged NS5A and protein complexes. This was further
supported by the fact that most NSSA-V5 present in the lysates was retrieved in the post-
binding supernatants for both V5 control samples. Of note, the retrieval of a faint NS5A-ST
signal in the lanes corresponding to post-binding supernatants of the ST-tagged samples was
indicative of probable bead saturation. Moreover, the absence of detectable NS5A signal in the
Wash samples suggested that the wash conditions performed did not interfere with NS5A-ST
retention on the beads.

Jad/NS5A-
Jad/NS5A-(TEV)- " 418 449 '

ST-418 V5-418

5

NS5A-(TEV)-ST-449
[501 aa]
NS5A-(TEV)-ST-418
[506 aa]

Jad/NS5A-(TEV)-
ST-449 V5-449

& <
] > o
g @
> d N

gy

Figure 45: Affinity purification of Jad NS5A-ST protein complexes.

(4, B) Western blotting analysis of the indicated samples for the 418 virus pair (A) or the 449 virus pair
(B) aliquoted during the course of the affinity purification of infected Huh-7.5 lysates: Lysate; SN:
supernatant retrieved following binding of the lysate onto Strep-Tactin beads; Wash: pool of
supernatants retrieved following binding to Strep-Tactin beads and 3 washes each with a buffer that
does not contain NP40; Eluate: elution of bound proteins with LDS+[-mercaptoethanol solution.
Loaded sample quantities correspond to 0.02xT175 in all cases, except Wash, which is equivalent to
0.01xT175. Immunoblotting was performed with a-NS5A 7B5 antibody. (C) SDS-PAGE gel stained with
fluorescent total protein SyproRuby staining solution. Samples loaded correspond to affinity-purified
proteins (eluates) from a T175 flask of cells infected with the indicated viruses. MW: Molecular Weight
marker (kDa).
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A sixth replicate sample was prepared under the same conditions in parallel with the five
biological replicates set aside for nano-LC-MS/MS analyses, but all bound proteins were eluted
by a 10min incubation of the beads with LDS+B-mercaptoethanol at 70°C. The whole eluate,
which was equivalent to the total protein load of one replicate provided to the Proteomics
platform, was loaded onto a denaturing polyacrylamide-SDS gel. Protein staining of the gel
with SyproRuby also demonstrated specific purification of NSSA-ST and partners only in the
presence of the ST, whereas no NS5A-V5 product, expected to migrate with a slightly faster
electrophoretic mobility, was visualized in V5 samples (Figure 45C). Other discrete, specific
protein products were present only in the ST samples, possibly representing specific NSS5A
partners.

Following this sixth control and verification of aliquots from all five replicate samples
prepared for the MS study, as exemplified in Figure 45A-B, the nano-LC-MS/MS was the next
step, carried out in collaboration with the Proteomics platform at Institut Pasteur. Pearson
correlation coefficients between ST and V5 replicates were computed using all complete pairs
of observations in these samples. These demonstrated that sets of ST and V5 replicates
clustered tightly together and segregated in two groups, as expected (Figure 46A, C).

A differential analysis of peptides retrieved by the nano-LC-MS/MS was then performed
with the limits of the log>[Fold-Change(ST/V5)] and the FDR set at 1 and 5%, respectively.
Overall, 160 proteins were specifically retrieved from the NS5A-ST-418 replicate samples and
213 proteins were significantly more abundant in the ST-418 versus the V5-418 replicate
samples, adding up to 388 proteins reliably interacting with NS5A-ST-418 (Figure 46B). In
the NS5A-ST-449 replicate samples, 193 proteins were specifically retrieved and 237 proteins
were significantly more abundant in the ST-449 than in the V5-449 replicate samples, adding
up to 430 proteins reliably interacting with NS5A-ST-449 (Figure 46D). The whole list of
retrieved potential NSS5A interactors, with their respective scores can be found in
Supplementary Table 3.

The fact that we found a higher number of interacting factors with NS5A-ST-449 than
with NS5A-ST-418 suggested that more interactions were disrupted by ST insertion at position
418.
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Figure 46: Pearson correlation of tagged NSS5A replicate samples and differential analysis of
retrieved proteins.

(4, C) Quality control correlation matrix based on Pearson correlation coefficient among ST replicate
samples and V5 replicate samples, with the tag insertion downstream of amino acid 418 (A) or 449 (C).
(B, D) The volcano plots and framing graphs show proteins identified following the label-free analysis
of the liquid chromatography coupled to mass spectrometry data. Proteins retrieved uniquely in the
NSS5A-ST (preys of interest) or the NS5A-V5 samples (nonspecific preys) are plotted in the graphs as
horizontal bars on the right and left of the volcano plots, respectively, according to the logarithmic
value in the base of 2 of their iBAQ values. Proteins retrieved in both NS5A-ST and -V5 samples are
represented as dots in the Volcano plots according to the logarithmic value in the base of 2 of their
respective intensities in the NS5SA-ST replicates over the NS5A-VSreplicates (X axis) and the negative
logarithmic value in the base of 10 of their corresponding adjusted p-values (Y axis). This defines
significant preys of interest in the coloured upper right quarters of the Volcano plots.

IV.E.a.(i) Analysis of NS5A phosphopeptides retrieved

As the different forms of phosphorylated NS5A have been linked to distinct roles of the
protein during the various steps of the HCV life cycle (see Figure 12 and the corresponding
introductory section on NS5A) and as p56 and p58 have been reported to differentially interact
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with specific host factors'®’, we examined our retrieved NS5A peptides for post-translational

modifications.

We identified phosphorylation of Jad NS5A serine residues at positions 146, 174, 222,
225, 230, 232, 235, and 360, and threonine residues at positions 164, 348 and 356, as well as
of serine 12 within the twin-strep tag insertion. Most of these sites have previously been found
to be phosphorylated by mass spectrometry in studies using genotype 2a HCV strains,
subgenomic replicons or over-expressed NS5A, while fewer studies addressed the NS5A
phosphorylation of genotype 1 derived sequences (Appel et al., 20005'“%; Cordek et al.,
2014°%%). The overlap of our data and published findings is represented in Table 15, which also
includes NS5A residues that might support phosphorylation based on mutational analyses, in
the absence of biochemical evidence and MS observations, but that we did not recover in our
nano-LC-MS/MS work.

Focusing specifically on the peptide mainly associated with NS5A hyperphosphorylation,
GSPPSEASSSVSQLSAPS, the underlined and bolded five serine residues were found to be
phosphorylated in our ST replicate samples, while unmodified counterparts of this peptide were
also recovered, indicating that phosphorylation of NS5A was not affected by the insertion of
the ST tag, and that neither the p56 nor the pS8 form were preferentially selected during the
affinity purification process. As we were aiming at recovering NS5A interacting partners acting
at the different stages of the viral life cycle, these results corroborate that we have reached this
goal.

Table 15: Phosphorylated NS5A residues reported in the literature or found in the present study.

Phosphorylated amino acids found by us and not previously reported in the literature are highlighted
in dark purple, while those previously reported as detected by mass-spectrometry (MS) are highlighted
in light pink. Putative phosphorylated residues supported by genetic data from the literature but not by
biochemical or MS evidence, and phosphorylated residues retrieved by MS but not found in our study

are highlighted in blue and white, respectively. "-": no detail available
p-amino Protein Type of
Ph Ref
acid Domain evidence Lhenezyoe R
p-S146 reduces p58 and p-5222 Ross-Thriepland & Harris, 2014@;
S146 MS . : %
. (Ala instead of Ser in subtype 1b) Goonawardane et al., 20202~
T164 Our MS - :
S174 Our MS - :
Mild regulator of RNA replication —
No effect on viral replication for Lemay et al., 201327
subtype 2a
-S222 predominates in the p58 )
MS P . P . i P Ross-Thriepland & Harris, 201420
$222 & species (subgenomic replicon) ’
Mutagenesis Appel etal., 2005&, Fridell et al.,
2013°%%; Masaki et al., 2014"%%;
No apparent phenotype 151
Chong et al., 2016——; Eyre et al.,
2016°
-S225 essential for both genome )
LCSI MS P . & Ross-Thriepland & Harris, 201420
replication and assembly
Essential for viral replication - Role in . 149
. Masaki et al., 2014——
$225 NS5A hyperphosphorylation
Mutagenesis
p-S225 regulates NS5A interactions @ g | o
with VAPA, BIN1, NAP1L1, & NAP1L4 oonawardane et al.,
MS Important for RNA replication Ross-Thriepland & Harris, 2014120
-S22 .
S229 sp zcifi p-5229 found in both p56 and p58 Chia-Ni Tsai et al. 2019147
peci and inverse correlation with p-S235 1a-Ni Tsai et al.,
antibodies
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126

S230 MS No phenotype mentioned Ross-Thriepland & Harris, 2014
MS Essential for RNA replication Ross-Thriepland & Harris, 201420
Essential for viral replication -
. . 149
. Involved in NS5A Masaki et al.,2014—; Hsu et al.,
S232 Mutagenesis . 146
hyperphosphorylation — 2018146

Phosphorylated by CKla

MS
S235 &
Mutagenesis

Reduced RNA replication — p-S235
may promote the replication
complex formation via increasing
NS5A/VAPA interaction —
phosphorylated by CKla— regulated
by Pl4Kllla

Chong et al., 2016ﬂ; Hsu et al.,
2018%° Eyre etal.,, 2016 %

151,

Chong et al., 2016—;

S238 MS Phosphorylated by CKla 146
Hsu et al., 2018—
No apparent phenotype 158
E l., 2016—"; Ross-
T348 LCSII MS (Val or Iso instead of Thr in genotype yre et al,, 2016= osTm
1) Thriepland & Harris, 2014—
LCSII- Ph horyl PKA—E ial 500
T356 s Ms osphorylated by PKA - Essentia Cordek et al,, 20147
DIII for genome replication
S360 DIl Our MS - -
SST12 tag Our MS - -
S452 In p56 - Decreased NS5A-Core
S454 interaction, virion production and

Masaki et al., 2008

M i .
utagenesis disturbance of NS5A subcellular

DIl ..
localization.

457 -
= Mutagenesis

) Phosphoryl Kl inghui (L
& deletions osphorylated by C Tellinghuisen et al., 2008

IV.E.o. (i)

Analysis of previously reported NS5A interacting partners

As an additional verification step of our AP-MS/MS method, we screened the lists of Jad
NS5A interacting partners for previously reported HCV NS5A cellular interactors. In the
absence of an up-to-date maintained database of HCV-host PPIs, we relied on the databases
and publications described in 1.B.6.(ii) to construct a more complete list of HCV NS5A
interacting partners (Supplementary Table 2). To achieve this, we used the data from the
HCVpro database®” and the “HCV Hypo- vs. Hyper-Phosphorylated NS5A Interactome
Database™®, the review paper of Ross-Thriepland & Harris, 2015'* and the original papers
of Saik et al., 2016°"°, de Chassey et al., 2008°"%, Tripathi et al., 2013°"”, Germain et al., 2014°".,
Dolan et al., 2013°'Y, Ramage et al., 2015°2, Meistermann et al., 2014°'°, Eberle et al., 2014°"
and Vlaicu et al., 2017°2°. To avoid redundancy, the paper of Mukhopadhyay & Maulik,
2014°%, in which they performed text mining of the HCVpro database, was not incorporated,
while due to the absence of available data at the time of the preparation of this list, the paper
of Farooq & Khan, 2019°"” and the VirusMINT database"* were also not used.

Since some of these papers relied on text-mining tools to generate their lists of NS5A
interacting partners, we sorted the previously reported NS5A partners in our list by method of
identification. Hence, data from papers using both experimental methods and in silico mining
were separated in two respective columns.

We then compared the combined list of 527 NS5A interacting partners retrieved in this
work with ST-418 and ST-449 after removal of redundant proteins interacting with both (see
next paragraph) with the list of previously reported NS5A interactors we generated. As shown
in the Venn diagram in Figure 47B, we uncovered 408 previously unreported cellular
interacting partners of NS5A and 115 partners previously reported in the literature. Of those,
the vast majority had been reported in high-throughput original studies using either two-hybrid
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screens or different methods of protein complex purification coupled to MS identification of
retrieved peptides.

We identified well-known NS5A partners, such as PI4KIIla, ApoE, VAPA, VAPB and
BIN1, whose roles in the HCV life cycle have been well documented and presented throughout
this manuscript (I.B.(g), page- 20 -, 1.B.0.(i1), page - 51 -, Table 15), fully validating our
experimental approach. Furthermore, our study unveiled many more, previously unreported
NS5A interacting partners. Actually, the overlap between our data and findings from published
high-throughput original studies, databases, review publications and text-mining approaches
was remarkably low. This could easily be explained by the different experimental approaches
followed in most original studies, which, with the exception of those by Vlaicu et al.”*” and
Pan et al.'®’, were not performed in infection systems, nor in many cases even in hepatic cells
lines. In addition, one should mind the pitfalls of text-mining, including unspecific recovery of
cellular hits whose gene expression is known or suspected to be regulated in the presence of
the viral protein, while no physical interaction with NS5A has been shown.

Finally, the higher overlap of our data with experimentally reported NSSA partners, in
contrast to the relatively low overlap with proteins from databases, review studies or text-
mining calls for the maintenance of an exhaustive and up-to-date database.
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