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Abstract

Hepatitis C virus (HCV) is detected in the sera of infected patients as infectious particles
of very-low densities. HCV is an enveloped virus whose assembly of viral particles
occurs at the endoplasmic reticulum membrane. Its genome is translated as a
polyprotein that is further cleaved in ten mature proteins corresponding to either
structural or non-structural (NS) proteins with specific functions in viral RNA
replication and virion assembly. In addition, specific protein precursors, representing
non-cleaved parts of the polyprotein, are also detected in infected cells, underscoring
additional functions. Our laboratory is interested at better understanding the
mechanisms of assembly, envelopment and secretion of infectious particles, in which I
have been involved during my PhD.

In a first project addressing the early steps of HCV assembly, we found that the E2 and
core structural proteins colocalize with NS5A and NS4B non-structural proteins and
viral RNA, highlighting the functional connection between replication complexes and
NS2-based assembly sites. We also demonstrated how the direct-acting antiviral drug
daclatasvir, an NS5A inhibitor, blocks this process by preventing the delivery of viral
genome to assembly site, which induces clustering of both structural and non-structural
proteins.

In a second and main PhD project, we focused on the role of p7, the HCV viroporin, in
assembly of infectious particles. Particularly, we investigated the role of the delayed
cleavage between E2 and p7 in this process. Using biochemical assays, we showed that
p7 dose-dependently slows down the ER-to-Golgi traffic, leading to intracellular
retention of E2, which suggests that timely E2p7 cleavage and p7 liberation are critical
events to control E2 levels. In addition, using mutants that accelerated the cleavage
between E2 and p7, we showed that E2p7 cleavage controls E2 intracellular expression
and secretion levels of subviral particles and infectious virions. Finally, we also
highlighted that the regulation of E2p7 cleavage controls the unmasking of novel
functions localized at p7 amino-terminal extremity. Specifically, we found that this part
of the protein governs the specific infectivity of the infectious particles by coordinating
the interaction of NS2 with NS5A and E2, which allows the encountering of the
nucleocapsid components with the glycoproteins at the assembly site but also the
envelopment of the nucleocapsid.

In a third project, we aimed at characterizing how HCV particles acquire their lipidated
forms. We discovered specific functions and factors from serum, producer cells, and HCV
sequences that modulate lipidation of viral particles during their assembly and
secretion. Specifically we found that acquisition of lipids could occur in the extracellular
medium and requires lipoproteins as lipid source as well as an seric protein factor as
mediator of lipids transfer. Interestingly we also demonstrate that hypervariable region
[ of E2 is involved in the regulation of the lipidation level of particles.

Altogether, through my involvement in these different projects, I have contributed at
better understanding the steps of HCV assembly and the mechanisms modulating i) the



transfer of viral RNAs from replication complexes to assembly sites, ii) the encountering
of the nucleocapsids and glycoproteins followed by virion envelopment, and finally, iii)
the acquisition of lipids by viral particles; all these steps being essential for the
formation of fully infectious particles.

Résumé

Le virus de I'hépatite C (VHC) est détecté dans les sérum de patients infectés sous forme
de particules infectieuses de tres faibles densités. Le VHC est un virus enveloppé dont
I'assemblage de particules virales (PV) se produit au niveau de la membrane du
réticulum endoplasmique. Son génome est traduit en une polyprotéine qui est ensuite
clivée en dix protéines matures correspondant a des protéines structurales ou non
structurales (NS) avec des fonctions spécifiques dans la réplication de 1'ARN viral et
I'assemblage du virion. De plus, des précurseurs de protéines, représentant des parties
non clivées de la polyprotéine, sont également détectés dans des cellules infectées,
soulignant des fonctions supplémentaires. Notre laboratoire s'intéresse a mieux
comprendre les mécanismes d'assemblage, d'enveloppement et de sécrétion des
particules infectieuses, dans lesquels j'ai été impliqué durant mon doctorat.

Dans un premier projet portant sur les premieres étapes de 1'assemblage, nous avons
démontré que les protéines structurales E2 et core co-localisaient avec les protéines non
structurales NS4B et NS5A et I'ARN viral, soulignant la connexion fonctionnelle entre les
complexes de réplication et les sites d'assemblage. Nous avons également démontré
comment le daclatasvir, un inhibiteur de NS5A et molécule antivirale a action directe,
bloque ce processus en empéchant la distribution du génome viral au site d'assemblage,
ce qui induit le regroupement des protéines structurales et non structurales.

Dans un deuxieme et principal projet de these, nous nous sommes concentrés sur le role
de p7, 1a viroporine du VHC, dans I'assemblage de particules infectieuses. En particulier,
nous avons étudié le role du clivage retardé entre E2 et p7 dans ce processus. En
utilisant des techniques biochimiques, nous avons montré que p7 ralentissait de facon
dose-dépendante le trafic ER-Golgi, conduisant a une rétention intracellulaire de E2. Ceci
suggere que le clivage E2p7 et la libération de p7 sont des événements critiques pour
controdler les niveaux d'E2. En outre, en utilisant des mutants avec un clivage entre E2 et
p7 accéléré, nous avons montré que le clivage E2p7 controle 1'expression intracellulaire
E2 et les niveaux de sécrétion de particules sous-virales et de virions infectieux. Enfin,
nous avons également montré que la régulation du clivage E2p7 controle le démasquage
de nouvelles fonctions localisées a l'extrémité amino-terminale p7. Plus précisément,
nous avons démontré que cette partie de la protéine régit l'infectivité spécifique des
particules infectieuses en coordonnant l'interaction de NS2 avec NS5A et E2. La
régulation de ces interactions permet la rencontre des composants de la nucléocapside
avec les glycoprotéines au site d'assemblage, mais aussi 1'enveloppement du
nucléocapside.



Dans un troisieme projet, nous avons cherché a caractériser la fagon dont les particules
de VHC acquierent leurs formes lipidées. Nous avons découvert des fonctions et des
facteurs spécifiques du sérum, des cellules productrices et des séquences du VHC qui
modulent la lipidation des particules virales au cours de leur assemblage et de leur
sécrétion. En effet, nous avons constaté que 1'acquisition de lipides pourrait se produire
dans le milieu extracellulaire et nécessiter des lipoprotéines comme source de lipides
ainsi qu'un facteur sérique comme médiateur du transfert des lipides. De maniere
intéressante, nous avons pu démontrer que la région hypervariable I de E2 est
impliquée dans la régulation du niveau de lipidation des particules.

Au total, grace a mon implication dans ces différents projets, j'ai contribué a mieux
comprendre les étapes de l'assemblage du VHC et les mécanismes modulant i) le
transfert des ARN viraux des complexes de réplication vers les sites d'assemblage, ii) la
rencontre des nucléocapsides et des glycoprotéines enfin, iii) 'acquisition de lipides par
des particules virales, toutes ces étapes étant essentielles a la formation de particules
entierement infectieuses.
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I- THE LIVER: KEY ORGAN FOR HCV INFECTION

I.1- The liver

The liver is a vital organ involved in several functions related to metabolism of
carbohydrates, proteins and lipids, and also the clearance of toxins and pathogens and
the regulation of the immune response. Lipids, peptides, carbohydrates and nutrients
are delivered to the liver via gut-derived portal venous blood, passing first through
sinusoidal lining cells before finally being taken up and metabolized by hepatocytes.

The liver is composed of smaller histological structures called lobules, roughly
hexagonal in shape, which are surrounded by branches of the hepatic artery (which
provides oxygen) and the portal vein (which provides nutrients) (Figure 1). These two
vessels merge into sinusoids, which are distensible vascular channels lined with
sinusoidal endothelial cells (SECs) and bound circumferentially by hepatocytes (Figure
1). These cells are separated from hepatocytes by the space of Disse (Figure 2).
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Figure 1: Liver structure. Liver is composed of hexagonal lobules, which are surrounded by branches of
artery or vein. These vessels merged into sinusoids that are bounded by hepatocytes.
http://ib.bioninja.com.au/options/option-d-human-physiology/d3-functions-of-the-liver/liver-structure.html
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The liver structure is also conditioned by its secretory functions, particularly, with
respect to the synthesis and secretion of bile. Hepatocytes are arranged in polarized
“plates” with their apical surfaces facing and surrounding the sinusoids. The basal faces
of adjoining hepatocytes are welded together by junctional complexes, such as tight and
gap junction as well as desmosomes, to form with adjoining hepatocytes small bile ducts,
the canaliculis. Bile produced by hepatocytes drains into the canaliculi that unite to form
larger bile ducts, which lead to the gallbladder and ultimately drained into the
duodenum.

I.2- The lipoproteins

I.2.1- The lipoprotein structure

Neutral lipids, such as cholesterol ester (CE) and triglycerides (TG) are insoluble in
water and therefore need a special way of transport, called lipoproteins. These
lipoproteins are composed of a core of hydrophobic lipids surrounded by a monolayer of
phospholipids, providing an amphipathic interface with the hydrophilic environment of
the plasma. In addition to phospholipids, the external layer is made of unesterified
cholesterol and some proteins called apolipoproteins (Figure 3).

Apolipoprotein

Figure 3: Lipoprotein structure. Phospholipids are
oriented with their polar head outside. Free
cholesterol and apolipoprotein are inserted within
the phospholipid monolayer. Triglyceride and
cholesterol ester are found inside the lipoprotein.
(Alagona, 2010)
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Cholesterol

Cholesteryl ester
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Size, density and content of CE and TG are used to separate and characterize plasma
lipoproteins. They are divided in five categories: chylomicrons, very-low-density
lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-density lipoproteins
(LDL) and high-density lipoproteins (HDL) (Figure 4) (Wasan et al., 2008).

Characteristics Chylomicrons Very low-density  Low density High density

lipoproteins lipoproteins lipoproteins

Density (g per mL) =095 0.95-1.006 1.019-1.063 1.063-1.210

Particle diameter (nm) =15 30-80 1825 5-12

Protein composition (% dryweight)  1-2 8-10 20-25 52-60

Triacylglycerol composition 80-88 45-53 5-9 -3

(% dry weight)

Cholesterol composition -4 17-27 43-50 12-35

% cry weight)

Phosphelipid compaesition -9 17-19 19-21 17-24

{% dryweight)

Function Transpaort of Transport of Cholesterol Reverse
eX0gencus endogenous transport to all cholesterol
triacylglycerol triacylglycercl tissues fransport
and cholesterol

Figure 4: Characteristics of lipoproteins found in plasma. (Wasan et al,, 2008)
1.2.2- Apolipoproteins

Apolipoproteins are divided in six classes (A-B-C-D-E-H) and several subclasses (Figure
5). They have several functions: they have a structural role, they help in the formation of
the lipoproteins, serve as ligands for lipoproteins receptors and act as
activators/inhibitors of specific enzymes (Figure 5) (Feingold & Grunfeld, 2000). The
large majority of apolipoproteins are composed of amphipathic helices (Segrest et al,,
1992) and are exchangeable between different lipoproteins, implying their reversible
binding to lipoprotein particles. In contrast apoB remains bound to lipoprotein particles
from its biosynthesis to catabolism.

Apolipo- Plasma Present on Distribution into Molecular Function
protein  concentration chylomicrons lipoproteins during weight
(mg per dL) fasted state (%) (kDa)
VLDL LDL HDL
ApoAl 130 Transiently 0 0 100 290 LCAT activator; substrate for
SRB1
ApoAl 40 No 0 0 100 174 Structure; hepatic lipase
inhibitor; substrate for SRB1
Apoid 15 Yes il 0 0 44.5 LCAT activator
ApoB48  Transient Exclusively 0 0 0 241 Chylomicron structure
ApoB100  B0-250 No 6-12 BR-94 O 512 Structure; receptor ligand
ApoC1 3-6 No 3 0 97 6.6 LCAT activator
ApoCl 3-12 No 40 0 60 9.0 Lipoproteinlipase activator
ApoC3 12 No 30 10 60 9.0 He patic lipase inhibitor
ApoD 10-12 Mo ] 0 100 190 Many postulated
ApokE 5-7 Yes 40 10 50 34.0 Substrate for LDLr: chylomicron

remnant receptor

Figure 5: Characteristics of apolipoproteins. Adapted from (Wasan et al., 2008)
LCAT: Lecithin-cholesterol acyltransferase; SRB1: Scavenger Receptor B1; LDLr: LDL receptor
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1.2.3- Lipoproteins metabolism

L.2.3.1- Exogenous pathway

The intestine absorbs the dietary lipids, mainly composed of triglycerides but also
cholesterol found in the bile, secreted by the liver. Following absorption, these lipids are
assembled with apoB-48 in lipoprotein complexes, name chylomicrons (van
Greevenbroek & de Bruin, 1998). The nascent chylomicrons are secreted into the
lymphatic vessels and drained into the bloodstream. Maturation of chylomicrons occurs
in the blood with the exchange of apoC-II and apoE with HDL. The presence of apoC-II
activates the lipoprotein lipase (LPL), resulting in the hydrolyzation of TG in glycerol
and fatty acids. The products of these reactions are taken up by the peripheral tissue.
The remnant chylomicrons continue circulating and because of the presence of apoE,
they interacts with receptors in the liver, such as the low-density lipoprotein receptor
(LDLr) (Mortimer et al., 1995), heparan sulfate proteoglycans (HSPG) (Bishop et al,,
2007, Dallinga-Thie et al., 2010) or the Scavenger Receptor B1 (SR-BI) (Out et al., 2004),
resulting in their absorption by the liver (Figure 6, left).

L.2.3.2- Endogenous pathway

In the endogenous pathway, cholesterol is manly synthesized by the liver and is secreted
into the bile or incorporated, as free and esterified forms into VLDL, which are then
secreted into the plasma. Secreted nascent VLDL particles, containing apoB-100 and
apoE, are then matured by acquisition of more apoE and apoC from HDL particles.
Similar to chylomicron metabolism, VLDLs circulate in the bloodstream until they
encounter LPL, residing on endothelial cells (Eckel, 1989). After hydrolysis by LPL, VLDL
remnants or IDL continue circulating until their reabsorption via apoE on the surface of
the liver. Alternatively, they can also be further hydrolyzed by the hepatic lipase (HL),
resulting in the release of LDL (IDL remnants). LDLs are either absorbed by the liver or
the peripheral tissue through the interaction of apoE or apoB-100 with the LDLr. In the
liver, LDL is converted into bile acids and secreted into the intestine; in non-hepatic
tissues, LDL is hydrolyzed and the resulting components are used for cell membrane
synthesis or storage.

ApoA-I1 is synthesized and secreted from hepatocytes. This apolipoprotein is attached to
ATP-binding cassette transporter A1 (ABCA1), a cellular cholesterol efflux pump, and
lipidated by free cholesterol and phospholipids (Wang et al, 2000). ApoA-I is also
associated with lecithin acyl cholesterol acyltransferase (LCAT), which esterifies
cholesterol, allowing the formation of nascent HDL. LCAT catalyzes the formation of CE
from unesterified cholesterol at the surface of HDL by transferring fatty acids from
phosphatidylcholine (PC) to cholesterol(Jonas, 2000). The nascent HDLs receive more
CE and become spherical in shape and increase in size: smaller HDLs are called HDL3
whereas the larger ones are designated HDL2. HDL2 is able to deliver cholesterol to the
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peripheral tissues or the liver, through the interaction with the scavenger receptor class

B type I (SR-BI).

Exchange of CE for TG could occur between HDL and apoB-containing lipoproteins (such
as VLDL or LDL) with the action of the CE Transport Protein (CETP) via a non-enzymatic
process (Cucuianu et al., 2007). Newly acquired CE in LDL and VLDL is then taken up by
the hepatic LDLr for excretion in the bile (Morton & Greene, 1997) (Figure 6 right).
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Figure 6: Lipoproteins metabolism. (Aizawa et al,, 2015). See text for more details
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II- HEPATITIS C VIRUS INFECTION

I1.1- HCV prevalence and epidemiology

Hepatitis C is a global liver disease with 71 million chronically infected people. Its
prevalence varies between 0.5 and 2.9% (Figure 7) (Manns et al., 2017), depending on
the region. The highest prevalence is observed in Egypt (10% in 2015; (Estes et al,
2015)) due to the use of contaminated syringes during a massive treatment campaign to
eradicate schistosomiasis, a parasitic disease causing chronic illness.

HCV is a bloodborne virus. It is most commonly transmitted among drug users by
sharing injection equipment, reuse or inadequate sterilization of medical equipment
(more particularly syringes and needles), transfusion of unscreened blood and blood
products (WHO 2017). HCV can also be transmitted sexually and can be passed from an
infected mother to her baby; however, these modes of transmission are now much less
common (WHO 2017). It is difficult to diagnosed since the acute phase is asymptomatic
and an estimated 45-85% of infected people are undiagnosed (Smith et al., 2012).
Approximately 399 000 people die each year from hepatitis C, mostly from cirrhosis and
hepatocellular carcinoma (WHO 2017).

The estimates obtained from mathematical modeling suggest that worldwide, in 2015,
there were 1.75 million new HCV infections (WHO 2017).

A 4

Viraemic prevalence (%)
m <06
0.6-0.74
0.75-1.29
m1.3-28
H>29
Infected individuals
= >5 million
£ 1 million=5 million
<1 million

Nature Reviews | Discase Primers

Figure 7: HCV prevalence map. (Manns et al,, 2017)
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II.2- Immune responses

HCV persistent infection is due to the ability of HCV to evade and restrict both the
cellular innate anti-viral response and HCV specific adaptive immune response.

I1.2.1- Innate immune responses

Innate immunity is the first-line antiviral defense of the host and induces the production
of interferons (iFNs) and cytokines. HCV infection is recognized by several pattern
recognition receptors (PRRs) sensed by pathogen-associated molecular patterns
(PAMPs). Indeed, the viral double-stranded RNA (dsRNA) is recognized by the
endosomal Toll-like receptor (TLR) 3 whereas the poly (U) motif of the genome is
recognized by the retinoic acid-inducible gene I (RIG-I). TLR2 is able to sense HCV core
and NS3 proteins. In addition, viral RNA is recognized by TRL7 and TLR8. All these
recognitions induce the activation of specific cellular pathways leading to the synthesis
and secretion of IFN-3 but also the expression of several IFN-inducible genes (ISG)
(Figure 8). Some of these ISG lead to the inhibition of viral and host RNA translation, as
well as the degradation of viral and cellular RNA (Chan & Ou, 2017).

However, it is clear that HCV attenuates the IFN response at multiple levels. For
example, HCV NS3/4A proteins cleave protein involved downstream RIG-I and TLR-3
mediated signaling pathway. E2 and NS5A, HCV proteins are also able to block protein
kinase R (PKR), another PRR activated by HCV virus (Horner & Gale, 2013)(Figure 9). In
addition, HCV induced autophagy is a way to suppress innate immunes responses (Chan
& Ou, 2017). In conclusion, the ability of HCV to restrict the cellular antiviral control
severely impacts the cellular ability to trigger efficient adaptive responses. However, it
has been demonstrated that hepatocytes have developed an unconventional mechanism
to stimulate adaptive immune response. Indeed, the plasmacytoid dendritic cells (pDC),
which are the major IFN-a secreting cells, are able to secrete IFN-a without direct
contact with infectious particles. They are activated by viral-RNA containing exosomes
that are secreted by infected hepatocytes (Dreux et al., 2012).
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Figure 8: HCV recognition by the host and HCV induced autophagy. After infection HCV products can activate
several pathways leading to production of interferon and cytokines. To prevent this production, HCV activates
several mechanism including autophagy. Adapted from (Chan & Ou, 2017)

ssRNA: single stranded RNA; dsRNA: double-stranded RNA; TRL: Toll-like Receptor; RIG-I: retinoic acid-inducible
gene [; MDAS5: melanoma differentiation-associated protein 5; IRAKs: Interleukin (IL)-1 receptor-associated
kinases; MAVS: Mitochondrial antiviral signaling protein; MyD88: Myeloid differentiation primary-response protein
88;; TRAF6: Tumor necrosis factor receptor-associated factor 6; TRIF: Toll/IL-1 receptor
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Figure 9: HCV control of IFN induction and immune evasion. The proposed regulation is shown here,
where the HCV NS3/4A protease cleaves the signaling adaptors MAVS and TRIF to inactivate (1) PKR, (3) RIG-
I, and (4) TLR3 signaling pathways to prevent induction of immunomodulatory innate antiviral genes and
IFN- allowing for HCV replication. (5) HCV infection control of IFN-A induction is not yet defined; (2) HCV E2
and NS5A proteins inactivate PKR kinase-dependent activation of the host translation factor elF2a to
reactivate protein translation during infection. Adapted from (Horner & Gale, 2013)
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I1.2.2- Adaptive immune responses

I1.2.2.1- Cellular adaptive immune responses

Several reports have shown that HCV elimination is associated with CD4+ and CD8+ T
cell responses. These cells are able to recognize several epitopes among HCV proteins
(Thimme et al., 2002, Thimme et al., 2001). CD4* T cells are non-cytotoxic T lymphocytes
that regulate CD8* T and B-lymphocytes function through secretion of interleukine 2
(IL2). CD8* T cells are cytotoxic lymphocytes that target specifically the infected cells
and induce their apoptosis.

HCV-specific T cell responses usually appear 4 to 8 weeks after the beginning of the
acute phase of infection (Thimme et al., 2012). The initiation of the cellular adaptive
response is correlated with a rise in serum alanine aminotransferase (ALT). At this
stage, a high viremia is observed, which then decreases simultaneously with T cells
responses (Figure 10A).

However, the HCV-specific T cell responses are usually weak or not sustained, likely due
to the viral control of the innate immune responses preventing the stimulation of the
adaptive immune system but also due to emergence of viral escape mutations and
impaired CD8+ T cells functions (caused by the lack of CD4+ T cells or expression of
inhibitory receptors) (Heim & Thimme, 2014, Thimme et al.,, 2012). The absence of a
strong T cell response usually results in maintenance of viremia and in disease
progression to chronicity (Figure 10A).

In contrast, effective CD4+ and CD8+ T cell response can persistently resolve virus
infection (figure 10) and in this case, a second infection will result in low HCV titers and
a more rapid viral clearance (Figure 10B).
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Figure 10: HCV course of infection. (A) Clinical parameters observed
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a secondary infection will result in a more rapid viral clearance. Adapted
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II-2.3.2- Humoral adaptive immune responses

The second arm of the adaptive immune responses is mediated by B-lymphocytes (or B
cells). After antigen recognition and presentation by antigen presenting cells (APC), the
antigen-specific cells subsets proliferate and differentiate to plasmocytes that secrete
antigen-specific antibodies, including neutralizing antibodies. Antibodies play a key role
during virus infection by preventing virus binding to cell receptors. Using different
models, multiple epitopes targeted by neutralizing antibodies have been identified in the
hypervariable region 1 (HVR-1) of the viral glycoproteins that form HCV envelope (Farci
etal, 1994).
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The role of this response remains not fully understood. On the one hand, some studies
have reported the ineffectiveness of HCV neutralizing antibodies to resolve HCV
infection both in chimpanzees and humans (Yu et al.,, 2004). On the other hand, other
studies predicted an important role of these antibodies in delaying HCV infection
(Thimme et al,, 2012). For example anti-HCV immunoglobulins were shown to delay or
prevent HCV infection in chimpanzee if inoculated before or simultaneously to virus
challenge (Farci et al, 1994). In addition studies that analysed the neutralizing
responses in patient cohorts infected by a single source of viral inoculum, showed strong
neutralizing responses during acute phase of infections and a correlation of this
response with resolution of infections (Lavillette et al., 2005b, Pestka et al., 2007).

The presence of neutralizing antibodies in chronically infected patients highlights the
existence of a tight balance between the host neutralizing response and the generation
of escape variants (von Hahn et al, 2007). Indeed, the selective pressure of the
neutralizing antibodies on E2 epitopes such as HVRI likely contributes to the constant
generation of HVRI/E2 quasi-species that can evade the host neutralizing response. This
is consistent with studies suggesting that HVRI-mediated quasi species diversity is a
relevant indicator of chronic infection (Farci et al., 2000).

Multiple mechanisms have been suggested to explain the failure or the attenuation of
the humoral immune response. For example, interaction of HCV glycoproteins with high-
density lipoprotein receptor or the scavenger receptor B1 (SR-BI) involved in viral entry
may result in escape to neutralizing antibodies (Bartosch et al,, 2005, Dreux et al., 2006).
Another mechanism proposed is cell-cell transmission (Timpe et al.,, 2008). Indeed
transmission of genome between infected cells and naive cells could occur in presence of
neutralizing antibodies suggesting that cell-cell transmission could be a way to transmit
infectivity and to escape neutralizing antibodies at the same time.

I1.3- Pathogenesis

HCV infection is a long-term viral infection that develops and persists during several
decades in patients.

Commonly, the first stages of infection correspond to an acute hepatitis syndrome that
can evolve six months after infection into a chronic liver disease in 70% of cases (Heim,
2013). Serious liver damages including hepatic steatosis and fibrosis are observed in 15-
25% of patients after a long and progressive disease evolution that can last many years.
Hepatocellular carcinoma appears in about 3% of cirrhotic patients per year and
constitute the final stage of the infection disease (Figure 11).
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Figure 11: HCV pathogenesis and course of infection. During infection, acute infection progress in 70% of the case
toward a chronic liver disease leading to the development of cirrhosis and hepatocellular carcinoma. (Heim, 2013)

Acute hepatitis is often asymptomatic, so it is difficult to be diagnosed. Less than 1% of
patients develop a fulminant acute hepatitis C. Viral RNA can be detected between 1 and
3 weeks after HCV exposure (Orland et al., 2001). Between 4 and 12 weeks after viral
exposure, elevated alanine aminotransferase level in the blood is the first sign of liver
injury (Santantonio et al, 2008). Diagnosis of acute HCV infection is confirmed by
detection of HCV RNA and anti-HCV antibody seroconversion, which occurs 4-10 weeks
after HCV infection (Post et al., 2004).

Clearance of acute HCV infection may be caused by a complex interplay between host
and viral factors, such as sex (men are more prompt to develop chronic disease), viral
genotype (genotype 1 was shown to be associated with an increased probability of
clearance) as well as genetic polymorphism (IL28B) (Tillmann et al, 2010). The
dynamics of viral loads seems to be quite diverging after 3-4 months of infection,
ranging from clearance to viral persistence of the virus and could be a way to improve
diagnosis (Hajarizadeh et al., 2013)

Chronic hepatitis C is defined by the persistence of viral RNA for at least 6 months after
the first infection (Farci et al, 1996). During the 10-15 first years of infection, liver
diseases progress slowly. Several parameters have been shown to modulate the risk of
developing fibrosis, such as sex (men (Poynard & Bedossa, 1997), ethnicity (black
people (Wiley et al., 2002)), age superior to 40 (Minola et al, 2002), and insulin
resistance (Hui et al., 2003)).

HCV is the causative agent of cirrhosis with a probability of about 16% after 20 years of
infection and 41% after 30 years of infection (Hajarizadeh et al., 2013). As HCV infection
is not cytopathic, virus-induced damages are attributed to the reaction of the immune
system against the infection, such as cell dysfunction and modification of inflammatory
signaling pathways (Wu et al,, 2014).
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The development of HCC could occur although HCV-infected patients do not have the
same risk of developing liver cancer. Genotype 1 is associated with a higher rate of HCC
development, likely due to the core protein that displays oncogenic properties in vitro.
The age of patients could also influence the development of HCC (Ahmad et al., 2011).

I1.4- Therapies

Nowadays there is no vaccine is available against HCV. Yet, in the past few years, HCV
therapy has profoundly evolved. Before 2011, bi-therapy was used by a combination of
pegylated-IFN (peg-IFN) and ribavirin (RBV). This treatment was unspecific, induced
important side effects in patients and its efficiency was restricted to particular HCV
genotypes. Since 2011, several direct acting antivirals (DAAs) have been approved.
These molecules target the NS3/4A protease, the NS5B polymerase and the NS5A
protein. The use of these DAAs (in combination) lead to sustained virological responses
(SVR), with rates higher than 90% within short periods of time (8-12 weeks).

[1.4.1- NS3 inhibitors

In 2011, two new DAAs have been approved by the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) for the treatment of HCV infection:
telaprevir (Lin et al., 2006) and boceprevir (Tong et al., 2006). These two molecules
target the NS3/4A protease activity through binding to NS3 active site. In addition, with
peg-IFN and RBYV, they have improved the SVR from 40% to 70% in patients infected by
HCV genotype 1. However, these compounds increased the side effects of peg-IFN and
RBV and act only on genotype 1. In addition, they have a low genetic barrier to
resistance and many drug-drug interactions that is they could reduce the effect of
treatment of other pathologies, such as HIV in the case of co-infection HCV/HIV.

A second wave of anti-proteases emerged in 2013 with simeprevir (Raboisson et al,,
2008), licensed for the treatment of infection with genotype 1 or 4 but can also act on
several other genotypes with exception of genotype 3 (Moreno et al., 2012). Another
inhibitor, paritaprevir, was approved in 2014 in combination with other DAAs as well as
with a cytochrome CYP3A4 inhibitor (ritonavir), since paritaprevir is metabolized by
this cytochrome. Finally, grazoprevir, in combination with elbasvir, an NS5A inhibitor,
was approved in 2016 for treatment of genotype 1 and 4 and clinical demonstrated SVR
in up to 97% for genotype 1 and 100% for genotype 4.

I1.4.2- NS5A inhibitors
Ledipasvir was approved in 2014 and, in combination with sofosbuvir, it was the first

treatment free from interferon and ribavirin. It does not act with the same efficiency on
all genotypes (lower activity of genotype 2 and genotype 3). Daclatasvir (Gao et al,,
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2010) was approved in 2015 for use with sofosbuvir (see below). It acts in low
concentrations (picomolar) and with broad coverage of HCV genotypes. It was first
described to inhibit HCV replication probably by inhibiting the formation of double-
membrane vesicles required for the replication of the viral genome (Berger et al.,, 2014).
In addition, some studies reported an action on assembly (Guedj et al., 2013, McGivern
et al., 2014) by preventing the delivery of RNA to the core protein, the main component
of the HCV nucleocapsid (Boson et al., 2017).

In 2014, ombitasvir was approved in combination with
paritaprevir/ritonavir/dasabuvir (see below and above) and this combination therapy
is particularly used in patients that are difficult to treat.

I1.4.3- NS5B inhibitors

NS5B is the viral RNA-dependent RNA polymerase and is therefore a very interesting
target for therapy. NS5B inhibitors could be nucleoside inhibitors, binding to the active
site and being integrated into the nascent RNA chain, or non-nucleosides inhibitors,
binding outside the active side and resulting in allosteric inhibition of polymerase
activity.

The nucleoside inhibitor sofosbuvir (Sofia et al., 2010) was approved in 2013. It is used
in combination with peg-IFN/RBV or other DAAs and has a potent activity against all
genotypes.
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Today, the combination of DAAS leads to good results but the access of patients to these
molecules is limited by their cost. Another issue is the emergence of resistant-associated
variants. Therefore, efforts have still to be made in order to find new molecules targeting
other proteins and/or alternative steps of the viral life cycle. In this context, p7 is a good
candidate. Indeed as p7 is a viroporin (see part IV), with an ion channel activity, thus a
great target for designing new antivirals. In addition some molecules may have effect on
different viroporins of several viruses. As an example, amantadine-derivatives are able
to block both p7 of HCV and M2 of IAV (see part IV.1.4).

I1.4.4- Vaccine

As for HIV, the generation of an efficient HCV vaccine remains a major challenge today to
constraint the pandemic, by preventing the primary infection but also the reinfection
after treatment with DAAs (Walker, 2017).
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Some strategies for the development of vaccines were based on the use of recombinant
E1/E2 in order to induce neutralizing antibodies. In this context, immunization of
human volunteers with recombinant E1/E2 resulted in the production of broad cross-
neutralizing responses (Law et al., 2013). However since neutralizing antibodies act by
recognizing native E1E2 heterodimers (Giang et al., 2012), it is important to generate a
vaccine that express native E1E2 structures.

A vaccine consisting in modified vaccinia virus Ankara allowing NS3-NS5B expression
was also designed (Swadling et al, 2014). This vaccine is in clinical trial for
immunogenicity and protection against virus persistence. However it was found that
protection against HCV was more closely correlated with immune responses against the
viral structural proteins rather than the non-structural proteins (Dahari et al., 2010).
Other strategies are based on the development of viral vectors harboring HCV
glycoproteins E1 and E2 since they present conformational epitopes targeted by
neutralizing antibodies. Several approaches have been described (figure 13). The first
one was the production of virus-like-particles (VLP) in insect cells using a baculovirus
system that expressed core, E1 and E2 (Baumert et al., 1998). However in this context it
seems that glycosylated forms of E1 and E2 are not the same as in HCV virions due to the
use of insect cells (Baumert et al., 1999). Another approach was the development of
chimeric HBV/HCV VLP. Indeed subviral particles expressing HBs protein fused to full-
length E1 and E2 protein could be produced by replacing the transmembrane domain
(TMD) of the HBsAg protein with the TMD of HCV genotype 1a E1 and E2 proteins
(Patient et al., 2009). These kinds of particles were immunogenic in rabbit (Beaumont et
al, 2013). Some other used an alternative approach by replacing the immunogenic
determinant of HBsAg with HVRI of HCV E2 (Netter et al., 2001). Retroviral HCV-like
particles were also developed, composed of capsid of MLV and E1E2 glycoproteins. This
kind of particles could induce a strong neutralizing response in mice and macaques
(Garrone et al., 2011). Finally another approach was the development of VLP produced
in human hepatocyte-derived cells using adenoviral expression systems (Earnest-
Silveira et al,, 2016). This method has the advantage of producing particles that are
morphologically typical of HCV virions. The immunogenicity of a vaccine combining
genotype 1a/1b/2a/3a HCV VLP is currently under evaluation.

HCV VLP type Genotype In-vitro cell line  Neutralization Binding of DCc Memory B cell HCYV specific CD8+

for production ~ HCVec or HCVpp human NAb maturation responses andfor CD4+ T cell
(Genotype) responses
Insect cell derived  1b Sfg No Yes Yes (in-vitro)  Yes Yes (CD4+, CD84,
Strong antibody response in CTL)

mice.

Neutralization of vaccinia
virus-HCV with Baboon
immune sera,

(Poor antibody responsas in
Chimpanzees)

Mammalian ezl 1a 1b,2,3a  Huh? Yes (HCVec 1b and 2) Yes Yes (in-vitro)  Yes es (CD4+, COB+,
derived Granzymsa B)
CHIMERIC HEsAg/HCV LPs
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Figure 13: Summary of HCV VLP approaches. (Torresi, 2017)
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I1.5- Experimental systems

Since its discovery, HCV has raised important technical challenges because of the
difficulties to generate suitable cell culture model and/or animal models that allow the
study of HCV biology. Several experimental models have been developed to improve the
understanding of the virus life cycle, pathogenesis and virus-host interactions. Initially,
HCV was only studied through the use of serum-derived HCV patients (HCVsp). Then,
the development of sub-genomic replicons (HCVsgr) allowed the study of viral
replication whereas the generation of soluble E2 envelope glycoproteins (sE2) helped to
identify the first HCV cellular receptors. More robust infectious systems followed, such
as HCV pseudoparticles (HCVpp), allowing the study of virus entry into cells, and
ultimately, the development of HCV cell culture systems (HCVcc). The development of
relevant small animal models as alternatives to the chimpanzee model form further
steps allowing the study of HCV infection in vivo.

I1.5.1- Serum derived HCV particles (HCVsp)

The first tool used to study HCV infection was based on ex vivo characterization of
patients’ sera derived particles. However, no productive infection was observed in any
tested cell lines or primary hepatocytes. The proportion of viruses and viral RNA
produced and released, after infection of primary liver cells, was very low although
these cells are able to support HCV entry and replication (Fournier et al.,, 1998).

I1.5.2- Sub-genomic replicons (HCVsgr)

In 1999, a major advance allowed the study of HCV replication. Lohmann et al.
established cell lines constitutively expressing and replicating a subgenomic HCV RNA
derived from a cDNA isolated from the liver of a chronically infected patient with a
genotype 1b HCV strain (Conl) (Lohmann et al, 1999a). The term subgenomic was
employed to define these replicons as only the HCV non-structural (NS) protein-
encoding sequence was used to generate these systems initially.

Most replicons used are bicistronic: they express an antibiotic resistance gene under
control of HCV Internal Ribosomal Entry Site (IRES) and the HCV NS proteins NS3-4A-
4B-5A-5B under control of EncephaloMyoCarditis Virus (EMCV) IRES (Figure 14).

Huh?7 cell lines are transfected with in vitro transcribed RNAs and are selected with the
corresponding antibiotics, which results in the production of cell lines stably replicating
HCV. Moreover, studies identified a number of adaptive mutations, increasing
replication efficiency, acquired by the replicon after serial passages of these cell lines.
These mutations are mostly found in NS3, NS4B and NS5A proteins. Such subgenomic
replicons are available for several HCV genotypes/subtypes.

The replicon model strongly contributed to the development of DAAs, allowing totest
the effect of several molecules on the replication of several genotypes.
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Figure 14: Subgenomic replicon. Scheme of HCV subgenomic replicon organization. This gene encode for a resistant
gene (here Neo: neomycin) under the control of HCV IRES and the non structural proteins NS3-NS5B under the
control of EMCV IRES.

I1.5.3- Soluble E2 (sE2)

Envelope glycoproteins are essential for viral attachment to target cells and for
membrane fusion. Therefore, their study is essential to understand viral entry
mechanisms. In addition, these proteins are essential for the generation of neutralizing
antibodies. However, the study of the two glycoproteins of HCV, E1 and E2, is difficult as
these proteins have been shown to easily misfold and form aggregates (Dubuisson,
2000). Another difficulty to study HCV envelope glycoproteins is linked to their
transmembrane domains that result in their retention at the endoplasmic reticulum
(ER) membrane (Cocquerel et al, 1999). In order to bypass these problems, soluble
forms of E2 were generated through the removal of its transmembrane domain. It
allows the secretion of the ectodomain of HCV E2 (Cerino et al., 1997, Rosa et al., 1996).
This soluble protein allowed the discovery of the first two cell entry receptors: (CD81)
(Pileri et al., 1998) and the Scavenger Receptor B1 (SR-BI) (Scarselli et al., 2002).
Despite these major advances, it has been demonstrated that the correct folding of E1
and E2 is tightly linked to their association as heterodimeric complexes (Cocquerel et al.,
2003, Owsianka et al, 2001). Thus, the use of systems studying E1E2 as a full
heterodimer complex incorporated onto viral particles remains an essential goal.

I1.5.4- HCV pseudoparticles (HCVpp)

In 2003, the generation of a system allowing the study of HCV entry mechanism was for
the first time described. It consisted of defective retroviral particles harboring HCV
envelope glycoproteins on their surface (Bartosch et al.,, 2003, Drummer et al., 2003, Hsu
et al.,, 2003). These particles, named HCV pseudoparticles (HCVpp), can be produced by
co-transfection of 293T cells with three expression plasmids encoding: (i) the HCV
glycoproteins E1 and E2, (ii) gag-pol protein of Human Immunodeficiency Virus (HIV) or
Murine Leukemia Virus (MLV), (iii) a retroviral genome containing a reporter gene such
as GFP or Luciferase in order to measure the entry of HCVpp into target cells (Bartosch
et al., 2003)(Figure 15). Owing to the presence of a reporter gene and the absence of
replication and propagation, this system is easy to manipulate in a biosafety level 2
laboratory (in contrast to full HCV replicative virus).

The HCV pseudoparticles assay allowed effective production of viral particles that
efficiently enter Huh7 hepatoma cell lines and primary human hepatocytes (Bartosch et
al,, 2003, Lavillette et al., 2005b). Moreover, HCVpp harboring E1E2 from the six major
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genotypes were successfully generated, allowing testing of neutralizing antibodies or
drugs targeting entry (Lavillette et al., 2005b).

HCVpp
HIV/MLV gag-pol

gene O Q

transfection infection
E1E2 gene O @ @

2937 Hepatic cells
porter gene

Figure 15: HCV pseudoparticles. Retroviral particles bearing HCV glycoproteins are produced by transfecting
HEK293T cells with expression vectors encoding for E1E2, the retroviral core protein and a retroviral derived
genome encoding for a reporter gene, which will be expressed upon naive cells infection.

Although the HCVpp are still very useful for the study of host-virus interaction for viral
entry, the particles are produced in 293T, and thus, are not associated with lipoproteins,
in contrast to particles detected in patient sera. Another limiting point is that these
particles do not allow the study of assembly since they assemble in a similar manner to
retroviruses.

I1.5.5- HCV cell culture system (HCVcc)

In 2003, a study described the ability of an HCV RNA derived from a genotype 2a HCV
subgenomic replicon to efficiently replicate in cell culture without any adaptive
mutations (Kato et al, 2001). This replicon, called JFH-1 for Japanese Fulminant
Hepatitis 1, was isolated from a Japanese patient that cleared the virus after having
developed a fulminant hepatitis (Kato et al., 2001). In 2005, the development of a cell
cultured system (HCVcc) based on the transfection into highly permissive Huh7 cells-
derived clones of a full-length RNA genome deriving from the JFH1 replicon led to the
production of infectious viral particles both in vitro and in vivo (Lindenbach et al., 2005,
Wakita et al.,, 2005, Zhong et al.,, 2005). The development of this model constituted a
major achievement and offered for the first time the possibility to study the complete
HCV life cycle.

The particularity of this JFH1 sequence remained elusive for a long time although a
recent study indicates that this strain had lost a function required for replication in
human hepatocytes but that needs to be lost for efficient replication in huh7.5 cells.
Indeed, HCV needs to stimulate phosphatidylinositol 4-kinase Illa (PI4KIlla) to create a
phosphatidylinositol 4-phosphate (PI4P)-enriched membrane microenvironment for its
replication. However, this enzyme is activated in Huh7.5 cells even in absence of HCV
infection. Therefore, to replicate in these cells, HCV needs to adapt by losing this
function in order to prevent over-activation of this PI4KIIla kinase (Harak et al., 2016).
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Over the years, the HCVcc model has been highly improved. Serial passages of the JFH1
virus allowed the selection of adaptive mutations improving virus production and virus
titers (Kaul et al., 2007, Yi et al., 2007). Moreover, highly permissible cell clones deriving
from Huh?7 allowed a greater robustness of the system and a better virus production.
Huh7.5 (Lindenbach et al,, 2005) or Huh7.5.1 (Zhong et al., 2005) clones were notably
selected for their high ability to replicate HCV subgenomic replicons and harbor a defect
in their interferon triggering system through inactivation of RIG-I pathway.

In order to allow the study of several viral strains, several groups developed chimeric
JFH1 genomes. Combination of the NS3-5B region of JFH1 with the C-NS2 region from ]6
(genotype 2a isolate) resulted in the 6 /JFH1 genome (displaying chimerization between
NS2 and NS3) (Lindenbach et al., 2006) or Jc1 (chimerization at position 846, at the end
of the first transmembrane domain of NS2) (Pietschmann et al.,, 2006). These chimeras
were characterized by enhanced spread and production of viral particles. The group of J.
Bukh used the J6/JFH1 chimeric strain and replaced the C-NS2 region from other
genotypes (Gottwein et al,, 2010, Gottwein et al., 2007, Gottwein et al., 2009, Jensen et
al., 2008, Russell et al., 2009, Scheel et al., 2008), but also the NS3/4A, NS5A or NS5B
sequences from other genotypes in order to allow the study of DAAs.

Recently, full-length HCV gtla (Li et al., 2012b) and gt2b (Ramirez et al., 2014) infectious
culture systems have been developed. These viruses are able to replicate efficiently in
cell culture, allowing for the first time to analyze and compare specificities of HCV types
or sub-types in a full life cycle context.

I1.5.6- HCV animal models

I11.5.6.1- Natural animal models

The development of an animal model to study HCV infection is critical in order to have a
complete understanding of the host-virus interactions.

Chimpanzee and a non-rodent small mammal, the Tupaia belangeri, are the only natural
permissive animal models that support HCV infection. Chimpanzee infection is less
pathogenic than in human but was essential to understand some aspects of the immune
responses mechanisms, to evaluate the potential of vaccine candidates and of
neutralizing antibodies. However, the limited number of animals used in the study of
cohorts, due to their high costs, ethical considerations and absence of a similar course of
disease compared to humans pointed out the need for alternative, complementary and
efficient animal models

The treeshrew Tupaia belangeri was shown to be susceptible to the HCV infection.
Indeed, HCV can use the tupaia set of receptors for entry (Tong et al., 2011). However,
infection in vivo seems to be very weak. Indeed, HCV RNA was undetectable in animal
sera as well as anti-HCV antibodies (Amako et al.,, 2010). In addition the use of these
animals raised similar concerns than for chimpanzees since these animals are rare,
inducing high costs and small cohorts.
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11.5.6.2- Humanized animal models

Mice and rats are commonly used animal models in laboratories. However these animals
do not support HCV infection, as the murine CD81 and OCLN have been identified as
responsible for restricting species tropism (Ploss et al., 2009).

11.5.6.2.1- Genetically humanized mouse model

In 2011, a study showed that transduction of Rosa26-FLuc mice with adenoviral vectors
encoding for the two receptors mediating the host tropism, CD81 and OCLN, allowed
viral entry (Dorner et al, 2011). This model was suitable to evaluate neutralizing
antibodies, cellular pathways used for entry as well as vaccine candidates. However,
HCV was not able to replicate and no viral particles were released in serum, likely due to
the innate and adaptive immune responses in mice but also the lack of some proviral
factors (Figure 16a).

To overcome these restrictions, the same group developed a new Rosa26-FLuc mouse
system, combining the expression of HCV entry factors and disruption of a receptor
involved in innate immunity (STAT-/- mice)(Dorner et al., 2013). In these mice, the entire
HCV life cycle could be recapitulated, even if the production of infectious particles was
low. Despite the lack of innate immune responses, some immunological features could
be detected in the infected mice, such as liver infiltration of IFN-producing NK cells and
CD8+ T cells, which is consistent with observations made in patients. Another study
compared different murine strains and described that the host genetic background plays
a key role in the ability of these models to maintain a chronic HCV infection (Figure
16b).

However, the high level of transgene expression and the induction of immune responses
against adenoviral transduction could bias this model.

11.5.6.2.2- Xenograft-derived humanized mice model

Mice model harboring a humanized liver via xenotransplantation offers the possibility to
study human hepatocytes in vivo. A widely used model is an immunodeficient SCID
mouse that overexpresses a lethal transgene in hepatocytes, the urokinase-type
plasminogen activator (uPA) (Billerbeck et al., 2013, Mailly et al., 2013). In this system,
there is no control for the destruction of mouse hepatocytes, thus engraftment of human
hepatocytes into the mouse liver is only possible during the first weeks of life
(Meuleman et al., 2005, Vanwolleghem et al., 2010). These mice are able to efficiently
support both HCVcc and serum-derived HCV particles infection (Figure 16c), which can
be sustained for up to 10 months (Mercer et al,, 2001, Vanwolleghem et al., 2010). This
model also permitted to validate in vivo the effect of some neutralizing antibodies,
antiviral compounds or DAAs.

More recently, another humanized liver mouse model, Fah-/- Rag2-/-,y-c'/- (FRG), has
been developed. These mice are immune-deficient by introducing mutations in the Rag2
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recombinase gene and in the y-chain of the interleukin receptors (Billerbeck et al., 2013,
Mailly et al., 2013). In addition, they do not produce the tyrosine catabolic enzyme
fumarylacetoacetate hydrolase (Fah), which results in the accumulation of toxic
metabolites that induce liver degeneration (Grompe et al.,, 1993, Grompe et al.,, 1995).
This degeneration allows the engraftment of human hepatocytes into the mouse livers
and the development of a humanized livers (Bissig et al., 2007). Interestingly, this model
allows the control of liver degeneration by using the 2-(2-nitro-4-
trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) that interferes with the
production of toxic metabolites and prevents hepatocytes degradation (Grompe et al,,
1993, Grompe et al, 1995). Thus, in contrast to the uPA-SCID model, this efficient
control system makes it possible to engraft liver mice at any time during their adult life.
This model was shown to support infection with HCVcc but also with serum derived-
HCV particles (Bissig et al., 2010). It allowed studying basics aspects of HCV life cycle
and notably the composition and biophysical properties of particles produced as well as
the use of entry receptors, which highlighted important differences between this model
and the HCVcc model (Calattini et al., 2015).

Finally, some models of double humanized mice (liver and immune systems), such
AFC8-huHSC/Hep mice (based on the Balb/c Rag2-/- y-c-/- (BRG) mice model) or the
Fah-deficient NOD.Rag2/IL2gRnull (FRGN) mice, have emerged (Bility et al, 2014,
Washburn et al.,, 2011, Wilson et al., 2014). These models allow the engraftment of
human liver and immune system components, thus facilitating the study of human
immune responses to HCV infection.

Overall, humanized mouse models clearly constitute the most advanced model to study

HCV infection in a natural environment, but there remain important challenges, since
the immune system is not fully functional.
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Figure 16: HCV humanized mice model. (a) Immunocompetent luciferase reporter mice become susceptible to
entry by adenoviral or transgenic expression of human receptors. Bioluminescence imaging could monitor infection
with a genome activating luciferase expression. (b) Genetically humanized mice recapitulating all steps of the HCV life
cycle are based on expression of human HCV receptors in STAT1-deficient animals. (c¢) Human liver-chimeric mice are
based on mice with an injured liver being replaced by human liver. (Catanese & Dorner, 2015)
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I1I- HCV life cycle and molecular virology

I11.1. Classification and genetic variability

Following sequencing and comparative analysis of the whole HCV genome, HCV was
classified in the Flaviviridae family (figure 17) (Kapoor et al, 2011) as its genetic
organization and polyprotein structure resembled that of pestiviruses and flaviviruses,
two other genus of this family (Choo et al,, 1991). HCV seems closer to pestiviruses than
to flaviviruses regarding the sequence similarity and the glycosylation pattern of its
glycoproteins. However, because of the low amino acid and nucleotide sequence
homology it was classified in a third genus within the Flaviviridae. A fourth genus,
Pegivirus, was added in Flaviviridae , more closely related to Hepacivirus (figure 17).

Helicase o RNA polymerase
Flavivirys

““ N
S voeey | | g
— @) | |
= YN @) | A\ c%&,o
7 MOHEN . [ o Y%9L
. NS > |zl o (] ° 7.
O, 22 | o @ e K v o)
Lo = = & ,ﬁ‘g%g 2 n
% 3 N maLs ¢ b
H N
01 sni

Figure 14: Phylogenetic analysis of Flaviviridae family based on helicase (a) or RNA polymerase (b). (Kapoor et al,,
2011)

Like all RNA viruses, HCV shows a characteristic high level nucleotide diversity since its
RNA-dependent RNA polymerase is highly error-prone and lacks a 5’-3’ exonuclease
proofreading activity (Steinhauer et al.,, 1992). Up to 1.4 to 1.9x10-3 substitutions per
nucleotide and year (Ogata et al., 1991) has resulted in diversification into distinct
genotypes, subtypes and quasi-species, allowing rapid virus adaptation to the host
responses.

The comparison of two highly conserved domains in its genome, i.e., core and NS5B, are
used to determine genotypes and subtypes (figure 18) (Margeridon-Thermet & Shafer,
2010). HCV isolates are classified in 6 major genotypes, with different locations around
the world (figure 19). Each genotype, except genotype 5, is subdivided into numerous
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subtypes, resulting in more than 100 in total. Genotypes differ from each other by 31%
to 33% at the nucleotide level, subtypes about 20% to 25% (Simmonds et al., 2005).
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Figure 18: Different genotype and subtype of HCV.
Phylogenetic tree of the relationship among HCV genotypes. These
relationships are based on nucleotide sequences of the NS5B
region. (Margeridon-Thermet & Shafer, 2010)
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Figure 19: HCV genotype by location. https://www.ahcmedia.com/articles/139945-hepatitis-c-infection-for-
primary-care-providers
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I11.2- Viral particle structure and composition

II1.2.1- Infectious particles

HCV is an enveloped virus that is heterogeneous in morphology and size of particles.
Indeed, immunocapture of particles with E2 antibodies reveals particles of about 50-
60nm and about 80-90 nm (Catanese et al., 2013, Piver et al,, 2017). They do not display
a symmetrical arrangement (figure 20) (Piver et al., 2017). Therefore, there is actually
no clear model of HCV particle structure. Similarly, the arrangement of the structural
proteins onto the virion surface remains elusive. HCV particles harbor on their
membrane the two envelope glycoproteins, E1E2. This envelope surrounds a
nucleocapsid, composed of the multimerized core protein and the viral genome, namely
a positive stranded RNA.

Figure 20: Electron
micrographs of particles
from serum of HCV-
infected patients. Adapted
from (Piveretal, 2017).

One particularity of HCV (shared with pegiviruses particles) is the very low and
heterogeneous buoyant density of its viral particles, as determined by density gradient
analysis. Indeed, in sera from patients or infected animals, most particles are found in
densities between 1.00 and 1.10 g/mL (Andre et al.,, 2002, Nielsen et al., 2006) (figure
21). This density is mainly due to the very distinct lipid compositions, as HCV particles
are able to associate with serum lipoproteins (see part I). Indeed, serum-derived HCV
particles have been found to be associated with apoB, apoC-I and apoE (Diaz et al., 2006,
Thomssen et al., 1992).

HCVcc infectious particles are found in densities between 1.00 and 1.15g/mL; yet, in
contrast to serum-derived HCV particles, HCVcc RNA, representing physical particles, is
found in densities between 1.1 and 1.2g/mlL, indicating their low specific infectivity
(Dao Thi et al., 2012, Gastaminza et al., 2006, Lindenbach et al., 2005, Merz et al., 2011)
(figure 20). These HCVcc particles are associated with apoC-I (Meunier et al., 2008) and
apoE . However, their association with apoB remains unclear (Boyer et al, 2014,
Catanese et al, 2013, Merz et al, 2011). The difference between HCVcc and HCV
particles derived from patients’ sera is attributed to some defective lipoprotein
metabolism pathway in Huh7 cells (Icard et al., 2009, Meex et al.,, 2011, Merz et al,,
2011), which will be discussed in Results section. To complement on this point, it was
shown that long-term culture of Huh7.5 with human serum could restore the secretion
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of VLDL pathway (Steenbergen et al., 2013) and could increase the production of JFH1
infectious particles, with particles associated to apoB and more lipidated.

Interestingly, HCV-derived from humanized liver mice, called HCVfrg, have a lower
density than HCVcc and display two peaks of viral RNA (figure 21), suggesting an
intermediate maturation between HCVcc and HCV particles found in patients’ sera
(Calattini et al., 2015). In addition, it was observed that the most HCVfrg particles are
enriched in apoE.
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Figure 21: Density profile of RNA and infectivity of
different HCV particles. In dotted lines is represented
the infectivity and in full lines the physical particles
assessed by RNA.

Because of these different lipogenic properties, HCV particles are sometime called lipo-
viro-particles.

Interestingly, the association of HCV with lipoproteins is still poorly understood and two
models of association have emerged in the literature. The first model consists of a single

49



particle model, with HCV particle sharing its envelope with an LDL particle (figure 22
right panel). The second model consists of (at least) two particles, with an HCV particle
interacting with lipoprotein(s), such as HDL or LDL (figure 22 left panel). Indeed, apoE
was found to interact with E2 (Boyer et al.,, 2014, Lee et al., 2014) and could mediate the
interaction of lipoprotein with viral particles.

Recent images of particles, obtained by electron microscopy (Piver et al., 2017) argues
in favor of the single particle model, although further experiments have to be done to
confirm this point.

Figure 22: Model of HCV particles. In left a two-article model, which proposes that HCV
particles and serum lipoproteins transiently interact. In right single particle model for LVP
structure, illustrating an HCV particle sharing an envelope with an LDL particle. Adapted
from (Lindenbach & Rice, 2013)

II1.2.2- Non-infectious particles

II1.2.2.1- Exosomes

Exosomes are vesicles ranging from 40-100nm with a density of 1.13-1.19 g/mL that are
released by a variety of cultured cells. They are formed in multivesicular bodies (MVB)
and are released through the fusion of MVB with the plasma membrane (Harding et al,,
1984, Pan et al., 1985).

The first description of a link between exosomes and HCV was made in 2004. Indeed, it
was discovered that exosomes collected from patients’ plasma contain viral RNA. In
addition, it was found that in presence of CD81, E1E2 glycoproteins could be secreted in
exosomes (Masciopinto et al.,, 2004). Since this discovery, several studies investigated
the role of these exosomes in the life cycle of the virus. Some reports indicated that the
exosomes containing viral genomes can transmit infection to naive cells, as shown using
either subgenomic (Longatti et al,, 2015) or full-length (Ramakrishnaiah et al.,, 2013)
HCV RNAs. However, in the latter case, even if transmission occurs, it is quite low
compared to virion infection although a major difficulty is to separate virions from the
exosomes. It was also shown that HCV-infected patients also express negative sense HCV
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RNA (replication intermediate viral RNA), in association with Ago2, HSP90, and miR-
122 (Bukong et al.,, 2014).

Finally, it was found that HCV genomes contained in exosomes could be transferred
from infected cells to non-permissive plasmacytoid dendritic cells (pDCs), leading to
their activation (Dreux et al, 2012) and thus the secretion of interferon. It was also
demonstrated that HCV associated with exosomes are less sensitive to neutralizing
antibodies (Liu et al., 2014), suggesting a role in exosomes in immune responses with
either pro- or antiviral functions.

II1.2.2.2- Subviral particles

The expression of E1E2 glycoproteins in cells secreting lipoproteins is sufficient to
induce their secretion as particles (Icard et al., 2009). These particles have a density of
about 1.06-1.08g/mL. They are found to be associated with apoB and were named
empty lipo-viral particles (eLVP) as it was suggested that they could correspond to lipo-
viral particle without nucleocapsids. Their role remains elusive although it was
proposed that they could serve as a decoy against neutralizing antibodies.

I11.2.2.3- Naked nucleocapsids

Non-enveloped nucleocapsids were detected in the plasma of HCV-infected patients
(Maillard et al.,, 2001). These particles have a density between 1.32 to 1.34 g/mL and are
heterogeneous in size. Again, the role of these particles is poorly characterized although
it was proposed that they could play a role in HCV pathogenesis or immune responses.
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Figure 23: Non-infectious particles of HCV and their density.
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I11.3- Viral genome and proteins

II1.3.1- Viral RNA

The HCV genome is a single positive strand RNA of 9.6kb that encodes a large
polyprotein. Two untranslated regions (UTR) at the 5’ and 3’ extremities of the viral
RNA flank the Open-Reading-Frame (ORF).

The ORF encodes a polyprotein of around 3,000 amino acids that is then cleaved to give
rise to 10 structural and non-structural proteins. The first part of the polyprotein is
cleaved by the cellular signal peptidase (see part III.3.2) whereas the second part is
cleaved by the viral proteases. The individual proteins are, in order, 3 structural
proteins: core, E1 and E2, which are then followed by the non-structural proteins: p7,
NS2, NS3, NS4A, NS4B, NS5A and NS5B (figure 24).

The 5’ UTR (341 nucleotides) contains structural features that are conserved among
genotypes. It contains 4 structural domains. Domains I and II are essential for RNA
replication even if the entire UTR is required to ensure correct RNA synthesis (Kim et al,,
2002). Translation is cap-independent and requires an IRES sequence (Tsukiyama-
Kohara et al., 1992) constituted by the domains II to IV as well as the beginning of the
polyprotein-encoding sequence (Honda et al., 1996). The HCV IRES is critical to recruit
the ribosomal subunit 40S and for initiating translation that requires similar initiation
factors (elF4 A, B, F) (Spahn et al.,, 2001). Liver-specific miR-122 micro-RNA has been
shown to enhance translation and replication (Fukuhara et al., 2012, Jopling et al., 2005)
and contributes to the restricted tissue tropism of HCV. It has been suggested that miR-
122 binding to 5" HCV UTR stabilizes viral RNA (Shimakami et al.,, 2012, Wilson et al,,
2011).

The 3’ UTR (200-235 nucleotides) is divided in 3 distinct regions. The first domain is a
short variable domain followed by a short polyuridine/ polypyrimidine (polyU/UC)
tract. The third domain is a highly conserved domain named 3’X-tail that contains three
hairpin structures essential for RNA replication. This 3’ UTR is critical for translation,
through the stimulation of IRES (figure 24).
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Figure 24: HCV ORF. a. HCV is a positive, single-stranded RNA virus that encodes a large polyprotein of about
3,000 amino acids from a single open reading frame (ORF). The ORF is flanked by two untranslated regions
(UTRs), which contain signals for viral protein and RNA synthesis, and for the coordination of both processes.
Translation is initiated through an internal ribosomal entry site (IRES) in the 5 UTR.b. In polyprotein
maturation, the core-E1, E1-E2, E2-p7 and p7-non-structural 2 (NS2) junctions are cleaved by one or more
cellular signal peptidases to yield the structural proteins of the virus. The NS2-NS3 proteins undergo
autocatalytic cleavage, which releases the NS3 serine protease. (Arzumanyan et al., 2013)

II1.3.2- Polyprotein processing by the cellular signal peptidase

As mentioned above the first part of the polyprotein is cleaved by the cellular signal
peptidase, leading to the release of core, E1, E2, and p7. This cleavage is supposed to
occur during the translation of the polyprotein in the luminal side of the ER, which is the
classical way of action of this protease. However, some viral precursors, resulting for a
delayed cleavage, are detected within infected cells (see below). This might be due to a
regulation of the cleavage by protein sequences close to the cleavage sites and provides
additional functions to HCV proteins, as discussed below.

111.3.2.1- Protein organization

HCV proteins of HCV are released through proteolytic cleavage by the ER signal
peptidase (SP) although there are few studies concerning this protein in mammalian
cells. SP was first purified in 1986 from dog pancreas (Evans et al, 1986) and was
identified as a protein with five subunits (figure 25). SPC 22/23 is a glycoprotein
subunit, but its role in cleavage activity remains unknown. SPC18 and SPC21 are
supposed to contain the peptidase active site with serine, histidine, and aspartic acid
residues important for catalysis that usually occurs close to the ER membrane, in the
luminal side (Paetzel et al., 2002). These 3 subunits span the membrane once, with their
C-terminal domain in the ER lumen. The two other subunits SPC12 and SPC25 might
play additional roles, as their homologues in yeast are not essential for SP cleavage
activity (Fang et al., 1996). Indeed, these subunits could interact with the translocon,
stabilize the complex or increase the rate of cleavage. These two subunits are two
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transmembrane proteins with the N- and C-terminal extremities facing the cytoplasm
(figure 25).
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Figure 25: Membrane topology of ER signal peptidase subunits. The ER signal peptidase complex consists of five
polypeptides, two of them (SPC21 and SPC18) are weakly homologous to the bacterial, chloroplast, and mitochondrial
type I SPases. The active site is located near the membrane surface on the lumenal side of the membrane. (Paetzel et
al.,, 2002)

I11.3.2.2- Catalytic mechanism of SP

This mechanism was studied in yeast, using biochemical and mutagenesis analysis. It
was shown that a Ser-His-Asp triad, like in classical serine proteases (blue and green
residues in figure 26), or a Ser-His dyad, like the Ser-Lys dyad of bacterial SP (blue), are
responsible for SP catalytic activity (figure 26) (Chen et al., 1999).
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Figure 26: Sequence alignment of ER signal peptidase. Adapted from (Paetzel et al., 2002)

Sequences analysis and mutagenesis have led to the formulation of the (-3,-1) rule for
the signal peptidase cleavage of its substrates (von Heijne et al., 1989). Indeed, it was
shown that proteins are cleaved only when Ala, Gly, Ser, Cys or Pro residues are found in
position 1 and Ala, Gly, Ser, Cys, Thr, Val, Ile, Leu or Pro at position 3 (Dalbey et al,,
1997).
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I11.3.2.3- Signal peptidase and HCV

Interestingly, signal peptidase mediated cleavage is involved in the proteolytic
processing of several viral polyproteins, such as flaviviruses, hantaviruses and also HCV.
Furthermore, besides the cleavage of the first part of the HCV polyprotein, it was
demonstrated that the SPC12 subunit, which may be not essential for SP cleavage
activity, plays a role in the assembly of infectious particles (Suzuki et al., 2013). Indeed,
it was shown that this subunit allows the interaction between E2 and NS2.

In addition, a delayed cleavage between E2 and p7 and also between p7 and NS2 is
generally detected in most HCV strains (Carrere-Kremer et al., 2002, Lin et al., 19944,
Scull et al, 2015, Shanmugam & Yi, 2013, Steinmann et al, 2007), suggesting an
important regulation of the cleavage by virus sequences. In addition, and intriguingly,
virus mutants with an IRES between E2 and p7 or between p7 and NS2 are impaired of
producing infectious particles (Jones et al., 2007, Shanmugam & Yi, 2013, Stapleford &
Lindenbach, 2011), suggesting again a key role of this protease and/or its activity in the
viral life cycle.

The cleavage between E2 and p7 has been studied in this thesis (see Results section).

II1.3.3- Polyprotein processing by viral proteases

The second part of the polyprotein is cleaved by NS2ZNS3 and NS3. Indeed, NS2NS3 has
an autoprotease activity allowing the release of NS3, which the viral protease that allows
release of NS3, NS4B, NS5A and NS5B (figure 24).

Little is known about the mechanism of cleavage between NS2 and NS3. It is supposed to
occur at the ER membrane via the autoprotease activity of the NS2NS3 precursor in a
very efficient way.

After release of NS3, the activity of the NS3 N-terminal part acts as a serine protease that
allows the release of its co factor NS4A as well as of NS4B, NS5A and NS5B. The
proteolysis of the NS3/4A junction is believed to be a co-translational cis-cleavage
whereas the other cleavage events could be achieved by the NS3-4A protease in trans
(Bartenschlager et al., 1994, Failla et al., 1994, Lin et al,, 1994b, Tanji et al., 1994a, Tanji
et al.,, 1994b). It appears that processing at the NS5A/NS5B junction occurs more rapidly
than those at the NS4A/NS4B and NS4B/NS5A junctions since rather stable NS4A-NS4B-
NS5A processing intermediates can be detected in infected cells (Bartenschlager et al,,
1994, Failla et al., 1994, Lin et al.,, 1994b).
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Figure 27. HCV proteins. Adapted from (Bartenschlager et al., 2013)

II1.3.4- Structural proteins

111.3.3.1- core protein

The Core protein is the structural protein composing the viral nucleocapsid. It is first
released from the polyprotein as an immature form of 23kDa. Then its C-terminal
anchoring domain is cleaved by the signal peptide peptidase to allow the release of the
mature form of the core protein of about 21 kDa (Okamoto et al,, 2008) (figure 27).
Before processing, this C-terminal domain is notably required for the translocation of E1
into the ER lumen.

Core is composed of three distinct domains named DI and DII and DIII. DI is constituted
by the first 118 amino acids of the protein and is mainly hydrophilic. This domain is
involved in nucleocapsid assembly and interacts with the 5’UTR of the viral RNA (Klein
et al, 2005). In contrast, DII is hydrophobic and composed of two amphipatic helices
(Boulant et al,, 2005). The properties of this domain confer the core protein the ability to
associate with cellular membranes such as that of lipid droplets (Barba et al.,, 1997,
Miyanari et al, 2007). In parallel, DII is also a structural chaperone for the correct
conformation of the DI. The basic domain DIII is cleaved by signal peptide peptidase to
give the mature protein and acts as a signal sequence for targeting E1 to the ER
membrane (McLauchlan et al., 2002).

Several evidences also showed that the role of Core is not strictly limited to a structural
role as it also induces the alteration of the metabolism of lipids or the regulation of
several cellular pathways involved on liver pathogenesis (Jackel-Cram et al., 2007).

As a nucleocapsid component, core is able to form dimers and then oligomers (Ai et al,,
2009). It seems that core oligomers of core could be formed before the cleavage by
signal peptide peptidase, suggesting that oligomeric core complex formation proceeds
prior to or upon core attachment to membranes (Ai et al., 2009).
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111.3.3.2- E1 and E2 glycoproteins

HCV glycoproteins E1 and EZ are type 1 transmembrane proteins, with a large
extracellular domain (160 aa for E1 and 334 aa for E2Z) and a single C-terminal
transmembrane domain (TMD) of 30 amino acids for E1 and 28 amino acids for E2.
(figure 28) (Helle et al., 2007).

E1
N1 N2 N3 N4
(1965209)  (234) (305)
192 353 383
E2
NI N2 N3 N& N5 N6 N7 N8 N9 N1 N1t
(417)(423){430)(448) (476) (532) (540) (556) (576) (623) (645)

384 718 746

Figure 28: Schematic representation of N-glycosylation sites in HCV glycoproteins E1 and E2. The mutants are
named with an N followed by a number relating to the position of the glycosylation site in the sequence. The numbers in
parentheses correspond to the positions of the glycosylation sites in the polyprotein of reference strain H (GenBank
accession no. AF009606). Epitopes recognized by MAbs 9/27, 3/11, and 1/39 are indicated as dark boxes. Amino acid
residues 523, 530, and 535, involved in the formation of the conformation-dependent epitope of H48, are indicated as
black bars. TMD, transmembrane domain. Adapted from (Helle et al., 2007)

After their release, E1 and E2, and more precisely their transmembrane domains are
matured. During translocation into the ER and before protein cleavage, the two stretches
form a hairpin structure into the ER membrane. Cleavage of the E1-E2 and E2-p7
junctions induces E1 and E2 transmembrane rearrangements: the second hydrophobic
stretch unfolds toward the cytosol to form a single membrane-spanning domain with
the first hydrophobic stretch (figure 29) (Cocquerel et al.,, 2002). This rearrangement
allows the association of E1 and E2 as heterodimer complex.
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Figure 29: Model of the behavior of the TM domains of HCV envelope glycoproteins E1 and E2 during the early
steps of their biogenesis. Adapted from (Cocquerel et al., 2002)

In addition, the E1 and E2 glycoproteins are highly glycosylated, with 5 glycosylation
sites present in for E1 and 11 sites in E2 (figure 28). These glycosylations are N-linked
high mannose type oligosaccharides (Goffard & Dubuisson, 2003, Zhang et al., 2004).

In cell lysates, E1E2 are mainly glycosylated by high-mannose type glycans but it seems
that on the surface of the particles both high mannose and complex glycans are present
(Vieyres et al., 2010). These glycosylations have multiple roles. N-glycosylation sites has
been shown to be important for the correct folding of the glycoproteins, for interaction
with cellular receptors and protection against neutralizing antibodies (Goffard &
Dubuisson, 2003, Helle et al., 2007, Helle et al., 2010).

Two structures of the core domain of E2 were resolved recently (Khan et al,, 2014, Kong
et al, 2013). The E2 ocre is a monomer with a compact and globular architecture
consisting of immunoglobulin-like fold and a domain with a central 3 sheet surrounded
by loops, short helices and two {3 strands. In the core domain of HCV E2, many regions
lack regular secondary structure and most of the N-linked glycans are largely disordered
In addition, the structure of the N-terminal extremity of E1 was also obtained (El Omari
et al, 2014). This protein is arranged as a disulfide linked, domain swapped
homodimer. It is composed of a single long a-helix sandwiched by two and three
antiparallel 8 strands. The first two 3 strands make a hairpin and are involved in domain
swapped and homodimer formation.

E2 mediates the attachment and binding to cellular receptors. Indeed, E2 was
demonstrated to specifically bind two particular cellular receptors: the scavenger
receptor B1 (SR-B1) and the CD81 tetraspanin. The hypervariable region I (HVRI) of E2
is essential for the attachment of viral particles to SR-BI (Bankwitz et al., 2010).
Interaction of E2 with CD81 was highly studied (Clayton et al., 2002, Drummer et al,,
2006, Flint et al.,, 1999, Owsianka et al,, 2001, Owsianka et al., 2006, Patel et al., 2000,
Roccasecca et al., 2003, Witteveldt et al., 2009) as it may play a key role in HCV entry. It
was found that the interaction occurs via the large extracellular loop of CD81. In
contrast, the role of E1 during binding and cellular entry is poorly characterized. It
seems that E1 is not an attachment protein but is involved in the regulation of E2
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binding to receptors (Russell et al., 2009, Wahid et al., 2013). Furthermore, E1 and E2
have been shown to be involved in membrane fusion (Drummer et al., 2007, Lavillette et
al.,, 2007).

Finally, E2 is able to interact with apoE (Boyer et al., 2014, Lee et al., 2014), suggesting
that E2 plays a key role in the association of viral particles with lipoproteins.

II1.3.4- Non-structural proteins

111.3.4.1-p7

This protein involved in assembly and secretion of viral particles is presented in the part
IV.

111.3.4.2- NS2

NS2 is a 23kDa non-structural protein. The most recent topology model shows that this
protein is composed of 3 transmembrane domains and a cytosolic cysteine protease
domain (Jirasko et al., 2010). The structure of its protease domain was resolved (Lorenz
et al.,, 2006) as well as the structure of the two first transmembrane domain (Jirasko et
al, 2010). Whereas its N-terminal extremity is cleaved by the cellular signal peptidase,
its C-terminal extremity is released through an auto-cleavage (Reed et al., 1995). NS2 is
dispensable for replication but it plays a central role in assembly as it interacts with
multiple viral proteins, including E2, p7, NS3 and NS5A (Jirasko et al., 2008, Jirasko et al.,
2010, Ma et al, 2011, Popescu et al, 2011, Shanmugam & Yi, 2013, Stapleford &
Lindenbach, 2011) (figure 30).

E2 j————% £1 |

NS5A |

Figure 30: Viral proteins interacting with NS2.
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111.3.4.3- NS3-4A

NS3 is a 70kDa protein with two major functions: a serine protease activity encoded by
its N-terminal domain and a helicase and NTPase activity encoded by its C-terminal
domain. NS3 associates with NS4A, which allows the anchoring of the complex onto the
ER membrane in order to form a competent protease complex. This protease cleaves the
second part of the viral polyprotein: namely NS3-4A, NS4A-4B, NS4B-5A and NS5A-5B.
In addition to the viral proteins, NS3/4A is also able to cleave the RIG-I adaptor MAVS
(Meylan et al., 2005) in order to interfere with innate immunity of the host.

In addition, NS3 is essential for RNA replication. Via its helicase activity, it is involved in
RNA unwinding (Lindenbach et al.,, 2007). This function is dependent of the NTPase
activity that hydrolyzes ATP to generate energy (Gu & Rice, 2010).

NS3 is also important for virus assembly. Indeed, mutations in the helicase domain that
enhance RNA replication may also impair virus assembly, indicating that NS3
orchestrates both functions in a tight coordinated fashion (Chatel-Chaix et al,, 2011, Ma
et al., 2008). It has been suggested that the NS3-NS4A helicase activity is involved in
RNA packaging during nucleocapsid assembly (Lindenbach & Rice, 2013) .

111.3.4.4-NS4B

NS4B is a four transmembrane-containing 27kDa protein, with a N-terminal domain
oriented either toward the lumen or toward the cytosol and a cytoplasmic C-terminal
domain. NS4B is critical for RNA replication, it is able to oligomerize and interacts with
other viral proteins to alter intracellular membranes. It was demonstrated that the
NS4B-NS5A precursor is important for the formation of double membrane vesicles,
essential for HCV replication (Gouttenoire et al., 2014, Paul et al., 2011, Romero-Brey et
al., 2015b). In addition, NS4B is able to interact with NS5A (Biswas et al., 2016) as well
as viral RNA (Einav et al., 2008). Moreover, the terminal domains of NS4B both harbor
important functions for replication. Although its N-terminal domain possesses a NTPase
activity that generate energy essential for replication, its C-terminal domain is important
for NS5A hyperphosphorylation (Jones et al., 2009). Similar to NS3, NS4B also plays a
key role during virus assembly independently of its function in RNA replication (Han et
al,, 2013, Jones et al., 2009).

111.3.4.5-NS5A

NS5A is a phosphoprotein that is composed of 3 functional domains. The domain 1 is
essential for RNA replication. The other domains are critical for virus assembly and
replication. The domain 2 harbors critical residues for RNA replication (Tellinghuisen et
al., 2008b) and the domain 3 is likely important for virus assembly through interaction
with Core during virus assembly (Appel et al,, 2008, Masaki et al., 2008). Two major

60



forms of this protein co-exist: a phosphorylated form of 56 kDa and a
hyperphosphorylated form of 58 kDa (Grakoui et al., 1993). Several residues have been
identified as positions for phosphorylation. NS5A is found associated to ER membrane
but also at the surface of lipids droplets (Miyanari et al., 2007).

NS5A interacts with PI4KIlla, this interaction being essential for HCV replication. NS5A
is also able to stimulate activity of this kinase (Reiss et al., 2011).

NS5A is a central player in the transition between replication and assembly, possibly via
its phosphorylation status (Lindenbach & Rice, 2013, Tellinghuisen et al., 2008a). NS5A
is involved in assembly by transferring the viral genome to the site of encapsidation
(Boson et al., 2017).

Finally, it has been proposed that NS5A could interact with apoE, allowing assembly and
secretion of the viral particles (Benga et al,, 2010, Cai et al., 2016, Cun et al.,, 2010, Lee et
al, 2014, Zhang et al.,, 2016).

111.3.4.6- NS5B

NS5B is the HCV RNA-dependent RNA polymerase. This protein of 68 kDa is inserted
into the ER membrane via its unique alpha helical transmembrane domain (Moradpour
et al,, 2007). A large cytoplasmic domain of around 500 amino acids constitutes a highly
conserved enzymatic domain involved in RNA synthesis (Bressanelli et al., 1999).
However, this enzyme has a million times lower fidelity than prokaryotic or eukaryotic
RNA polymerase since it misses any exonuclease or proof reading activities.

Like many other nucleotides polymerases, NS5B can be compared to a “right hand” with
three distinct domains: fingers, thumb and palm (Bressanelli et al., 1999). Contacts
between the fingers and the thumb domains form a gap allowing the RNA strand to
access to the palm. This domain, which lines up with dTTPs, constitutes the active site of
the polymerase and synthesizes new RNA strands. It has been shown that mutations
that influence the interactions and contacts between the thumb and fingers domains
may significantly increase replication efficiency and thus, virus production (Schmitt et
al, 2011). Several viral or cellular proteins regulate the activity of NS5B as NS5A or the
cellular cyclophilins that facilitate the NS5B-RNA interactions (Shirota et al., 2002,
Watashi et al., 2005).
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II1.3.5- The HCV life cycle
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Figure 31: Overview of HCV replication cycle in hepatocytes. The viral particle is represented by a red
disk. Viral entry involves a long list of receptors, it occurs by clathrin-mediated endocytosis and terminates
with the low-pH induced fusion between viral and endosomal membranes. The released genome is translated
into a single polyprotein, which is processed by host and viral proteases into the individual mature proteins.
Replication of the viral RNA occurs in vesicles formed by modified ER membranes. Assembly of new virions
also occurs at the ER membrane, but in close proximity to lipid droplets. Viral particles bud within the ER
lumen and are released via the secretory pathway. Adapted from (Vieyres et al., 2014)

I11.3.5.1- HCV entry

HCV particles are transported by the bloodstream and come into contact with the
basolateral surface of hepatocytes. Initial attachment of HCV particles occurs via binding
to heparan surface proteoglycans (LeFevre & Force, 2014, Shi et al.,, 2013) or SR-BI (Dao
Thi et al,, 2012) (figure 32). This initial contact seems to be mediated by apoE rather
than by HCV glycoproteins. HCV particles are also able to interact with the LDL-R but it
seems that this interaction leads to non-productive entry (Albecka et al., 2012). It was
also shown that only low density viral particles could bind to LDL-R, suggesting that
interaction with this receptor is due to the particular heterogenicity of HCV particles
(Molina et al., 2007). Several studies identified apoE as a main mediator of interaction
between LDL-R and HCV particles (Hishiki et al., 2010, Owen et al., 2009). More recently
it was also demonstrated that HCV particles could interact with VLDL receptor (VLDL-R)
that is not expressed in cell lines used in the majority of the studies, due to the condition
of culture (Ujino et al., 2016). The use of VLDL-R might be redundant with the use of
LDL-R (Yamamoto et al., 2016).
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The steps of HCV entry following the initial attachment of particles involve several
cellular factors; yet, the role of each factor remains poorly understood. SR-BI plays a key
role in the post binding steps, and it is able to interact with E2 (interaction regulated by
HVR-I). One hypothesis is that SR-BI could remove lipidation of particles, via its lipid
transfer activity. Another possibility is that SR-BI could prime the particles for
interaction with CD81. Indeed, E2 of HCV is able to directly interact with this
tetraspanin, while viral particles cannot (Evans et al,, 2007). This interaction promotes
the activation of Epidermal Growth Factor Receptor (EGFR) (Diao et al,, 2012, Lupberger
et al,, 2011) and associated guanosine triphosphatases such as H-Ras (Zona et al., 2013),
which allows CD81 lateral mobility and subsequent association with claudin-1 (CLDN1),
leading to internalization of virions with CD81-CLDN1 complexes (Farquhar et al., 2012)
and to cell entry (figure 31). In addition, it was also shown that E-cadherin (Li et al,,
2016) is involved in HCV entry, probably by regulating the pool of CLDN1 available for
interaction with CD81 (figure 32). Interestingly, the localization of CLDN1 in tight
junctions is not required for interaction with CD81 (Harris et al.,, 2010, Harris et al,,
2008).

In addition to CLDN1, Occludin (OCLN), another tight junction protein, is essential for
HCV entry (Benedicto et al., 2009, Sourisseau et al., 2013) although its role remains
elusive. It seems that, like for CLDN1, its localization in tight junction is not required for
HCV entry (Fletcher et al., 2014).

The cholesterol transporter Niemann-Pick C1-like 1 (NPC1L1) and the transferrin
receptor 1 have also been demonstrated as host factors involved in particle entry; yet,
the precise role of either protein remains poorly understood (Martin & Uprichard, 2013,
Sainz et al.,, 2012).

Following interactions with these factors, HCV particles are endocytosed by a clathrin-
dependent process (Blanchard et al, 2006). After internalization, virions are
transported to endosomes. Acidification of the endosomal compartment is thought to
trigger E1E2 conformational changes that induce the fusion of the viral membrane with
the endosomal membrane (Op De Beeck et al., 2004, Sharma et al,, 2011).
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Figure 32: HCV entry. Following attachment to the cell surface, which is mediated by different molecules, including
heparan sulfate proteoglycans and SR-BI, the E2 surface glycoprotein harbored by HCV particles interacts with CD81
(engagement), which promotes activation of EGFR and associated guanosine triphosphatases such as H-Ras and
allows CD81 lateral mobility and subsequent association with CLDN1 (small orange arrows), leading to
internalization of virions and to cell entry. On the other hand, it is proposed that E-cadherin regulates a pool of
available CLDN1 molecules for their TJ localization or surface distribution (green arrows). Adapted from (Denolly &
Cosset, 2017)

111.3.5.2- HCV replication

HCV replication is mediated after the release of the genome and the translation of the
polyprotein. The viral genome is replicated through a negative strand intermediate
(Lohmann, 2013).

HCV induces massive rearrangements of the ER membrane in order to create favorable
microenvironments for its replication: this is referred to as the “membranous web”. It
was demonstrated that it is mainly constituted by double-membrane vesicles (DMV)
(Romero-Brey et al., 2012) (see part V.1.2).

The incoming positive-stranded viral RNA serves as a template for the synthesis of a
single, negative-stranded RNA molecule that remains base-paired with its template to
form a double-stranded RNA(Ai et al., 2002). This so-called replicative form (RF) is then
copied multiple times to generate progeny positive-stranded RNAs that can be used for
translation, synthesis of new RF or packaging into virus particles (reviewed by
Bartenschlager et al. 2004). The main actors involved in HCV RNA replication are the
non-structural proteins NS3 helicase, which is addressed to the membrane by its
cofactor NS4A and responsible for unwinding RNA, and the NS5B replicase, which
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catalyses the synthesis of progeny RNAs(Ishido et al, 1998, Lam & Frick, 2006)
(Lohmann et al,, 1999b), as an RNA-dependent RNA polymerase..

I11.3.5.3- HCV assembly and secretion

These steps of HCV life cycle are described in part V and VI.
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IV- HCV p7 viroporin

The p7 protein is a small, 63 amino-acid-long protein, consisting of a “hairpin-like”
topology involving three helices inducing two trans-membrane segments connected by a
hydrophilic, positively-charged cytosolic loo], though alternative folds and topologies
have been proposed, e.g., with the p7 C-terminus exposed to the cytosol. As it is able to
form an ion channel in either hexameric or heptameric form exhibiting a funnel- or
flower-like shape, it was classified as a viroporin, like M2 of influenza virus. Importantly,
p7 is dispensable for replication but essential for both assembly and secretion of
infectious particles. First, p7 modulates the formation of NS2 complexes with E2, NS3
and NS5A, allowing clustering of assembly components and regulation of early assembly
events. Second, p7 allows, in concert with NS2, the regulation of core localization at lipid
droplets vs. ER-derived membranes, from where viral particles are released in the
secretory pathway. Third, p7 modulates the envelopment of nascent virions. Fourth, p7
may regulate the pH of some intracellular compartments, which could be essential for
the protection and secretion of infectious particles. All these fucntions and properties of
p7 are described and detailed in this section.

IV.1- Viroporins

IV.1.1- Classification

The existence of viroporins was suggested following the observation that infected cells
become more permeable to ions and small molecules (Carrasco, 1978). Viroporins are
small proteins that are hydrophobic and able to permeabilize membranes upon
oligomerization. Viroporins can be classified into two major groups: class I and class II
depending on the number of transmembrane. Subgroups were also proposed depending
on their membrane topology (Nieva et al., 2012) (figure 33). Class IA contains a small
luminal amino terminal domain with a long cytosolic tail. Class IB contains a small
cytosolic amino terminal domain with a long luminal tail. Class IIA are viroporins with
N- and C-terminal extremities located in the ER lumen whereas class IIB viroporins
extremities are located in the cytosol (figure 33).

a Class | b Class i
Subclass A Subclass B Subclass A Subclass B
|AV: M2 HRSV: SH HCV: p7 PV: P2B
HIV-1: Vpu PV: P3A SVi BK

ER lumen

domain

Figure 33: Classification of viroporins according to the number of transmembrane domains and the
membrane topology of the constituent monomers. (Nieva et al., 2012)
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IV.1.2- Viroporins and cytopathic effects

Viroporins are able to modify cell host membrane permeability and form pores that
allow passing of some ions or small molecules. In some cases, the pore could be highly
selective for specific ions (e.g. M2 of IAV is highly selective for protons (Pinto et al,,
1997) or could be weakly selective, inducing the transfer of all kinds of ions or small
molecules (e.g. HCV p7). In addition, several viroporins have been shown to alter
calcium homeostasis. It was observed, for example, for picornavirus P2B or rotavirus
NSP4 (Aldabe et al, 1996, Hyser et al, 2010), which induces an increase of the
cytoplasmic concentration of calcium. Changes in homeostasis could have various effects
since Ca?* regulates gene expression, post-translational modifications as well as
induction of apoptosis. Several viroporins also affect the trafficking of glycoproteins. It
was first observed for poliovirus viroporins (Doedens & Kirkegaard, 1995) but was then
described for other viruses such as coxsackievirus 2B (de Jong et al., 2008). Finally,
some viroporins are able to prevent acidification of intracellular compartments such as
M2 of [AV preventing endosomal acidification.

IV.1.3- Viroporins and the viral life cycle

Viroporins are involved in different steps of viral life cycle. Some of them are involved in
virus entry such as IAV M2 (see below) or in replication. Indeed, picornavirus viroporins
are involved in the formation of the “viroplasm” that is necessary for the replication of
the genome. However, the majority of viroporins are involved in viral assembly and
secretion. In addition to p7, coronavirus 3a is involved in the release of virions (Lu et al.,
2006), which is also the case of HIV-1 Vpu (see below) and [AV M2 (see below).

IV.1.4- Viroporins as therapeutic targets

As viroporins are involved in several steps of viral life cycles and as they create pores in
the membrane, they are good therapeutic targets. In addition, some drugs could impact
several viruses, such as amantadine and its derivatives that are able to inhibit HCV p7
and [IAV M2 (Kendal & Klenk, 1991). Another molecule called 5-(N,N-hexamethylene)
amiloride (HMA) is able to inhibit both HCV p7; HIV-1 Vpu and SARS-CoV E channel
activities (Ewart et al., 2002, Premkumar et al., 2004, Wilson et al., 2006). BIT225 (N-(5-
(1-methyl-1H-pyrazol-4-yl)-napthalene-2-carbonyl)-guanidine) is a molecule able to
inhibit both HCV p7 and HIV Vpu.

IV.1.5- Example of viroporins

Viroporins were first identified in RNA viruses but they are also found in DNA viruses,
such as JC polyomavirus and Simian virus 40 (SV40) (Raghava etal., 2011).
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ssRNA (+) ssRNA (-) dsRNA

Picornaviridae Orthomyxoviridae Reoviridae
Poliovirus (2B, 3A) Influenza A virus (M2)  Rotavirus (NSP4)
Coxsackievirus (2B)

Rhinovirus (VP4)

Flaviviridae
HCV (p7)
BVDV (p7)
Dengue (M)

Togaviridae
SFV (6K)
Sindbis virus (6K)

Coronaviridae
SARS-CoV (E) (3a) (8a)

Retroviridae
HIV-1 (Vpu)

Table 1: Example of viroporins.

In the next section, M2 of IAV and Vpu of HIV-1 will be described in more details.

1V.1.5.1- M2 of Influenza A virus (IAV)

M2 is a class IA viroporin with 97 amino acids protein and a tetrameric pore (figure 34)
with two residues His37 and Trp41l inside the channels that are essential for the
transport of protons.

It has been proposed that M2 is activated during viral entry and triggers the uncoating
by conducting protons inside the viral particles (Stauffer et al., 2014, Wharton et al,,
1994). In addition to this role, it was shown that M2, by acting as a proton transporter, is
able to slow down the trafficking of haemagglutinin and prevents its premature
maturation by decreasing the pH of the Golgi apparatus (Henkel et al., 1999, Henkel &
Weisz, 1998). Besides, M2 is essential for the budding and scission of the viral particles
at the plasma membrane. Indeed, its amphipathic helix mediates a cholesterol-
dependent alteration of the membrane curvature. M2 could be localized to the neck of
budding virions and mediate their scission (Rossman etal., 2010) .
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Figure 34: M2 of IAV. Adapted from (Nieva et al,, 2012)

1V.1.5.2- Vpu of HIV-1

Vpu (figure 35) is encoded by HIV-1 but not HIV-2, and is a class [A viroporin with 77 or
86 amino acids, with an ion channel activity being specific for monovalent cations such
as sodium or potassium(Ewart et al,, 1996) and with so far poorly known biological
function. Vpu can be found in a variety of oligomers from tetramers to heptamers and it
was proposed that it is involved in the regulation of viral particles release(Hsu et al,,
2010) (Schubert et al., 1996) . Besides its ion channel activity, it was shown that Vpu
modulates the level of expression of several proteins at the plasma membrane, such as
CD4(Willey et al, 1992), by degrading this protein via the ubiquitin proteasome
pathway. This mechanism prevents the formation of CD4-Env complexes and thus
prevents antibody-dependent cell-mediated cytotoxicity (ADCC) that could lead the
elimination of infected cells. It also antagonizes the interferon (IFN)-a-induced Bone
Marrow Stromal Cell Antigen 2 (BST2) glycoprotein that inhibits the release of viral
particles (Neil et al., 2007). In addition, Vpu is able to regulate the localization of Env
and Gag as wells as particles formation and budding. Indeed in absence of Vpu, both
factors accumulate; yet, in the presence of Vpu, release of particles is enhanced (Handley
etal, 2001, Van Damme & Guatelli, 2008).

Figure 35: Vpu of HIV. Adapted from (Nieva et al,,
2012)
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IV.2- Topology and structure of HCV p7

P7 is a 63 amino acid-long protein with two transmembrane domains and a basic loop. It
was proposed, using different tag that the extremities of the protein are luminal whereas
its loop is cytoplasmic (Carrere-Kremer et al., 2002). However, an alternative topology
was proposed with the C-terminal extremity localized towards the cytosol (Isherwood &
Patel, 2005). Interestingly, we also showed an alternative, topology of p7 for some
mutants of p7 (see Results section) ; yet, as there are no antibodies available against p7,
it is quite difficult to conclude on its topology and it is possible that both topologies co-
exist.

Four NMR-based structures of the HCV p7 monomer have been described. Three of them
were obtained with Gtlb HCV (Cook et al,, 2013, Foster et al.,, 2014, Montserret et al,,
2010) and a last one was obtained with Gt5a HCV (OuYang et al,, 2013). Even if there are
some differences between the structures of Gtlb p7, they all display a “hairpin-like”
structure (figure 36) with three or four helical segments with various positions. It
appears that in all structures, p7 seems flexible, meaning that the structure could move
easily. In contrast, the structure of Gt5a p7 seems quite different from the other p7
(figure 36). It appears that this p7 has a “staple-like” structure, with four helices.
Interestingly, this structure was obtained after NMR analysis of the oligomers.
Furthermore, the orientation of this structure was proposed in order to fit with a 3D
structural model (see below), implying that it could be inversed compared to the 3
others, namely with the loop being in the lumen side of the membrane (figure 38)
(Madan & Bartenschlager, 2015). In addition, in contrast to the models of Gt1lb p7, the
model of OuYang et al. lacks the presence of an unstructured loop (in blue in figure 38).
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Figure 36: Different topologies of HCV p7 based on literature

P7 is able to form homo-oligomers and assembles as ion channel structures (Clarke et
al,, 2006, Griffin et al., 2003, Montserret et al., 2010, OuYang et al., 2013, Pavlovic et al,,
2003, Premkumar et al, 2004). It appears that p7 might exist in different forms of
oligomers as it was observed in hexa- or heptamers (Clarke et al., 2006, Griffin et al,,
2003, Montserret et al., 2010). In 2009, the first 3D structure was identified (Luik et al.,
2009). It showed that p7 exhibits a flower-shaped complex with 6 petals emerging from
a conical base, with the extremity of each monomer exposed towards the tip of the
petals. The model of OuYang et al,, showed a funnel-like shape that seems to be very
closed the flower shape. Other models for the hexameric or heptameric p7 were
obtained by molecular dynamics using the structures of the monomers (Chandler et al,,
2012, Cook etal,, 2013, Foster et al., 2014, Kalita et al,, 2015) (figure 37).
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Chandler

Figure 37: Structural model of oligomers of p7. Top: Model based
on (OuYang et al,, 2013). Bottom : Model based on (Chandler et al,
2012)

The differences between different models can be attributed to variability between HCV
strains and therefore different p7, but also to the protocol used (difference in lipids,
detergents...).

IV.3- HCV p7 ion channel activity

P7 was shown to act as a viroporin with poorly selective cation channel activity (Ca2+,
K+, Na+, H+) (Chandler et al., 2012, Griffin et al.,, 2003, Luscombe et al., 2010, Montserret
et al, 2010, Pavlovic et al,, 2003, Premkumar et al., 2004, Whitfield et al., 2011, Wozniak
et al., 2010). These studies mainly used electrophysiological techniques. Some studies
reported that p7 could permeabilize liposomes, inducing release of carboxyfluorescein
(CF) when added to CF-loaded liposomes (StGelais et al.,, 2009). However, a study
demonstrated that the duality of p7 to transport both protons and large molecules could
be due to two conformations of p7 depending on the preparation of samples (Gan et al.,
2014). It was also shown that p7 could affect the acidification of vesicles within infected
cells (Wozniak et al., 2010).

Mutation of amino acids 33-35 of the dibasic loop to alanine reduces H+ permeability,
indicating that these amino acids are essential for the ion channel activity (Wozniak et
al,, 2010). These mutations were highly used in order to sign the viroporin activity of p7
(Bentham et al., 2013, Griffin et al., 2004, Ma et al, 2011, Shanmugam & Yi, 2013).
However, it was shown that these mutations also impacted the topology of NS2, with a
change of localization of its C-terminal domain no longer located in the cytosol (Ma et al.,
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2011). A defect in E2-p7-NS2 processing was also observed with the same mutation (Ma
et al,, 2011, Shanmugam & Yi, 2013, Steinmann et al., 2007). In order to overcome these
issues, mutations of residues 33-35 to glutamine, instead of alanine, i.e. with an
inversion of charge, seem to be more appropriate to study the impact of the on channel
(Brohm et al.,, 2009, Gentzsch et al., 2013, Popescu et al., 2011). The defect caused by the
alaninr substitutions of positions 33 and 35 in alanine could be restored in HCV-infected
cells by using Bafilomycin A1 (Wozniak et al, 2010) that prevents acidification
(inhibiting v-ATPase) or by expressing influenza M2 in trans (Wozniak et al., 2010).

A study reported that His 17 of p7 is important for its ion channel activity, based on a
motif similar present in influenza M2 (StGelais et al., 2009). However, this amino acid is
not conserved in all genotypes and mutation H17A did not impair the production of
infectious particles in the JFH1 context (Bentham et al., 2013).

In addition, recent studies indicated that depending on its genotype, p7 could have an
activity called either M2-like (activation upon reduced external pH, meaning that it acts
only when the pH is low) or pore-like (activation upon any change of external pH,
meaning that it acts when pH is below and above a determined pH) in liposome based
assays (Atkins et al,, 2014, Li et al,, 2012a, StGelais et al., 2009).

Several inhibitors of p7 have shown to abolish its ionic channel activity in artificial
bilayers and to block the intracellular H+ conductance. These inhibitors include
amantadine, rimantadine, NN-DN] and BIT225 (Bichmann et al.,, 2014, Griffin et al,,
2008, Luscombe et al.,, 2010, Pavlovic et al., 2005, Wozniak et al.,, 2010). P7 channel
activity sensitivity to these drugs was shown to be genotype specific (Griffin et al,,
2008). Additionally, it was observed that the drugs concentrations required to alter
channel function in vivo were considerably higher than for isolated membrane vesicles.
Some of these inhibitors (Amantadine and NN-DNJ) were also found to alter the
expression of viral glycoproteins in a dose-dependent manner (Griffin et al., 2008).
Furthermore, amantadine and rimantadine also appears to have also some effect on HCV
entry (Griffin et al, 2008) even if there is still no evidence of the presence of p7 on
virions. Docking experiments indicated that the lowest energy positions for docking
were the ones corresponding to the loop region (Bichmann et al., 2014).

IV.4- Subcellular localization of p7

P7 exhibits a reticular pattern, colocalizing with specific ER markers (Bentham et al,,
2013, Griffin et al,, 2005, Hagshenas et al., 2007, Vieyres et al.,, 2013). One study also
indicated that a subset of p7 could also be localized in membranes adjacent to
mitochondria and suggested that there were two distinct pools of p7 (Griffin et al,
2005). It seemed that the localization in the ER was independent of p7 signal peptide
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and cleavage from E2 suggesting that p7 could be inserted in ER membrane even
without signal peptide (Griffin et al.,, 2005).

P7 was found to colocalize mainly with E2, confirming its reticular localization
(Bentham et al., 2013, Vieyres et al., 2013) but also with non-structural viral proteins
such as NS2, NS3, NS4A (Vieyres et al, 2013) or NS5A (Bentham et al, 2013). In
agreement with the above protein localization studies, foci consisting of p7-core
associations were also observed (Bentham et al,, 2013, Vieyres et al., 2013).

Importantly, some studies were conducted with p7 expressed as fusion proteins using
different tags to overcome the lack of suitable antibodies against p7. It is therefore
impossible to evaluate the localization of the native p7 as the presence of the tag could
change the phenotype of the protein.

IV.5- Role of p7 in assembly of infectious particles

P7 was shown to be essential for assembly as it is able to interact with NS2, to regulate
NS2 localization but also to regulate the localization and envelopment of core as well as
the formation of NS2 complexes with other proteins.

IV.5.1- Interaction of p7 with NS2

Several studies reported that p7 interacts with NS2, a protein acting as a central
organizer of viral assembly (Hagen et al., 2014, Jirasko et al., 2010, Ma et al,, 2011,
Popescu et al, 2011, Vieyres et al, 2013). This interaction seems to be genotype-
independent, since NS2 (2a) and NS2 (1b) could be co-immuno-precipitated with p7
(1a), even if the lack of sensitivity of the antibody cannot be excluded (Popescu et al,,
2011). This interaction seems to involve the transmembrane domains since the first
transmembrane domain of NS2 was shown to be essential for this interaction (Popescu
etal, 2011). Moreover, a NMR study predicted that W48, located in the second TM of p7,
and amino acids 12 and 15 of NS2 are engaged in this interaction (Cook et al., 2013).
Interestingly, mutations that affect p7 ion channel activity, such as substitution of aa 33-
35 to glutamine (Vieyres et al., 2013) or to alanine (Ma et al,, 2011) did not affect this
interaction.

IV.5.2- Regulation of NS2 localization

Besides its ability to directly interact with NS2, p7 is able also to regulate the NS2
localization. NS2 accumulates in dotted structures colocalizing with NS5A near lipid
droplets (Ma et al., 2011, Popescu et al,, 2011). These structures seem to be associated
with detergent-resistant membranes (DRM) (Shanmugam et al.,, 2015), indicating that
such structures are localized in a specific cellular compartment. E2 was also detected in
the same dots formed by NS2-NS5A (Ma et al., 2011) and NS2 localization in DRM was
shown to be essential for the localization of E2 in the DRM (Shanmugam et al., 2015). P7
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seems essential for the formation of these structures (Popescu et al., 2011, Shanmugam
et al,, 2015, Shanmugam & Yi, 2013, Tedbury et al,, 2011) since, without p7, NS2 did not
accumulate in such dotted structures and showed a more reticular pattern (Ma et al,,
2011, Popescu et al., 2011). Controversial results were obtained concerning the role of
the ion channel activity in this regulation. One study concluded that mutations that
impact the function of p7 ion channel activity such as H17A and G394, as well as use of
rimantadine, an inhibitor of ion channel activity, did not interfere with the formation of
dotted structures containing NS2/NS5A (Tedbury et al., 2011). Contrastingly, different
set of mutations in p7, namely KR33/35AA and KR33/35QQ produced an altered NS2
reticular distribution pattern (Ma et al.,, 2011, Shanmugam & Yi, 2013) or a decrease in
the number of cells with dotted structures of NS2 (Popescu et al., 2011) respectively.
Since these studies did not use the same mutations to impair p7 ion channel activity it
can be proposed that the ion channel is not involved in the regulation of NS2 localization
but rather, that amino acids 33-35 have another way of action than ion channel function
on the regulation of NS2 localization.

IV.5.3- Regulation of NS2 interactions

1V.5.3.1- NS2-E2 interaction:

One study indicated that p7 does not regulate NS2-E2 interaction (Popescu et al., 2011)
since deletion of p7 or RR33/35QQ mutation did not affect this interaction. However,
other studies showed that p7 is essential for NS2-E2 interaction since the deletion of p7
reduced the amount of E2Z immunoprecipitated with NS2 or inhibited the interaction
(Ma et al., 2011, Stapleford & Lindenbach, 2011). This difference could be due to the
difference in the viruses used or in the tag used to mark p7 and/or NS2. The KR33/35-
AA mutation also prevents the NS2-E2 interaction and decrease the interaction between
NS2 and E1 (Ma et al,, 2011). Yet, this latter result is controversial because other reports
indicated that interaction between NS2 and E1 is indirect and only due to E2
heterodimerization with E1 (Stapleford & Lindenbach, 2011).

1V.5.3.2- NS2-NS5A interaction:

P7 seems essential for this interaction. Mutation of amino acids 33-35 of p7 to alanine
showed a defect in NS2-NS5A_interaction (Ma et al, 2011) although the same study
indicated the inversion of NS2 topology as induced by the KR33/35AA mutation.

1V.5.3.3- NS2-NS3-4A interaction:

P7 is necessary for NS2-NS3 interaction since deletion of p7 inhibited this interaction
(Stapleford & Lindenbach, 2011). Mutation of amino acids 33-35 of p7 to alanine also
blocked NS2-NS3 interaction (Ma et al., 2011) but as explained above, the same study
indicated the inversion of NS2 topology.
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1V.5.3.4- Influence of the processing between E2 and p7 on NS2 complexes

The optimal processing between E2 and p7 seems critical for the formation of NS2
complexes with E2 and/or NS3. A complete separation, via the introduction of an IRES
between E2 and p7, impairs NS2 interaction with E2 but not with NS3 (Shanmugam & Yi,
2013, Stapleford & Lindenbach, 2011) whereas an impaired cleavage, via mutations in
p7 (KR33/35AA) or E2 (A367R), altered the interaction of NS2 with both E2 and NS3
(Shanmugam & Yi, 2013).

The regulation of NS2 complexes by p7 will be discussed in the Results section of this
thesis.

IV.5.4- Modulation of core functions by p7

1V.5.4.1- Regulation of core localization

P7, in concert with NS2, is able to modulate the localization of core (Boson et al., 2011).
Indeed, depending on the HCV strain, core is mainly localized either at the ER membrane
(Jc1 strain) or at the lipid droplet (JFH1 strain) membrane. It was demonstrated that
this difference in core localization between Jcl and JFH1 (ER vs. LD, respectively) is
determined by p7 and NS2, through a genetic compatibility between the second
transmembrane domain of p7 and the first one of NS2 (Boson et al., 2011). Intriguingly,
perturbation of p7 ion channel activity, via the KR33/35AA or QQ mutation, did not
change the localization of core when p7 was expressed alone with core (Boson et al,,
2011) (unpublished data) whereas the same mutation induced core localization around
the lipid droplets in the context of Jc1 HCVcc-infected cells (Gentzsch et al.,, 2013). This
discrepancy between individual protein expression and infected cells could be due to
the presence, in the latter case, of other viral proteins as well as functional replication
complexes and viral genome that could modulate the above events.

1V.5.4.2- Regulation of capsid envelopment

In addition, functional p7 seems necessary for the final steps of capsid assembly and
envelopment by a membrane (Gentzsch et al.,, 2013). In a context of overexpression of
single proteins, interaction between p7 and core has also been described (Hagen et al,,
2014).

Finally, alanine scanning in position 33-34-35 showed that p7 protects E2 from
degradation in a manner that is independent either of lysosome or acidification of
vesicles (Atoom et al., 2013). This phenotype could be linked to a defect in the cleavage
of E2-p7 and p7-NS2 junctions as observed in the case of these mutations (Ma et al,,
2011). Interaction between p7 and the glycoproteins has also been described (Hagen et
al, 2014). This interaction, however, was only documented in the context of
overexpression of single proteins, without further confirmation during HCV replication
in infected cells.
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Besides it was demonstrated that the N-terminal extremity of p7 is essential for the
production of infectious particles (Scull et al., 2015). Like for other viroporins, some of
the activities of p7 can be complemented in trans by ectopic expression of p7 (Brohm et
al,, 2009) and this transcomplementation system has been widely used in my studies.

IV.6- Role of p7 in secretion of infectious particles

In addition to its role in assembly, p7, and more particularly its ion channel activity,
impacts the secretion of infectious particles (Bentham et al,, 2013, Steinmann et al,,
2007). Indeed, mutation of the dibasic loop impairs the secretion of infectious particles.
In addition, it has been shown that IAV M2 could restore the effect of these mutations,
suggesting that p7 exhibits a M2-like function (Bentham et al., 2013, Wozniak et al,,
2010). In support of this hypothesis, several studies reported a pH-dependent
maturation of the HCV glycoproteins (Atkins et al.,, 2014, Wozniak et al., 2010) that may
be regulated by p7 (Atkins et al., 2014). Intracellular infectious particles are acid-pH
sensitive whereas extracellular particles become acid-pH resistant or not, depending on
the genotype/strain, and more particularly on the sequence of p7 (Atkins et al., 2014).
Because of all this evidence, it was speculated that p7 ion channel might be regarded as
a modulator of the pH-mediated maturation process of HCV particles; yet, the
mechanism remains poorly defined.
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V- Assembly of infectious particles
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Figure 38: Model of assembly of infectious particles. After the maturation of viral proteins, core is loaded onto
LDs. Assembly takes place at the junction between the replication complex called membranous web and LD. The non-
structural proteins p7 and NS2 are thought to connect RNA, and the structural proteins core and glycoproteins E1 and
E2. Virus budding occurs with encapsidation of the viral RNA and envelopment at the ER membrane. The last steps of
assembly and maturation use the lipoproteins pathway but the interplay with this pathway is still unknown. One of
the hypothesis is represented here with the fusion of a viral precursor with luminal LD and association with
apolipoprotein which are normally used for the maturation of VLDL in the ER lumen. (Dubuisson & Cosset, 2014)

V.1- Key “organelles” for HCV assembly

The current model of HCV assembly is described in this section. Importantly, the
assembly events are very difficult to visualize since they are rare and transient.
Assembly of infectious particles takes places in the membranous web at ER membranes,
near the sites of replications (located in DMVs) and the LDs (figure 38). The nature of
assembly sites remains elusive.

V.1.1-Lipid droplets (LDs)
Cytoplasmic lipid droplets are intracellular structures that store neutral lipids

(cholesterol ester and triglyceride). They are able to interact with other membrane of
the cells.

78



HCV core and NS5A proteins are associated to LDs(Miyanari et al., 2007, Moradpour et
al,, 1996). It was shown that HCV assembly efficiency correlates with the colocalization
of core and NS5A around same lipid droplets(Appel et al., 2008). Some reports reveal
that at least three cellular proteins help the interaction of core and NS5A with LDs:
DGAT1 (see part V.3.1.1.) but also Rab18(Salloum et al., 2013) and TIP47(Ploen et al,,
2013, Vogt et al., 2013). It was also shown that p7 regulates the localization of core on
LDs (Boson et al,, 2011, Shavinskaya et al., 2007).

There is still a debate on the precise role of the LDs in assembly and the involvement of
core targeting at LDs for assembly. Indeed some studies reported that the interaction of
core with LDs is essential for the production of infectious particles (Miyanari et al.,
2007) (Boulant et al.,, 2007) but some other studies reported that HCV species that
target core at LDs are less efficient for assembly than those targeting core at ER
membranes(Boson et al., 2017, Boson et al., 2011, Shavinskaya et al., 2007). Although
the precise role of LDs is still unknown, it is well admitted that assembly occurs in close
proximity to LDs.

V.1.2-Double Membrane Vesicles (DMV)

HCV replication induces the remodeling of intracellular membranes and reveals
cytoplasmic vesicular structures designated as the membranous web, containing multi-
membrane vesicles, single-membrane vesicles or double-membrane vesicles (figure 39).
These latter membrane rearrangements, with an average diameter of 150nm (Romero-
Brey et al.,, 2012), are thought to contain active replication complexes. Indeed, their
appearance correlates with viral RNA replication and purified DMVs contain
enzymatically-active viral replicase(Paul et al, 2013). Since the outer membrane of
DMVs is often linked to the ER, it was confirmed that DMVs are derived from ER-
membrane. However, some studies also suggest a role of Golgi fragmentation in HCV
replication and membrane modeling (Hansen et al., 2017). In addition, in some cases
DMVs are not connected to ER membrane and it is not really known which kind of DMVs
contain the active replication

The precise topology of the viral replicase is not fully known. One possibility is
represented in figure 40 with the viral replicase found inside the DMVs. This topology
should require some proteins to transport HCV RNAs outside the DMVs and this could
be mediated by some protein of the nuclear pore complex (Neufeldt et al., 2013).

The DMV are induced by the expression of the NS4B-NS5A precursor (Romero-Brey et
al, 2015b), but their formation also require cellular factors. First, several proteins
involved in lipid metabolism are required for the formation of DMVs as these structures
are enriched with some categories of lipids. Indeed, NS5A is able to recruit and activate
the PI4KIllo kinase, hence allowing the concentration of its product
phosphatidylinositol-4-phosphate (PI4P) at DMVs (Reiss et al,, 2011) . PI4P is thought to
facilitate the release of cholesterol from oxysterol-binding protein (OSBP) (Wang et al,,
2014). Both PI4P and cholesterol are found enriched in the membrane of DMVs and
seem important for their functionality, and therefore for HCV replication. Besides lipid
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metabolism pathways, HCV also hijack autophagy for the formation of DMVs. Several
recent studies showed a role of autophagy in viral replication (Sir et al., 2012) (Wang et
al, 2017)and particularly in the formation of DMVs. Particularly, it was shown that the
ATG5-ATG12-ATG16L1 complex is recruited to the membranous web and may
contribute to the formation of DMVs (Fahmy & Labonte, 2017). Other evidence suggest a
role of autophagy on the translation of the incoming RNA and the establishment of the
initial replication (Dreux et al., 2009b, Guevin et al., 2010).

Importantly, assembly of HCV particles is thought to occur in close proximity to DMVs in
order to allow the correct delivery of viral RNA to assembly sites.

Figure 39: 3D architecture of membrane rearrangements induced 16 h after HCV infection. Left: slice
of a dual axis tomogram showing the various membrane alterations. Right: 3D reconstruction of the
complete tomogram. Some DMV are attached to ER membrane whereas some other are found without

connection to other membranes. Adapted from (Romero-Brey et al., 2012)
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Figure 40: Model of an HCV-Induced Double-Membrane Vesicle (DMV) and Hypothetical 3D Structures of
Membrane-Associated HCV Proteins.The DMV contan HCV non structural proteins and RNA and are sites of active RNA
replication .Adapted from (Paul et al., 2014)
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V.2- Mechanism of HCV assembly:viral factors

V.2.1- core/NS5A association and transfer of RNA

It was first described that the association of core and NS5A at the LD surface could be an
important step for initiation of assembly, by allowing the transfer of viral RNA from
replication complexes to virion assembly sites (Appel et al., 2008, Masaki et al.,, 2008,
Miyanari et al.,, 2007). NS5A interacts with core through its DIII domain. In addition, it
was also demonstrated that phospohorylation of NS5A could mediate the shift from
replication to assembly (Tellinghuisen et al., 2008a). NS5A could be essential for the
transfer of viral RNA from replication complexes to core complexes (Boson et al,, 2017)
(Berger et al,, 2014), allowing the initiation of nucleocapsid formation.

The precise role of core localization on LD for assembly events remains controversial.
Indeed, the levels of core accumulated on LDs seem to be inversely correlated with the
efficiency of production of infectious particles (Appel et al,, 2008, Boson et al., 2011,
Gentzsch et al., 2013, Shavinskaya et al., 2007). This could reflect a transient localization
of core on LDs before its transfer to ER membrane.

V.2.2- NS2 complexes: a plateform for assembly

Another complex that is important for HCV assembly is the NS2-E1E2 complex
associated with p7. Indeed, it was demonstrated that p7/NS2 allows the transfer of the
HCV glycoproteins to the virion assembly sites (Jirasko et al., 2010, Ma et al,, 2011,
Popescu et al,, 2011, Shanmugam et al,, 2015, Shanmugam & Yi, 2013) .

In addition, NS2 is able to interact with NS5A in a transient and weak manner (Jirasko et
al, 2010, Ma et al,, 2011, Popescu et al.,, 2011); yet, this interaction could allow the
encountering of core and RNA with the glycoproteins, a key step for the initiation of
assembly and envelopment of infectious particles. It is thought that the nucleocapsid
formations occur concomitantly with its envelopment (Boson et al., 2017, Denolly et al,,
2017).

NS2, key organizer of assembly, is also able to interact with NS3 and this protein was
shown to be essential for assembly of the viral particles (Jones et al,, 2011, Mousseau et
al, 2011, Yan et al,, 2017). Since mutations that impaired assembly were found in the
helicase domain of NS3, it was supposed that NS3 helps assembly via its helicase
domain, probably by allowing the unwinding of viral RNA. Yet, it was recently shown
that NS3 could also mediate assembly, via its N-terminal domain (Yan et al., 2017).

NS4B also participates in virus assembly (Jones et al., 2009, Tanaka et al., 2013) likely by
modulating viral genome encapsidation through its C-terminal extremity (Han et al,
2013).

V.2.3- Budding of particles
After the encountering of all the viral components, the particles bud from the ER
membrane. However, the budding force is still unknown. One hypothesis is that the
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E1E2 glycoproteins provid this force (Vieyres et al., 2013) since they are able to drive
assembly of particles without nucleocapsids (Icard et al., 2009) and since mutations in
these glycoproteins impair the envelopment of nuclecapsids (Steinmann et al., 2013).
The mechanisms of scission of HCV particles are still unknown since this event is
difficult to observe at the ER membrane. Some studies suggested a role of p7, like for M2
for IAV (Lee et al,, 2016). Conversely, ESCRT proteins may also be involved (see below).

V.3- Mechanism of HCV assembly: host factors

Besides the viral proteins, several host factors have been shown to be involved in the
HCV assembly. Some of these factors are described in the next section.

V.3.1- Proteins involved in lipid metabolism

V.3.1.1- DGAT1

Diacylglycerol O-acyltransferase 1 (DGAT1) is a protein that catalyzes the conversion of
diacylglycerol and fatty acyl CoA to triacylglycerol. This protein was shown to be
involved in assembly, likely by facilitating the interaction of core and NS5A with LDs
(figure 41) as suggested by the observation that DGAT1 interacts with both core and
NS5A proteins in infected cells. Inhibition of DGAT1 activity does not affect the amounts
of LDs, since DGAT2 can compensate the defect. However, active DGAT1 seems required
for the localization of core at LDs (Camus et al., 2013, Herker et al,, 2010) (figure 41).

DGATY inhibitors

Figure 41: DGAT1 and HCV assembly. Core interacts in the ER with DGAT1
and localizes to lipid droplets in a DGAT1-dependent manner. Adapted from
(Herker & Ott, 2012)

V.3.1.2- Proteins involved in VLDL assembly

V.3.1.2.1- VLDL assembly pathway

The assembly of VLDLs proceeds in two steps: cotranslational incorporation of the
nascent apoB-100 polypeptide into a precursor lipoprotein particle through the rough
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endoplasmic reticulum (ER) followed by the additional posttranslational lipidation via
fusion with lipid droplets in the ER and/or the Golgi (Ledford et al., 2006).

Via multiple binding sites within its N-terminal region, apoB-100 interacts with the
microsomal triglyceride-transfer protein (MTP) (Hussain et al., 1998, Segrest et al,
1999), which is an apoB-specific molecular chaperone essential for proper folding of
apoB-100 during VLDL assembly/secretion (Sundaram & Yao, 2010). MTP is an ER-
localized heterodimeric protein that is composed of a unique 97-kDa subunit complexed
with the ubiquitous ER-folding enzyme protein disulfide isomerase (PDI) (Berriot-
Varoqueaux et al,, 2000, Gordon & Jamil, 2000). MTP mediates the transfer of both polar
and neutral lipids from the ER membrane or from some other donor sites, such as the
Golgi membrane, to nascent apoB during translation. This process called “lipidation”,
allows proper apoB folding and assembly of an spheric pre-VLDL particles (Berriot-
Varoqueaux et al, 2000, Sundaram & Yao, 2010, Wu et al, 1996). Along with the
availability of lipids, MTP activity is the most important factor regulating VLDL assembly
and secretion (Gordon & Jamil, 2000) (figure 42).

The product of the first steps of VLDL assembly is a relatively small, dense particle,
which can be either secreted from the cell as VLDL2 or further lipidated to form a
mature, triglyceride- rich VLDL (VLDL1) (Stillemark-Billton et al., 2005). Although it is
established that the first step of VLDL assembly occurs in the ER, the location of the
additional step(s) during VLDL maturation remains controversial. Whereas a number of
studies suggest that the ER is the final site of VLDL maturation (Kulinski et al.,, 2002,
Yamaguchi et al,, 2003), other studies implicate the Golgi complex as a second site of
maturation (Bamberger & Lane, 1990, Gusarova et al., 2003, Gusarova et al., 2007).
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Figure 42: VLDL assembly. After co-translational folding of [alpha]i domain tertiary structure by apoB, an
incomplete lipid binding cavity is formed (step 1). The cavity is lipid-filled by an interaction with microsomal
triglyceride transfer protein (MTP) or with a more carboxyl-terminal domain of apoB, thereby allowing recruitment
of a small amounts of phospholipids and triglycerids (TG; step 2). Further translocation of apoB concomitant with
MTP-mediated lipid transfer forms a neutral lipid core (step 3) and conversion to a spheric emulsion particle (step
4). After release from the ribosome, these first step particles traffic to a distal compartment in the secretory
pathway (step 5), where they interact with apoB-free second step precursors that are formed by MTP in the smooth
ER (step A). The first and second step precursors fuse to form mature VLDLs (step 6) in a process that may be

mediated by one or more [alpha]-helical fusiogenic peptides in apoB. (Shelness & Sellers, 2001).
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V.3.1.2.2- VLDL assembly and HCV assembly

Due to the nature of HCV particles, several studies highlighted the role of proteins involved in
VLDL assembly in HCV assembly. Indeed, inhibition of MTP results in a decrease of virion
assembly (Gastaminza et al., 2008, Huang et al., 2007, Nahmias et al., 2008). In addition,
long chain acyl-CoA synthetase 3 (ACSL3) (Yao & Ye, 2008), another enzyme involved in
VLDL assembly, and hepatocyte nuclear factor 4a (HNF4a) (Li et al, 2014), a
transcription factor that regulates the VLDL secretory pathway, were also shown to
modulate the production of infectious particles. Cell death activator Cide-B, another
protein involved in the lipidation of VLDL, was shown to be involved in assembly by
allowing the interaction between apoE and NS5A (Cai et al., 2016).

Besides these proteins, apoE was found to be essential for the assembly of infectious
viral particles (Da Costa et al, 2012, Hueging et al, 2014, Jiang & Luo, 2009).
Interestingly, ectopic apoE expression is sufficient to restore the assembly of infectious
particles in non-hepatic cell lines (Da Costa et al., 2012, Hueging et al., 2014), suggesting
that the VLDL pathway itself might not be essential for the production of infectious
particles. It was shown that apoE acts on assembly in a step following capsid
envelopment (Hueging et al., 2014, Lee et al.,, 2014). Recent studies questioned the role
of apoE in assembly as they demonstrated that amphipathic o-helices of several
different apolipoproteins (Fukuhara et al.,, 2014) or amphipathic a-helices of NS1 of
flavivirus or of Erns of pestivirus (Fukuhara et al.,, 2017) as well as amphipathic o-
helices from some cellular peptides (e.g. Cathelidicin) (Puig-Basagoiti et al., 2016) are
able to compensate the effect of KO of apoE and apoB in the assembly of infectious
particles. These interesting studies highlight the fact that HCV requires amphipathic a-
helices rather than apolipoproteins themselves to promote a crucial assembly event;
alternatively, it might have evolved in order to hijacks this metabolic pathway for other
purposes.

In conclusion, the available evidence suggests that virion assembly hijacks the VLDL
assembly pathway; yet, the exact mechanistic details are missing,.

V.3.2- Proteins involved in trafficking

V.3.2.1- ESCRT proteins

V.3.2.1.1- Mode of actions

The Endosomal Sorting Complexes Required for Transport (ESCRT) machinery is
constituted of cytosolic proteins complexes, ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III.
These proteins allow membrane remodeling, inducing membrane bending, budding and
scission away from the cytoplasm (reviewed in (Raiborg & Stenmark, 2009)). The
ESCRT machinery is used for the delivery of ubiquitinated membrane proteins to
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lysosomes. ESCRT-0 initiates the process by interacting with ubiquitin, allowing the
concentration of ubiquitylated proteins. ESCRT-I and ESCRT-II are then recruited. They
are all able to interact with ubiquitinated proteins and to induce the budding of the
growing vesicles. ESCRT-III complex assembles transiently and is involved in budding
reactions as well as recruitment of deubiquitinases. Finally, Vps4 is recruited by ESCRT-
I1I, allowing membrane scission by forming two stacked hexameric rings with a central
pore (figure 43).
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Figure 43: Mechanism of action of ESCRT proteins. a. Initial recognition of ubiquitylated cargo is mediated by ESCRT-
0, which also serves to recruit ESCRT-I. The elongated ESCRT-I recruits ESCRT-II and may contribute to membrane
involution. b. ESCRT-III complexes are recruited by binding to the two Vps25 subunits of ESCRT-II and form spiral-
shaped filaments that gate cargo into invaginations that ESCRT-III filaments cause. During this process, cargo is
deubiquitylated by DUBs that are recruited by ESCRT-IIL c. As ESCRT-III filaments assemble into circular arrays, the
membrane continues to invaginate. Vps4 enters the invagination to disassemble ESCRT-III filaments, ensuring that its
subunits are recycled and that the filaments assemble only at the neck of the forming intraluminal vesicle. (Raiborg &
Stenmark, 2009)

V.3.2.1.2- HCV assembly and ESCRT proteins

It is well characterized that HIV used a part of ESCRT complex for particles budding
evidencing that viruses can hijacks basic cellular mechanisms. In the case of HCV,
several studies reported the role of ESCRT pathway in the assembly of virions (Ariumi et
al,, 2011, Barouch-Bentov et al., 2016, Corless et al., 2010, Tamai et al., 2012). Recently,
it was shown that Hrs, member of ESCRT-0 comple, is involved in HCV assembly by
interacting with NS2 and NS5A and by regulating capsid envelopment (Barouch-Bentov
et al,, 2016). Despite the existence of some evidence suggesting a role of ESCRT proteins
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in the budding and scission of the viral particles, several pieces of the puzzle are still
missing.

V.3.2.2- Adaptor proteins

Adaptor proteins are proteins mediating the sorting of cargo proteins to specific
compartments. Four adaptor proteins complexes have been described in mammalian
cells, designated AP-1 through AP-4, each composed of 4 subunits. AP2ZM1 has been
shown to be involved in the trafficking of proteins harboring a YXX® motif. It was shown
that this protein is involved in the regulation of core localization around LDs, by
interacting with YXX® motif of core and thus regulating the assembly of infectious
particles (Neveu et al.,, 2012).

V.3.2.3- Rab GTPase proteins

Rab GTPases are master regulators of the vesicular transport between organelles. Rab
proteins regulate the formation, transport, tethering, and fusion of transport vesicles as
a general mechanism for regulating traffic between organelles. More than 50 Rab
proteins have been identified, with various intracellular localization and functions. Rab
proteins cycle between the cytosol and the membrane. In their GDP-bound form, they
are inactive and inserted in membrane. In contrast when they are bound to GTP they are
in active states and can interact with effector proteins, helping in trafficking (reviewed
in (Hutagalung & Novick, 2011).

Rab32, normally found in mitochondria, was shown to be modulated by HCV: upon
infection, the GTP-bound form becomes predominant and interacts with core, allowing
its enrichment in some ER membrane domains (Pham et al,, 2017). Rab18, normally
found in Golgi and LDs, was also shown to regulate the trafficking of core and its
recruitment around LDs, and, therefore, the assembly of infectious particles (Dansako et
al,, 2014).
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VI- Secretion and maturation of viral particles

VI.1- Secretion pathway of infectious particles

The nature of the secretion pathway used by HCV is still poorly defined as this step of
the life cycle is the least studied. HCV could either use some cellular pathways (such as
the conventional secretory pathway) or create its own secretory pathway by perverting
the role of several cellular proteins.

VI.1.1- Conventional secretion pathway

After their synthesis in the ER and maturation, secretory proteins traffic through the
secretory pathway, a process that requires several transport vesicles. ER-derived
vesicles are created by the COPII coat and carry cargos from the ER membrane to the
Golgi acceptor membranes, via the ER Golgi intermediate compartment (ERGIC). The
cargo will be selected due to specific signals that are recognized by cargo receptors. At
the cis-Golgi membrane, these vesicles fuse, allowing the release of the cargo in the Golgi
lumen. Proteins can be matured in the different stacks of the Golgi and finally reach the
trans-golgi network. From there, these proteins can exit through different ways, such as
clathrin-coated vesicles to reach endosomes, or via secretory storage granules (figure
44). Secretion of proteins is dependent on a gradient of pH and [Ca?*].

Interestingly, retrograde transport from Golgi to ER could also occur via COP-I vesicles.
The equilibrium between COP-I and COP-II is essential for the neat transport of proteins
outside the cells.
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Figure 44: Conventional secretory pathway. Proteins containing a signal sequence are translocated across the
endoplasmic reticulum (ER) membrane. After folding in the ER, proteins have two fates: either they become ER-
resident proteins or leave the ER in coat protein complex II (COPII)-coated vesicles towards the Golgi apparatus via the
ER Golgi intermediate compartment (ERGIC). After traversing the cis and medial Golgi compartments, proteins enter
the trans-Golgi network (TGN), an important sorting station. Here proteins have to be sorted and packaged into
transport carriers to reach their final destinations. Numerous TGN exit routes have been described: proteins packaged
into clathrin-coated vesicles are transported to the endosomes, whereas constitutively secreted cargo or
transmembrane proteins are transported towards the apical or basolateral plasma membrane. In specialized cells,
proteins leave the TGN to be stored in secretory storage granules. These granules fuse with the plasma membrane
primarily in response to an extracellular stimulus. Retrieval of ER proteins is carried out by COPI vesicles. (Kienzle &
von Blume, 2014)

VI.1.2- Unconventional secretion pathway

Recently, the concept of unconventional secretion has emerged (reviewed in (Rabouille,
2017)). Indeed, some cytosolic proteins can reach the plasma membrane and be
secreted via pores in the plasma membrane (such as for HIV TAT or IL-1). Some
proteins can also subvert some organelles for their secretion such as secretory
autophagosomes or endosomes. Finally, some transmembrane proteins can reach the
plasma membrane directly from the ER, bypassing the Golgi (figure 45).
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VI.1.3-HCV: Golgi or not Golgi?

V1.1.3.1- Arguments for the use of the Golgi apparatus

Because of the structure of viral particles, several studies proposed that HCV use the
secretion pathway of VLDL for its own secretion. Indeed, it was shown that intracellular
infectious particles have a higher density than extracellular ones, hence suggesting the
acquisition of lipids in a post-ER compartment that could occur during their secretion
along with the VLDLs (Gastaminza et al., 2008, Gastaminza et al., 2010). VLDL secretion
occurs through the Golgi, using specialized transport vesicles (Tiwari & Siddiqi, 2012).
In addition, it was reported that Brefeldin A, a drug inhibiting the formation of COP-I
vesicles and thus the secretion of proteins through a collapse of the Golgi, can inhibit
HCV secretion, suggesting a secretion dependent on the Golgi apparatus or at least
involving the COP-I vesicles (Coller et al.,, 2012, Feneant et al,, 2015, Gastaminza et al.,
2008).

Moreover, using a fluorescent-labeled viral particles, it was shown that HCV colocalizes
with Golgi markers (Coller et al.,, 2012). Several factors linked with the conventional

secretory pathway were shown to be involved in the regulation of secretion of infectious
particles, such as Arf3, AP1M1,... (Coller et al.,, 2012) .

To conclude, several pieces of evidence suggest that HCV uses the conventional
secretory pathway, or at least components of this pathway, for its own secretion.
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V1.1.3.2- Arguments against the use of the Golgi apparatus

Monensin, a drug that inhibits the traffic across the Golgi, was found to be inefficient in
blocking the secretion of infectious particles (Feneant et al., 2015, Mankouri et al,
2016). This drug acts as an ionophore by exchanging Na* by H* and was shown to affect
the secretion of apoE (Mankouri et al., 2016), suggesting an alternative secretion route
to the VLDL pathway.

Besides, it was shown that glycans attached to the glycoproteins remain mainly non-
matured at their surface of glycoproteins (Vieyres et al., 2010). This could be due either
to a masking of these glycans precluding their maturation by glycosidases or to a
modified Golgi or a Golgi by-pass. Indeed, the maturation of glycans is a process that
occurs in the lumen of the Golgi and is very sensitive to ion homeostasis.

Finally, it was shown that HCV induces morphological changes of the Golgi (Hansen et
al, 2017), arguing against fully functional organelles. Specifically, NS2 mediates
alteration of the trans Golgi network (TGN)(Mankouri et al., 2016).

To conclude, these evidences argue for the use of a modified Golgi or a by-pass of the
Golgi apparatus for the secretion of HCV

VI.1.4- Model for HCV secretion pathway after the Golgi apparatus

The group of Hildt identified several factors involved in secretion of infectious particles,
allowing them to propose a new model of HCV secretion linked to an exosome-
dependent pathway. They showed that an inhibitor of intracellular cholesterol
trafficking impairs HCV release as well as functionality of MVBs (Elgner et al., 2016).
They also identified that HCV down-regulates a-taxilin, which is a protein interfering
with vesicular trafficking and fusion of MVB with plasma membrane (Elgner et al,
2016). HCV also induces a longer half-life of syntaxin 4, a SNARE-protein (Ren et al,,
2017). The SNARE (soluble N-ethylmaleimidesensitive factor attachment protein
receptor) are proteins complexes that allow the fusion of membranes and participates in
vesicles trafficking. Supporting the hypothesis of a trafficking via an exosome-dependent
pathway, it was also shown by others that Rab GTPase and protein adaptors involved in
endocytic pathway are essential for release of infectious particles (Mankouri et al., 2016,
Ostrowski et al., 2010). The Rab7 adaptor protein, called RILP, was also shown to be
involved in the regulation of HCV secretion and more precisely the switch from
assembly to secretion (Wozniak et al., 2010). Indeed HCV modifies cellular trafficking by
cleaving RILP, which redirects Rab7-containing vesicles to a kinesin-dependent
trafficking mode promoting virion secretion. To complement this, adaptor protein-1 as
well as clathrin are also involved in viral particles egress (Benedicto et al., 2015).

Finally, autophagy was also shown to be involved in the secretion of HCV particles as
well as secretion of exosomes (Medvedev et al.,, 2017, Ren et al., 2017, Shrivastava et al.,
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2015). However, although these results seem to indicate that HCV uses vesicles derived
from autophagosome and endosomes for its secretion, it is more difficult to imagine how
the virus could hijacks exosomes because of their membrane topology since exosomes
are able to incorporate cytosolic elements whereas the infectious particles are found in
the lumen of the ER.

VI.2- Cell-cell transmission

Besides virus transmission through the cell supernatant, several evidences reported the
importance of cell-cell transmission. Indeed in the presence of an excess of neutralizing
antibodies, infection of naive cells still occurs (Timpe et al,, 2008). The mechanisms of
underlying this mode of infection, constituting an efficient strategy to escape from the
host neutralizing response, remains poorly defined even if several studies focused on
this step, as indicated below.

The role of apoE is still debated since some studies reported the importance of apoE
(Feneant et al., 2015, Gondar et al,, 2015, Hueging et al., 2014) whereas other mentioned
that the VLDL pathway is not involved in cell-cell spread (Barretto & Uprichard, 2014)
In contrast, it was shown that NPC1L1 is involved in this pathway as well as EGFR, SR-BI
CLDN1, OCLN and CD81 (Brimacombe et al., 2011, Catanese et al., 2013, Fofana et al.,,
2013, Lupberger et al,, 2011, Witteveldt et al., 2009, Zahid et al,, 2013, Zona et al,, 2013)..
This process was shown to be dependent of pH (Feneant et al., 2015).

Regarding the viral proteins, a report suggested a role of p7 in this pathway (Meredith et
al, 2013). In addition, HVRI of E2 was also shown to influence the cell-cell spread
(Feneant et al., 2015). One hypothesis could be that the conformation of E2 could
modulate the transmission of viral infection either in cell-cell spread or in cell- free
infection.

VI.3- Viral particles maturation

Several evidences suggest that there are some differences between infectious
intracellular and extracellular HCV particles, suggesting that maturation could occur
during the egress or outside the cells.

Indeed, intracellular particles are pH sensitive whereas extracellular particles could
become resistant depending on their genotype (Atkins et al., 2014, Wozniak et al., 2010).
As above discussed, it was suggested that p7 is involved in this maturation by protecting
the glycoproteins from premature fusion similarly as M2 of influenza virus. This could
be a result of a change in glycoproteins conformation or of a masking of the
glycoproteins by lipids.

In addition, the density of intracellular particles is found to be higher than that of
extracellular particles (Gastaminza et al., 2008), indicating again that a maturation occur
during virion egress or outside the cells as will be discussed in the Results section.
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I-Context and Aims of the Thesis

The assembly of infectious virus particles is a complex process that requires a perfect
coordination of all the factors involved as well as a perfect timing. Viruses have set up
several smart, step-wise mechanisms to allow the achievement of this process. Its
complexity is partly due to the fact that several steps are usually necessary to allow the
formation of infectious particles. Indeed, in the case of HCV, core proteins have to
interact with the viral genome, which is generated in the replication complexes. The
nucleocapsids in formation further need to be enveloped within a lipid bilayer that
incorporates the two glycoproteins E1 and E2. After nucleocapsid envelopment, a
scission between the viral and cell membrane is required to allow the completion of the
particle and its release. As mentioned in the Introduction, HCV particles have the unique
particularity to be lipidated, meaning that in addition to the phospholipids and
cholesterol usually found in membrane of enveloped viruses, they incorporate both
cholesterol esters and triglycerides and apolipoproteins, with a composition close to
that of lipoproteins. This particular conformation indicates that HCV particles have to
undergo a step of maturation that promotes this specific lipidation.

Besides the core, E1 and E2 structural proteins, almost all the non-structural (NS)
proteins encoded by the HCV genome are required to mediate functional assembly.
Particularly the p7 and NS2 proteins act as conductors and are responsible for
organizing the assembly process. NS5A, another viral NS protein, also plays a key role in
assembly. Indeed, it emerges that NS5A is a key player in the switch between replication
and assembly, and in the transfer of the synthesized viral genome from the replication
complex to the virion assembly sites, as it interacts with both the viral RNA and the core
protein. On the other side, NS2 acts as a platform that interact with the E1E2
glycoproteins and with NS5A, which is likely associated with core and RNA. This may
allow the regulation of the encountering of the nucleocapsid and the glycoproteins,
which initiates virion morphogenesis. Finally, p7 regulates the formation of such “NS2-
based platforms” but also modulates the envelopment of the particles. In addition, it is
well described that within infected cells, p7 exists also as an E2p7 precursor; yet, the
precise function(s) of this precursor remains elusive.

HCV particle assembly occurs at a precise area within infected cells. Indeed, several
studies indicate that the cytosolic lipid droplets play a key role in this event, since core
and NS5A proteins can localize at their surface. The current model of HCV assembly (see
figure 38 in Introduction) proposes that it occurs at an ER membrane-derived site close
to replication complex(s) and lipid droplet(s). Although several studies has provided
fascinating details on the process of virion assembly, several pieces of the puzzle are still
missing to have a full view of the assembly process.
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Maturation of HCV particles, through their lipidation, is a central feature of HCV biology;
yet, it remains not completely understood. Particularly, the mechanisms but also the
location and time of the lipidation of viral particles are poorly defined. Indeed, the in
vitro models currently used do not allow the reconstitution of same density profile of
HCV particle compared to those isolated in sera from infected patients. However, the
discovery of these events is essential since lipidation plays a key role in the escape from
neutralizing antibodies as well as in shaping the structure and infectivity of viral
particles.

In this work, we aimed at better understanding the assembly from the encountering of
the viral proteins at assembly sites until the acquisition of lipids.

First, [ contributed to a study of the lab led by Bertrand Boson in which we sought to
investigate by confocal microscopy the clustering of HCV assembly components and its
link with functional assembly of viral particles. To do that, we took advantage of a direct
antiviral agent that targets NS5A and that inhibits assembly, which helped us to discover
new insights on assembly. This first study allowed to better define the intracellular site
of assembly but also to characterize the mode of action of this drug.

Second, we sought to investigate the role of the E2p7 precursor. Indeed, since the
amino-terminal extremity of p7 was previously shown to be essential for assembly, we
hypothesized that the regulation of the cleavage between E2 and p7 may control the
unmasking of a specific, amino-terminal function of p7 in assembly. Specifically, through
biochemical, imaging and functional analysis of a series of mutant viruses with modified
E2-p7 junction as well as through p7 transcomplementation assays, we wanted to
explore how the retarded cleavage between E2 and p7 could regulate their functions
associated to virion assembly and/or perturbation of cellular membrane processes. In
addition, we aimed at investigating if p7 could share specific functions with viroporins
from alternative viruses, such as the reduction of the rate of secretion along the cell
secretory pathway.

Third and finally, we sought to better characterize the step of lipidation of HCV particles
and we investigated which part of the particle modulates the extent of lipidation and
if/how lipidation occurs within the infected liver or in the extracellular milieu. To do
that, we compared the density of profiles of viral particles obtained from producer cells
cultured or treated in different conditions, particularly by using sera with different
lipoprotein compositions. We investigated the viral regulator of lipidation of particles by
comparing strains and genetic swaps between different HCV sequences.

Importantly, for all these studies, we compared several HCV strains exhibiting different

efficiencies of assembly and/or maturation, which greatly helped to better understand
how the sequences of HCV adapt to maintain a global fitness.
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Figure 46: Summary of the steps from HCV particles assembly to maturation studied in this manuscript. The
area investigated in the first chapter, i.e., the clustering of virion assembly components, is represented in red; the area
covered in the second chapter, i.e, envelopment and secretion of the particles is shown in blue whereas the area
investigated in the third chapter, i.e, maturation and lipidation of HCV virions is represented in green.

97



II-Summary of the findings

The first chapter in the Result section of this manuscript focuses on the first steps of
HCV assembly, which consists in the clustering of all actors of HCV assembly, structural
or non-structural. I have participated to this study led by Bertrand Boson.

1- Connection between replication complexes and assembly components close

to lipid droplets

Using imaging, biochemical and functional studies, we further investigated the model
previously proposed suggesting that assembly sites are closely associated with lipid
droplet and replication complexes. First, using time course analysis, we showed
accumulation of core punctae at ER membrane. By comparing two HCV strains with a
differential efficiency of assembly, we found a relation between the infectivity levels and
the presence of E2/core/NS4B as well as E2/core/NS5A clustered structures. We also
detected the presence of positive strand HCV RNAs in structures containing both core
and NS5A or NS4B.

2- Daclatasvir, a NS5A inhibitor, induces the clustering of HCV assembly

components by preventing the transfer of viral genome to assembly sites

Upon short time (6h) treatment of infected cells with the NS5A inhibitor, daclatasvir, we
found an enlargement of core-dotted structures containing E2 and NS5A or NS4B, a
shown by confocal microscopy. In addition, we found a reduced colocalization of core
with positive strand of viral RNA in a manner correlating with a decreased production of
infectious particles. We therefore proposed that the high clustering levels of both
structural and non-structural proteins represent assembly platform that are inactive for
promoting virion assembly due to the lack of transfer of the HCV genome from
replication complexes to nucleocapsid formation sites.

Publication: Boson B, Denolly S, Turlure F, Chamot C, Dreux M, Cosset F-L (2017)
Daclatasvir Prevents Hepatitis C Virus Infectivity by Blocking Transfer of the Viral Genome
to Assembly Sites. Gastroenterology 152: 895-907.e14

The second chapter of this manuscript focuses on the role of p7 in HCV assembly and,
more particularly, in later steps of assembly, consisting in the transfer of viral
nucleocapsids to virion envelopment site and the completion of their envelopment.
3- Free p7 slows down the cell secretory pathway

Using biochemical assays, we demonstrated that free p7, i.e., not associated in the E2p7
precursor, can slow down the cell secretory pathway in a dose-dependent manner.
More particularly we showed that this induces the retention of HCV glycoprotein in the
ER and increasing the efficiency of assembly.
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4- Processing of E2p7 precursor unmasks a novel p7 function that regulates
the encountering of the nucleocapsid with glycoproteins, the levels of
secretion of viral particles types, and their specific infectivity

By studying several HCV mutants that accelerate the E2p7 processing, we discovered a
new function of the amino-terminal extremity of p7. Our imaging data demonstrated
that p7 N-terminus could be exposed to the cytosol, which could modulate the
encountering of NS5A and NS2 and thus, the encountering of the nucleocapsid,
associated with NS5A, with the E1E2 glycoproteins, associated with NS2. In addition, we
showed that this part of p7 regulates the level of secretion of HCV particles types,
namely subviral particles, non-infectious particles as well as infectious particles by
regulating the quality of envelopment and thus the specific infectivity of the latter
particles.

Publication: Denolly S, Mialon C, Bourlet T, Amirache F, Penin F, Lindenbach B, Boson B,
Cosset F-L (2017) The amino-terminus of the hepatitis C virus (HCV) p7 viroporin and its
cleavage from glycoprotein E2-p7 precursor determine specific infectivity and secretion
levels of HCV particle types. PLoS Pathog 13: e1006774

The last chapter focuses on the lipidation of infectious particles and more particularly
the viral factor and host factors that modulate the quality of lipidation.

Using different HCVcc culture conditions, we showed that the association of viral
particles with neutral lipids could occur in the extracellular milieu, depending of its lipid
and lipoprotein content. In addition, we showed that short time incubation of 2-6h of
HCVcc particles produced in serum-free medium with human serum is sufficient to
induce a low-density profile to these particles, close to that generally observed in HCV-
infected patients’ sera. These results indicated that the acquisition of lipids and the shift
to low-density particles could occur after their release from infected cells or,
alternatively, at a post-assembly level. Moreover, by comparing two strains and using
swap mutants, we demonstrated that hypervariable region I of E2 primarily influences
the level of lipidation of particles.

Publication: Denolly, S, Granier C, Fontaine N, Pozzetto B, Bourlet T, Guérin M, and Cosset
F-L (2018) A serum protein factor mediates lipid acquisition by HCV particles in the
extracellular milieu. In preparation.
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III- Daclatasvir Prevents Hepatitis C Virus Infectivity
by Blocking Transfer of the Viral Genome to Assembly
Sites

Bertrand Boson, Solene Denolly, Fanny Turlure, Christophe Chamot,
Marlene Dreux, Frangois-Loic Cosset
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101



102



Daclatasvir Prevents Hepatitis C Virus Infectivity by Blocking
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Transfer of the Viral Genome to Assembly Sites

Bertrand Boson,’ Soléne Denolly,” Fanny Turlure,’ Christophe Chamot,?

Marléne Dreux,’ and Frangois-Loic Cosset’

'CIRI - International Center for Infectiology Research, Team EVIR, Inserm, U1111, Université Claude Bernard Lyon 1, CNRS,
UMR5308, Ecole Normale Supérieure de Lyon, Univ Lyon, F-69007, Lyon, France; and 2Plateau Technique Imagerie/
Microcopie, Lyon Bio Image, SFR-BioSciences, ENS de Lyon, Inserm US8, CNRS UMS3444, UCBL, France

BACKGROUND & AIMS: Daclatasvir is a direct-acting antiviral
agent and potent inhibitor of NS5A, which is involved in
replication of the hepatitis C virus (HCV) genome, presumably
via membranous web shaping, and assembly of new virions,
likely via transfer of the HCV RNA genome to viral particle
assembly sites. Daclatasvir inhibits the formation of new
membranous web structures and, ultimately, of replication
complex vesicles, but also inhibits an early assembly step. We
investigated the relationship between daclatasvir-induced
clustering of HCV proteins, intracellular localization of viral
RNAs, and inhibition of viral particle assembly. METHODS:
Cell-culture—derived HCV particles were produced from
Huh7.5 hepatocarcinoma cells in presence of daclatasvir for
short time periods. Infectivity and production of physical par-
ticles were quantified and producer cells were subjected to
subcellular fractionation. Intracellular colocalization between
core, E2, NS5A, NS4B proteins, and viral RNAs was quantita-
tively analyzed by confocal microscopy and by structured
illumination microscopy. RESULTS: Short exposure of HCV-
infected cells to daclatasvir reduced viral assembly and
induced clustering of structural proteins with non-structural
HCV proteins, including core, E2, NS4B, and NS5A. These
clustered structures appeared to be inactive assembly plat-
forms, likely owing to loss of functional connection with
replication complexes. Daclatasvir greatly reduced delivery of
viral genomes to these core clusters without altering HCV RNA
colocalization with NS5A. In contrast, daclatasvir neither
induced clustered structures nor inhibited HCV assembly in
cells infected with a daclatasvir-resistant mutant (NS5A-Y93H),
indicating that daclatasvir targets a mutual, specific function of
NS5A inhibiting both processes. CONCLUSIONS: In addition to
inhibiting replication complex biogenesis, daclatasvir prevents
viral assembly by blocking transfer of the viral genome to
assembly sites. This leads to clustering of HCV proteins because
viral particles and replication complex vesicles cannot form or
egress. This dual mode of action of daclatasvir could explain its
efficacy in blocking HCV replication in cultured cells and in
treatment of patients with HCV infection.

Keywords: Chronic Hepatitis C; Direct-Acting Antiviral Agent;
DAA.

H epatitis C virus (HCV) infection is a leading cause of
chronic liver diseases worldwide. With 180 million
people persistently infected, chronic HCV infection, which
induces end-stage liver diseases such as liver cirrhosis and

hepatocellular carcinoma, presents a public health problem
of high socioeconomic impact. No protective vaccine exists
against HCV. However, the development of direct-acting
antivirals targeting different proteins and functions in HCV
life cycle has dramatically changed the treatment options for
chronic hepatitis C, leading to new hopes to cure HCV.

HCV has a positive-sense single-strand RNA (RNA[+])
genome encoding viral proteins, including an assembly
module (C—non-structural [NS] 2) encompassing the capsid
protein (core); E1 and E2 surface glycoproteins that are
incorporated in viral particles; the p7 viroporin and NS2
protein that support virion assembly; and a replication
module encompassing the NS proteins NS3, NS4A, NS4B,
NS5A, and NS5B, which are sufficient to support viral RNA
replication and also contribute to virion formation through
an unclear process.

The recent development of direct-acting antiviral has
benefited greatly from discoveries in HCV molecular
virology and host—virus interactions." The primary targets
of direct-acting antiviral® include the serine protease activ-
ity of NS3/NS4A, the multifunctional RNA-binding phos-
phoprotein NS5A, and the RNA-dependent RNA polymerase
NS5B. Daclatasvir (DCV) and DCV-related molecules were
discovered through screening of compounds inhibiting HCV
subgenomic replicons.” In addition to being effective in-
hibitors of HCV replication, with 50% effective concentra-
tion values in the pM range, recent studies have reported
that DCV acts on a distinct stage of replication, namely viral
particle assembly.*"® Exposure of cell-culture—derived HCV
infected cells to DCV for short time periods decreased
production of infectious particles before decay of intracel-
lular HCV RNA and polyprotein levels.

Although DCV’s mode of action is unclear, it specifically
targets NS5A,*7 particularly its domain I (DI), which has
functions associated with genome replication,8 in line with
identified DCV-resistant mutations in DI (eg, L31 and Y93).?

Abbreviations used in this paper: CHX, cycloheximide; DCV, daclatasvir;
DI, domain I; DMV, double membrane vesicle; ER, endoplasmic reticulum;
HCV, hepatitis C virus; LD, lipid droplet; MOI, multiplicity of infection; NS,
non-structural protein; PBS, phosphate-buffered saline; RC, replication
complex; SIM, structured illumination microscopy.

® Most current article

© 2017 by the AGA Institute
0016-5085/$36.00
http://dx.doi.org/10.1053/j.gastro.2016.11.047 103

o
w
=
D_I
==
<=
[ER=]
S =
<5
)
3
=




3
=E
:

896 Boson et al

Importantly, DCV inhibits formation of double-membrane
vesicles (DMVs) that contain the HCV RNA replication com-
plex (RC)®° and are induced by non-structural proteins,
particularly NS4B and NS5A.''! In addition, other studies
reported that DCV or DCV-related compounds decrease
mobility,12 intracellular redistribution,'®* and/or clus-
tering>'*"® of NS5A. Despite these remarkable findings, there
is no clear consensus on the role, location, and kinetics of
these events, possibly because of differences in experimental
conditions. NS5A is an HCV RNA-binding protein'®'’ that
mediates HCV RNA transfer to viral particles,18 so it seems
possible that altered NS5A intracellular localization and/or
trafficking could prevent assembly of infectious particles.

We investigated the relationship between DCV-induced
clustering of HCV proteins and inhibition of viral particle as-
sembly. We studied the intracellular localization of HCV as-
sembly and RC proteins along with HCV RNA(+) and RNA(—)
species within HCV-infected cells at early time points after
DCV exposure and compared these events with the produc-
tion of infectious particles. We show that in addition to
inhibiting DMV biogenesis, DCV prevents HCV assembly by
blocking the transfer of viral genomes to virion assembly
proteins. This leads to clustering of HCV proteins, likely
because viral particles and RC vesicles cannot form and/or
egress from the endoplasmic reticulum (ER) membranes. This
dual mode of action of DCV could account for its extremely
high potency in cell culture and, most likely, in patients.

Materials and Methods
Cell Culture and Reagents

Huh7.5 cells were grown in Dulbecco’s modified minimal
essential medium (Invitrogen, Cergy-Pontoise, France) supple-
mented with 100 U/mL penicillin, 100 ug/mL streptomycin,
and 10% fetal bovine serum.

Expression Constructs
pFK-JFH1wt dg, pFK-JFH1/]6/C-846_dg and pFK-Jcl-
Y93H_dg plasmids®'® were kind gifts from R. Bartenschlager.

Cell-Culture—Derived Hepatitis C Virus
Production and Titration

Cell-culture—derived HCV production procedures were
described previously.?° Supernatants infectivity titers were
determined as focus-forming units per milliliter. Serial dilutions
of supernatants were used to infect Huh7.5 cells, focus-forming
units were determined 3 days post-infection by counting
NS5A-immunostained foci.

Immunofluorescence and Confocal
Microscopy Imaging

Huh7.5 cells grown on uncoated 14-mm-diameter glass
coverslips were infected at multiplicity of infection (MOI) of 0.2.
At indicated times post-infection, cells were washed with
phosphate-buffered saline (PBS), fixed with 3% para-
formaldehyde in PBS for 15 minutes, quenched with 50 mM
NH,Cl, and permeabilized with 0.1% Triton X-100 for 7
minutes. Fixed cells were then incubated for 1 hour with
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primary antibodies in 1% bovine serum albumin/PBS, washed
and stained for 1 hour with the corresponding fluorescent
Alexa-conjugated secondary antibody (Alexa-488, Alexa-555,
and Alexa-647, Molecular Probes Europe BV, Leiden, The
Netherlands) in 1% bovine serum albumin/PBS. Lipid droplets
(LDs) were stained with 10 ug/mL Bodipy 493/503 (Molecular
Probes) according to the manufacturer’s instructions. Cells
were washed 3 times with PBS, stained for nuclei with Hoechst
(Molecular Probes) for 5 minutes when stated, washed, and
mounted in Mowiol (Fluka, Buchs, Switzerland) before image
acquisition with LSM-510 or LSM-710 confocal microscopes.

Combined Detection of Hepatitis C Virus RNA
by Fluorescent In Situ Hybridization and
Viral Proteins

Viral proteins were first immunostained as described. After
a post-fixation step with 3% paraformaldehyde for 15 minutes
and 3 washes with PBS, HCV RNA(+), and RNA(—) strands
were detected using probe sets that target regions between
nucleotide positions 3733-4870 and 4904—5911, respectively,
in the JFH1 genome using QuantiGene ViewRNA ISH Cell Assay
kit (Panomics/Affymetrix, Santa Clara, CA) according to the
manufacturer’s instructions, except for the protease digestion
step that was omitted. Omission of protease digestion step did
not affect detection of HCV RNA(+) or RNA(—) foci (data not
shown). Nuclei staining, slide mounting, and acquisition were
performed as described.

Structured lllumination Microscopy

Huh7.5 cells were grown on high precision cover glasses
and infected (MOI = 0.2). At 72 hours post-infection, cells were
fixed with 3% paraformaldehyde and stained as described.
Cells were then mounted in Fluoromount-G (Southern Biotech,
Birmingham, AL) before image acquisition with Elyra PS-1
microscope (Zeiss, Oberkochen, Germany). Images were
reconstructed using the Zen 2012 Black software (Zeiss).

Image Analysis and Quantifications

Images were analyzed with the Image] software (imagj.nih.
gov). For quantifications of structures, colocalized pixels were
extracted with the ColocalizeRGB plugin with auto-thresholding
and a pixel ratio between paired channels set to 50%. They
were then segmented with the Watershed algorithm and
quantified with the Analyze Particles function of Image]. Only
structures with size >0.02 ,umz, which corresponds to half of
the resolution limit of confocal laser scanning microscopy, were
recorded. For quantification of structures apposed at the edge
of LDs, an Image] macro was developed (for details, see
Supplementary Results) to search for variation of max intensity
in the neighborhood of each LD as an indicator of proximity.
Structures distant from LDs by >3 pixels (approximately
205—207 nm) were considered as non-apposed at the edge of
LDs. When stated, the Pearson’s correlation coefficients were
calculated by using the JACoP plugin.

Statistical Analysis

Significance values were calculated by applying the 2-tailed,
unpaired Mann—Whitney test for image analyses and the
paired t test for the quantification of viral RNA, core protein,
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and infection assays, using the GraphPad Prism 6 software
(GraphPad Software, La Jolla, CA). P values <.05 were consid-
ered statistically significant and the following denotations were
used: ***p < .0001; **P < .001; **P < .01; *P < .05; ns (not
significant) P > .05.

Results

An NS5A Inhibitor Preventing Viral Assembly
Induces Co-Clustering of Structural and
Non-Structural Proteins

To understand the impact of DCV on viral particle as-
sembly, first we confirmed and extended previous studies*”
indicating that, unlike the DCV-resistant NS5A-mutant Jc1-
Y93H virus,® a 6-hour-long treatment with 1 nM DCV had
no effect on intracellular HCV RNA (Supplementary
Figure 14, left panels) and core protein (Supplementary
Figure 14, right panel) levels in cells infected with Jc1 vi-
rus. In contrast, a longer treatment (24 hours) reduced Jc1
intracellular RNAs by >10-fold, in accordance with these
former reports. As reported previously,” inhibition of
infectivity was detectable from 2 hours after the initiation of
DCV treatment (Supplementary Figure 24 and B). Upon a

Jc1-YO3H
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6-hour-long treatment, the levels of both intracellular and
extracellular infectious particles were reduced by approxi-
mately 13-fold and 4-fold, respectively, whereas Jc1-Y93H
virus infectivity was not affected (Supplementary
Figures 1B and 24 and B). Finally, we found that DCV
inhibited  the  production of physical particles
(Supplementary Figure 1C), as judged by the inhibition of
both secreted viral RNAs and core protein from infected
cells. Altogether, these results indicated that the decrease of
viral production via short-time DCV treatment is due to
inhibition of viral assembly rather than egress of particles,
whereas longer treatments inhibit both assembly and
replication.

Because DCV alters NS5A intracellular distribution
and core colocalizes with several other HCV proteins in Jc1-
infected cells, including E2, NS2, NS3, NS4B, and NS5A
(Supplementary Figure 3), we next wondered whether DCV
inhibits viral assembly by altering the association of struc-
tural proteins with non-structural proteins from RCs. We
investigated by confocal microscopy the effect of short-time
DCV treatments on HCV proteins that mark either compo-
nent of viral particleszo—core and E2 or RCs'%?'—that is,
NS5A (Figure 1) and NS4B (Figure 2). Importantly, punctate
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Figure 1.DCV induces the clustering of E2/core/NS5A structures. Huh7.5 cells infected with Jc1 or Jc1-Y93H viruses
(MOI = 0.2) were incubated at 66 hours post-infection with 1 nM DCV or dimethyl sulfoxide (DMSO) for 6 hours. After staining for
HCV E2, core, and NS5A proteins, colocalization of core (red channel) with E2 (green channel) and NS5A (blue channel) proteins
was analyzed by confocal microscopy (A). Scale bars of panels and zooms from squared area represent 10 um and 2 um,
respectively. Colocalized pixels (white channel) between red, green, and blue channels were extracted with the ColocalizeRGB
plugin of ImagedJ. The surface (B) and number (C) of E2/core/NS5A and core/NS5A structures were quantified with Imaged. For
each condition, 30—50 cells were quantified. ***P < .0001; **P < .001; *P < .01; *P < .05; ns (not significant) P > .05.

105



898 Boson et al

Gastroenterology Vol. 152, No. 4

m  0.30 - i 0.30 akl
fll‘, Tkkk g il ODbMSo
2 ~0.25 Oh g~ 0251 mDCV
E £ ns ZE ns
5 = 0.20 4 9 3 0.20 1
) o
S 0 0.15 4 S 20151

=] o3
% 0 0.10 © © 0101
o2 o3
Q + S =
@ 9 0.05 4 € 9 0.05
b =]
= (7]
@  0.00 - 0.00 -

Jei1  Je1-Y93H Jc1  Jel-Y93H
@ 100, 160 - *
@ Q@ 1] % o
£ 80 4 N EDCV
@ ° E " 120
o @ ns
S5 o0 85"
N = O 5 gp
w s s 3
s E 40 4 » 5 601
5 2% 40
8 201 £
3 20 1
g 2
4 0- 04
Je1 Je1-Y93H Jc1 Je1-YO3H

Figure 2. DCV induces the clustering of E2/core/NS4B structures. Cells were infected, treated, and analyzed as in Figure 1.
Confocal analysis of core with E2 and NS4B, displayed as in Figure 1A, with NS4B instead of NS5A in the blue channel (A). The
surface (B) and number (C) of E2/core/NS4B and core/NS4B structures were quantified with ImageJ. DMSO, dimethyl
sulfoxide. ***P < .0001; **P < .001; *P < .05; ns (not significant) P > .05.

structures colocalizing E2, core, and NS5A proteins were
readily detected in Jcl-infected cells at 72 hours post-
infection (see the extractions of E2/core/NS5A colocaliza-
tion pixels in the right panels [A] of either Figure 1 or 2 and
quantifications in panels B—C). Strikingly, after a
6-hour-long DCV treatment, they appeared approximately
85% bigger than without treatment (Figure 1B). Likewise,
E2/core/NS4B punctate structures were also detected in
Jc1-infected cells (Figure 2); yet, similar to E2/core/NS5A
structures, their size steadily increased from 2 hours after
DCV treatment (Supplementary Figure 2C) and was
approximately 75% bigger than without DCV treatment af-
ter a 6-hour-long incubation (Figure 2B), although their
number remained constant (Supplementary Figure 2D,
Figure 2C). Of note, short-time DCV treatments from 18
hours post-infection also induced strong enlargements of
both E2/core/NS5A and E2/core/NS4B punctate structures,
by up to 3-fold (data not shown). These core/NS5A and
core/NS4B structures clustering with E2 (Figures 1 and 2)
likely gathered within combined structures, as indicated by
the enlargement of punctae that included core, NS54A, and
NS4B upon short-time DCV treatments (Supplementary
Figure 4). Importantly, the YO3H DCV-resistant mutation
abolished DCV-induced enlargement of all these structures
(Figures 1 and 2, Supplementary Figure 2C—D), indicating
that their alteration likely involved DCV effect on NS5A.

Finally, DCV treatment blocked NS5A hyper-
phosphorylation, as reported by others,?*** which corre-
lated with the co-clustering of structural and non-structural
proteins and with the concomitant decrease of assembly of
infectious viral particles (Supplementary Figures 5 and 2).
As noted by others,®?? the Y93H DCV-resistant mutation
altered DCV-mediated inhibition of NS5A hyper-
phosphorylation (Supplementary Figure 5). As NS5A
hyper-phosphorylation modulates NS5A functions in both
replication and assembly,” these results further implied that
DCV targeting of NS5A DI domain function(s) is pivotal for
both steps.

Altogether, these results suggested that DCV acts shortly
after administration to block viral assembly and results in
the co-clustering of structural proteins with RC components.

In Absence of Daclatasvir Treatment, Structural
and Nonstructural Proteins Colocalize Over Time
Post-Infection Within Accruing Punctate
Structures

Our results suggested that, rather than inducing novel
structures, DCV expands or merges pre-existing structures
colocalizing structural and nonstructural proteins. Accord-
ingly, DCV did not modify the cellular localization and
membrane association of E2, core, NS4B, and NS5A proteins,
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as indicated by subcellular fractionation assays of infected
cells that did not reveal changes in their fraction contents
upon DCV treatment (Supplementary Figure 64). Altogether,
this prompted us to characterize such pre-existing struc-
tures, aiming at understanding the mode of action of DCV on
HCV assembly inhibition.

Using super-resolution microscopy (3-dimensional
structured illumination microscopy), we found that E2/
core/NS4B dot structures gather NS4B part(s) and E2-dense
parts, with core joining either areas (Figure 34). Such
structures might represent territories connecting the sites
of replication and assembly. Therefore, to investigate their
formation, they were characterized over time post-infection
with the Jcl virus comparatively to the JFH1 virus that
produces 50—100-fold less infectious viral particles®’

—_
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despite identical replication rates.'® At early time points
post-infection (before 24 hours), core and NS4B appeared as
punctate structures, whereas E2 was spread throughout the
ER (Figure 44, Supplementary Figure 7). Few dots of
colocalization between core, EZ, and NS4B were detected at
early time points in both Jc1- and JFH1-infected cells; yet,
their number increased subsequently. Specifically, from 24
hours to 72 hours post-infection, the number and size of E2/
core/NS4B structures increased in Jcl-infected cells by
approximately 20-fold and 3-fold, respectively (Figure 4B,C).
This suggested that core progressively concentrates in areas
including E2 and/or NS4B, and that the structures
containing both structural proteins and components of RCs
appear concomitantly. Comparatively, the number and
size of E2/core/NS4B structures increased slowly in JFH1
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Figure 3. Three-dimensional structured illumination microscopy (3D-SIM) super-resolution imaging of E2/core/NS4B struc-
tures. Cells were infected with Jc1 virus (MOI = 0.2), treated for 24 hours with 20 ug/mL CHX at 48 hours post-infection, and
fixed at 72 hours post-infection. Cells were stained for HCV E2, core, and NS4B proteins and for LDs. Colocalization of core
(red channel) with E2 (green channel) and NS4B (blue channel) (A) or core with LDs (green channel) and NS4B (blue channel) (B)
was analyzed by 3D-SIM. Zooms of typical structures are represented as individual stack from top to bottom (referred to as
1-10) and 3D reconstructions from Imaris software are shown. Scale bars of panels and zooms from squared area represent 5
um and 1 um, respectively.
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Figure

4. Structural proteins and NS4B colocalize within discrete structures. Cells infected with Jc1 or JFH1 viruses

(MOI = 0.2) were fixed at the indicated time post-infection and were then stained for HCV E2, core, and NS4B proteins. The
colocalization of core (red channel) with E2 (green channel) and NS4B (blue channel) was analyzed by confocal microscopy. A
representative picture of Jc1-infected cells is presented (A). Scale bars of panels and zooms from squared area represent 10
um and 2 um, respectively. Colocalized pixels (white channel) between red, green, and blue channels were extracted with the
ColocalizeRGB plugin of Imaged (second row). The number (B) and size (C) of E2/core/NS4B structures were quantified with
Imaged. For each condition, 30—50 cells were quantified. The supernatants of infected cells were harvested at the indicated
time post-infection and used to infect naive Huh7.5 cells to determine virus infectivity (D). ***P < .0001; **P < .001; **P < .01;

ns (not significant) P > .05.

virus-infected cells from 24 hours post-infection and were
approximately 10-fold less frequent at 72 hours post-
infection as compared to Jcl (Figure 4B), in agreement
with the lower production of infectious viral particles
(Figure 4D). The appearance of E2/core/NS4B structures,
which correlated with infectivity levels, suggested that they
could represent RCs connected to viral particle assembly
components or sites.

Daclatasvir Does Not Alter the Localization of
Punctate Structures That Are Apposed to,
But Not Associated With Lipid Droplets

Previous studies reported a differential accumulation of
HCV core in 2 distinct intracellular areas in Jcl- vs

JFH1-infected cells, that is, at the ER vs LDs, 204 respectively,
which may reflect the dissimilar capacity of core from either
virus to engage in assembly. Thus, aiming at better charac-
terizing the initiation of HCV assembly, we compared core
localization at different time points post-infection. At 16
hours post-infection, the core protein showed intracellular
localization patterns as small and discrete punctae that were
distributed uniformly (Supplementary Figure 8A4). These
structures were still observed at 24 hours post-infection for
both viruses; yet, in JFH1-infected cells, core also became
detectable at the surface of LDs. At later time points, from 48
hours post-infection, the core protein was found clearly
redistributed following 2 different patterns, that is, as a
reticular pattern in Jcl-infected cells vs surrounding LDs in
JFH1-infected cells (Supplementary Figure 84).
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To determine how the initial core punctae were pro-
gressively redistributed in either pattern, we inhibited
protein synthesis at 24 hours vs 48 hours post-infection by
treating infected cells with cycloheximide (CHX) for 24
hours (Supplementary Figure 84). After CHX treatment, the
core protein of JFH1 virus was still observed as ring-like
structures that completely surrounded >95% of the LDs,
suggesting that the core protein initially present as discrete
punctae progressively reached and accumulated at LD sur-
face. In sharp contrast, the early-detected discrete core
punctae persisted in CHX-treated Jcl-infected cells and
enlarged by approximately 50% from 48 hours to 72 hours
post-infection (Supplementary Figure 84 and B).

When we determined the localization of these core
punctae in Jcl-infected cells, we found that they were not
randomly distributed throughout the ER but rather, that a
significant part, of approximately 40%, was apposed at the
edge of LDs (Figure 54 and B), which represent specific sites
where LDs are juxtaposed to the ER membrane and may
gain their proteins.”® As about 10% of LDs in Jcl-infected
cells were surrounded by core protein compared to >95%
in JFH1-infected cells (Figure 5C), this suggested that core-
apposition at LD edges, rather than LD surface-association,
promotes HCV early assembly steps. These findings
implied that the core protein of Jc1 virus was not mobilized
to or from the LD surface, but rather, was targeted and/or
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on ER membrane
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retained at ER membrane sites apposed to LDs. This also
indicated that the reticular pattern detected at late time
points post-infection in CHX-untreated cells reflected the
progressive accrual and/or enlargement of core punctae
(Supplementary Figure 8A4). Altogether, these results
suggested that the association of core on LD surface does
not contribute to virion assembly, at least in a direct
manner, and that, over time post-infection, the core protein
of the highly infectious Jc1 virus progressively concentrates
in large, LD edge-apposed punctate structures, which is
concomitant to virus production.

It is expected from these findings that a part of the
punctae in which core accumulated represented assembly
sites. To characterize the connection of these dots with
replication sites, we investigated the intracellular localiza-
tion of core punctae colocalizing with the non-structural
proteins revealed here, that is, NS5A and NS4B (Figures 1
and 2). Interestingly, both structures frequently localized
(approximately 40%—55%) at the edge of LDs in Jcl-
infected cells (Figure 5D). By super-resolution microscopy,
we found that core/NS4B dotted structures apposed at LD
edges exhibited a bipolar arrangement, separating by
approximately 0.1 um core on the one side and NS4B on the
other side (Figure 3B). Importantly, a similarly high pro-
portion of core/NS4B and core/NS5A structures remained
apposed at the edges of LDs in infected cells treated or not
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Figure 5. Characterization of HCV core structures within infected cells. A schematic representation distinguishing the different
categories of core structures with regard to LD localization that were quantified (A). From images of Supplementary Figure 8A,
the percentage of core punctate structures apposed at the edge of LDs (B) and the percentage of LDs with associated core
either on ER membrane or on LD surface (C) were quantified using a macro developed with ImagedJ (see Supplementary
Results). The percentage of core/NS4B and core/NS5A punctate structures apposed at the edge of LDs in Jc1-infected
cells (D) were quantified with ImagedJ. ND, not determined. For each condition, 30—50 cells were quantified. **P < .001;

**P < .01; ns (not significant) P > .05.
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with DCV (Supplementary Figure 6B), which further
implied that DCV did not inhibit HCV assembly by altering
localization of assembly proteins.

Daclatasvir Prevents Hepatitis C Virus Genome
Transfer to Virus-Induced Structures That May
Represent Assembly Platforms

At first sight, the increasing size of E2/core/NS4B
structures during the infection course (Figure 4) seemingly
contradicted the fact that DCV treatment could also induce
their enlargement (Figure 2). As DCV inhibits viral particle
assembly, we thought that this apparent paradox reflects
the accumulation of proteins at assembly and RC sites. To
test this hypothesis, we reasoned that impairing cellular
assembly factors would similarly induce the expansion of
E2/core/NS5A and/or E2/core/NS4B structures. Hence, we
targeted diacylglycerol acyltransferase-1, a factor that reg-
ulates HCV assembly by attracting core and NS5A proteins
onto the surface of the same LDs.”**” Upon diacylglycerol
acyltransferase-1 down-regulation or chemical inhibition,
which reduced infectivity by approximately 9-fold, we found
that both E2/core/NS5A and/or E2/core/NS4B structures
enlarged, by up to 2-fold (Supplementary Figure 9). In a
similar manner, we surmised that, owing to the dual role of
NS5A in replication vs packaging of HCV RNA'® the
enlargement of either structure upon short-time DCV
treatment (Figures 1 and 2) may reflect a loss of functional
transition from HCV replication to assembly as caused by
defective NS5A targeting of the viral genome to assembly
components, ultimately resulting in their aggregation as
inactive structures.

To further address this possibility, we wanted to inves-
tigate whether the viral genome and its replicative inter-
mediate, that is, HCV RNA(+) and RNA(—) species,
respectively, could be found within these structures and
could be altered upon DCV treatment. We therefore com-
bined immunofluorescence analysis to label core, NS4B, and
NS5A proteins with fluorescence in situ hybridization to
detect HCV RNA(+) and RNA(—) strands, which appeared as
dots that could represent sites of translation, replication,
viral assembly, or intracellular particles.28 Importantly, both
HCV RNA(+) and RNA(—) were detected within core/NS5A
and core/NS4B structures, which suggested that they
represent, at least partly, assembly structures connected
with RCs (Figure 6A—C, panels i and ii). Interestingly, a
6-hour-long DCV treatment did not change the proportion of
either protein structure colocalizing with both types of
RNAs (Figure 6A4—C, panels i and ii). However, when we
quantified the number of RNA dots colocalizing with HCV

d
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protein dots in Jcl-infected cells, we found that such DCV
treatment specifically decreased by up to 3-fold the pro-
portion of HCV RNA(+) dots colocalizing with either core or
NS4B punctae, whereas no changes were observed in Jc1-
Y93H infected cells (Figure 64 and B, panels iii and iv). In
contrast, the proportion of HCV RNA(+) dots colocalizing
with NS5A structures remained unchanged (Figure 64
and B, panel v), implying that DCV-mediated NS5A inhibition
acts downstream of NS5A/RNA interaction(s), in agreement
with previous reports indicating that DCV does not inhibit
HCV RNA binding to NS5A."**? Finally, DCV did not change
the proportion of HCV RNA(—) colocalizing with NS4B,
NS5A, and core in either Jc1 or Jc1-Y93H—infected cells
(Figure 64 and C). Together these observations suggest that
DCV inhibited assembly by blocking the formation of active,
that is, RNA(+) containing, assembly sites.

Discussion

Our results uncover novel features of DCV-mediated HCV
inhibition that further our understanding of HCV assembly.
We confirmed that DCV induces NS5A clustering, in line
with previous studies.”’*' Interestingly, we found that
other HCV proteins, such as E2, core, and NS4B, gathered
with these NS5A clusters (Figures 1 and 2, Supplementary
Figure 4). We also found that the enlargement of these
clusters upon short-time DCV treatments correlated with
the reduction of viral particle assembly. As we will discuss,
we propose that DCV-induced accretion of HCV proteins
reflects the loss of functional association between HCV
replication and assembly.

Connection Between Replication Complexes and
Assembly Sites at Lipid Droplets Proximity

Overall, our imaging, biochemical, and functional data
are congruent with a model previously proposed by
others®! wherein assembly sites are closely associated with
RCs and LDs in a micro-environment favoring replication,
mobilization, and protection of HCV RNA. First, by
comparing the poorly infectious JFH1 virus vs the highly
infectious Jcl virus, we found that the occurrence and
intracellular localization of E2/core/NS4B and E2/core/
NS5A structures were intimately related to infectivity levels
(Figure 4) and that such structures were frequently
apposed at the edge of LDs, that is, close to the ER
membrane, but were not associated around or at LD
surface (Figure 5). Second, through time-course analysis of
infection combined with translation inhibition assays
(Supplementary Figure 8), we highlighted the progressive

Figure 6. DCV prevents the delivery of HCV RNA(+) to assembly sites. Cells infected with Jc1 or Jc1-Y93H viruses (MOl = 0.2)
were incubated at 66 hours post-infection with 1 nM DCV or dimethyl sulfoxide (DMSO) for 6 hours. After staining for HCV
core, NS4B, and NS5A proteins and nuclei, HCV RNA(+) and RNA(—) species were stained by fluorescent in situ hybridization.
Colocalization of core (red channel) with NS4B or NS5A proteins (green channel) and HCV RNA(+) or RNA(—) strands (blue
channel) was analyzed by confocal microscopy (A). Nuclei are represented as cyan channel. Scale bars of panels and zooms
from squared area represent 10 um and 2 um, respectively. The proportion of core/NS4B and core/NS5A colocalizing with
HCV RNA(+) (B) or RNA(-) (C), as well as the proportion of HCV RNA(+) (B) or RNA(—) (C) dots colocalizing with core, NS4B, or
NS5A structures were quantified with Imaged. For each condition, 30—50 cells were quantified. ***P < .0001; **P < .001;

P < .01; *P < .05; ns (not significant) P > .05.
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accumulation of core punctae at ER membranes, which ul-
timately appeared as a mesh distributed throughout the ER,
and their rapid and strong colocalization with HCV glyco-
proteins. Third, we found that a significant proportion
(approximately 15%—20%) of core/NS4B and core/NS5A
structures contain HCV RNAs (Figure 6). Finally, our data
underscored that the structures associating RNA(+), core,
and E2 structural components (ie, representing, at least in
part, assembly sites*®) with RCs and LDs,?! evolve in a very
dynamic process both naturally and in response to specific
inhibitors.

Daclatasvir Induces Clustering of Viral Proteins
by Altering Both Assembly and Replication
Complex Formation

We noticed that a high proportion (approximately 80%—
85%) of core/NS4B and core/NS5A structures do not
contain HCV RNAs. We propose that such structures may
represent assembly sites for which functional linkage with
RCs or, alternatively, viral RNA transfer to nascent virions,
have waned or not occurred. Intuitively, one might expect
that functional assembly sites would be difficult to seize, as
they are necessarily transient, owing to release of assem-
bled viral particles from such sites into the ER lumen and
secretion by the cell. In addition, that HCV RNA seems rate-
limiting for inducing functional assembly is congruent with
other findings that functional RCs, represented by DMVs
having a cytosol-oriented orifice allowing release of newly
synthesized HCV RNA, account for <10%,'° and that HCV
RNA triggers viral particle envelopment.'® Furthermore,
HCV assembly is a poorly efficient process, in line with a
general notion that the vast majority of structural proteins
are not engaged or consummated in virions production.
Accordingly, the progressive accumulation and enlargement
of core-dotted structures appearing as a mesh in Jcl-
infected cells (Supplementary Figure 8) likely revealed ac-
cretion of nonfunctional assembly sites or, corollary, of
residual core proteins that have not engaged in assembled
and/or released virions. In support of this view, we found
that such core punctae do not arise from mobilization of LD-
associated core, but rather from their multiplication
throughout the ER (Supplementary Figure 8) while repli-
cation and translation progress, and from their enlargement
after ER targeting.

In this respect, our unexpected finding that DCV accen-
tuated the clustering and/or enlargement of core punctae
concomitant to inhibition of assembly may likely reflect an
accrued accumulation of nonfunctional assembly sites, that
is, of core proteins not recruited or released as infectious
viral particles. Furthermore, we observed that both E2/
core/NS4B and E2/core/NS5A structures also enlarged
upon DCV treatment, concomitant to assembly inhibition.
Finally, inhibiting assembly by targeting diacylglycerol
acyltransferase-1, which promotes localization of core and
NS5A at LDs,*®*” also resulted in enlargement of either
structure (Supplementary Figure 9). However, these ob-
servations are not paradoxical if one considers that a
majority of such structures are not functionally connected to
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ongoing assembly events. Indeed, expression of HCV pro-
teins continuously raises several vesicle types that are
formed from the ER membrane, particularly viral particles
and DMVs. Therefore, the release of the 2 latter vesicles,
respectively, within the ER lumen and the cytosol, as well as
their turnover through secretion and/or degradation,
requires an unceasing creation of areas forming novel as-
sembly sites and RCs. In this regard, NS5A, which intersects
cellular degradation machineries, for example, autophagy,*’
might be pivotal for DMV turnover.

Importantly, because the Y93H mutation in NS5A ren-
ders both assembly and DMV biogenesis events resistant to
DCV,>? it implies that DCV targets a mutual, specific NS5A
function that inhibits both processes. Indeed, NS5A4, in
concert with CypA”>" and NS4B,'*13233 has the capacity to
induce DMV biogenesis through binding of its AH N-terminal
amphipathic helix on the ER membrane and, as proposed
previously,"®**® NS5A multimerization. Because DCV
binds close to the amino-terminus of the DI domain of NS5A
dimer, that is, at the junction of both DI subunits and their
interface with the ER membrane,"®”*° DCV binding could
perturb the positioning, orientation, or flexibility of the AH
helix that anchors NS5A. This could alter the membrano-
tropic properties of NS5A by altering its membrane binding,
multimerization, and/or interaction with partners, which
would explain DCV capacity to inhibit the formation of
DMVs®? and subsequent RNA synthesis and/or trafficking,”
but also its lack of effect on replication within pre-existing
DMVs.” Owing to the fast turnover of DMVs,® this inhibi-
tion would progressively lead to decay of HCV RNAs” by loss
of newly formed DMVs. As a result, de novo—expressed non-
structural proteins would tend to accumulate because their
lack of segregation as DMVs would enhance the clustering of
NS5A™%1% and NS5B,'? as reported previously, but also of
NS4B (this report) at ER membrane domains where DMVs
form.

Daclatasvir Prevents Delivery of Viral Genomes to
Assembly Sites

[t is unlikely that inhibition of DMV biogenesis explains
the nearly immediate effect of DCV on assembly of infec-
tious particles.””® However, another important finding of
our study was that short-time DCV treatments that pre-
vented HCV assembly strongly reduced the colocalization of
core with HCV RNA(+) strand (Figure 6), which likely
precluded formation of infectious particles (Supplementary
Figure 1). Furthermore, because DCV had no effect on
colocalization of viral RNA with core/NS4B and core/NS5A
structures (Figure 6), we propose that, reminiscent of
specific NS5A mutants in domain DIII that affect core/NS5A
interaction,'® this could be due to a lack of transfer of viral
genomic RNA to assembling virions. Indeed, DCV-mediated
inhibition of DMV formation®® may not result, per se, in the
blockage of HCV RNA packaging or transfer because RNA
synthesis may not occur before DMVs become fully formed
and active.” Rather, we propose that DCV restrains pre-
existing, replication-active DMVs, that is, among those
already present at the onset of DCV treatment, from
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mediating this critical event in infectious particles assem-
bly by targeting the same function of NS5A as described
here, that is, its membranotropic properties. Indeed,
transfer of HCV RNA from active DMVs to assembly sites
would also be precluded if the membrane-binding prop-
erties of NS5A were altered for different, albeit not exclu-
sive reasons. First, as NS5A is located both inside and
outside DMVs,?” such alterations would compromise the
stability of DMV surface-associated NS5A, and, conse-
quently, the gathering of replication-active DMVs at the
vicinity of HCV particle assembly sites and/or of LDs,
because this targeting depends on core and NS5A interac-
tion*"*%3 and is critical for mediating RNA transfer to the
core protein.18 Second, as NS5A is also distributed on LDs
and ER membranes,'®?"?” DCV-mediated disruption of
NS5A membrane association on these interfaces may sub-
sequently inhibit RNA transfer, which could require NS5A
multimers to guide HCV RNA toward structural proteins, as
proposed elsewhere."”®***° Regardless of NS5A localiza-
tion, this would explain why DCV did not alter RNA/NS5A
colocalization (Figure 6), as DCV does not inhibit RNA/
NS5A binding,'**? whereas perturbing NS5A multimers by
DCV via either their disruption or altered membrane as-
sociation would likely have a strong impact on RNA
transfer and packaging in assembling virions. Third, DCV-
induced perturbation of NS5A amino-terminus, which in-
teracts with NS4B C-terminal domain,’**" may preclude
NS4B packaging functions*? and RNA transfer to core. In
this respect, it is interesting to note that DCV treatment
also strongly reduced the colocalization of NS4B and HCV
RNA(+) strand (Figure 6). This likely reflects the role of
NS4B in post-replication steps,®*** particularly the pack-
aging function of its C-terminal domain,** which relies on
both weak RNA binding capacity** and interaction with the
DIII domain of NS5A that is involved in HCV
assembly, 18383945

Interestingly, enlarged E2/core/NS5A and E2/core/
NS4B structures were observed for the Y93H DCV-resistant
virus as compared to wild-type in absence of DCV (Figures 1
and 2). Nonetheless, RNA(+) dots readily localized with
core or NS4B structures (Figure 6B), even in the presence of
DCV (Supplementary Figure 1), congruent with efficient
viral particle assembly of this mutant. Therefore, in line with
the model discussed here, we propose that DCV-escape
mutations may compensate altered membranotropic prop-
erties of NS5A and optimize interactions with NS4B (and/or
other nonstructural proteins) in order to maintain efficient
RNA targeting to assembly sites. Additional experiments will
be required to validate this hypothesis.

In conclusion, our results indicate that DCV may inhibit
HCV by preventing NS5A-mediated HCV RNA transfer to
sites of virion assembly, in addition to other effects induced
by this multifunctional protein.? This finding emphasizes the
attractiveness of this class of inhibitors that targets 2
distinct steps of HCV cycle, that is, RNA replication and viral
particle assembly. Furthermore, investigating the mode of
action of DCV allowed further characterization of how
replication and assembly are intimately linked and a specific
function of NS5A in this respect.
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Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j-gastro.2016.11.047.
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Supplementary Materials and Methods

Antibodies and Reagents

Rabbit antiserum against calnexin (Sigma-Aldrich, Lyon,
France), mouse anti—adipose differentiation-related protein
(clone AP125; Progen, Heidelberg, Germany), mouse
anti-Actin (clone AC74; Sigma-Aldrich), rabbit anti-
—diacylglycerol acyltransferase-1 (DGAT1) (clone H-255;
Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-core
19D9D6 (kind gift from C. Jolivet, bioMérieux, Lyon, France),
ratanti-E2 clone 3/11 (kind gift from ]J. McKeating, University
of Birmingham, UK), mouse anti-NS5A 9E10 (kind gift from
C. Rice, Rockefeller University, New York, NY), rabbit anti-
NS4B (kind gift from M. Kohara, Tokyo Metropolitan Insti-
tute of Medical Science, Tokyo, Japan), DCV (BMS-790052;
Selleck Chemicals, Houston, TX), A922500 (Sigma-Aldrich),
CHX (Sigma-Aldrich), Mowiol 40-88 (Fluka), Bodipy 493/503
and Hoecsht 33342 (Molecular Probes Europe BYV),
Fluoromount-G (SouthernBiotech), Protease/phosphatase
inhibitor cocktail (Cell Signaling Technology, Danvers, MA)
was used according to manufacturer’s instructions.

Inhibition of Diacylglycerol Acyltransferase-1

Down-regulation of DGAT1 was achieved using pro-
cedure described previously' via a small interfering RNA
(5’-GAACCTCATCAAGTATGGCAT) expressed from a lenti-
viral vector (MISSION pLKO.1-puro vector with short-
hairpin RNA insert TRCN0000036153; Sigma-Aldrich).
DGAT1 expression was verified by Western blot anal-
ysis. Inhibition of DGAT1 was achieved using 150 uM
A922500 inhibitor added at the time of infection for
72 hours.

Analysis of Intracellular and Extracellular
RNA Levels

RNAs were isolated from cells and supernatant harvested
in guanidinium thiocyanate citrate buffer (GTC), extracted by
phenol/chloroform extraction, reverse transcribed (iScript
cDNA synthesis kit; Bio-Rad, Hercules, CA), and quantified
with the FastStart Universal SYBR Green Master kit (Roche
Applied Science, Indianapolis, IN) on an Applied StepOne
Real-Time PCR apparatus, as described previously.”* The
efficiency of extracellular RNA extraction and reverse tran-
scription real-time quantitative polymerase chain reaction
was controlled by the addition of carrier RNAs encoding
in vitro transcripts of Xefla (Xenopus transcription factor 1a)
in supernatants diluted in GTC buffer. The sequences of the
primers used for the reverse transcription real-time
quantitative polymerase chain reaction were: HCV-specific
primers (5'-CTGCGGAACCGGTGAGTA and 5'-TCAGGCAG-
TACCACAAGGC), glyceraldehyde-3-phosphate dehydrogen-
ase—specific  primers  (5-AGGTGAAGGTCGGAGTCAACG
and 5-TGGAAGATGGTGATGGGATTTC), and Xefla-specific
primers (5-GACGTTGTCAC CGGGCACG and 5'-ACCAGG-
CATGGTGGTTACCTT TGC). Extracellular and intracellular
HCV RNA levels were normalized for Xefla and glyceralde-
hyde-3-phosphate dehydrogenase RNA levels, respectively.
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Analysis of Intracellular and Extracellular Core
Protein Levels

Infected cells were washed with PBS, trypsinized, and
centrifuged for 5 minutes at 400xg. Cell pellets were
resuspended in PBS and subjected to 4 cycles of freeze and
thaw using liquid nitrogen. Samples were then centrifuged
at 10,000xg for 10 minutes to remove cell debris. For the
quantification of extracellular core protein levels, superna-
tants of infected cells were harvested and diluted in Dul-
becco’s modified minimal essential medium to obtain a final
concentration of 5% bovine serum albumin. Core protein
levels were then quantified with the HCV core Antigen
Detection ELISA assay (XpressBio, Frederick, MD) according
to manufacturer’s instructions.

Subcellular Fractionation

Separation of different membrane compartments was
achieved as described previously.* Huh7.5 cells were elec-
troporated with in vitro—transcribed Jcl RNA. Sixty-six
hours post-electroporation, cells were washed 3 times and
were incubated with 1 nM DCV or dimethyl sulfoxide for an
additional 6 hours. Cells were then detached, washed in
PBS, and homogenized in 1 volume of 10 mM HEPES-NaOH
10 mM (pH 7.8) (hypo-osmotic buffer). Cells were allowed
to swell on ice for 20 minutes and were re-isolated by
centrifugation at 800xg at 4°C for 5 minutes. The medium
was returned to iso-osmoticity by removing two-thirds of
the supernatant and adding one-third volume of 0.6 M su-
crose and 10 mM HEPES-NaOH at pH 7.8 (hyper-osmotic
buffer). Cells were disrupted by passaging 20 times through
a 25-G needle and lysates were extracted from the nuclei by
centrifugation at 13,000xg for 10 minutes at 4°C. Subcel-
lular fractionation was performed in 3-step iodixanol gra-
dients. Equal protein amounts of the post-nuclear extracts
were mixed with 60% iodixanol to give a final concentration
of 30%, the hypo-osmotic buffer was mixed with 60%
iodixanol to generate 10% and 20% iodixanol solutions.
Equal volumes of these 3 solutions were layered in SW60Ti
centrifuge tubes and centrifuged at 50,000 rpm for 3 hours
at 4°C. Twelve fractions were collected from the top and
proteins were revealed by Western blotting.

Western Blotting

Infected cells were lysed in lysis buffer (20 mM Tris [pH
7.5], 1% Triton X100, 0.05% sodium dodecyl sulfate, 150
nM NaCL, 59, Na deoxycholate) supplemented with
protease/phosphatase inhibitor cocktail (Cell Signaling
Technology) and clarified from the nuclei by centrifugation
at 13,000xg for 10 minutes at 4°C. Ten micrograms total
proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, then transferred to poly-
vinylidene fluoride membranes (FluoroTrans W; Pall
Corporation, Port Washington, NY) and revealed with spe-
cific monoclonal antibodies, followed by the addition of goat
anti-mouse, anti-rat, or anti-rabbit immunoglobulin conju-
gated to peroxidase (Dako A/S, Glostrup, Denmark). The
proteins of interest were revealed by enhanced chem-
iluminescence  detection  (SuperSignal West  Pico
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Chemiluminescent, Thermo Scientific, Logan, UT) as
recommended by the manufacturer.

Supplementary Results

For quantification of structures apposed at the edge of
LDs,” we developed an Image] macro that searches for
variation of max intensity in the neighborhood of each LD as
an indicator of proximity. The code of this macro is as can be
found on pages e3-e5
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showMessage("The system will now search for variation of \nmax intensity in the
neighborhood of each vesicle\nas indicator of proximity\n\nThe integrated density
should increase dramatically too.");

//Image management

if (nlmages==0) {
exit("No images are open");

telse{
getDimensions(width, height, channels, slices, frames);
if(channels>1) run("Split Channels");
titres=newArray(nlmages);
//setBatchMode(true);
for (i=1; i<=nlmages; i++) {
selectlmage(i);
titres[i-1]=getTitle();
}

dir=getDirectory("image");

Dialog.create("Parameters");
Dialog.addNumber("Number of dilatations", 3);
Dialog.addNumber("Max. variation of max intensity", 50);
Dialog.addNumber("Max. variation of integrated intensity", 2000);
Dialog.addNumber("Min. area for analysis", 0.02);
Dialog.addChoice("To dilate", titres);
Dialog.addChoice("Target", titres);
Dialog.addCheckbox("Save ROIs ?", 0);

Dialog.show();

n=Dialog.getNumber();

maxIntVar=Dialog.getNumber();
maxDenVar=Dialog.getNumber();
minArea=Dialog.getNumber();
toDilate=Dialog.getChoice();

target=Dialog.getChoice();
saveROI=Dialog.getCheckbox();

//Preparation and configuration

run("Set Measurements...", "area min integrated redirect=None decimal=3");
roiManager("reset");

//Removing of channels useless for this analysis and separation of channels
/*setSlice(2);

run("Delete Slice", "delete=channel");

run("Next Slice [>]");

run("Delete Slice", "delete=channel");

run("Split Channels");

*/
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/* TODO add sequence of automatic selection of the cell
run("Next Slice [>]");

run("Gaussian Blur...", "sigma=20 slice");
setAutoThreshold("Percentile dark");
setAutoThreshold("Percentile dark");

run("Convert to Mask");

doWand(265, 252);
*/

//Automatic thresholding and separation
selectmage(toDilate);

//Possibility to place a ROl around the cell
waitForUser("Place ROI around the cell to avoid\nexternal counting");

//ROI counting
selectimage(toDilate);

run("Analyze Particles...", "size="+minArea+"-Infinity circularity=0.00-1.00
show=Nothing add");

//Selection of the image carrying the information
selectimage(target);
//selectWindow/("C1-Jc1LDcoreNS4B4.Ism");

//Highlighting of the counted area
roiManager("Show All without labels");

//Saving of the ROI
if(saveROI) roiManager("Save", "");

//Scanning of the ROI
for(i=0;i<roiManager("count");i++){
roiManager("Select", i);
//Measure of the dilations
=1
while(j<=n){
run("Measure");
run("Enlarge...", "enlarge=1 pixel");
j++;
}//end of ROl measurement

//Construction secondary tables

//Table of max

maxs=newArray(n);

for(z=0;z<n;z++){
maxs|z]=getResult("Max", z);

}

/*Array.print(maxs);
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print(maxs[4]);

Array.reverse(maxs);

Array.print(maxs);

print(maxs[4]);

Array.getStatistics(maxs, min, max, mean, stdDev);
print(stdDev);

print(delta(maxs))

*/

//Table of integrated intensities

intDen=newArray(n);

for(y=0;y<n;y++){
intDen[y]=getResult("RawIntDen", y);

}

//Decision of the positive character or not
if((delta(maxs)>maxIntVar)||(delta(intDen)>maxDenVar)) {
print("ROI "+i+1+"\tpositif");
telse{

print("ROI "+i+1+"\tnegatif");

}
//if(deltaMax<threshold) the area of max intensity is close by
//if(deltaRawIntDen>threshold) progress thus closeness

//deletion of n first raws of the table
[].deleteRows(0, n-1);

}//end of the scanning of the ROI

function delta(a){

val=0;

for(i=1;i<a.length;i++){
val=val+al[i]-a[i-1];
}

return val;

}
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Supplementary Figure 1. DCV prevents HCV assembly. Huh7.5 cells infected with Jc1 or Jc1-Y93H viruses (MOI = 0.2) were
incubated 66 hours post-infection with 1 nM DCV or dimethyl sulfoxide (DMSQO) for 6 hours vs 24 hours, as outlined in the
boxed panel. (A) The intracellular viral genomes (left panels) and core proteins (right panel) were quantified by reverse tran-
scription quantitative polymerase chain reaction (RT-gPCR) and enzyme-linked immunosorbent assay (ELISA), respectively.
(B) The intracellular or extracellular infectivity was determined from cell lysates or supernatants of infected cells, respectively.
(C) The extracellular physical particles were analyzed by quantification of the release of viral RNA (left panel) or core protein
(right panel) in the supernatant by RT-qPCR and ELISA, respectively. GE, genome equivalent. P < .0001; **P < .001;

P < .01; *P < .05; ns (not significant) P > .05.
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Supplementary Figure 2. HCV assembly inhibition by DCV correlates with clustering of structural proteins and NS4B. Huh7.5
cells were infected with Jc1 or Jc1-Y93H viruses at an MOI of 0.2. At 66 hours post-infection, cells were washed and incubated
with 1 nM of DCV or dimethyl sulfoxide (DMSO) for the indicated time, as outlined in the boxed panel. (A) The intracellular and
(B) extracellular infectivity were determined from cell lysates or supernatants of infected cells, respectively. (C) The size and (D)
number of E2/core/NS4B structures were quantified with Imaged. For each time point, results are expressed as percentage of
the value at the initiation of DCV treatment (T0). For each condition, 30—50 cells were quantified. P < .0001; **P < .001;
P < .01; *P < .05; ns (not significant) P > .05.
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Supplementary Figure 3. Jc1 core punctate structures colocalize with E2 and elements of the replication complexes. Huh7.5
cells were infected with Jc1 virus at an MOI of 0.2, treated for 24 hours with 20 ug/mL CHX at 48 hours post-infection, and
fixed at 72 hours post-infection. Cells were stained for HCV core and other viral proteins, as indicated. (A) Colocalization of
core (red channel) with E2, NS2, NS3, NS4B, or NS5A (green channel) was analyzed by confocal microscopy. Scale bars
of panels and zooms from squared area represent 10 um and 2 um, respectively. (B) The relative degree of colocalization of
proteins was quantified by determining Pearson’s correlation coefficients of 20 cells by using the JACoP plugin of Imaged.
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Supplementary Figure 4. DCV induces the clustering of core/NS4B/NS5A structures. Huh7.5 cells infected with Jc1 or Jc1-
Y93H viruses (MOI = 0.2) were incubated at 66 hours post-infection with 1 nM DCV or dimethyl sulfoxide (DMSO) for 6 hours.
(A) Cells were then stained for HCV core, NS4B, and NS5A proteins and the colocalization of core (red channel) with NS4B
(green channel) and NS5A (blue channel) proteins were analyzed by confocal microscopy. Scale bars of panels and zooms
from squared area represent 10 um and 2 um, respectively. Colocalized pixels (white channel) between red, green, and blue
channels were extracted with the ColocalizeRGB plugin of Imaged. (B) The surface and (C) number of core/NS4B/NS5A
and NS4B/NS5A structures were quantified with Imaged. For each condition, 30—50 cells were quantified. **P < .0001;
P < .001; *P < .01; *P < .05; ns (not significant) P > .05.
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Supplementary Figure 5. Analysis of phosphorylated forms of NS5A. Huh7.5 cells were infected with Jc1 or Jc1-Y93H viruses
at an MOI of 0.2. At 66 hours post-infection, cells were washed and incubated with 1 nM DCV or dimethyl sulfoxide (DMSO) for
the indicated time. Infected cells were harvested at 2, 4, 6, or 24 hours after initiation of DCV treatment and expression of
calnexin (CNX) and NS5A proteins was analyzed by Western blot. (A) A representative experiment is shown. The lower () and
upper (*) NS5A bands correspond to basal (p56) and hyperphosphorylated (p58) forms of NS5A, respectively. The intensity of
each band was quantified by densitometry with ImagedJ. The ratio of p58/total NS5A normalized to the internal control calnexin
(CNX) (designated % p58) is indicated below each lane. The values determined for mock-treated samples at each time point
were set to 100%. (B) The means of the ratio of p58/total NS5A after DCV treatment from 3 independent experiments are

shown.
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Supplementary Figure 6. Analysis of subcellular distribution of HCV proteins in Jc1-infected cells upon DCV treatment. (A)
Huh7.5 cells transfected with Jc1 full-length genome RNA were incubated with 1 nM DCV or dimethyl sulfoxide (DMSO) at 66
hours post-transfection. Transfected cells were lysed at 6 hours after initiation of DCV treatment and were fractionated on
iodixanol gradients. Each fraction was analyzed by Western blotting using antibodies against calnexin (CNX), HCV NS5A, E2,
core and NS4B proteins, and adipose differentiation-related protein (ADRP). One-fiftieth of unfractionated post-nuclear ex-
tracts (PNE) were also analyzed. Results are representative of 5 independent experiments. (B) Huh7.5 cells were infected with
Jc1 (lefts panels) or Jc1-Y93H (right panel) viruses at an MOI of 0.2. At 66 hours post-infection, infected cells were washed and
incubated with 1 nM of DCV or DMSO. After 6 hours of DCV treatment, cells were fixed and then stained for HCV core, NS5A,
and NS4B proteins and for LDs. Colocalization of core and NS4B or core and NS5A proteins with LDs was analyzed by
confocal microscopy. The percentage of core/NS4B (left panel) or core/NS5A punctate structures apposed at the edges of
LDs in Jc1 (middle panel) or Jc1-Y93H (right panel) infected cells were quantified with Imaged. ns (not significant), P > .05.
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Supplementary Figure 7. Structural proteins and NS4B colocalize within discrete structures. Huh7.5 cells were infected with
Jc1 at an MOI of 0.2 and were fixed at the indicated times post-infection. Cells were then stained for HCV E2, core, and NS4B
proteins and the colocalization of core proteins with E2 and NS4B was analyzed by confocal microscopy. The merge of the 3
channels, as well as individual channels for E2, core, and NS4B proteins (green, red, and white channel, respectively) are
represented. Scale bars of panels and zooms from squared area represent 10 um and 2 um, respectively.
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Supplementary Figure 8. Kinetics of HCV core distribution within infected cells. Huh7.5 cells were infected with JFH1 or Jc1
viruses at an MOI of 0.2 and cultured for the indicated time points with or without a 24-hour treatment with 20 ug/mL CHX
from 24 hours or from 48 hours post-infection, as indicated. Cells were fixed at 16, 24, 48, or 72 hours post-infection, as
indicated, and then stained for HCV core and LDs. (A) Colocalization of core protein (red channel) with LDs (green channel)
was analyzed by confocal microscopy. Scale bars of panels and zooms from squared area represent 10 um and 2 um,
respectively. (B) The size and (C) the number of core punctate structures in CHX-treated cells were quantified with ImageJ.
For each condition, 30—50 cells were quantified. =P < .0001; P < .001; *P < .01; *P < .05; ns (not significant) P > .05.
ND, not determined.

128



March 2017 DCV Impairs HCV RNA Transfer to Assembly Site 907.e14

A Ctrl shDGAT1
Mock Jc1  Mock Jcl

() — ——— | — — CNX

T am——— DGAT1

25 —
B | S cOre
15 =

w
o

ns

. 1.00E+04 4 octl 0.200 1 100 A
i ] & * %k k ns
E ] % EshDGAT1 £ OCtrl
z = * g 80 BShDGAT1
i @ 0.150 A £ ns e
- 2 ©
@ 2 2 60 A
) ) 7]
£ 1.00E+03 1 £ 0.100 1 -
® 8 > °
<3 1 — 5 40 1
® o 2
= [} £
o © 0.050
g g 2 20
£ @
1.00E+02 T 0.000 T 0 T
Intracellular Extracellular E2/core/NS4B E2/core/NS5A E2/core/NS4B E2/core/NS5A
D 1.00E+04 E 0.250 80
.00E+04 1 ! 7 1
-EI E * %k * ODMSO :‘E\ 3K Kk %%k %k k ns oDMSO
£ ns ]
5 EA922500 5 0.200 - g A922500
i 2 560 1
- - o
3 2 0.150 2
[Z) o “;;
£ 1.00E+03 1 E w5 40 1
g ] < 0.100 e
g 3 £
2 o 20 A
§ .g 0.050 S
€ (7]
1.00E+02 0.000 - 0 T
Intracellular  Extracellular E2/core/NS4B E2/core/NS5A E2/core/NS4B E2/core/NS5A

Supplementary Figure 9. DGAT1 down-regulation or inhibition induces the clustering of E2/core/NS4B and E2/core/NS5A
structures. Huh7.5 cells were transduced with pLKO.1-puro empty vector (Ctrl) or with pLKO.1-puro vector with DGAT1 short-
hairpin RNA (shDGAT1). Seven days post-transduction, down-regulated cells were infected with Jc1 virus at an MOI of 0.2. In
separate experiments, Huh7.5 cells were infected with Jc1 virus at an MOI of 0.2 and treated with 150 uM of the DGAT1
inhibitor A922500 or dimethyl sulfoxide (DMSOQ). In both conditions, cells were fixed at 72 hours post-infection, stained for HCV
E2, core and NS4B or NS5A proteins and the colocalization of core protein with E2 and NS4B or with E2 and NS5A was
analyzed by confocal microscopy. (A) Expression of DGAT1 and calnexin (CNX) and core proteins at 72 hours post-infection
was analyzed by Western blot. (B) The intracellular or extracellular infectivity were determined from cell lysates or supernatants
of infected cells, respectively. (C) The surface (left panel) and the number (right panel) of E2/core/NS4B and E2/core/NS5A
structures were quantified with Imaged. (D) The intracellular or extracellular infectivity were determined from cell lysates or
supernatants of infected cells, respectively. (E) The surface (left panel) and the number (right panel) of E2/core/NS4B and E2/
core/NS5A structures were quantified with Imaged. For each condition, 20 cells were quantified. **P < .0001; P < .001;
P < .01; *P < .05; ns (not significant) P > .05.
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Abstract

Viroporins are small transmembrane proteins with ion channel activities modulating proper-
ties of intracellular membranes that have diverse proviral functions. Hepatitis C virus (HCV)
encodes a viroporin, p7, acting during assembly, envelopment and secretion of viral parti-
cles (VP). HCV p7 is released from the viral polyprotein through cleavage at E2-p7 and p7-
NS2 junctions by signal peptidase, but also exists as an E2p7 precursor, of poorly defined
properties. Here, we found that ectopic p7 expression in HCVcc-infected cells reduced
secretion of particle-associated E2 glycoproteins. Using biochemical assays, we show that
p7 dose-dependently slows down the ER-to-Golgi traffic, leading to intracellular retention of
E2, which suggested that timely E2p7 cleavage and p7 liberation are critical events to con-
trol E2 levels. By studying HCV mutants with accelerated E2p7 processing, we demonstrate
that E2p7 cleavage controls E2 intracellular expression and secretion levels of nucleocap-
sid-free subviral particles and infectious virions. In addition, our imaging data reveal that,
following p7 liberation, the amino-terminus of p7 is exposed towards the cytosol and coordi-
nates the encounter between NS5A and NS2-based assembly sites loaded with E1E2 gly-
coproteins, which subsequently leads to nucleocapsid envelopment. We identify punctual
mutants at p7 membrane interface that, by abrogating NS2/NS5A interaction, are defective
for transmission of infectivity owing to decreased secretion of core and RNA and to incre-
ased secretion of non/partially-enveloped particles. Altogether, our results indicate that the
retarded E2p7 precursor cleavage is essential to regulate the intracellular and secreted lev-
els of E2 through p7-mediated modulation of the cell secretory pathway and to unmask criti-
cal novel assembly functions located at p7 amino-terminus.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006774 December 18,2017
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Author summary

Viroporins are small transmembrane viral proteins with ion channel activities modulating
properties of intracellular membranes, which impacts several fundamental biological pro-
cesses such as trafficking, ion fluxes as well as connections and exchanges between organ-
elles. Hepatitis C virus (HCV) encodes a viroporin, p7, acting during assembly,
envelopment and secretion of viral particles. HCV p7 is produced by cleavage from the
HCV polyprotein but also exists as an E2p7 precursor, of poorly defined properties. In
this study, we have explored how the retarded cleavage between E2 glycoprotein and p7
viroporin could regulate their functions associated to virion assembly and/or perturbation
of cellular membrane processes. Specifically, we demonstrate that p7 is able to regulate the
cell secretory pathway, which induces the intracellular retention of HCV glycoproteins
and favors assembly of HCV particles. Our study also identifies a novel assembly function
located at p7 amino-terminus that is unmasked through E2p7-regulated processing and
that controls the infectivity of different types of released viral particles. Altogether, our
results underscore a critical post-translational control of assembly and secretion of HCV
particles that governs their specific infectivity.

Introduction

Hepatitis C virus (HCV) infection is a major cause of chronic liver diseases worldwide. With
180 million people persistently infected, chronic HCV infection induces liver diseases such as
liver cirrhosis and hepatocellular carcinoma. Although new direct antiviral agents are now
able to eradicate the virus in most patients, no protective vaccine currently exists against HCV
and it remains major challenges in basic, translational and clinical research [1, 2].

HCV is a plus-strand RNA enveloped virus. Its genome is translated as a single polyprotein
that is processed by cellular and viral proteases in 10 mature viral proteins [3] consisting of: i)
an assembly module (core-E1-E2-p7-NS2) encompassing the capsid protein (core) as well as
the E1 and E2 surface glycoproteins that are incorporated in viral particles, and the p7 and
NS2 proteins that support virion assembly, and ii) a replication module encompassing the
nonstructural proteins NS3, NS4A, NS4B, NS5A and NS5B that are sufficient to support viral
RNA replication but that also contribute to virion production through ill-defined processes.
As HCV proteins arise from a shared polyprotein, several post-translational modifications
control their expression rates within infected cells. In addition, at least three precursors, i.e.,
tandem proteins with delayed cleavage, are also detected and may implement functions differ-
ent than their cognate individual proteins. They consist of immature core protein, associated
to the D3 trans-membrane peptide, whose removal allows core targeting to lipid droplets
(LDs) [4, 5]; NS4B-5A, which promotes the formation of replication vesicles [6]; and E2p7 [7-
11], whose properties are explored in this report.

Assembly of viral particles occurs at endoplasmic reticulum (ER)-derived membranes in
close proximity to LDs and virus replication complexes [12], with NS2 and p7 being key play-
ers in gathering virion components [13-17]. Particularly, NS2 associates with E1E2 glycopro-
teins and NS3 as well as with NS5A, which interacts with HCV RNA and core [18-20] and
promotes genome encapsidation. Virion assembly begins with the formation of a nucleocap-
sid, formed by core/RNA complex, and is coupled with its envelopment and acquisition of the
E1E2 glycoproteins as well as lipids and apolipoproteins [18, 21]. The pathway of secretion of
virions remains to be elucidated and may occur through a non-canonical route [22, 23]. Of
note, HCV produces different types of particles in addition to infectious virions, including
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nucleocapsid-free subviral particles [24, 25], E2-containing exosome vesicles [26, 27], naked
nucleocapsids [28], and a range of more or less lipidated infectious viral particles [29]; yet, the
regulation of their production is poorly understood.

The p7 protein is a small, 63 amino-acid-long protein, consisting of a “hairpin-like” topol-
ogy involving three helices inducing two trans-membrane segments connected by a hydro-
philic, positively-charged cytosolic loop [30-32], though alternative folds and topologies have
been proposed [33-35], e.g., with the p7 C-terminus exposed to the cytosol [33]. As it is able to
form an ion channel in either hexameric or heptameric form [30, 35, 36] exhibiting a funnel-
or flower-like shape [35, 37], it was classified as a viroporin, like M2 of influenza virus [38].
Importantly, p7 is dispensable for replication but essential for both assembly and secretion of
infectious particles [11]. First, p7 modulates the formation of NS2 complexes with E2, NS3 and
NS5A [9, 13, 14, 16, 39], allowing clustering of assembly components and regulation of early
assembly events. Second, p7 allows, in concert with NS2, the regulation of core localization at
lipid droplets vs. ER-derived membranes [17], from where viral particles are released in the
secretory pathway. Third, p7 modulates the envelopment of nascent virions [40]. Fourth, p7
may regulate the pH of some intracellular compartments, which could be essential for the pro-
tection and secretion of infectious particles [41, 42].

A recent study indicated that residues of the first helix of p7 that are predicted to point toward
the channel pore are important for assembly [10]. Noteworthy, viroporin ion channel activities
modulate properties of intracellular membranes and, thereby, impacts several fundamental biologi-
cal processes such as trafficking, ion fluxes as well as connections and exchanges between organelles
[38, 43]. While several biophysical studies showed that p7 can change ionic gradients in reconsti-
tuted membrane assays in vitro [30, 44-47], few reports have addressed the relevance of such prop-
erties in cellulo [41, 42, 48, 49], although, by analogy with viroporins from alternative viruses, this
may have diverse proviral functions [38]. For example, the 2B viroporin from coxsackievirus modu-
lates calcium homeostasis, which leads to the suppression of apoptotic host cell responses [50]. Like-
wise, p7 may promote immune evasion by antagonizing the antiviral IFN function [51].

Interestingly, while p7 is released from the viral polyprotein through cleavage at E2-p7 and
p7-NS2 junctions by the cellular signal peptidase [7, 52], it also exists in infected cells as an
E2p7 precursor of poorly defined properties [7-11]. Intriguingly, virus mutants that exhibit
either only E2p7 precursor (i.e., using a point mutation in E2-p7 cleavage site) or, conversely,
no E2p7 expression (i.e., using an IRES sequence between E2 and p7) are both impaired for
production of infectious particles [9, 14, 39, 53], suggesting that timely liberation of E2 and/or
p7 are critical events for assembly/release of HCV particles.

Here, we explored how the retarded cleavage between E2 and p7 could regulate their func-
tions associated to virion assembly and/or perturbation of cellular membrane processes. We
demonstrate that p7 is able to regulate the cell secretory pathway, which induces intracellular
retention of HCV glycoproteins, and to control release of nucleocapsid-free subviral and infec-
tious viral particles. Specifically, through biochemical, imaging and functional analysis of a
series of mutant viruses with modified E2-p7 junction as well as through p7 transcomplemen-
tation assays, our data uncover different mechanisms by which p7 regulates the proportion of
different types of secreted HCV particles and determines their specific infectivity.

Results

HCV p7 inhibits the cell secretory pathway and induces E2 intracellular
retention

As HCV p7 is released through inefficient E2p7 cleavage, we first sought to address its function
by increasing its expression levels in HCV-infected cells. We found that co-expression of
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individual p7 with JFH1 HCVcc RNAs in Huh7.5 hepatoma cells decreased the levels of extra-
cellular particle- associated E2 proteins, resulting in ca. 3-fold reduced secretion (Fig 1A).

Since some viroporins from alternative viruses alter the canonical secretory pathway [38,
43], we then asked whether p7 could impact the secretion of VSV-G tsO45 (VSV-Gts), a tem-
perature-dependent folding mutant of VSV-G glycoprotein commonly used as model cargo of
protein secretion [54]. At 40°C, this protein remains unfolded, resulting in its accumulation in
the ER, whereas its folding can be restored at 32°C, which allowed its transfer from the ER to
the Golgi and then the plasma membrane (Fig 1C). We transfected in Huh-7.5 cells VSV-Gts
with p7 constructs from different HCV strains and using different signal peptide configura-
tions, which resulted in ca. 60% of cells co-expressing both proteins among the transfected
cells (Fig 1B). As monitored by flow cytometry analysis, p7 co-expression significantly reduced
the kinetics and levels of VSV-Gts cell surface expression at permissive temperature of 32°C
(Fig 1C).

Next, to address how p7 alters traffic through the secretory pathway, we measured the resis-
tance of intracellular VSV-Gts to endoH digestion, used as a marker of ER-to-Golgi traffic [54,
55]. While at Oh, all VSV-Gts glycans remained endoH-sensitive, reflecting ER retention at
40°C, they progressively became resistant to endoH cleavage upon 1-3h incubation at 32°C
(Fig 1D-1F), underscoring VSV-Gts transfer to the Golgi apparatus. Importantly, p7 co-
expression resulted in dose-dependent decrease of the kinetics of VSV-Gts endoH-resistance
(Fig 1D-1F), in a manner similar to influenza virus M2 (Fig 1E), indicating that p7 slowed
down the rate of VSV-Gts ER-to-Golgi traffic or, alternatively, favored its retention in the ER.
We noticed that p7 proteins from different HCV genotypes/strains mediated this effect (Fig
1E) with that of H77 strain appearing less efficient for inhibiting Golgi transfer. We also found
that p7 associated to its own signal-peptide, i.e., the E2 amino-terminus (AE2p7 construct),
induced the strongest VSV-Gts ER retention.

We then thought that p7-mediated alteration of the secretory pathway could induce the
retention of HCV glycoproteins at ER membranes, which may favor assembly of HCV parti-
cles [21]. Thus, we expressed E1E2 glycoproteins, alone or with p7, to promote their secretion
in the cell supernatant as subviral particles (SVP), i.e., nucleocapsid-free enveloped particles
[24], that peaked at a buoyant density of ca. 1.05-1.06 g/ml (Fig 1G). As detected by E2 immu-
noblots from the pellets after ultracentrifugation of the cell supernatants (Fig 1H and 1I), we
found that p7 co-expression induced up to 60% increase of E2 intracellular expression and
concomitant 55% decrease of SVP release (Fig 1H). This resulted in a ca. 2-3 fold reduced E2
secretion (Fig 1I), which, combined with the results of Fig 1A, indicates that p7 can induce the
retention of HCV glycoproteins.

p7 N-terminal alterations that accelerate E2p7 cleavage inhibit HCV
infectivity

By controlling the release of free p7, E2p7 cleavage efficiency may adjust the levels of p7
expression, which could regulate the extent by which p7 slows down the cell secretory pathway
and, concomitantly, the traffic and thus secretion of HCV E2 glycoproteins (Fig 1A, 1H and
1I). Hence, we introduced mutations at the E2-p7 junction in Jc1 and/or JFH1 viruses in order
to design HCVcc mutants that exhibit increased E2p7 cleavage scores (Fig 2A), as predicted by
SignalP method (http://www.cbs.dtu.dk/services/SignalP/). This strategy was preferred over
the use of an IRES sequence between E2 and p7, as reported before [9, 10, 14], because it
induces a natural, i.e., signal peptidase-mediated liberation of p7 from the HCV polyprotein.
First, we inserted linkers of various sizes at the N-terminus of p7 (HAHALp7 and ASGGSp7
viruses), which left p7 sequence unchanged; the former linker consisting of a double HA tag
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Fig 1. HCV p7 inhibits the cell secretory pathway. (A) Ratio of extra- vs. intra-cellular HCV E2 glycoprotein determined by western blot analysis
of cell lysates and of pellets of ultracentrifuged supernatants from Huh7.5 cells co-electroporated with Jc1 HCVcc RNAs and p7-expression (+ p7)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006774 December 18,2017 137 5/38



o ®
@ : PLOS | PATHOGENS HCV E2p7 cleavage determines specific infectivity

or control (-) vectors, at 72h post-electroporation. (B) Intracellular expression of VSV-Gts-GFP fusion protein (VSV-Gts) and HA-tagged p7
assessed by flow cytometry, at 24h post-transfection. (C) Cell surface expression of VSV-Gts assessed by flow cytometry, using the 41A1 mAb
directed against VSV-G ectodomain, after co-transfection of Huh7.5 cells with vectors encoding VSV-Gts and p7 (JFH1) expressed with the end of
E2 (AE2p7) or no signal peptide (noSPp7). Transfected cells were grown overnight at 40°C, which maintains VSV-Gts unfolded and results in its
accumulation in the ER. Cells were then incubated for different periods of time (Oh, 1h, 2h and/or 3h, as indicated) at 32°C, which allows restoration
of its folding and thus, its secretion. The values represent the variations of the mean fluorescence intensity (delta MFI) of cell surface-expressed
VSV-Gis relative to time Oh at 32°C. (D) Representative western blot analysis of cell lysates co-expressing VSV-Gts and p7, digested with endoH
glycosidase. Cells were grown overnight at 40°C and lysed at different time points after incubation at 32°C. The endoH-resistant VSV-Gts species
(arrows) indicates proteins that traffic to and beyond the Golgi apparatus. (E) Quantification of western blot from independent experiments
performed as described in (D) after co-transfection of VSVG-ts with different p7 or with influenza H7N1 M2 [97] protein-expressing constructs, as
indicated. The values indicate the mean percentages of endoH-resistant VSV-Gits relative to total VSV-Gts for each time point. (F) p7 dose-
dependence induction of endoH-resistance of VSV-Gts. (G) Representation of HCV E2 glycoprotein profile (expressed as percentage of total E2) in
3-40% iodixanol density gradients of subviral particles (SVP) produced after transduction of Huh7.5 cells with lentiviral vectors allowing the
expression of either E1E2 or E1E2p7 proteins from J6 and/or JFH1 viruses. (H) Representative western blot of E2 detected with 3/11 antibodies in
lysates and pellets of ultracentrifuged supernatants from cells producing SVPs (JFH1 strain). A range of dilutions of sE2 purified to homogeneity
were run in parallel to the same western blot shown here. The intensity of E2 signals and the amounts of E2 are indicated. (I) Ratio of extra- vs.
intra-cellular HCV E2 glycoprotein determined by quantification of western blots from independent experiments as described in (H). Data represent
mean values + SEM. The numbers of experiments performed are indicated below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.g001

allowing the detection of p7 [56]. Second, we introduced a substitution at position 2 of p7
(p7-L2S). Third, we generated p7 mutants having insertions of a single residue, either a threo-
nine (p7-T2) at position 2 [8] or an alanine (Ap7) at position 1 of p7 (Fig 2A). None of these
mutations—termed hereafter p7 ATMI (Amino-Terminus Membrane Interface) mutants,
introduced before the first p7 helix (shown as grey box in Fig 2A) [30, 35, 36], are expected to
change p7 structure or opening of its channel pore, as shown by molecular modeling (S1 Fig).
Of note, we could not identify mutations at E2 carboxy-terminus that accelerated E2p7 cleav-
age. Finally, we also introduced a control mutation abrogating E2p7 cleavage (E2-A367R; Fig
2A) [9].

Next, we investigated the rate of E2p7 cleavage by treating lysates of Huh-7.5 cells express-
ing mutant virus RNAs with EndoH to remove E2 glycans, which improved E2 vs. E2p7 elec-
trophoretic separation (Fig 2B and 2C). Except for the E2-A367R mutant that was not cleaved,
as expected, all mutants displayed almost complete E2p7 cleavage, which compared to the ca.
40% and 50% uncleaved E2p7 precursor detected with parental Jc1 and JFH1 viruses, respec-
tively. Using a HA-tag antibody to reveal the HAHALp7 protein, we confirmed that the accel-
erated cleavage detected for the JFH1 HAHALp7 and Jc1 HAHALp?7 viruses induced the
release of p7 at the expected molecular size with poor if not undetectable E2p7 (i.e.,
E2HAHALp7) expression (Fig 2D), though such analysis could not be extended to the other
p7 ATMI mutants owing to the unavailability of antibodies against native p7. In addition, as
previously reported [8, 11], we also detected small amounts of E2p7NS2 precursor for both wt
and mutant viruses (Fig 2D; S2A Fig).

Interestingly, when we investigated the infectivity of these mutant viruses, we found that,
relative to parental viruses, the p7 ATMI mutant viruses had decreased extracellular infectivity,
by ca. 3-fold to over 100-fold (Fig 2E), depending on the p7 modifications and the virus back-
bones (Fig 2A). Particularly, the Ap7 insertion and the p7-L2S substitution mutants in JFH1
virus induced ca. 3- and 10-fold decreased infectivity, respectively, whereas the p7-T2,
ASGGSp7, and HAHALp7 JFH1 insertion mutants exhibited complete loss of infectivity (Fig
2E). Likewise, the Jc1 HAHALp7 mutant virus displayed a 10-20 fold reduced infectivity, as
compared to parental virus (Fig 2E). Similar defects were observed for intracellular infectivity
(Fig 2E), indicating that these p7 ATMI mutant viruses were not impaired at the stage of secre-
tion of viral particles. Finally, we found that co-expression of wt p7 (though not mutant p7
such as HAHALp?) restored the production of both extracellular and intracellular infectious
particles to levels detected for wt viruses (Fig 2F and 2G; S2B Fig). Hence, since all p7 ATMI
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Fig 2. HCVcc mutants with modified p7 amino-termini prevent infectivity. (A) Schematic representation of JFH1 and Jc1
HCVcc mutants in E2-p7 junction. The first helix of p7 is shown in the light grey box. The insertions of residues are shown in dark
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grey and the substitutions are underlined. (B-D) Western blot analysis of Huh7.5 cells electroporated with RNAs from HCVcc
viruses encoding wild-type or E2p7 cleavage mutants. (B) At 72h post-electroporation, cells were lysed and digested with endoH
glycosidase before western blotting using 3/11 antibodies against E2. (C) The relative ratios of E2p7 precursors vs. free E2
species are indicated. (D) The HAHALp7 protein and the E2HAHALp7 (white arrows) and E2HAHALp7NS2 (black arrows)
precursors were revealed using an HA tag antibody in lysates of cells electroporated with the indicated HCVcc constructs. (E) The
extracellular (black) and intracellular (grey) infectivity levels for all mutants are represented. (F) The extracellular (black) and
intracellular (grey) infectivity levels, normalized after determining the proportion of HCV-positive virus producer cells (see Fig 3A),
of JFH1 HAHALp7 or p7-T2 mutant viruses expressed alone or with wild-type p7 (+ p7) are represented relative to infectivity of
parental JFH1 virus. (G) The extracellular (black) and intracellular (grey) infectivity levels, normalized by determining the
proportion of HCV-positive virus producer cells, of Jc1 HAHALp7 mutant virus expressed alone or with wild-type p7 or HAHALp?7,
as indicated, are represented relative to infectivity of parental Jc1 virus. Data are displayed as means + SEM. The numbers of
experiments performed are indicated below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.9002

mutants displayed nearly complete E2p7 cleavage (Fig 2B and 2C) and since HAHALp7 co-
expressed with mutant viruses did not restore infectivity (Fig 2G), these results indicated that
the integrity of the N-terminal end of p7 itself is crucial for assembly of infectious particles.
Thus, in the subsequent experiments, we compared more particularly the Jc1l HAHALp?
virus to its parental Jc1 counterpart since this mutant retained some infectivity levels, which
allowed us to further characterize this novel phenotype; yet, the most salient results described
below could be extended to the other p7 ATMI mutant viruses (see supplemental figure set).

p7 modulates the expression and secretion of HCV particle components

Since p7 ATMI mutant viruses displayed augmented E2p7 cleavage rates (Fig 2), we wondered
whether they had altered E2 expression levels. As compared to wt viruses, we observed a 2-3
fold increased intracellular expression of total E2 (i.e., free E2 + E2p7) for all mutant viruses
exhibiting increased E2p7 cleavage (Fig 3A-3C; S3A Fig). No modification of E2 half-life
could be detected for mutant vs. wt virus (S3C Fig). Specifically, taking into account that ca.
40% E2 was detected as E2p7 precursor for wt JC1 virus (Fig 2B and 2C), we estimated that the
actual ratio of free E2 expression for mutant vs. wt viruses is ca. 4-5 fold. We also found that
core expression was increased by ca. 1.5-2 fold (Fig 3B and 3D; S3B Fig), whereas expression
levels of NS2 and NS5A non-structural proteins (Fig 3B and 3D) were unchanged. As similar
results were obtained for all p7 ATMI mutant viruses, this indicated that these mutations mod-
ulated the expression levels of structural proteins without altering viral replication and/or
translation. Importantly, co-expression of either wt p7 or HAHALp7 did not revert E2 expres-
sion to wt levels (Fig 3B and 3C), which indicated that increased E2p7 cleavage (rather that p7
N-terminus modification per se) induce up-regulation of E2 glycoproteins.

Next, we hypothesized that the increased expression of structural proteins could be due to a
blockage of their secretion, which may also explain the losses of mutant virus infectivity (Fig
2E-2G). Thus, we quantified the total secretion of virion components, i.e., E2 glycoproteins,
core and viral RNAs, in the supernatants of cells expressing p7 ATMI mutant virus relative to
wt virus (Fig 4). Using immuno-precipitation (IP) assays of cell supernatants with GNA lec-
tins, which bind glycans present on HCV E1E2 glycoproteins [57], we detected a ca. 4-5 fold
increased secretion of E2 protein (Fig 4A), which matched the 4-5 fold elevated levels of intra-
cellular free E2 (Fig 3C, combined with Fig 2B and 2C). Although the ratio of extracellular vs.
total intracellular E2 expression levels indicated a 2-3 fold difference between wild-type and
mutant viruses (Fig 4D), taking into account that 40% of intracellular E2 species were in the
form of non-secreted E2p7, we deduced identical ratios of extracellular vs. intracellular free E2
for wt and mutant viruses. Similar results were obtained for the other p7 ATMI mutants (S4A
Fig), suggesting that the increased E2 secretion from cells expressing the p7 ATMI mutant
viruses is directly linked to the augmented intracellular E2 expression. As co-expression of p7
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Fig 3. p7 ATMI mutant viruses increase the expression levels of HCV structural proteins. Huh7.5 cells were electroporated with RNAs from parental
or Jc1 HAHALp7 mutant viruses expressed alone or with wild-type p7 or HAHALp7. Analyses were performed at 72h post-electroporation. Results
obtained with other p7 ATMI mutant viruses are shown in S3 Fig. (A) Flow cytometry analysis of HCVcc-expressing cells with NS5A antibody used to
determine the proportion of HCV-positive virus producer cells. (B) Representative western blot analysis of cell lysates using antibodies against the
indicated proteins. (C) Quantification of intracellular E2 levels. (D) Quantification of intracellular levels of core, NS2 and NS5A proteins. (C-D) Proteins
were quantified and normalized after determining the proportion of HCV-positive virus producer cells (as determined in (A)) and the amounts of cellular
actin. The values are displayed relative to expression of E2, core, NS2 and NS5A in Jc1 HCVcc RNA-electroporated cells. Data represent mean

values + SEM. The numbers of experiments performed are indicated below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.9003
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Fig 4. p7 ATMI mutant viruses display increased E2 secretion and decreased RNA and core secretion. Huh7.5 cells were electroporated with
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mutant viruses are shown in S4 Fig and S5 Fig. (A) Levels of secreted E2 determined by quantitative western blot following GNA lectin pull down of cell
supernatants. (B) Levels of secreted core as determined by CMIA (Chemiluminescent Microparticle InmunoAssay). (C) Levels of secreted HCV RNAs as
determined by RT-qPCR. (D) Ratio of extracellular E2 to intracellular E2. (E) Ratio of extracellular E2 to extracellular core. (F) Ratio of extracellular E2 to
extracellular HCV RNA. (G) Specific infectivity relative to E2 amounts. (H) Specific infectivity relative to core amounts. () Specific infectivity relative to
RNA amounts. All values are displayed relative to infectivity and expression of E2, core or RNA values determined in the supernatants of Jc1 virus-
electroporated cells (A-l). Data represent mean values + SEM. The numbers of experiments performed are indicated below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.9g004

in trans did not significantly restore E2 expression (Fig 3C) and secretion (Fig 4A and 4D) to
wt levels, this indicated that the delayed cleavage of E2p7 is essential for the control of intracel-
lular and extracellular E2 levels.

Strikingly, in contrast to E2, we observed that the p7 ATMI mutant viruses had decreased
secretion of both core and viral RNAs in the cell supernatants, by ca. 2-5 fold (Fig 4B and 4C;
S4B and S4C Fig). Furthermore, we found that wt p7 restored normal secretion levels of nucle-
ocapsid components (Fig 4B and 4C; S4D Fig) though not those of E2 glycoproteins (Fig 4A).
This indicated that viruses harboring p7 ATMI mutations display differential alterations of
pathways leading to trafficking and/or secretion of viral glycoproteins vs. nucleocapsid compo-
nents, i.e., HCV core and RNA. Finally, since mutant p7, e.g., HAHALp7, co-expression did
not restore normal secretion levels of core and RNA (Fig 4B and 4C), these results indicated
that p7 itself, rather than its cleavage from E2, modulates the secretion of viral nucleocapsids.

Altogether, our results suggest that altered p7 expression, as induced by accelerated cleavage
and release from E2 as well as by its N-terminal modification, influence the proportion of
secreted virion components. Indeed, relative to core and/or viral RNAs, a 15-25 fold higher
expression of HCV glycoproteins was detected in the supernatants of cells infected with Jc1
HAHALp?7 virus as compared to wt virus (Fig 4E and 4F).

Interestingly, we found that the p7 ATMI mutant viruses exhibited strongly decreased spe-
cific infectivity relative to their content in core protein or viral RNA, from 4-5 fold for Jcl
HAHALp7 virus (Fig 4H and 4I) to over 50-fold for other mutants (S5A and S5B Fig). Like-
wise, relative to E2 glycoprotein, the specific infectivity of the Jce1 HAHALp7 virus was
decreased by ca. 35-fold, as compared to the parental virus (Fig 4G). Importantly, co-expres-
sion of wt p7, but not of ATMI mutant p7, restored (though not completely), the specific infec-
tivity of the mutant viruses (Fig 4G-41; S5C Fig). Altogether, this pointed out to altered ratios
of different secreted forms of HCV-derived particles incorporating these components or, alter-
natively, altered composition of the viral particles themselves.

p7 controls secretion levels of HCV-derived particles

To demonstrate if the viral components were secreted in particulate forms, we centrifuged the
supernatants of infected-cells in conditions allowing sedimentation of particles. We detected in
the pellets a ca. 3-fold increase of E2 levels (Fig 5A; S6A Fig) and a 2-3 fold decrease of both
core and RNA (Fig 5C) while comparing Jc1 HAHALp7 mutant vs. parental viruses. This aug-
mentation of secreted particle-associated E2 levels could be detected for all p7 ATMI mutant
viruses (S6B Fig). Interestingly, we also observed an increased secretion of E1-containing parti-
cles (S6A Fig), likely owing to secretion of HCV glycoproteins as E1E2 heterodimers. Further-
more, ectopic expression of wt p7 restored wt levels of particle-associated HCV glycoproteins,
core and RNA (Fig 5A and 5C). Since ectopically-expressed ATMI mutant p7 did not rescue
the above levels (Fig 5C), this indicated that p7 N-terminus modifications rather than acceler-
ated E2p7 cleavage induced changes in secretion levels of mutant viral particles, perhaps by
altering the ratios between SVPs and (infectious) viral particles.

Then, we aimed at characterizing the different types and proportions of secreted particles
for wt vs. p7 ATMI mutant viruses.
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First, to confirm that E2 detected in the pellets of ultracentrifuged cell supernatants was

secreted as particles, we treated the supernatants of virus-expressing cells with Triton-X100
before ultracentrifugation. We found that such treatment decreased the presence of E2 in the

pellets for both wt and mutant viruses (Fig 5D; S6C Fig), hence indicating that a substantial

part of secreted E2 proteins were in a sediment form, likely vesicular.
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Second, since the p7 ATMI mutant viruses secreted higher E2 amounts with poorer infec-
tivity compared to wt viruses (Fig 4G), we quantified the association of their glycoproteins
with other virion components, i.e., core and RNA. When we pulled down E2 using GNA lec-
tins, we found a 5-6 fold decreased association of core and RNA with E2 (Fig 6A). Moreover,
ectopic expression of wt p7, though not mutant p7, restored, though partially, the association
of E2 with viral core and genome (Fig 6A).

Finally, we investigated the degree of envelopment of the secreted core proteins within a
lipid bilayer. Hence, we treated the supernatants of virus-expressing cells with proteinase K
and subsequently determined the amounts of proteinase K-resistant core, which indicates its
full protection by a lipid membrane or, conversely, its secretion as naked or badly enveloped
core particles. Interestingly, as compared to their corresponding parental viruses, we detected
decreased amounts of membrane-protected core for Jc1 HAHALp7 virus and, more dramati-
cally, for JFH1 HAHALp? virus (Fig 6B), which correlated with their respective losses of infec-
tivity (Fig 2E-2G). Furthermore, we found that co-expression of wt p7, though not mutant p7,
restored the lipid membrane envelopment of their secreted core proteins to almost wt levels
(Fig 6B).

Altogether, these results pointed out to a disruption induced by p7 amino-terminus changes
of the degree of association between HCV glycoproteins, viral envelopes and nucleocapsids,
which could be due to an excess of E2 vs. core and RNA forms secreted independently, such as
SVPs vs. naked/partially enveloped core particles, respectively, or, alternatively, to an increased
density of E2 glycoproteins on the surface of secreted viral particles.

To investigate this further, we separated virus sub-populations using buoyant density-gradi-
ent fractionation. Jc1 and JFH1 HCVcc physical particles had more than 90% of viral RNA
and 95% of core protein in fractions of densities of 1.10-1.15 g/ml, with a peak at 1.11 g/ml
(Fig 6C; S7A-S7C Fig). As shown before [58-62], core and RNA could also be detected at
higher densities (to up to 1.36 g/ml) and at lower densities, until 1.02 g/ml (S7 Fig). Jc1 HCVcc
particles had more than 80% of their infectivity in fractions of densities of 1.08-1.13 g/ml, with
apeak at 1.11 g/ml (Fig 6C; S7A and S7B Fig), in agreement with recent reports [57, 60-64].
Lastly, we found that E2 glycoproteins were detected in lower density fractions, with ca. 90%
in fractions of densities of 1.03-1.08 g/ml and a peak at 1.05-1.06 g/ml (Fig 6C; S7A Fig) repre-
senting SVPs (Fig 1G). Importantly, less than 10% of E2 could be detected at densities of 1.08-
1.15 g/ml, in which physical and infectious particles were prominent and corresponded to
enveloped viral particles.

Interestingly, the density profile of Jc1 HAHALp7 virus was qualitatively similar to that of
wt virus (Fig 6C; S7A and S7B Fig) and did not reveal any alteration of the distribution of the
different types of particles along the gradient. However, quantitatively, we found the same
alterations of the ratios of E2, core, RNA and infectivity in the different fractions for the
mutant vs. parental virus (S7A Fig), as compared to unfractionated viral particles (Fig 5A and
5C). Specifically, 2-3 fold augmented E2 levels were detected in the SVP fractions of 1.03-1.08
densities (S7A Fig). Likewise, 2-3 fold reduced core or RNA levels were detected in all frac-
tions whereas infectious titers were decreased by ca. 10-fold in these fractions (S7A Fig). Fur-
thermore, we found that, whatever the density, the co-expression of Jc1 HAHALp7 virus with
ectopic p7 restored wt infectivity concomitantly to restoration of the wt levels of core and
RNA (S7B Fig).

Finally, we found that the loss of infectivity was accentuated for the JFH1 HAHALp?7 virus,
which displays a stronger phenotype than the Jc1 HAHALp7 virus (Fig 2E-2G), in fractions of
densities of 1.08-1.15 g/ml containing most viral particles (Fig 6C; S7C Fig). Particularly,
while core levels were reduced by ca. 2-3 fold for both Jc1 HAHALp7 and JFH1 HAHALp7, 6-
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Fig 6. p7 ATMI mutant viruses induce secretion of viral particles with impaired envelopment. Huh7.5 cells were electroporated with RNAs from
parental vs. Jc1 HAHALp7 or JFH1 HAHALp7 mutant viruses expressed alone or with wild-type p7 or HAHALp?7, as indicated. Analyses were
performed at 72h post-electroporation. (A) Levels of core and RNA following GNA pull down of cell supernatants, as determined by CMIA and RT-
qPCR, respectively, and normalized by the amounts of immuno-precipitated E2. The values are displayed relative to association of core or RNAs to E2
pulled-down from the supernatants of Jc1 virus-electroporated cells. (B) Cell supernatants were digested with proteinase K (+ PK) with (+ TX) or without
pre-treatment with Triton X-100 and the residual amounts of core (i.e., lipid membrane-protected core) were determined by CMIA. The values are
displayed relative to non-treated conditions. (C) Analysis of density gradients of cell supernatants. Infectivity, core, RNA, and E2 were measured in

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006774 December 18,2017 146 14/38



@.PLOS | PATHOGENS

HCV E2p7 cleavage determines specific infectivity

each fraction and expressed as percentage of the sum of fractions. Examples of raw data of infectivity can be found in S7A-S7C Fig. (D) Infectivity and
core of the indicated viruses were measured in pooled fractions of densities of 1.08—1.15 g/ml and represented as data normalized by values obtained
with parental viruses. The grey shaded area represents values below the sensitivity threshold of the experiments. Data represent mean values + SEM.

https://doi.org/10.1371/journal.ppat.1006774.g006

and over 100-fold reductions of infectivity levels were detected for the Jc1 HAHALp7 and
JFH1 HAHALp7 mutant viruses, respectively, relative to parental viruses (Fig 6D).

Altogether, these results suggested that the p7 N-terminus controls both the secretion and
the specific infectivity of secreted virus particles, likely via a process involving the completion
of their envelopment, as indicated by the PK-sensitivity of core from secreted p7 ATMI mutant
particles.

p7 amino-terminal alterations impair NS2, NS5A and E2 interactions
required for envelopment of infectious particles

We then aimed at dissecting how p7 modulates the composition of viral particles by addressing
HCV assembly mechanisms, from intracellular clustering of virion components to their
envelopment.

First, since the HCV virion assembly rate is linked to core subcellular localization [17, 65-
67] and since p7 alters this event in concert with NS2 [17, 40], we investigated by confocal
microscopy analysis whether core from p7 ATMI mutant viruses could be relocated from lipid
droplets to ER membranes, where envelopment and release of viral particles occur [3, 21].
While individually expressed Jcl core had predominant distribution around lipid droplets, as
previously described [17], its co-expression with either wt p7 or HAHALp7 protein induced
full targeting at ER membranes (S8A Fig). Similar results were obtained with full-length
viruses, since no difference between Jc1 and Jc1 HAHALp7 viruses could be detected regard-
ing the prevalent ER-localization of their core proteins (S8B Fig). These data indicated that the
p7 ATMI mutations and/or the accelerated E2p7 cleavage did not prevent p7-mediated early
assembly events leading to core targeting to the ER membrane, but rather, impaired later
assembly events.

Using HA-tag antibodies, we confirmed that HAHALp7 and core co-localized at the ER in
cells infected with the Jc1 HAHALp?7 virus (Fig 7A), as reported before [56]. Interestingly, we
found that HAHALp7 and core co-localization could also be detected in infected cells treated
with 5pg/ml digitonin (Fig 7A and 7C), which permeabilizes plasma but not ER membranes
[68, 69]. Similar results were also obtained with JFH1 HAHALp7 virus as well as with
HAHALPp7 expressed individually, with or without signal peptide (S9A-S9C Fig). Since E2/
core co-localization could be detected in Triton-treated cells but not in digitonin-treated cells
(Fig 7B and 7C; S9A-S9C Fig), as expected owing to the luminal exposition of E2 ectodomain,
these results indicated that the N-terminus of HAHALp7 points towards the cytosol. Note that
these results do not exclude that p7 may also adopt the reverse topology, i.e., with N- and C-
termini exposed toward the luminal side of the ER [70].

We then investigated the sites of HCV assembly, which are represented by ER-derived
areas where structural and non-structural viral proteins co-cluster with HCV RNA [66]. As
compared to parental virus, we did not find significantly altered clustering of core, E2, NS4B,
and NS5A for the Jc] HAHALp7? virus (Fig 8A and 8B), suggesting identical rates of early
assembly events. Likewise, we did not observe strong differences in the number of core struc-
tures co-localizing at assembly sites with HCV positive strand RNA for wt vs. mutant viruses
(Fig 8C and 8D). Altogether, these results indicated that the initiation of early assembly events,
i.e., allowing clustering of the HCV structural components at the ER membrane, were not
impaired by p7 ATMI mutations.
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Digitonin, as indicated, and stained for HCV core (red), HAHALp7 (green) (A), E2 (green) (B) and nuclei (grey). The relative
fluorescence intensity (arbitrary units) of each channel (C) was quantified by using ImageJ.

https://doi.org/10.1371/journal.ppat.1006774.9g007

Next, since the NS2 non-structural protein is thought to serve as a scaffold for gathering
virion assembly components through its interaction with E1E2 [9, 13-16, 71] and since p7 reg-
ulates this association [9, 14, 39], we tested if our p7 ATMI mutants had impaired E1E2/NS2
association. Using confocal microscopy, we did not detect altered co-localization of core, E2
and NS2 (Fig 9A and 9B), further highlighting that the assembly sites of viral particles were not
grossly changed. However, when we analyzed E1 and NS2 co-immuno-precipitation with E2
antibodies, although the E1/E2 association was unchanged (Fig 9C), we detected a 3—4 fold
decreased association of E2 with NS2 for p7 ATMI mutant vs. wt viruses (Fig 9E; S10A Fig).
These results indicated that, relative to wt virus, the higher amounts of intracellular HCV gly-
coproteins detected for the p7 ATMI mutant viruses (Fig 3B and 3C; S3 Fig; S7 Fig) were not
associated to NS2. This implied that only a fraction of the up-regulated E2 levels interact with
the NS2 assembly platform, and suggested that part of the pool of HCV glycoproteins not asso-
ciated to NS2 or to assembly sites induce the formation of SVPs. Thus, we performed the
reverse co-immuno-precipitation with NS2 antibodies to more directly address interactions
between assembly proteins at assembly sites. Strikingly, when we analyzed E1 and E2 co-
immuno-precipitation with NS2, we found ca. 2-3 fold increased E1E2 association to NS2 in
cells expressing Jcl (Fig 9F) or JFH1 (Fig 9D; S10B Fig) p7 ATMI mutant viruses, as compared
to parental viruses. Furthermore, these altered interactions with NS2 were reversed upon
ectopic expression of wt p7 (Fig 9D; S10B Fig). Thus, since ectopically-expressed p7 did not
restore wt intracellular E2 expression (Fig 3C) and since NS2 expression was unchanged for
the mutant virus compared to wt (Fig 3D), this indicated that p7 N-terminus modulates NS2
association with HCV glycoproteins.

Finally, since NS5A interacts with HCV RNA [72, 73] and core [18, 19] as well as with NS2
[13, 15], which likely transfers core and HCV RNA to assembly sites or to nascent viral parti-
cles [18-20], we investigated NS2 association with NS5A. No significantly altered co-localiza-
tion of core, E2, NS2 and NS5A could be detected while comparing mutant vs. parental viruses
(Fig 10A-10D), again underscoring the proximity of these different factors at assembly sites
that appeared unaltered qualitatively. However, as compared to parental virus, we found a
reduced NS5A co-immuno-precipitation with NS2 in cells expressing the Jc1 HAHALp7 or
other p7 ATMI mutant viruses (Fig 10E; S9C Fig), which was restored upon co-expression
with wt p7 (Fig 10E).

Altogether, these results suggested that the p7 amino-terminus determines the fine-tuning
of the interactions between HCV glycoproteins, NS5A and NS2 required for envelopment of
viral particles at assembly platforms.

Discussion

We report here novel functions of the HCV p7 viroporin, which appears to modulate i) the cell
secretory pathway, ii) the assembly and proportion of different secreted HCV-derived particle
forms, including SVPs, partially enveloped core particles and infectious virions, and iii) the
specific infectivity of the latter type of particles. Overall, our results provide novel insights in
the properties of p7, particularly regarding the role of its junction segment with E2 and its
retarded cleavage from E2. This distinguishes different functions of p7 between those that only
depend on delayed E2p7 cleavage from those that reveal the role played by the p7 amino-ter-
minus itself in envelopment and production of infectious viral particles.
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HCV core (red), E2 (green), NS4B (blue, left panels), NS5A (blue, right panels) and nuclei (grey). (B) Quantification of size
(left) and number (right) of co-localized core/E2/NS4B or core/E2/NS5A structures. (C) Confocal microscopy of Huh7.5
expressing Jc1 or Jc1 HAHALp?7 viruses. At 72h post-infection, cells were fixed and stained for HCV core (green), NS4B
(blue, left panels), NS5A (blue, right panels) and nuclei (grey). HCV RNA(+) were stained by FISH (red). (D) Quantification of
percentage of core/NS4B or core/NS5A structures co-localizing with RNA(+) (left), of RNA(+) co-localizing with core
(middle), or of RNA(+) co-localizing with NS4B/NS5A structures. Scale bars of panels and zooms from squared area
represent 10uym and 2um, respectively. For each condition, over 20 cells were quantified.

https://doi.org/10.1371/journal.ppat.1006774.g008

E2p7 cleavage rate regulates E2 intracellular levels

Because of their intrinsic capacity to be routed to the cell surface, owing to their localization in
the cell secretory pathway, the traffic and distribution of envelope glycoproteins need to be
controlled, by e.g., retention in specific intracellular compartments, in order to avoid immune
detection of infected cells. Moreover, as these glycoproteins are synthesized in the ER lumen,
counteracting ER stress activation in infected cells is important to avoid subsequent cell death.
Since HCV proteins are expressed from a polyprotein, implying that all proteins are initially
expressed at the same rate, its well-ordered cleavage may regulate the stability and functions of
some proteins, such as for E2 and p7 that coexist with a E2p7 precursor (Fig 2) of ill-defined
functions [7-11]. Here, by designing mutants at E2-p7 junction, we show that the augmenta-
tion of E2p7 cleavage, which is mediated by signal peptidase [7, 52], induced an up-regulation
of the levels of E2 in infected cells, by ca. 4-5 fold.

This original phenotype is not caused by increased rates of replication or translation of
such mutant viruses, judging from similar levels of viral RNAs or of non-structural proteins,
respectively, for mutant vs. wt viruses. That both short peptide extensions and single alanine
insertion before p7 structure induced E2p7 increased cleavage and E2 up-regulation at similar
levels (Figs 2C and 3C; S3A Fig) argued against the possibility that p7 N-terminal modifica-
tions could per se change E2 expression. Consistently, co-expression of wt p7 with these
mutant viruses did not restore wt E2 intracellular levels (Fig 3C).

Different possibilities may explain how E2p7 processing could modulate E2 expression. On
the one hand, liberated E2 could be stabilized by its partners, such as e.g., E1 [74, 75] or SPCS1
[71]. On the other hand, E2 and E2p7 could activate or block different degradation pathways,
such as autophagy or proteasome/lysosome. Indeed, HCV glycoproteins are known to be acti-
vators of the unfolded protein response (UPR) in HCV-infected cells [76]. Finally, it is also
possible that the amounts of free p7, which are likely higher for the p7 ATMI mutant viruses,
may regulate these degradation pathways. In support of these assumptions, a previous study
[77] indicated that a mutation of p7 reported to block cleavage between E2 and p7 (p7-R(K)
GR33-35AAA) [9, 11, 13] induced E2 degradation. Likewise, mutants abrogating E2p7 cleav-
age, such as E2-A367R (Fig 2) as well as p7-A1W, p7-E3W, p7-K4W, p7-A10W or p7-S12W
[10], exhibited poor E2p7 expression despite wt rates of replication, relative to parental viruses.
Further studies will be necessary to clarify this issue.

Processing of E2p7 modulates E2 targeting to NS2 assembly platform

Regulation of the intracellular quantities of surface glycoproteins as well as their recruitment
at virion assembly sites is crucial for production of infectious particles, which require optimal
E1E2 incorporation levels to mediate entry into cells. Several cellular factors promoting the
different steps of HCV assembly have been identified [3] and include factors allowing initial
core and NS5A targeting at the LDs [78-82], HCV particle assembly [71, 83], or fission of
enveloped nucleocapsids [84, 85]. As for viral factors, NS2 gathers assembly components at
ER-localized sites near LDs and replication complexes [13, 15, 16, 86], at detergent-resistant
membranes (DRM) areas [9, 39]. Specifically, NS2 interaction with E2 and E1 as well as with
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Fig 9. p7 ATMI mutant viruses alter NS2 and E2 association. Huh7.5 cells expressing RNAs from parental vs. Jc1 HAHALp7 or
JFH1 HAHALp7 mutant viruses expressed alone or with wild-type p7 were analyzed at 72h. For immuno-precipitation, cell lysates were
incubated with protein A/G agarose beads after pre-treatment, or not (beads), with NS2 or E2 antibodies. Immuno-precipitated
complexes were eluted and analyzed by quantitative western blot. (A) Confocal microscopy of Huh7.5 cells expressing Jc1 or Jc1
HAHALPp?7 viruses and stained for HCV core (red), E2 (green) and NS2 (blue). (B) Co-localization analysis from (A), displaying the
Pearson’s correlation coefficients and the Manders’ overlap coefficients, as indicated. (C) Representative western blot of E1 proteins co-
immuno-precipitated with E2 antibodies (left). The levels of co-immuno-precipitated E1 proteins are normalized to the amount of
immuno-precipitated E2 from JFH1 or JFH1 HAHALPp7 virus-expressing cells (right). (D) Representative western blot of E1 and E2
proteins co-immuno-precipitated with NS2 antibodies (left). The levels of co-immuno-precipitated E1 and E2 proteins are normalized to
the amount of immuno-precipitated NS2 in JFH1 or JFH1 HAHALp?7 virus-expressing cells (right). Note that we used the JFH1 E1(A4)
and JFH1 E1(A4) HAHALPp?7 viruses to detect E1 in these ColP experiments. (E) Representative western blot of NS2 proteins co-
immuno-precipitated with E2 antibodies (left). The levels of co-immuno-precipitated NS2 proteins are normalized to the amount of
immuno-precipitated E2 from Jc1 or Jc1 HAHALp7 virus-expressing cells (right) (F) Representative western blot of E2 proteins co-
immuno-precipitated with NS2 antibodies (left). The levels of co-immuno-precipitated E2 proteins are normalized to the amount of
immuno-precipitated NS2 in Jc1 or Jc1 HAHALp7 virus-expressing cells. Data represent mean values + SEM. The values are displayed
relative to co-immuno-precipitation assays from JFH1 or Jc1 virus-expressing cells. The numbers of experiments performed are
indicated below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.g009

other viral factors—p7, NS3 and NS5A, is believed to be key for virion biogenesis [9, 13-15,
71, 84]. Yet, independent of this capture mechanism, E1E2 glycoproteins have the intrinsic
capacity to induce SVP formation (Fig 1) [24], which implies a competition for their recruit-
ment at the assembly sites of infectious particles. Noteworthy, E2/NS2 interaction depends on
SPCS1, one of the 5 subunits of signal peptidase, and abrogation of E2/NS2/SPCSI triple inter-
action via SPCS1 silencing markedly reduced HCV assembly [71].

Our co-IP assays indicated that increasing E2p7 cleavage, concomitantly with augmented
E2 expression and SVP formation, stimulated the interaction between E1E2 and NS2 (Fig 9D
and 9F; S10B Fig). A first, simple possibility to explain this stronger EIE2/NS2 association may
involve the increase of E2 intracellular expression, which, incidentally, would lead to greater
opportunities for E2/NS2 association. A second possibility could involve either a concentration
of SPCS1 at the vicinity of E2 and NS2, as a result of SPCS1 recruitment by the signal peptidase
complex during E2p7 and p7NS2 processing, or, alternatively, of a preferential interaction of
cleaved, liberated E2 with SPCS1 and hence, with NS2. However, both possibilities would be
difficult to reconcile with the finding that wt p7 co-expression, which did not restore wt E2
intracellular levels (Fig 3C), restored normal levels of EIE2/NS2 interaction (Fig 9D and 9F;
S10B Fig). A third possibility is that the alteration of p7 N-terminus in our E2-p7 junction
mutants may affect NS2 capacity to interact with some of its other partners, as discussed
below. Unexpectedly, our results indicated that the increased E1E2/NS2 interaction correlated
with reduced formation of infectious particles, in agreement with lowered secretion of nucleo-
capsids (Fig 5C). In this respect, it is likely that a loss of viral particle formation would translate
in an increase of E2 density on NS2 platforms (Fig 9D and 9F) because E2 would not be con-
summated in assembled and released virions.

Processing of E2p7 uncovers novel p7 assembly functions

Our results indicate that the p7 N-terminus also determines HCV infectivity by controlling the
secretion of enveloped vs. naked/partially enveloped core particles (Fig 6B and 6D). This is in
agreement with a previous report showing that p7 regulates the envelopment of nascent viral
particles [40]. A recent study indicated that the first helix of p7 harbors a key determinant of
HCV infectivity (e.g., V6, H9, S12), as underscored by mutagenesis of these residues pointing
toward the p7 channel pore [10]. Intriguingly, we reveal here for the first time, a novel deter-
minant at the extreme amino-terminal end of p7, i.e., before its first helix (S1 Fig), that strongly
modulates infectivity (Fig 2) and the relative amounts of enveloped vs. non/partially-enveloped
core particles (Fig 6B). Furthermore, we demonstrate that changes in this amino-terminal p7
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RNAs from parental vs. Jc1 HAHALp7 mutant viruses expressed alone or with wild-type p7 were analyzed at 72h. (A)
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Confocal microscopy of Huh7.5 cells expressing Jc1 or Jc1 HAHALp?7 viruses and stained for HCV core (red), NS5A (green)
and NS2 (blue). (B) Co-localization analysis from (A), displaying the Pearson’s correlation coefficients and the Manders’
overlap coefficients, as indicated. (C) Confocal microscopy of Huh7.5 cells expressing Jc1 or Jc1 HAHALp7 viruses and
stained for HCV NS2 (red), E2 (green) and NS5A (blue). (D) Co-localization analysis from (C), displaying the Pearson’s
correlation coefficients and the Manders’ overlap coefficients, as indicated. (E) Cell lysates were incubated with protein A/G
agarose beads after pre-treatment, or not (beads), with NS2 antibodies. Immuno-precipitated complexes were eluted and
analyzed by quantitative western blot (see representative western blot to the left). The graphs show the levels of NS5A
proteins co-immuno-precipitated by NS2 antibodies normalized to the amount of immuno-precipitated NS2 in Jc1 or Jc1
HAHALPp?7 virus-expressing cells. The values are displayed relative to association of NS5A to NS2 immuno-precipitated
from Jc1 virus-expressing cells. Data represent mean values + SEM. The numbers of experiments performed are indicated
below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.g010

determinant (p7 ATMI mutants), via e.g., short peptide extensions, single amino-acid inser-
tions or substitutions that did not alter p7 structure (S1 Fig), induced a stronger reduction of
infectivity (Fig 2) than of secretion of enveloped core particles (Fig 6D), resulting in reduced
specific infectivity of the mutants, by 4- to over 50-fold depending on ATMI mutant types (Fig
4G-4T; S5 Fig.

Envelopment of viral particles pertains to a series of events that likely occur rapidly once
two components, i.e., surface glycoproteins and nucleocapsids, encounter at assembly sites fol-
lowing mobilization from their respective storage pools, i.e., respectively, NS2 platforms
apposed to LDs [9, 39] and LDs/replication complexes [12]. Such events are difficult to catch
experimentally, because they are transient by nature as they lead to quick release of assembled
viral particle from such assembly sites within the ER lumen. How HCV core and RNA are
transferred from LD surface to ER assembly sites to initiate the release of infectious, enveloped
viral particles remains poorly defined [3, 87], although it involves concerted actions of p7 and
NS2 [17] and of NS5A [18, 20]. Accordingly, previously described assembly-defective mutants,
such as p7-KR33/35QQ and core-C69-72A [40], Ap7 [65] or AE1E2 and NS5A-A2328-2435
[20], display strong core-LD accumulation, which correlates with their loss of infectivity. Strik-
ingly, in contrast to these previous assembly mutants but similar to parental viruses, our Jc1 p7
ATMI mutants readily targeted core at the ER membrane (S8 Fig) despite reduced infectivity
and did not significantly alter the co-clustering of structural and non-structural proteins with
HCV RNA (Figs 8-10), both of which events previously shown to be critical for achieving effi-
cient assembly [17, 65, 66]. Moreover, as shown by others, p7 regulates NS2 subcellular locali-
zation at punctate sites near LDs and its association with DRMs along with other viral
proteins, including core, E2, and NS3 [9, 16, 39, 86]; yet, while other assembly-defective virus
mutants, such as the p7-KR33/35QQ and p7-KR33/35AA in these previous reports, disrupted
NS2 localization and/or E2/NS2 association, the p7 ATMI mutants displayed increased E1E2/
NS2 interaction, compared to parental viruses. Along with the finding that our mutants exhib-
ited wt capacity to slow down the cell secretory pathway (Fig 1E), this underscores that the
ATMI class of p7 mutants retains most p7 properties and inhibits viral assembly though a
novel mechanism.

Our results imply an envelopment defect caused by inadequate mobilization and/or transfer
of core and RNA at E1E2-containing NS2 assembly platforms. This is reflected by our findings
that such p7 ATMI mutants exhibited altered EIE2/NS2 and NS2/NS5A interactions (Figs 9
and 10) but also that failure to mediate correct particle envelopment resulted in secretion of
partially enveloped, proteinase K-sensitive core particles (Fig 6B). Since co-expression of our
mutant viruses with wt p7 restored the above alterations to almost normal levels, this questions
about the role of p7 N-terminus in this mechanism and raises the possibility that it regulates
core and RNA transfer to assembly sites and/or to assembling viral particles (Fig 11). Interest-
ingly, a previous report suggested that p7 genetically interacts with some regions of NS2 as
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https://doi.org/10.1371/journal.ppat.1006774.9g011

well as of NS5A [88], strengthening the notion of a functional dialog between p7, NS2 and
NS5A. Our findings that the N-terminus of HA-tagged p7 points towards the cytosol (Fig 7)
support the likelihood that it mediates critical interactions with cytosolic factors promoting
assembly. A possibility is that modifications of p7 N-terminal surface, before the first p7 helix
(S1 Fig), disrupted such interactions (Fig 11). In this respect, co-localization and association of
NS2 with NS5A, which is decreased upon p7 deletion or alterations [13, 16], is thought as a
crucial event mediating core/RNA transfer to assembly sites [18, 20, 66]. Thus, since our
mutant viruses did not display altered co-localization of these assembly factors, it is likely that
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NS2 complexes formed with p7 ATMI mutants failed to efficiently mediate the encountering
of nucleocapsids with NS2-bound viral surface components and/or to induce the release of
fully enveloped, infectious viral particles. Why such failure resulted in a proportional release of
partially enveloped core particles (Fig 6B vs. Fig 6D), which could be similar to those that have
been detected in the serum of infected patients [28], is intriguing. It raises the possibility that
the transfer of core and RNA to E1E2 glycoproteins liberated from NS2 complexes at assembly
sites is associated to the recruitment of a mechanism that closes nascent particles (Fig 11).
Such a mechanism, which likely involves components of the ESCRT pathway, as previously
described for HCV [84, 85], could be disrupted by p7 ATMI mutants is such a way that, rather
than being correctly closed, the budding membrane capsule would detach, allowing escape of
imperfectly enveloped nucleocapsids in the ER lumen, which could explain their reduced spe-
cific infectivity. Indeed, as p7 ATMI mutants impair the interaction between NS2 and NS5A,
this may prevent the recruitment of HRS, an ESCRT-0 component that interacts with p7, NS2
and NS5A [84] and subsequently, of all ESCRT components required for correct envelopment.

Free p7 slows down the cell secretory pathway

Our data indicate that the regulation of the amounts of free p7 could modulate the production
of viral particles. Indeed, we found that p7, which localizes at the ER (Fig 7) [89] slows down
the cell secretory pathway in a dose-dependent manner, likely at the stage of ER-Golgi trans-
port (Fig 1). While this property is not intuitive, given that HCV, like other Flaviviridae, is
thought to exit the cells through the secretion pathway [90], this could either induce the con-
centration of its glycoproteins at virion assembly sites in the ER lumen through their active
retention or reflect the cooptation of another pathway of secretion for HCV particles [22, 23].
Furthermore, as HCV glycoproteins can be secreted as SVPs independently of other viral pro-
teins (Fig 1G) [24], this feedback loop may ensure that excess glycoproteins, arising from their
release upon E2p7 cleavage, could be appropriately controlled so as to prevent activation of
immune responses. Additionally, as indicated by the delayed transport of VSV-Gts used as a
model cargo (Fig 1B-1F), it is possible that p7 expression could alter the secretion of cellular
proteins such as, e.g., immune effectors, as shown for viroporins of other viruses [43, 91].

The mechanism used by p7 to slow down the secretion of glycoproteins needs further inves-
tigation. Viroporins of alternative viruses have previously been involved in modulation of the
secretory pathway, though through a variety of mechanisms [38]. For example, the M2 protein
from influenza virus has a direct effect on late steps of plasma membrane delivery by delaying
late Golgi transport, which indirectly affects the efficiency of earlier transport steps by altering
the ionic content of the Golgi apparatus and the endosomes [92, 93]. Alternatively, Coxsackie-
virus 2B proteins modify ER membranes, which inhibits protein processing and sorting by
decreasing calcium homeostasis in ER and Golgi [43]. Likewise, p7 can change ionic gradients
in both reconstituted membrane assays in vitro [30, 44-47] and in cellulo [41, 42], which could
affect anterograde transport and/or modify intracellular compartments.

In conclusion, our report underscores the function of E2p7 delayed processing in modulat-
ing i) the intracellular E2 levels, ii) the retention of E2 through the slowing down of the secre-
tion pathway, and iii) the unmasking of functions of p7 amino-terminus in assembly and
envelopment.

Materials and methods
Cell culture and reagents

Huh?7.5 cells (kind gift of C Rice, Rockefeller University, New York, USA) and 293T kidney
(ATCC CRL-1573) cells were grown in Dulbecco’s modified minimal essential medium
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(DMEM, Invitrogen, France) supplemented with 100U/ml of penicillin, 100ug/ml of strepto-
mycin, and 10% fetal bovine serum.

Plasmids and constructs

pFK-JFH1wt_dg, pFK-JFH1/J6/C-846_dg plasmids encoding full-length JFHI and Jc1 HCV
[94] were kind gifts from R Bartenschlager (Heidelberg University, Germany). pFK-JFH1J6
XbalC-846HAHA-L-p7_dg encoding a Jc1 virus with the HAHALp?7 linker peptide between
E2 and p7 [56] was kindly provided by T Pietschmann (Twincore, Germany). JFH1 virus-
derived constructs encoding the p7-T2, p7-L2S, Ap7 and ASGGSp7, HAHALp7, and E2-
A367R mutants were derived from the pFK-JFH1wt_dg plasmid. The E1 glycoprotein was also
point-mutated in the pFK-JFH1wt_dg and pFK-JFH1 HAHALp7 constructs to introduce the
A4 epitope, resulting in plasmids encoding JFH1 E1(A4) and JFH1 E1(A4) HAHALp7 viruses,
respectively [57]. Constructs were created by PCR mutagenesis (oligonucleotide sequences are
available upon request).

The plasmid pEGFP-N3-VSV-Gts was a kind gift from K Konan (Albany Medical College,
USA). The plasmids encoding noSPp7 (JFH1), AE2p7 (JFH1), ACp7 (JFH1), ACp7 (H77),
AE2p7 (J6), AE2ZHAHALp7 (JFH1), and noSPHAHALp7 (JFH1) allow individual expression
of wt, variant or mutant p7 under different signal peptide configurations. The plasmids pTG
13077-HCV-AC-E1-E2-J6, pTG 13077-HCV-AC-E1-E2-JFH1 and pTG 13077-HCV-AC-E1-
E2-p7-JFHI contain retroviral vector genomes encoding E1E2 and/or E1E2p7 proteins from
J6 and JFH1 viruses.

All constructs were expressed in Huh7.5 cells using procedures reported before [17].

Antibodies

Mouse anti-actin (clone AC74, Sigma-Aldrich), mouse anti-E1 A4 (kind gift from HB Green-
berg), rat anti-HA (clone 3F10, Roche), mouse anti core C7-50 (Thermo Fisher Scientific), rat
anti-E2 clone 3/11 (kind gift from ] McKeating), mouse anti-NS2 6H6 and mouse anti-NS5A
9E10 (kind gift from C Rice), rabbit anti-NS2 (kind gift from B Lindenbach), human anti-E2
AR3A (kind gift from M Law), mouse anti-GFP (Roche), anti-VSV-G 41A1, mouse anti-E2
antibody AP33 (kind gift from A Patel) were used according to the providers’ instructions.

VSV-Gts analysis

Huh?7.5 cells were seeded 16h prior to transfection with pEGFP-N3-VSV-Gts and p7-encoding
plasmids using GeneJammer transfection reagent (Agilent). Medium was changed 4h post-
transfection and cells were incubated overnight at 40°C. 24h post-transfection, cells were
chased at 32°C. For western blot analysis, cells were lysed at indicated time points in wells
cooled on ice before clarification and western blot analysis. For flow cytometry analysis, cells
were harvested and put in suspension at 32°C. At indicated time points, cells were fixed with
3% paraformaldehyde.

Purification of soluble E2 (JFH1)

The plasmid popol-AE1sE2 (JFH1)-H6 (kind gift from Epixis SA) encoding soluble E2 (JFH1)
with a 6xHis tag was used to purify E2 in order to assess the sensitivity of E2 quantifications by
western blots. 293T cells grown in 10 cm-plates were transfected with 15ug of popol-AE1sE2
(JFH1)-H6. 16h post-transfection, the medium was replaced by OptiMEM. 24h and 48h later,
supernatant was harvested and purified using a HisTrap column. Fractions were pooled and
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then dialyzed. A sample was analyzed by SDS-PAGE. Concentration of sE2 was obtained by
measurement of OD at 280nm and purity was analyzed by LC-MS/MS.

Production of lentivirals vectors

HEK293T cells were seeded 24h prior to transfection with VSV-G plasmid, pTG-5349 packag-
ing plasmid, and either pTG 13077-HCV-AC-E1-E2-JFH1, pTG 13077-HCV-AC-E1-E2-J6 or
pTG 13077-HCV-AC-E1-E2-p7-JFH1 plasmids using calcium phosphate precipitation.
Medium was replaced 16h post-transfection. Vector supernatants were harvested 24h later, fil-
tered through a 0.45 pm filter, and were titrated by flow cytometry using AP33 antibody
against E2.

Production of SVPs

Lentiviral vectors were used to transduce Huh7.5 cells (MOI = 2). 72h post-transduction, cell
supernatants were centrifuged at 25,000 rpm for 4h at 4°C using SW41 rotor and Optima L-90
centrifuge (Beckman). Pellets were suspended in PBS prior to use for western blot analysis.

For gradient analysis, 1 ml of supernatant concentrated 40x by Vivaspin columns (MW
cut-off 100-kDa (Sartorius)) was loaded on iodixanol density gradients. 12 fractions were col-
lected from the top and used for refractive index measurement and precipitation of proteins
before western blot analysis.

Production of HCVcc particles and quantifications of virion components

Methods for in vitro transcription of HCV RNA and its electroporation into Huh-7.5 cells
have been described [17, 61]. When p7 was co-expressed with viral RNA, 2ug of plasmid DNA
encoding p7 or control DNA were co-electroporated with 10ug of viral RNA.

To determine the percentage of HCV-positive producer cells following electroporation,
cells were fixed and stained using Cytofix/Cytoperm (BD) according to manufacturer’s
instructions. NS5A staining was achieved with 9E10 antibody (kind gift from C. Rice, Rocke-
feller University, New York, USA) and cells were analyzed using MacsQuant VYB (Milteny
Biotech).

Electroporated cells were counted and 100,000 cells were lysed in lysis buffer (20 mM Tris
[pH 7.5], 1% Triton X-100, 0.05% sodium dodecyl sulfate, 150 nM NaCL, 5%o Na deoxycho-
late) supplemented with protease/phosphatase inhibitor cocktail (Roche) and clarified from
the nuclei by centrifugation at 13,000xg for 10 min at 4°C for quantitative western blot analysis
(see below).

HCV core protein was also quantified by CMIA—Chemiluminescent Microparticle Immu-
noAssay (Architect, Abott). The extracellular E2 protein was quantified by Western Blot after
precipitation of E2-containing cell supernatants with Galanthus Nivalis lectins (GNA) bound
to agarose beads (Vector Laboratories). The extracellular HCV RNAs were quantified as
described previously [61]. Infectivity titers were determined as focus-forming units per millili-
ter [17]. Serial dilutions of supernatants were used to infect Huh7.5 cells and focus-forming
units were determined 3 days post-infection by counting NS5A-immunostained foci. For
determining intracellular infectivity, electroporated cells were washed with PBS, harvested
with Versene and centrifuged for 4 min at 400xg. Cell pellets were suspended in medium and
subjected to 4 cycles of freeze and thaw, using liquid nitrogen.

For purification of particles, supernatants were harvested and filtered through a 0.45um fil-
ter and centrifuged at 25,000 rpm for 1h45 at 4°C with a SW41 rotor and Optima L-90 centri-
fuge (Beckman). Pellets were resuspended in PBS prior to use for western blot to quantify E2
or for quantification of core and RNAs.
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Proteinase K digestion assays

Viral supernatants were i) left untreated, ii) treated with Proteinase K (PK, 50 pug/mL) in 10x
PK buffer as described in [84] for 1h on ice, or iii) pre-treated with Triton X-100 5min at room
temperature prior to treatment with PK. PK activity was stopped by adding 10 mM PMSF and
protease inhibitors cocktail (Roche). The core protein was quantified with CMIA.

lodixanol density gradient of HCVcc particles

ImL of viral supernatant was loaded on top of a 3-40% continuous iodixanol gradient (Opti-
prep, Axis Shield). Gradients were centrifuged for 16h at 4°C in Optima L-90 centrifuge (Beck-
man). 16 fractions of 750 ul were collected from the top and used for refractive index
measurement infectivity titration, core quantification and RNA quantification, as described
above. For E2 protein analysis, HCV particles were produced in OptiMEM (Invitrogen) and
concentrated 40x by Vivaspin molecular weight cutoff 100-kDa columns (Sartorius). 1 ml of
concentrated virus suspension was loaded on density gradients. 12 fractions were collected
from the top and used for refractive index measurement, titration, core quantification and
RNA quantification, as described above. The remaining volumes of fractions were used for
protein precipitation with 4 volumes of acidified acetone/methanol buffer and left at -20°C
overnight. Proteins were pelleted at 16,000xg for 15min and dried before resuspension in lysate
buffer, denaturation in Laemmli buffer, and Western Blot analysis.

Deglycosylation with endoglycosidase H

Endoglycosidase Hf (Endo-Hf; NEB) treatment was performed according to the manufac-
turer’s recommendations. Briefly, protein samples were mixed to denaturing glycoprotein
buffer and heated at 100°C for 5 min. Subsequently, 1,000 units of Endo-Hf were added to
samples in a final volume of 25 ul and the reaction mixtures were incubated for 1 h at 37°C,
before western blot analysis.

Western blot analysis

Proteins obtained in total lysates or after digestion or immunoprecipitation, were denatured in
Laemmli buffer at 95°C for 5min and were separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis, then transferred to nitrocellulose membrane and revealed with spe-
cific primary antibodies, followed by the addition of IRdye secondary antibodies (Li-Cor
Biosciences), followed by imaging with an Odyssey infrared imaging system CLx (Li-Cor
Biosciences).

Co-immuno-precipitation assays

For NS2/E2 interaction, 1 million electroporated cells were lysed with buffer (50 mM Tris-Cl
(pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1% SDS). Lysates
were cleared by centrifugation at 16,000xg for 10 min at 4°C and were incubated overnight at
4°C with AR3A antibody against HCV E2 or with rabbit NS2 antibody. Protein A/G-coated
agarose beads were added to samples for 2h at room temperature. Immune complexes were
then washed and eluted with Laemmli buffer for 5 min at 95°C before western blot analysis.

For NS2/NS5A interaction, 1 million electroporated cells were cross-linked with ImM
dithiobis(succinimidyl propionate) (DSP) (ThermoFisher) 30min at room temperature. Tris
(pH 7.5) was added up to 200 mM to quench unreacted DSP. Cells were resuspended in lysis
buffer (50mM Tris pH 7.4, 150mM NaCl, ImM EDTA, 0.5% n-dodecyl-B-maltoside) and
treated as for NS2/E2 interaction with incubation with rabbit NS2 antibody.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006774 December 18,2017 160 28/38



@.PLOS | PATHOGENS

HCV E2p7 cleavage determines specific infectivity

Immuno-fluorescence (IF) and confocal microscopy imaging

Experimental procedures were previously described [66]. Briefly, Huh7.5 cells grown on glass
coverslips and were infected at MOI of 0.2. 72h post-infection, cells were washed with PBS,
fixed with 3% paraformaldehyde in PBS for 15min, quenched with 50mM NH,Cl and permea-
bilized with 0.1% Triton X-100. Fixed cells were then incubated with primary antibodies in 1%
BSA/PBS, washed and stained with the corresponding fluorescent Alexa-conjugated secondary
antibody (Alexa-488, Alexa-555 and Alexa-647, Molecular Probes) in 1% BSA/PBS. LDs were
stained with 10ug/mL Bodipy 493/503 (Molecular Probes) according to the manufacturer’s
instructions. Cells were washed with PBS, stained for nuclei with Hoechst (Molecular Probes)
and mounted with Mowiol 4-88 (Sigma-Aldrich) prior to image acquisition with LSM-710
(Zeiss) confocal microscope. When stated, the combined detection of HCV RNA by FISH and
viral proteins was done as previously described [66].

For digitonin permeabilization, the staining procedure was the same except that cells were
permeabilized with 5pug/ml Digitonin (Sigma-Aldrich) for 10 min. Cells permeabilized with
Triton X-100 were acquired first; then, cells permeabilized with Digitonin were acquired in
order to use the same laser settings.

Image analysis and quantifications

Images were analyzed and quantified with the Image]J software as previously described [66].
The Pearson’s and Manders’ correlation coefficients were calculated by using the JACoP
plugin [95]. For the Digitonin vs. Triton permeabilization experiments, the relative fluores-
cence intensity of each channel was quantified by using the integrated density measurement of
Image] software.

Molecular modeling of p7 hexamers

Three-dimensional homology models of p7 hexamers and their mutants were constructed
using the NMR/MD p7 model of Chandler and colleagues [36] and the NMR p7 structure of
OuYang and colleagues [35] (PDB accession number 2M6X) as templates. Models of p7 were
constructed with the Swiss-Model automated protein structure homology modeling server
(http://www.expasy.org/spdbv/ [96]) using the HCV JFH1 strain p7 sequence as input. JFH1
p7 homology model derived from OuYang et al. was directly obtained as a hexamer by the
automated procedure. For JFH1 p7 homology model derived from Chandler et al., raw amino-
acid sequence of p7 from strain JFH1 was first loaded in Swiss-PdbViewer software [96] and
fitted to the NMR/MD p7 hexamer model [36] before submission for model building to Swiss-
Model using the SwissModel Project Mode. All p7 JFH1 mutants were constructed using the
latter protocol, i.e., fitting of the raw amino-acid sequence of p7 mutants to wild type hexamer
models from the JFH1 strain. Coordinates of homology models derived from the automated
model building were used without further minimization or manual manipulation. For mutants
Ap7 and ASGGSp7 exhibiting N-terminal extensions, additional residues were added manu-
ally assuming a random conformation and were minimized using Swiss-PDB Viewer tools.

Statistical analysis

Significance values were calculated by applying the paired t-test using the GraphPad Prism 6
software (GraphPad Software, USA). For confocal analysis, a two-tailed, unpaired Mann-
Whitney test was applied. P values under 0.05 were considered statistically significant and the
following denotations were used: ****, P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05; ns (not
significant), P>0.05.
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Supporting information

S1 Fig. Molecular modeling of p7 ATMI mutant structures. Comparison of three-dimen-
sional homology molecular models of p7 structures using the NMR/MD model in POPC [36]
and the NMR model in DPC [35]. The first amino-acid positions are represented in blue, sec-
ond positions in red, third positions in green. Single amino acid insertions are represented in
orange whereas larger insertions are represented in violet.

(TIFF)

S2 Fig. Transcomplementation of p7 ATMI mutant viruses with wt p7. Huh7.5 cells were
electroporated with RNAs from parental or p7 ATMI mutant viruses, as indicated. At 72h
post-electroporation, expression analyses were performed. (A) NS2, HAHALp7, E2, E2p7 as
well as E2ZHAHALp7 (white arrows) and E2p7NS2 and E2HAHALp7NS2 (black arrows) pre-
cursors were revealed using anti-E2, anti-NS2 and HA antibodies, as indicated. (B) The infec-
tivity levels of JFH1-derived p7 ATMI mutant viruses expressed alone (black bars) or with
wild-type p7 (hatched bars) are represented.

(TIFF)

S3 Fig. p7 ATMI mutant viruses accelerating E2p7 cleavage have increased expression lev-
els of E2 and core proteins. Huh7.5 cells were electroporated with RNAs from parental or p7
ATMI mutant viruses, as indicated. At 72h post-electroporation, expression analyses were per-
formed and determined by quantitative western blot. (A) Levels of intracellular E2 for the
JFH1-derived p7 ATMI mutant viruses. (B) Levels of intracellular core for the same mutant
viruses. Proteins in (A) and (B) were quantified and normalized after determining the propor-
tion of HCV-positive virus producer cells and the amounts of cellular actin (see Fig 3A). (C)
Huh?7.5 cells were electroporated with RNAs from parental or Jc1l HAHALp7 mutant virus. At
72h post-electroporation, cells were treated with cycloheximide (100pug/mL) and brefeldin A
(1ug/mL). At the indicated time points, cells were counted and the same amounts of cells were
lysed. Levels of E2 were determined by quantitative Western blot. The values are displayed rel-
ative to expression of E2 and core in JFH1 HCVcc virus-electroporated cells (A, B) or relative
to time Oh post-addition of the drugs (C). Data represent mean values + SEM. The number of
experiments performed are indicated below the graphs.

(TIFF)

S4 Fig. p7 ATMI mutant viruses display increased secretion of E2 but decreased secretion
of core proteins and RNA. Huh7.5 cells were electroporated with RNAs from parental or
JFH1 mutant viruses expressed alone or with wild-type p7. At 72h post-electroporation, analy-
ses were performed and normalized after determining the proportion of HCV-positive virus
producer cells (see Fig 3A). (A) Levels of secreted E2 determined by quantitative western blot
following GNA lectin pull down of cell supernatants. (B) Levels of secreted HCV RNAs as
determined by RT-qPCR. (C, D) Levels of secreted core as determined by CMIA for JFH1
HAHALp7 or JFH1 p7-T2 mutant viruses alone or with WT p7 (D) and for other JFH1-der-
ived p7 ATMI mutants (C). All values are displayed relative to expression of E2, core or RNA
values determined in the supernatants of JFH1 virus-electroporated cells (A-C). Data represent
mean values £ SEM. The number of experiments performed are indicated below the graphs.
(TIFF)

S5 Fig. p7 ATMI mutant viruses exhibit decreased specific infectivity. Huh7.5 cells were
electroporated with RNAs from parental or JFH1 mutant viruses expressed alone or with wild-
type p7. At 72h post-electroporation, infectivity, and RNA and core secretion analyses were
performed. (A) Specific infectivity relative to RNA amounts for all JFH1-derived p7 ATMI
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mutant viruses. (B) Specific infectivity relative to core amounts for all JFH1-derived p7 ATMI
mutants. (C) Specific infectivity relative to core amounts for JFH1 HAHALp7 or JFH1 p7-T2
mutant viruses expressed alone or with wild-type p7. Values are displayed relative to expres-
sion of specific infectivity in the supernatants of JEFH1-electroporated cells. Data represent
mean values + SEM. The number of experiments performed are indicated below the graphs.
(TIFF)

S6 Fig. p7 ATMI mutant viruses have increased secretion of particle-associated E2 pro-
teins. Huh7.5 cells were electroporated with RNAs from parental or JFH1 mutant viruses
expressed alone or with wild-type p7. At 72h post-electroporation, quantitative western blot
analyses were performed. (A) Level of E2 and E1 in pellet for the JFH1 HAHALp7 mutant
virus relative to parental virus. (B) Level of E2 in pellets from ultracentrifuged cell supernatants
for all p7 ATMI mutants. (C) Aliquots of supernatant from cells expressing JFH1 or JFH1
HAHALp?7 viruses were incubated for 1hr with 1% Triton X-100 or left untreated before ultra-
centrifugation and analysis of E2 in the pellets by quantitative western blot. Proteins in (A)
were quantified and normalized after determining the proportion of HCV-positive virus pro-
ducer cells. Values are displayed relative to expression of E2 or E1 in the pellets of supernatants
from JFH1 virus-electroporated cells. Data represent mean values + SEM. The number of
experiments performed are indicated below the graphs.

(TIFF)

S7 Fig. Representative density gradient analysis of p7 ATMI mutant viruses in Jcl or JFH1
HCVcc backbones. Huh7.5 cells were electroporated with RN As from parental vs. Jcl
HAHALp7 (A), JFH1 HAHALp7 (C) viruses expressed alone or with wild-type p7 (B). At 72h
post-electroporation supernatants were collected and layered on iodixanol buoyant density
gradients. (A) Representative gradient profiles of Jcl and Jc1 HAHALp7 viruses. The levels of
E2, core, infectivity, and viral RNAs were quantified and normalized after determining the
proportion of HCV-positive virus producer cells (see Fig 3A). (B) Representative gradient pro-
files of Jc1 and Jc1 HAHALp?7 viruses expressed with or without wt p7. The levels of core and
infectivity were quantified and normalized after determining the proportion of HCV-positive
virus producer cells (see Fig 3A). (C) Representative gradient profiles of JFH1 and JFH1
HAHALp?7. The core, E2 and E1 proteins and infectivity were measured in each fraction and
expressed of percentages of the sum of fractions.

(TIFF)

S8 Fig. p7 ATMI mutant viruses do not alter the intracellular localization of core. At 72h
post-transfection or post-infection, cells were fixed and stained for HCV core (red), LD
(green, left panels), calnexin (green, right panels) and nuclei (blue). (A) Confocal microscopy
analysis of Huh7.5 cells transfected with constructs expressing J6 core alone or in combination
with wt p7 or HAHALp?7. (B) Confocal microscopy of Huh7.5 infected with Jcl or Jcl
HAHALp7 viruses.

(TIFF)

S9 Fig. Co-localization of p7 ATMI mutant and E2 with core protein. At 72h post-electro-
poration or transfection, cells were fixed, permeabilized with either Triton X-100 or Digitonin,
as indicated, and stained for HCV core (red), HAHALp7 (green), E2 (green) and nuclei (grey).
(A) Confocal microscopy analysis of Huh7.5 electroporated with JFH1 HAHALp7 virus
RNAs. (B) Confocal microscopy analysis of Huh7.5 cells transfected with core-E1E2 and
noSPHAHALp7 expression constructs. (C) Confocal microscopy analysis of Huh7.5 cells
transfected with core-E1E2 and AE2HAHALp7 expression constructs. The relative
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fluorescence intensity of each channel was quantified by using Image].
(PDF)

$10 Fig. p7 ATMI mutants impair NS2 association with E2 and NS5A. Huh?7.5 cells express-
ing RNAs from parental or JFH1-derived p7 ATMI mutant viruses expressed alone or with
wild-type p7 were analyzed at 72h. (A) Levels of NS2 proteins co-immuno-precipitated by E2
antibodies normalized to the amount of immuno-precipitated E2 proteins. (B) Levels of E2 pro-
teins co-immuno-precipitated by NS2 antibodies normalized to the amount of immuno-precip-
itated E2 proteins. (C) Levels of NS5A proteins co-immuno-precipitated by NS2 antibodies
normalized to the amount of immuno-precipitated NS2 proteins. The values are displayed rela-
tive to co-immuno-precipitated E2, NS5A or NS2 in JFH1 virus-expressing cells. Data represent
mean values + SEM. The number of experiments performed are indicated below the graphs.
(TIFF)
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Abstract

BACKGROUND & AIMS: Hepatitis C virus (HCV) particles detected in sera from infected
patients display heterogeneous forms of low buoyant densities (<1.08), highlighting their
lipidation via association with apoB-containing lipoproteins, which was proposed to occur
during assembly or secretion from infected hepatocytes. However, the mechanisms inducing
this association remain poorly defined and, intriguingly, most HCVcc particles secreted from
cultured cells exhibit higher density (>1.08) and are not/poorly apoB-associated.

METHODS: We produced HCVcc particles of Jc1 or H77 strains from Huh-7.5 hepatoma
cells cultured in 10%-fetal calf serum (FCS) standard conditions vs. in serum-free or human
serum (HS) conditions before analyzing their density profiles comparatively to patient-virus.
We also characterized serum-free medium-produced wild-type and Jc1/H77 HVR1-swapped
mutant HCVcc particles incubated with either serum type or with purified lipoproteins.
RESULTS: Compared to serum-free or FCS conditions, production with HS redistributed
most HCVcc infectious particles to low-density or very-low-density (<1.04) ranges. In
addition, short-time incubation with HS was sufficient to shift HCVcc physical particles to low-
density fractions, in time- and dose-dependent manners, which increased their specific
infectivity and induced apoB-association. Moreover, as compared to Jc1, we detected higher
levels of H77 HCVcc infectious particles in very-low-density fractions, which could be
unambiguously attributed to strain-specific features of HVRI sequence. Finally, all three
lipoprotein classes, i.e., very-low-density, low-density and high-density lipoproteins, could
synergistically induce lipidation of HCV particles; yet, this required additional non-lipid serum
factor(s) that include albumin.

CONCLUSIONS: The association of HCV particles with lipids may occur in the extracellular
milieu. The lipidation level depends on serum composition as well as on HVRI-specific

properties.
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Introduction

Hepatitis C virus (HCV) infection is a major cause of chronic liver diseases worldwide, such
as liver cirrhosis and hepatocellular carcinoma. Although direct antiviral agents (DAA) are
now able to eradicate the virus in most patients, no preventive vaccine currently exists
against HCV and it remains major challenges in basic, translational and clinical
research(Bartenschlager et al.,, 2018). As DAAs are only curative, the development of a
protective vaccine remains an important goal, though this requires a deeper knowledge of
the structure of HCV particles. Indeed, the HCV virion exhibits unusually heterogeneous
particles in morphology, size and properties(Lindenbach & Rice, 2013). The immunocapture
of particles with antibodies against surface proteins revealed particles of 50-80nm that do not
display a symmetrical arrangement(Andre et al., 2002, Catanese et al., 2013, Merz et al.,
2011, Piver et al., 2017). HCV particles harbor two envelope glycoproteins, E1 and E2,
inserted on a membranous envelope that surrounds a nucleocapsid, composed of a core
protein multimer and a positive-strand RNA viral genome; yet, the arrangement of the
structural proteins onto the virion surface remains elusive and there is currently no clear
model of HCV particles topology.

A most remarkable property of HCV is the particularly low buoyant density of viral particles,
coined lipo-viro-particles (LVP)(Andre et al., 2002). In sera from infected patients and
experimentally-infected chimpanzees, most HCV particles are found in densities between
1.00 and 1.10(Andre et al., 2002, Lindenbach et al., 2006, Nielsen et al., 2006). This is
mainly due to the particular lipid compositions of virions that are distinct from that of other
enveloped viruses. Indeed, in vivo, patient-derived HCV particles contain neutral lipids such
as triglycerides or cholesterol esters and are associated with circulating apolipoproteins such
as apoC-l, apoE and apoB(Andre et al., 2002, Diaz et al., 2006, Nielsen et al., 20086,
Thomssen et al., 1992); the latter one being the major structural component of low-density
lipoproteins (LDL) and very-low-density lipoproteins (VLDL). Importantly, injection of HCV
particles in experimentally-infected animals revealed that the inoculum of low-density is the
most infectious(Bradley et al., 1991).

One of the bottleneck of HCV characterization is the lack of infectivity of particles retrieved
from infected patients(Bartenschlager et al., 2018, Steenbergen et al., 2013), which prevents
unravelling the properties of this striking virus/lipid interaction. To overcome this, several
experimental cellular models have been designed, including a most prominent one, the cell
culture-grown HCV model (HCVcc) that is usually produced from Huh-7.5 hepatoma
cells(Lindenbach et al., 2005, Pietschmann et al., 2006). While HCVcc infectious particles
have heterogeneous density profile, between 1.00 and >1.17, they have poor specific

infectivity in the low-density fractions(Dao Thi et al., 2012, Gastaminza et al., 2006,
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Lindenbach et al., 2005, Merz et al., 2011), which is thought to reflect their incomplete
lipidation. Indeed, while HCVcc particles are associated with apoC-I(Dreux et al., 20073,
Meunier et al., 2008) and apoE(Chang et al., 2007, Jiang & Luo, 2009), their association with
apoB is variably detected(Boyer et al., 2014, Catanese et al., 2013, Huang et al., 2007, Jiang
& Luo, 2009, Merz et al., 2011, Steenbergen et al., 2013).

The difference of lipidation between HCVcc and patient-derived HCV particles has been
attributed to a defective lipoprotein metabolism pathway in Huh-7 cells that prevents the
formation of fully lipidated VLDLs(Calattini et al., 2015, Meex et al., 2011, Podevin et al.,
2010, Steenbergen et al., 2013, Yamamoto et al., 1987). HCVcc particles grown in primary
human hepatocytes (PHH), which produce normal VLDLs, have higher specific infectivity
owing to the viral RNA peak that coincides with the fractions of highest infectivity; yet, they
display densities between 1.07 and 1.11(Podevin et al., 2010), which is higher than that of
patient-derived HCV. Likewise, HCV particles grown in vivo in PHH-xenograft mouse models
that release normal levels of human apoB and apoE display coincident viral RNA and
infectivity peaks at 1.06-1.11(Calattini et al., 2015, Lindenbach et al., 2006), which, again,
are above those detected for patient-derived HCV.

While the study of HCVcc has provided tremendous progresses in the knowledge of HCV
and its interactions with host cells, culminating with the design of new DAAs regimen that can
efficiently eradicate HCV in most patients, many aspects of HCV biology are not completely
resolved because of the lack of models that fully mimic the conformation of authentic HCV
particles. Furthermore, as the morphology of LPVs is poorly-defined and as lipoprotein-
association is thought to shape their surface and induce neutralization resistance(Andre et
al., 2002, Catanese et al., 2013, Dao Thi et al., 2012, Grove et al., 2008, Nielsen et al.,
2006), elucidating their structure would improve the design of rational vaccine candidates.
Here, by studying HCVcc production in vitro with media of defined serum conditions, we
demonstrate that short time incubation of HCVcc particles with human serum can induce full
conversion of apoB-defective infectious virions to apoB-containing, low- or very-low-density
particles, which augments their specific infectivity. We also reveal that besides lipoproteins,
specific serum factors are required to allow extracellular maturation of HCV virions, hence
showing that a major determinant that imprints lipidation of particles is serum itself, likely at a

post-secretion step.

Materials and Methods

Cell culture and Reagents.
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Huh-7.5 cells (kind gift from C. Rice) were grown in DMEM (Invitrogen) supplemented with
100U/ml penicillin, 100ug/ml streptomycin and 10% fetal calf serum (FCS).

For preparation of human serum (HS), blood from healthy donors retrieved from the national
blood collection was incubated on ice for 2h and centrifuged at 4,000rpm for 20min, and the
supernatants were harvested and stored at -80°C. The HS used in this study, consisting in
pools of 4 specimens from different donors, contained, on average, 0.38g/L cholesterol-
VLDL, 0.93g/L cholesterol-LDL and 0.47g/L cholesterol-HDL (Supplementary Figure 7A),
which is in the range of normal HS (https://www.cholesterolmenu.com/cholesterol-levels-
chart/).

The lipoprotein-deficient serum (LPDS), corresponding to HS fractions of density >1.24, was
prepared from HS by a two-step ultracentrifugation procedure using a Beckman TL100
centrifuge. Briefly, the density of HS was adjusted to 1.063 g/ml by addition of dry KBr
powder and centrifuged at 100,000 rpm for 3h30 at 15°C. The fraction of density >1.063 was
harvested and its density was increased to 1.24 by adding KBR. The LPDS fraction was
subsequently obtained after a second ultracentrifugation at 100,000rpm for 12h at 15°C and
dialyzed exhaustively against PBS before use. The quality of LPDS was assessed by
measurement of apoB, apoE and human serum albumin (HSA) (Supplementary Figure 7B).
VLDLs, LDLs, HDLs and HSA (fraction V) purified from HS (Sigma-Aldrich) were used for
reconstitution experiments, at amounts corresponding to that of 10% HS typically used in this

study.

Patients’ serum specimens.

Blood samples were collected from HCV-infected patients in Saint Etienne’s University
hospitals in January-June 2016. Written informed consent was obtained from each patient to
use sera samples for anonymous research purposes.

All blood samples were HCV antibody-positive as determined using the Architect anti-HCV
assay (Abbott). HCV RNA was genotyped by using the TRUGENE HCV-5'NC genotyping kit
designed to identify the HCV genotypes (Siemens Healthcare Diagnostics).

Plasmids.

Plasmid pFK-H77/JFH1/HQL(EVIR)(Dao Thi et al., 2012) and pFK-JFH1/J6/C-
846 _dg(Pietschmann et al., 2006) plasmids (kind gifts from R. Bartenschlager) were used to
produce HCVcc particles. Recombinant forms of either construct were engineered using
synthetic genes and restriction digestions to swap amino-acids 1-27 of E2 (HVR1) between
Jc1 and H77 sequences, generating the pFK-H77/JFH1/HQL-HVRI(Jc1) and pFK-
JFH1/J6/C-846-HVRI(H77) plasmids.
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HCVcc production.

Methods for in vitro transcription of HCV RNA and electroporation into Huh-7.5 cells were
described previously(Denolly et al., 2017). For production experiments, HCVcc-producer
cells were grown in OptiMEM (Invitrogen) only or in OptiMEM supplemented with 10% FCS
or HS. For incubation experiments, HCVcc-producer cells were grown in OptiMEM and the
harvested virions were incubated with either serum-free or with FCS- or HS-containing
OptiMEM. To determine intracellular infectivity, electroporated cells were washed with PBS,
harvested with versene and centrifuged for 4min at 400xg. Cell pellets were suspended in

OptiMEM and subjected to 4 freeze/thaw cycles in liquid nitrogen.

lodixanol density-gradient fractionation.

1ml of HCVcc particle-containing supernatant passed through 0.45-um pore-size filters was
loaded on top of a 3-40% continuous iodixanol gradient (Optiprep, Axis Shield). Gradients
were centrifuged for 16h at 4°C in Optima L-90 centrifuge (Beckman). Sixteen fractions of
750ul were collected from the top and used for refractive index measurement, infectivity

titration, core and RNA quantification, as described below.

Infectivity titration, core quantification and RNA quantifications.

Infectivity titers of cell supernatants or intracellular virus samples were determined as
detailed previously(Denolly et al., 2017). Serial dilutions of supernatants or fractions were
used to infect Huh-7.5 cells and focus-forming units were determined 72h post-infection by
counting NS5A-immunostained foci.

HCV core protein was quantified by CMIA - Chemiluminescent Microparticle ImmunoAssay
(Architect 2000, Abbott Diagnostics). HCV RNAs were extracted (TRl Reagent®,
Euromedex), reverse transcribed (iScript cDNA synthesis kit, Bio-Rad), and quantified
(FastStart Universal SYBR Green Master kit, Roche Applied Science) on an Applied
StepOne Real-Time PCR apparatus. HCV-specific primers (5-TCTGCGGAACCGGTGAGTA
and 5-TCAGGCAGTACCACAAGGC). As an internal control of extraction, an exogenous
RNA from the linearized Triplescript plasmid pTRI-Xef (Invitrogen) was added into the
supernatant prior to extraction and quantified with specific primers (5-
CGACGTTGTCACCGGGCACG and 5'-ACCAGGCATGGTGGTTACCTTTGC).

Co-immunoprecipitation of apolipoproteins and viral RNAs.

100pl of HCVcc supernatants or patient sera were precleared for 1h at 4°C with 40ul of
protein A/G agarose beads and incubated overnight at 4°C with 15ul goat anti-apoB (AB742,
Millipore) or control goat IgG under continuous agitation. The complexes were incubated for

2h at room temperature with 40pl of protein A/G agarose beads. The immune complexes
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were washed three times in PBS and beads were re-suspended in Tri-Reagent for RNA

extraction.

Statistical analysis.

Significance values were calculated by applying the paired t-test using the GraphPad Prism 6
software (GraphPad Software). P-values under 0.05 were considered statistically significant
and the following denotations were used: ****, P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05;

ns (not significant), P>0.05. All data were represented as means + SEM.

Results

Serum composition of culture media dictates HCV particle density.

HCV particles isolated from HCV-infected patient sera exhibited low buoyant densities
(Figure 1A), with most viral RNAs detected at densities <1.08, reflecting their lipidation
state(Andre et al., 2002, Lindenbach et al., 2006, Nielsen et al., 2006). Since HCVcc
particles are typically produced from Huh-7.5 cells grown with 10% FCS, we hypothesized
that the species origin and composition of serum used in culture media may influence virion
density. Whereas infectious HCV particles produced for 72h in serum-free media were poorly
lipidated (Figure 1B), with <10% infectivity in fractions below 1.08 (see examples of raw
density profiles in Supplementary Figure 1), 38% of the infectivity of particles grown in FCS-
containing media were shifted to low-density fractions, yet with less than 8% of infectivity
detected below 1.04 (Figure 1B). Strikingly, HCVcc particles produced with 10% HS
exhibited >80% of infectivity at densities <1.08 and ca. 60% at density <1.04 (Figure 1B).
Importantly, the density shifts of infectivity correlated with of viral RNA- and core-containing
particles (Figure 1C; Supplementary Figure 1A-C), indicating that HCV physical particles
become lipidated when produced in the presence of serum, with a major effect of HS. Similar
results were obtained when using different individual or pools of normal HS and when
applying shorter production times (data not shown).

We extended these results obtained with genotype 2a to H77 HCVcc (genotype 1a) (Figure
2A; Supplementary Figure 1D-F). Interestingly, H77 HCVcc particles grown with serum
shifted to lower densities than Jc1 particles. Indeed, compared to Jc1, H77 HCVcc infectious
particles were detected in higher proportions in densities <1.08 [60% (H77) vs. 38% (Jc1)]
when produced with FCS, and, strikingly, peaked at lower densities: 1.02-1.09 (H77) vs.
1.06-1.09 (Jc1) and 1.00-1.03 (H77) vs. 1.03-1.06 (Jc1) when produced with FCS and HS,
respectively (Figures 2A vs. 1B). Likewise, compared to serum-free production, the amounts

of H77 HCVcc physical particles produced in serum-containing medium were increased by
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>10-fold in the low-density fractions, with higher increases of viral RNAs for particles
produced in HS than for FCS (Figure 2B) and for H77 than for Jc1 HCVcc particles (Figures
2B vs. 1C). Altogether, these results indicated that HCV-specific sequences influence the

lipidation level of viral particles.

Lipidation of HCV particles occurs post-egress and enhances specific infectivity.

The poorly lipidated profile of HCVcc particles produced in serum-free conditions suggested
that the extracellular milieu imprints virion composition. Accordingly, when we investigated
Jc1 and H77 intracellular particles, we found that they had identical density profiles with
almost no infectivity in fractions <1.08 whether the virus-producer culture medium contained
serum or not (Figures 1D and 2C). This suggested that the acquisition of the low-density
profile of HCVcc particles occurs at the step of virion secretion and/or after secretion in the
extracellular milieu.

To test the latter possibility, we incubated Jc1 and H77 HCVcc particles produced in serum-
free conditions in media containing 10% HS or FCS vs. no serum for 6h (Figure 3;
Supplementary Figure 2 for examples of raw data). We found that this incubation procedure
could reproduce the lipidation observed in the HCVcc production protocol (Figure 3 vs.
Figures 1 and 2). Indeed, we found that Jc1 or H77 viruses incubated with HS shifted ca.
90% of infectivity in densities <1.08 (Figure 3A,C), which correlated with a shift of physical
particles in these low-density fractions (Figure 3B,D; Supplementary Figure 2B,E). Again,
more marked shifts of both infectious and physical particles were detected for virus
incubation in HS- rather than in FCS-containing media, implying the presence of species-
specific lipidation factor(s). Moreover, a stronger lipidation was observed for H77 particles as
compared to Jc1 particles (Figure 3C,D vs. 3A,B), with 50% vs. 20% of infectivity in densities
below 1.04 for H77 vs. Jc1 viruses. In agreement with the above results, purified intracellular
particles incubated with serum-containing media readily shifted to low-density fractions,
again with a more marked shift for HS rather than FCS and for H77 virus rather than Jc1
(Figure 3E-G).

To corroborate these results, we incubated viral particles purified from fractions of densities
of 1.08-1.14 with HS-containing vs. serum-free media before subjecting them to a second
density-gradient analysis (Figure 4A). We found that incubation with HS shifted >75% of
infectious particles to low-density fractions (Figure 4B).

Altogether, these results indicated that acquisition of lipids could occur after virion egress
and that incubation of poorly lipidated viral particles change virion structure and/or

composition through their lipidation.
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While displacement of HCV particles to low-density fractions upon HS-incubation resulted in
strongly reduced infectivity in fractions of density 1.08-1.14 (Figure 3A,C; Figure 4B), the
levels of viral RNAs in these fractions remained abundant (Figure 3B,D; Supplementary
Figure 2), likely reflecting that most viral RNAs and/or particles in these densities are not
infectious. In contrast, in low-density fractions, the comparison of the shifts of infectivity vs.
physical particles suggested that HS-incubation of Jc1 and H77 viruses increased more
readily the infectivity than the viral RNA quantities (Figure 3: panels A vs. B and panels C vs.
D). Accordingly, the ratio of infectivity to viral RNAs calculated in each fraction steadily
increased once viruses acquired lower densities (Supplementary Figure 3), with respectively
14-fold and 25-fold mean augmentations for HS-incubated Jc1 and H77 particles compared
to serum-free incubation in fractions below <1.04 (Figure 4C,D), and likewise for fractions of
densities of 1.04-1.08. This indicated that lipidation modifies the specific infectivity of HCV

particles upon their shift to low-densities and render the particles more infectious.

Time and serum dose-dependent HCV virions lipidation leads to apoB-association.
The higher infectivity detected in low-density fractions for viral particles produced for 72h with
HS-containing media compared to viruses incubated for 6h with HS (Figure 3 vs. Figures 1
and 2) suggested that virion lipidation occurs in a time-dependent manner. Upon incubation
with HS for different periods of time, we found that the lipidation of both Jc1 and H77 HCVcc
particles (Figure 5A-C; Supplementary Figure 4 for examples of raw data of infectivity, core
and RNA levels) progressively increased in fractions of densities between 1.04-1.08,
reaching a transient maximum at ca. 4-6h incubation, after which the infectious particles in
these densities decreased but steadily accumulated in the very-low-density fractions (<1.04).
These results suggested that lipidation of HCV particles is a continuous process that occurs
over time post-secretion from producer cells.

Next, we sought to determine whether serum concentration influences the lipidation levels of
HCVcc particles. As shown in Figure 5D-F (Supplementary Figure 5 for raw data), we found
that incubation of HCVcc particles with increasing HS doses gradually shifted infectivity and
physical particles, reaching nearly 100% infectivity in low-density fractions upon incubation
with 50% HS. These results indicated that acquisition of lipids depends on the amounts of
sera and underscored a limiting serum factor responsible for lipidation of HCV particles at a
post-egress step.

Since HS-incubated HCVcc particles reached densities close to those of HCV-infected
patients (Figure 1A), we wondered if the former viruses were associated to apoB, as
observed in vivo(Andre et al., 2002, Diaz et al., 2006, Nielsen et al., 2006, Thomssen et al.,
1992). When we quantified the viral RNAs after co-immuno-precipitation assays with apoB

antibodies, we found a strong enrichment of viral RNAs for HCVcc particles incubated with
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HS, reaching values comparable to those detected for patient sera (Figure 5G). This
indicated that the low-density profile of HCV particles incubated with HS reflects their
association with apoB, suggesting that upon HS-incubation, HCV infectious particles interact

with apoB-containing lipoproteins in a manner similar to patient-derived virus.

HVRI sequence of HCV E2 glycoprotein determines lipidation of viral particles.

Since Jc1 and H77 viruses displayed different lipidation levels and rates (Figure 5A-C), we
sought to investigate which viral determinant could influence virion lipidation. We found that
swapping the H77 HVRI sequence in Jc1 virus (Figure 6A) induced stronger lipidation of the
resulting Jc1_HVR1_H77 recombinant particles as compared to parental Jc1 virus, with an
increase of over 5-6 fold of both infectious (Figure 6B,D; Supplementary Figure 6A) and
physical (Figure 6F; Supplementary Figure 6B) particles detected in fractions of densities
below 1.04 upon HS-incubation. Interestingly, the lipidation of this recombinant virus was
higher than that of parental H77 virus itself, with over two-fold more infectious particles
detected in such fractions (80% vs. 40%; Figure 6B,D vs. Figure 6C,E; Supplementary
Figure 6A vs. 6C), correlating with the higher shift of physical particles (6-7 fold vs. 2.5-fold;
Figure 6F,G; Supplementary Figure 6B,D). Conversely, compared to parental H77 virus,
swapping the Jc1 HVRI sequence decreased the lipidation of the resulting H77_HVR1_Jc1
recombinant particles upon HS-incubation, as shown by the reduction of ca. 40-fold of the
percentage of infectious particles detected in fractions of densities below 1.04 (Figure 5C,E;
Supplementary Figure 6C). Altogether, these results indicated that HVRI is a key viral

determinant regulating the lipidation of viral particles in an HCV strain-dependent manner.

HSA is a serum factor that promotes HCV particle lipidation by apoB-containing
lipoproteins.

That HS could more efficiently induce lipidation of viral particles as compared to FCS
(Figures 1-3) indicated that either serum type might differ in HCV-specific lipidation factor(s).
Indeed, when we quantified the lipoproteins composition of sera used in our experiments, we
found that compared to HS, FCS displayed 6-7 folds lower amounts of both HDLs and LDLs,
and no VLDLs (Supplementary Figure 7A). Thus, we sought to characterize serum factors,
including lipoproteins, that could modulate lipidation of HCV particles.

To determine which lipoprotein class is important for lipidation of viral particles, we depleted
lipoproteins from HS to generate a LPDS with >100-fold decreased apoB levels, despite
normal HSA levels (Supplementary Figure 7B), indicating effective removal of lipoproteins.
Next, we incubated Jc1 HCVcc particles produced in serum-free conditions with LPDS or
with purified HSA vs. with different lipoprotein types, i.e., VLDL, LDL or HDL, before density-
gradient analysis. We found that incubation with either LPDS or HSA only did not grossly
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change the lipidation profile of viral particles (Figure 7A; Supplementary Figure 7C),
suggesting that lipoproteins present in serum are likely the source of virion lipidation.
Conversely, incubation of HCVcc particles with purified VLDLs, LDLs or HDLs at
physiological concentrations did not significantly change their lipidation profiles, indicating
that a serum protein component could be required for virus lipidation by either lipoprotein
type. Confirming this hypothesis, we found that HCVcc incubation with LPDS added to
lipoproteins shifted the viral particles to low-densities, with >50% of infectivity detected below
1.08 (Figure 7A; Supplementary Figure 7C). Furthermore, the incubation of HCVcc particles
with LPDS and combinations of HDL and VLDL or LDL induced full lipidation, similar to that
detected with HS-incubation (Figure 7B; Supplementary Figure 7C). Similar results were
obtained with H77 HCVcc particles (data not shown).

Finally, while searching for serum factors promoting HCV lipidation, we found that blocking
serum lipoprotein-modification factors such as cholesteryl ester transfer protein (CETP) and
lecithin-cholesterol acyltransferase (LCAT) did not change HS-induced virion low-density
(Supplementary Figure 8), thus ruling out their involvement in HCV lipidation. In contrast, we
found that HSA added to VLDL and LDL could induce HCV particle lipidation (Figure 7A;
Supplementary Figure 7C).

Altogether, these results indicated that lipoproteins are the main source of HCV lipidation,

which requires additional serum component(s) that include HSA.

Discussion

The overall organization of HCV particles form(s) remains elusive. In vivo, HCV particles are
associated to apoB, the major structural and non-exchangeable component of VLDLs and
LDLs. This may explain the particularly low buoyant density of HCV LVPs, i.e. <1.08 (Figure
1A), which is significantly lower than those of other enveloped viruses, including the HCV-
related flaviviruses(Lindenbach & Rice, 2013). Indeed, the lipidomics of purified HCVcc
particles confirmed that their lipid content is related to that of serum lipoproteins(Merz et al.,
2011). Several studies proposed that HCV particle production from hepatocytes depends on
cellular factors controlling biosynthesis of VLDLs, suggesting that the interaction of virions
with serum lipoproteins begins at the steps of their assembly and secretion processes during
which immature particles are converted to mature virions by lipidation and incorporation of
some apolipoproteins(Andre et al., 2002, Boyer et al., 2014, Catanese et al., 2013, Chang et
al., 2007, Dao Thi et al., 2012, Diaz et al., 2006, Dreux et al., 2007a, Gastaminza et al.,
2006, Huang et al., 2007, Jiang & Luo, 2009, Lee et al., 2014, Lindenbach et al., 2005,
Lindenbach et al., 2006, Merz et al., 2011, Meunier et al., 2008, Nielsen et al., 2006,
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Steenbergen et al., 2013, Thomssen et al., 1992). Yet, while there is a strong consensus
indicating that the exchangeable apolipoprotein apoE is necessary at an early assembly step
to promote envelopment, lipidation and/or release of viral particles, some studies suggests
that apoB may not be required to promote these initial steps (reviewed in(Lindenbach & Rice,
2013)). This is intriguing because apoB is essential for VLDL biogenesis(Lehner et al., 2012)
and because HCV retrieved from patients can be readily immuno-precipitated with antibodies
against apoB(Nielsen et al., 2006, Thomssen et al., 1992) (Figure 5G). One orthodox
explanation is that the Huh-7.5 hepatoma cells that efficiently support HCVcc production in
vitro(Lindenbach et al., 2005, Pietschmann et al., 2006) lack many properties of hepatocytes,
such as the ability to produce normal VLDLs(Calattini et al., 2015, Meex et al., 2011, Podevin
et al., 2010, Steenbergen et al., 2013, Yamamoto et al., 1987). That Huh-7.5 cells produce
under-lipidated, VLDL-like particles would thus explain why the HCVcc particles they produce
have a higher buoyant density and lower specific infectivity than HCV produced in vivo(Andre
et al., 2002, Lindenbach et al., 2006, Nielsen et al., 2006) or from primary
hepatocytes(Calattini et al., 2015, Lindenbach et al., 2006, Podevin et al., 2010). However,
when HepG2 hepatoma cells, which are thought to represent more mature hepatocytes than
Huh-7 cells, are induced to produce normal, apoB-containing VLDLs, they yield infectious
viral particles that are biophysically and biochemically similar to those produced from Huh-
7.5 cells(Jammart et al., 2013).

Since this and other evidence(Lindenbach & Rice, 2013) showed that there is no clear
correlation between the ability of cells that replicate HCV to secrete apoB or VLDLs and their
capacity to produce LVPs, we thought to investigate the possibility that LVP formation in vivo
could derive from a post-secretion interaction between extracellular HCV particles and
VLDLs or other lipoproteins. Our results indicate that while Huh-7.5 cells grown in serum-free
medium produce very-poorly lipidated, if not completely immature HCV particles of
intermediate density (>1.08), the maturation to fully-lipidated, apoB-containing infectious
virions of low-density can be rapidly induced once they encounter in the extracellular milieu
the appropriate serum conditions that exhibit physiologic concentrations of lipoproteins.
These results do not disrepute that in vivo or in normal hepatocytes as well as in long-term
HS-induced metabolically-adapted hepatoma cells as proposed previously(Gastaminza et al.,
2006, Huang et al., 2007, Steenbergen et al.,, 2013), HCV maturation may occur during
transit through the cell secretory pathway, where virions may associate or fuse with apoB-
containing lipoproteins precursors and/or luminal, apoE-containing lipid droplets(Lehner et
al., 2012). However, they imply that a major factor of lipid-imprinting of HCV particles is the

environment provided by the extracellular milieu and/or the serum characteristics.
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Our data reveal that lipidation of viral particles requires interaction(s) with defined serum
lipoproteins but also involves additional, presumably non-lipid serum factor(s) such as HSA
(Figure 7). Concerning the lipoprotein type allowing lipidation of viral particles, our results
indicate that all principal lipoprotein classes, i.e., VLDL, LDL and HDL, could induce lipidation
in vitro, upon short time incubation with HCV particles in the presence of LPDS, with an
additive effect when either VLDL or LDL was combined with HDL. While these results are
consistent with the strong lipidation induced by HS (this report), in contrast to FCS that
contains at least 6-fold lower concentrations of either lipoprotein (Supplementary Figure 7A),
they raise the question of the nature of the interaction between lipoproteins and viral
particles, and of its outcome in terms of HCV virion morphology. LVP structures harboring
different lipoprotein components may indeed be formed by transfer of lipids, through their
spontaneous release/exchange or via fusion (“single-particle” model), or, alternatively, by
transient or stable virion association with lipoproteins (“two-particle” model)(Lindenbach &
Rice, 2013).

Although direct evidence by electron microscopy is missing in favor of the latter model(Andre
et al., 2002, Catanese et al., 2013, Gastaminza et al., 2010, Merz et al., 2011, Piver et al.,
2017), perhaps owing to its transient or unstable state, our results argue for this model since
lipidation of cell-free viral particles upon short time treatment with HS induced their
association with apoB, a non-exchangeable apolipoprotein (Figure 5G). Other arguments for
this morphological model are that in vivo, HCV particles may associate with
apoB48-containing chylomicrons(Diaz et al., 2006), although HCV is not produced by
enterocytes, and that they exhibit rapid though transient postprandial shifts in buoyant
density upon lipid-rich diet in HCV-infected patients(Felmlee et al., 2010). Yet, this evidence
does not rule out the alternative and/or nonexclusive possibility that viral particles may mimic
lipoproteins and thus, exchange or uptake their lipids just as lipoproteins do between
themselves. Accordingly, it was previously reported that apoliproteins can be exchanged or
transferred from cells, lipoproteins or serum itself to infectious particles(Bankwitz et al., 2017,
Chang et al., 2007, Dreux et al., 2007a, Meunier et al., 2008, Yang et al., 2016). Thus, as
LVPs contain specific subsets of apoliproteins(Andre et al., 2002, Catanese et al., 2013,
Merz et al., 2011), this may regulate the exchange and/or transfer of lipids with lipoproteins,
which could modify their inner neutral lipid content, as inferred from the lipidation state and
infectivity of viral particles that are altered upon treatment with lipoprotein lipase and/or
hepatic triglyceride lipase(Shimizu et al., 2011). In this respect, our HS-incubation kinetics
(Figure 5), suggesting that lipidation of infectious particles is progressive over time, may
argue for the “single-particle” model of HCV structure, sharing with a lipoprotein particle its

envelope that is continuously remodeled upon interactions with lipoproteins. Since HCV
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particle lipidation can be induced by different types of lipoproteins (Figure 7), we surmise that
the mode of lipoprotein association or of lipidation mechanism varies accordingly.

Importantly, our results reveal that lipidation of viral particles by lipoproteins requires
additional serum factor(s), since incubation with VLDL, LDL and HDL could induce the low-
density shift of HCV virions only in the presence of LPDS. We were unable to block lipidation
of viral particles by inhibitors of CETP and LCAT that promote lipid transfer to lipoproteins
and maturation (Supplementary Figure 8), hence discarding these candidate factors. Yet, we
found that HSA, added to VLDL or LDL, induced lipidation of viral particles. This indicated
that HSA is one of the serum co-factors mediating LVP formation, perhaps by bridging

lipoproteins and virions or by favoring lipid efflux(Sankaranarayanan et al., 2013).

Our results indicate that the HVRI domain of the E2 glycoprotein plays a major role in the
lipidation process and accounts for the differential lipidation sensitivities of Jc1 vs. H77
HCVcc particles. HVR1 remains an intriguing determinant of E2 that modulates i) the
conformation of E2 by concealing the CD81-binding site(Dao Thi et al., 2012, Roccasecca et
al., 2003) and the accessibility to cross-neutralizing epitopes that target virus-CD81
interaction(Bankwitz et al., 2010, Bartosch et al., 2005, Dreux et al., 2006); ii) the recruitment
and/or conformation of apolipoproteins such as apoC1(Dreux et al., 2007a) and
apoE(Bankwitz et al., 2014) to viral particles; and iii) the interaction of virions with
lipoproteins, which promotes HDL-mediated enhancement of their infectivity(Bartosch et al.,
2005, Dreux et al., 2007a, Dreux et al., 2009a, Dreux et al., 2006, Lavillette et al., 2005a)
and their lipidation profiles(Bankwitz et al., 2014, Dao Thi et al., 2012, Prentoe et al., 2011,
Prentoe et al., 2014). While HVR1 deletion shifts the density of particles to a homogenous
intermediate density of 1.11(Bankwitz et al., 2010, Dao Thi et al., 2012, Prentoe et al., 2011)
that corresponds to the density of the non-lipidated particles of our study, it is interesting that
simple HVR1 swaps between H77 and Jc1 HCVcc reconstituted the differential lipidation
profiles of either parental virus. This suggests that, in contrast to its role in the concealment
of CD81-binding site that is modulated in concert with other residues in both E1 and
E2(Bankwitz et al.,, 2010), HVR1 seems relatively autonomous to organize the lipidation
profile of the virus to which it belongs, in a strain-specific manner.

The reasons why HCV is lipidated in vivo raise different and fascinating scenarios. First, in
agreement with previous reports indicating that lipidated viruses exhibit strain-dependent
usage of different lipoprotein receptors acting as cell entry factors(Prentoe et al., 2014),
including SR-BI(Bankwitz et al., 2010, Calattini et al., 2015, Dao Thi et al., 2012, Prentoe et
al., 2014), LDLr(Prentoe et al., 2014) and VLDLr(Ujino et al., 2016, Yamamoto et al., 2016),
by driving both lipidation and apolipoprotein display, HVR1 plasticity may dictate the set of

receptors used during entry steps. Second, lipidation may contribute to shielding cross-
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neutralizing epitopes(Andre et al., 2002, Catanese et al., 2013, Dao Thi et al., 2012, Grove et
al., 2008, Nielsen et al., 2006), although recent studies with HCVcc indicated that
neutralization efficiency of different genotypes seemed independent of virus density(Prentoe
et al.,, 2011) and that the main E2 target of such cross-neutralizing antibodies is concealed
by HVR1, whether or not the virus particles are lipidated(Bankwitz et al., 2010, Bartosch et
al., 2005, Dreux et al., 2006). Accordingly, it will be of high interest to investigate
neutralization resistance using HS-treated HCVcc virus, which is fully lipidated, rather than
HCVcc produced in the standard (FCS) conditions used in these previous studies. Indeed, it
is possible that lipidation allows viral particles to access, following a first step of entry
induced by lipoprotein receptors, to a protected environment into which they can
subsequently and safely interact with CD81 in a putative neutralizing antibody-free sanctuary
where further steps of cell penetration can be promoted. A third scenario, which is also
consistent with the latter one, is that the usage of lipoprotein receptors increases the specific
infectivity of viral particles. Indeed, lipidation of viral particles, which shift them to low or very-
low densities, is accompanied by their increased specific infectivity (Figure 4C,D). This could
provide a positive selection for eliciting HVR1 variants that drive full lipidation. The varying
specific infectivity according to virion density could thus reflect the differential efficiency of
cell entry pathways depending on the lipidation status of the particles, which would influence
binding and usage of specific lipoprotein receptors. Finally, it is also possible that lipidation
increases the stability and/or infectivity of particles by protecting them from

degradation(Steenbergen et al., 2013).

In conclusion, our results indicate that HCV particles acquire their neutral lipids from the
extracellular milieu, which requires both lipoproteins and serum protein factors as well as
HVR1 determinants. Overall, these findings allow developing simple and useful culture
conditions to produce infectious HCV particles that resemble those retrieved from
chronically-infected patients, which may facilitate structural and functional investigations but

also the rationale design of a much-needed vaccine.

Supplementary Material
To access the supplementary material accompanying this article, visit the online version of

Gastroenterology at www.gastrojournal.org, and at ...

Supplementary Material includes eight Supplementary Figures.
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Figures legends

Figure 1: Serum conditions dictate the density of extracellular HCV particles.
Density-gradient analysis of viral particles from HCV-infected patients (A) and HCVcc (B-D).
Representative examples of gradient analysis are shown (right panels) and expressed as
percentages of HCV RNA or infectivity, as indicated. The values from different gradients are
regrouped in 3 categories of density (left panels). (A) Repartition of viral RNAs derived from
sera of HCV-infected patients. HCV genotypes (Gt) and viral loads (log copies/mL) are
indicated. (B, C) Extracellular and (D) intracellular Jc1 HCVcc particles were produced for
72h without serum (blue) vs. with 10% FCS (green) or 10% HS (red).

Figure 2: Lipidation of HCV particles is HCV genotype-independent.

Density-gradient analysis of H77 HCVcc particles. Representative examples of gradient
analysis are shown (right panels) and expressed as percentages of HCV RNA or infectivity,
as indicated. The values from different gradients are regrouped in 3 categories of density (left
panels). (A, B) Extracellular and (C) intracellular particles were produced for 72h without
serum (blue) vs. with 10% FCS (green) or 10% HS (red).

Figure 3: Lipidation of HCV particles occurs in the extracellular medium.

Jc1 (red) or H77 (blue) HCVcc particles produced for 72h in serum-free medium were
incubated for 6h without serum vs. with 10% FCS or 10% HS. (A-D) Representative density-
gradient analysis of extracellular HCVcc particles are shown (central panels) and expressed
as percentages of infectivity. The values from different gradients are regrouped in 3
categories of density and displayed for infectivity (left panels in A and C) or HCV RNAs (B,
D). (E-G) Representative density-gradient analysis of intracellular Jc1 and H77 HCVcc
particles are shown (E, F) and expressed as percentages of infectivity. (G) The values from
different gradients are regrouped in 3 categories of density and displayed for infectivity

values of fractions of density <1.14.

Figure 4: Lipidation increase the specific infectivity of HCV particles.

(A) Schematic representation of experiment. Jc1 HCVcc particles produced in serum-free
medium were layered on a first density-gradient (grey). Fractions of densities between 1.08-
1.14, containing 80% of infectivity (grey bars in B), were pooled and incubated for 6h without
serum (blue) vs. with 10% HS (red) before being layered on a second density-gradient. Each
secondary fraction was then used to infect naive cells. (B) Percentage of infectivity of
extracellular particles treated as described in (A) and regrouped in three categories of

density. The results of the first gradient (grey bars) and of the secondary gradients (blue and
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red bars) are shown on the same graph. (C, D) Specific infectivity of Jc1 (C) and H77 (D)
HCVcc particles produced in serum-free medium and incubated for 6h without serum (blue)
vs. with 10% HS (red) normalized to serum-free condition. The mean values of means
specific infectivity from fractions of different gradients are regrouped in 3 categories of

density.

Figure 5: Lipidation of secreted HCV particles is time- and dose-dependent, and
induces apoB-association.

(A, B) Representative density-gradient analysis of infectivity of Jc1 (A) and H77 (B) HCVcc
particles produced in serum-free medium and incubated for different times with 10% HS,
expressed as percentages of infectivity. (C) The values from different gradients are
regrouped in 3 categories of density and displayed for Jc1 (red) and H77 (blue) particles
produced and incubated as in (A) or (B). The results of HCVcc production for 72h in HS-
containing medium are shown here for sake of comparison (dotted lines). (D) Representative
density-gradient analysis of infectivity of Jc1 HCVcc particles produced in serum-free
medium and incubated in 0%, 2%, 10% or 50% HS, and expressed as percentages of
infectivity. The values of infectivity (E) or of RNA (F) from different gradients are regrouped in
3 categories of density. (G) Percentage of viral RNAs relative to input RNA co-immuno-
precipitated with control (grey) or apoB (black) antibodies that were incubated with sera from
patient-derived HCV or with Jc1 HCVcc produced without serum and incubated for 6h with
10% HS, 10% FCS or without serum, as indicated.

Figure 6: The HVRI determinant of HCV E2 regulates lipidation of HCV particles.

(A) Schematic representation of recombinant genomes generated by swapping HVRI
domains between Jc1 and H77 HCVcc sequences. (B, C) Representative density-gradient
analysis of infectivity of Jc1 (red) or Jc1_HVRI_H77 (brown) (B) or of H77 (blue) or
H77_HVRI_Jc1 (purple) (C) HCVcc particles produced in serum-free medium and incubated
for 6h without serum vs. with 10% HS, expressed as percentages of infectivity. The values of
infectivity (D, E) and HCV RNAs (F, G) from different gradients are regrouped in 3 categories
of density and displayed for Jc1 (red) or Jc1_HVRI_H77 (brown) (D, F) or H77 (blue) or
H77_HVRI_Jc1 (purple) (E, G) HCVcc particles.

Figure 7: Lipoproteins and a serum protein are required for lipidation of HCV particles.
(A, B) Percentage of infectivity of Jc1 HCVcc particles produced in serum-free medium and
incubated for 6h without serum vs. with the indicated factors at concentrations equivalent to
the 10% HS used here. The data show the results from density-gradient analysis that were

regrouped in three categories of density.
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Supplementary Figures legends

Figure S1: Serum conditions dictate the density of extracellular HCVcc particles.

Extracellular Jc1 (A-C) or H77 (D-F) HCVcc particles were produced for 72h in serum-free
medium (blue) vs. with 10% FCS (green) or 10% HS (red) and layered on density-gradients.
The data show representative density-gradient analysis of infectivity (A, D), HCV RNA titers

(B, E) and core concentrations (C, F).

Figure S2: Lipidation of HCVcc occurs in the extracellular medium.

Extracellular (A, B, D, E) or intracellular (C, F) Jc1 (red) or H77 (blue) HCVcc particles
produced in serum-free medium were incubated for 6h without serum (full lines) vs. 10%
FCS (large dotted lines) or 10% HS (small dotted lines) and were layered on density-
gradients. The data show representative density-gradient analysis of extracellular infectivity
(A, D) and HCV RNA titers (B, E) and of intracellular infectivity (C, F).

Figure S3: Lipidation increase the specific infectivity of HCV particles.
Extracellular Jc1 (A) or H77 (B) HCVcc particles produced in serum-free medium were
incubated for 6h without serum (blue) vs. 10% HS (red). The data show the means specific

infectivity determined in fractions from several density-gradient analyses.

Figure S4: Lipidation of secreted HCV particles is time-dependent.

Extracellular Jc1 (A-C) or H77 (D-E) HCVcc particles produced in serum-free medium were
incubated for different times with 10% HS and were layered on density-gradients. The data
show representative density-gradient analysis of extracellular infectivity (A, D), HCV RNA

titers (B, E) and core concentrations (C).

Figure S5: Lipidation of secreted HCV particles is dose-dependent.

Extracellular Jc1 HCVcc particles produced in serum-free medium were incubated for 6h with
different doses of HS and were layered on density-gradients. The data show representative
density-gradient analysis of infectivity (A) and HCV RNA titers (B).

Figure S6: The HVRI determinant of HCV E2 regulates lipidation of viral particles.

Extracellular Jc1 (red) or Jc1_HVRI_H77 (brown) (A, B) H77 (blue) or H77_HVRI_Jc1
(purple) (C, D) HCVcc particles produced in serum-free medium were incubated for 6h
without serum vs. with 10% HS and were layered on density-gradients. The data show

representative density-gradient analysis of infectivity (A, C) and HCV RNA titers (B, D).
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Figure S7: Lipoproteins and a protein of serum are required for lipidation of particles.

Quantification of VLDL-, LDL- and HDL-cholesterol contents in HS (red) and FCS (green)
samples used in this study (A). Quantification of apoB, human serum albumin (HSA) or apoE
in HS, LPDS, and Huh-7.5 cell-conditioned OPTIMEM medium (B). Extracellular Jc1 HCVcc
particles produced in serum-free medium were incubated for 6h with the indicated factors
and were layered on density-gradients. For each conditions, the boxes represent the
densities for which infectivity was found above 20% of total infectivity. The central lines in

each box represent the density of the maximum of infectivity (C).

Figure S8: Enzymatic activities of CETP and LCAT are not involved in lipidation of
viral particles.

CETP (cholesteryl ester transfer protein) in HS was inhibited with 2uM torcetrapib. Analysis
of CETP activity in HS in presence or not of inhibitor for 6h (A). Density-gradient analysis of
infectivity of Jc1 or H77 HCVcc extracellular particles produced without serum and incubated
6h with 10% HS in presence or not of torcetrapib (B). LCAT (lecithin-cholesterol
acyltransferase) in HS was inhibited with 2mM DNTB. Analysis of LCAT activity, measured
as the level of formation of cholesterol ester in presence or not of DNTB (5,5-dithiobis-2-
nitrobenzoic acid) (C). Density-gradient analysis of infectivity of Jc1 or H77 HCVcc
extracellular particles produced without serum and incubated 6h with 10% HS in presence or
not of DNTB (D).
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The work of my PhD thesis has mainly focused on the mechanisms of assembly of HCV
particles. A major interest of my projects has concerned the study of the role of p7 in
these events. The HCV p7 protein, known as a viroporin (see part IV in Introduction
section of this document), is a pleiotropic viral factor that plays a role at different steps
of the early and late stages of the viral cycle as summarized below (Figure 46).

idn of NS2-complexes

a. Clustering viral componsnts

Nucleus

e

Figure 47. Involvement of p7 in HCV life cycle. Viral particle in violet enter the cell through receptors binding
followed by endocytosis and fusion of viral membrane with endosomal membrane. Viral genome is then translated in
a polyprotein that is then matured in ten proteins. Viral replication occurs in double membrane vesicles (DMV) closed
to ER membrane. Assembly occurs in the ER lumen closed to lipid droplets (LD) and DMV. Finally, particles are
secreted outside the cells. In blue, the steps in which p7 could be involved.

Some indirect results reported a possible role of p7 in HCV entry (figure 47 (1)) by
acting at the surface of viral particles (Griffin et al,, 2008) like for the M2 viroporin of
influenza virus (reviewed in (Manzoor et al., 2017)). However, the involvement of p7 in
HCV entry remains controversial since there is no evidence for the presence of p7 in
particles from proteomics analysis of HCV particles (Lussignol et al.,, 2016) or from
attempts to neutralize infectivity of a virus encoding a tagged p7 (Vieyres et al., 2013).
On our side, we highlighted that p7 and its E2p7 precursor are involved in the regulation
of the level of expression of E2 (2). This is discussed in part I below.

Major functions of p7 reside at the level of assembly of infectious particles (figure 47
(4)). First, a previous study of our laboratory indicated that p7 is involved in the
regulation of the localization of core at the ER membrane vs. the lipid droplet (LD)
(Boson et al.,, 2011). This event might represent a starting point for initiation of the
clustering of viral structural proteins with non-structural proteins, which reflects the
functional connection of assembly sites with replication complexes (4a). We found that
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these events are inhibited by some NS5A inhibitors such as daclatasvir, as discussed in
part IV. Second, p7 is required to allow and/or modulate the formation and localization
of NS2-based complexes (4b), a key event for assembly of viral particles that promotes
the recruitment of E1E2 glycoproteins with nucleocapsids components at specific sites
of the ER (Ma et al, 2011, Shanmugam & Yi, 2013, Stapleford & Lindenbach, 2011).
Third, complementing previous results of others (Gentzsch et al.,, 2013), we also detailed
the involvement of p7 in envelopment and scission of particles (4c). These latter events,
i.e.,, p7-regulation of viral particle formation and its envelopment, are discussed in part .
Regarding the late steps of HCV life cycle, p7 also seems to act in virion maturation and
release (figure 47 (5)). Indeed, previous reports indicated that p7 is involved in
secretion of HCV particles (Bentham et al., 2013, Steinmann et al., 2007) as well as in
cell-cell transmission (Meredith et al, 2013), though the mechanisms still remain
poorly-defined. It was also proposed that p7 could modulate the sensitivity of infectious
particles to acid pH in a HCV strain-dependent manner, hence preventing premature
activation of membrane fusion (Atkins et al., 2014). Here, we showed that p7 regulates
the cell secretory pathway, which could facilitate the assembly and secretion of HCV
particles, but also help preventing the activation of immune pathways, as discussed in
part III.

Finally, the secretion of HCV particles is still poorly defined and has been linked to the
acquisition of lipids concomitantly to their assembly and maturation (reviewed in (Lavie
& Dubuisson, 2017). Thus, a part of my work has also focused on the lipidation
mechanisms of particles, as discussed in parts V and VI.

I- New insights in the model of HCV assembly

In a joint study with Bertrand Boson of our team, we focused our efforts on the
unravelling of the mechanisms allowing the clustering of viral components (Figure 47;
4a), which are key to functionally connect HCV RNA replication to formation of the viral
nucleocapsid. Indeed, viral RNAs need to be exported from their site of synthesis, i.e,, the
replication complexes, and imported to the assembly sites in order to form infectious
particles. In the case of HCV, NS5A is a major protein involved in this connection
between replication and assembly (Zayas et al., 2016); it is an RNA-binding protein
(Foster et al,, 2010, Huang et al,, 2005) and it is able to interact with core (Appel et al,,
2008, Masaki et al.,, 2008). As shown in part I of the Results section of this document, we
found that the core and E2 structural proteins, in association with viral RNAs, co-cluster
with some non-structural proteins, including NS5A and NS4B; hence indicating the close
proximity of assembly sites and replication complexes. In addition, we showed that
these clusters localize close to lipid droplets. Finally, through the use of an inhibitor of
NS5A, we found that this protein is the main viral factor involved in the transfer of viral
RNA to assembly sites. Note that these considerations are further discussed (see part [V
below).
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The second part of the Results section of this document addressed later steps of HCV
assembly, ie., post-clustering of non-structural and structural HCV assembly
components. We showed how p7, through its amino-terminal extremity, regulates
critical interactions allowing virion formation, which were previously described to
engage cross-talks between NS2 and NS3, NS5A and/or E1E2 (Jirasko et al., 2010, Ma et
al, 2011, Popescu et al,, 2011, Shanmugam & Yi, 2013, Stapleford & Lindenbach, 2011).
Indeed, NS2 complexes are thought to act as a platform for HCV assembly, likely by
allowing the connection of the virion surface glycoproteins, E1 and E2, with core and
RNA. Since NS5A is able to interact with core and viral RNA (Tellinghuisen et al., 2008b),
p7 might modulate the encountering of the nucleocapsid with E1E2 and then the
envelopment and scission of particles. We identified some mutations, named p7 ATMI
(Amino-Terminus Membrane Interface) mutants, abrogating NS2/NS5A interactions.
The resulting virus mutant genomes are defective for transmission of infectivity owing
to decreased secretion of core and RNA and to increased secretion of non/partially-
enveloped particles. Overall, these results led us to extend and provide molecular details
on the current model of HCV assembly (Dubuisson & Cosset, 2014). As shown in Figure
48, which is derived from the contributions of several others groups (Dubuisson &
Cosset, 2014), we propose the following revisions of the HCV assembly steps, on the
basis of our experimental results.
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Figure 48: Proposition for a revised model of HCV assembly. See the text for more details.
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(1) HCV assembly takes place at the ER membrane close to HCV replication complexes-
containing double membrane vesicles (DMV) and to cytosolic lipid droplets (LD)
harboring core and NS5A at their surface (Appel et al., 2008, Masaki et al, 2008,
Miyanari et al,, 2007). The DMV is represented separated from the ER membrane for
sake of clarity but the same mechanism could occur with DMVs attached to the ER
membrane. Upon translation of the HCV genome, E1E2p7NS2 complexes form and
accumulate at the ER membrane (Jirasko et al., 2010, Ma et al,, 2011, Popescu et al,,
2011, Shanmugam et al,, 2015, Shanmugam & Yi, 2013).

(2) p7, via its N-terminal extremity, regulates (thin grey arrow) the interaction of NS2
with NS5A (large grey arrow).

(3) This interaction may allow the release of E1E2 glycoproteins from E1E2p7NS2
complexes at the assembly site of nascent viral particles, on the one hand, and the co-
recruitment of core and RNA to E1E2 glycoproteins, on the other hand. This switch of
interactions could be the result of a conformational change of NS2 mediated by p7.
Subsequently, the E1E2-free p7NS2NS5A complex leaves the assembly area whereas a
new E1E2p7NS2 complex reaches this site (dotted arrows).

(4) The process is reiterated with p7 from incoming E1E2p7NS2 complexes regulating
the encountering of NS2 and NS5A, which leads to the further release of E1E2 and
core/RNA that accumulate at the assembly site.

(5) The process is repeated until the formation of a viral particle that buds in the ER
lumen.

(6) The NS2ZNS5A complex, regulated by p7, may recruit ESCRT components to induce
scission of the nascent particle until full envelopment and egress. Supporting this
hypothesis, it was shown that ESCRT proteins modulate HCV assembly (see part V.1.2.1
in Introduction) and, more specifically, that NS2 and NS5A could interact with HRS, a
member of ESCRT-0 complex (Barouch-Bentov et al., 2016).

Note that according to this model and unlike the current topological model of p7
(Carrere-Kremer et al.,, 2002), the p7 amino-terminus would need to be positioned at an
interface of the p7 hexamer that faces NS5A, with p7 second transmembrane apposed to
that of NS2, as proposed elsewhere (Cook et al., 2013). Disruption of this interface, like
with the amino-terminal extensions of p7 ATMI mutants described in our work, would
tend to disrupt an interaction of the E1E2p7NS2 complexes with NS5A, RNA and core,
which would explain the reduced secretion of viral particles (Denolly et al., 2017). While
it remains difficult to experimentally prove such a cytosolic orientation of wt p7, owing
to the lack of suitable antibodies, our results of mutant p7 topology obtained with
differential membrane permeabilization of cells expressing p7 ATMI mutants
unambiguously show that either expressed alone or in the context of the HCV
polyprotein, at least a part of such modified p7 may adopt this topology. This is also
consistent with previous results (Isherwood & Patel, 2005) .

[t remains intriguing why a large part of the viral particles released by these p7 ATMI
mutants seem partially enveloped, as indicated by their increased susceptibility to
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protease K digestion. This suggests that p7 could participate to a complex that recruits a
cellular pathway of scission, such as the ESCRT pathway as proposed by other groups
(Ariumi et al., 2011, Barouch-Bentov et al., 2016, Corless et al., 2010, Tamai et al., 2012).
Specifically, several HCV proteins were shown to interact with HRS (Barouch-Bentov et
al, 2016) the primary component of the ESCRT complexes that induces scission of
several types of vesicles and that is exploited by numerous virus types to induce
envelopment of their particles. Of note, p7 was shown to interact with HRS in a
complementation assay (Barouch-Bentov et al, 2016), ie., via expression of single
proteins fused with fragment of luciferase allowing its luminescence activity only when
the two fragments are in close proximity. These data, indicating an interaction between
the two proteins, are also consistent with a cytosolic orientation of its amino-terminal
end. Further investigations are required to investigate the role of the HCV proteins in
the activation of the ESCRT pathway.

Another possibility could be the direct involvement of p7 in scission itself. Indeed, a
recent study indicated that p7 could mediate membrane-membrane adhesion (Lee et al,,
2016). Thus, since the M2 viroporin of avian influenza virus (AIV) was shown to mediate
the scission of infectious influenza particles(Rossman et al, 2010) through a
mechanisms involving membrane-membrane adhesion (Figure 49), it is therefore
possible to imagine a similar mechanism for HCV envelopment.

Both hypothesis, i.e,, activation of the ESCRT pathway and direct scission mechanism,
are highly interesting to explore and we are currently trying to get more details on the
mechanisms of scission and envelopment.

As for the possibility that p7 and other non-structural proteins could induce the
recruitment of the ESCRT complex (Barouch-Bentov et al, 2016), we propose to
investigate the effect of the down-regulation of ESCRT proteins such as HRS in the
quality of envelopment of viral particles, as measured by the protection of core to
proteinase K digestion in the same way we did with our p7 ATMI mutants (Denolly et al.,
2017).

Another aspect of the HCV assembly process that remains not fully understood is the
involvement of cellular proteins in the clustering of viral proteins and the transfer of
viral RNA from replication complexes to assembly sites. Indeed, several factors have
been already described for their involvement of HCV assembly such as e.g., DGAT1, Rab
proteins (see part V.2 in Introduction Section); yet, their precise role remains poorly
described. Thus, we are currently studying the effect of down-regulation of some of
these factors in the clustering of core, E2 and NS5A or NS4B.
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Figure 49: Model of a viroporin promoting viral budding at the plasma membrane. Viroporins can alter
membrane permeability by conducting the flux of different ion across the membrane in favor of their concentration
gradients, which could reduce the transmembrane potential. This would induce the depolarization of the membrane
and induce the budding and scission of the particles. Adapted from (Nieva et al,, 2012)

II- Role of the regulation of the cleavage between E2
and p7

During our study of p7 in the context of p7 ATMI mutant viruses, we also highlighted
that the modulation of cleavage between E2 and p7 is key for the regulation of p7
function, on the one hand, and for the regulation of E2 expression levels, on the other
hand (Denolly et al,, 2017). Importantly, several studies underscore that the regulation
of protein cleavage is a significant mechanism used by different virus types to modulate
some of their functions. For example, regulated cleavage is important for the maturation
of glycoproteins such as those from DENV or IAV. Likewise, alphaviruses express a
polyprotein in which ordered and/or partial cleavage has been shown to be important
for the switch between synthesis of (-) RNA vs. (+) RNA. (Viral precursors are reviewed
in (Yost & Marcotrigiano, 2013)).

In the case of HCV, the precursors for several of its proteins have been described, such as
E2p7, core with its domain III, which regulates core intracellular localization, as well as
the NS4B-NS5A precursor known to be involved in the formation of DMVs (Romero-
Brey et al, 2015a). Here, we focused our studies on the properties of the E2p7
precursor. Interestingly, we showed that EZp7 mutants that display increased cleavage
showed up to 6-fold E2 increased amounts in infected cells, which modifies the ratio of
E1E2 sub-viral particles (SVP) vs. viral particles (Denolly et al, 2017). Yet, the
mechanism explaining how increased E2p7 cleavage modulates the level of E2 has
remained elusive, though different possibilities could explain the above, such as the
modification of the rates of either translation, secretion or degradation. We excluded the
possibility of increased retention of E2 in the ER or the secretory pathway since higher
E2 levels were detected in the supernatant of infected cells. Likewise, we excluded the
possibility of increased rates of replication or translation of the mutant HCV genomes
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since we observed no difference in the expression levels of viral RNAs or of non-
structural proteins, which are produced from the same polyprotein that for E2.

Because of their intrinsic capacity to be routed to the cell surface, owing to their
localization in the cell secretory pathway, the traffic and distribution of envelope
glycoproteins as well as their SVPs need to be controlled, by e.g., retention in specific
intracellular compartments, in order to avoid immune detection of infected cells.
Moreover, these glycoproteins are synthesized in the ER lumen, implying that
counteracting ER stress activation is important to avoid cell death. Viruses have evolved
different strategies to alleviate ER stress (Jheng et al., 2014). Since HCV proteins are
expressed from a polyprotein, indicating that its proteins are initially expressed at the
same rate, we propose that the delayed cleavage between E2 and p7 could be a way to
regulate the function and stability of E2.

Different possibilities may explain how E2p7 processing could modulate E2 expression
and we discuss below some of these possibilities as well as preliminary results of
experiments aimed to address them. First, we hypothesized that E2p7 and E2 could have
a different stability and/or could differentially activate pathways of degradation such as
autophagy or proteasome, for example, as it is known that HCV glycoproteins activate
the unfolded protein response (UPR) in HCV-infected cells (Mohl et al., 2012). To test
this, we blocked proteasomal/lysosomal degradation pathway, using MG132 and
bafilomycin Al. We compared wild-type virus (with balanced E2p7 vs. E2 and p7
individual expression) vs. p7 ATMI virus mutant (with full E2p7 cleavage) and E2-A367R
mutant virus (in which E2p7 cleavage is blocked). Our preliminary results (Figure 49)
show that E2p7 is not degraded through lysosomal or proteasome degradation
pathways. Unexpectedly, a slightly decreased E2 expression of up to 40% for both wt
and p7 ATMI mutant viruses was observed when proteasomal degradation was blocked,
which raises the possibility of a E2-destabilizing protein (i.e, upon blocking of
proteasomal degradation, the level of this protein is up-regulated, which increases E2
degradation). Additionally, these results show increased E2 levels upon bafilomycin A1l
treatment, again for both wt and p7 ATMI mutant viruses, which indicates, first, that
part of E2 turnover is controlled by lysosomal degradation and second, that this
mechanism is not at play in increased intracellular E2 expression for the p7 ATMI
mutant viruses (Figure 50). Consistently, we found that cycloheximide (CHX) treatment
did not reveal differences between wt and p7 ATMI mutant viruses for intracellular E2
degradation (Denolly et al., 2017).

On the other hand, we may also propose that liberated E2 could be stabilized by its
partner such as E1 or NS2 (Jirasko et al., 2010, Ma et al.,, 2011, Popescu et al,, 2011,
Shanmugam et al.,, 2015, Shanmugam & Yi, 2013), or via a subunit of the signal peptidase
SPCS1 with which E2NS2 complex interacts (Suzuki et al., 2013). This latter interaction
seems a very interesting possibility to address since, being part of the complex of the
cellular signal peptidase (SP) (Paetzel et al, 2002), SPCS1 is directly linked to
modulation of SP cleavage efficiency (Fang et al., 1996). Thus, we could propose that
since SP cleaves E2p7 (as well as other blocks of the HCV polyprotein such as p7NS2),
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the SPCS1 subunit remains associated to E2 and NS2 (and perhaps p7) after cleavage
and induces a greater stability of E2 that explains our results.

Finally, it is also possible that the amounts of free p7 may regulate these degradation
pathways. In support of these assumptions, a previous study (Atoom et al, 2013)
indicated that a mutation of p7 reported to decrease cleavage between E2 and p7 (p7-
R(K)GR33-35AAA) (Ma et al, 2011, Shanmugam & Yi, 2013, Steinmann et al., 2007)
induced E2 degradation. Likewise, mutants abrogating E2p7 cleavage, such as E2-A367R
(see part II in Results sections) as well as p7-A1W, p7-E3W, p7-K4W, p7-A10W or p7-
S12W (Scull et al., 2015), exhibited poor E2p7 expression despite wt rates of replication,
relative to parental viruses.

The unravelling of the mechanism underlying E2 upregulation upon increased E2-p7
cleavage will need additional experiments in order to provide a broader picture.
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Figure 50. Effect of inhibition of proteasome or autophagy on expression level of E2 or E2p7. Huh7.5 cells
were electroporated with RNAs from parental or JFH1 HAHALp7 or JFH1 E2-A367R mutant HCVcc viruses. At
56h post electroporation cells were treated either with Bafilomycin A1 (100uM) or MG132 (40uM) alone or in
combination for 16h. Control cells were treated with DMSO. At 72h post electroporation cells were counted and
the same amounts of cells were lysed. Level of E2 was determined by quantitative western blot. Data represent
mean values * SEM.
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III- HCV p7 and inhibition of cell secretory pathway

Besides its role in assembly, we also revealed a new function of p7. Indeed, we
demonstrated that free p7, which localizes at the ER (Bentham et al,, 2013, Griffin et al,,
2005, Hagshenas et al,, 2007, Vieyres et al,, 2013), is able to slow down the cell secretory
pathway in a dose-dependent manner, likely at the stage of ER-Golgi transition which
induces a specific retention of HCV glycoproteins in a wild-type virus infection context.
This property is not intuitive since HCV, like other Flaviviridae, is thought to exit the
cells through the secretion pathway (Coller et al.,, 2012). Yet, this function could be a
way for the virus to induce the retention of E1E2 at assembly sites in the ER lumen as
suggested by the notion that HCV glycoproteins are also secreted as SVPs (Denolly et al.,
2017, Icard et al., 2009) independently of the other viral proteins. It could also reflect
the cooptation of an alternative pathway of secretion for HCV particles, in agreement
with an emerging notion that the secretion of virions may occur through a non-canonical
route (Bayer et al, 2016, Mankouri et al., 2016). Alternatively, this function could
provide a feedback loop that may ensures that excess glycoproteins, arising from their
release upon E2p7 cleavage, could be appropriately controlled so as to prevent
activation of immune responses. Additionally, as indicated by the delayed transport of
VSV-Gts used as a model cargo (Denolly et al.,, 2017), it is possible that p7 expression
could alter the secretion of cellular proteins such as, e.g.,, immune effectors, as shown for
viroporins of other viruses (Cornell et al., 2007, de Jong et al,, 2008). In this respect, it
was recently shown that p7 may promote immune evasion by antagonizing the antiviral
functions induced by IFN upregulation (Qi et al., 2017).

The mechanism used by p7 to slow down the secretion of glycoproteins needs further
investigation. The viroporins of alternative viruses have previously been involved in
modulation of the secretory pathway, though through a variety of mechanisms (Nieto-
Torres et al,, 2015). For example, the M2 protein from influenza virus has a direct effect
on late steps of plasma membrane delivery by delaying late Golgi transport, which
indirectly affects the efficiency of earlier transport steps by altering the ionic content of
the Golgi apparatus and the endosomes (Henkel & Weisz, 1998, Sakaguchi et al., 1996).
Alternatively, Coxsackievirus 2B proteins modify ER membranes, which inhibits protein
processing and sorting by decreasing calcium homeostasis in ER and Golgi (de Jong et
al, 2008). Likewise, p7 can change ionic gradients in both reconstituted membrane
assays in vitro (Griffin et al., 2003, Montserret et al, 2010, Pavlovic et al, 2003,
Steinmann & Pietschmann, 2010, StGelais et al., 2009) and in cellulo (Bentham et al.,,
2013, Wozniak et al,, 2010), which could affect anterograde transport and/or modify
intracellular compartments. We therefore speculated that p7 could also act through its
ion channel activity. Our preliminary results addressed this possibility by studying
several mutants and/or inhibitors of p7 (Figure 51). We found that p7 mutants that may
have altered pore functioning, i.e.,, p7-A1W, p7-V6W, p7-H9W and p7-A10W(Scull et al,,
2015) or p7-R33Q/R35Q (Steinmann et al.,, 2007) could slow down the cell secretory
pathway using the VSV-Gts secretion assay like for the wt p7 (Figure 51A). Likewise, the
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HCV p7 and influenza M2 inhibitor, rimantadine (StGelais et al., 2007) did not affect p7
capacity to decrease VSV-Gts trafficking whereas it affected that of M2 (Figure 51B) as
well as the infectivity of HCV (Figure 51C).

Overall, these unpublished results argue against a role of the ion channel function of p7
in the regulation of the cell secretory pathway. Further investigations are hence
required to investigate the involved mechanism, such the possibility that p7 specifically
interact with cellular proteins involved in secretion of glycoproteins (e.g., adaptor
proteins,...).
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Figure 51. The ion channel activity of p7 is not involved in the delayed trafficking of
glycoproteins. (A) Huh7.5 cells were transfected with vectors encoding VSV-Gts and p7 (JFH1) wild-
type or harboring A1W, VeW, HOW, A10W or KR33/35QQ (QGQ) mutations. Transfected cells were
grown overnight at 40°C, which maintains VSV-Gts unfolded and results in its accumulation in the ER.
Cells were then incubated for different periods of time (Oh, 1h, 2h and/or 3h, as indicated) at 32°C,
which allows restoration of its folding and thus, its secretion. Quantification of western blot of cell
lysates digested with endoH, from independent experiments. (B) Huh7.5 were transfected with
vectors encoding VSV-Gts and p7 from different genotypes, as indicated or H7N1 M2, as in figure 1E.
Transfected cells were grown overnight at 40°C in presence of rimantadine (50uM). Cells were then
incubated for different periods of times (0h, 1h, 2h and/or 3h, as indicated) at 32°C. Quantifications of
western blot of cell lysates digested with endoH, from independent experiments, conditions with
rimantadine (R) were represented in dotted lines. (C) Electroporated cells with either JFH1 wild-type
or p7-T2 mutant expressed with wild-type p7, were treated with rimantadine (50uM) for 24h at 48h
post electroporation or left untreated. Supernatants were harvested and used to infect naive cells.
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IV- Mode of action of daclatasvir on HCV assembly

Our study on the clustering of structural and non-structural HCV assembly components
(see Part I of the Results section of this document) allowed us to highlight how
daclatasvir (DCV), an inhibitor of NS54, inhibits HCV assembly before inhibiting HCV
replication (Boson et al,, 2017). First, having extended previous results of other groups
indicating that DCV induces NS5A clustering (Chukkapalli et al., 2015, McGivern et al,,
2014, Reghellin et al., 2014), we showed that other HCV proteins, such as E2, core and
NS4B, are gathered with NS5A clusters upon short DCV treatment of infected cells. We
found that the enlargement of these clusters reflects the loss of the functional
connection between replication complexes and assembly sites. Furthermore, we showed
that DCV prevents the NS5A-mediated transfer of the viral genome from replication
complexes to assembly sites, which inhibits the formation of the nucleocapsid.

Based on these results, we proposed the following model for mode of action of DCV in
assembly inhibition (Figure 52).
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Figure 52 : Mode of action of DCV. See text below for details

In the absence of DCV, the double-membrane vesicles (DMVs), which are HCV-induced
membrane structures, replicate the viral genome and produce viral RNAs that are
translated as a polyprotein. Upon maturation of the latter protein by proteolysis, the
Core, E1 and E2 structural proteins accumulate and induce assembly sites while the
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non-structural proteins induce the formation of new DMVs, with NS5A and/or NS4B-
NS5A precursor playing a key role in their biogenesis (Romero-Brey et al.,, 2015a) . At
the same time, the viral genome is encapsidated in the assembling viral particles
through its transfer from DMVs that depends on NS5A and, probably, its localization on
the surface of the lipid droplets (LDs) (Appel et al., 2008, Miyanari et al.,, 2007). The
nascent viral particles are then enveloped, matured and released via the secretion
pathway (see Part I of this Discussion section). New DMVs become also individualized
from their site of biogenesis and replace old DMVs that become rapidly inactive. The
system is thus more or less in equilibrium and returns to the initial situation.

However, in the presence of DCV, disruption of the membranotropic properties of NS5A
could prevent its correct folding and thus positioning, hence preventing the formation of
new DMVs and of virus particles. Indeed, transfer of HCV RNA from active DMVs to
assembly sites could be affected by the defect in membrane-binding properties of NS5A
for different reasons. First, as NS5A is located both inside and outside DMVs (Paul et al,,
2013), such alterations could perturb the stability of NS5A at the surface of DMV and
thus prevent the gathering of DMVs to assembly sites. Second, DCV could disrupt NS5A-
association with ER or LD interface, which may inhibits RNA transfer as this likey
requires NS5A multimers to guide HCV RNA as proposed by others (Appel et al., 2008,
Bartenschlager et al., 2013, Berger et al., 2014, Love et al, 2009). As a result, DCV
induces the accumulation and clustering of viral both structural and non-structural
proteins at the sites of DMV biogenesis and of viral particle assembly. Ultimately, the
system shuts off because there are no new DMVs required for replication the viral
genome, which explains the delayed effect of DCV on HCV RNA replication.

Further investigations are required to investigate how DCV could alter membranotropic
properties of NS5A.

V- Model of lipidation of particles

Our study (see Part III in Results section) allowed us to demonstrate that lipidation of
HCV particles, and thus the formation of lipo-viro-particles (LVP), could be induced once
poorly lipidated particles, produced from Huh7.5 cells (such as grown in serum-free
medium), encounter appropriate extracellular serum and media conditions that exhibit
physiologic concentrations of VLDLs and other lipoproteins. These results are important
in several regards, not only as they allow to provide further details on the mechanisms
of lipidation but also because they raise a new and unique way to mimic patients’
particles composition from in vitro-produced virions.

The overall organization of HCV particles form(s) remains elusive. In vivo, HCV particles
are associated to apoB, the major structural protein component of VLDLs and LDLs. This
may explain the particularly low buoyant density of HCV virions, of <1.10, which is
significantly lower than those of other enveloped viruses, including the HCV-related
flaviviruses. Indeed, the lipid profiling of purified HCVcc particles confirmed that their
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lipid content is similar to that of serum lipoproteins, although they could not be assigned
to a specific lipoprotein class (Merz et al.,, 2011).

Several studies have proposed that HCV particle production depends on cellular factors
controlling assembly and release of VLDLs, indicating that the interaction of virus
particles with serum lipoproteins begins at early steps of their assembly and egress
processes during which immature particles are converted to mature virions by
lipidation and incorporation of some apolipoproteins (Felmlee et al., 2013). While there
is a strong consensus indicating that the small, exchangeable apolipoprotein apoE is
necessary at an early step to promote envelopment, lipidation and/or release of viral
particles, some studies suggests that apoB may not be required to promote these initial
steps (reviewed in (Lindenbach & Rice, 2013)). This is intriguing because apoB is
essential for VLDL assembly and because HCV retrieved from patients can be readily
immuno-precipitated with antibodies against apoB. One orthodox explanation is that the
cell line that efficiently supports HCVcc experiments in vitro, the Huh-7.5 hepatoma,
lacks many properties of hepatocytes, such as the ability to produce normal serum
lipoproteins VLDL (Icard et al.,, 2009, Merz et al, 2011). That Huh-7.5 cells produce
under-lipidated, VLDL-like particles would thus explain why the HCVcc particles they
produce have a higher buoyant density and lower specific infectivity than HCV produced
in vivo or from primary hepatocytes (Calattini et al., 2015, Lindenbach et al.,, 2006,
Podevin et al, 2010). However, when HepG2 hepatoma cells, that are thought to
represent more mature hepatocytes than Huh7 cells, are induced to produce normal,
apoB-containing VLDLs, they yield infectious viral particles that are biophysically and
biochemically similar to those produced from Huh7.5 cells (Jammart et al, 2013).
Altogether these evidences showed that there is no correlation between the ability of
cells that replicate HCV to secrete VLDLs and their capacity to produce LVPs, reinforcing
our results that lipidation of particles produced in Huh7.5 cells could happen in the
extracellular medium. Yet, these results do not disrepute that in vivo or in normal
hepatocytes, HCV particles maturation may occur during transit through the secretory
pathway where they may associate or fuse with apoB-containing lipoproteins
precursors and/or luminal, apoE-containing lipid droplets as proposed previously
(Lehner et al,, 2012). Importantly, they imply that a major factor of lipid-imprinting of
HCV particles is the environment provided by the extracellular milieu and/or the serum
characteristics.

Our data also unravel that lipidation of viral particles combines virion interaction(s)
with defined serum lipoproteins but also requires an additional, presumably non-lipid
serum factor (see below). Concerning the lipoprotein type allowing lipidation of viral
particles, our results indicate that all principal lipoprotein classes, i.e.,, VLDL, LDL and
HDL, could mediate the lipidation effect in vitro, upon short time incubation with HCV
particles in the presence of lipoproteins depleted serum (LPDS), with an additive effect
when either lipoprotein type was combined with one another. While these results are
consistent with the strong lipidation induced by human serum (HS), in contrast to fetal
calf serum (FCS) than contains at least 6-fold lower concentrations of either lipoprotein,
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they raise the question of the nature of the interaction between lipoproteins and viral
particles, and of its outcome in terms of HCV virion morphology. Hybrid viral structures
harboring different lipoprotein components may indeed be formed by transfer of lipids,
through their spontaneous release/exchange or via fusion, or, alternatively, by transient
or stable virion association with lipoproteins. Although direct evidence by electron
microscopy are missing in favor of the latter “two (or more)-particle” model (Catanese
et al,, 2013, Gastaminza et al,, 2010, Merz et al., 2011, Piver et al,, 2017) (Figure 53, left)
perhaps owing to its transient or unstable state, our results argue for this model since
full lipidation of viral particles, inducing their association with the non-exchangeable
apoB apolipoprotein could be readily observed upon short time treatment of cell-free
HCV virions with HS or purified lipoproteins. In addition, the additive effects of virion
lipidation observed after combination with different lipoprotein types could reflect the
fact that, since lipoproteins have different sizes (VLDL and chylomicron being the larger
ones), the best geometrical solution to maximize virion interaction with lipoproteins is
to combine different types of lipoprotein particles. The other arguments for this
morphological model are that in vivo, HCV particles may associate with
apoB48-containing chylomicrons (Diaz et al, 2006), which are not produced by
hepatocytes, and that they exhibit rapid though transient postprandial shifts in buoyant
density upon lipid-rich diet in HCV-infected patients (Felmlee et al., 2010).

Yet, all this evidence does not rule out the alternative and/or nonexclusive possibility
that viral particles may mimic lipoproteins and thus, exchange or uptake their lipids just
as lipoproteins do between themselves. Indeed, it was previously reported by different
groups that apoliproteins could be exchanged or transferred from lipoproteins, serum
itself or extracellular milieu to infectious particles (Bankwitz et al., 2017, Dreux et al,,
2007b, Yang et al,, 2016). Thus, as LVPs contain specific subsets of apoliproteins (Andre
et al, 2002, Catanese et al., 2013, Merz et al,, 2011), this may regulate the exchange
and/or transfer of lipids with lipoproteins, which could modify their inner lipid content.
In this respect, our HS-incubation kinetics that suggested that lipidation of infectious
particles is progressive over time, argues for the “single-particle” model (Figure 53,
right) of HCV structure, sharing an envelope with a lipoprotein particle that is
continuously modified upon interactions with lipoproteins. Since HCV particle lipidation
can be induced by different types of lipoproteins, we surmise that the mode of
lipoprotein association or of lipidation mechanism may vary accordingly.
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One-particle model

apoE

Figure 53: Lipoproteins and models of HCV particles

A major difficulty in the study of the ‘one’ vs. ‘two’ particles models is the secretion of
different types of non-infectious particles, at least in in vitro conditions of virus
production. Indeed, as shown in the part Il of the Results section, we confirmed and
extended that HCV induces the secretion of SVPs, i.e,, particles incorporating only E1 and
E2 (Icard et al., 2009). These particles are not yet well described but we confirmed that
they exhibit low densities (Denolly et al., 2017). Besides SVPs, HCV was found to secrete
naked nucleocapsids in patient sera (Maillard et al., 2001), though we were not able to
detect them in the supernatants of HCVcc-produced Huh7.5 cells. Yet, the most
intriguing finding remains the secretion of a huge amount of viral RNA that is not
associated with infectivity. Indeed, the incubation of particles with HS allows a shift of
all infectious particles in low-density fractions, due to their lipidation; yet, only a
marginal part of viral RNAs become associated to these low-density viruses, indicating
that a large amount of RNA-containing particles is not able to be lipidated. Accordingly,
it has been well described that HCV secretes exosomes (Longatti et al, 2015,
Masciopinto et al., 2004, Ramakrishnaiah et al., 2013), which are difficult to separate
from HCV infectious particles. Such exosomes may contain viral RNAs and could also
harbor E1E2 glycoproteins at their surface.

Our results combined with previous studies (Dao Thi et al., 2012, Gastaminza et al,,
2006) also indicate that besides the viral RNAs, a large population of core protein is not
associated with infectious particles, which suggests that both core and RNA could be
associated with alternative types of particles that remain to be determined. These non-
infectious particles could be naked nucleocapsids, i.e., not associated with glycoproteins
or, alternatively, could exhibit a defect in the formation in the nucleocapsids, resulting in
an impairment at the level of entry. Interestingly, the major peak of viral RNAs of HCVcc
found in gradient, ie., between densities 1.10-1.12, is generally not observed in HCV
patients’ sera, suggesting that such particles could be an artifact of Huh7.5 cells.
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Finally, and importantly, our results reveal that lipidation of viral particles by
lipoproteins requires a serum factor, likely different of lipoproteins, since only in the
presence of LPDS could incubation with VLDL, LDL and HDL induce the low-density shift
of HCV virions. Although the lipidation state and infectivity of viral particles can be
altered upon treatment with lipoprotein lipase (LPL) and hepatic triglyceride lipase
(HTGL) (Shimizu et al., 2011), we were unable to block lipidation of viral particles by
serum lipid transfer enzymes such as CETP and LCAT that promote lipid transfer. Yet,
we found that HSA, added to VLDL or LDL, induced lipidation of viral particles. This
indicated that HSA is one of the serum co-factors mediating LVP formation, perhaps by
bridging lipoproteins and virions or by favoring lipid efflux VI- Key role of the
Hypervariable Region I (HVR1) of E2 in the lipidation process

Our results indicate that the HVRI domain of the E2 glycoprotein plays a major role in
the lipidation process and accounts for the differential lipidation sensitivities of Jc1 vs.
H77 HCVcc particles. HVRI remains an intriguing determinant of E2 that modulates i)
conformation of E2 by concealing the CD81 binding site (Bartosch et al., 2003, Dao Thi et
al, 2012, Roccasecca et al,, 2003) and the accessibility to cross-neutralizing epitopes
that target virus-CD81 interaction (Bankwitz et al., 2010, Bartosch et al,, 2005, Dreux et
al, 2006); ii) the recruitment to and/or conformation on viral particles of
apolipoproteins such as ApoCI and ApoE(Bankwitz et al., 2014, Dreux et al., 2007b); iii)
the interaction of viral particles with lipoproteins, which promotes HDL-mediated
enhancement of their infectivity (Bartosch et al., 2005, Dreux et al., 2007b, Dreux et al,,
2009b, Dreux et al., 2006, Lavillette et al., 2005b) and their lipidation profiles (Bankwitz
et al, 2014, Dao Thi et al.,, 2012, Prentoe et al., 2011, Prentoe et al., 2014). While deletion
of HVRI shifts the density of particles to a homogenous intermediate density of
1.11(Bankwitz et al., 2010, Dao Thi et al., 2012, Prentoe et al., 2011) that corresponds to
the density of non-lipidated particles of our study, it is interesting that simple swaps of
HVRI sequences between H77 and Jcl HCVcc could reconstitute the differential
lipidation profiles of either parental virus. This confirms that HVRI harbors key residue
involved in lipidation. However, we observed that HVRI of H77 induce a stronger
lipidation of viral particles when swapped in Jcl virus compared to the parental H77
HCVcc virus, suggesting that HVRI might act in concert with other residues in E1 and E2.
Moreover, it has been shown that HVRI modulates the conformation of virion-
incorporated apoliproteins, such as ApoE (Bankwitz et al., 2014), whether these factors
are inherited by the virus-producer cells (Boyer et al, 2014, Lee et al, 2014) or
subsequent to virion release (Bankwitz et al., 2017, Dreux et al,, 2007b, Yang et al,,
2016). Thus, in agreement with the findings of others that lipidated viruses exhibit
strain-dependent usage of different cell entry factors that act as lipoprotein receptors
(Prentoe et al., 2014), one possibility is that HVRI plasticity can drive both lipidation and
apolipoprotein display, which in return dictates the set of lipoprotein receptors used at
an early step of entry. The extended lipidation state detected with HCVcc particles
incubated with human serum, which bear seemingly identical features as those of virus
retrieved from patients with respect to their ApoB content, is expected to reinforce the
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usage of different lipoprotein receptors including SR-BI (Bankwitz et al., 2010, Calattini
et al.,, 2015, Dao Thi et al.,, 2012, Prentoe et al,, 2014), LDLr (Prentoe et al., 2014), and
likely VLDLr (Ujino et al,, 2016, Yamamoto et al,, 2016) .

The requirement of HCV for selecting its unusually high number of entry receptors is
unclear. One possibility is that the usage of lipoprotein receptors correlates with a
lipidation state that contribute to shielding cross-neutralizing epitopes, as inferred from
previous studies. However, a recent study indicated that the IC50 of cross-neutralizing
antibodies were, in general, not dependent on virus density(Prentoe et al., 2011).
Moreover, the main E2 target of such cross-neutralizing antibodies, likely the CD81
binding site, is concealed by HVRI, whether or not the virus particles are lipidated
(Bankwitz et al., 2010, Dreux et al,, 2006). A second possibility is that lipidation of viral
particles allow the viral particles to access, following a first step of entry induced by
lipoprotein receptors, to a protected environment into which it can subsequently and
safely interact with CD81 in a putative neutralizing antibody-free sanctuary to promote
the further steps of cell penetration. A third possibility, which also fits well with the
latter hypothesis, is that the usage of lipoprotein receptors increases the specific
infectivity of viral particles. Accordingly, lipidation of viral particles, which shift them to
low or very-low densities, is accompanied by their increased specific infectivity that
could provide a positive selection for selecting the HVRI variants that drive full
lipidation. The varied specific infectivity detected depending on virion density could
reflect the differential efficiency of pathways of entry into cells depending on the
lipidation status of the particles and their corresponding recepties. Indeed, it was shown
that particles can bind to VLDL-R as well as SRBI or LDL-R and the use of these different
receptors depend on the density of the particles (Prentoe et al., 2014, Yamamoto et al,,
2016). It is also possible that the lipidation may increase the stability of particles by
protecting them from degradation.
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A Master Regulator

of Tight Junctions Involved
in Hepatitis C Virus Entry
and Pathogenesis

Hepatitis C virus (HCV) entry in hepatocytes is a
complex and multistep process. HCV particles interact
with attachment factors and receptors on the cell sur-
face. Attachment is mediated by heparan sulfate pro-
teoglycans, syndecan-1/4, the scavenger receptor class
B type I (SR-BI), and, possibly, the low-density lipo-
protein and very low-density lipoprotein receptors. At
least four receptors and coreceptors, including SR-BI,
the tetraspanin CD81, and the tight junction (TJ) pro-
teins claudin-1 (CLDN1) and occludin (OCLN),
mediate subsequent cell penetration steps comprising
receptor engagement, internalization and trafficking of
endocytosed viral particles, and fusion between viral
and endosomal membranes.") Several factors are also
necessary at postattachment steps, comprising AP2-
associated protein kinase-1 and cyclin G-associated
kinase but also sodium taurocholate cotransporting
polypeptide, epidermal growth factor receptor
(EGFR), ephrin receptor A2, and associated guanosine
triphosphatase H-Ras. Other proteins, such as choles-
terol transporter Niemann-Pick C1-like 1 and iron-
uptake receptor transferrin receptor 1, modulate HCV
entry; however, their precise roles remain to be deter-
mined. Although many cellular factors involved in
HCV entry have been identified, how their action is
coordinated during this crucial step of infection
remains ill-defined. Indeed, HCV entry is a slow pro-
cess that requires the recruitment of several actors at
the site of entry and/or within the cell surface. It is
likely that additional factors involved in this complex
conundrum need to be discovered in order to fully
understand the mechanism(s) of HCV entry. In a
recent report, using an unbiased, genome-wide small
interfering RNA screen followed by integrative func-
tional genomics and systems virology approaches, Li
et al. revealed E-cadherin as a novel piece of the HCV
entry puzzle.?) Of particular interest, the authors high-
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lighted its involvement as an original entry factor, nei-
ther as a viral receptor nor as a postbinding factor, but
rather as a master regulator of the distribution of some
HCV receptor components on the cell surface (Fig. 1).

E-cadherin is an essential component of adherens
junctions (AJ) that mediate cell-cell adhesion in epi-
thelia. AJs initiate cell-cell contacts and are responsible
for the maintenance of the contacts, in contrast to T7Js,
which regulate the paracellular pathway for the move-
ment of ions and solutes in between cells. Interestingly,
using functional assays with cell culture—produced
HCV/HCV pseudoparticles from several genotypes,
Li et al. demonstrated that either down-regulation of
E-cadherin beforehand or preincubation of cells with
an E-cadherin antibody were able to inhibit HCV
infection.”) Specifically, they showed that in cells
grown to high density, i.e., forming cell-cell contacts,
E-cadherin depletion induced drastically reduced cell-
surface distribution of the T] membrane proteins
CLDN1 and OCLN. Overall, this seminal finding
will help us to understand the involvement of TJs in
HCV entry. Indeed, whether and how TJs play a role
during viral entry remains controversial, several years
after the identification of CLDN1 and OCLN as co-
receptors. It was first assumed that HCV particles
could migrate to TJs for inducing their internalization;
yet firm evidence to substantiate this hypothesis is
lacking, and in vitro HCV can infect hepatoma cells
that are not fully polarized and thus exhibit no com-
plete TJs. It was later demonstrated that engagement
of HCV glycoproteins with CD81 activates multiple
signaling pathways, including EGFR stimulation,
which induces rearrangement of the actin cytoskeleton
and subsequent lateral diffusion of CD81 on the
plasma membrane, and interaction of CD81 with
CLDN1.®> CD81-CLDNT1 association occurs at the
basolateral membrane of polarized hepatoma cells with
minimal association in TJ-associated CLDN1 pools
and is an essential event allowing viral particle internal-
ization, which is consistent with HCV entry into the
liver from sinusoidal blood through the basal mem-
brane of hepatocytes. In contrast to CLDNI1, the role
of OCLN is still enigmatic, and there is no evidence
for the importance of its localization in TJs during
HCV entry. However, a recent study reported that
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FIG. 1. E-cadherin mediates HCV entry. Following attachment
to the cell surface, which is mediated by different molecules,
including heparan sulfate proteoglycans and SR-BI, the E2 surface
glycoprotein harbored by HCV particles interacts with CD81
(engagement), which promotes activation of EGFR and associated
guanosine triphosphatases such as H-Ras and allows CD81 lateral
mobility and subsequent association with CLDN1 (small orange
arrows), leading to internalization of virions and to cell entry. On
the other hand, it is proposed that E-cadherin regulates a pool of
available CLDN1 molecules for their TJ localization or surface dis-
tribution (green arrows). Hence, depletion of E-cadherin or its
blocking, through, e.g., antibodies, would inhibit CLDN1 redis-
tribution and, possibly, its capacity to associate to CD81. Abbrevia-
tion: HSPG, heparan sulfate proteoglycan.

activated intrahepatic macrophages that produce tumor
necrosis factor-o may promote HCV entry into polar-
ized hepatoma cells through relocalization of OCLN
at the basolateral membrane and increase of the lateral
diffusion rates of CD81,® which also argues against a
role of TJs per se in HCV entry.

The precise role of E-cadherin in HCV entry
remains to be defined as it does not regulate the expres-
sion levels of the four major cellular factors, SR-BI,
CLDN, OCLN, and CD81; it does not mediate virion
binding to the cell surface; and it does not modulate
internalization of viral particles.?’ Tmportantly, Li et al.
showed that E-cadherin down-regulation disrupts cell-
surface localization of CLDN1 and OCLN without
affecting the localization of zonula occludens-1, an
intracellular TJ protein that interacts with CLDN1 and
OCLN, thus underlining a highly specific cellular
mechanism co-opted by HCV. Intriguingly, they found
that E-cadherin antibodies could readily prevent HCV
infection without altering CLDNT1 cell surface distribu-
tion, which suggested unrelated inhibition mechanisms.
Yet, in polarized Madin-Darby canine kidney cells, E-
cadherin down-regulation had little effect on the integ-

HEPATOLOGY ELSEWHERE

rity of preformed TJs but rather impaired rebuilding of
TJs after their disassembly,”’ which suggests the exis-
tence of different pools and/or functions of T proteins.
Thus, it is possible that E-cadherin depletion, which
has pleiotropic effects beyond inducing loss of AJs, pre-
vents the recruitment of CLDN1 and OCLN from a
pool of available molecules before they are targeted to
their final localization, i.e., within TJs, and that these
unaffected molecules are precisely those mediating
HCV entry functions. Ultimately, E-cadherin down-
regulation would induce the cell-surface redistribution
of CLDN1 and OCLN, in contrast to zonula
occludens-1; yet this delayed event may not be related
to cell entry inhibition of incoming virus. Accordingly,
E-cadherin antibodies, which were added just before
infection,” may block E-cadherin-mediated co-
optation of these T]-free CLDN1 and OCLN mole-
cules, which, hence, would prevent their functions in
HCV entry, for example, the above-described critical
CD81-CLDNI1 association, in a manner independent
of their role in TJ formation. Consequently, E-
cadherin, by co-opting CLDN1 and OCLN to the site
of cell entry and/or their recruitment in a receptor com-
plex, may control entry of viral particles (Fig. 1).

Another interesting observation in the report by Li
et al. is that soon after the establishment of infection,
HCYV induces loss of E-cadherin expression and leads
to induction of epithelial-to-mesenchymal transition
markers.?) Interestingly, they found that HCV
expression triggers epithelial-to-mesenchymal transi-
tion through activation of transforming growth
factor-f signaling, which induces the loss of E-
cadherin and, consequently, prevents correct localiza-
tion of OCLN and CLDN1.”) These results may
explain previous observations indicating that the
altered localization of OCLN and CLDN1 was
induced by HCV glycoprotein expression.(g) Indeed,
connections between EGFR and E-cadherin have
been reported.(9) Specifically, EGFR activation leads
to phosphorylation of cytoplasmic linker molecules,
such as fi-catenin, which, among other downstream
signaling events, induces the disruption of AJs and
promotes cell migration. Because HCV activates
EGFR, through interaction of its surface glycopro-
teins with CD81," this signaling may alter the inter-
action of E-cadherin with its partners, leading to
disruption of the TJ barrier function, which could
potentially affect hepatic functions.

Overall, the induction of epithelial-to-mesenchymal
transition could represent a mechanism co-opted by

HCV, which by modulating the localization of
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CLDN1 and OCLN, limits the effect of superinfection

of already infected cells and contributes to pathogenesis.
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Fibrosis Evaluation by

Transient Elastography in
Alcoholic Liver Disease:

Is the Histological Scoring
System Impacting Cutoff
Values?

Alcohol is one of the of the main causes of liver cir-
rhosis, which is responsible for 15% of all alcohol-
attributable deaths. Most patients are diagnosed with
alcoholic liver disease (ALD) at the cirrhotic stage
when symptoms of decompensation and/or acute-on-
chronic liver injury due to alcoholic hepatitis are
obvious. In contrast, in patients with compensated
ALD, cirrhosis or septal fibrosis may also be prevalent,
but patients are mostly asymptomatic or present non-
specific symptoms, which explains why this serious
condition is overlooked by physicians. In general,
patients with compensated ALD have received only
limited medical attention in the past.

Advanced fibrosis is one of the major factors that
determine prognosis in ALD, as in most other chronic
liver diseases; and the adverse impact of cirrhosis on
outcome is well established. Five-year survival rates for
patients with alcoholic cirrhosis are comparable to those
of patients with breast, prostate, or colon cancer. How-
ever, less advanced fibrosis, as seen in ALD with cen-
tral hyaline necrosis and presence of fibrous septa with
collagen and elastic fibers, and alcoholic steatohepatitis
are also risk factors for disease progression and associ-
ated with adverse prognosis.”) Therefore, the diagnosis
of earlier stages of fibrosis is important because patients
at risk can be identified and given abstinence counsel-
ing to prevent the development of cirrhosis and hepatic
decompensation. The diagnosis of hepatic fibrosis, tra-
ditionally achieved by histological evaluation, is now
increasingly made by noninvasive methods including
serum biomarkers of fibrosis or liver stiffness-elasticity
based imaging techniques, including transient elastog-
raphy, acoustic radiation force impulse imaging, shear
wave elastography, and magnetic resonance elastogra-
phy. These methods have been mainly evaluated in
patients with viral hepatitis and nonalcoholic fatty liver
disease but less frequently in ALD and allow a risk-
free, repeatable, and quick assessment of liver fibrosis,
sparing the necessity of liver biopsy for many.

293



294



II- Membrane fusion assays for studying entry
hepatitis C virus into cells

Soléene Denolly, Frangois-Loic Cosset and Natalia Freitas

Chapter to Methods in Molecular Biology - HCV Protocols

Submitted

295



296



Membrane fusion assays for studying entry hepatitis C virus into cells

Solene Denolly, Francois-Loic Cosset* and Natalia Freitas

CIRI — International Center for Infectiology Research, Team EVIR, Inserm, Ul111,
Université Claude Bernard Lyon 1, CNRS, UMRS5308, Ecole Normale Supérieure de
Lyon, Univ Lyon, F-69007, Lyon, France.

* Corresponding author
E-mail: flcosset@ens-lyon.fr

Abstract

The membrane fusion properties of HCV envelope glycoproteins can be evaluated using
several assays. Fusion assays generally require contacts between glycoproteins expressed on a
donor membrane, such as those from a cell or a viral particle, and an acceptor membrane, that
may or may not express cognate viral receptor, such as those from an indicator cell or a
liposome. In this chapter, we describe three well-established methods in the field, that use
either cell surface expression of glycoproteins, HCV pseudo-particles (HCVpp) or cell
culture-grown HCV (HCVcc) particles for donor membrane, and cells or liposomes as
acceptor membrane in which specific components can be included to monitor and quantify
fusion. We provide details of cell-cell fusion assay, virus-liposome fusion assay and finally
virus-plasma membrane fusion assay. We also describe inhibitors that can block HCV
envelope membrane fusion.

Key words: fusion, hepatitis C, liposomes, inhibitors, plasma membrane, cell-cell fusion

1 Introduction

HCV entry is a complex process that is not fully understood. Entry begins by attachment of
viral particles to several receptors including HSPGs and SR-BI. This allows the clustering of
particles with CD81 and their lateral diffusion and interactions with Claudin-1 and other co-
factors (Douam et al., 2015), which is followed by their endocytosis and internalization. The
last step of entry is the fusion of viral membrane with that of the host cell. This last step
allows the release of the genome in the cytosol and the initiation of virus replication. This
process includes conformational changes of the fusion proteins at low endosomal pH, which
induce insertion of a fusion peptide into the host membrane, lipid mixing of external
membrane leaflets and finally full fusion of the two membranes.
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As this fusion step is critical for the infection, it has been studied since many years. It was
first studied by using some peptides derived from HCV glycoproteins, allowing determining
putative fusion peptides (Perez-Berna et al., 2006). Cell-cell fusion assays were then
developed (Takikawa et al., 2000) as for other viruses, based on the expression of
glycoproteins at the cell surface of donor cells and a reporter gene expressed only after fusion
with indicator cells. Although HCV does not induce formation of syncytia in this assay, the
measurement of reporter gene allowed determining that fusion occurs at optimal pH of ca. 5
and requires both E1 and E2 glycoproteins. The development of HCV pseudoparticles
(HCVpp) (Bartosch et al., 2003) allowed the study of fusion of HCV glycoproteins at the
surface of particles instead of cell surface. This was determined using liposome fusion assays
(Lavillette et al., 2006) that confirmed the requirement of both glycoproteins for inducing
membrane fusion at pH 5.5, but also allowed the discovery of specific determinants in either
glycoprotein that govern fusion (Lavillette et al., 2007). The study of fusion of fully infectious
HCV particles, HCVcc, was developed later and is based on the fusion of viral particles at the
plasma membrane (Tscherne et al., 2006), as previously achieved for other viruses, or with
liposomes. Again, these assays confirmed the dependency of acid pH and for both E1E2
glycoproteins in cell entry. These three fusion assays were also used to find inhibitors of
membrane fusion that block cell entry and infection.

According to findings obtained with these assays, membrane fusion of HCV particles might
occur in the endosome compartment and requires its acidic environment. Interestingly, the
optimal pH values required for membrane fusion is dependent of the assay used, indicating
that this crucial step for HCV entry is complex and may require additional factors. As the
study of membrane fusion in cellulo is technically difficult to achieve and there is still no
assay for studying fusion of HCV particles in endosomes of hepatoma cells, it is clear that the
assays described below, individually, are not perfect. However, their combined study could
allow better understanding of this critical step and the discovery of new HCV drugs. Here we
describe these three assays as well as previously described fusion inhibitors.

2 Materials
2.1 Cell-cell fusion assay

2.1.1 Cells lines
1. Donor cells: HEK-293T cells.
2. Indicator cells: typically cells that are permissive to HCV replication such as Huh-7,
Huh7.5 cells transiently or stably expressing HIV-1 transactivator Tat protein. Huh7-
Lunet cells expressing high levels of human CD81 can also be used.
2.1.2 Cell culture
1. Common cell culture solutions and equipment.
2. Additional solutions: Non-enzymatic cell dissociation reagent Versene 1:5000 (1X)
solution.
3. Recommended cell culture media: Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and 1% Pen-Strep antibiotics solution.
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2.1.3 Transfection reagents

1.
2.

JetPEI (Polyplus-transfection Inc.) for transfection of donor HEK-293T cells.
GeneJammer (Agilent) for transitory transfection of indicator cells.

2.1.4 Plasmid DNA for transfection

1.

Luciferase reporter system, which consists in a pLTR-luc plasmid containing a
fragment of HIV-1 long terminal repeat (LTR) driving luciferase expression in donor
cells upon transactivation by HIV-1 Tat (Lavillette et al., 2007), as provided in
acceptor cells by plasmid LXSN-Tat (Lavillette et al., 2007), upon cell-cell fusion.
Constructs expressing HCV glycoproteins consists of e.g., plasmid phCMV-H77-wt
expressing wild type E1E2 from genotype la strain H77, or alternative/mutated HCV
glycoproteins, under control of the CMV promoter (Bartosch et al., 2003). Optionally,
plasmid pGFP encoding green fluorescent protein (GFP) can be used to access
transfection efficiency.

Controls plasmids such as plasmid phCMV, also called “empty vector” that does not
contain any DNA sequences encoding for viral glycoproteins and is used as negative
control to establish the background levels of cell-cell fusion assay.

Constructs such as plasmids phCMV-HA and phCMV-NA encoding the fowl plaque
virus hemagglutinin and neuraminidase, respectively, or phCMV-VSVg expressing
the vesicular stomatitis virus glycoprotein, which are used as positive controls of the
cell-cell fusion assay. Both HA/NA and VSVg glycoproteins display maximum
activity at pHS.

2.1.5 Buffers

1.
2.

1X DPBS.

1X Fusion Buffer (135 mM NacCl, 15 mM sodium citrate, 10 mM MES and 5 mM
HEPES). First prepare a 10X concentrated Fusion Buffer by weighting 15.8 g of NaCl
(M.W. 58.44 g/mol), 8.8 g of sodium citrate (M.W. 294.1 g/mol), 3.9 g of
morpholineethanesulfonic acid (MES; M.W. 195.2 g/mol) and 2.3 g of HEPES (M.W.
238.1 g/mol) and dissolving all components in 200 ml of molecular biology grade
water. To prepare 1X Fusion Buffer simply dilute Sml of the 10X concentrated Fusion
Buffer in 40 ml of water. Measure the pH using a calibrated pH meter and adjust the
pH to the desired value. Use a 1N NaOH solution to adjust pH values above 5 and
37% HCI solution for fusion buffer pH 5 or below. After obtaining the desired pH add
water to a final volume of 50 ml and sterilize the solution by filtration using 0,20 pm
filter units.

5X Passive Lysis buffer (Promega): Prepare a 1X working solution by diluting the 5X
concentrated stock in molecular biology grade water and pre-chill the 1X lysis buffer
at 4°C.

Firefly Luciferase reagent: First prepare 1L of Firefly Buffer (25mM Tricine buffer,
pH 7.8, 5SmM MgSO,, 0.5mM EDTA, pH 8.0, 5mM DTT and 0.5mM ATP). Make
100ml aliquots, keep one vial to reconstitute firefly luciferase substrate mix and freeze
the remaining tubes. In order to prepare Firefly Luciferase substrate mix, resuspend
50mg of D-Luciferin sodium salt (Synchem OHG) and 25mg of Coenzyme A sodium
salt hydrate (Sigma) in 100 ml of Firefly Buffer. After reconstitution, this solution
should be protected from light but can undergo several freeze/ thaw cycles.
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2.1.6 Special equipment
1. Multimode plate reader like Mithras LB 940 or equivalent.

2.2 Virus-liposome fusion assay

2.2.1 HCV particles
1. HCVpp, B-lactamase HIV based HCV pseudoparticles or HCVcc particles (for a
detailed protocol of HCVpp and HCVcc production see Chapter...). A protocol for
production of B-lactamase HIV based HCV pseudoparticles can be found in (Lavillette
et al., 2006).
2. Control particles devoid of envelope (negative control).
3. Pseudoparticles harboring alternative envelope virus glycoproteins used as positive or
negative controls for acid pH sensitivity, such as HApp or ML Vpp, respectively.
2.2.2 Reagents and materials
1. Phosphatidylcholine from egg yolk (PC, 99% pure; Sigma).
2. Cholesterol (chol, 99% pure; Sigma).
3. Sphingomyelin (SM, 99% pure; Sigma).
4. Triton X-100.
5. Octadecyl rhodamine B chloride (R;g; Molecular Probes).
6. Beta-Lactamase Substrate CCF2-FA; free acid (Invitrogen).
7. Polycarbonate filters.
.3 Equipment
1. SLM Aminco 8000 spectrofluorimeter or equivalent.

2.2

2.3 Virus-plasma membrane fusion assay

2.3.1 Cell lines
1. Target cells: Huh7.5 or derivatives (Huh7-Lunet/hCD81).
2.3.2 Cell culture
1. Classical medium for target cell culture: for example, DMEM supplemented with
100U/ml of penicillin, 100pg/ml of streptomycin, and 10% fetal bovine serum.
2. Incubator for cell culture at 37°C, 5% CO..
3. Six-well plates.
2.3.3 HCYV particles
1. HCVcc particles containing a luciferase reporter genome (see Chapter... for
production).
2.3.4 Reagents
1. Inhibitor of endosomal acidification: Bafilomycin Al (Sigma-Aldrich, CAS 88899-
55-2) or Concanamycin A (Sigma-Aldrich 80890-47-7). Dissolve the powder in
DMSO and stored the solutions at -20°C. A stock solution could be made at 25uM and
5uM for bafilomycin Al and concanamycin A, respectively.
2. Ice cold DPBS.
3. Pre-warmed citric buffer (pH7 or pHS5): 15mM citric acid, 150 mM NaCl. For 100mL,
weight 288.2mg of citric acid and 876.6mg of NaCl and dissolve all components in

300



100mL of molecular biology grade water. Measure pH using a calibrated pH meter
and adjust pH to the desired value (either 7 or 5). Use 1N of NaOH or HCI to adjust
pH (see Note 1). Just before the assay, pre-warm buffer at 37°C.

4. Passive lysis buffer: see section 2.1.5 for the recipe.

5. Luciferase reagent: see section 2.1.5 for the recipe.

6. Multimode plate reader like Mithras LB 940 or equivalent.

2.4 Fusion inhibitors

A list of HCV fusion inhibitors described in previous studies is provided in Table 1. They can
be used as controls in fusion experiments.

3 Methods
3.1 Cell-cell fusion assay

Cell-cell fusion assays typically consist in transient overexpression of viral glycoproteins in
one cell type (donor cells) and co-culture (co-cultivation) with a second cell type that
expresses viral receptors (indicator cells). Viral glycoproteins mediated cell-cell fusion is
quantified by measuring the transcriptional activation of a reporter gene such as luciferase
under the control of the HIV-1 3’ long terminal repeat (LTR) in donor cells by the HIV-1
transactivator Tat produced in indicator cells. Fusion of the two cell types results in
cytoplasmic content mixing between donor cells and indicator cells, allowing the expression
of luciferase, which is measured upon cell lysis (see Fig. 1). This method allows investigating
the direct role of the viral envelope proteins in membrane fusion independently of virus RNA
replication and virion production. This is particularly advantageous when identifying fusion
determinants and/or characterizing E1E2 point mutations that may significantly affect other
steps of HCV life cycle and/or impair viral particle production. Nevertheless, this assay relies
on efficient viral glycoproteins expression and transport to the cell surface, which should be
properly monitored for cell-cell fusion normalization. Importantly, this assay can be easily
employed to screen for anti-HCV compounds that specifically inhibit HCV entry.

In the following protocol Huh7-Tat indicator cells are generated by transient transfection of
Huh-7 cells with the plasmid LXSN-Tat. Alternatively, stably transfected Huh-7 cell lines
expressing Tat can also be used.

1. Day 1- Cells seeding for transient transfection. Approximately 24 hours before
transfection seed 3x10° HEK-293 T cells and 5x10° Huh7 cells per well in a six-well
plate (see Notes 2 and 3).

2. Day 2- Transient transfection of donor and indicator cells. 24 hours after cell seeding
replace the culture media by adding 1 ml of fresh pre-warmed media and return cells
to CO2 incubator while preparing transfection mixes. Co-transfect HEK-293T donor
cells using JetPEI transfection reagent following the manufacturer’s instructions with
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3 png of phCMV-H77-wt, empty vector or positive control plasmids and 50 ng of LTR-
luc per well. Routinely, a JetPEI to DNA ratio of 2:1 is used but further optimization
of transfection conditions is advisable to obtain maximum transfection efficiencies
(see Note 4). 6 to 8 hours after transfection replace the culture media by adding 1 to 2
ml of fresh pre-warmed media and incubate cells for 24 hours.

In parallel, transfect Huh7 cells using GeneJammer transfection reagent following the
manufacturer’s instructions with 2 pg of LXSN-Tat per well and incubate cells for 24
hours without replacing the culture media (see Notes 5 and 6).

. Day 3- Co-cultures of donor and indicator cells. Following a 24-hour incubation
dissociate transfected HEK-293 T cells from the wells using Versene dissociation
reagent and suspend them in DMEM medium. Count cells and seed them in a 12-well
plate at a density of 1x10° cells/well. Swirl the plates to spread the cells evenly and
return them to the incubator. Let them attach, and repeat cell dissociation with the
indicator cells (Huh7-Tat). Cell attachment takes usually less than 2 hours but should
be checked by microscopy. Count Huh7-Tat cells and adjust cell density to 2x10°
cells/ml. Aspirate culture media from HEK-293 T cells and seed 2x10° Huh7-Tat
cells/well (1 ml) on the top of the donor cells. HEK-293 T cells detach very easily;
therefore, extra care should be taken during media replacement. Return the co-cultures
to the incubator for a period of 24 hours (see Note 7).

. Day 4- pH shock. To initiate fusion, remove the media from the co-cultures and rinse
the wells carefully once with 1X Fusion Buffer adjusted to the desired pH, at room
temperature. Replace the 1X Fusion Buffer by fresh 1X Fusion Buffer and incubate
for 3 to 5 min. After pH shock, remove 1X Fusion buffer and replace it by 1 ml of pre-
warmed media. Repeat media exchange one more time and return the co-cultures to
the incubator. Incubate the co-cultures for a period of 24 hours.

. Day 5- Luciferase quantification. 24 hours after pH shock remove the media from the
co-cultures and wash once with 1X DPBS. Add 175 pl of 1X Passive Lysis buffer pre-
chilled at 4°C per well and incubate for 30 min with agitation at 4°C. Transfer the cell
lysates to 1.5 ml eppendorf tubes and centrifuge the samples at maximum speed for 5
min at 4°C to remove cell debris. Transfer the supernatants to new tubes and freeze
the cell lysates at -80°C or proceed with Luciferase quantification assay.

. For Luciferase quantification assay aliquot 30 ul of each supernatant into a 96-well
black plate.

. Detect Luciferase luminescence using Mithras LB940 luminescence reader with
integrated injectors (Bertold Technologies, Germany) after automatic addition of
firefly luciferase reagent (substrate).

3.2 Virus-liposome fusion assay

Hemifusion/fusion lipid mixing assays have been invaluable tools in characterizing the

biochemical properties of viral fusion steps, including the pH and the lipid species

dependences. Sphingomyelin, together with cholesterol was shown to enhance HCVcc fusion

using a liposome fusion assay (Haid et al., 2009). Lipid mixing kinetics between the virus and
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the liposomes is monitored by measuring changes in fluorescence upon dilution of fluorescent
lipid dyes such as R, incorporated into either the liposomes or the viral particles (see Fig. 2).
Discrimination between hemifusion and complete lipid fusion with internal content mixing
between viral particles and liposomes can be achieved by labeling the liposomes with CCF2
and incorporating PB-lactamase (BlaM) into the core of HIV-1-based HCVpp. CCF2 is a
fluorogenic substrate of BlaM composed of two moieties, a coumarin derivative and
fluorescein, that upon contents mixing between pseudoparticles and liposomes is cleaved by
BlaM resulting in a shift of the fluorescence spectrum of CCF2. BlaM is expressed as a
chimeric protein encoding BlaM fused to the N-terminus of the HIV-1 viral protein R (Vpr).
HCVpp with incorporated BlaM-Vpr may also be used in entry/fusion assays in cellulo.
However, this method have not been yet tested or published for HCV despite having been
well described for HIV (Cavrois et al., 2002) and Ebola virus (Yonezawa et al., 2005) (see
Note 8 ).

3.2.1 PC, PC:chol, PC:chol:SM liposomes preparation and R;s labeling

1. Dissolve the different components of liposomes (different lipids) individually in
chloroform. To prepare PC, PC:chol (70:30 molar ratio) and PC:chol:SM (65:30:5
molar ratio) containing liposomes mix the dissolved lipids in chloroform in the
required molar proportion.

2. Add Rys in ethanol at self-quenching concentrations, equivalent to approximately
5mol% relative to the phospholipid content of the liposome. Incubate the mixture for 1
hour in the dark at room temperature and allow the lipids to dry by vacuum
evaporation for 30 min. Alternatively to liposome labeling; R;s can be incorporated
into HCVpp.

3. Hydrate the lipid film in PBS 1X pH 7.4.

4. Conduct 5 freeze/thaw cycles (liquid nitrogen and 37°C, respectively). The vesicle
suspension is then sized to 100 nm diameter vesicles by extrusion through
polycarbonate filters.

3.2.2 HCVpp/liposome lipid mixing

1. Pipette different volumes (5 to 40 pl) of HCVpp or HCVcc in PBS (pH 7.4) to a 37°C
—thermostable cuvette.

2. Add Rjs-labeled liposomes (final lipid concentration of 15 pM) and incubate the
mixtures at 37°C for 10 min to allow temperature equilibration.

3. Decrease the pH to 5 by adding an appropriate volume of diluted HCI to the cuvette
and record the fusion kinetics on an SLM Aminco 8000 spectrofluorimeter over a 30-
min period, with and excitation wavelength at 560 nm and an emission wavelength at
590 nm.

4. Add 0.1% Triton X-100 (final concentration, vol/vol) and measure the maximal R;g
quenching.

3.2.3 CCF2-FA liposome preparation

1. Resuspend the lipid film into 100 uM CCF2-FA solution in 25 mM HEPES, 150 mM
NaCl pH 7.5.

2. Remove unincorporated CCF2 by gel filtration using PD-10 columns.
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3. Mix CCF2 loaded liposomes (150 uM phospholipid and 25 pM CCF2 final) with
BlaM HIV core-based HCVpp.

4. After temperature equilibration at 37°C, decrease the pH to 5 by adding an appropriate
volume of diluted HCI to the cuvette and record the fusion kinetics on an SLM
Aminco 8000 spectrofluorimeter over a 30-min time period, with and excitation
wavelength at 409 nm and an emission wavelength between 420 and 560 nm.

3.3 Virus-plasma membrane fusion assay

This assay allows the study of fusion of viral particles in cellulo has two main advantages: the
use of HCVcce particles and the use of cells as target, rather than liposomes. The use of
inhibitors of acidification of endosomes prevents viral entry and membrane fusion by the
normal route through acidified endosomes, which is technically difficult to investigate. It was
previously demonstrated that viral particles have to be primed by receptor interactions and
that fusion can only occur after 1h incubation of viral particles with cells (see Fig. 3) as
compared to other viruses that can directly fuse after binding to the cells. In contrast to the
other above-described assays, this assay requires the uncoating of the viral genome and
subsequent viral genome translation and replication, meaning that this assay is not directly
related to fusion; thus, results obtained with this assay should be confirmed with other assays
to ensure that fusion is the step that is really involved.

1. Day 1. Seed target cells in a six-well plate at 7-8x10° cells/well (see Note 9).

2. Day 2. Treat target cells with bafilomcyin Al (25 nM) or concanamycin A (5 nM) for
1h at 37°C (see Note 10). For that add 1.5 mL of cell culture medium + 1.5 pL of
stock solution of inhibitor per well.

3. Infect target cells in presence of bafilomcyin A1l or concanamycin A for 2h at 4°C (see
Note 11). For that remove medium and replace it with ice-cold medium containing
viral particles + inhibitors at the final concentration of 25 nM for bafilomycin Al and
5 nM for concanamycin Al.

4. Wash cells with cold DPBS twice (see Note 12).

5. Incubate cells with medium containing bafilomcyin Al or concanamycin A for lh at
37°C (see Note 13). For that add 1.5mL of cell culture medium + 1.5 pL of stock
solution of inhibitor per well.

6. Incubate cells for Sminutes at 37°C with warm citric acid buffer (see Note 14). For that
remove medium, wash with cold DPBS, add 1.5 mL/well of warm citric acid buffer
and incubate cells Smin at 37°C. After that remove buffer and wash with medium.

7. Add fresh medium in presence of bafilomcyin Al or concanamycin A for 3h at 37°C
(see Note 15). For that add 1.5 mL of cell culture medium + 1.5 pL of stock solution
of inhibitor per well.

8. Change medium and add 1.5mL cell culture medium per well.

9. Incubate cells at 37°C for 24h (see Note 16).

10. Day 3. Harvest cells and measure luciferase at 24h (see Note 16). Remove media
from the cells and wash once with DPBS. Add 350 puL of 1X passive lysis buffer at
4°C per well and incubate for 30min with agitation at 4°C. Transfer the cell lysates to
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a tube and centrifuge the samples at maximum speed for Smin at 4°C. Transfer the
supernatant to a new tube and aliquot 30 puL of each supernatant into a 96-well black
pate. Freeze the cell lysates at -80°C or proceed with luciferase quantification assay.

11. Detect luciferase luminescence using a luminescence reader with integrated injectors
after automatic addition of firefly luciferase reagent.

3.4 Fusion inhibitors

Several drugs/compounds have been shown to modulate HCV infection by affecting viral
membrane fusion. These molecules can be applied in combination with the different fusion
assays described above to further characterize viral membrane fusion. Furthermore, fusion
assays are powerful tools that can be used for screening and characterizing new antivirals that
target virus entry. Fusion inhibitors are a diverse group of molecules that display different
mechanisms of action but ultimately interfere with the required conformational changes of
fusion peptides during virus fusion (Table 1). In this section, we provide examples of fusion
inhibitors previously used in combination with the three fusion methods described.

3.4.1 Arbidol
The broad-spectrum antiviral arbidol has been shown to inhibit efficiently HCV membrane
fusion in liposome fusion assays, either using HCVpp or cell-culture HCVce (Haid et al.,
2009, Pecheur et al., 2007). The extent of fusion inhibition was shown to be directly
proportional to arbidol concentration, with some variations among genotypes. Fusion of
HCVpp coated with EIE2 of genotype la was totally abolished at 1 pg/ml, while 6 pg/ml
were required to block fusion of genotype 1b. For genotype 2a, HCVpp fusion was still
observed using 6 pg/ml of arbidol, which is equivalent to 11.3 uM (Pecheur et al., 2007). The
concentration of arbidol able to inhibit fusion of genotype 2a HCVce by 50% (IC50) was
determined to be 2 pg/ml (Haid et al., 2009).
1. Dissolve ARB first in 100% ethanol and then dilute ARB to a final concentration of
100 mM in water.
2. Pre-incubate ARB in the desired concentration for 2 min with either HCVpp or 15uM
of Rig-labeled liposomes at 37°C in buffer at neutral pH.
3. Then, add the Rjs-labeled liposomes or HCVpp to the mixture and start fusion by
decreasing the pH to 5.0.
4. Monitor lipid mixing as described before.
3.4.2 Human monoclonal antibody CBH-5
CBH-5 against an epitope within E2, with neutralizing activity against HCVpp harboring
diverse HCV genotypes (Owsianka et al., 2008), was shown to exert a dose-dependent
inhibition of HCVcc fusion using liposome fusion assays (Perin et al., 2016). It was
determined that 25 pg/ml of CBH-5 completely abrogates E1E2 mediated fusion and 5 pg/ml
was estimated to inhibit 50% of the fusion activity.
1. Incubate HCVcc with increasing concentrations of CBH-5 in cell suspension buffer
(0.85% (w/v) NaCl, 10 mM Tricine-NaOH, pH 7.4) for 15 min at pH 7.4.
2. Then, add the liposomes, induce fusion and monitor lipid mixing.
3.4.3 Amphipathic DNA polymers (APs)
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Phosphorothioate oligonucleotides (PS-ONs) inhibit HCV infection of different genotypes
without affecting replication or attachment. HCVpp fusion with liposomes was significantly
inhibited when 10 nM of PS-ONs was incubated with HCVpp before the addition of R;s-
labeled liposomes (Chi et al., 2016).
3.4.4 Fusion peptide inhibitors
Recently, a peptide library screening that covered the entire E1E2 amino acid sequence led to
the identification of a peptide-based fusion inhibitor derived from the E2 stem domain, amino
acids 671 to 705, with an anti-E1E2 fusion ECsy value of 734,249,3 nM in cell-cell fusion
assays (Chi et al., 2016).

1. Add the peptide fusion inhibitor at a final concentration of 5 uM to the co-cultures,

after pH shock.

3.4.5 Flunarizine
In the plasma membrane assay HCV can only access cells by exogenous acidification since
endosomal acidification is prevented by continuous presence of bafilomycin A or
concanamycin A as described. Alternatively, chloroquine or ammonium chloride can be used
instead of bafilomycin A or concanamycin A.
Using this setting, it was observed that flunarizine reduces HCV infection when added after
HCVcc inoculation and before the pH shock (Perin et al., 2016).

4 Notes

1. Buffer at pH 7 is used as a negative control (to set the background level) since no
fusion occurs at this pH.

2. Prior to transfection cells can be detached with 0,05% Trypsin-EDTA (1X) solution,
although after transfection it is highly recommended to detach cells using a non-
enzymatic cell dissociation reagent such as Versene 1:5000 (1X) solution.

3. Calculate the number of wells and plates required taken into account that each pH
condition should be tested at least in duplicate and extra cells might be required to
seed co-cultures at different ratios.

4. When performing multiple transfections with the same plasmids combinations it is
recommended to prepare a master mix of transfection complexes.

5. GFP reporter vector can be added to the transfection mixes, 5% of the total amount in
ug of plasmid DNA used for transfection, for determination of transfection efficiency.

6. The described Luciferase reporter system works well in HEK-293 T and Huh7 cells.
However, if using different cell lines, it is recommended to check the activity of the
HIV-1 3 LTR promoter/Tat inducible system before performing cell-cell fusion
assays. This can be achieved by simply co-transfecting both donor and indicator cells
with 50 ng of LTR-luc and 2 pg of LXSN-Tat and measure luciferase activity after
cell lysis.

7. Different ratios donor to indicator cells should be tested in order to maximize contacts
between adjacent donor and indicator cells. For cell-cell fusion optimization we
recommend to compare luciferase activity between ratios donor to indicator cells of
1:2, 1:5 and 5:1.
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8. After infection with HCVpp containing BlaM-Vpr at 37°C for 1h-3h, cells are washed
in CO,-indpendent medium and loaded with CCF2-AM dye at room temperature for
lh. After two additional washes, the BlaM reaction is allowed to develop for 7h at
room temperature in CO,-independent medium supplemented with 10% FBS and 2.5
mM probenecid, a nonspecific inhibitor of anion transport, without antibiotics. Finally,
cells are washed twice with PBS and fixed in a 1.2% paraformaldehyde solution prior
to analysis. The change in emission fluorescence of CCF2 after cleavage by BlaM-Vpr
is monitored by flow cytometer (520 nm before cleavage and 447 nm after upon
excitation at 409 nm).

9. Density of cells should be adjusted depending of cell types and time of measurement
of luciferase.

10. This pre-treatment allows inhibition of acidification of endosomes.

11. This step allows binding of particles. Concentrations of particles should be high and
could be adjusted depending on the strain used. It is essential to put the same amounts
of particles for all the conditions tested, especially when mutants are compared.

12. Temperature of DPBS is important to prevent internalization of particles. This step is
used to remove unbound particles.

13. This step allows the priming of glycoproteins. Indeed, unlike other viruses like VSV
or Semliki Forest virus, HCV requires additional step(s) to activate the pH-dependent
fusion of glycoproteins (Tscherne et al., 2006). This step could be skipped to have an
additional negative control.

14. This step triggers fusion. Incubation with citric acid buffer at pH7 is used as a negative
control. Temperature of buffer is important for the quality of the assay and buffer at
37°C should be used to allow fusion of cells.

15. The analysis was made at 24 h post infection in (Tscherne et al., 2006) or 48 h post
infection in (Perin et al., 2016). Since luciferase is a very sensitive way to detect
infection, the result of this assay should be detected as soon as possible after infection
to prevent the possibility of replication, assembly, secretion or second round of
infection. High amounts of particles could help to reduce the time of analysis.
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Figure 1: Schematic representation of cell-cell fusion assay. See Methods for further
details.

Figure 2: Schematic representation of virus-liposome fusion assay. See Methods for
further details.

Figure 3: Schematic representation of virus-plasma membrane fusion assay. See
Methods for further details.
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Table 1. HCV fusion inhibitors.

Drug/Compound Application Results Concentration Mode of action References
range
Arbidol (ARB) HCVpp- Dose-dependent | 0.1-6 pg/ml | Membrane (Pecheur et
HCVecc/Liposome inhibition of | (11.3 uM) association al., 2007)
fusion HCVpp- and (Haid et al,
HCVecc- 2009)
mediated  lipid
fusion
Monoclonal antibody | HCVcc/Liposome Dose-dependent | 1-25 pg/ml Blocks E2 binding | (Haid et al.,
CBH-5 directed to an | fusion inhibition of to CDS81 2009)
epitope in E2 HCVcc- (Owsianka et al.,
mediated  lipid 2008)
fusion
Amphipathic  DNA | HCVcc/Liposome Inhibition of the | 1-10 nM Target HCV | (Matsumura
polymers fusion rate and postbinding  step | et al., 2009)
maximum extent by an unknown
of lipid fusion mechanism
Peptide fusion | Cell-cell fusion Dose- dependent | ECsg of | Interfere with | (Chi et al.,
inhibitor from E2 inhibition of | 734.249,3 nM E1E2 2016)
stem domain (E27) E1E2 mediated heterodimerization
membrane
fusion
Flunarizine Plasma membrane | Reduction of | 10 uM Targets the | (Perin et al,
fusion HCYV infection potential  fusion | 2016)
peptide within E1
Concanamycin A | Plasma membrane | Block HCVpp | 25-50 nM | Inhibitors of | (Perin et al.,
(ConA), bafilomycin | fusion assay and HCVcc | BafAl vacuolar ATPases | 2016)
A (BafAl) fusion at the | 5nM ConA that that disturb
endosomes endosome
acidification

Chloroquine,
ammonium chloride

Plasma membrane

fusion assay

Block HCVpp
fusion at the
endosomes

(Ashfaq et al.,

2011)

EC50 of 50 ]JM
Chloroquine and
10 mM NH,Cl

Weak bases that
neutralize the pH
of endosomes

(Perin et al.,
2016)
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