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

Bertrand Boson,1 Solène Denolly,1 Fanny Turlure,1 Christophe Chamot,2

Marlène Dreux,1 and François-Loïc Cosset1
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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[þ])

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.1 The primary targets

of direct-acting antiviral2 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.3 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.4–6 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,3,7 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).3

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.
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Importantly, DCV inhibits formation of double-membrane

vesicles (DMVs) that contain the HCV RNA replication com-

plex (RC)6,9 and are induced by non-structural proteins,

particularly NS4B and NS5A.10,11 In addition, other studies

reported that DCV or DCV-related compounds decrease

mobility,12 intracellular redistribution,13,14 and/or clus-

tering5,12,15 ofNS5A. Despite these remarkablefindings, 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 protein16,17 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(þ) 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 mg/mL streptomycin,

and 10% fetal bovine serum.

Expression Constructs
pFK-JFH1wt_dg, pFK-JFH1/J6/C-846_dg and pFK-Jc1-

Y93H_dg plasmids6,19 were kind gifts from R. Bartenschlager.

Cell-Culture Derived Hepatitis C Virus

Production and Titration
Cell-culture derived HCV production procedures were

described previously.20 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

NH4Cl, and permeabilized with 0.1% Triton X-100 for 7

minutes. Fixed cells were then incubated for 1 hour with

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 mg/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(þ), 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(þ) or RNA( ) foci (data not

shown). Nuclei staining, slide mounting, and acquisition were

performed as described.

Structured Illumination Microscopy
Huh7.5 cells were grown on high precision cover glasses

and infected (MOI ¼ 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 ImageJ 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 ImageJ. Only

structures with size >0.02 mm2, 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 ImageJ 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 studies4,5

indicating that, unlike the DCV-resistant NS5A-mutant Jc1-

Y93H virus,6 a 6-hour-long treatment with 1 nM DCV had

no effect on intracellular HCV RNA (Supplementary

Figure 1A, left panels) and core protein (Supplementary

Figure 1A, 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,4,5 inhibition of

infectivity was detectable from 2 hours after the initiation of

DCV treatment (Supplementary Figure 2A and B). Upon a

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 2A 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 distribution5,12–15

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 particles20—core and E2 or RCs10,21—that is,

NS5A (Figure 1) and NS4B (Figure 2). Importantly, punctate

Figure 1. DCV induces the clustering of E2/core/NS5A structures. Huh7.5 cells infected with Jc1 or Jc1-Y93H viruses
(MOI¼ 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 mm and 2 mm,
respectively. Colocalized pixels (white channel) between red, green, and blue channels were extracted with the ColocalizeRGB
plugin of ImageJ. The surface (B) and number (C) of E2/core/NS5A and core/NS5A structures 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.
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structures colocalizing E2, core, and NS5A proteins were

readily detected in Jc1-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, NS5A, and

NS4B upon short-time DCV treatments (Supplementary

Figure 4). Importantly, the Y93H 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,22,23 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,6,22 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,8 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,

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.
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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 6A). 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 3A). 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 Jc1 virus comparatively to the JFH1 virus that

produces 50 100-fold less infectious viral particles20

despite identical replication rates.19 At early time points

post-infection (before 24 hours), core and NS4B appeared as

punctate structures, whereas E2 was spread throughout the

ER (Figure 4A, Supplementary Figure 7). Few dots of

colocalization between core, E2, 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 Jc1-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

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 ¼ 0.2), treated for 24 hours with 20 mg/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
mm and 1 mm, respectively.
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virus-infected cells from 24 hours post-infection and were

approximately 10-fold less frequent at 72 hours post-

infection as compared to Jc1 (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 Jc1- vs

JFH1-infected cells, that is, at the ER vs LDs,20,24 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 8A). 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 Jc1-infected cells vs surrounding LDs in

JFH1-infected cells (Supplementary Figure 8A).

Figure 4. Structural proteins and NS4B colocalize within discrete structures. Cells infected with Jc1 or JFH1 viruses
(MOI ¼ 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
mm and 2 mm, respectively. Colocalized pixels (white channel) between red, green, and blue channels were extracted with the
ColocalizeRGB plugin of ImageJ (second row). The number (B) and size (C) of E2/core/NS4B structures were quantified with
ImageJ. 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 naïve Huh7.5 cells to determine virus infectivity (D). ****P $ .0001; ***P $ .001; **P $ .01;
ns (not significant) P > .05.
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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 8A). 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 Jc1-infected cells and

enlarged by approximately 50% from 48 hours to 72 hours

post-infection (Supplementary Figure 8A and B).

When we determined the localization of these core

punctae in Jc1-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 5A and B), which represent specific sites

where LDs are juxtaposed to the ER membrane and may

gain their proteins.25 As about 10% of LDs in Jc1-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

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 8A). 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 Jc1-

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 mm 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

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 ImageJ (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 ImageJ. 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.26,27 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,8,18 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(þ) 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(þ) and RNA( ) strands, which appeared as

dots that could represent sites of translation, replication,

viral assembly, or intracellular particles.28 Importantly, both

HCV RNA(þ) 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 6A C, panels i and ii). However, when we

quantified the number of RNA dots colocalizing with HCV

protein dots in Jc1-infected cells, we found that such DCV

treatment specifically decreased by up to 3-fold the pro-

portion of HCV RNA(þ) dots colocalizing with either core or

NS4B punctae, whereas no changes were observed in Jc1-

Y93H infected cells (Figure 6A and B, panels iii and iv). In

contrast, the proportion of HCV RNA(þ) dots colocalizing

with NS5A structures remained unchanged (Figure 6A

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.14,29 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 6A and C). Together these observations suggest that

DCV inhibited assembly by blocking the formation of active,

that is, RNA(þ) 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.5,12,15 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

others21 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 Jc1 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(þ) to assembly sites. Cells infected with Jc1 or Jc1-Y93H viruses (MOI ¼ 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(þ) 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(þ) 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 mm and 2 mm, respectively. The proportion of core/NS4B and core/NS5A colocalizing with
HCV RNA(þ) (B) or RNA( ) (C), as well as the proportion of HCV RNA(þ) (B) or RNA( ) (C) dots colocalizing with core, NS4B, or
NS5A structures 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.
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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(þ), core,

and E2 structural components (ie, representing, at least in

part, assembly sites28) with RCs and LDs,21 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%,10 and that HCV

RNA triggers viral particle envelopment.18 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 Jc1-

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,26,27 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

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,30

might be pivotal for DMV turnover.

Importantly, because the Y93H mutation in NS5A ren-

ders both assembly and DMV biogenesis events resistant to

DCV,6,9 it implies that DCV targets a mutual, specific NS5A

function that inhibits both processes. Indeed, NS5A, in

concert with CypA9,31 and NS4B,10,11,32,33 has the capacity to

induce DMV biogenesis through binding of its AH N-terminal

amphipathic helix on the ER membrane and, as proposed

previously,1,6,34–36 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,1,6,7,35 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

DMVs6,9 and subsequent RNA synthesis and/or trafficking,5

but also its lack of effect on replication within pre-existing

DMVs.9 Owing to the fast turnover of DMVs,6 this inhibi-

tion would progressively lead to decay of HCV RNAs5 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

NS5A5,12,15 and NS5B,12 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
It is unlikely that inhibition of DMV biogenesis explains

the nearly immediate effect of DCV on assembly of infec-

tious particles.4–6 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(þ) 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,18 this could be due to a lack of transfer of viral

genomic RNA to assembling virions. Indeed, DCV-mediated

inhibition of DMV formation6,9 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.5 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,37 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-

tion21,38,39 and is critical for mediating RNA transfer to the

core protein.18 Second, as NS5A is also distributed on LDs

and ER membranes,10,21,27 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.1,6,34–36 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,14,29 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,40,41 may preclude

NS4B packaging functions42 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(þ) strand (Figure 6). This likely reflects the role of

NS4B in post-replication steps,32,43 particularly the pack-

aging function of its C-terminal domain,42 which relies on

both weak RNA binding capacity44 and interaction with the

DIII domain of NS5A that is involved in HCV

assembly.18,38,39,45

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(þ) 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.8 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.

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),

rat anti-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 BV),

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 previously1 via a small interfering RNA

(50-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 mM

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.2,3 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 Xef1a (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 (50-CTGCGGAACCGGTGAGTA and 50-TCAGGCAG-

TACCACAAGGC), glyceraldehyde-3-phosphate dehydrogen-

ase specific primers (50-AGGTGAAGGTCGGAGTCAACG

and 50-TGGAAGATGGTGATGGGATTTC), and Xef1a-specific

primers (50-GACGTTGTCAC CGGGCACG and 50-ACCAGG-

CATGGTGGTTACCTT TGC). Extracellular and intracellular

HCV RNA levels were normalized for Xef1a and glyceralde-

hyde-3-phosphate dehydrogenase RNA levels, respectively.

Analysis of Intracellular and Extracellular Core

Protein Levels
Infected cells were washed with PBS, trypsinized, and

centrifuged for 5 minutes at 400&g. Cell pellets were

resuspended in PBS and subjected to 4 cycles of freeze and

thaw using liquid nitrogen. Samples were then centrifuged

at 10,000&g 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.4 Huh7.5 cells were elec-

troporated with in vitro transcribed Jc1 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 800&g 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 13,000&g 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, 5& Na deoxycholate) supplemented with

protease/phosphatase inhibitor cocktail (Cell Signaling

Technology) and clarified from the nuclei by centrifugation

at 13,000&g 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,5 we developed an ImageJ 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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Supplementary Figure 1. DCV prevents HCV assembly. Huh7.5 cells infected with Jc1 or Jc1-Y93H viruses (MOI ¼ 0.2) were
incubated 66 hours post-infection with 1 nM DCV or dimethyl sulfoxide (DMSO) 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-qPCR) 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 ImageJ. 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 mg/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 mm and 2 mm, 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 ImageJ.
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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 ¼ 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 mm and 2 mm, respectively. Colocalized pixels (white channel) between red, green, and blue
channels were extracted with the ColocalizeRGB plugin of ImageJ. (B) The surface and (C) number of core/NS4B/NS5A
and NS4B/NS5A structures 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.
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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 ImageJ. 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 ImageJ. 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 mm and 2 mm, 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 mg/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 mm and 2 mm,
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.
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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 mM of the DGAT1
inhibitor A922500 or dimethyl sulfoxide (DMSO). 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 ImageJ. (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 ImageJ. 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 HCVmutants 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.
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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

HCV E2p7 cleavage determines specific infectivity

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006774 December 18, 2017 2 / 38

to FLC. SD was supported by a fellowship of the

French “Agence Nationale de la Recherche sur le
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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

HCV E2p7 cleavage determines specific infectivity
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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 0h, 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 ( E2p7 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

HCV E2p7 cleavage determines specific infectivity
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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)

HCV E2p7 cleavage determines specific infectivity

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



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 HAHALp7 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 HAHALp7) 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

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 41A1mAb
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 ( E2p7) 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 (0h, 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-Gts relative to time 0h 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 H7N1M2 [97] protein-expressing constructs, as
indicated. The values indicate the mean percentages of endoH-resistant VSV-Gts 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
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Fig 2. HCVccmutants with modified p7 amino-termini prevent infectivity. (A) Schematic representation of JFH1 and Jc1
HCVccmutants 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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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 Jc1 HAHALp7

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

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 cleavagemutants. (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 HAHALp7mutant virus expressed alone or with wild-type p7 or HAHALp7,
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.g002
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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 HAHALp7mutant 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.g003

HCV E2p7 cleavage determines specific infectivity
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Fig 4. p7 ATMImutant viruses display increased E2 secretion and decreased RNA and core secretion.Huh7.5 cells were electroporated with
RNAs from parental or Jc1 HAHALp7mutant HCVcc viruses expressed alone or with wild-type p7 or HAHALp7. Analyses were performed at 72h post-
electroporation. All data are normalized by percentage of HCV-positive virus producer cells obtained as in Fig 3A. Results obtained with other p7 ATMI
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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

HAHALp7 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 Jc1

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 Jc1 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–4I; 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.

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 ImmunoAssay). (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. (I) 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-I). Data represent mean values SEM. The numbers of experiments performed are indicated below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.g004
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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.

Fig 5. p7 ATMImutant virusesmodulate levels of particle-associated viral components.Huh7.5 cells were electroporated with RNAs from parental
vs. Jc1 HAHALp7mutant viruses expressed alone or with wild-type p7 or HAHALp7, as indicated. Analyses were performed at 72h post-electroporation
and normalized by percentage of HCV-positive virus producer cells obtained as in Fig 3A. Results obtained with other p7 ATMI mutant viruses are shown
in S6 Fig. (A) Levels of E2 in pellets from ultracentrifuged cell supernatants. (B) Ratio of E2 in pellets vs. intracellular E2. (C) Levels of core and HCV
RNA present in the pellets of ultracentrifuged cell supernatants as determined by CMIA and RT-qPCR, respectively. (D)Cell supernatants were
incubated with 1% Triton X-100 (TX) or left untreated (-) before ultracentrifugation and analysis of E2 present in the pellets analyzed by quantitative
western blot. All values are displayed relative to E2, core or RNA values determined in the pellet of supernatants from Jc1 virus-electroporated cells
(A-D). Data represent mean values SEM. The numbers of experiments performed are indicated below the graphs.

https://doi.org/10.1371/journal.ppat.1006774.g005
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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 HAHALp7 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

a peak 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 HAHALp7 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-

HCV E2p7 cleavage determines specific infectivity

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006774 December 18, 2017 13 / 38
145



Fig 6. p7 ATMImutant viruses induce secretion of viral particles with impaired envelopment.Huh7.5 cells were electroporated with RNAs from
parental vs. Jc1 HAHALp7 or JFH1 HAHALp7mutant viruses expressed alone or with wild-type p7 or HAHALp7, 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
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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 Jc1 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 HAHALp7 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 5μg/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

HAHALp7 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 Jc1 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.

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
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Fig 7. Co-localization of p7 ATMI mutant and E2 with core protein in HCVcc infected cells.Confocal microscopy analysis of
Huh7.5 cells infected with Jc1 HAHALp7 virus. At 72h post-infection, cells were fixed, permeabilized with either Triton X-100 or
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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 Jc1 (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.

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.g007
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Fig 8. p7 ATMI mutant viruses do not alter E2, core, NS4B, NS5A and HCV RNA(+) clustering. (A)Confocal
microscopy of Huh7.5 cells infected with Jc1 or Jc1 HAHALp7 viruses. At 72h post-infection, cells were fixed and stained for
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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

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 HAHALp7 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 10 m and 2 m, respectively. For each condition, over 20 cells were quantified.

https://doi.org/10.1371/journal.ppat.1006774.g008
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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/SPCS1 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 E1E2/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 E1E2/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

Fig 9. p7 ATMI mutant viruses alter NS2 and E2 association. Huh7.5 cells expressing RNAs from parental vs. Jc1 HAHALp7 or
JFH1 HAHALp7mutant 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
HAHALp7 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 HAHALp7 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 HAHALp7 virus-expressing cells (right). Note that we used the JFH1 E1(A4)
and JFH1 E1(A4) HAHALp7 viruses to detect E1 in these CoIP 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
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Fig 10. HCVccmutants with modified p7 amino-terminus impair NS2 and NS5A association. Huh7.5 cells expressing
RNAs from parental vs. Jc1 HAHALp7mutant viruses expressed alone or with wild-type p7 were analyzed at 72h. (A)
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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–4I; 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], p7 [65] or E1E2 and NS5A- 2328–2435

[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 E1E2/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

Confocal microscopy of Huh7.5 cells expressing Jc1 or Jc1 HAHALp7 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
HAHALp7 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
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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

Fig 11. Model of p7 role in assembly and envelopment of HCV particles. (1) HCV assembly takes place at the ERmembrane close to HCV replication
complexes-containing double membrane vesicles (DMV) and to cytosolic lipid droplets (LD) harboring core and NS5A at their surface. Upon translation of
the HCV genome, E1E2p7NS2 complexes form and accumulate at the ERmembrane. (2) p7, via its N-terminal extremity, regulates (thin grey arrow) the
interaction of NS2 with NS5A. (3) This interaction may allow the release of E1E2 from E1E2p7NS2 complexes at the assembly site of nascent viral
particles on the one hand and co-recruitment of core and RNA to E1E2 on the other hand. Subsequently, the E1E2-free p7NS2NS5A complex leaves
whereas a new E1E2p7NS2 complex reaches the assembly area (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 NS2NS5A complex, regulated by p7, may recruit
ESCRT components to induce scission of the nascent particle until full envelopment and egress.

https://doi.org/10.1371/journal.ppat.1006774.g011
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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 andmethods

Cell culture and reagents

Huh7.5 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, 100μg/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 JFH1 and Jc1 HCV

[94] were kind gifts from R Bartenschlager (Heidelberg University, Germany). pFK-JFH1J6

XbaIC-846HAHA-L-p7_dg encoding a Jc1 virus with the HAHALp7 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), E2p7 (JFH1), Cp7 (JFH1), Cp7 (H77),

E2p7 (J6), E2HAHALp7 (JFH1), and noSPHAHALp7 (JFH1) allow individual expression

of wt, variant or mutant p7 under different signal peptide configurations. The plasmids pTG

13077-HCV- C-E1-E2-J6, pTG 13077-HCV- C-E1-E2-JFH1 and pTG 13077-HCV- C-E1-

E2-p7-JFH1 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 J 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 fromM 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

Huh7.5 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- E1sE2 (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 15μg of popol- E1sE2

(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- C-E1-E2-JFH1, pTG 13077-HCV- C-E1-E2-J6 or

pTG 13077-HCV- C-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 μm 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, 2μg of plasmid DNA

encoding p7 or control DNA were co-electroporated with 10μg 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‰Na deoxycho-

late) supplemented with protease/phosphatase inhibitor cocktail (Roche) and clarified from

the nuclei by centrifugation at 13,000×g 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 byWestern 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 0.45μm 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 μg/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.

Iodixanol density gradient of HCVcc particles

1mL 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 μl 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 μl 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 mMNaCl, 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 1mM

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, 150mMNaCl, 1mM EDTA, 0.5% n-dodecyl- -maltoside) and

treated as for NS2/E2 interaction with incubation with rabbit NS2 antibody.
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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 50mMNH4Cl 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 10μg/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 5μg/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 ImageJ 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

ImageJ 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/MDmodel in POPC [36]

and the NMRmodel 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 E2HAHALp7 (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)

Huh7.5 cells were electroporated with RNAs from parental or Jc1 HAHALp7 mutant virus. At

72h post-electroporation, cells were treated with cycloheximide (100μg/mL) and brefeldin A

(1μg/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 0h 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 JFH1-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

HAHALp7 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 Jc1 or JFH1

HCVcc backbones.Huh7.5 cells were electroporated with RNAs from parental vs. Jc1

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 Jc1 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 HAHALp7 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

HAHALp7. 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 HAHALp7. (B) Confocal microscopy of Huh7.5 infected with Jc1 or Jc1

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 E2HAHALp7 expression constructs. The relative
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fluorescence intensity of each channel was quantified by using ImageJ.

(PDF)

S10 Fig. p7 ATMI mutants impair NS2 association with E2 and NS5A.Huh7.5 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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@D!+!*#%/$!\%W)#'(!X-&)W%!$#^'-)#*!['\'^!-&b/'*')'W(!,`!

E2@!\-%)'&[#*!'(!)Z#!#a)%-&#[[/[-%!$'['#/!!
!

!

A-*b0)&U)0-**L\&F(.+1/)**)&Z.:0+).\&@)**L&^-0/:+0)\&B.20-&P-SS)//-\&

'(-9:1&B-2.*)/\&T:.L1)&Z2`.+0\&^.:0c-+1%8-d3&F-11)/&

&
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!
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!

"!#$%&'!(%)*$+,!-./*)%!'$0+.*$#!1+(+0!./2&+#+*+),!34!567!(.%*+/1$#!+,!*8$!$9*%./$11&1.%!

'+1+$&!

!

:8)%*!*+*1$;!"#$!%&'&()!*&+&,!-./0&1&2&()!(..0'1!+(12314.'42&()!

!

"&*8)%#;! 5(*6)4! 74)(**89:! #;'&124**4! <'-)&4'9:! =4**8! >()2-&)49:! ?'0)(! @(AA422(B:! C;(D-1!

?(0'*42B:!E-'814!<0F'&)G:!-),!>'-)H(&13I(J.!#(11429!

!

9#KLK! M! #4)2'4! K)24')-2&()-*! ,4! L4.;4'.;4! 4)! K)N4.2&(*(O&4:! P)&%! I8():! P)&%4'1&2F! #*-0,4!

?4')-',!I8()!9:!K)14'D:!P9999:!#=L5:!PELQGRS:!T=5!I8():!>3UVRRW:!I8():!>'-).4X!

B<KEY@:!TY!GRUZ:!>-.0*2F!,4!EF,4.&)4:!P)&%4'1&2F!,4!5-&)23T2&4))4:!P)&%!I8():!>3ZBRBG:!

5-&)2!T2&4))4:!>'-).4X!

GK)14'D:! 5('[())43P)&%4'1&2F:! L414-'.;! P)&2! (N! #-',&(%-1.0*-':! E42-[(*&1D! -),! =02'&2&()!

7&14-141!PEL\599UU3K#Y=:!@-'&1:!>3WQR9G:!>'-).4X!

!

<%.,*!#&(()%*;!C;&1!]('^!]-1!10++('24,![8!2;4!>'4).;!_YO4).4!=-2&()-*4!,4!*-!L4.;4'.;4!

10'! *4!5K7Y!42! *41! ;F+-2&241! %&'-*41`! aY=L5b:! 2;4!T0'(+4-)!L414-'.;!#(0).&*! aTL#3BRRS3

Y,<3BGG9GR3"T@#T=Cb!-),!2;4!I-[Tc!T.(N4.2!aY=L3993IY?d3RRZSb!(N!2;4!_P)&%4'1&2F!,4!

I8()`:!]&2;&)! 2;4!+'(O'-D!eK)%412&114D4)21!,fY%4)&'e! aY=L3993K7Td3RRRWb!(+4'-24,![8! 2;4!

>'4).;!=-2&()-*!L414-'.;!YO4).8!aY=LbX!57!]-1!10++('24,![8!-!N4**(]1;&+!(N!2;4!Y=L5X!

!

"33%$=+.*+),#;! >#5:! N42-*! .-*N! 14'0Dg! >>P:! N(.013N('D&)O! 0)&2g! <T:! O4)(D4! 4/0&%-*4)2g!

"#$:! ;4+-2&2&1! #! %&'01g! "7I:! ;&O;3,4)1&28! *&+(+'(24&)1g! "5:! ;0D-)! 14'0Dg! "5Y:! ;0D-)!

14'0D!-*[0D&)g!I7I:!*(]3,4)1&28g!I$@:!*&+(3%&'(3+-'2&.*4g!L=Y:!'&[()0.*4&.!-.&,g!$I7I:!%4'83

*(]3,4)1&28!*&+(+'(24&)X!

!

6)%%$#(),0$,/$;! >'-)H(&13I(J.! #(1142X! #KLK! M! K)24')-2&()-*! #4)24'! N('! K)N4.2&(*(O8!

L414-'.;X!T3D-&*h!N*.(1142i4)13*8()XN'!!

!

>+#/1)#&%$#;!C;4!-02;('1!,&1.*(14!)(!.()N*&.21X!

!

"&*8)%! /),*%+3&*+),#;! 520,8! .().4+2! -),! ,41&O)h! 57:! >I#X! Y./0&1&2&()! (N! ,-2-h!#<:!=>:!

C?:! E<:! 57X! Y)-*81&1! -),! &)24'+'42-2&()! (N! ,-2-h! 57:! #<:! =>:! E<:! >I#X! 7'-N2&)O! (N! 2;4!

D-)01.'&+2h!57:!>I#X!E-24'&-*!10++('2h!?@X!!

! !
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!

"3#*%./*!

!

?"6@<ABCD>!E! "FG:;!"4+-2&2&1!#! %&'01! a"#$b! +-'2&.*41! ,424.24,! &)! 14'-! N'(D! &)N4.24,!

+-2&4)21! ,&1+*-8! ;424'(O4)4(01! N('D1! (N! *(]! [0(8-)2! ,4)1&2&41! aj9XRSb:! ;&O;*&O;2&)O! 2;4&'!

*&+&,-2&()! !"#! -11(.&-2&()! ]&2;! -+(?3.()2-&)&)O! *&+(+'(24&)1:! ];&.;! ]-1! +'(+(14,! 2(! (..0'!

,0'&)O!-114D[*8!('!14.'42&()!N'(D!&)N4.24,!;4+-2(.8241X!"(]4%4':!2;4!D4.;-)&1D1!&),0.&)O!

2;&1!-11(.&-2&()!'4D-&)!+(('*8!,4N&)4,!-),:!&)2'&O0&)O*8:!D(12!"#$..!+-'2&.*41!14.'424,!N'(D!

.0*20'4,!.4**1!4c;&[&2!;&O;4'!,4)1&28!ak9XRSb!-),!-'4!)(2l+(('*8!-+(?3-11(.&-24,X!!

GHI5B>:;!m4! +'(,0.4,! "#$..! +-'2&.*41! (N! n.9! ('! "WW! 12'-&)1! N'(D!"0;3WXQ! ;4+-2(D-!

.4**1!.0*20'4,!&)!9Ro3N42-*!.-*N!14'0D!a>#5b!12-),-',!.(),&2&()1!!$X!&)!14'0D3N'44!('!;0D-)!

14'0D!a"5b!.(),&2&()1![4N('4!-)-*8A&)O! 2;4&'!,4)1&28!+'(N&*41!.(D+-'-2&%4*8! 2(!+-2&4)23%&'01X!

m4!-*1(!.;-'-.24'&A4,!14'0D3N'44!D4,&0D3+'(,0.4,!]&*,328+4!-),!n.9l"WW!"$L931]-++4,!

D02-)2!"#$..!+-'2&.*41!&).0[-24,!]&2;!4&2;4'!14'0D!28+4!('!]&2;!+0'&N&4,!*&+(+'(24&)1X!

AH:CJI:;! #(D+-'4,! 2(! 14'0D3N'44! ('! >#5! .(),&2&()1:! +'(,0.2&()! ]&2;! "5! '4,&12'&[024,!

D(12! "#$..! &)N4.2&(01! +-'2&.*41! 2(! *(]3,4)1&28! ('! %4'83*(]3,4)1&28! aj9XRZb! '-)O41X! K)!

-,,&2&():!1;('232&D4!&).0[-2&()!]&2;!"5!]-1!10NN&.&4)2!2(!1;&N2!"#$..!+;81&.-*!+-'2&.*41!2(!*(]3

,4)1&28! N'-.2&()1:! &)! 2&D43! -),! ,(143,4+4),4)2! D-))4'1:! ];&.;! &).'4-14,! 2;4&'! 1+4.&N&.!

&)N4.2&%&28!-),!&),0.4,!-+(?3-11(.&-2&()%!E('4(%4':!-1!.(D+-'4,!2(!n.9:!]4!,424.24,!;&O;4'!

*4%4*1! (N! "WW! "#$..! &)N4.2&(01! +-'2&.*41! &)! %4'83*(]3,4)1&28! N'-.2&()1:! ];&.;! .(0*,! [4!

0)-D[&O0(01*8! -22'&[024,! 2(! 12'-&)31+4.&N&.! N4-20'41! (N! "$LK! 14/04).4X! >&)-**8:! -**! 2;'44!

*&+(+'(24&)! .*-1141:! "%&%:! %4'83*(]3,4)1&28:! *(]3,4)1&28! -),! ;&O;3,4)1&28! *&+(+'(24&)1:! .(0*,!

18)4'O&12&.-**8!&),0.4!*&+&,-2&()!(N!"#$!+-'2&.*41g!842:!2;&1!'4/0&'4,!-,,&2&()-*!)()3*&+&,!14'0D!

N-.2('a1b!2;-2!&).*0,4!-*[0D&)X!

6BD6JC:FBD:;!C;4!-11(.&-2&()!(N!"#$!+-'2&.*41!]&2;!*&+&,1!D-8!(..0'!&)!2;4!4c2'-.4**0*-'!

D&*&40X! C;4! *&+&,-2&()! *4%4*! ,4+4),1! ()! 14'0D! .(D+(1&2&()! -1! ]4**! -1! ()! "$LK31+4.&N&.!

+'(+4'2&41X!

!

!"#$%&'()'(&)#*"*"$'+'!",-$.'/")0),0*&"1.'/")"2#*"01.'3&,-4.'516&7*"!"*8'

!

!

"3#*%./*;!KLMNKLM!

F,*%);!LOLNOMM!
G.*$%+$1N!G$*8)0#;!OOLNPMM!

A$#&1*#;!QPRSNQTMM!

>+#/&##+),;!QUTMNQLMM!
J$V$,0#;!PRUNQMMM!

A$-$%$,/$#;!QROMNQMMM!

IBI"J;!OMPQNOMMM!

! !
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!

F,*%)0&/*+),!

!

"4+-2&2&1!#!%&'01!a"#$b!&)N4.2&()!&1!-!D-p('!.-014!(N!.;'()&.!*&%4'!,&14-141!]('*,]&,4:!10.;!

-1! *&%4'! .&'';(1&1! -),! ;4+-2(.4**0*-'! .-'.&)(D-X! Y*2;(0O;! ,&'4.2! -)2&%&'-*! -O4)21! a7YYb! -'4!

)(]! -[*4! 2(! 4'-,&.-24! 2;4! %&'01! &)! D(12! +-2&4)21:! )(! +'4%4)2&%4! %-..&)4! .0''4)2*8! 4c&121!

-O-&)12! "#$! -),! &2! '4D-&)1! D-p('! .;-**4)O41! &)! [-1&.:! 2'-)1*-2&()-*! -),! .*&)&.-*!

'414-'.;a?-'24)1.;*-O4'! 42! -*X:! BR9SbX! Y1! 7YY1! -'4! ()*8! .0'-2&%4:! 2;4! ,4%4*(+D4)2! (N! -!

+'(24.2&%4! %-..&)4! '4D-&)1! -)! &D+('2-)2! O(-*:! 2;(0O;! 2;&1! '4/0&'41! -! ,44+4'! ^)(]*4,O4!(N!

2;4! 12'0.20'4! (N! "#$! +-'2&.*41X! K),44,:! 2;4! "#$! %&'&()! 4c;&[&21! 0)010-**8! ;424'(O4)4(01!

+-'2&.*41!&)!D('+;(*(O8:!1&A4!-),!+'(+4'2&41aI&),4)[-.;!q!L&.4:!BR9GbX!C;4!&DD0)(.-+20'4!

(N!+-'2&.*41!]&2;!-)2&[(,&41!-O-&)12!10'N-.4!+'(24&)1!'4%4-*4,!+-'2&.*41!(N!QR3SR)D!2;-2!,(!)(2!

,&1+*-8! -! 18DD42'&.-*! -''-)O4D4)2aY),'4! 42! -*X:! BRRB:!#-2-)414! 42! -*X:! BR9G:!E4'A! 42! -*X:!

BR99:! @&%4'! 42! -*X:! BR9WbX! "#$! +-'2&.*41! ;-'[('! 2](! 4)%4*(+4! O*8.(+'(24&)1:! T9! -),! TB:!

&)14'24,! ()! -!D4D['-)(01! 4)%4*(+4! 2;-2! 10''(0),1! -! )0.*4(.-+1&,:! .(D+(14,! (N! -! .('4!

+'(24&)! D0*2&D4'! -),! -! +(1&2&%4312'-),! L=Y! %&'-*! O4)(D4g! 842:! 2;4! -''-)O4D4)2! (N! 2;4!

12'0.20'-*! +'(24&)1! ()2(! 2;4! %&'&()! 10'N-.4! '4D-&)1! 4*01&%4! -),! 2;4'4! &1! .0''4)2*8! )(! .*4-'!

D(,4*!(N!"#$!+-'2&.*41!2(+(*(O8X!

Y!D(12!'4D-'^-[*4!+'(+4'28!(N!"#$!&1!2;4!+-'2&.0*-'*8!*(]![0(8-)2!,4)1&28!(N!%&'-*!+-'2&.*41:!

.(&)4,! *&+(3%&'(3+-'2&.*41! aI$@baY),'4! 42! -*X:! BRRBbX! K)! 14'-! N'(D! &)N4.24,! +-2&4)21! -),!

4c+4'&D4)2-**83&)N4.24,! .;&D+-)A441:! D(12! "#$! +-'2&.*41! -'4! N(0),! &)! ,4)1&2&41! [42]44)!

9XRR! -),! 9X9RaY),'4! 42! -*X:! BRRB:! I&),4)[-.;! 42! -*X:! BRRU:! =&4*14)! 42! -*X:! BRRUbX! C;&1! &1!

D-&)*8!,04! 2(! 2;4!+-'2&.0*-'! *&+&,!.(D+(1&2&()1!(N! %&'&()1! 2;-2!-'4!,&12&).2! N'(D! 2;-2!(N!(2;4'!

4)%4*(+4,!%&'0141X!K),44,:! "1'!"!0:!+-2&4)23,4'&%4,!"#$!+-'2&.*41!.()2-&)!)402'-*!*&+&,1!10.;!

-1!2'&O*8.4'&,41!('!.;(*4124'(*!4124'1!-),!-'4!-11(.&-24,!]&2;!.&'.0*-2&)O!-+(*&+(+'(24&)1!10.;!

-1! -+(#3K:! -+(T! -),! -+(?aY),'4! 42! -*X:! BRRB:! 7&-A! 42! -*X:! BRRU:! =&4*14)! 42! -*X:! BRRU:!

C;(D114)!42!-*X:!9VVBbg! 2;4! *-224'!()4![4&)O! 2;4!D-p('!12'0.20'-*!.(D+()4)2!(N! *(]3,4)1&28!

*&+(+'(24&)1! aI7Ib! -),! %4'83*(]3,4)1&28! *&+(+'(24&)1! a$I7IbX! KD+('2-)2*8:! &)p4.2&()! (N! "#$!

+-'2&.*41! &)!4c+4'&D4)2-**83&)N4.24,!-)&D-*1! '4%4-*4,! 2;-2! 2;4! &)(.0*0D!(N! *(]3,4)1&28! &1! 2;4!

D(12!&)N4.2&(01a?'-,*48!42!-*X:!9VV9bX!!

r)4!(N! 2;4![(22*4)4.^!(N!"#$!.;-'-.24'&A-2&()! &1! 2;4! *-.^!(N! &)N4.2&%&28!(N!+-'2&.*41!'42'&4%4,!

N'(D!&)N4.24,!+-2&4)21a?-'24)1.;*-O4'!42!-*X:!BR9S:!5244)[4'O4)!42!-*X:!BR9Gb:!];&.;!+'4%4)21!

0)'-%4**&)O! 2;4! +'(+4'2&41! (N! 2;&1! 12'&^&)O! %&'01l*&+&,! &)24'-.2&()X! C(! (%4'.(D4! 2;&1:! 14%4'-*!

4c+4'&D4)2-*!.4**0*-'!D(,4*1!;-%4![44)!,41&O)4,:! &).*0,&)O!-!D(12!+'(D&)4)2!()4:! 2;4!.4**!

.0*20'43O'(])! "#$! D(,4*! a"#$..b! 2;-2! &1! 010-**8! +'(,0.4,! N'(D! "0;3WXQ! ;4+-2(D-!

.4**1aI&),4)[-.;! 42! -*X:! BRRQ:! @&421.;D-))! 42! -*X:! BRRUbX!m;&*4!"#$..! &)N4.2&(01! +-'2&.*41!

;-%4! ;424'(O4)4(01! ,4)1&28! +'(N&*4:! [42]44)! 9XRR! -),! k9X9W:! 2;48! ;-%4! +(('! 1+4.&N&.!

&)N4.2&%&28! &)! 2;4! *(]3,4)1&28! N'-.2&()1a7-(! C;&! 42! -*X:! BR9B:! <-12-D&)A-! 42! -*X:! BRRU:!
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!

I&),4)[-.;! 42! -*X:! BRRQ:! E4'A! 42! -*X:! BR99b:! ];&.;! &1! 2;(0O;2! 2(! '4N*4.2! 2;4&'! &).(D+*424!

*&+&,-2&()X! K),44,:! ];&*4! "#$..! +-'2&.*41! -'4! -11(.&-24,! ]&2;! -+(#3Ka7'40c! 42! -*X:! BRRW-:!

E40)&4'!42!-*X:!BRRSb!-),!-+(Ta#;-)O!42!-*X:!BRRW:!n&-)O!q!I0(:!BRRVb:!2;4&'!-11(.&-2&()!]&2;!

-+(?!&1!%-'&-[*8!,424.24,a?(84'!42!-*X:!BR9Z:!#-2-)414!42!-*X:!BR9G:!"0-)O!42!-*X:!BRRW:!n&-)O!

q!I0(:!BRRV:!E4'A!42!-*X:!BR99:!5244)[4'O4)!42!-*X:!BR9GbX!!

C;4! ,&NN4'4).4! (N! *&+&,-2&()! [42]44)! "#$..! -),! +-2&4)23,4'&%4,! "#$! +-'2&.*41! ;-1! [44)!

-22'&[024,! 2(! -! ,4N4.2&%4! *&+(+'(24&)! D42-[(*&1D! +-2;]-8! &)! "0;3W! .4**1! 2;-2! +'4%4)21! 2;4!

N('D-2&()! (N! N0**8! *&+&,-24,! $I7I1a#-*-22&)&! 42! -*X:! BR9Q:!E44c! 42! -*X:! BR99:! @(,4%&)! 42! -*X:!

BR9R:!5244)[4'O4)!42!-*X:!BR9G:!s-D-D(2(!42!-*X:!9VSWbX!"#$..!+-'2&.*41!O'(])! &)!+'&D-'8!

;0D-)! ;4+-2(.8241! a@""b:! ];&.;! +'(,0.4! )('D-*! $I7I1:! ;-%4! ;&O;4'! 1+4.&N&.! &)N4.2&%&28!

(]&)O!2(! 2;4!%&'-*!L=Y!+4-^!2;-2!.(&).&,41!]&2;! 2;4!N'-.2&()1!(N!;&O;412! &)N4.2&%&28g!842:! 2;48!

,&1+*-8!,4)1&2&41![42]44)!9XRW!-),!9X99a@(,4%&)!42!-*X:!BR9Rb:!];&.;! &1!;&O;4'! 2;-)! 2;-2!(N!

+-2&4)23,4'&%4,!"#$X!I&^4]&14:!"#$!+-'2&.*41!O'(])!"1'!"!0!&)!@""3c4)(O'-N2!D(014!D(,4*1!

2;-2! '4*4-14! )('D-*! *4%4*1! (N! ;0D-)! -+(?! -),! -+(T! ,&1+*-8! .(&).&,4)2! %&'-*! L=Y! -),!

&)N4.2&%&28! +4-^1! -2! 9XRU39X99a#-*-22&)&! 42! -*X:! BR9Q:! I&),4)[-.;! 42! -*X:! BRRUb:!];&.;:! -O-&):!

-'4!-[(%4!2;(14!,424.24,!N('!+-2&4)23,4'&%4,!"#$X!

m;&*4! 2;4! 120,8! (N!"#$..! ;-1! +'(%&,4,! 2'4D4),(01! +'(O'41141! &)! 2;4! ^)(]*4,O4! (N!"#$!

-),!&21!&)24'-.2&()1!]&2;!;(12!.4**1:!.0*D&)-2&)O!]&2;!2;4!,41&O)!(N!)4]!7YY1!'4O&D4)!2;-2!.-)!

4NN&.&4)2*8!4'-,&.-24!"#$!&)!D(12!+-2&4)21:!D-)8!-1+4.21!(N!"#$![&(*(O8!-'4!)(2!.(D+*424*8!

'41(*%4,![4.-014!(N! 2;4! *-.^!(N!D(,4*1! 2;-2! N0**8!D&D&.! 2;4!.()N('D-2&()!(N!-02;4)2&.!"#$!

+-'2&.*41X! >0'2;4'D('4:! -1! 2;4! D('+;(*(O8! (N! I@$1! &1! +(('*83,4N&)4,! -),! -1! *&+(+'(24&)3

-11(.&-2&()! &1! 2;(0O;2! 2(! 1;-+4! 2;4&'! 10'N-.4!-),! &),0.4!)402'-*&A-2&()! '41&12-).4aY),'4!42!

-*X:! BRRB:! #-2-)414! 42! -*X:! BR9G:! 7-(! C;&! 42! -*X:! BR9B:! <'(%4! 42! -*X:! BRRS:! =&4*14)! 42! -*X:!

BRRUb:!4*0.&,-2&)O!2;4&'!12'0.20'4!](0*,!&D+'(%4!2;4!,41&O)!(N!'-2&()-*!%-..&)4!.-),&,-241X!!

"4'4:! [8! 120,8&)O! "#$..! +'(,0.2&()! "1' !"*,0! ]&2;! D4,&-! (N! ,4N&)4,! 14'0D! .(),&2&()1:! ]4!

,4D()12'-24!2;-2!1;('2!2&D4!&).0[-2&()!(N!"#$..!+-'2&.*41!]&2;!;0D-)!14'0D!.-)!&),0.4!N0**!

.()%4'1&()!(N!-+(?3,4N4.2&%4! &)N4.2&(01!%&'&()1! 2(!-+(?3.()2-&)&)O:! *(]3!('!%4'83*(]3,4)1&28!

+-'2&.*41:!];&.;!-0OD4)21!2;4&'!1+4.&N&.! &)N4.2&%&28X!m4!-*1(!'4%4-*! 2;-2![41&,41! *&+(+'(24&)1:!

1+4.&N&.! 14'0D! N-.2('1! -'4! '4/0&'4,! 2(! -**(]!4c2'-.4**0*-'!D-20'-2&()!(N!"#$!%&'&()1:! ;4).4!

1;(]&)O!2;-2!-!D-p('!,424'D&)-)2!2;-2!&D+'&)21!*&+&,-2&()!(N!+-'2&.*41!&1!14'0D!&214*N:!*&^4*8!-2!-!

+(12314.'42&()!124+X!

!

!

G.*$%+.1#!.,0!G$*8)0#!

!

6$11!/&1*&%$!.,0!A$.V$,*#W!
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!

"0;3WXQ!.4**1! a^&),!O&N2! N'(D!#X!L&.4b!]4'4!O'(])! &)!7ETE!aK)%&2'(O4)b!10++*4D4)24,!]&2;!

9RRPlD*!+4)&.&**&):!9RRtOlD*!12'4+2(D8.&)!-),!9Ro!N42-*!.-*N!14'0D!a>#5bX!!

>('!+'4+-'-2&()!(N!;0D-)!14'0D!a"5b:![*((,!N'(D!;4-*2;8!,()('1!'42'&4%4,!N'(D!2;4!)-2&()-*!

[*((,!.(**4.2&()!]-1!&).0[-24,!()!&.4!N('!B;!-),!.4)2'&N0O4,!-2!Z:RRR'+D!N('!BRD&):!-),!2;4!

10+4')-2-)21!]4'4!;-'%4124,!-),!12('4,!-2! 3SRu#X!C;4!"5!014,! &)! 2;&1!120,8:!.()1&12&)O! &)!

+((*1! (N! Z! 1+4.&D4)1! N'(D! ,&NN4'4)2! ,()('1:! .()2-&)4,:! ()! -%4'-O4:! RXGSOlI! .;(*4124'(*3

$I7I:! RXVGOlI! .;(*4124'(*3I7I! -),! RXZWOlI! .;(*4124'(*3"7I! a50++*4D4)2-'8! >&O0'4! WYb:!

];&.;! &1! &)! 2;4! '-)O4! (N! )('D-*! "5! a;22+1hll]]]X.;(*4124'(*D4)0X.(Dl.;(*4124'(*3*4%4*13

.;-'2lbX!!

C;4!*&+(+'(24&)3,4N&.&4)2!14'0D!aI@75b:!.(''41+(),&)O!2(!"5!N'-.2&()1!(N!,4)1&28!k9XBZ:!]-1!

+'4+-'4,! N'(D! "5! [8! -! 2](3124+! 0*2'-.4)2'&N0O-2&()! +'(.4,0'4! 01&)O! -! ?4.^D-)! CI9RR!

.4)2'&N0O4X! ?'&4N*8:! 2;4! ,4)1&28! (N! "5! ]-1! -,p0124,! 2(! 9XRUG! OlD*! [8! -,,&2&()! (N! ,'8! v?'!

+(],4'!-),!.4)2'&N0O4,!-2!9RR:RRR!'+D!N('!G;GR!-2!9Qu#X!C;4!N'-.2&()!(N!,4)1&28!k9XRUG!]-1!

;-'%4124,! -),! &21! ,4)1&28! ]-1! &).'4-14,! 2(! 9XBZ! [8! -,,&)O! v?LX! C;4! I@75! N'-.2&()! ]-1!

10[14/04)2*8!([2-&)4,!-N24'!-!14.(),!0*2'-.4)2'&N0O-2&()!-2!9RR:RRR'+D!N('!9B;!-2!9Qu#!-),!

,&-*8A4,! 4c;-012&%4*8! -O-&)12! @?5! [4N('4! 014X! C;4! /0-*&28! (N! I@75! ]-1! -114114,! [8!

D4-10'4D4)2!(N!-+(?:!-+(T!-),!;0D-)!14'0D!-*[0D&)!a"5Yb!a50++*4D4)2-'8!>&O0'4!W?bX!

$I7I1:! I7I1:!"7I1! -),!"5Y! aN'-.2&()!$b! +0'&N&4,! N'(D!"5! a5&OD-3Y*,'&.;b!]4'4! 014,! N('!

'4.()12&202&()!4c+4'&D4)21:!-2!-D(0)21!.(''41+(),&)O!2(!2;-2!(N!9Ro!"5!28+&.-**8!014,!&)!2;&1!

120,8X!

!

X.*+$,*#Y!#$%&'!#($/+'$,#W!!

?*((,! 1-D+*41! ]4'4! .(**4.24,! N'(D! "#$3&)N4.24,! +-2&4)21! &)! 5-&)2! T2&4))4w1! P)&%4'1&28!

;(1+&2-*1!&)!n-)0-'83n0)4!BR9UX!m'&224)!&)N('D4,!.()14)2!]-1!([2-&)4,!N'(D!4-.;!+-2&4)2!2(!

014!14'-!1-D+*41!N('!-)()8D(01!'414-'.;!+0'+(141X!

Y**![*((,!1-D+*41!]4'4!"#$!-)2&[(,83+(1&2&%4!-1!,424'D&)4,!01&)O! 2;4!Y'.;&24.2!-)2&3"#$!

-11-8!aY[[(22bX!"#$!L=Y!]-1!O4)(28+4,![8!01&)O!2;4!CLP<T=T!"#$3Qx=#!O4)(28+&)O!^&2!

,41&O)4,!2(!&,4)2&N8!2;4!"#$!O4)(28+41!a5&4D4)1!"4-*2;.-'4!7&-O)(12&.1bX!!

!

X1.#'+0#W!

@*-1D&,! +>v3"WWln>"9l"yIaT$KLba7-(! C;&! 42! -*X:! BR9Bb! -),! +>v3n>"9lnUl#3

SZU\,Oa@&421.;D-))!42!-*X:!BRRUb!+*-1D&,1!a^&),!O&N21!N'(D!LX!?-'24)1.;*-O4'b!]4'4!014,!2(!

+'(,0.4! "#$..! +-'2&.*41X! L4.(D[&)-)2! N('D1! (N! 4&2;4'! .()12'0.2! ]4'4! 4)O&)44'4,! 01&)O!

18)2;42&.!O4)41!-),!'412'&.2&()!,&O412&()1!2(!1]-+!-D&)(3-.&,1!93BW!(N!TB!a"$L9b![42]44)!

n.9! -),! "WW! 14/04).41:! O4)4'-2&)O! 2;4! +>v3"WWln>"9l"yI3"$LKan.9b! -),! +>v3

n>"9lnUl#3SZU3"$LKa"WWb!+*-1D&,1X!

!
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!

567//!(%)0&/*+),W!

E42;(,1! N('!"1' !"*,0!2'-)1.'&+2&()! (N! "#$!L=Y! -),! 4*4.2'(+('-2&()! &)2(! "0;3WXQ! .4**1! ]4'4!

,41.'&[4,! +'4%&(01*8a74)(**8! 42! -*X:! BR9WbX! >('! +'(,0.2&()! 4c+4'&D4)21:! "#$..3+'(,0.4'!

.4**1!]4'4!O'(])!&)!r+2&ETE!aK)%&2'(O4)b!()*8!('!&)!r+2&ETE!10++*4D4)24,!]&2;!9Ro!>#5!

('!"5X!>('! &).0[-2&()!4c+4'&D4)21:!"#$..3+'(,0.4'!.4**1!]4'4!O'(])! &)!r+2&ETE!-),! 2;4!

;-'%4124,! %&'&()1! ]4'4! &).0[-24,! ]&2;! 4&2;4'! 14'0D3N'44! ('! ]&2;! >#53! ('! "53.()2-&)&)O!

r+2&ETEX!C(!,424'D&)4!&)2'-.4**0*-'! &)N4.2&%&28:!4*4.2'(+('-24,!.4**1!]4'4!]-1;4,!]&2;!@?5:!

;-'%4124,!]&2;! %4'14)4!-),!.4)2'&N0O4,! N('!ZD&)!-2! ZRRcOX!#4**! +4**421!]4'4!101+4),4,! &)!

r+2&ETE!-),!10[p4.24,!2(!Z!N'44A4l2;-]!.8.*41!&)!*&/0&,!)&2'(O4)X!

!

F)0+9.,)1!0$,#+*4ZV%.0+$,*!-%./*+),.*+),W!

9D*!(N!"#$..!+-'2&.*43.()2-&)&)O!10+4')-2-)2!+-114,!2;'(0O;!RXZQ3tD!+('431&A4!N&*24'1!]-1!

*(-,4,!()! 2(+!(N!-!GMZRo!.()2&)0(01! &(,&c-)(*!O'-,&4)2! ar+2&+'4+:!Yc&1!5;&4*,bX!<'-,&4)21!

]4'4! .4)2'&N0O4,! N('! 9U;!-2! Zu#! &)!r+2&D-!I3VR! .4)2'&N0O4! a?4.^D-)bX!5&c244)! N'-.2&()1!(N!

WQRt*! ]4'4! .(**4.24,! N'(D! 2;4! 2(+! -),! 014,! N('! '4N'-.2&%4! &),4c! D4-10'4D4)2:! &)N4.2&%&28!

2&2'-2&():!.('4!-),!L=Y!/0-)2&N&.-2&():!-1!,41.'&[4,![4*(]X!

!

F,-$/*+=+*4!*+*%.*+),[!/)%$!2&.,*+-+/.*+),!.,0!AD"!2&.,*+-+/.*+),#W!

K)N4.2&%&28! 2&24'1! (N! .4**! 10+4')-2-)21! ('! &)2'-.4**0*-'! %&'01! 1-D+*41! ]4'4! ,424'D&)4,! -1!

,42-&*4,! +'4%&(01*8a74)(**8! 42! -*X:! BR9WbX! 54'&-*! ,&*02&()1! (N! 10+4')-2-)21! ('! N'-.2&()1! ]4'4!

014,! 2(! &)N4.2!"0;3WXQ!.4**1!-),! N(.013N('D&)O!0)&21!]4'4!,424'D&)4,!WB;!+(123&)N4.2&()![8!

.(0)2&)O!=5QY3&DD0)(12-&)4,!N(.&X!

"#$!.('4!+'(24&)!]-1!/0-)2&N&4,![8!#EKY!3!#;4D&*0D&)41.4)2!E&.'(+-'2&.*4! KDD0)(Y11-8!

aY'.;&24.2! &BRRR:! Y[[(22! 7&-O)(12&.1bX! "#$! L=Y1! ]4'4! 4c2'-.24,! aCLK! L4-O4)2z:!

T0'(D4,4cb:! '4%4'14! 2'-)1.'&[4,! a&5.'&+2! .7=Y! 18)2;41&1! ^&2:! ?&(3L-,b:! -),! /0-)2&N&4,!

a>-1252-'2! P)&%4'1-*! 5s?L! <'44)! E-124'! ^&2:! L(.;4! Y++*&4,! 5.&4).4b! ()! -)! Y++*&4,!

524+r)4!L4-*3C&D4!@#L!-++-'-201X!"#$31+4.&N&.!+'&D4'1!aQx3C#C<#<<YY##<<C<Y<CY!

-),! Qx3C#Y<<#Y<CY##Y#YY<<#bX! Y1! -)! &)24')-*! .()2'(*! (N! 4c2'-.2&():! -)! 4c(O4)(01!

L=Y! N'(D! 2;4! *&)4-'&A4,! C'&+*41.'&+2! +*-1D&,! +CLK3d4N! aK)%&2'(O4)b! ]-1! -,,4,! &)2(! 2;4!

10+4')-2-)2! +'&('! 2(! 4c2'-.2&()! -),! /0-)2&N&4,! ]&2;! 1+4.&N&.! +'&D4'1! aQx3

#<Y#<CC<C#Y##<<<#Y#<!-),!Qx3Y##Y<<#YC<<C<<CCY##CCC<#bX!

!

6)Z+''&,)(%$/+(+*.*+),!)-!.()1+()(%)*$+,#!.,0!=+%.1!AD"#W!

9RR{*! (N! "#$..! 10+4')-2-)21! ('! +-2&4)2! 14'-! ]4'4! +'4.*4-'4,! N('! 9;! -2! Zu#! ]&2;! ZR{*! (N!

+'(24&)!Yl<!-O-'(14![4-,1!-),!&).0[-24,!(%4')&O;2!-2!Zu#!]&2;!9Q{*!O(-2!-)2&3-+(?!aY?WZB:!

E&**&+('4b!('!.()2'(*!O(-2!KO<!0),4'!.()2&)0(01!-O&2-2&()X!C;4!.(D+*4c41!]4'4!&).0[-24,!N('!

B;! -2! '((D! 24D+4'-20'4!]&2;! ZR{*! (N! +'(24&)! Yl<! -O-'(14! [4-,1X! C;4! &DD0)4! .(D+*4c41!
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!

]4'4! ]-1;4,! 2;'44! 2&D41! &)! @?5! -),! [4-,1! ]4'4! '43101+4),4,! &)! C'&3L4-O4)2! N('! L=Y!

4c2'-.2&()X!

!

:*.*+#*+/.1!.,.14#+#W!

5&O)&N&.-).4!%-*041!]4'4!.-*.0*-24,![8!-++*8&)O!2;4!+-&'4,!232412!01&)O!2;4!<'-+;@-,!@'&1D!U!

1(N2]-'4!a<'-+;@-,!5(N2]-'4bX!@3%-*041!0),4'!RXRQ!]4'4!.()1&,4'4,!12-2&12&.-**8!1&O)&N&.-)2!

-),!2;4!N(**(]&)O!,4)(2-2&()1!]4'4!014,h!||||:!@}RXRRR9g!|||:!@}RXRR9g!||:!@}RXR9g!|:!@}RXRQg!

)1!a)(2!1&O)&N&.-)2b:!@kRXRQX!Y**!,-2-!]4'4!'4+'414)24,!-1!D4-)1!~!5TEX!

!

!

A$#&1*#!!

!

:$%&'!/)'()#+*+),!)-!/&1*&%$!'$0+.!0+/*.*$#!567!(.%*+/1$!0$,#+*4W!

"#$! +-'2&.*41! &1(*-24,! N'(D! "#$3&)N4.24,! +-2&4)2! 14'-! 4c;&[&24,! *(]! [0(8-)2! ,4)1&2&41!

a>&O0'4! 9Yb:! ]&2;! D(12! %&'-*! L=Y1! ,424.24,! -2! ,4)1&2&41! j9XRS:! '4N*4.2&)O! 2;4&'! *&+&,-2&()!

12-24aY),'4! 42! -*X:! BRRB:! I&),4)[-.;! 42! -*X:! BRRU:! =&4*14)! 42! -*X:! BRRUbX! 5&).4! "#$..!

+-'2&.*41!-'4! 28+&.-**8!+'(,0.4,! N'(D!"0;3WXQ!.4**1!O'(])!]&2;!9Ro!>#5:!]4!;8+(2;41&A4,!

2;-2!2;4!1+4.&41!('&O&)!-),!.(D+(1&2&()!(N!14'0D!014,!&)!.0*20'4!D4,&-!D-8!&)N*04).4!%&'&()!

,4)1&28X!m;4'4-1!&)N4.2&(01!"#$!+-'2&.*41!+'(,0.4,!N('!WB;!&)!14'0D3N'44!D4,&-!]4'4!+(('*8!

*&+&,-24,! a>&O0'4! 9?b:! ]&2;! j9Ro! &)N4.2&%&28! &)! N'-.2&()1! [4*(]! 9XRS! a144! 4c-D+*41! (N! '-]!

,4)1&28!+'(N&*41!&)!50++*4D4)2-'8!>&O0'4!9b:!GSo!(N!2;4!&)N4.2&%&28!(N!+-'2&.*41!O'(])!&)!>#53

.()2-&)&)O!D4,&-! ]4'4! 1;&N24,! 2(! *(]3,4)1&28! N'-.2&()1:! 842! ]&2;! *411! 2;-)! So! (N! &)N4.2&%&28!

,424.24,! [4*(]! 9XRZ! a>&O0'4! 9?bX! 52'&^&)O*8:! "#$..! +-'2&.*41! +'(,0.4,! ]&2;! 9Ro! "5!

4c;&[&24,!kSRo!(N! &)N4.2&%&28! -2! ,4)1&2&41! j9XRS! -),!7#X! URo!-2! ,4)1&28! j9XRZ! a>&O0'4! 9?bX!

KD+('2-)2*8:!2;4!,4)1&28!1;&N21!(N! &)N4.2&%&28!.(''4*-24,!]&2;!(N!%&'-*!L=Y3!-),!.('43.()2-&)&)O!

+-'2&.*41! a>&O0'4! 9#g! 50++*4D4)2-'8! >&O0'4! 9Y3#b:! &),&.-2&)O! 2;-2! "#$! +;81&.-*! +-'2&.*41!

[4.(D4!*&+&,-24,!];4)!+'(,0.4,!&)!2;4!+'414).4!(N!14'0D:!]&2;!-!D-p('!4NN4.2!(N!"5X!5&D&*-'!

'410*21! ]4'4! ([2-&)4,! ];4)! 01&)O! ,&NN4'4)2! &),&%&,0-*! ('! +((*1! (N! )('D-*! "5! -),! ];4)!

-++*8&)O!1;('24'!+'(,0.2&()!2&D41!a,-2-!)(2!1;(])bX!

m4!4c24),4,!2;414!'410*21!([2-&)4,!]&2;!O4)(28+4!B-!2(!"WW!"#$..!aO4)(28+4!9-b!a>&O0'4!

BYg! 50++*4D4)2-'8! >&O0'4! 973>bX! K)24'412&)O*8:! "WW! "#$..! +-'2&.*41! O'(])! ]&2;! 14'0D!

1;&N24,!2(!*(]4'!,4)1&2&41!2;-)!n.9!+-'2&.*41X!K),44,:!.(D+-'4,!2(!n.9:!"WW!"#$..!&)N4.2&(01!

+-'2&.*41!]4'4!,424.24,! &)!;&O;4'!+'(+('2&()1! &)!,4)1&2&41!j9XRS! �URo!a"WWb!!$X!GSo!an.9b�!

];4)! +'(,0.4,! ]&2;! >#5:! -),:! 12'&^&)O*8:! +4-^4,! -2! *(]4'! ,4)1&2&41h! 9XRB39XRV! a"WWb! !$X!

9XRU39XRV! an.9b!-),!9XRR39XRG! a"WWb!!$X!9XRG39XRU! an.9b!];4)!+'(,0.4,!]&2;!>#5!-),!"5:!

'41+4.2&%4*8!a>&O0'41!BY!!$X!9?bX!I&^4]&14:!.(D+-'4,!2(!14'0D3N'44!+'(,0.2&():!2;4!-D(0)21!

(N!"WW!"#$..!+;81&.-*!+-'2&.*41!+'(,0.4,! &)!14'0D3.()2-&)&)O!D4,&0D!]4'4! &).'4-14,![8!
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!

k9R3N(*,! &)! 2;4! *(]3,4)1&28! N'-.2&()1:! ]&2;! ;&O;4'! &).'4-141! (N! %&'-*! L=Y1! N('! +-'2&.*41!

+'(,0.4,!&)!"5!2;-)!N('!>#5!a>&O0'4!B?b!-),!N('!"WW!2;-)!N('!n.9!"#$..!+-'2&.*41!a>&O0'41!

B?! !$X! 9#bX! Y*2(O42;4':! 2;414! '410*21! &),&.-24,! 2;-2! "#$31+4.&N&.! 14/04).41! &)N*04).4! 2;4!

*&+&,-2&()!*4%4*!(N!%&'-*!+-'2&.*41X!

!

J+(+0.*+),!)-!567!(.%*+/1$#!)//&%#!()#*Z$V%$##!.,0!$,8.,/$#!#($/+-+/!+,-$/*+=+*4W!

C;4!+(('*8!*&+&,-24,!+'(N&*4!(N!"#$..!+-'2&.*41!+'(,0.4,!&)!14'0D3N'44!.(),&2&()1!10OO4124,!

2;-2! 2;4! 4c2'-.4**0*-'!D&*&40! &D+'&)21! %&'&()! .(D+(1&2&()X!Y..(',&)O*8:!];4)!]4! &)%412&O-24,!

n.9! -),! "WW! &)2'-.4**0*-'! +-'2&.*41:! ]4! N(0),! 2;-2! 2;48! ;-,! &,4)2&.-*! ,4)1&28! +'(N&*41! ]&2;!

-*D(12!)(!&)N4.2&%&28!&)!N'-.2&()1!j9XRS!];42;4'!2;4!%&'013+'(,0.4'!.0*20'4!D4,&0D!.()2-&)4,!

14'0D! ('! )(2! a>&O0'41! 97! -),! B#bX! C;&1! 10OO4124,! 2;-2! 2;4! -./0&1&2&()! (N! 2;4! *(]3,4)1&28!

+'(N&*4!(N!"#$..!+-'2&.*41!(..0'1!-2!2;4!124+!(N!%&'&()!14.'42&()!-),l('!-N24'!14.'42&()!&)!2;4!

4c2'-.4**0*-'!D&*&40X!!

C(!2412!2;4!*-224'!+(11&[&*&28:!]4!&).0[-24,!n.9!-),!"WW!"#$..!+-'2&.*41!+'(,0.4,!&)!14'0D3

N'44! .(),&2&()1! &)! D4,&-! .()2-&)&)O! 9Ro! "5! ('! >#5! !$X! )(! 14'0D! N('! U;! a>&O0'4! Gg!

50++*4D4)2-'8!>&O0'4!B!N('!4c-D+*41!(N!'-]!,-2-bX!m4!N(0),!2;-2!2;&1!&).0[-2&()!+'(.4,0'4!

.(0*,! '4+'(,0.4! 2;4! *&+&,-2&()! ([14'%4,! &)! 2;4! "#$..! +'(,0.2&()! +'(2(.(*! a>&O0'4! G! !$X!

>&O0'41!9!-),!BbX! K),44,:!]4! N(0),! 2;-2! n.9!('!"WW!%&'0141! &).0[-24,!]&2;!"5!1;&N24,!7#X!

VRo!(N! &)N4.2&%&28! &)!,4)1&2&41!j9XRS! a>&O0'4!GY:#b:!];&.;!.(''4*-24,!]&2;!-!1;&N2!(N!+;81&.-*!

+-'2&.*41! &)! 2;414! *(]3,4)1&28! N'-.2&()1! a>&O0'4! G?:7g! 50++*4D4)2-'8! >&O0'4! B?:TbX! YO-&):!

D('4! D-'^4,! 1;&N21! (N! [(2;! &)N4.2&(01! -),! +;81&.-*! +-'2&.*41! ]4'4! ,424.24,! N('! %&'01!

&).0[-2&()! &)! "53! '-2;4'! 2;-)! &)! >#53.()2-&)&)O!D4,&-:! &D+*8&)O! 2;4! +'414).4! (N! 1+4.&413

1+4.&N&.!*&+&,-2&()!N-.2('a1bX!E('4(%4':!-!12'()O4'!*&+&,-2&()!]-1!([14'%4,!N('!"WW!+-'2&.*41!-1!

.(D+-'4,!2(!n.9!+-'2&.*41!a>&O0'4!G#:7!!$X!GY:?b:!]&2;!QRo!!$X!BRo!(N!&)N4.2&%&28!&)!,4)1&2&41!

[4*(]!9XRZ!N('!"WW!!$X!n.9!%&'0141X!K)!-O'44D4)2!]&2;!2;4!-[(%4!'410*21:!+0'&N&4,!&)2'-.4**0*-'!

+-'2&.*41! &).0[-24,! ]&2;! 14'0D3.()2-&)&)O! D4,&-! '4-,&*8! 1;&N24,! 2(! *(]3,4)1&28! N'-.2&()1:!

-O-&)!]&2;! -!D('4!D-'^4,! 1;&N2! N('!"5! '-2;4'! 2;-)!>#5!-),! N('!"WW! %&'01! '-2;4'! 2;-)! n.9!

a>&O0'4!GT3<bX!

C(!.(''([('-24!2;414!'410*21:!]4!&).0[-24,!%&'-*!+-'2&.*41!+0'&N&4,!N'(D!N'-.2&()1!(N!,4)1&2&41!

(N! 9XRS39X9Z!]&2;!"53.()2-&)&)O! !$X! 14'0D3N'44!D4,&-! [4N('4! 10[p4.2&)O! 2;4D! 2(! -! 14.(),!

,4)1&283O'-,&4)2! -)-*81&1! a>&O0'4! ZYbX! m4! N(0),! 2;-2! &).0[-2&()! ]&2;! "5! 1;&N24,! kWQo! (N!

&)N4.2&(01!+-'2&.*41!2(!*(]3,4)1&28!N'-.2&()1!a>&O0'4!Z?bX!!

Y*2(O42;4':! 2;414! '410*21! &),&.-24,! 2;-2! -./0&1&2&()! (N! *&+&,1! .(0*,! (..0'! -N24'! %&'&()! 4O'411!

-),! 2;-2! &).0[-2&()! (N! +(('*8! *&+&,-24,! %&'-*! +-'2&.*41! .;-)O4! %&'&()! 12'0.20'4! -),l('!

.(D+(1&2&()!2;'(0O;!2;4&'!*&+&,-2&()X!!

!
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!

m;&*4!,&1+*-.4D4)2!(N!"#$!+-'2&.*41!2(!*(]3,4)1&28!N'-.2&()1!0+()!"53&).0[-2&()!'410*24,!&)!

12'()O*8! '4,0.4,! &)N4.2&%&28! &)! N'-.2&()1! (N! ,4)1&28! 9XRS39X9Z! a>&O0'4! GY:#g! >&O0'4! Z?b:! 2;4!

*4%4*1! (N! %&'-*! L=Y1! &)! 2;414! N'-.2&()1! '4D-&)4,! -[0),-)2! a>&O0'4! G?:7g! 50++*4D4)2-'8!

>&O0'4! Bb:! *&^4*8! '4N*4.2&)O! 2;-2!D(12! %&'-*! L=Y1! -),l('! +-'2&.*41! &)! 2;414! ,4)1&2&41! -'4! )(2!

&)N4.2&(01X! K)!.()2'-12:! &)! *(]3,4)1&28! N'-.2&()1:! 2;4!.(D+-'&1()!(N! 2;4!1;&N21!(N! &)N4.2&%&28!!$X!

+;81&.-*! +-'2&.*41! 10OO4124,! 2;-2! "53&).0[-2&()! (N! n.9! -),! "WW! %&'0141! &).'4-14,! D('4!

'4-,&*8!2;4!&)N4.2&%&28!2;-)!2;4!%&'-*!L=Y!/0-)2&2&41!a>&O0'4!Gh!+-)4*1!Y!!$X!?!-),!+-)4*1!#!!$%!

7bX! Y..(',&)O*8:! 2;4! '-2&(! (N! &)N4.2&%&28! 2(! %&'-*! L=Y1! .-*.0*-24,! &)! 4-.;! N'-.2&()! 124-,&*8!

&).'4-14,!().4!%&'0141!-./0&'4,!*(]4'!,4)1&2&41!a50++*4D4)2-'8!>&O0'4!Gb:!]&2;!'41+4.2&%4*8!

9Z3N(*,!-),!BQ3N(*,!D4-)!-0OD4)2-2&()1!N('!"53&).0[-24,!n.9!-),!"WW!+-'2&.*41!.(D+-'4,!

2(!14'0D3N'44!&).0[-2&()!&)!N'-.2&()1![4*(]!j9XRZ!a>&O0'4!Z#:7b:!-),!*&^4]&14!N('!N'-.2&()1!(N!

,4)1&2&41!(N! 9XRZ39XRSX!C;&1! &),&.-24,! 2;-2! *&+&,-2&()!D(,&N&41! 2;4! 1+4.&N&.! &)N4.2&%&28! (N!"#$!

+-'2&.*41!0+()!2;4&'!1;&N2!2(!*(]3,4)1&2&41!-),!'4),4'!2;4!+-'2&.*41!D('4!&)N4.2&(01X!!

!

I+'$!.,0!#$%&'!0)#$Z0$($,0$,*!567!=+%+),#!1+(+0.*+),!1$.0#!*)!.()?Z.##)/+.*+),W!

C;4!;&O;4'!&)N4.2&%&28!,424.24,!&)!*(]3,4)1&28!N'-.2&()1!N('!%&'-*!+-'2&.*41!+'(,0.4,!N('!WB;!]&2;!

"53.()2-&)&)O!D4,&-!.(D+-'4,!2(!%&'0141!&).0[-24,!N('!U;!]&2;!"5!a>&O0'4!G!!$X!>&O0'41!9!

-),!Bb!10OO4124,!2;-2!%&'&()!*&+&,-2&()!(..0'1!&)!-!2&D43,4+4),4)2!D-))4'X!P+()!&).0[-2&()!

]&2;!"5!N('!,&NN4'4)2!+4'&(,1!(N!2&D4:!]4!N(0),!2;-2!2;4!*&+&,-2&()!(N![(2;!n.9!-),!"WW!"#$..!

+-'2&.*41!a>&O0'4!QY3#g!50++*4D4)2-'8!>&O0'4!Z!N('!4c-D+*41!(N!'-]!,-2-!(N! &)N4.2&%&28:!.('4!

-),! L=Y! *4%4*1b! +'(O'411&%4*8! &).'4-14,! &)! N'-.2&()1! (N! ,4)1&2&41! [42]44)! 9XRZ39XRS:!

'4-.;&)O!-! 2'-)1&4)2!D-c&D0D!-2!7#X!Z3U;! &).0[-2&():!-N24'!];&.;! 2;4! &)N4.2&(01!+-'2&.*41! &)!

2;414!,4)1&2&41!,4.'4-14,![02!124-,&*8!-..0D0*-24,!&)!2;4!%4'83*(]3,4)1&28!N'-.2&()1!aj9XRZbX!

C;414!'410*21!10OO4124,!2;-2!*&+&,-2&()!(N!"#$!+-'2&.*41!&1!-!.()2&)0(01!+'(.411!2;-2!(..0'1!

(%4'!2&D4!+(12314.'42&()!N'(D!+'(,0.4'!.4**1X!

=4c2:!]4!1(0O;2!2(!,424'D&)4!];42;4'!14'0D!.().4)2'-2&()!&)N*04).41!2;4!*&+&,-2&()!*4%4*1!(N!

"#$..!+-'2&.*41X!Y1!1;(])!&)!>&O0'4!Q73>!a50++*4D4)2-'8!>&O0'4!Q!N('!'-]!,-2-b:!]4!N(0),!

2;-2!&).0[-2&()!(N!"#$..!+-'2&.*41!]&2;!&).'4-1&)O!"5!,(141!O'-,0-**8!1;&N24,!&)N4.2&%&28!-),!

+;81&.-*! +-'2&.*41:! '4-.;&)O!)4-'*8!9RRo! &)N4.2&%&28! &)! *(]3,4)1&28! N'-.2&()1!0+()! &).0[-2&()!

]&2;!QRo!"5X!C;414! '410*21! &),&.-24,! 2;-2!-./0&1&2&()!(N! *&+&,1!,4+4),1!()! 2;4!-D(0)21!(N!

14'-!-),!0),4'1.('4,!-!*&D&2&)O!14'0D!N-.2('!'41+()1&[*4!N('!*&+&,-2&()!(N!"#$!+-'2&.*41!-2!-!

+(1234O'411!124+X!

5&).4! "53&).0[-24,! "#$..! +-'2&.*41! '4-.;4,! ,4)1&2&41! .*(14! 2(! 2;(14! (N! "#$3&)N4.24,!

+-2&4)21! a>&O0'4! 9Yb:! ]4! ](),4'4,! &N! 2;4! N('D4'! %&'0141! ]4'4! -11(.&-24,! 2(! -+(?:! -1!

([14'%4,!"1'!"!0aY),'4!42!-*X:!BRRB:!7&-A!42!-*X:!BRRU:!=&4*14)!42!-*X:!BRRU:!C;(D114)!42!-*X:!

9VVBbX!m;4)!]4!/0-)2&N&4,! 2;4!%&'-*!L=Y1!-N24'! .(3&DD0)(3+'4.&+&2-2&()!-11-81!]&2;!-+(?!

-)2&[(,&41:!]4! N(0),!-!12'()O!4)'&.;D4)2!(N!%&'-*!L=Y1! N('!"#$..!+-'2&.*41! &).0[-24,!]&2;!
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!

"5:! '4-.;&)O! %-*041! .(D+-'-[*4! 2(! 2;(14! ,424.24,! N('! +-2&4)2! 14'-! a>&O0'4! Q<bX! C;&1!

&),&.-24,! 2;-2! 2;4! *(]3,4)1&28! +'(N&*4! (N! "#$! +-'2&.*41! &).0[-24,! ]&2;! "5! '4N*4.21! 2;4&'!

-11(.&-2&()!]&2;!-+(?:!10OO412&)O!2;-2!0+()!"53&).0[-2&():!"#$!&)N4.2&(01!+-'2&.*41!&)24'-.2!

]&2;!-+(?3.()2-&)&)O!*&+(+'(24&)1!&)!-!D-))4'!1&D&*-'!2(!+-2&4)23,4'&%4,!%&'01X!

!

57AF!#$2&$,/$!)-!567!HK!V14/)(%)*$+,!0$*$%'+,$#!1+(+0.*+),!)-!=+%.1!(.%*+/1$#W!

5&).4!n.9!-),!"WW!%&'0141!,&1+*-84,!,&NN4'4)2! *&+&,-2&()! *4%4*1!-),!'-241! a>&O0'4!QY3#b:!]4!

1(0O;2!2(!&)%412&O-24!];&.;!%&'-*!,424'D&)-)2!.(0*,!&)N*04).4!%&'&()!*&+&,-2&()X!m4!N(0),!2;-2!

1]-++&)O!2;4!"WW!"$LK!14/04).4!&)!n.9!%&'01!a>&O0'4!UYb!&),0.4,!12'()O4'!*&+&,-2&()!(N!2;4!

'410*2&)O!n.9\"$L9\"WW! '4.(D[&)-)2!+-'2&.*41!-1!.(D+-'4,! 2(!+-'4)2-*!n.9!%&'01:!]&2;!-)!

&).'4-14! (N! (%4'! Q3U! N(*,! (N! [(2;! &)N4.2&(01! a>&O0'4! U?:7g! 50++*4D4)2-'8! >&O0'4! UYb! -),!

+;81&.-*! a>&O0'4! U>g! 50++*4D4)2-'8! >&O0'4! U?b! +-'2&.*41! ,424.24,! &)! N'-.2&()1! (N! ,4)1&2&41!

[4*(]! 9XRZ! 0+()! "53&).0[-2&()X! K)24'412&)O*8:! 2;4! *&+&,-2&()! (N! 2;&1! '4.(D[&)-)2! %&'01! ]-1!

;&O;4'! 2;-)! 2;-2! (N! +-'4)2-*! "WW! %&'01! &214*N:! ]&2;! (%4'! 2](3N(*,! D('4! &)N4.2&(01! +-'2&.*41!

,424.24,! &)! 10.;! N'-.2&()1! aSRo! !$X! ZRog! >&O0'4! U?:7! !$X! >&O0'4! U#:Tg! 50++*4D4)2-'8!

>&O0'4!UY!!$X!U#b:!.(''4*-2&)O!]&2;!2;4!;&O;4'!1;&N2!(N!+;81&.-*!+-'2&.*41!aU3W!N(*,!!$X!BXQ3N(*,g!

>&O0'4! U>:<g! 50++*4D4)2-'8! >&O0'4! U?:7bX! #()%4'14*8:! .(D+-'4,! 2(! +-'4)2-*! "WW! %&'01:!

1]-++&)O! 2;4!n.9!"$LK!14/04).4!,4.'4-14,! 2;4! *&+&,-2&()!(N! 2;4!'410*2&)O!"WW\"$L9\n.9!

'4.(D[&)-)2!+-'2&.*41!0+()!"53&).0[-2&():!-1! 1;(])![8! 2;4! '4,0.2&()!(N!7#X! ZR3N(*,!(N! 2;4!

+4'.4)2-O4!(N!&)N4.2&(01!+-'2&.*41!,424.24,!&)!N'-.2&()1!(N!,4)1&2&41![4*(]!9XRZ!a>&O0'4!Q#:Tg!

50++*4D4)2-'8! >&O0'4! U#bX! Y*2(O42;4':! 2;414! '410*21! &),&.-24,! 2;-2! "$LK! &1! -! ^48! %&'-*!

,424'D&)-)2!'4O0*-2&)O!2;4!*&+&,-2&()!(N!%&'-*!+-'2&.*41!&)!-)!"#$!12'-&)3,4+4),4)2!D-))4'X!!

!

5:"! +#! .! #$%&'! -./*)%! *8.*! (%)')*$#! 567! (.%*+/1$! 1+(+0.*+),! 34! .()?Z/),*.+,+,V!

1+()(%)*$+,#W!

C;-2! "5! .(0*,! D('4! 4NN&.&4)2*8! &),0.4! *&+&,-2&()! (N! %&'-*! +-'2&.*41! -1! .(D+-'4,! 2(! >#5!

a>&O0'41!93Gb!&),&.-24,!2;-2!4&2;4'!14'0D!28+4!D&O;2!,&NN4'!&)!"#$31+4.&N&.!*&+&,-2&()!N-.2('a1bX!

K),44,:!];4)!]4!/0-)2&N&4,!2;4!*&+(+'(24&)1!.(D+(1&2&()!(N!14'-!014,!&)!(0'!4c+4'&D4)21:!]4!

N(0),!2;-2!.(D+-'4,!2(!"5:!>#5!,&1+*-84,!U3W!N(*,1!*(]4'!-D(0)21!(N![(2;!"7I1!-),!I7I1:!

-),!)(!$I7I1!a50++*4D4)2-'8!>&O0'4!WYbX!C;01:!]4!1(0O;2! 2(!.;-'-.24'&A4!14'0D!N-.2('1:!

&).*0,&)O!*&+(+'(24&)1:!2;-2!.(0*,!D(,0*-24!*&+&,-2&()!(N!"#$!+-'2&.*41X!!

C(!,424'D&)4!];&.;!*&+(+'(24&)!.*-11!&1!&D+('2-)2!N('!*&+&,-2&()!(N!%&'-*!+-'2&.*41:!]4!,4+*424,!

*&+(+'(24&)1! N'(D! "5! 2(! O4)4'-24! -! I@75! ]&2;! k9RR3N(*,! ,4.'4-14,! -+(?! *4%4*1:! ,41+&24!

)('D-*!"5Y! *4%4*1! a50++*4D4)2-'8!>&O0'4!W?b:! &),&.-2&)O!4NN4.2&%4! '4D(%-*! (N! *&+(+'(24&)1X!

=4c2:! ]4! &).0[-24,! n.9! "#$..! +-'2&.*41! +'(,0.4,! &)! 14'0D3N'44! .(),&2&()1! ]&2;! I@75! ('!

]&2;!+0'&N&4,!"5Y!!$X!]&2;!,&NN4'4)2!*&+(+'(24&)!28+41:!"%&%9!$I7I:!I7I!('!"7I:![4N('4!,4)1&283

O'-,&4)2! -)-*81&1X!m4! N(0),! 2;-2! &).0[-2&()!]&2;! 4&2;4'! I@75!('!"5Y!()*8! ,&,! )(2! O'(11*8!
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!

.;-)O4! 2;4! *&+&,-2&()! +'(N&*4! (N! %&'-*! +-'2&.*41! a>&O0'4! WYg! 50++*4D4)2-'8! >&O0'4! W#b:!

10OO412&)O! 2;-2! *&+(+'(24&)1! +'414)2! &)! 14'0D! -'4! *&^4*8! 2;4! 1(0'.4! (N! %&'&()! *&+&,-2&()X!

#()%4'14*8:! &).0[-2&()! (N! "#$..! +-'2&.*41! ]&2;! +0'&N&4,! $I7I1:! I7I1! ('! "7I1! -2!

+;81&(*(O&.-*! .().4)2'-2&()1! ,&,! )(2! 1&O)&N&.-)2*8! .;-)O4! 2;4&'! *&+&,-2&()! +'(N&*41:! &),&.-2&)O!

2;-2! -! 14'0D! +'(24&)! .(D+()4)2! .(0*,! [4! '4/0&'4,! N('! %&'01! *&+&,-2&()! [8! 4&2;4'! *&+(+'(24&)!

28+4X! #()N&'D&)O! 2;&1! ;8+(2;41&1:! ]4! N(0),! 2;-2! "#$..! &).0[-2&()! ]&2;! I@75! -,,4,! 2(!

*&+(+'(24&)1!1;&N24,!2;4!%&'-*!+-'2&.*41!2(!*(]3,4)1&2&41:!]&2;!kQRo!(N!&)N4.2&%&28!,424.24,![4*(]!

9XRS!a>&O0'4!WYg!50++*4D4)2-'8!>&O0'4!W#bX!>0'2;4'D('4:!2;4!&).0[-2&()!(N!"#$..!+-'2&.*41!

]&2;!I@75!-),!.(D[&)-2&()1!(N!"7I!-),!$I7I!('!I7I!&),0.4,!N0**!*&+&,-2&():!1&D&*-'!2(!2;-2!

,424.24,! ]&2;! "53&).0[-2&()! a>&O0'4! W?g! 50++*4D4)2-'8! >&O0'4! W#bX! 5&D&*-'! '410*21! ]4'4!

([2-&)4,!]&2;!"WW!"#$..!+-'2&.*41!a,-2-!)(2!1;(])bX!

>&)-**8:!];&*4!14-'.;&)O! N('!14'0D!N-.2('1!+'(D(2&)O!"#$! *&+&,-2&():!]4! N(0),! 2;-2![*(.^&)O!

14'0D!*&+(+'(24&)3D(,&N&.-2&()!N-.2('1!10.;!-1!.;(*4124'8*!4124'!2'-)1N4'!+'(24&)!a#TC@b!-),!

*4.&2;&)3.;(*4124'(*! -.8*2'-)1N4'-14! aI#YCb! ,&,! )(2! .;-)O4! "53&),0.4,! %&'&()! *(]3,4)1&28!

a50++*4D4)2-'8!>&O0'4!Sb:!2;01!'0*&)O!(02!2;4&'!&)%(*%4D4)2!&)!"#$!*&+&,-2&()X!K)!.()2'-12:!]4!

N(0),! 2;-2! "5Y! -,,4,! 2(! $I7I! -),! I7I! .(0*,! &),0.4!"#$! +-'2&.*4! *&+&,-2&()! a>&O0'4! WYg!

50++*4D4)2-'8!>&O0'4!W#bX!

Y*2(O42;4':! 2;414! '410*21! &),&.-24,! 2;-2! *&+(+'(24&)1! -'4! 2;4!D-&)! 1(0'.4! (N!"#$! *&+&,-2&():!

];&.;!'4/0&'41!-,,&2&()-*!14'0D!.(D+()4)2a1b!2;-2!&).*0,4!"5YX!

!

!

>+#/&##+),!

!

C;4!(%4'-**!('O-)&A-2&()!(N!"#$!+-'2&.*41!N('Da1b!'4D-&)1!4*01&%4X!51'!"!0:!"#$!+-'2&.*41!-'4!

-11(.&-24,! 2(! -+(?:! 2;4!D-p('! 12'0.20'-*! -),! )()34c.;-)O4-[*4! .(D+()4)2! (N! $I7I1! -),!

I7I1X!C;&1!D-8!4c+*-&)!2;4!+-'2&.0*-'*8!*(]![0(8-)2!,4)1&28!(N!"#$!I$@1:!"%&%!}9XRS!a>&O0'4!

9Yb:!];&.;! &1! 1&O)&N&.-)2*8! *(]4'! 2;-)! 2;(14!(N!(2;4'!4)%4*(+4,!%&'0141:! &).*0,&)O! 2;4!"#$3

'4*-24,! N*-%&%&'0141aI&),4)[-.;! q! L&.4:! BR9GbX! K),44,:! 2;4! *&+&,(D&.1! (N! +0'&N&4,! "#$..!

+-'2&.*41!.()N&'D4,!2;-2!2;4&'!*&+&,!.()24)2!&1!'4*-24,!2(!2;-2!(N!14'0D!*&+(+'(24&)1aE4'A!42!-*X:!

BR99bX!54%4'-*!120,&41!+'(+(14,!2;-2!"#$!+-'2&.*4!+'(,0.2&()!N'(D!;4+-2(.8241!,4+4),1!()!

.4**0*-'! N-.2('1! .()2'(**&)O! [&(18)2;41&1! (N! $I7I1:! 10OO412&)O! 2;-2! 2;4! &)24'-.2&()! (N! %&'&()1!

]&2;!14'0D!*&+(+'(24&)1![4O&)1!-2!2;4!124+1!(N!2;4&'!-114D[*8!-),!14.'42&()!+'(.41141!,0'&)O!

];&.;! &DD-20'4!+-'2&.*41!-'4!.()%4'24,! 2(!D-20'4!%&'&()1![8! *&+&,-2&()!-),! &).('+('-2&()!(N!

1(D4!-+(*&+(+'(24&)1aY),'4!42!-*X:!BRRB:!?(84'!42!-*X:!BR9Z:!#-2-)414!42!-*X:!BR9G:!#;-)O!42!

-*X:! BRRW:! 7-(! C;&! 42! -*X:! BR9B:! 7&-A! 42! -*X:! BRRU:! 7'40c! 42! -*X:! BRRW-:!<-12-D&)A-! 42! -*X:!

BRRU:! "0-)O! 42! -*X:! BRRW:! n&-)O! q! I0(:! BRRV:! I44! 42! -*X:! BR9Z:! I&),4)[-.;! 42! -*X:! BRRQ:!

I&),4)[-.;! 42! -*X:! BRRU:! E4'A! 42! -*X:! BR99:! E40)&4'! 42! -*X:! BRRS:! =&4*14)! 42! -*X:! BRRU:!
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!

5244)[4'O4)! 42! -*X:! BR9G:! C;(D114)! 42! -*X:! 9VVBbX! s42:! ];&*4! 2;4'4! &1! -! 12'()O! .()14)101!

&),&.-2&)O!2;-2!2;4!4c.;-)O4-[*4!-+(*&+(+'(24&)!-+(T!&1!)4.411-'8!-2!-)!4-'*8!-114D[*8!124+!

2(!+'(D(24!4)%4*(+D4)2:! *&+&,-2&()!-),l('! '4*4-14!(N! %&'-*!+-'2&.*41:! 1(D4!120,&41!10OO4121!

2;-2!-+(?!D-8!)(2![4!'4/0&'4,!2(!+'(D(24!2;414!&)&2&-*!124+1!a'4%&4]4,!&)aI&),4)[-.;!q!L&.4:!

BR9GbbX!C;&1!&1!&)2'&O0&)O![4.-014!-+(?!&1!4114)2&-*!N('!$I7I![&(O4)41&1aI4;)4'!42!-*X:!BR9Bb!

-),![4.-014!"#$!'42'&4%4,!N'(D!+-2&4)21!.-)![4!'4-,&*8!&DD0)(3+'4.&+&2-24,!]&2;!-)2&[(,&41!

-O-&)12! -+(?a=&4*14)! 42! -*X:! BRRU:! C;(D114)! 42! -*X:! 9VVBb! a>&O0'4! Q<bX! r)4! ('2;(,(c!

4c+*-)-2&()! &1! 2;-2! 2;4!"0;3WXQ!;4+-2(D-!.4**1! 2;-2!4NN&.&4)2*8!10++('2!"#$..!+'(,0.2&()! "1'

!"*,0aI&),4)[-.;!42!-*X:!BRRQ:!@&421.;D-))!42!-*X:!BRRUb!*-.^!D-)8!+'(+4'2&41!(N!;4+-2(.8241:!

10.;!-1!2;4!-[&*&28!2(!+'(,0.4!)('D-*!$I7I1a#-*-22&)&!42!-*X:!BR9Q:!E44c!42!-*X:!BR99:!@(,4%&)!

42!-*X:!BR9R:!5244)[4'O4)!42!-*X:!BR9G:!s-D-D(2(!42!-*X:!9VSWbX!C;-2!"0;!WXQ!.4**1!+'(,0.4!

0),4'3*&+&,-24,:!$I7I3*&^4!+-'2&.*41!](0*,!2;01!4c+*-&)!];8!2;4!"#$..!+-'2&.*41!2;48!+'(,0.4!

;-%4!-!;&O;4'![0(8-)2!,4)1&28!-),!*(]4'!1+4.&N&.!&)N4.2&%&28!2;-)!"#$!+'(,0.4,!"1'!"!0aY),'4!

42! -*X:! BRRB:! I&),4)[-.;! 42! -*X:! BRRU:! =&4*14)! 42! -*X:! BRRUb! ('! N'(D! +'&D-'8!

;4+-2(.8241a#-*-22&)&!42!-*X:!BR9Q:!I&),4)[-.;!42!-*X:!BRRU:!@(,4%&)!42!-*X:!BR9RbX!"(]4%4':!

];4)!"4+<B!;4+-2(D-!.4**1:!];&.;!-'4!2;(0O;2!2(!'4+'414)2!D('4!D-20'4!;4+-2(.8241!2;-)!

"0;3W! .4**1:! -'4! &),0.4,! 2(! +'(,0.4! )('D-*:! -+(?3.()2-&)&)O! $I7I1:! 2;48! 8&4*,! &)N4.2&(01!

%&'-*!+-'2&.*41! 2;-2!-'4![&(+;81&.-**8!-),![&(.;4D&.-**8!1&D&*-'! 2(! 2;(14!+'(,0.4,! N'(D!"0;3

WXQ!.4**1an-DD-'2!42!-*X:!BR9GbX!!

5&).4! 2;&1! -),! (2;4'! 4%&,4).4aI&),4)[-.;! q! L&.4:! BR9Gb! 1;(]4,! 2;-2! 2;4'4! &1! )(! .*4-'!

.(''4*-2&()![42]44)!2;4!-[&*&28!(N!.4**1!2;-2!'4+*&.-24!"#$!2(!14.'424!-+(?!('!$I7I1!-),!2;4&'!

.-+-.&28!2(!+'(,0.4!I$@1:!]4!2;(0O;2!2(!&)%412&O-24!2;4!+(11&[&*&28!2;-2!I$@!N('D-2&()!"1'!"!0!

.(0*,! ,4'&%4! N'(D! -! +(12314.'42&()! &)24'-.2&()! [42]44)! 4c2'-.4**0*-'! "#$! +-'2&.*41! -),!

$I7I1!('!(2;4'!*&+(+'(24&)1X!r0'!'410*21!&),&.-24!2;-2!];&*4!"0;3WXQ!.4**1!O'(])!&)!14'0D3N'44!

D4,&0D! +'(,0.4! %4'83+(('*8! *&+&,-24,:! &N! )(2! .(D+*424*8! &DD-20'4! "#$! +-'2&.*41! (N!

&)24'D4,&-24! ,4)1&28! ak9XRSb:! 2;4! D-20'-2&()! 2(! N0**83*&+&,-24,:! -+(?3.()2-&)&)O! &)N4.2&(01!

%&'&()1!(N! *(]3,4)1&28!.-)![4!'-+&,*8!&),0.4,!().4!2;48!4).(0)24'! &)!2;4!4c2'-.4**0*-'!D&*&40!

2;4! -++'(+'&-24! 14'0D! .(),&2&()1! 2;-2! 4c;&[&2! +;81&(*(O&.! .().4)2'-2&()1! (N! *&+(+'(24&)1X!

C;414!'410*21!,(!)(2!,&1'4+024!2;-2' "1'!"!0!('! &)!)('D-*!;4+-2(.8241!-1!]4**!-1!&)!*()O324'D!

"53&),0.4,!D42-[(*&.-**83-,-+24,!;4+-2(D-!.4**1!-1!+'(+(14,!+'4%&(01*8a<-12-D&)A-!42!-*X:!

BRRU:! "0-)O! 42! -*X:! BRRW:! 5244)[4'O4)! 42! -*X:! BR9Gb:! "#$! D-20'-2&()! D-8! (..0'! ,0'&)O!

2'-)1&2! 2;'(0O;! 2;4!.4**! 14.'42('8!+-2;]-8:!];4'4!%&'&()1!D-8!-11(.&-24!('! N014!]&2;!-+(?3

.()2-&)&)O! *&+(+'(24&)1! +'4.0'1('1! -),l('! *0D&)-*:! -+(T3.()2-&)&)O! *&+&,! ,'(+*421aI4;)4'! 42!

-*X:!BR9BbX!"(]4%4':!2;48!&D+*8!2;-2!-!D-p('!N-.2('!(N! *&+&,3&D+'&)2&)O!(N!"#$!+-'2&.*41!&1!2;4!

4)%&'()D4)2!+'(%&,4,![8!2;4!4c2'-.4**0*-'!D&*&40!-),l('!2;4!14'0D!.;-'-.24'&12&.1X!!

!
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!

r0'! ,-2-! '4%4-*! 2;-2! *&+&,-2&()! (N! %&'-*! +-'2&.*41! '4/0&'41! &)24'-.2&()a1b! ]&2;! ,4N&)4,! 14'0D!

*&+(+'(24&)1![02!-*1(! &)%(*%41!-,,&2&()-*:!+'410D-[*8!)()3*&+&,!14'0D!N-.2('a1b!10.;!-1!"5Y!

a>&O0'4! WbX! #().4')&)O! 2;4! *&+(+'(24&)! 28+4! -**(]&)O! *&+&,-2&()! (N! %&'-*! +-'2&.*41:! (0'! '410*21!

&),&.-24!2;-2!-**!+'&).&+-*!*&+(+'(24&)!.*-1141:!"%&%:!$I7I:!I7I!-),!"7I:!.(0*,!&),0.4!*&+&,-2&()!

"1' !"*,0:! 0+()! 1;('2! 2&D4! &).0[-2&()! ]&2;! "#$! +-'2&.*41! &)! 2;4! +'414).4! (N! I@75:! ]&2;! -)!

-,,&2&%4!4NN4.2!];4)!4&2;4'!$I7I!('! I7I!]-1! .(D[&)4,!]&2;!"7IX!m;&*4! 2;414! '410*21! -'4!

.()1&124)2! ]&2;! 2;4! 12'()O! *&+&,-2&()! &),0.4,! [8! "5! a2;&1! '4+('2b:! &)! .()2'-12! 2(! >#5! 2;-2!

.()2-&)1!-2!*4-12!U3N(*,!*(]4'!.().4)2'-2&()1!(N!4&2;4'!*&+(+'(24&)!a50++*4D4)2-'8!>&O0'4!WYb:!

2;48! '-&14! 2;4! /0412&()! (N! 2;4! )-20'4! (N! 2;4! &)24'-.2&()! [42]44)! *&+(+'(24&)1! -),! %&'-*!

+-'2&.*41:! -),!(N! &21! (02.(D4! &)! 24'D1!(N!"#$!%&'&()!D('+;(*(O8X!I$@!12'0.20'41!;-'[('&)O!

,&NN4'4)2! *&+(+'(24&)! .(D+()4)21!D-8! &),44,! [4! N('D4,! [8! 2'-)1N4'! (N! *&+&,1:! 2;'(0O;! 2;4&'!

1+()2-)4(01! '4*4-14l4c.;-)O4! ('! !"#! N01&()! a_1&)O*43+-'2&.*4`! D(,4*b:! (':! -*24')-2&%4*8:! [8!

2'-)1&4)2! ('! 12-[*4! %&'&()! -11(.&-2&()! ]&2;! *&+(+'(24&)1! a_2](3+-'2&.*4`! D(,4*baI&),4)[-.;! q!

L&.4:!BR9GbX!!

Y*2;(0O;!,&'4.2!4%&,4).4![8!4*4.2'()!D&.'(1.(+8!&1!D&11&)O!&)!N-%('!(N!2;4!*-224'!D(,4*aY),'4!

42!-*X:!BRRB:!#-2-)414!42!-*X:!BR9G:!<-12-D&)A-!42!-*X:!BR9R:!E4'A!42!-*X:!BR99:!@&%4'!42!-*X:!

BR9Wb:!+4';-+1!(]&)O!2(!&21!2'-)1&4)2!('!0)12-[*4!12-24:!(0'!'410*21!-'O04!N('!2;&1!D(,4*!1&).4!

*&+&,-2&()! (N! .4**3N'44! %&'-*! +-'2&.*41! 0+()! 1;('2! 2&D4! 2'4-2D4)2! ]&2;! "5! &),0.4,! 2;4&'!

-11(.&-2&()!]&2;!-+(?:!-!)()34c.;-)O4-[*4!-+(*&+(+'(24&)!a>&O0'4!Q<bX!r2;4'!-'O0D4)21!N('!

2;&1! D('+;(*(O&.-*! D(,4*! -'4! 2;-2! "1' !"!0:! "#$! +-'2&.*41! D-8! -11(.&-24! ]&2;!

-+(?ZS!.()2-&)&)O! .;8*(D&.'()1a7&-A! 42! -*X:! BRRUb:! -*2;(0O;! "#$! &1! )(2! +'(,0.4,! [8!

4)24'(.8241:! -),! 2;-2! 2;48! 4c;&[&2! '-+&,! 2;(0O;! 2'-)1&4)2! +(12+'-),&-*! 1;&N21! &)! [0(8-)2!

,4)1&28!0+()!*&+&,3'&.;!,&42!&)!"#$3&)N4.24,!+-2&4)21a>4*D*44!42!-*X:!BR9RbX!s42:!2;&1!4%&,4).4!

,(41!)(2!'0*4!(02!2;4!-*24')-2&%4!-),l('!)()4c.*01&%4!+(11&[&*&28!2;-2!%&'-*!+-'2&.*41!D-8!D&D&.!

*&+(+'(24&)1! -),! 2;01:! 4c.;-)O4! ('! 0+2-^4! 2;4&'! *&+&,1! p012! -1! *&+(+'(24&)1! ,(! [42]44)!

2;4D14*%41X!Y..(',&)O*8:! &2!]-1!+'4%&(01*8!'4+('24,!2;-2!-+(*&+'(24&)1!.-)![4!4c.;-)O4,!('!

2'-)1N4''4,!N'(D!.4**1:!*&+(+'(24&)1!('!14'0D!&214*N!2(!&)N4.2&(01!+-'2&.*41a?-)^]&2A!42!-*X:!BR9W:!

#;-)O!42!-*X:!BRRW:!7'40c!42!-*X:!BRRW-:!E40)&4'!42!-*X:!BRRS:!s-)O!42!-*X:!BR9UbX!C;01:!-1!

I$@1! .()2-&)! 1+4.&N&.! 10[1421! (N! -+(*&+'(24&)1aY),'4! 42! -*X:! BRRB:! #-2-)414! 42! -*X:! BR9G:!

E4'A!42!-*X:!BR99b:!2;&1!D-8!'4O0*-24!2;4!4c.;-)O4!-),l('!2'-)1N4'!(N!*&+&,1!]&2;!*&+(+'(24&)1:!

];&.;!.(0*,!D(,&N8! 2;4&'! &))4'!)402'-*! *&+&,!.()24)2:!-1! &)N4''4,!N'(D!2;4! *&+&,-2&()!12-24!-),!

&)N4.2&%&28! (N! %&'-*! +-'2&.*41! 2;-2! -'4! -*24'4,! 0+()! 2'4-2D4)2! ]&2;! *&+(+'(24&)! *&+-14! -),l('!

;4+-2&.! 2'&O*8.4'&,4! *&+-14a5;&D&A0! 42! -*X:! BR99bX! K)! 2;&1! '41+4.2:! (0'!"53&).0[-2&()! ^&)42&.1!

a>&O0'4! Qb:! 10OO412&)O! 2;-2! *&+&,-2&()! (N! &)N4.2&(01! +-'2&.*41! &1! +'(O'411&%4! (%4'! 2&D4:! D-8!

-'O04! N('! 2;4! _1&)O*43+-'2&.*4`!D(,4*!(N!"#$!12'0.20'4:!1;-'&)O!]&2;!-! *&+(+'(24&)!+-'2&.*4! &21!

4)%4*(+4! 2;-2! &1! .()2&)0(01*8! '4D(,4*4,! 0+()! &)24'-.2&()1! ]&2;! *&+(+'(24&)1X! 5&).4! "#$!
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!

+-'2&.*4!*&+&,-2&()!.-)![4!&),0.4,![8!,&NN4'4)2!28+41!(N!*&+(+'(24&)1!a>&O0'4!Wb:!]4!10'D&14!2;-2!

2;4!D(,4!(N!*&+(+'(24&)!-11(.&-2&()!('!(N!*&+&,-2&()!D4.;-)&1D!%-'&41!-..(',&)O*8X!

KD+('2-)2*8:! (0'! '410*21! '4%4-*! 2;-2! *&+&,-2&()! (N! %&'-*! +-'2&.*41! [8! *&+(+'(24&)1! '4/0&'41!

-,,&2&()-*!14'0D!N-.2('a1b:!1&).4!&).0[-2&()!]&2;!$I7I:!I7I!-),!"7I!.(0*,!&),0.4!2;4!*(]3

,4)1&28!1;&N2!(N!"#$!%&'&()1!()*8!&)!2;4!+'414).4!(N!I@75X!m4!]4'4!0)-[*4!2(![*(.^!*&+&,-2&()!

(N! %&'-*!+-'2&.*41![8! &);&[&2('1!(N!#TC@!-),!I#YC! 2;-2!+'(D(24! *&+&,! 2'-)1N4'! 2(! *&+(+'(24&)1!

-),!D-20'-2&()!a50++*4D4)2-'8!>&O0'4!Sb:!;4).4!,&1.-',&)O!2;414!.-),&,-24!N-.2('1X!s42:!]4!

N(0),! 2;-2!"5Y:!-,,4,! 2(!$I7I!('!I7I:! &),0.4,! *&+&,-2&()!(N! %&'-*!+-'2&.*41X!C;&1! &),&.-24,!

2;-2! "5Y! &1! ()4! (N! 2;4! 14'0D! .(3N-.2('1! D4,&-2&)O! I$@! N('D-2&():! +4';-+1! [8! ['&,O&)O!

*&+(+'(24&)1!-),!%&'&()1!('![8!N-%('&)O!*&+&,!4NN*0ca5-)^-'-)-'-8-)-)!42!-*X:!BR9GbX!!

!!

r0'! '410*21! &),&.-24! 2;-2! 2;4!"$LK!,(D-&)!(N! 2;4!TB!O*8.(+'(24&)!+*-81!-!D-p('! '(*4! &)! 2;4!

*&+&,-2&()! +'(.411! -),! -..(0)21! N('! 2;4! ,&NN4'4)2&-*! *&+&,-2&()! 14)1&2&%&2&41! (N! n.9! !$X! "WW!

"#$..! +-'2&.*41X! "$L9! '4D-&)1! -)! &)2'&O0&)O! ,424'D&)-)2! (N! TB! 2;-2! D(,0*-241! &b! 2;4!

.()N('D-2&()!(N!TB![8!.().4-*&)O!2;4!#7S93[&),&)O!1&24a7-(!C;&!42!-*X:!BR9B:!L(..-14..-!42!

-*X:! BRRGb! -),! 2;4! -..411&[&*&28! 2(! .'(113)402'-*&A&)O! 4+&2(+41! 2;-2! 2-'O42! %&'013#7S9!
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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.(1) 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.(2) Of particular interest, the authors high-

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 TJs,
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.(2) 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 TJ 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,(3) including EGFR stimulation,(4)

which induces rearrangement of the actin cytoskeleton
and subsequent lateral diffusion of CD81 on the
plasma membrane, and interaction of CD81 with
CLDN1.(5) CD81–CLDN1 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 CLDN1, 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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activated intrahepatic macrophages that produce tumor
necrosis factor-a 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,(6) 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.(2) Importantly, 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 CLDN1 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-

rity of preformed TJs but rather impaired rebuilding of
TJs after their disassembly,(7) which suggests the exis-
tence of different pools and/or functions of TJ 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,(2) may block E-cadherin–mediated co-
optation of these TJ-free CLDN1 and OCLN mole-
cules, which, hence, would prevent their functions in
HCV entry, for example, the above-described critical
CD81–CLDN1 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,
HCV induces loss of E-cadherin expression and leads
to induction of epithelial-to-mesenchymal transition
markers.(2) Interestingly, they found that HCV
expression triggers epithelial-to-mesenchymal transi-
tion through activation of transforming growth
factor-b signaling, which induces the loss of E-
cadherin and, consequently, prevents correct localiza-
tion of OCLN and CLDN1.(2) These results may
explain previous observations indicating that the
altered localization of OCLN and CLDN1 was
induced by HCV glycoprotein expression.(8) Indeed,
connections between EGFR and E-cadherin have
been reported.(9) Specifically, EGFR activation leads
to phosphorylation of cytoplasmic linker molecules,
such as b-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,(4) 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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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.
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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.(1) 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.
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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.! JetPEI (Polyplus-transfection Inc.) for transfection of donor HEK-293T cells. 

2.! 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. 

S8! Constructs expressing HCV glycoproteins consists of e.g., plasmid phCMV-H77-wt 

expressing wild type E1E2 from genotype 1a 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. !

3.! 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. 

4.! 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 pH5.  

2.1.5 Buffers 

1.! 1X DPBS. 

2.! 1X Fusion Buffer (135 mM NaCl, 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 5ml 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% HCl 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 µm 

filter units.  

3.! 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.  

4.! Firefly Luciferase reagent: First prepare 1L of Firefly Buffer (25mM Tricine buffer, 

pH 7.8, 5mM MgSO4, 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, β-lactamase HIV based HCV pseudoparticles or HCVcc particles (for a 

detailed protocol of HCVpp and HCVcc production see Chapter…). A protocol for 

production of β-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 MLVpp, 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 (R18; Molecular Probes). 

6.! Beta-Lactamase Substrate CCF2-FA; free acid (Invitrogen). 

7.! Polycarbonate filters. 

2.2.3 Equipment 

1.! SLM Aminco 8000 spectrofluorimeter or equivalent. 

 

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, 100µg/ml of streptomycin, and 10% fetal bovine serum. 

2.! Incubator for cell culture at 37°C, 5% CO2. 

3.!  Six-well plates. 

2.3.3 HCV particles 

1.! HCVcc particles containing a luciferase reporter genome (see Chapter… for 

production). 

2.3.4 Reagents 

1.! Inhibitor of endosomal acidification: Bafilomycin A1 (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 25µM and 

5µM for bafilomycin A1 and concanamycin A, respectively. 

2.! Ice cold DPBS. 

3.! Pre-warmed citric buffer (pH7 or pH5): 15mM citric acid, 150 mM NaCl. For 100mL, 

weight 288.2mg of citric acid and 876.6mg of NaCl and dissolve all components in 
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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 HCl 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
5
 HEK-293 T cells and 5x10

5
 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 µg 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 µg of LXSN-Tat per well and incubate cells for 24 

hours without replacing the culture media (see Notes 5 and 6).  

3.! 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
5
 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
5
 

cells/ml. Aspirate culture media from HEK-293 T cells and seed 2x10
5
 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).  

4.! 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.  

5.! Day 5- Luciferase quantification. 24 hours after pH shock remove the media from the 

co-cultures and wash once with 1X DPBS. Add 175 µl 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.  

6.! For Luciferase quantification assay aliquot 30 µl of each supernatant into a 96-well 

black plate.  

7.! 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 R18, 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 β-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 R18 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 R18 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; R18 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 µl) of HCVpp or HCVcc in PBS (pH 7.4) to a 37°C 

–thermostable cuvette. 

2.! Add R18-labeled liposomes (final lipid concentration of 15 µM) 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 HCl 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 R18 

quenching. 

3.2.3 CCF2-FA liposome preparation  

1.! Resuspend the lipid film into 100 µM 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 µM phospholipid and 25 µM 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 HCl 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 HCVcc 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
5
 cells/well (see Note 9). 

2. Day 2. Treat target cells with bafilomcyin A1 (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 µL of 

stock solution of inhibitor per well. 

3. Infect target cells in presence of bafilomcyin A1 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 A1 and 

5 nM for concanamycin A1. 

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

5. Incubate cells with medium containing bafilomcyin A1 or concanamycin A for 1h at 

37°C (see Note 13). For that add 1.5mL of cell culture medium + 1.5 µL of stock 

solution of inhibitor per well. 

6. Incubate cells for 5minutes 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 5min at 37°C. After that remove buffer and wash with medium.  

7. Add fresh medium in presence of bafilomcyin A1 or concanamycin A for 3h at 37°C 

(see Note 15). For that add 1.5 mL of cell culture medium + 1.5 µL 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 µL 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 5min at 4°C. Transfer the 

supernatant to a new tube and aliquot 30 µL 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 HCVcc (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 E1E2 of genotype 1a was totally abolished at 1 µg/ml, while 6 µg/ml 

were required to block fusion of genotype 1b. For genotype 2a, HCVpp fusion was still 

observed using 6 µg/ml of arbidol, which is equivalent to 11.3 µM (Pecheur et al., 2007). The 

concentration of arbidol able to inhibit fusion of genotype 2a HCVcc by 50% (IC50) was 

determined to be 2 µg/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 15µM 

of R18-labeled liposomes at 37°C in buffer at neutral pH. 

3.! Then, add the R18-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 µg/ml of CBH-5 completely abrogates E1E2 mediated fusion and 5 µg/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 R18-

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 EC50 value of 734,2±9,3 nM in cell-cell fusion 

assays (Chi et al., 2016).  

1.! Add the peptide fusion inhibitor at a final concentration of 5 µM 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 

µg 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 µg 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. 

306



!

8.! After infection with HCVpp containing BlaM-Vpr at 37°C for 1h-3h, cells are washed 

in CO2-indpendent medium and loaded with CCF2-AM dye at room temperature for 

1h. After two additional washes, the BlaM reaction is allowed to develop for 7h at 

room temperature in CO2-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 

range 

Mode of action References 

Arbidol (ARB) HCVpp-

HCVcc/Liposome 

fusion  

Dose-dependent 

inhibition of 

HCVpp- and 

HCVcc-

mediated lipid 

fusion 

0.1-6 µg/ml 

(11.3 µM) 

Membrane 

association 

(Pecheur et 

al., 2007) 

(Haid et al., 

2009) 

Monoclonal antibody 

CBH-5 directed to an 

epitope in E2 

HCVcc/Liposome 

fusion 

Dose-dependent 

inhibition of 

HCVcc-

mediated lipid 

fusion 

1-25 µg/ml Blocks E2 binding 

to CD81 

(Owsianka et al., 

2008) 

(Haid et al., 

2009) 

Amphipathic DNA 

polymers 

HCVcc/Liposome 

fusion 

Inhibition of the 

rate and 

maximum extent 

of lipid fusion 

1-10 nM Target HCV 

postbinding step 

by an unknown 

mechanism 

(Matsumura 

et al., 2009) 

Peptide fusion 

inhibitor from E2 

stem domain (E27) 

Cell-cell fusion Dose- dependent 

inhibition of 

E1E2 mediated 

membrane 

fusion 

EC50 of 

734.2±9,3 nM 

Interfere with 

E1E2 

heterodimerization 

(Chi et al., 

2016) 

Flunarizine  Plasma membrane 

fusion 

Reduction of 

HCV infection  

10 µM Targets the 

potential fusion 

peptide within E1 

(Perin et al., 

2016) 

Concanamycin A 

(ConA), bafilomycin 

A (BafA1) 

Plasma membrane 

fusion assay 

Block HCVpp 

and HCVcc 

fusion at the 

endosomes  

25-50 nM 

BafA1 

5 nM ConA 

Inhibitors of 

vacuolar ATPases 

that that disturb 

endosome 

acidification 

(Perin et al., 

2016) 

Chloroquine, 

ammonium chloride 

Plasma membrane 

fusion assay 

Block HCVpp 

fusion at the 

endosomes 

(Ashfaq et al., 

2011) 

EC50 of 50 µM 

Chloroquine and 

10 mM NH₄Cl 

Weak bases that 

neutralize the pH 

of endosomes 

(Perin et al., 

2016) 
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