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In the plasma samples of hepatitis C virus (HCV)-infected patients, lipoviroparticles (LVPs), defined as (very-) low-density viral
particles immunoprecipitated with anti-�-lipoproteins antibodies are observed. This HCV-lipoprotein association has major
implications with respect to our understanding of HCV assembly, secretion, and entry. However, cell culture-grown HCV
(HCVcc) virions produced in Huh7 cells, which are deficient for very-low-density lipoprotein (VLDL) secretion, are only associ-
ated with and dependent on apolipoprotein E (apoE), not apolipoprotein B (apoB), for assembly and infectivity. In contrast to
Huh7, HepG2 cells can be stimulated to produce VLDL by both oleic acid treatment and inhibition of the MEK/extracellular sig-
nal-regulated kinase (ERK) pathway but are not permissive for persistent HCV replication. Here, we developed a new HCV cell
culture model to study the interaction between HCV and lipoproteins, based on engineered HepG2 cells stably replicating a blas-
ticidin-tagged HCV JFH1 strain (JB). Control Huh7.5-JB as well as HepG2-JB cell lines persistently replicated viral RNA and ex-
pressed viral proteins with a subcellular colocalization of double-stranded RNA (dsRNA), core, gpE2, and NS5A compatible with
virion assembly. The intracellular RNA replication level was increased in HepG2-JB cells upon dimethyl sulfoxide (DMSO) treat-
ment, MEK/ERK inhibition, and NS5A overexpression to a level similar to that observed in Huh7.5-JB cells. Both cell culture
systems produced infectious virions, which were surprisingly biophysically and biochemically similar. They floated at similar
densities on gradients, contained mainly apoE but not apoB, and were not neutralized by anti-apoB antibodies. This suggests
that there is no correlation between the ability of cells to simultaneously replicate HCV as well as secrete VLDL and their capac-
ity to produce LVPs.

Aremarkable feature of chronic hepatitis C (CHC) virus infec-
tion resides in the interplay between viral replication and host

gluco-lipidic metabolism. CHC infection is associated with a high
prevalence of insulin resistance (1, 2) and increased prevalence of
type 2 diabetes mellitus (3, 4). CHC infection is also associated
with an increased incidence of fatty liver (steatosis), which varies
between 40% and 80% of patients depending on other risk factors
(i.e., alcohol consumption, type 2 diabetes, or obesity) (5, 6). In
addition to metabolic risk factors, hepatitis C virus (HCV) repli-
cation has been reported to be associated with altered serum lipid
and lipoprotein levels (6, 7). Indeed, hypobetalipoproteinemia is
observed in 5 to 50% of patients, depending on viral genotype (8,
9). Furthermore, HCV-infected patients present lower choles-
terol, triglyceride, and low-density lipoprotein (LDL) levels (10),
which normalize following successful antiviral treatment (11).
These metabolic defects are more prevalent in genotype 3a-in-
fected subjects and have important consequences for patient man-
agement as patients with CHC present a higher risk of atheroscle-
rosis (12), whereas treatment responders may also have an
increased risk of coronary heart disease due to elevated LDL and
cholesterol levels (11). Recently, a report studying transgenic mice
expressing the HCV polyprotein showed altered hepatocellular
lipid and lipoprotein metabolism in these animals, with increased
lipogenesis and decreased lipoprotein secretion, suggesting a di-
rect role for the virus in modulating host lipoprotein metabolism
(13).

Besides the clinical observation of the impact of HCV on lipo-
protein metabolism, a more direct interaction between HCV viri-
ons and lipoproteins was first suggested in vivo in 1992 when
Thomssen and colleagues observed that a substantial fraction of

circulating HCV RNA could be immunoprecipitated by anti-�-
lipoprotein antibodies (14). �-Lipoprotein-associated hybrid
low-density HCV particles were reported to contain apolipopro-
tein B (apoB), HCV RNA, and the viral core protein (15) and have
been termed “lipoviroparticles” (LVP). Further characterization
of these LVP by immunoprecipitation studies revealed the pres-
ence of apolipoprotein E (apoE) in addition to apoB and HCV
RNA, suggesting a close association of HCV particles with very-
low-density lipoproteins (VLDL) (16). Interestingly, HCV parti-
cles seemed to be predominantly present in light, lipoprotein-rich
serum fractions from patients after a high-fat meal (17). The con-
cept of LVP is now widely accepted although no association be-
tween HCV and apoB has been reported in vitro (18, 19).

In vitro studies on HCV were mainly performed with the Huh7
(and derived) cell line infected by a cell culture-adapted JFH1 viral
strain (20–22) or derived chimeras such as Jc1 (23). Using these
cell culture models, many studies have characterized apoE as as-
sociating with HCV particles, concluding that apoE plays a role in
infectious particle formation and entry into host cells (24–29).
Interestingly, HCV particles produced in cell culture (HCVcc vi-
rions) have a relatively high density compared to their in vivo
counterparts, with densities ranging from 1.10 to 1.18 g/ml. These
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particles are infectious for chimpanzees; however, passage of the
virus in these animals generates particles with lower density and
increased specific infectivity (i.e., density [d] of � 1.10 g/ml) (30),
suggesting a role for host lipoproteins in the HCV life cycle. These
studies highlight the need to develop in vitro cell culture models
that synthesize LVP to understand their nature, composition, and
role(s) in HCV replication.

Huh7 cells were recently reported to be deficient at producing
mature VLDL (31, 32), limiting their usefulness as a model system
to study the role of VLDL in HCV replication. In contrast, HepG2
hepatoma cells have been shown to assemble and secrete lipopro-
teins (33), and recent reports showed that oleic acid (OA) stimu-
lation and inhibition of the MEK/extracellular signal-regulated
kinase (ERK) pathway promote cells to secrete VLDL (32, 34).
HepG2 cells have been extensively used to study HCV entry (35–
39), replication (39–41), and the effect of cell polarization on HCV
infection (42, 43). Several attempts to persistently and efficiently
replicate HCV in HepG2 cells using either inducible vector trans-
fection (44), HCV RNA transfection (45), baculoviral transduc-
tion (46), or infection with patient serum (47) have not been suc-
cessful yet. Recently, it has been shown that ectopic expression of
miR-122, a microRNA which is not endogenously expressed by
HepG2 cells, promoted HCV JFH1 replication (41). However, the
level of replication and viral production was insufficient to allow
biochemical analysis of HCV particles, and therefore such analysis
was not reported.

Given the ability of HepG2 cells to express VLDL, we estab-
lished a stable cell line expressing a blasticidin-tagged JFH1 virus
(HepG2-JB). HepG2-JB cells support genome replication and
protein expression and generate infectious extracellular particles
that allow us to study the role of the VLDL assembly pathway in
the assembly and infectivity of HCV particles.

MATERIALS AND METHODS
Reagents, antibodies, and plasmids. Chemicals were purchased from
Sigma (St. Louis, MO, USA), unless otherwise specified. Tris, sucrose, and
bovine serum albumin fraction V (BSA) were purchased from Euromedex
(Mundolsheim, France). Complete protease inhibitor cocktail was pur-
chased from Roche (Indianapolis, IN, USA). To-Pro-3 nucleic acid stain
and HCS LipidTOX Deep Red neutral lipid stain were purchased from
Molecular Probes (Life Technologies, Paisley, United Kingdom). The se-
lection antibiotics blasticidin-S, zeocin, and G418 were obtained from
InvivoGen (San Diego, CA, USA). Protein G-coated magnetic beads (Bio-
Adembeads) were obtained from Ademtech (Pessac, France). HCV anti-
protease (VX-950) and antipolymerase (2-methyl-cytidine) were kindly
provided by J. Neyts (Rega Institute, Leuven, Belgium).

IgG from goat and mouse sera was obtained from Sigma. Goat poly-
clonal anti-apoB (ab27626) and anti-apoE (ab7620) antibodies, rabbit
polyclonal anti-V5 tag (ab9116) and anti-BSD (ab38307), and mouse
monoclonal anti-apoE (E6D7; ab1907), anti-apoE (D6E10; ab1906), and
anti-HCV core protein (C7-50; ab2740) antibodies were purchased from
Abcam (Cambridge, United Kingdom). Goat polyclonal anti-human
apoB (AF3556) was purchased from R&D Systems (Minneapolis, MN,
USA). Rabbit polyclonal anti-beta actin antibody (A0760-40A) was pur-
chased from US Biological (Swampscott, MA, USA). Mouse monoclonal
antibody (MMAb) anti-NS3 (217-A) and anti-double-stranded RNA
(dsRNA) (J2) were purchased from Virogen (Watertown, MA, USA) and
Scicons (Hungary). MMAb anti-HCV E2 (AP33) and anti-CD81 (JS81),
were kindly given by Arvind H. Patel (Institute of Virology, Glasgow,
United Kingdom) (48)and E. Rubinstein (INSERM U1004, Villejuif,
France), respectively; anti-apoB (4G3) was purchased from the Heart In-
stitute, Ottawa, Canada. Human monoclonal anti-HCV E2 antibody

(CBH-5) was provided by Steven Foung (Stanford Blood Center, Palo
Alto, CA, USA) (49). Control VLDL was obtained from the floating phase
of ultracentrifuged human plasma samples (EFS, Lyon, France).

The plasmid enabling T7-mediated runoff transcription of the HCV
JFH1 strain, pJFH1, was kindly given by T. Wakita (National Institute of
Infectious Diseases, Tokyo, Japan) (21). This plasmid was first modified,
to derive pJFH1-CSK, by insertion of three mutations by site-directed
mutagenesis (leading to the following amino acids changes in the JFH1
polyprotein: F172C, P173S, and N534K) to obtain a cell culture-adapted
strain, which was previously described (50). For simplicity, this strain will
be referred to as JFH1 here. Next, the sequence encoding blasticidin resis-
tance (BSD) was added within the NS5A region between amino acids (aa)
2395 and 2396 of the polyprotein, i.e., a position that was described as
tolerant for insertion of foreign sequences without affecting HCV repli-
cation (51). To this end, the sequence AGATCTTCGCGAGTTTAAACG
CGT, containing the restriction sites for BglII, NruI, PmeI, and MluI, was
first inserted at position 7523 of the JFH1 genome by a PCR-based strategy
(details on request). Then, a PCR product of the BSD open reading frame
(ORF) was cloned between BglII and MluI to derive pJFH1-CSK-BSD.
The protein sequence at the insertion site was modified from
MPP2395LEG to MPP2395RSTM-BSD AA seq-KTRLEG, where BSD AA
seq is blasticidin amino acid sequence. Again, for simplicity, this strain
will be named the JFH1-BSD, or JB, strain here.

Cell culture. Huh7.5 cells were a kind gift from Charles M. Rice (The
Rockefeller University, NY, USA) (52). HepG2 cells stably transduced
with a lentiviral vector expressing CD81 (HepG2-CD81) were previously
described (35, 53). The same lentiviral vector was used to derive other
CD81-expressing HepG2-based lines. HepG2 cells stably replicating a
JFH1 subgenomic replicon (HepG2-SGR) were kindly provided by Takaji
Wakita (National Institute of Infectious Diseases, Tokyo, Japan) (40). Cell
culture medium and reagents were purchased from Life Technologies
(Paisley, United Kingdom), unless otherwise specified. Fetal bovine se-
rum Fetal Clone II (FCII; Thermo Scientific, Waltham, MA, USA) was
used for all cultures. Huh7.5 and HepG2 (and derived cells) were main-
tained in Dulbecco’s modified Eagle medium (high-glucose DMEM) con-
taining 10% FCII, 1� GlutaMAX, 1 mM sodium pyruvate, 100 units/ml
penicillin, and 100 �g/ml streptomycin in a 5% CO2-normoxia incubator
at 37°C. HepG2 cells were cultured on collagen-coated surfaces (type I
collagen from rat tail; Sigma, Saint-Louis, MO, USA). HepG2-CD81 or
HepG2-SGR cells and derived cell lines were maintained in the presence of
500 �g/ml G418 sulfate.

Viral production and cell line generation. The plasmid pJFH1-CSK-
BSD was linearized by XbaI, treated by mung bean exonuclease, and pu-
rified with a Macherey-Nagel DNA purification minicolumn. The linear-
ized DNA was in vitro transcribed using a MEGAscript T7 kit from
Ambion (Life Technologies). Viral RNA was then delivered to Huh7.5
cells by electroporation as previously described (52). After three cell pas-
sages, infectious supernatants were harvested, clarified by centrifugation,
and filtered (0.45-�m pore size). Titers were determined, and samples
were and stored at �80°C until used.

The subgenomic JFH1 replicon was “cured” from HepG2-SGR cells by
treatment over five passages with both alpha interferon (IFN-�; 100 IU/
ml) and an anti-HCV polymerase drug (i.e., 2-methyl-cytidine at 10 �M).
The derived cell line, HepG2-cured (HepG2c), was then rendered positive
for CD81 expression by stable transduction with a lentivirus carrying the
CD81 gene together with a neomycin resistance gene as described previ-
ously (35). The resulting HepG2c-CD81 cell line was further modified by
transduction with a lentivirus carrying a gene encoding an N-terminal
truncated form of interferon regulatory factor 3 (IRF3) (54); the resulting
HepG2c-CD81-IRF3(�N) cell line is deficient for the production of
IFN-� upon stimulation with the dsRNA prototypic ligand poly(I · C)
(data not shown). The NS5A gene from JFH1 was PCR amplified and
cloned into the pLenti4-TO-zeocin vector from Invitrogen. Lentiviruses
were generated with this plasmid according to the manufacturer’s proto-
col and used to generate cell lines with an enforced expression of a V5-
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tagged (in the N terminus) version of NS5A. Two cell lines were generated:
Huh7.5-NS5A and HepG2c-CD81-IRF3(�N)-NS5A.

Wild-type and various engineered Huh7.5 and HepG2 cells were in-
fected with JFH1-BSD at a multiplicity of infection (MOI) of 1, and per-
sistently replicating cells were selected with blasticidin at 20 �g/ml. To
prevent the selection of a particular clone, which might have a genotype
different from that of the parental cells, persistently replicating cell lines
were kept polyclonal (i.e., multiple colonies were mixed when a line was
generated).

Density gradient separation. Cells at confluence were treated for 3
days with 2% dimethyl sulfoxide (DMSO) and then incubated for another
24 h in a 5% CO2-normoxia incubator at 37°C with fresh medium de-
prived of serum and containing either 10% (vol/vol) BSA-coupled oleic
acid (10 mg/ml BSA and 300 �M OA final concentrations) and 1 �M
U0126 (20 mM stock, diluted in DMSO) or 10% (vol/vol) BSA (10 mg/ml
final concentration) as a control. Supernatants were harvested (10 to 12
ml for a culture surface of 75 cm2), spun at 11,000 � g for 5 min to remove
cell debris, filtered (0.45-�m pore size), supplemented or not with pro-
tease inhibitors, and loaded on Amicon Ultracel 100K centrifugal filter
units (Millipore, Billerica, MA, USA) to concentrate them, according to
the manufacturer’s protocol. Concentrated supernatant (1 ml) was loaded
on precast iodixanol-sucrose density gradients (see below for details) and
ultracentrifuged for 10 h at 55,000 rpm (368,000 maximum relative cen-
trifugal force [rcfmax]) or at 40,000 rpm (274,000 rcfmax) (lipoprotein or
viral supernatant separation, respectively) and 4°C using an SW 55 Ti
rotor or SW 41 Ti rotor in an Optima L-90K centrifuge (Beckman, Indi-
anapolis, IN). Fractions were harvested from the top of the tube, and their
densities were determined with a refractometer. Fraction volumes for
lipoprotein or virus separation were, respectively, 400 �l or 500 �l for the
four upper fractions and 1 ml for the others. Discontinuous iodixanol-
sucrose density gradients were prepared by successive pouring and freez-
ing of 1-ml fractions ranging from 35% or 54% iodixanol to 6% iodixanol.
Each fraction contained 10 mM Tris-HCl, pH 8, 2 mM EDTA, pH 8,
iodixanol (OptiPrep density medium), and sucrose (each fraction was
filled up to 1 ml with 0.25 M sucrose to keep osmolarity). These precast
density gradients were thawed for 24 h at 4°C before use to generate
continuous density gradients by diffusion.

apoB100 quantification. apoB100 was quantified in each fraction or
in filtered culture supernatants using a commercial enzyme-linked im-
munosorbent assay (ELISA) kit from AlerCHEK (Springvale, ME, USA)
and following the manufacturer’s protocol.

Apolipoprotein immunoprecipitations. Harvested and filtered su-
pernatants (0.5 to 1 ml) (see above) were incubated with 4 �g/ml of
anti-apoB or anti-apoE antibody (ab27626 or ab7620, respectively) or
control IgG for 1h 30 min at room temperature under agitation (1,000
rpm). Washed, protein G-coated magnetic beads (10 �l for 1 �g of anti-
body) were then added, and the supernatants were incubated for 1h 30
min at room temperature under agitation. Magnetic beads were washed
five times and then resuspended with 50 to 100 �l of cold PBS supple-
mented with protease inhibitors for HCV RNA quantification.

Drug treatment and HCV RNA quantification. JFH1-BSD-replicat-
ing cells were seeded on six-well culture plates and kept for 3 days after
confluence by the addition of 2% DMSO to the culture medium. Then
cells were incubated for another 24 h with medium containing 2% DMSO
and different drug concentrations to assess the effect of drug treatment on
HCV RNA levels. Briefly, cells were treated with either 0, 0.5, 1, and 2%
ethanol or with 0, 25, 50, and 100 �M chenodeoxycholic acid (CDCA) or
with 0, 2.5, 5, and 10 �M U0126, with or without 10% oleic acid.

Total intracellular RNA was extracted using Extract-All (Eurobio,
Courtaboeuf, France) according to the manufacturer’s protocol. Extracel-
lular RNA was extracted from 150 �l of filtered (0.45-�m pore size) su-
pernatants, from 150 �l of each fraction of density gradients, or from 10 to
20 �l of immunoprecipitated samples using a NucleoSpin RNA Virus kit
(Macherey-Nagel, Düren, Germany) according to the manufacturer’s
protocol. HCV RNA absolute quantification was performed by quantita-

tive reverse transcription-PCR (RT-qPCR) with a OneStep Express SYBR
GreenER RT-qPCR SuperMix kit (Life Technologies, Paisley, United
Kingdom) on a MyiQ Single-Color Real-Time PCR Detection System
(Bio-Rad, Hercules, CA). The amplification was performed with previ-
ously described RC1 and RC21 primers (55).

Viral infectivity determination. Viral infectivity was determined in
each fraction of the density gradients using the 50% tissue culture infec-
tive dose (TCID50), determined as previously described (20). Viral infec-
tivity in culture supernatants was determined as the number of focus-
forming units (FFU/ml). Briefly, 2 � 104 Huh7.5 cells per cm2 were
seeded on 48-well culture plates and infected the next day with serial
dilutions of infectious supernatants. Three days after infection, cells were
fixed with an ice-cold methanol-acetone (1/1) solution for 30 min at
�20°C and processed for immunofluorescent detection of HCV core an-
tigen. Core-positive infectious foci were quantified for highest dilutions,
and the infectious titer was thus determined.

Neutralization assay. Two different readouts were used to analyze
antibody-mediated neutralization of viral supernatant infection: super-
natant infectivity (FFU/ml) and viral RNA entry (intracellular RT-qPCR
after a 4-h infection). Briefly, naïve Huh7.5 cells were seeded on 48-well or
6-well plates (2 �104 cells/cm2 or 8 � 104 cells/cm2, respectively). The
next day, serum-free viral supernatants were incubated for 2 h at room
temperature with neutralizing antibodies or control IgG, i.e., with MMAb
anti-apoB (4G3) (10, 2, and 0.4 �g/ml), MMAb anti-apoE (D6E10) (10, 2,
and 0.4 �g/ml), both anti-apoB and anti-apoE antibodies, MMAb anti-
CD81 (JS-81) (10 �g/ml), or control IgG from mouse (10 �g/ml). For
CD81 neutralization, naïve cells were also incubated with anti-CD81 an-
tibodies (1 �g/ml) before and during infection. The virus-antibody mix-
ture was then incubated for 4 h at 37°C with naïve Huh7.5 cells (100 �l of
serial dilutions for infectivity determination and 500 �l for RNA entry
determination). Cells were then washed with phosphate-buffered saline
(PBS) and processed for FFU count determination or washed three times
with PBS and processed for intracellular RNA quantification.

Northern blotting. Purified RNA was glyoxylated, migrated into aga-
rose gel in phosphate buffer, transferred onto positively charged nylon
membrane in 20� SSC buffer (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), and subjected to Northern blotting with a radioactively
labeled (32P-labeled CTP) negative probe (i.e., complementary to the
HCV positive strand and corresponding to the 5= untranslated region
[UTR] sequence) following standard procedures (56). Briefly, a PCR ampli-
con was generated with primers T3-JFH1-fr (AAAATCTAGAAATTAACC
CTCACTAAAGGGACCTGCCCCTAATAGGGGCGACACTCC) and
T7-JFH1-rv (AAAATCTAGATAATACGACTCACTATAGGGAGAGCC
TCGGGGGGACAGGAGCCATCC), which contain, respectively, T3 and
T7 polymerase sequences (underlined). The PCR amplicon was used as
the template for in vitro transcription using MAXIscript kits from Ambion
(Life Technologies) in the presence of radioactive [P32]CTP (GE Health-
care) according to the manufacturer’s instructions. A negative probe (i.e.,
hybridizing with positive-strand HCV RNA) was generated with the T7
polymerase. Prehybridization and hybridization were performed in hy-
bridization buffer from Ambion at 65°C in a rotary oven, and the probe
was used at least at 106 cpm/ml. Washes were performed with nonstrin-
gent buffer (2� SSC–1% SDS) at room temperature and stringent buffer
(0.1� SSC–1% SDS) at 65°C. The membrane was then exposed to Kodak
film and developed with conventional methods.

Western blotting. Cell lysates, density gradient fractions, or immuno-
precipitates were denatured for 5 min at 95°C in Laemmli buffer, and
proteins were separated using SDS-PAGE. After samples were blotted on
a nitrocellulose membrane, apoB100 and apoE proteins were revealed
using, respectively, a goat polyclonal anti-apoB antibody (AF3556;
1:1,000 dilution) and a mouse monoclonal anti-apoE (E6D7) antibody
(1:500 dilution). HCV proteins core, E2, and NS3 were revealed using
mouse monoclonal antibodies (1:500 dilutions). V5-tagged or BSD-
tagged NS5A proteins were revealed using rabbit polyclonal antibodies
(1:500 dilutions). For cell lysates, equal loading was controlled by reveal-
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ing �-actin with a rabbit polyclonal antibody (1:250 dilution). Anti-goat,
anti-rabbit, and anti-mouse antibodies coupled to horseradish peroxidase
were used to detect proteins by enhanced chemiluminescence.

Immunofluorescence (IF). Cells were seeded on glass coverslips and
kept for 3 days after confluence by adding 2% DMSO to the medium.
Coverslips were then washed in PBS and fixed for 20 min at room tem-
perature with 4% paraformaldehyde (PFA) in PBS and permeabilized
with saponin. Fixed cells were washed in PBS, and a blocking step in PBS
containing 4% bovine serum albumin (PBS-BSA) was performed, fol-
lowed by incubation with primary antibodies in PBS-BSA for 1h 30 min.
Mouse monoclonal anti-HCV core (C7-50; 1:400 dilution) and anti-
dsRNA (J2; 0.5 �g/ml) antibodies, human monoclonal anti-HCV E2
(CBH-5; 1:500 dilution) antibody, and rabbit polyclonal anti-V5 tag (1:
500 dilution) and anti-BSD (1:500 dilution) antibodies were used. Cells
were washed three times in PBS and incubated with respective secondary
antibodies coupled to either Alexa-488 or Alexa-555 fluorescent probe
(Life Technologies) diluted 1:2,000 in PBS-BSA for 1 h. Cells were then
washed twice with PBS and incubated for another 30 min in PBS contain-
ing either 1:400 LipidTOX neutral lipid stain or 1:2,000 To-Pro-3 to stain
lipid droplets or nucleic acid, respectively. Coverslips were finally washed
in PBS and mounted on glass slides using fluorescence mounting medium
(Dako, Glostrup, Denmark) for analysis. Pictures were taken with a Zeiss
LSM 510 Meta confocal microscope (Carl Zeiss MicroImaging GmbH,
Jena, Germany). Cell counting, image processing, and montage were per-
formed with ImageJ software (National Institutes of Health, USA).

RESULTS
HepG2-CD81 cells secrete apoB/apoE-containing very-low-
density lipoproteins. HepG2 cells have been shown to produce
apoB100 in the very-low-density range, following stimulation
with oleic acid (OA) and MEK/ERK inhibitor (U0126) (32, 34). In
contrast, Huh7 cells produce mainly intermediate-density lipo-
protein (IDL) and are insensitive to MEK/ERK inhibition (32).
HepG2 cells may therefore represent a better model to study the
assembly of LVP (i.e., apoB/apoE/HCV-positive hybrid particles)
in vitro. To confirm these observations with our cell lines (i.e.,
HepG2-CD81 and Huh7.5 cells), we analyzed apoB100 and apoE
secretion levels and density by immunoblotting gradient frac-
tions. Indeed, proper VLDL production is characterized by co-
sedimentation of apoB100 and apoE in the lightest fractions of the
gradient (d � 1.006 g/ml). Proliferative HepG2-CD81 cells pro-
duced VLDL only after OA/U0126 treatment, whereas Huh7.5 did
not (data not shown), as previously described in the literature for
HepG2 and Huh7 cells (32). However, in vivo, VLDL are secreted
by differentiated hepatocytes. When cultured under basal condi-
tions and kept in proliferation, Huh7 and HepG2 cells have rather
dedifferentiated phenotypes, but it has been shown that DMSO
could be used to promote hepatoma differentiation (57, 58).
Thus, to characterize VLDL production under more physiological
conditions, we analyzed apoB100 and apoE secretion and cosedi-
mentation in more differentiated HepG2-CD81 and Huh7.5 cells
after exposing them for 4 days to 2% DMSO. We first quantified
apoB in each fraction of the density gradient using ELISAs.
DMSO-induced differentiation greatly improved both the
amount of secreted apoB and its repartition in the lowest density
in HepG2-CD81 cells independently of OA/U0126 treatment (Fig.
1A). Differentiation also increased apoB secretion by Huh7.5 cells
but resulted in no or little decrease in apoB density (Fig. 1B). The
differences between HepG2-CD81 and Huh7.5 cells were further
highlighted by assessing apoB100 and apoE density repartition by
immunoblotting (Fig. 1C and D). Only differentiated and OA/
U0126-treated HepG2-CD81 cells showed total cosedimentation

between apoB100 and apoE in the very first fractions of the gradi-
ent, suggesting that only these cells were able to secrete proper,
mature VLDL (Fig. 1C).

One feature of VLDL is the presence of both apoB100 and apoE
apolipoproteins. Therefore, we investigated the presence of both
markers on the same lipoprotein particle by performing coimmu-
noprecipitation (co-IP) assays with anti-apoB and anti-apoE an-
tibodies. Anti-apoB antibodies were able to immunoprecipitate
the vast majority of apoB100 molecules since none were detected
by immunoblotting in the flowthrough fractions for both differ-
entiated HepG2-CD81 (Fig. 1F) and Huh7.5 cells (Fig. 1H). No
specific co-IP was observed between apoB100 and apoE in culture
supernatants from proliferating HepG2-CD81 (Fig. 1E) or
Huh7.5 cells (Fig. 1G). However, when HepG2-CD81 cell differ-
entiation was induced by DMSO and when cells were treated with
OA and U0126 compound, we could observe a potent co-IP be-
tween both apoB100 and apoE (Fig. 1E). This result confirms that
HepG2-CD81 cells are able to produce proper VLDL under spe-
cific culture conditions. Surprisingly, DMSO-differentiated and
OA/U0126-treated Huh7.5 cells also showed a strong co-IP be-
tween apoB100 and apoE (Fig. 1G), arguing for the production of
apoB/apoE-positive particles. However, these particles have too
high a density to be qualified as VLDL, thus suggesting lipidation
defects in Huh7 cells.

In conclusion, DMSO- and OA/U0126-treated HepG2 cells
represent an ideal model to study HCV assembly and morphogen-
esis and to further characterize VLDL biogenesis co-option by the
virus. Therefore, we focused on establishing persistent HCV rep-
lication in these HepG2 cells to analyze viral particle production
after partial cell redifferentiation with DMSO.

Generation of blasticidin-tagged JFH1 virus. To establish
chronically infected HepG2 cells, we engineered a cell culture-
adapted blasticidin-tagged JFH1 virus as described in the Materi-
als and Methods section and schematized in Fig. 2A. The blastici-
din resistance gene was inserted at position 2395 of the
polyprotein in domain III of NS5A since this insertion position
was previously described by other investigators and did not impair
HCV RNA replication (51). However, as Appel and colleagues
reported that domain III was required for HCV assembly (59), we
anticipated a hypothetical assembly defect in replicating cells due
to BSD insertion and created various Huh7.5 and HepG2 (and
derived) cell lines overexpressing a V5-tagged version of NS5A.
The expression of NS5A-V5 was verified in these cells by immu-
nofluorescence and Western blotting (data not shown).

To check the functionality of our recombinant JFH1-BSD (re-
ferred to here as JB) strain, in vitro transcribed RNA was electro-
porated into Huh7.5 cells, and supernatants were collected over a
period of 1 week and pooled to generate an infectious viral stock.
Naïve Huh7.5-NS5A cells were infected with various dilutions of
JB virus, and cells supporting viral replication were selected with
blasticidin in colony-forming assays. A population cell line,
named Huh7.5-NS5A-JB, was established by pooling blasticidin-
resistant clones. These cells were maintained under antibiotic se-
lection and supported HCV RNA replication at a level similar to
that of JFH1-infected Huh7.5 cells (106 to 107 viral RNA copies per
�g of total cellular RNA). Comparison of stably replicating
Huh7.5-NS5A-JB cells with freshly JFH1-infected Huh7.5 cells
showed comparable levels of expression as well as viral protein E2
and core localization (Fig. 2B and C). Indeed, HCV core protein,
when detected, was mainly localized around lipid droplets (LD),
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whereas gpE2 glycoprotein showed a reticular localization pattern
(Fig. 2B). Huh7.5-NS5A-JB cells produced infectious viral particles
although the viral titer was 10 times lower than that of JFH1-infected
Huh7.5 cells (1.5 � 104 FFU/ml compared to 105 FFU/ml).

To summarize, we have shown that the JFH1-BSD (JB) strain is
infectious in Huh7.5 cells and can establish a persistent infection
following blasticidin selection, leading to continuous infectious
viral particle secretion in Huh7.5 cells.

FIG 1 apoB100 and apoE secretion in partially redifferentiated hepatoma cells. HepG2-CD81 (panels A, C, E, and F) or Huh7.5 (panels B, D, G, and H) cells were seeded
on 100-mm petri dishes. At confluence, cells were exposed for 3 days to 2% DMSO to promote their differentiation and incubated another 24 h with medium without
serum containing 2% DMSO, 10% (vol/vol) OA-BSA, and 1 �M U0126 (OA/U0126) or containing 2% DMSO and 10% (vol/vol) BSA (Mock). Supernatants (10 ml)
were harvested, filtered (0.45-�m pore size), and subjected either to density separation on iodixanol-sucrose gradients (panels A to D) or to immunoprecipitation (panels
E to H). (A) ApoB quantification using ELISAs in each fraction of the density gradient for DMSO-differentiated HepG2-CD81 cells. apoB secretion in subconfluent
proliferative and OA/U0126-treated cells was also quantified for comparison (dashed gray curve). (B) apoB quantification using ELISAs in each fraction of the density
gradient for DMSO-differentiated Huh7.5 cells. apoB secretion in subconfluent proliferative and OA/U0126-treated cells was also quantified for comparison (dashed
gray curve). (C) apoB100 and apoE immunoblotting in each fraction for DMSO-differentiated HepG2-CD81 cells. (D) apoB100 and apoE immunoblotting in each
fraction for DMSO-differentiated Huh7.5 cells. (E to H) Immunoprecipitations were performed with 4 �g/ml of anti-apoB100 or anti-apoE antibodies, using protein
G-coated magnetic beads, in HepG2-CD81 (E) and Huh7.5 (G) cells. IgG from goat serum was used as a negative control. Immunoprecipitated apoB100 or apoE was
detected by immunoblotting with specific antibodies. apoB100 was also detected in total supernatants (Total) and IP flowthrough by immunoblotting to check for
immunoprecipitation efficiency (F and H). B, IP with anti-apoB antibodies; E, IP with anti-apoE antibodies; VLDL, control VLDL from human serum.
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Cured HepG2-CD81 cells can stably replicate a blasticidin-
tagged JFH1 strain. To obtain stably replicating HepG2 cells, we
infected various HepG2-CD81 lines with Huh7.5-produced JB vi-
rus and selected them with blasticidin. We observed transient rep-
lication in both HepG2-CD81 and HepG2-CD81-shIFN-�-
shIFNAR1 (a cell line impaired in IFN responses as previously
reported [60]) cells, suggesting that ATCC-derived HepG2 cells,
with a knocked down IFN response, do not support sustained
HCV replication (Table 1). Furthermore, differentiated HepaRG
cells, a hepatic bipotent progenitor cell line (61, 62), and freshly
isolated primary human hepatocytes (PHH) showed transient re-
sistance to blasticidin, with no stable cell lines being generated
under our experimental conditions (Table 1). Stably replicating
HepG2 cells were obtained only with cured HepG2 cells, which
had previously replicated subgenomic HCV replicons. These
cured HepG2 cells were obtained by removing the JFH1 sub-

FIG 2 Viral protein expression in JB-replicating Huh7.5 cells. Naïve Huh7.5 cells were infected with JFH1 virus, and immunofluorescence (IF) staining was performed
to detect viral structural proteins. Naïve Huh7.5-NS5A cells were infected with JB virus, stable viral replication was selected by blasticidin, and IF staining was performed
to detect viral structural proteins. (A) Schematic representation of JB viral genome containing BSD resistance gene insertion in the C-terminal domain of NS5A at
position 2395 (in polyprotein amino acid sequence). (B) Immunofluorescent detection of HCV core (red) and gpE2 (green) proteins with lipid droplet stain (blue). Scale
bar, 5 �m. (C) Immunofluorescent detection of HCV core (red) and gpE2 (green) proteins with nucleus counterstain (blue). Scale bar, 25 �m.

TABLE 1 Generation of HCV-replicating Huh7.5 and HepG2 cell lines

Naïve cell line
No. of BSD-resistant
coloniesa

BSD-resistant
cell lineb

Huh7.5 �10,000 Yes
Huh7.5-NS5A �10,000 Yes
HepG2-CD81 Transient survivalc No
HepG2-CD81-shINF�-shINFR1 25 No
HepG2c-CD81 500 Yes
HepG2c-CD81-NS5A 300 Yes
HepG2c-CD81-IRF3(�N) 800 Yes
HepG2c-CD81-IRF3(�N)-NS5A 800 Yes
Differentiated HepaRG cells Transient survivalc No
PHH Transient survivalc No
a Approximate number of BSD-resistant colonies (extrapolated from the highest
positive viral dilution).
b Successful establishment of a BSD-resistant polyclonal cell line.
c Transient survival to BSD for up to 1 week, followed by cell death without stable
resistance.
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genomic replicon from HepG2-SGR cells (40) using IFN-�-2b
and anti-polymerase treatments. As observed for Huh7.5 cells,
which were obtained by IFN curing of an HCV subgenomic rep-
licon, cured HepG2 cells showed cellular adaptations to viral rep-
lication (63). Additionally, HepG2 cells were engineered to ex-
press CD81, and/or NS5A and/or IRF3(�N), a dominant negative
form of interferon regulatory factor 3 (IRF3) lacking its DNA
binding domain and blocking synthesis of IFN-� mRNA (54). The
most permissive HepG2 lines were HepG2c-CD81-IRF3(�N)
cells and HepG2c-CD81-IRF3(�N)-NS5A cells expressing V5-
tagged NS5A (named here HepG2c and HepG2c-NS5A, respec-
tively) (Table 1). Three HepG2 cell lines were established, defined
as HepG2c-JB, HepG2c-NS5A-JB1, and HepG2c-NS5A-JB2, and
used to study HCV replication and viral particle production in
VLDL-producing cells.

HepG2c-JB cells replicate HCV at lower levels than Huh7.5-
NS5A-JB cells. With these tools in hands, we characterized HCV
replication in Huh7.5-NS5A-JB cells and in HepG2c-JB cells, ex-
pressing or not V5-tagged NS5A protein, in terms of viral RNA
replication and viral protein expression. HCV positive-strand
RNA [(	)RNA] was detected by Northern blotting in all cell lines
at the expected size (Fig. 3A). Levels of accumulated intracellular
viral (	)RNA were different for each cell line, with a higher level
for NS5A-transcomplemented HepG2c-JB cells. HCV RNA quan-
tification using one-step quantitative RT-PCR showed similar re-
sults with up to 5 � 105 viral RNA copies per �g of cellular RNA
for HepG2c-NS5A-JB2 cells (Fig. 3B). However, HCV RNA levels
were lower than in HepG2-SGR cells or Huh7.5-NS5A-JB cells.

Next, we investigated viral protein expression and localization.
Structural proteins gpE2 and core, as well as nonstructural pro-
teins NS3 and BSD-tagged NS5A, were highly expressed in
Huh7.5-NS5A-JB cell lines, as shown by protein immunoblotting
(Fig. 3C). V5-tagged NS5A protein was also detected in
transcomplemented Huh7.5-NS5A-JB and HepG2c-NS5A-JB
cells. In contrast, we observed an overall weaker viral protein ex-

pression in HepG2c-JB cell types (Fig. 3C). Nevertheless, HCV
gpE2, core, NS3, and BSD-tagged NS5A proteins could be de-
tected in HepG2c-NS5A-JB2 cells, and this cell line was therefore
used for future studies and is here referred to as HepG2c-NS5A-JB
for simplicity. With respect to subcellular localization, HCV core
protein accumulated at the periphery of lipid droplets (LD) and
colocalized with BSD-tagged NS5A protein in both Huh7.5-
NS5A-JB and HepG2c-NS5A-JB cell lines (Fig. 4A and B). More-
over, HCV E2 glycoprotein showed a reticular localization pat-
tern, and HCV double-stranded RNA (J2 antibody stain)
colocalized partially with BSD-tagged NS5A in close proximity to
LD (Fig. 4A and B). It is worth noting that the majority of
HepG2c-NS5A-JB cells replicated HCV RNA and expressed BSD-
tagged NS5A protein, as shown by IF staining with anti-dsRNA
and anti-BSD antibodies (data not shown). Together, these obser-
vations suggest efficient HCV replication in JB replicating cell
lines with a functional interaction between dsRNA, core, and
NS5A proteins that could lead to infectious viral production.

MEK/ERK inhibition and NS5A transcomplementation in-
crease HCV replication in HepG2c-JB cells. As the basal level of
HCV replication was lower in HepG2 than in Huh7.5 cell lines, we
sought to determine whether we could enhance it by treating cells
with different drugs. Indeed, several drugs have been reported to
enhance HCV replication in vitro. For instance, either ethanol,
chenodeoxycholic acid (CDCA; a bile acid), or MEK/ERK inhib-
itor U0126 was shown to increase HCV replication in both HCV
subgenomic replicon cell lines (64, 65) and JFH1-infected cells
(66). Therefore, we evaluated the effects of these drugs on HCV
replication within Huh7.5-NS5A-JB and HepG2c-NS5A-JB cells.
Neither alcohol, CDCA, nor MEK/ERK inhibition had a signifi-
cant effect on HCV RNA replication in Huh7.5-NS5A-JB cells
(Fig. 5A). In contrast, viral RNA replication was increased follow-
ing MEK/ERK inhibition in HepG2c-NS5A-JB cells, with or with-
out oleic acid treatment (Fig. 5B). No effect of either ethanol or
bile acids was detected in HepG2c-NS5A-JB cells. Interestingly,

FIG 3 Replication of JB virus in HepG2c cell lines. Control Huh7.5 and HepG2 cells, HepG2-SGR cells, or JB-replicating Huh7.5 and HepG2c cell lines
transcomplemented or not with V5-tagged NS5A were left untreated or treated (*) for 3 days with DMSO. RNA and proteins were extracted as described in
Materials and Methods. (A) HCV (	)RNA was detected by Northern blotting with a full-length genomic minus-strand RNA [(�)RNA] probe. Total cellular
RNAs were loaded for HepG2c (30 �g) and Huh7.5-NS5A-JB (5 �g) cell lines. (B) HCV RNA was quantified by one-step quantitative RT-PCR. Results were
normalized with total RNA (�g). (C) Structural proteins (E2 and core) and nonstructural proteins (NS3 and BSD-tagged NS5A), as well as V5-tagged NS5A used
for transcomplementation, were detected by immunoblotting with specific antibodies. Total cellular proteins were loaded for HepG2c-derived (100 �g) and
Huh7.5-derived (70 �g) cell lines. Actin immunoblotting was performed to check for equal loadings.
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the best conditions to produce VLDL in HepG2 cells (Fig. 1) were
also the best conditions to increase HCV replication in HepG2
cells, using OA stimulation and MEK/ERK inhibition. We also
investigated the effect of NS5A transcomplementation in
HepG2c-JB cells. Transient or stable NS5A expression using len-
tiviral transduction increased HCV RNA levels by 10-fold (Fig. 3B
and 5C), thus demonstrating a partial deficiency of BSD-tagged
NS5A protein with respect to viral RNA replication. Importantly,
NS5A transcomplementation also increased viral RNA secretion
(Fig. 5D).

In summary, HCV replication in HepG2c-JB cells could be
potentiated by OA/U0126 treatment, together with NS5A
transcomplementation. Therefore, we used HepG2c-NS5A-JB
cells, treated with DMSO, OA, and U0126, to analyze viral particle
secretion and association with lipoproteins in an HCV-replicating
and VLDL-competent cell culture system.

Characterization of infectious HCV particles secreted from
HepG2c-NS5A-JB cells. Under the optimized culture conditions,
we observed a 3-fold difference in the steady-state levels of HCV
RNA in Huh7.5-NS5A-JB and HepG2c-NS5A-JB cell lines
(Fig. 6A). However, HepG2c-NS5A-JB cells secreted 10 times less
HCV RNA than Huh7.5-NS5A-JB cells (Fig. 6B). In line with the
latter result, Huh7.5-NS5A-JB and HepG2c-NS5A-JB cells were
able to secrete infectious viral particles with titers of 104 and 103

focus forming units (FFU) per ml, respectively (Fig. 6C). The spe-
cific infectivity levels of virions produced by both cell types were
not significantly different.

To characterize the assembly and secretion of virus particles by
JB-replicating hepatoma cells, we harvested the culture superna-
tant during optimal treatment to promote VLDL secretion, i.e., a

3-day differentiation with 2% DMSO, followed by 24 h with
DMSO, OA, and U0126. Virus particle density was analyzed by
iodixanol-sucrose gradients. Higher levels of HCV RNA were se-
creted from JB-replicating HepG2 and Huh7 cells than from con-
trol HepG2-SGR cells, suggesting bona fide viral particle release.
The majority of HCV RNA secreted from both Huh7.5-NS5A-JB
and HepG2c-NS5A-JB cells associated with high-density particles
(between 1.1 and 1.2 g/ml) (Fig. 6D). A small amount of HCV
RNA (around 5% in Huh7.5-NS5A-JB and 25% in HepG2c-
NS5A-JB cells) was found in intermediate- to low-density frac-
tions (1.006 to 1.019 g/ml and 1.019 to 1.063 g/ml, respectively),
and less than 1 to 2% in very-low-density fractions (d � 1.006
g/ml). Importantly, in HepG2c-NS5A-JB supernatant, infectious
particles and viral RNA cosegregated in the same density fractions
(Fig. 6E), and no infectious particles were detected in the very-
low-density fractions.

Huh7.5-NS5A-JB and HepG2c-NS5A-JB cells secrete mainly
apoE-positive/apoB-negative viral particles. To investigate HCV
RNA association with lipoproteins, we evaluated the ability of
anti-apolipoprotein antibodies to immunoprecipitate HCV RNA
by quantitative RT-PCR (IP/RT-qPCR). Viral supernatants were
immunoprecipitated with either anti-apoB or anti-apoE antibod-
ies, using purified goat IgG as a negative control, as previously
performed on naïve cells (Fig. 1). Under our experimental condi-
tions, all apoB100 was immunoprecipitated from both HepG2
and Huh7.5 supernatants as apoB100 was no longer detected by
immunoblotting in the flowthrough fraction (Fig. 1F and H). In
contrast, the anti-apoE antibody used for these experiments was
unable to immunoprecipitate all apoE due to a high apoE secre-
tion level (data not shown) (apoE secretion levels are shown in

FIG 4 Subcellular localization of viral components in JB-replicating hepatoma cell lines. Huh7.5-NS5A-JB (A) and HepG2c-NS5A-JB (B) cells were treated for
3 days with DMSO, fixed, and stained for HCV core protein (core, red), gpE2 protein (E2, green), BSD-tagged NS5A protein (BSD, green), V5-tagged NS5A
protein used for transcomplementation (V5, green), or double-stranded RNA (dsRNA, red) using specific antibodies. Lipid droplet (LD, blue) staining was
performed in parallel to determine viral protein localization. Scale bar, 5 �m. ND, not determined.
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Fig. 1). Whereas a substantial amount of viral RNA (i.e., up to
40%) was associated with apoE, no or little viral RNA was associ-
ated with apoB (Fig. 7A). To ascertain whether, despite an unde-
tectable (or weak) association, apoB could have any biological
significance on HCVcc entry properties, we studied the effect of
anti-apolipoprotein antibodies on virus infectivity. Culture su-
pernatants from Huh7.5-NS5A-JB and HepG2c-NS5A-JB cells
were harvested as previously described in serum-free medium and
incubated with a mouse monoclonal anti-apoB antibody (4G3),
previously reported to block apoB interaction with LDL receptor
(67), or with a mouse monoclonal anti-apoE antibody (D6E10),
previously reported to efficiently immunoprecipitate apoE (68).
Neutralizing mouse monoclonal anti-CD81 antibody (JS81) (69)
was used as a positive control. Neutralization was performed in
serum-free medium, and two different readouts were used, i.e.,
cell-associated HCV RNA after 4 h of inoculation assessed by
quantitative RT-PCR (data not shown) or quantification of infec-
tion and subsequent replication assessed by measuring focus-
forming units (Fig. 7B and C). As expected, anti-CD81 antibodies
had no effect on virus binding to cells after 4 h (data not shown)

but efficiently neutralized infection, as shown by a 90% reduction
in the infectivity of HepG2c-NS5A-JB-produced viral particles
(Fig. 7C). Importantly, neither assay showed any effect of anti-
apoB antibodies on virus binding or infection for virions pro-
duced by both Huh7.5-NS5A-JB and HepG2c-NS5A-JB (Fig. 7B
and C). In contrast, although in a not statistically significant man-
ner, anti-apoE antibodies were capable of slightly neutralizing vi-
ral infections, thus further supporting the presence of apoE on
both Huh7- and HepG2-produced particles.

HCV replication does not alter VLDL secretion in HepG2
cells. HCV is often associated in vivo with hypobetalipoprotein-
emia (8, 9), and HCV core protein has been shown in cell culture
models to inhibit microsomal triglyceride transfer protein (MTP)
activity, thus leading to decreased apoB secretion. Therefore, we
sought to determine whether genomic HCV replication in VLDL-
producing cells would quantitatively and qualitatively impact
apoB and VLDL secretion. To this end, we analyzed apoB and
apoE secretion profiles in our JB-replicating cell lines. We also
analyzed apolipoprotein-A1 (apoA1) secretion as a high-density
lipoprotein (HDL) secretion control. As previously, we harvested

FIG 5 Modulation of HCV RNA replication in JB-replicating hepatoma cell lines. Huh7.5-NS5A-JB (A) or HepG2c-NS5A-JB (B) cells were treated with
increasing concentrations of drugs for 24 h, and HCV RNA replication was assessed by one-step quantitative RT-PCR on cellular RNAs. Results were normalized
with total RNA concentration and glucuronidase gene expression. Data are presented as fold increase compared to untreated cells. Error bars represent standard
deviations of two independent experiments. Ethanol (EtOH), 0, 0.5, 1, and 2%; chenodeoxycholic acid (CDCA), 0, 25, 50 and 100 mM; U0126, 0, 2.5, 5 and 10
�M; oleic acid (OA), 10% (vol/vol). (C) HepG2c-JB cells (without V5-tagged NS5A) were transcomplemented with NS5A using a lentiviral vector. Six days after
lentiviral transduction, intracellular HCV RNA was quantified by quantitative RT-PCR in transcomplemented and control cells. (D) At the same time,
extracellular HCV RNA was also quantified by quantitative RT-PCR.
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culture supernatants after a 3-day treatment with DMSO and an-
other 24 h with DMSO, OA, and U0126; we then loaded harvested
supernatants on iodixanol-sucrose density gradients and quanti-
fied apoB, apoE, and apoA1 in each gradient fraction by ELISA.
Both HepG2c-NS5A and HepG2c-NS5A-JB cells secreted apoB in
the VLDL density range (Fig. 8A), as previously shown for paren-
tal noninfected HepG2-CD81 cells (Fig. 1A). In contrast, JFH1-
infected Huh7.5 and JB-replicating Huh7.5-NS5A-JB cells both
secreted most of apoB in the IDL-LDL density range (Fig. 8A), as
previously shown for parental noninfected Huh7.5 cells (Fig. 1B).
Moreover, only HepG2c-NS5A-JB cells secreted significant
amounts of apoE in the VLDL density range (Fig. 8B), suggesting
that these cells were still able to secrete VLDL, even after the selec-
tion process, in contrast to Huh7.5 cells. Then, we wanted to dis-
criminate between VLDL and HDL secretion by looking at an
HDL-specific apolipoprotein, apoA1. For every cell type, apoA1
was not secreted in the VLDL density range; rather, it was secreted
in the LDL-HDL density range, with a secretion profile similar to
that of apoE (Fig. 8C). Interestingly, HCV replication seemed to

increase apoB in HepG2c-NS5A cells (Fig. 8A and B). Indeed,
apoB quantification in culture supernatants revealed that the lev-
els of apoB secreted from HepG2c-NS5A-JB cells were signifi-
cantly higher than from the HepG2-SGR and HepG2c counter-
parts (Fig. 8D), suggesting that full-length genomic HCV
replication and/or structural protein expression may potentiate
apoB secretion in vitro and not restrict it, as suggested in vivo by
the hypobetalipoproteinemia status of some patients (8, 9). To
confirm that this observation was directly attributable to viral rep-
lication and not to cell line selection issues, we treated Huh7.5-
NS5A and HepG2c-NS5A cells (parental and JB-infected cells)
with a viral protease inhibitor, VX-950. VX-950-treated cells
showed a strong decrease in viral replication after 4 days and a
concomitant decrease in apoB secretion (data not shown). How-
ever, the effect on apoB secretion was similar between parental
and infected cells, suggesting a VX-950-mediated inhibition of
apoB secretion. To clarify the reading of the results, we corrected
for this off-target effect of the VX-950 compound by normalizing
the data set against mock-treated as well as VX-950-treated con-

FIG 6 JB-replicating hepatoma cell lines produce infectious viral particles. Huh7.5-NS5A-JB and HepG2c-NS5A-JB cells were treated for 3 days with DMSO and
incubated another 24 h with DMSO, OA, and U0126 to harvest culture supernatants or quantify intracellular viral RNA. (A) Intracellular HCV RNA was
quantified by quantitative RT-PCR, and results were normalized for total intracellular RNAs and glucuronidase gene expression. (B) Extracellular HCV RNA was
quantified by quantitative RT-PCR, and results were normalized for cell number. (C) Supernatant infectivity was measured as focus-forming units (FFU/ml).
Error bars represent standard deviations of three independent experiments. (D) Culture supernatants were loaded on iodixanol-sucrose density gradients, and
HCV RNA concentration in each fraction was determined by quantitative RT-PCR (RT-qPCR). Results shown are representative of three independent exper-
iments. (E) HCV RNA or infectious viral particles secreted by HepG2c-NS5A-JB cells are shown in each fraction as a percentage compared to the total amount
of HCV RNA or infectious viral particles in the whole gradient, respectively. HCV RNA amount was determined by RT-qPCR. Infectious viral particles were
quantified using the TCID50 method. Results are representative of two independent experiments.
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ditions. As previously described in the literature, we could observe
that HCV replication in Huh7.5-NS5A cells seemed to decrease
apoB secretion since VX-950 was able to restore apoB secretion in
Huh7.5-NS5A-JB cells (Fig. 8E). Similarly, apoE secretion was in-
hibited by HCV replication in Huh7.5-NS5A-JB cells (Fig. 8F).
However, we could not demonstrate any specific effect of VX-950
on either apoB or apoE secretion levels in HepG2c-NS5A-JB cells
(Fig. 8E and F), suggesting that the viral replication does not alter
apolipoprotein secretion in HepG2 cells. These results highlight
the functional differences between Huh7.5 and HepG2 cells with
respect to lipoprotein metabolism and highlight HepG2 cells as a
useful alternative model system to study virus-host interactions in
general.

DISCUSSION

One objective of this work was to develop a new cell culture model
for HCV replication and production based on cells that are also
competent for VLDL biogenesis. HepG2 cells were chosen for this
purpose as we (Fig. 1) along with others (32, 34) have shown that
HepG2 cells, in contrast to Huh7 (and derived) cells, are capable
of secreting more physiologic VLDL, defined as apoB- and apoE-
positive lipoprotein with a very low density (d � 1.006 g/ml).

If Huh7 and derived cells are fully permissive to HCV infec-
tion, leading to high viral replication and production of progeny
virions, the permissivity of other hepatoma cell lines to HCV in-
fection is lower and does not enable persistent replication of the
virus. The high permissivity of Huh7.5 cells has been partially
attributed to impaired innate immune responses in these cells,
especially via RIG-I (retinoic acid inducible gene I) mutation and
inactivation (63, 70). In contrast to Huh7.5 cells, HepG2 cells can
mount an antiviral innate immune response against HCV infec-
tion via the production of type I interferon (data not shown). In
this line, Sainz and collaborators recently suggested that the poor
permissivity of several hepatoma cell lines could be partially at-
tributed to HCV-induced innate signaling (39). Moreover, the
high permissivity of Huh7 (and derived) cells has also been par-
tially attributed to high expression levels of a liver-specific mi-
croRNA necessary for HCV RNA translation, i.e., miR-122 (71).
Hence, the overexpression of miR-122 in otherwise negative
HepG2 cells (41) or Hep3B cells (72) increased their permissivity
to HCV infection. Moreover, ectopic expression of human miR-
122 in mouse embryo fibroblasts rendered them permissive to
HCV RNA replication when miR-122 expression is combined
with inhibition of the IFN response (73), arguing for a critical role
of miR-122 regarding viral tropism. Importantly, it has been
shown that cells harboring HCV subgenomic replicons (and cells
subsequently cured from those replicons) are positive for miR-
122, arguing for a selection of an miR-122 phenotype during the

FIG 7 Characterization of viral particles produced by JB-replicating cells.
Huh7.5-NS5A-JB, HepG2-SGR, and HepG2c-NS5A-JB cells were treated for 3
days after confluence with 2% DMSO and incubated another 24 h with serum-
free medium containing 2% DMSO, 10% (vol/vol) OA-BSA, and 1 �M U0126.
Supernatants were harvested, filtered (0.45-�m pore size), and used for im-
munoprecipitation (IP) and neutralization experiments. (A) Harvested super-
natants from Huh7.5-NS5A-JB and HepG2c-NS5A-JB cells were immunopre-
cipitated with goat polyclonal anti-apoB or anti-apoE antibodies, using
protein G-coated magnetic beads. IgG from goat serum was used for a control.
The percentage of HCV IP was assessed by quantifying HCV RNA using RT-
qPCR in immunoprecipitated pellets, compared to HCV RNA in the culture
supernatant (SN). Error bars represent standard deviations of two indepen-
dent experiments. (B and C) Supernatants from Huh7.5-NS5A-JB and
HepG2c-NS5A-JB cells were incubated for 2 h at room temperature with

different concentrations of mouse monoclonal anti-apoB antibody (4G3) or
with mouse monoclonal anti-apoE (D6E10). As a positive neutralization con-
trol, supernatants were incubated for 2 h at room temperature with 10 �g/ml
of mouse monoclonal anti-CD81 antibody (JS81). As a negative control, su-
pernatants were incubated for 2 h at room temperature with 10 �g/ml of IgG
from mouse serum. Naïve Huh7.5 cells were then incubated for 4 h at 37°C
with supernatant-antibody mixtures and further processed. Cells for CD81
neutralization experiments were incubated with 10 �g/ml of anti-CD81 anti-
body concomitantly. Cells were washed once with PBS and stained after 3 days
for HCV core protein to determine viral titer (FFU). Error bars represent
standard deviations of two independent experiments.
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FIG 8 VLDL/apoB secretion in JB-replicating cell lines. (A to C) Naive Huh7.5 cells were infected with JFH1 virus at an MOI of 0.01 and grown for 3 more days before
being further processed. JFH1-infected Huh7.5, Huh7.5-NS5A-JB, HepG2c-NS5A, and HepG2c-NS5A-JB cells were treated for 3 days after confluence with 2% DMSO
and incubated another 24 h with serum-free medium containing 2% DMSO, 10% (vol/vol) OA-BSA, and 1 �M U0126. Supernatants were harvested, filtered (0.45-�m
pore size), and used for apoB quantification or concentrated and subjected to density separation on iodixanol-sucrose gradients. (A) apoB concentration was determined
in each fraction with a commercial ELISA kit and plotted against density. Results are representative of three independent experiments. (B) apoE concentration was
determined in each fraction with a commercial ELISA kit and plotted against density. (C) apoA1 concentration was determined in each fraction with a commercial ELISA
kit and plotted against density. (D) apoB concentration was also determined in culture supernatants of HepG2-derived cells: HepG2c-NS5A, HepG2-SGR, and
HepG2c-NS5A-JB. Error bars represent standard deviations of four independent experiments. (E and F) Huh7.5-NS5A-JB and HepG2c-NS5A-JB cells were treated for
3 days after confluence with 2% DMSO and 5 �M VX-950 and incubated another 24 h with serum-free medium containing 2% DMSO, 10% (vol/vol) OA-BSA, 1 �M
U0126, and 5 �M VX-950. (E) apoB concentration was determined in supernatants by ELISA. For each condition (mock and VX-950-treated), fold change in apoB
secretion compared to parental cells (HepG2c-NS5A and Huh7.5-NS5A) is shown. (F) apoE concentration was determined in supernatants by ELISA. For each
condition (mock and VX-950-treated), fold change in apoE secretion compared to parental cells (HepG2c-NS5A and Huh7.5-NS5A) is shown.
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establishment of the line (72). In this study, we have shown that
cured HepG2 cells (HepG2c), deriving from HepG2-SGR cells
(40) treated with IFN and anti-HCV-polymerase, together with an
impaired IFN response, obtained by overexpression of IRF3(�N),
were required to efficiently generate a stably HCV-replicating
HepG2 cell line (Table 1). To select for cells persistently replicat-
ing HCV over multiple passages, we have opted for the use of a
blasticidin (BSD)-tagged JFH1 strain (i.e., JFH1-BSD, or JB), and
as the BSD tag was inserted into the NS5A area, transcomplemen-
tation with a V5-tagged version of NS5A was also performed. In
fine, a cell line called HepG2c-NS5A-JB was generated and further
used to analyze the interaction of HCV with lipoproteins. We
demonstrated efficient viral RNA replication and viral protein
production in HepG2c-NS5A-JB cells (Fig. 3). HCV proteins in-
volved in viral assembly/morphogenesis were correctly sublocal-
ized around LD in HepG2c-NS5A-JB cells (Fig. 4), and the secre-
tion of infectious virions was also demonstrated (Fig. 6).
Importantly, these cells could be maintained for several weeks in
culture under blasticidin treatment, persistently replicating HCV
and secreting infectious viral particles.

HepG2 cells are thought to be more mature hepatocytes than
Huh7 cells. For instance, they can secrete VLDL (32) and are func-
tionally polarized (74, 75). The polarization status of these cells
has been shown to modify and to be modified by HCV infection
(42, 43). Therefore, HepG2 might be a more relevant model than
Huh7 to study HCV infection and its impact on cell physiology.
The MEK/ERK signaling pathway, downstream of growth factor
receptors, is implicated in crucial cellular processes, including
proliferation, differentiation, angiogenesis, and survival. It is
overactivated in many tumors and is thought to contribute to
tumorigenesis (76). Interestingly, we showed an improvement in
viral RNA replication after MEK/ERK inhibition in HepG2 cells,
whereas no effect was observed in Huh7.5 cells (Fig. 5). MEK/ERK
inhibition was also responsible for an improvement in VLDL se-
cretion by HepG2 cells but not by Huh7.5 cells (Fig. 1). However,
both effects might be nonrelated since VLDL secretion may be
stimulated upon MEK/ERK inhibition by an increase in micro-
somal triglyceride transfer protein (MTP) and diacylglycerol acyl-
transferases (DGAT) expression (34), whereas HCV RNA trans-
lation could be improved by increased internal ribosome entry site
(IRES)-mediated translation (66). Nevertheless, hepatocyte dif-
ferentiation status, stimulated by exposure to DMSO, and mito-
gen activity, as shown by MEK/ERK pathway activity, may be of
importance to study HCV replication and production in vitro.
Without treatment, the overall viral replication level in HepG2
was lower than in Huh7.5 cells. This might be due to intrinsic
characteristics of each cell line, as suggested before. However, we
managed to increase the intracellular RNA replication level and
viral particle secretion in HepG2 cells by combining DMSO-stim-
ulated cell differentiation, MEK/ERK inhibition, and NS5A over-
expression, thereby allowing analyzing secreted viral particles in
this new model.

In this study, we characterized for the first time HCV associa-
tion with lipoproteins in HepG2 cells, which are competent for
VLDL secretion upon MEK/ERK inhibition and oleate treatment
(Fig. 1). Indeed, an interaction between HCV RNA, apoB, and
apoE has been suggested in vivo by different groups (14–16). In
vitro, however, most reports suggest a strong association of HCV
particles with apoE but not, or only weakly, with apoB (27–29),
which seems conflicting when the hypothesis of association be-

tween HCV and VLDL is concerned as VLDL are clearly both
apoB and apoE positive. apoE seems necessary to infectious viral
particle assembly and production (24, 27) via an interaction with
NS5A protein (77). apoE is indeed a host factor present on viral
particles (28, 29) and crucial for particle infectivity via its interac-
tion with LDL receptor (LDLR) at the surface of hepatocytes (26,
29, 78). On the other hand, some contradictory studies suggested
that apoB and MTP could be required for HCV secretion in vitro
(79–81) even if no clear demonstration of the presence of apoB on
viral particles was provided. Therefore, lipoprotein biogenesis
and, more precisely, VLDL synthesis seem to have important roles
regarding HCV particle assembly, secretion, and infectivity. If
apoE is strongly associated with secreted viral particles in cell cul-
ture, data reflecting a strong and specific association of HCV with
apoB remain absent since studies reported in the literature were
performed only in VLDL-deficient Huh7.5 cells. As our HepG2c-
NS5A-JB cells were capable of producing a significant amount of
infectious particles (in fact only 10 times less than their Huh7.5
counterparts) (Fig. 6), they could be used to investigate associa-
tion with lipoproteins. In this report, we show that HepG2-pro-
duced HCV particles, as previously described for Huh7.5-pro-
duced particles (28, 29, 82), are mostly apoE positive but apoB
negative (Fig. 7A), and we show/confirm that HCVcc virions pro-
duced by both cell types are not neutralized by neutralizing anti-
apoB antibodies (clone 4G3), whereas HCVcc particles can be
neutralized to some extent by anti-apoE antibodies (Fig. 7B and
C). Moreover, there were no significant differences between
HepG2- and Huh7.5-produced particles in terms of density repar-
tition of secreted RNA, with notably no RNA and infectious par-
ticles in the very-low-density range (Fig. 6D and E). Altogether,
and additionally to what was previously described in the literature,
these results suggest that the ability of cells to produce VLDL does
not change the ability of the virus to associate with apoB in vitro.
This result warrants reconsideration of the somewhat fragile re-
sults obtained in vivo, which suggest, more than demonstrate, that
HCV (i.e., not only viral protein but also its genome) can associate
to apoB-positive particles. There are two possible scenarios re-
garding the molecular mechanism underlying LVP formation in
vivo. They could derive either from an intracellular fusion between
nascent VLDL and viral precursors or from a postsecretion fusion
between VLDL/LDL and HCV virions. In this respect, apoE could
play an important role in the fusion process due to its exchange-
able properties (83). A study by Gastaminza and colleagues dem-
onstrated that, in Huh7 cells, intracellular HCV virions are high-
density particles, whereas secreted ones are lighter, thus
suggesting the acquisition of low-density features (e.g., apoE and
triglycerides) during trafficking through the Golgi apparatus (84).
The presence of apoE in Huh7-produced HCVcc particles has
since been confirmed by many studies (28, 29, 82). Our results
obtained in HepG2 cells, together with previously published stud-
ies in Huh7 cells, seem to indicate that in vitro produced HCV
particles are apoE positive but likely apoB negative, thus suggest-
ing that, either way, the intracellular or postsecretion fusion of
lipoproteins and viral precursors does not happen, at least in hep-
atoma cells, which are transformed and nonphysiologic cells. In
this respect the analysis of the association of HCV with lipopro-
teins remains to be analyzed in more physiologic cells in vitro, i.e.,
primary human hepatocytes. Moreover, these results warrant fur-
ther study to properly demonstrate whether HCV does associate
with apoB-positive lipoproteins under physiological conditions in
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vivo and how this association takes place. In this respect, in vivo
data suggesting a strong association between apoB and HCV have
been recently revisited. Scholtes and collaborators demonstrated
that LVP could mainly be apoB/gpE1-gpE2 positive, but nucleo-
capsid-free, particles (85). This new subclass of particles could
then be defined as defective subviral particles (named eLVP). Such
eLVP containing only HCV glycoproteins and apoB had already
been described in vitro in HepG2 and Caco-2 cell lines overex-
pressing gpE1 and gpE2 viral proteins (31).

Another interesting finding of our study in HCV-producing
HepG2 cells is that viral replication in these cells does not seem to
alter apolipoprotein secretion (Fig. 8), contrary to what is ob-
served in HCV-producing Huh7.5 cells, with a virus-mediated
decrease in apoB and apoE secretion, pointing out once again
differences between both cell types. These results contrast with the
hypobetalipoproteinemia observed in some patients (8, 9) and
which is thought to be a consequence of virus replication. How-
ever, its underlying mechanisms remain mostly unknown.

To conclude, we engineered a unique HCV-replicating cell cul-
ture model in HepG2 cells using a blasticidin-tagged viral strain. A
full replication cycle with infectious viral particle secretion could
be obtained with these cells, which could be used as an alternative
to commonly used Huh7 and derived cell lines, which present
polarity and VLDL secretion defects. This cell line represents a
novel cell culture model to study many aspects of HCV host-cell
interactions and is very complementary of the currently used
model based on Huh7 and derived cells. Using this model, we
showed that apoE but not apoB is associated to infectious cell
culture-grown HCV using, for the first time, cells which are com-
petent to produce VLDL. This result challenges the relevance of in
vivo observations, which suggested, more than demonstrated, an
association between HCV and apoB-containing lipoproteins in
HCV patients. In fact, it is not excluded that infectious HCV par-
ticles could harbor only apoE and not apoB. It remains to be
determined whether other types of viral or subviral particles, such
as eLVP (85), could be produced by HCV-replicating cells. In this
respect the HCV-replicating HepG2 line developed here will be
instrumental.
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