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In the absence of an immunocompetent mouse model for HCV replication, we developed a convenient
xenograft mouse model that produces infectious viral particles. For this purpose, HCV-permissive tumors
were generated in SCID/beige mice using a tumorigenic population of the human hepatocarcinoma-
derived Huh7 cell line. Following infection, HCV RNA increased in the mouse sera and the human tumor
by up to 10° GE/ml and 107 GE/pg of RNA, respectively. Immunohistochemistry analysis revealed that

Keywords: active viral replication had taken place within the tumor. Moreover, virus recovered from infected mice
&i\ése model sera was readily infectious in cell culture. Finally, we showed that interferon-a and the protease inhibitor
Antiviral BILN-2061 inhibited the cell culture HCVcc strain JFH1 replication in vivo. In conclusion, we developed a
JFH1 simple and inexpensive mouse model that allows the production of infectious HCV particles in vivo. Such

a model will be an extremely valuable tool for the characterization of promising drug candidates.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is a leading cause of chronic hepati-
tis, cirrhosis and hepatocellular carcinoma worldwide (Sarbah and
Younossi, 2000). In the absence of a prophylactic vaccine or a
specific antiviral agent, the best treatment currently available for
HCV infection is the combination therapy of peg-interferon-o and
ribavirin (Di Bisceglie et al., 2002). HCV is a positive-strand RNA
enveloped virus that is classified as a Hepacivirus within the Fla-
viviridae family (Simmonds et al., 2005). The RNA genome is ~9.6 kb
in length and produces a single polyprotein of 3010-3040 amino
acids that is processed by a combination of viral and cellular pro-
teases, giving rise to at least 10 individual proteins (Bartenschlager
et al., 2004). Even thought recent work has led to the development
of in vitro HCV infection systems, the evaluation of experimen-
tal vaccines and therapeutic agents against HCV still requires the
development of animal models (Lindenbach and Rice, 2005; Wakita
et al,, 2005; Zhong et al., 2005). There is no convenient animal
model in which to study HCV replication in vivo. In fact, the only
known natural host for HCV is human, although chimpanzee can
be infected experimentally and is still considered to be the best
animal model available (Bukh, 2004; Shoukry et al., 2004; Thimme
et al,, 2002). However, ethical issues, limited availability, and the
high cost of these primates severely limit their use. As an alterna-
tive, attempts to produce mice models have met with moderate
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success (Ilan et al., 2002; Kneteman et al., 2006; Labonté et al.,
2002; Mercer et al., 2001). The existing mouse models are expen-
sive and technically challenging, which limits their usefulness for
drug screening as well as for the study of HCV biology. We have pre-
viously reported the generation of a murine model with which to
study HCV replication based on the establishment of HCV-infected
tumors inimmunodeficient mice (Labonté et al.,2002). For this pur-
pose, a highly tumorigenic Huh7 subclone (HuT7-3) was developed
and was able to promote the formation of human hepatocarcinoma
subcutaneously as well as orthotopically in nude mice (Labonté
et al., 2000). In this model, HCV-positive human sera were used
as the source of infectious particles to initiate infection in mice.
Viral replication was achieved but viral titers were low, due to
the poor susceptibility of the human hepatoma cells to blood-
derived HCV particles. Using the cell culture HCV (HCVcc) strain
JFH1 and the Huh?7 cell line, this difficulty can now be overcome
(Wakita et al., 2005). Recently, a xenograft mouse model with an
implanted mouse-adapted luciferase replicon-containing Huh7 cell
line has been described (Zhu et al., 2006). The replication level of
the HCV RNA replicon in individual mice was monitored by measur-
ing luciferase activity. However, this replicon-based mouse model
does not produce HCV particles.

In this report, we describe the development and use of a simple,
inexpensive and reliable mouse model that allows the produc-
tion of infectious HCV particles in vivo. By using a genotype 2a
infectious clone that replicates and produces infectious virus in
cell culture, we demonstrated that the strain JFH1 can establish
robust infections in SCID/beige mice harboring human hepatocar-
cinoma xenografts. Furthermore, we validated the model using two
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well-known HCV inhibitors, Intron-A (IFN-a2b) and BILN-2061.
This in vivo model of HCV infection should provide a drug discovery
asset to guide the selection of anti-HCV drug candidates.

2. Materials and methods
2.1. Animals

Female C.B17 SCID (SCID), SCID/beige and CD1 nu/nu mice (5-13
weeks old) were purchased from Charles River Laboratories (Saint-
Constant, Quebec, Canada) and were housed and treated as required
by the Canadian Council of Animal Care.

2.2. Cell culture

Huh7, Huh7-7, HuT7-3 and HEK-293 cells were maintained in
DMEM supplemented with 10% fetal calf serum and penicillin—-
streptomycin-glutamine (Gibco, Carlsbad, CA).

2.3. HCV RNA transcription and transfection

The HCVcc strain JFH1 was obtained from Dr Takaji Wakita,
having been derived from a Japanese patient with fulminant hep-
atitis (Kato et al., 2001). To generate genomic JFH1, the pJFH1
plasmid was linearized at the 3’ end of the HCV cDNA by Xbal
digestion. The linearized DNA was then purified and used as a
template for in vitro transcription (MEGAscript; Ambion, Austin,
TX). In vitro-transcribed HCV RNA or total cell RNA was trans-
fected into cells using a modified electroporation protocol (Krieger
et al.,, 2001). Briefly, trypsinized cells were washed twice with
serum-free medium and resuspended to a final concentration of
1 x 107 cells/ml. Ten micrograms of HCV RNA were then mixed with
0.4 ml of the cells in a 4 mm cuvette. A Gene Pulser system (BioRad
Laboratories, Hercules, CA) was used to deliver a single pulse of
0.27kV, 100 €2, 960 p.F.

2.4. Infection with HCV JFH1

Supernatant from Huh7 cells harvested 60 days post-
transfection was used to infect Huh7-7 cells (10-15% confluency)
at an MOI of 0.05 in a T75 flask. Prior to subcutaneous injection
of infected cells in mice, the ongoing infection was confirmed by
indirect immunofluorescence. For in vivo infection of the tumor,
intratumoral injection of 600 FFU of JFH1 virus was performed. For
in vitro infection with mouse sera, Huh7 cells were seeded 24 h
before infection at a density of 1 x 10° cells/well in a six-well plate
and incubated overnight with mouse sera (103 HCV genome equiv-
alent (GE)). The infection was confirmed by immunofluorescence
at 3 and 15 days post-infection.

2.5. Implantation of subcutaneous xenograft

The tumorigenicity of Huh7, Huh7-7 and HuT7-3 cells was eval-
uated by inoculating 5 x 106 cells, resuspended in 0.2 ml of PBS,
subcutaneously into the right flanks of 6-8-week female SCID/beige
mice. The tumor volume and the body weight of mice were evalu-
ated once a week. Mice were euthanized at 4 weeks post-injection
or when tumor volume was >2500 mm?3. Tumors were removed and
processed for RNA, proteins, histological and immunohistochemical
analysis.

2.6. Adaptation of Huh7 cells to form solid tumor growth
A SCID/beige mouse harboring a (2000 mm?3) xenograft human

tumor was sacrificed and the tumor was excised, dissected into
2-5mm cubes and transplanted subcutaneously into anaesthetized

SCID/beige mice. This process was repeated seven times and the
resulting tumor was digested with collagenase treatment (Labonté
etal.,2000) and expanded in vitro to create the Huh7-7 tumorigenic
cell population.

2.7. Drug treatment

When tumors reached 300-500 mm?3, mice were randomly
divided into three groups and injected once a day in the subcuta-
neous suprascapular area of the animal with IFN-a2b (Intron-A;
20,0001IU) or BILN-2061 30mg/kg or saline solution (control).
Treatments lasted 5 and 4 days for Intron-A and BILN-2061, respec-
tively. No sign of toxicity was observed in any treated animal.

2.8. Quantitative RT-PCR

Total cellular RNA from tumor tissue samples and viral RNA from
mice sera were extracted and purified with Trizol as described
by the manufacturer (Invitrogen). The cDNA was prepared from
250ng of total cellular RNA or 50 .l of sera from mice. Briefly,
RNAs were incubated for 3 min at 70°C then cooled on ice for
2min before the addition of 4wl of RT-buffer 5x (Invitrogen),
2l DTT (0.1M), 1l random primer p(dN6) (100ng/pl), 1wl
dNTP (20mM), 20U of RNAsin and 100U of MMLV reverse-
transcriptase. Samples were incubated for 10min at 25°C and
1h at 37°C. To inactivate the MMLV, samples were incubated for
15min at 70°C and the cDNA was diluted to a final volume of
200 pl with RNase-free water. The primers used for amplification
were: 5'UTR-R: 5-GAGTGGGTTTATCCAAGAAAG-3’' and 5'UTR-F:
5'-TCTGCGGAACCGGTGAGT-3'. The mixture consisted of 2.5 ul of
cDNA in a final volume of 25 pl of the reaction mixture containing
8.6 ul Hy0, 0.5l of probe FAM-UTR (12.5uM) CCGGAATTGC-
CGGGAAGACTG, and 0.25 pl (90 wM) of each HCV primer. For the
internal control, the 18S ribosomal RNA Kit was used according to
the manufacturer’s instructions (Applied Biosystems). The mixture
was completed with 12.5 .l of the Tagman Universal Master Mix 2 x
(Applied Biosystems) and the amplification was performed accord-
ing to the manufacturer’s instructions in a Rotor-Gene RG-3000
(Corbet Research).

2.9. Indirect immunofluorescence

Huh7 or Huh7-7 infected cells were seeded on a cover glass
(2 x 10% cells per cover glass) and were fixed with 4% paraformalde-
hyde in PBS. Staining of HCV NS5A was performed using a polyclonal
anti-NS5A antibody (obtained from Dr O. Nicolas, ViroChem
Pharma) for 1 h(1:200). Human albumin was detected using a poly-
clonal anti-human albumin (Dako) (1/100). Both antibodies were
used in PBS 3% BSA, 10% FBS and 10% triton X-100. Antibodies were
washed four times in PBS and bound antibodies were detected by
incubation for 1 h with anti-rabbit goat Alexa 488 antibody at a dilu-
tion of 1:500. Unbound antibodies were washed four times with PBS
and nuclei were stained with DAPI. Immunofluorescence analysis
was performed with a Nikon microscope TE2000.

2.10. Titration of infectious HCV

Titration was performed as previously described (Zhong et al.,
2005). Briefly, cell supernatants or mice sera were 10-fold or 2-fold
serially diluted in complete DMEM and used to infect 10* Huh7-
5 cells in 96-well plates (Corning). The virus was incubated with
cells for 3 h at 37°C and then washed away with PBS and supple-
mented with fresh complete DMEM. The level of HCV infection was
determined 3 days post-infection by immunofluorescence staining
for HCV NS5A. The viral titer was expressed as focus-forming units
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per milliliter of supernatant (FFU/ml), determined by the average
number of NS5A-positive foci detected at the highest dilutions.

2.11. Histological and immunohistochemical analysis

Briefly, all tissue sections were fixed in formalin and embedded
in paraffin. Sections from tumors were cut at 3-5 wm, mounted on
glass, and dried overnight at 37 °C. All sections were then deparaf-
finized in xylene, rehydrated through a graded alcohol series, and
washed in PBS. For immunohistochemistry, the sections were incu-
bated with 0.6% H,0, in normal goat serum for 20 min to block
endogenous peroxidase activity (Vectastain, ABC kit, Vector Labo-
ratories, Burlingame, CA), followed by a rabbit polyclonal anti-core
1:100 (obtained from Dr Denis Leclerc, Université Laval, Canada) or
arabbit polyclonal anti-human albumin (Dako) for 1 h at room tem-
perature. The sections were then washed twice in PBS for 5 min each
and incubated for 1h in biotinylated anti-rabbit IgG (Vectastain,
ABC kit) at room temperature. After three washes in PBS for 5 min
each, the sections were incubated with the ABC complex (Vectas-
tain, ABC kit) for 30 min at room temperature. Sections were then
washed in PBS and developed with diaminobenzidine (DAB, Dako
detection kit; Dako, Carpinteria, CA) for 7 min and counterstained
with hematoxylin.

2.12. Western blot analysis

Cell lysates were prepared by treating tissues with ice-cold
lysis buffer [20mM Tris-HCl (pH 8), 10% NP40, 10% glycerol,
137 mM NacCl, 10 mM EDTA (pH 8), and protease inhibitor cocktail
(Roche Applied Science, Mannheim, Germany)] for 20 min on ice
followed by centrifugation at 4°C for 15 min to sediment particu-
late materials. The protein concentration was measured using the
BCA Protein Assay kit (Pierce; Rockford, IL). After SDS-PAGE elec-
trophoresis, protein samples were transferred to an immuno-blot
PVDF membrane for protein blotting (Bio-Rad) for 45 min. Non-
specific binding sites were blocked for 1 h in PBS 5% skimmed milk
and the membrane was stained for 1 h with the primary antibod-
ies. The antibodies used were anti-NS5A 1:2000, anti-core 1:1000
(obtained from Dr Denis Leclerc, Laval University, Canada) and
anti-E2 1:500 (mouse monoclonal, Biodesign International, Saco,
ME). After incubation with the primary antibody, the membranes
were washed four times in PBS 0.1% Tween-20. Bound antibodies
were detected by incubation for 45 min with a goat anti-rabbit HRP
antibody (1:10,000, Jackson Immunosearch) or goat anti-mouse
(1:5000, Promega). The signals were developed with SuperSignal™
West Pico chemiluminescent substrate (Pierce).

2.13. Flow cytometry

Cell surface expression of TFR, CLDN-1 and CD81 was moni-
tored by recovering the cells using Versene™ (TFR and CLDN-1)
or trypsin, 0.25% EDTA (CD81) (Invitrogen). Approximately 1 x 108
cells were fixed in PBS 4% formaldehyde for 10 min and blocked
in PBS 3% FBS for 30 min at 4°C. Cells were stained for 1h at 4°C
with anti-TFR (BD Pharmingen™), anti-CLDN-1 (Abnova) and anti-
CD81 (Santa Cruz Biotechnology) antibody at 1 g/ml in PBS 3%
FBS. Cells were washed twice in PBS and incubated for 30 min at
4°C with mouse-specific secondary antibodies conjugated with
fluorescein isothiocyanate (FITC) (1:1000) (Jackson ImmunoRe-
search) in PBS 3% FBS, respectively. For the detection of the LDLR
at the cell surface, cells were resuspended in Versene™ and
treated as for the detection of CD81. The primary antibody was
an anti-LDLR (C7) (Santa Cruz Biotechnology) used at 1 pg/ml
and the secondary antibody was a mouse-specific secondary anti-
body conjugated with fluorescein isothiocyanate (1:1000) (Jackson

ImmunoResearch) respectively. All samples were analyzed imme-
diately using a FACSCalibur™,

2.14. Sucrose density gradient analysis

Supernatant from JFH1-infected Huh7, Huh7-7 cells and pooled
infected mouse sera were centrifuged at 4000 rpm for 5 min to
remove cellular debris. Samples (800 l) were loaded by overlay-
ing onto a TNE buffer (50 mM Tris-HCI, pH 8; 100 mM NaCl; 1 mM
EDTA)-based 10-50% sucrose gradient followed by centrifugation
at 120,000 x g for 16 h at 4°C using a SW60Ti rotor in a Beckman
Coulter Optima™ L-100 Ultracentrifuge. Fractions of 275 ul were
collected from the bottom of the gradient. Buoyant densities were
determined by refractometry on a Fisher Refractometer (Fisher Sci-
entific). The fractions were analyzed by qRT-PCR to detect HCV RNA,
and the FFU were calculated as described above.

3. Results

3.1. Development of human hepatocellular carcinoma in
xenograft mouse model

We have previously reported the generation of a highly tumori-
genic clone of the Huh7 cell, named HuT7-3 (Labonté et al., 2000).
The HuT7-3 cells were able to establish solid white tumors either
subcutaneously or in the mouse liver. However, the HuT7-3 cells
were not susceptible to HCV JFH1 infection and normal Huh7
cells were used for further development of the human xenograft
in mice. Indeed, subcutaneous injection of Huh7 cells has been
shown to induce tumors in immunodeficient mice (Chiba et al.,
2006; Esposito et al., 2006; Kito et al., 2003). In our hands, the
tumorigenicity of Huh7 cells was low and resulted in 20-38% of
successful xenograft implantation in immunocompromized mice
(Table 1). As expected, SCID/beige mice were more susceptible to
xenograft development than SCID or CD1 nu/nu mice. The initial
expansion of the tumors was apparent at 2-3 weeks post-injection
with tumors reaching a volume of 2000 mm?3 about 2-3 weeks after
the onset of tumor growth. Interestingly, all tumors (28 out of 28)
were extremely vascularized with a coloration similar to that of
liver tissue (Fig. 2A). Metastases were never detected grossly or
microscopically. Importantly, cells recovered from mouse tumor
tissue were still susceptible to HCV JFH1 virus in vitro (data not
shown, and Table 1).

With an unsatisfactory success rate of 20-38% using normal
Huh7, we decided to improve the capability of the global Huh7
population to initiate tumor formation. We thus performed serial
passages of 2-4 mm?3 tumor block from mouse to mouse. The result-
ing Huh7 population, named Huh7-7 (seven ex vivo serial passages)
was very efficient at inducing tumors while retaining susceptibility
to HCVcc infection in vitro (Table 1).

Table 1
Tumorigenicity of Huh7 in immunocompromized mice.
Cell line Cell susceptibility Mice strain Number of Percent of
to HCVcc in vitro mice with mice with
tumor tumor
HuT7-3?2 No CD1 nu/nu 5/5 100
Huh7" Yes CD1 nu/nu 2/10 20
SCID 2/6 33
SCID/beige 14/32 38
Huh7-7¢ Yes SCID/beige 27/30 90

@ Colony of Huh7; highly tumorigenic (Labonté et al., 2003).
b Normal Huh7; low tumorigenicity.
¢ Ex vivo-selected subpopulation of Huh7; medium tumorigenicity.
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During the selection of Huh7 populations with enhanced
tumorigenicity, we observed that tumorigenic populations had a
tendency to lose their susceptibility to JFH1 infection but not in
the case of the Huh7-7 cells. Therefore, we decided to compare the
Huh7-7 population to normal Huh7 cells. First, we analyzed the
cell surface expression of key receptors for HCV infection such as
CD81, claudin-1 and LDL-R as well as the transferring receptor (TFR
or CD71), a well-known receptor that is involved in iron uptake in
the liver (Fig. 1A). Although minor divergences were observed in
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the expression of TFR, CLDN-1 and LDLR, two very distinct CD81
expression profiles were observed in Huh7-7 cells. Indeed, only
75% of the cell populations expressed CD81 at a level compara-
ble to normal Huh7 cells. The reduction in CD81 expression in the
remaining 25% of the population did not seem to affect their sus-
ceptibility to JFH1 since >90% of the cells were readily infected in
vitro and in vivo (Fig. 1C, right and Fig. 2A). Furthermore, no sig-
nificant divergence in viral replication was observed in Huh7 and
Huh7-7 cells (Fig. 1C, left) and the specific infectivity of the virus
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Fig. 1. (A) Cell surface expression of transferrin receptor (TFR), low-density lipoprotein receptor (LDL-R), CD81 and claudin-1 (CLDN-1) on Huh7-7 and Huh?7 cells. Isotypic
control antibody (filled gray curve), Huh7 cells (thin line), Huh7-7 cells (thick line). (B) Detection of human albumin protein by immunofluorescence in HEK-293, Huh7 and
Huh and Huh7-7 cells. (C) (Left) HCV replication following infection with JFH1 virus in Huh7 and Huh7-7 cells. Infected cells were harvested at the indicated time points
post-infection. Intracellular RNA was analyzed by qRT-PCR and displayed as genome equivalents (GE)/ug of total RNA. (Right) Immunofluorescence staining of HCV NS5A
at 15 days post-infection. (D) Sucrose gradient sedimentation of infectious HCVcc. Supernatant from infected Huh7 (left) and Huh7-7 (right) cells. The specific infectivity
(infectious titer/RNA copies) is also indicated for fraction 6, 7,9 and 10 (in red) (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.).
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recovered in the supernatant of Huh7 (1/1960) and Huh7-7 (1/1533)
cells was comparable. In fact, we and others have proposed that
CD81 expression is essential for HCV infection (Labonté et al., 2009;
Koutsoudakis et al., 2007). However, it has been clearly shown that
CD81-independent infection occurs in a mixed population where
the virus can spread from the cells expressing CD81 to those that
do not express it (Timpe et al., 2008).

We also analyzed the state of the virus secreted in vitro
by the Huh7-7 population (Fig. 1D, right). As expected, the
most infectious virus was present in the lower density fractions
(1.06-1.1 g/ml), whereas the virus present in the highest density
fractions (1.13-1.16) was less infectious. Interestingly, even within
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the peak of low-density virus, the specific infectivity increased sig-
nificantly in the lightest fractions, suggesting that the quantity of
lipids associated with the viral particles is important (Fig. 1D; frac-
tion 9 and 10).

3.2. Viremia in the HCV xenograft mouse model

To initiate viral replication in mice, two different approaches
were evaluated. The first method consisted of the intratumoral
injection of HCV JFH1 in naive tumors and the second method
was based on the development of tumors using human cells pre-
viously infected in vitro (Fig. 2B and C). All tumors developed
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Fig. 2. (A) (Left) Hematoxylin and eosin (H&E) staining of a human hepatocarcinoma xenograft tumor in SCID/beige mice (original magnification 40x ). Letter B indicates the
presence of blood vessels and letter N indicates necrotic areas in tumor tissues. The upper inset represents a macroscopic view of a human hepatocarcinoma xenograft tumor
removed from a SCID/beige mouse. (Right) Immunohistochemical staining of mouse liver tissue and its corresponding human HCC with an anti-human albumin antibody.
(B) (Left) Experimental procedure of the HCV-infected xenograft mouse model. Huh7-7 cells infected for 14 days were injected subcutaneously into SCID/beige mice and
followed for 4 weeks. (Right) Analysis of the JFH1 RNA viremia in two representative mice. Black arrows show blood sample collection time points. (C) (Left) Experimental
procedure of in vivo infection of ongoing tumors. (Right) Analysis of the JFH1 RNA viremia in three representative mice. (D) Viremia measured at 4 weeks post-infection in

SCID/beige mice (open diamonds, n=30) and CD1 nu/nu mice (open squares, n=7).
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Table 2
Relationship between HCV RNA and tumor size.
Tumor size Tumor (mm?3) Serum (GE/ml) Tumor (GE/mg of RNA) Tumor (GE/mg of tissue) Total (GE/mouse)
+ 726 3.0 x 10* 1.7 x 107 1.7 x 107 1.2 x 1010
++ 1800 1.0 x 104 2.6 x 107 1.8 x 107 3.2 x 10"
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Fig. 3. Immunohistochemistry and expression of HCV JFH1 proteins in tumors isolated 4 weeks post-injection of HCV-infected Huh7 cells. (A) Western blot analysis of viral
protein cores, E2 and NS5A, from tumors of uninfected (UI) and infected animals (Inf). (B) Immunohistochemical analysis of tumor tissues from mock-infected or 28-day

infected SCID/beige mice using an antibody against the HCV core protein.

using the Huh7-7 cells were extremely vascularized and expressed
human albumin (Fig. 2A). HCV titers were determined by measur-
ing the number of copies of positive-strand HCV RNA in mouse
sera using quantitative RT-PCR (Tagman). Viremia was analyzed
weekly until mice were sacrificed at 4 weeks post-infection. HCV
viremia was often detectable as soon as 1 week post-implantation
and increased in parallel with tumor size. Furthermore, viremia per-
sisted in animals until sacrifice and the virus titers found in CD1
nu/nu mouse sera were similar to those observed in SCID/beige
mice (103-10° GE/ml) (Fig. 2D). Control mice that were injected
with naive Huh7 showed no detectable HCV RNA titers in their sera
(data not shown).

3.3. Viral replication in human hepatocarcinoma xenografts

To investigate the ability of Huh7 tumors to sustain HCV
JFH1 replication, animals bearing infected tumors were sacrificed,
and tumors were removed and processed for RNA, protein and
immunohistochemical analysis. Levels of viral RNA replication were
determined by calculating the amount of HCV genome equivalent
by quantitative RT-PCR in tumor tissues harvested 4 weeks post-
injection. It is noteworthy that the quantity of HCV GE per mg of
tissue was shown to be relatively similar in all tumors tested, rang-
ing from 1.7 to 3.9 x 107 HCV GE/mg of tissue (Table 2). Therefore,
the amounts of HCV RNA in the tumor were proportional to tumor

Table 3
Recovery of cell culture infectivity from HCVcc-infected mice.

size. However, the levels of HCV RNA found in mouse sera fluc-
tuated, which suggests that virus secretion from the tumor is not
directly proportional to the quantity of infected cells. Finally, both
structural and non-structural HCV proteins were easily detected in
all tumors by Western blot analysis (Fig. 3A).

To visualize the extent of infection within the tumor at the cellu-
lar level, immunohistochemistry analysis using antibodies directed
against the HCV core protein was performed. The results clearly
indicate that within the tumor, nearly 100% of cells express the
HCV core protein (Fig. 3B). As a control, mock-infected tissue did
not show any specific coloration. Moreover, the liver of infected
mice remained negative for HCV RNA and core proteins as analyzed
by qRT-PCR and IHC (data not shown).

3.4. Virus recovered from mice is infectious in vitro

To demonstrate that virus detected in the mouse serum is infec-
tious, sera from three different mice were used to infect naive Huh7
cells. It has been previously suggested that in vivo passage of HCVcc
increases the specific infectivity of the virus secreted (Lindenbach
et al., 2006). We also observed a significant increase in the specific
infectivity of the JFH1 virus recovered from mouse sera (Table 3).
Interestingly, JFH1 specific infectivity increased over time elapsed
in vivo. Taken together, these results indicate that the specific infec-
tivity obtained in vitro and in vivo are consistent with previous

Virus preparation Time in vivo (weeks) Time in vitro (weeks)

Infectivity (FFU/ml) Specific infectivity® (infectious virion/RNA)

JFH12 nfa 3

Mouse A 1 n/a
Mouse B 1 n/a
Mouse C 2 n/a

1030 1/1533
90 1/689
60 1/525

720 1/152

n/a, not applicable.
2 Stock of HCVcc produced in Huh7-7 cells.
b Average of two quantification.
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Fig. 4. HCV particles secreted in the mouse sera are infectious in vitro. (A) Huh7 cells infected for 15 days with mouse sera were analyzed by immunofluorescence for the
presence of the HCV NS5A protein (magnification 100x ). (B) Buoyant density of the JFH1 virus from the serum of a mouse at 4 weeks post-infection.

observations and increases during in vivo growth (Lindenbach and
Rice, 2005; Lindenbach et al., 2006; Wakita et al., 2005; Zhong et
al., 2005). Fig. 4A shows a representative set of data demonstrating
that HCV JFH1 virus recovered from mouse sera can readily infect
and propagate in naive Huh7 cells in vitro. To determine whether
the virus secreted in the bloodstream of the mouse segregated into
two major peaks, we performed a sucrose gradient centrifugation.
Again, the results suggest that the virus is secreted both bound to
lipoproteins (1.06-1.1 g/ml) and as unbound virus (1.13-1.16 g/ml)
(Fig. 4B).

3.5. Validation of the HCV xenograft mouse model with antiviral
agents

To demonstrate the usefulness and the simplicity of this
xenograft model, two well-known HCV inhibitors (Intron-A and
BILN-2061) were evaluated for their capacity to reduce viremia in
infected mice. As anticipated, both inhibitors showed an antivi-
ral effect when administered subcutaneously. Indeed, at 3 or 4
days post-administration of Intron-A or BILN-2061, respectively,
all mice showed a decrease in their HCV viremia (Fig. 5A). Fur-

thermore, the viral titer became undetectable in one of the mice
treated with Intron-A and with BILN-2061 but this did not occur
in the saline group. In fact, the viremia increase in all animals of
the saline group produced a >1 log variation over a 5-day treat-
ment period when compared to the IFN-treated mice (Fig. 5B).
This result is very similar to recent reports using the SCID-Alb/uPA
or HCV replicon mouse model (Kneteman et al.,, 2006; Zhu et
al., 2006). To confirm that the reduction in viremia observed in
response to the interferon was due to viral inhibition and not inhi-
bition of tumor growth, we compared the development of the
tumor in the presence or absence of Intron-A (Fig. 5C). The results
indicated that the administration of Intron-A did not significantly
affect tumor development, indicating that the reduction in viremia
observed in response to Intron-A was due to its antiviral effect.
Interestingly, in our experiment, the NS3 protease inhibitor (BILN-
2061) was more potent than interferon, with a clear decrease in
viremia over a 4-day treatment period (Fig. 5B). In the case of
BILN-2061, all three mice injected with the compound showed nor-
mal tumor development when compared with the saline group
(data not shown) and no adverse effect was observed upon visual
examination.
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Fig. 5. Effect of HCV inhibitors on HCV replication in vivo. (A) Subcutaneous injection of Intron-A and BILN-2061 was initiated when the tumor volume reached 250 mm?3.
Intron-A was administered at 20,000 1U/day for 5 days (n=4), BILN-2061 at 30 mg/kg/day for 3 days (n=3) and saline once daily for 5 days (n=3); each bar represents an
individual mouse. Dashed lines represent the limit of detection of the qRT-PCR. (B) Fold changes of HCV RNA viremia in mice treated with saline, Intron-A or BILN-2061.
Comparison was made between day 0 and day 5 (saline and Intron-A) or day 0 and day 4 (BILN-2061). (C) IFN-a2b treatment did not affect the tumor growth rate. Tumor
size in mice treated with 20,000 IU IFN/days for 5 days (n=5) or saline solution (n=6) (error bars show SD).

4. Discussion

In vivo replication of HCV in a simple reproducible system is
essential for the evaluation of new classes of antiviral agents. In
vitro, the replication of HCV or HCVcc is restricted to primary hep-
atocytes and Huh7 cells, respectively (Fournier et al., 1998; Molina
et al., 2007; Wakita et al., 2005). Therefore, strategies have been
developed to produce animal models based on both cell types (Ilan
etal.,2002; Knetemanetal.,2006; Labonté etal.,2002; Mercer et al.,
2001). Here, we report the first simple and convenient mouse model
that used a Huh7-derived cell population to produce infectious HCV
in mice.

Previous reports indicated that Huh7 cells could be tumorigenic
(Chiba et al., 2006; Esposito et al., 2006; Kito et al., 2003). How-
ever, in our hands, the engraftment rate of several sources of Huh7
was inconsistent from experiment to experiment (Labonté et al.,
2000 and unpublished data). Therefore, the isolation of a stable
population of tumorigenic and HCV-permissive Huh7 cells became
necessary to facilitate the standardization of the model. For this
purpose, small pieces of tumor were serially passaged in mice. The
resulting population, named Huh7-7, remained as susceptible to
HCV JFH1 infection as the normal Huh7 cells but showed a signifi-
cant improvement in the engraftment success rate (Table 1).

To simplify the methodology and to normalize the results, we
choose to engraft human cells that had been infected in vitro.
Indeed, this approach resulted in tumors in which almost 100% of
cells were infected, and a rapid onset of viremia (Fig. 3B). Therefore,
the quantities of HCV RNA found in animals were proportional to
the size of the tumors (Table 2). As an alternative, we also infected
mice harboring naive Huh7 tumors by intratumoral injection of
HCV JFH1, and observed efficient infection of the animal (Fig. 2C). It
is interesting to note that it was possible to detect the virus in the
sera of the mice at low buoyant density, indicating the secretion of
infectious particles coated with lipoproteins. In this situation, the
virus recovered from animals was more infectious than its equiva-

lent obtained in vitro, suggesting that the quality of the JFH1 virus
improves in vivo.

In this study, we used an HCVcc of genotype 2a (strain JFH1).
Several chimeric HCVcc strains expressing the structural proteins
for all six HCV genotypes have also been developed and could be
tested in this animal model as well (Gottwein and Bukh, 2008).
Obviously, an infectious full-length genotype 1 HCVcc would be
extremely valuable for the screening of antiviral drugs. However,
the replication of genotype 1 HCVcc, such as H77S, is weak in vitro
and needs to be improved prior to the development of a robust
model (Yi et al., 2006).

Although the in vivo model presented here cannot be used to
study HCV pathogenesis or the antiviralimmune response, it should
provide a drug discovery asset with which to guide the selection of
anti-HCV drug candidates. Currently, in the absence of a convenient
HCV mouse model, HCV inhibitors are often developed without any
efficacy data obtained in animals. Indeed, human trials are realized
solely based on efficacy data collected in vitro and on safety and
pharmacokinetic profiles. The simplicity and the convenience of the
model presented here should allow its utilization at an early stage
in the profiling of a compound and give a more accurate indication
of the ability of a compound to block viral replication and infection
in an in vivo setting.
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