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Figure 3. Proliferation of HCV in IRK4 and IPK17 cells over time as detected by immunofluorescence staining of NS5a protein using
the CL1 rabbit polyclonal antibody (A) and by quantitative real-time RT-PCR analysis of HCV-RNA levels (B). JFHTIGND was used as a
negative control to exclude non replicating HCV-RNA. The data plotted represent the average +/— STD of 3 different experiments.

doi:10.1371/journal.pone.0021284.g003

Discussion

Gene silencing of either IPS-1 or IFNAR significantly improves
HCV replication and persistence in mouse hepatocytes compared
with wild-type or TICAM-1ko mice. This result demonstrated the
importance of the IPS-1 pathway rather than the TICAM-1
pathway in the induction of type I IFN by HCV infection, and
revealed that the IFNAR amplification pathway confers resistance
to HCV in mouse hepatocytes independently of TICAM-1. In
accordance with our data, HCV-NS3/4A protease is known to
cleave the IPS-1 and/or RIG-I-complement molecules including
DDX3 and Riplet in humans to overcome the host innate immune
response, showing the importance of RIG-I/IPS-1 pathway
suppression in the establishment of HCV infection [10,11,12].

To further study factors affecting the HCV life cycle in mouse
hepatocytes, we established IPK and IRK immortalized mouse
hepatocyte lines by transduction with SV40T antigen. The
established hepatocytes cell lines showed expression of HNF4, a
major hepatocyte transcription factor, required for hepatocyte
differentiation and liver-specific gene expression [13]. The
maintenance of hepatocellular functions was demonstrated by
continuous expression of hepatocyte specific differentiation
marker, albumin, and the lack of expression of the bile duct
marker, cytokeratin. The close resemblance of these cell lines to
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primary mouse hepatocytes is crucial to ensure the physiological
relevance of factors identified in these cell lines that affect the
HCV life cycle.

It is worth noting that HCV replication in IPS-1ko was higher
than that in IFNARko hepatocytes. Since IPS-1 is present
upstream of IFNAR in the IFN-amplification pathway, this higher
JB6JFHI replication efficiency in IPS-1ko hepatocytes suggested the
presence of an additive factor affecting HCV replication other
than the induction of IFNAR-mediated type I IFN. This enhanced
replication efficiency was also not accompanied by the induction
of other interferon types, but was correlated with the reduction of
HCV-induced apoptosis in mouse hepatocytes. This data clearly
demonstrates that IPS-1 is playing an important role in the
regulation of HCV infection in mouse hepatocytes through two
different pathways, the IFN-induction pathways and another new
IFN-independent pathway, leading to apoptotic cell death and
elimination of HCV-harboring hepatocytes. The cytopathic effect
of HCV infection in human cells is still contradictory. Although,
some reports showed the induction of apoptosis and cell death by
HCV infection in human hepatocytes [14,15,16], others showed
suppression of apoptosis by HCV proteins [17,18]. This difference
may be due to the different cell lines used in the different studies.
Almost all the studies reporting HCV-induced apoptosis used
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hepatocellular carcinoma cell lines. Since it has been established
that the inability to undergo apoptosis is essential for the
development of cancer [19,20,21], our use of immortalized, non-
cancerous hepatocytes may make it possible to reproduce the
physiological response of the cells to HCV infection more closely.
The IPS-1 regulation of cell death following the introduction of
HCV-RNA may also regulate the effector cell function. It is likely
that hepatocyte debris generated secondary to intrinsic production
of viral dsRNA in HCV-infected hepatocytes affect the antiviral
effector response of the immune system through maturation of
dendritic cells [22]. Hence, the effector cell activation may be
enhanced by the induction of cell death through the IPS-1
pathway in hepatocytes which may facilitate producing dsRNA-
containing debris.

In comparison to the JFHIGND construct with deficient
replication that showed a rapid reduction in its RNA levels over
time after transfection into mouse hepatocytes, JoJFH1 RNA was
detected at four-log higher levels and was maintained at a
relatively stable levels in IPS-lko hepatocytes. Although the
number of mouse cells expressing HCV proteins was found to
increase over time, as detected by IF, the ratio between HCV-
negative and -positive cells did not show any significant change for
7 days after transfection and increased after 10 days (data not
shown). This indicates a negative selection of HCV-bearing cells
over time which may be due to slower cellular replication, or loss
of HCV replication. Another possibility may be that HCV
infection is affected by the presence of an inhibitory factor possibly
triggered by HCV replication or the lack of a human host factor
required for HCV replication. Due to the initial replication of
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HCV in the transfected IPK and IRK mouse hepatocytes for the
first 7 days and the establishment of infection, we favor the
presence of a possible inhibitory factor that may be triggered by
HCV replication. Another factor that also limits HCV spread in
mouse hepatocytes is the failure of HCGV to produce infectious
particles in these cells (data no shown).

Using this newly established immortalized mouse hepatocyte
line, we found that although J6JFH]1, JFH1FL and the subgenomic
JFHI replicon all share a similar non-structural region derived
from isolate JFHI that is required for HCV replication, and
although all of these constructs can replicate efficienty in
HuH7.5.1 cells, strikingly, only J6JFHI carrying the J6 structural
region replicated in mouse hepatocytes. This indicates the
importance of the J6 structural region and/or the chimeric
construct between J6 and JFH1 for HCV replication in mouse
hepatocytes. Structural regions are known to be important for
HCV entry and/or particle formation [23], but this is the first time
that their importance in replication in HCV-bearing cells has been
demonstrated. This finding clearly shows the importance of non-
hepatoma cell lines with less genetic abnormalities and mutations
for the discovery of new aspects of the life cycle of HCV.

Although, the co-expression of human CD81 and Occludin
genes was found to be important for HCVpp entry into murine
NIH3TS3 cells [3], the expression of hCD81 alone was sufficient for
J6JFHI entry into mouse hepatocytes. This may be explained by
the different cell lines used in the different studies. In contrast to
NIH3T3 cells, we used immortalized hepatocytes that showed
close physiological resemblance to primary mouse hepatocytes and
showed the expression of all the mouse counterparts of HCV entry
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receptors. A study from a different group showed that adaptive
mutations in HCV envelope proteins allowing its interaction with
murine CD8! is enough for efficient HCVpp entry without the
expression of any human entry receptors in murine cells [24]. This
report, together with ours, suggest that CD81 is the main human
host restriction factor for HCV entry, and that overcoming this
problem either by HCV adaptation to murine CD8l, or the
expression of human CD81 in murine hepatocytes is essential for
HCV entry. Although our lentivirus transfection efficiency with
CD81 was around 95% in IPK and IRK clones, only 1% of the cells
were prone to infection with HCVec. Also, HCVpp showed lower
entry levels in those cells compared to HuH7.5.1 cells (Fig. S6). This
suggests that hCD81 expression is the minimum and most crucial
requirement for HCV entry into mouse hepatocytes. The discovery
and expression of other co-receptors facilitating HCV entry in
human cells is still required for efficient and robust HCV infection.

In summary, the suppression of IPS-1 is important for the
establishment of HCV infection and replication in mouse
hepatocytes through the suppression of both interferon induction
and interferon independent J6JFH1-induced cytopathic effect. We
have established hepatocytes lines from IPS-1 and IFNARko mice
that support HCV replication and infection. These cell lines will
be very useful in identifying other species restriction factors and
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viral determinants required for further establishment of a robust
and efficient HCV life cycle in mouse hepatocytes. Using those
cells, we showed for the first time the importance of HCV
structural region for viral replication. IRF3ko mouse embryo
fibroblasts (MEFs) were previously shown to support HCV
replication more efficiently than wild MEFs [25]. Since the
knockout of IPS-1 mainly suppresses signaling in response to virus
RNA detection, and maintains an intact IFN response to other
stimulants, it may result in minimum interference to adaptive
immune responses as compared to JRF3 or IFNARko. Therefore,
further development of hCD81-transgenic IPS-lko mice may
serve as a good model for the study of immunological responses
against HCV infection. This mouse model can be used as a
backbone for any further future models supporting robust HCV
infectivity for the study of HCV pathogenesis, propagation and
vaccine development.

Material and Methods

Cell culture

HuH7.5.1 cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM; Gibco/Invitrogen, Tokyo, Japan) supple-
mented with 2 mM L-glutamine, 100 U of penicillin/ml, 100 pg of
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Figure 6. J6JFH1 infection into IRK-4 and IPK17 cells. HCV-
NS5A protein detection in mouse IRK4 (A,B) and IPK17 (C,D)
and human 7.5.1 cells (E,F). The cells were transduced with
lentivirus expressing human CD81 gene at 10 MOI. 48 hours later the
cells were infected with 100 times concentrated supernatant medium,
collected during 1 week after transfection of HuH7.5.1 cells with
J6JFH1-RNA (A, C, and E) or JFHIGND-RNA (B, D, and F).
doi:10.1371/journal.pone.0021284.g006

streptomycin/ml and 10% fetal bovine serum. Mouse primary
hepatocytes were isolated from the liver using collagenase
perfusion through the inferior vena cava (IVC), while clamping
the animal’s intrathoracic extension. Hepatocyte isolation and
perfusion control were performed as previously described [26].
Primary and immortalized hepatocytes were cultured in a similar
medium supplemented with: HEPES (Gibco/Invitrogen),
20 mmol/L; L-proline, 30 pug/mkL; insulin (Sigma, St. Louis,
MO, USA), 0.5 pg/mL; dexamethasone (Wako, Osaka, Japan),
1x1077 mol/L; NaHCO3, 44 mmol/L; nicotinamide (Wako),
10 mmol/L; EGF (Wako), 10 ng/mL; L-ascorbic acid 2-phos-
phate (Wako), 0.2 mmol/L; and MEM-non essential amino acids
(Gibco/Invitrogen), 1%.

Gene-disrupted mice

All mice were backcrossed with C57BL/6 mice more than seven
times before use. Toll-like receptor adaptor molecule 1 (TICAM-
1) ko [27] and IPS-1ko mice [28] were generated in our laboratory
(detailed information regarding the IPS-1 mice will be presented
elsewhere). All mice were maintained under specific-pathogen-free
conditions in the animal facility of the Hokkaido University
Graduate School of Medicine (Japan).
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RNA extraction, reverse transcriptase polymerase chain
reaction (RT-PCR) and real-time RT-PCR

RNA was extracted from cultured cells using Trizol reagent
(Invitrogen, San Diego, CA, USA) according to the manufactur-
er’s protocol. Using 1 pg of total RNA as a template, we
performed RT-PCR and real-time RT-PCR as previously
described [29,30].

In vitro RNA transcription, transfection and preparation of
J6JFH1 and Jfh1 viruses

In vitro RNA transcription, transfection into HuH7.5.1 or mouse
hepatocytes, and preparation of J6JFHI and JFH]1 viruses, were all
performed as previously reported [31]. RNA transfection into
human and mouse hepatocytes was performed by electroporation
using a Gene Pulser II (Bio-Rad, Berkeley, California) at 260 V
and 950 Cap.

HCV infection

J6JFH1 and JFHI1 concentrated medium were adjusted to
contain a similar RNA copy number by real-time RT-PCR.
2%10* cells/well were cultured in 8-well glass chamber slides.
After 24 hours, the medium was removed and replaced by
concentrated medium containing JFHI1 or J6JFHI viruses. After
three hours, the concentrated medium was removed, cells were
washed with PBS and incubated in fresh medium for 48 hours,
before the detection of infection.

Lentivirus construction, titration and infection

The gene encoding T antigen from simian virus was cloned
from plasmid CSII-EF-SVT [32]. The genes encoding human
CD81 and occludin were cloned from HuH-7.5.1 cells using the
Zero Blunt TOPO PCR Cloning Kit (Invitrogen) according to the
manufacturer’s protocol. These genes were then inserted into the
GFP reporter gene-containing lentiviral expression (pLBIG) vector
using the EcoRI and XAl restriction sites for SV40T and hCD81,
and the Xbal and Xhol restriction sites for hOccludin. Lentivirus
expression vectors were then constructed as previously described
[27]. GFP expression was used for the titration of lentivirus
vectors, and a multiplicity of infection (MOI) of 10 was used for
the infection of mouse cells. Forty-eight hours after the transfection
of hCD81 and/or hOccludin, cells were trypsinized and counted.
Then, 2x10% cells/well were cultured in 8-well glass chamber
slides for HCV infection and 5x107 cells/well were cultured in
12-well plates, along with 1 ml of medium containing HCVpp, for
HCV entry experiments.

HCVpp construction and the detection of luciferase
expression

HCVpp containing the El and E2 proteins from HCV isolate
J6 and expressing the luciferase reporter gene were a kind gift from
Dr. Thomas Pietschmann at the TWINCORE Center for
Experimental and Clinical Infection Research, Germany. The
production of HCVpp and the measurement of luciferase levels
were performed as previously described [33].

Indirect immunofluorescence (IF)

IF expression of HCV proteins was detected in the infected cells
using antibodies in the serum of chronic HCV patients or rabbit
IgG anti-NS5A antibody (Cl-1) (both kind gifts from K.
Shimotohno, Chiba Institute of Technology, Japan). Goat anti-
human IgG Alexa 594 and goat anti-rabbit Alexa 594 (Invitrogen)
were used as secondary antibodies, respectively. Fluorescence
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detection was performed on a ZEISS LSM 510 Meta confocal
microscope (Zeiss, Jena, Germany).

Detection of cell death

Culture medium was collected from HCV infected and control
cells and used for measuring lactate dehydrogenase (LDH) levels
using an LDH cytotoxicity detection kit (Takara Biomedicals,
Tokyo, Japan). Light absorbance was then measured according to
the manufacturer’s protocol.

Ethic Statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Committee on the Ethics of Animal
Experiments in the Animal Safety Center, Hokkaido University,
Japan. All mice were used according to the guidelines of the
institutional animal care and use committee of Hokkaido
University, who approved this study as ID number: 08-0243, *
Analysis of immune modulation by toll-like receptors”.

Supporting Information

Figure S1 RT detection of TLR3, TLR7, RIG-I, and IPS-1
expression in mouse hepatocytes. GAPDH expression was used as
internal control, and RNA from CD1lc+ spleenocytes (dendritic
cells) was used as positive control.

(TIF)

Figure S2 Proliferation of HCV in IPS-1, TICAM-1(TRIF) and
IFNAR-knockout mouse hepatocytes over time as detected by
quantitative real-time RT-PCR analysis of HCV-RNA levels.

@ PLoS ONE | www.plosone.org

JFHIGND transfection into IPS-1 knockout cells was used as a
negative control to exclude non replicating HCV RNA. The data
plotted represent the average +/— STD of 3 different experi-
ments.

(TIF)

Figure S3 RT detection of CD81, Occludin, Claudin 1, SRBI,
and LDL receptor expression in primary, IRK4 and IPK17 mouse
hepatocytes. GAPDH expression was used as internal control.

(TIF)

Figure S4 Estimation of the transfection efficiency of lentivirus
vector expressing green fluorescent protein (GFP) as a reporter,
together with hCD81 or hOccludin. 48 hours after transfection
with the lentivirus vector, cells were trypsinized and GFP positive
cells were detected by BD FACSCalibur (BD Biosciences).

(TTF)

Figure 85 HCV infection of IRK2 cells transfected with
lentivirus expressing hCD81 and/or hOccludin. IRK?2 cells were
transfected with lentivirus expressing empty vector (A), hCD81 (B),
hOccludin (C) or hCD81 and hOccludin (D) at a MOI of 10. After
48 hours, the cells were infected with concentrated J6JFHI
transfected 7.5.1 culture medium. After a further three hours, cells
were washed with PBS and incubated in fresh medium. After
another 48 hours, HCV infection was examined through the
detection of HCV-NS3a protein expression by immunofluores-
cence staining.

(TIF)

Figure S6 HCVpp entry into mouse cells. A similar number of
IPK17 and HuH?7.5.1 were cultured in triplicate. IPK17 cells were
only transfected with lentivirus expressing hCD81, while
HuH7.5.1 cells were transfected with empty vector at a MOI of
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10. After 48 hours, the medium was replaced with a new medium
containing mock VSVG-pp or HCVpp expressing luciferase. After
another 48 hours, pseudoparticles entry was determined by
measuring the luciferase activity. In order to compare the HGVpp
entry between IPK17 and HuH7.5.1 cells, the luciferase
expression from VSV-Gpp entry was used an internal control,
while that from HCVpp was plotted relatively.

(TIF)
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