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Abstract We previously demonstrated that hepatitis C
virus (HCV) serine protease NS3-4A was unable to cleave
TRIF (adaptor protein of Toll-like receptor 3), resulting in a
lack of suppression of the TRIF-mediated pathway, whereas
NS3-4A cleaved Cardif (adaptor protein of retinoic acid-
inducible gene I or melanoma differentiation-associated
gene-5), resulting in an interruption of the Cardif-mediated
pathway in non-neoplastic human hepatocyte PHSCHS8
cells. To elucidate these observations, we examined the
cleavage potential of NS3-4A for TRIF in PHSCHS cells,
genome-length HCV RNA-replicating O cells, and HCV-
infected cells, and we demonstrated that NS3-4A lacked the
ability to cleave endogenous TRIF, regardless of HCV
strains derived from patients with different stages of hepatic
disease. Furthermore, we demonstrated that inflammatory
cytokine production by NF-xB activation via the TRIF-
mediated pathway also remained unsuppressed by NS3-4A.
These results suggest that the inhibitory effects of NS3-4A
on antiviral signaling pathways are limited to the Cardif-
mediated pathway in human hepatocytes.

Electronic supplementary material - The online version of this
article (doi: 18, [007/600705-009-0375-7) contains supplementary
material, which is available to authorized users.

H. Dansako - M. Tkeda - Y. Ariumi - N. Kato (£<)
Department of Tumor Virology,

Okayama University Graduate School of Medicine,
Dentistry, and Pharmaceutical Sciences,

2-5-1 Shikata-cho, Okayama 700-8558, Japan
e-mail: nkato@md.okayama-u.ac.jp

T. Wakita
Department of Virology II, National Institute of Infectious
Disease, 1-23-1 Toyama, Shinjyuku-ku, Tokyo 162-8640, Japan

Introduction

Hepatitis C virus (HCV) infection causes a number of liver
diseases such as acute hepatitis, chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma [S, 24, 32, 33]. The
progression of liver disease from chronic hepatitis to
hepatocellular carcinoma by persistent HCV infection is a
serious health problem [37]. In order to elucidate the
relationship between the mechanism of persistent HCV
infection and liver disease progression, it will be necessary
to examine the virus life cycle and develop more effective
anti-HCV reagents based on these observations. HCV is an
enveloped positive single-stranded RNA (9.6 kb) virus
belonging to the family Flaviviridae [20, 36]. The HCV
genome encodes a large polyprotein precursor of approxi-
mately 3,000 amino acid (aa) residues, which is cleaved co-
and post-translationally into at least ten proteins in the
following order: core; envelope 1 (El), E2, p7, non-struc-
tural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and
NS5B. These cleavages are mediated by the host and a
virally encoded serine protease located in the amino-ter-
minal domain of NS3. The serine protease activity of NS3
requires NS4A; a protein that consists of 54 aa residues, to
form a stable complex with NS3 [1{, 12, 19].

During infection by RNA viruses such as HCV, double-
stranded RNA (dsRNA) is produced by viral RNA
replication in virus-infected cells, and dsRNA is in turn
recognized by Toll-like' receptor (TLR) 3, which is
expressed on the cell surface or in endosome vesicles [3,
[3]. Additionally, dsRNA is recognized by retinoic-acid-
inducible gene I (RIG-I) and/or melanoma differentiation-
associated gene 5 (MDADS), which are both localized in the
cytoplasm [18&, 40, 41]. The stimulation of TLR3 by
extracellular dsRNA leads to the activation of two signal-
ing pathways that bifurcate at TRIF [17, 34], i.e., interferon
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(IFN)-p production is induced via activation of the TRIF/
TRAF3/TBK1/IRF-3 pathway, and inflammatory cytokines
such as IL-6 or IL-8 are produced via activation of the
TRIF/TRAF6/TAK1/NF-xB pathway (see Fig. 5a). On the
other hand, the stimulation of RIG-I or MDAS by intra-
cellular dSRNA may induce both IFN-f and inflammatory
cytokine production by similar signaling pathways that
bifurcate at Cardif (i.e., the Cardif/TRAF3/TBKI/IRF-3
pathway and the Cardif/TRAF6/TAK1/NF-«B pathway)
[39]. IFN-f and the inflammatory cytokines are upregu-
lated to induce an antiviral state in virus-infected cells, and
then these production levels return to a steady state in
virus-eliminated cells.

Several groups, including ours, have previously reported
that the HCV serine protease NS3-4A inhibited intracellular
dsRNA-induced IFN-§ production via the cleavage of
Cardif [6, 29, 30]. The findings of these reports have indi-
cated that Cardif is a key molecule for establishing persis-
tent HCV infection. On the other hand, we also previously
demonstrated that NS3-4A (1B-1 and O strains of genotype
1b) was not able to inhibit extracellular-dsRNA-induced
IFN-B production due to a lack of ability to cleave TRIF [6];
however, in another previous report, it was demonstrated
that NS3-4A (N strain of genotype 1b) was able to inhibit
IFN-f production via the cleavage of TRIF [27]. These
latter results, taken together, suggest that among HCV
strains, NS3-4A possesses a range of ability to cleave TRIF.
In the present study, NS3-4As derived from patients with
different stages of liver disease were used to compare the
potential of NS3-4As to inhibit JFN-B production and NF-
xB activation via intracellular or extracellular dsRNA.

Materials and methods
Cell culture

Non-neoplastic human hepatocyte PHSCHS cells suscepti-
ble to HCV infection and supportive of HCV. replication
were cultured as reported previously [16]. Genome-length
HCV RNA-replicating O cells [14], their cured Oc cells [ 14]
and other HuH-7-derived RSc cells: [25] were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carsbad,
CA, USA) supplemented with 10% fetal bovine serum.

Construction of expression vectors

Retroviral vectors pCX4bsr and pCXdpur [}, which con-
tain’ the resistance gene for' blasticidin and puromycin,
respectively, were used to construct various: expression
vectors.  pCX4pur/myc-TRIF(P367D), (P367E), (P367D/
S368C), or (P367E/S368D) mutants were constructed using
PCR mutagenesis with primers containing base alterations.
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pCXdpur/myc-TRIF [6] was used as the template for PCR
mutagenesis. The NS3-4A expression vectors used in this
study were constructed using oligonucleotides (Supple-
mentary Table S1 in Electronic Supplementary Material) as
described below. RNA was extracted using an ISOGEN
extraction kit (Nippon Gene, Toyama, Japan) and serum
from 13 HCV-infected patients: three healthy carriers (1B-3,
1B-4, and 1B-5 strains [15]), a patient with acute hepatitis
(AH]1 strain [21]), and seven patients with chronic hepatitis
(CH1, CH3, CH4, CH5, CH6, CH7, and CHS strains). In
addition, serum was obtained from two patients with
hepatocellular carcinoma (HCC1 and HCC2 strains [2]).
Informed consent was obtained from each patient before the
study. The DNA fragments, including the NS3-4A region,
were amplified by RT-nested PCR using KOD-plus DNA
polymerase (Toyobo, Osaka, Japan) and oligonucleotides
for cDNA synthesis, first-round PCR, and second-round
PCR (Supplementary Table S1). The obtained DNA frag-
ments were subcloned into the Xbal site of pBR322MC
[22], and the nucleotide sequences of the NS3-4A regions
were determined. The oligonucleotides for the construction
of the NS3-4A expression vector were designed from the
nucleotide sequences of the NS3-4A regions (Supplemen-
tary Table S1). The DNA fragments encoding NS3-4A were
amplified by PCR using KOD-plus. DNA polymerase and
the ‘specifically designed-oligonucleotides, and: the ampli-
fied fragments were cloned into the EcoRI and Nod sites of
pCXdbsr. The ' nucléotide: sequences: of the constructed
expression vectors were confirmed by Big Dye termination
cycle sequencing using an'ABI Prism 310 genetic analyzer
(Applied Biosystems, Foster City, CA, USA).

Molecular evolutionary analysis

Molecular evolutionary. trees were constructed from the aa
sequences of the NS3-4A  regions  using:the: UPGMA
method and the program- GENETYX-MAC (Software
Development; Tokyo, Japan).

JFH-1 infection experiments

The infection of RSc cells with JFH-1 was performed as
described previously [25]. Briefly; 1.0 x 10° RSc cells
were seeded onto 6-well plates 24 h before infection. Then,
an inoculum of JFH-1 was added to the cells at a multi-
plicity of infection of 0.1. After 96 h of JFH-1 infection,
cell lysates were prepared as described below.

Immunoprecipitation and Western blot analysis
The preparation of cell lysates from PHSCHS cells stably

expressing . NS3-4A ‘and: two . mutants: (S1165A . and
W1528A) [6] was: performed: as described previously [31].
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Cell lysates were subjected to immunoprecipitation using
anti-TRIF antibody (Exalpha Biologicals, Maynard, MA,
USA) or anti-Cardif antibody (Bethyl Laboratories,
Montgomery, TX, USA). Bound proteins were collected
from cell lysates using Protein G Sepharose (Amersham)
and were subjected to immunoblot analysis. Anti-NS3
antibody (polyclonal R212; a generous gift from Dr. M.
Kohara, Tokyo Metropolitan Institute of Medical Science),
and anti-NS4A antibody (C14113-3; also a generous gift
from Dr. Kohara) were used to detect NS3 and NS4A
proteins. Anti-myc antibody (PL14; Medical and Biological
Laboratories, Nagoya, Japan), anti-EGFP antibody (JL-8;
Clontech), and anti-f-actin antibody were used in this
study as primary antibodies. Immunocomplexes were
detected using a Renaissance enhanced chemiluminescence
assay (Perkin-Elmer Life Sciences, Boston, MA, USA).

Luciferase reporter assay

For the dual luciferase assay, we used a firefly luciferase
reporter vector, pIFN-§ (—125)-Luc [4], containing the
IFN-f gene promoter region (—125 to +19) and pNF-xB-
Luc (Stratagene).. The. reporter assay- was- carried out. as
described previously [8]. Briefly, a total of 0.3 x 10° cells
were seeded onto 24-well- plates 24 h before transfection.
Then; PH5SCHS cells were transfected with 0.1 pg pIFN-f
(=125)-Luc, 0.2 pg NS3-4A expression: pCX4bsr vectors
(NS3-4A 'series), and: 0.2 ng pRL-CMV: (Promega, Madi-
son, WI, USA), used as an internal control reporter, for the
measurement of ' IFN-f promoter: activity.: For: the mea-
surement of NF-xB promoter activity, PHSCHS: cells were
transfected - with 0.01 pg pNF-xB-Luc, 0.2 png NS3-4A
expression pCX4bsr vectors (NS3-4A ‘series), and 0.02 ng
pRL-CMV. The cells were cultured for 48 h, and then a
dual luciferase : assay - was performed according: tothe
manufactarer’s - protocol: (Promega). - In some cases,: the
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Fig. 1 NS3-4A does not cleave exogenous TRIF or its mutants at the
P6 position. a The alignment of amino acid sequences surrounding the
site cleaved in trans: or in‘cis by NS3-4A. The consensus: sequences
required for cleavage by NS3-4A are underlined (P6; P1, and Pl
positions). The amino acids with a negative charge are indicated in
boldface type. b TRIF mutants with a negative charge at the P6
position: also remain uncleaved by NS3-4A." Wild-type TRIF and
TRIF mutants (P367D; P367E, P367D/S368C, and P367E/S368D) are

cells were cultured for 42 h, and then poly(I-C) (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) was
added to the medium for 6 h at 50 pg/ml M-pIC) before
the reporter assay. Three independent triplicate transfection
experiments were conducted in order to verify the repro-
ducibility of the results. Relative luciferase activity was
normalized to the activity of Renilla luciferase (internal
control). A manual Lumat LB 9501/16 luminometer
(EG&G Berthold, Bad Wildbad, Germany) was used to
detect luciferase activity.

RNA interference and real-time LightCycler PCR

siRNA duplexes targeting the coding regions of human
TLR3 [31], TRIF (Dharmacon; catalog no. M-012833-00),
and luciferase GL2 (Dharmacon), used as a control, were
chemically synthesized. Using PHSCHS8 cells with drasti-
cally decreased TLR3 or TRIF mRNA levels [6], NF-xB
promoter activity was measured as described above, and
dsRNA-induced inflammatory cytokine production levels
were examined by using a primer set for 11.-6 or IL-8 [38].
Total cellular RNA extraction and real-time LightCycler
PCR were performed as described previously [6, 7].

Results
NS3-4A lacks the ability to cleave endogenous TRIF

We recently reported that NS3-4A serine protease (1B-1
strain of ‘genotype: 1b): was: unable to cleave TRIF expres-
sed in human PH5CHS hepatocyte cells [6]. To account for
this lack of cleavage ability, we examined the ability of
NS3-4A to cleave TRIF mutants converted to.a sequence
similar to the consensus sequence required for cleavage
ability by NS3-4A (Fig. la). The results obtained:with
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indicated as wt, D, E, DC, and ED,; respectively. PHSCHS cells stably
expressing NS3-4A (1B-1) were transfected with the pCXdpur vector
(as a control; =) or' myc-TRIF expression: vectors (wild-type strain or
mutants). Production of myc-TRIF and NS3 in the cells was analyzed
by immunoblot: analysis: using - anti-myc and ' anti-NS3 - antibody,
respectively. PHSCHS: cells: infected with' rétrovirus pCX4bsr were
used as a control (). f-actin ' was used as a control for the amount of
protein loaded:per lane
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PHS5CHS cells revealed that NS3-4A (1B-1 strain) was still
unable to cleave the TRIF mutants possessing D or E at the
P6 position, even though an acidic aa (D or E) is known to
be important for cleavage by NS3-4A [23] (Fig. ib).
Although we demonstrated that exogenously expressed
Cardif, but not TRIF, was cleaved by NS3-4A (IB-1 or O
strain) [6], no studies had determined whether endogenous
Cardif or TRIF can be cleaved by NS3-4A. To clarify these
issues, we selected anti-Cardif and anti~TRIF antibodies,
and we immunoprecipitated lysates from PH5CHS cells [in
which NS3-4A (1B-1 or O strain) was overexpressed] and
lysates from genome-length- HCV RNA-replicating O cells
[14]. We then performed immunoblot analyses using anti-
Cardif, anti-TRIF, or NS3 antibodies. The results revealed
that endogenous TRIF was also not cleaved by the NS3-4A
expressed in PHSCHS and O cells, whereas endogenous
Cardif (75 kDa) was efficiently cleaved to the expected
size (70 kDa) in PHSCHS and O cells (Fig. 2a). On the
other hand, we observed that NS3 interacted with- TRIF,
but not with Cardif, in both PHSCHS8 and O cells (Fig. Za),
as had also been observed previously by another group
[10]. In addition, we demonstrated that endogenous. Cardif
was cleaved by the NS3-4A/W1528A mutant, which lacks
RNA helicase activity, but not by the NS3-4A/S1165A
mutant, which lacks the serine protease activity (Fig: 2b).
Furthermore, we examined whether or not endogenous
Cardif and TRIF are cleaved in JFH-1-infected RSc cells.
The results revealed that endogenous TRIF was also not
cleaved in JFH-1-infected RSc cells, whereas endogenous
Cardif was efficiently cleaved in these cells (Fig. 2c). In
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Fig. 2. NS3-4A lack the ability to cleave endogenous TRIF, but not
Cardif. a Endogenous Cardif, but not TRIF is cleaved by NS3-4As
from:1B-1 and O strains. Cell lysates were prepared and subjected to
immunoprecipitation using anti-TRIF or anti-Cardif antibody. Bound
proteins were collected from: cell lysates using Protein G Sepharose
and were subjected to immunoblot analysis using anti-TRIF, anti-
Cardif; or anti-NS3 antibody; NS3, IRE3, and f-actin in the cell
lysates: were~ detected - by anti-NS3; ‘anti-IRF3, " and - anti-ff-actin
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addition, we also observed that NS3 interacted weakly with
TRIF, but not with Cardif, in these cells (Fig. 2c). We
therefore concluded that endogenous TRIF is not cleaved
by NS3-4A derived from at least the 1B-1 (genotype 1b), O
(genotype 1b) or JFH-1 (genotype 2a) strain.

None of the NS3-4As derived from patients

with different hepatic disease diagnoses prevented
extracellular dsRNA-induced IFN-f transcription
via the TRIF-mediated pathway

Although we demonstrated that NS3-4As derived from
healthy carriers (1B-1 and O) was unable to suppress IFN-f
production induced by the TRIF-mediated pathway [6],
there is still no evidence that NS3-4As derived from
patients with various hepatic disease diagnoses carry out
such suppression. To obtain more evidence, we first
amplified NS3-4A-encoding regions by RT-PCR using sera
derived from five HCV-positive healthy carriers (including
strains 1B-1 and O), one patient with acute hepatitis, seven
patients with chronic hepatitis, and two patients with
hepatocellular carcinoma; using these samples, we next
constructed 15 types of NS3-4A expression vector.
Although we observed that all of the NS3-4As expressed in
PHS5CHS cells were processed into NS3 and NS4A by an
intramolecular reaction, there were some size differences
(60-65 kDa) of NS3 and NS4A (Fig. 3a). These size dif-
ferences may be related to the aa sequence variation, as
described below. Sequence analysis of these NS3-4A-
encoding regions revealed that the aa sequences involved
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antibody, respectively. b Endogenous Cardif is cleaved by the serine
protease -activity of NS3-4A. The cell lysates were prepared and
subjected  to immunoprecipitation and: followed: by immunoblot
analysis as-described in: a. ¢ Endogenous Cardif, but not TRIF; is
cleaved in JFH-1-infected RSc cells. The cell lysates were prepared
and ' subjected “to immunoprecipitation followed by immunoblot
analysis as described in a
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Fig. 3 Characterization of A nsisa - 181 0
NS3-4As derived from patients L
with different hepatic disease

diagnoses. a Expression of NS3

and NS4A in PH5SCHS cells. il
PHSCHS cells were transfected gg
with the expression vectors of 25
NS3-4As derived from 15 20 -
different HCV strains and 15
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in the catalytic triad (H-57, D-81, and S-139), substrate
recognition (L-135; F-154; A-157, and R-161), and metal
coordination (C-97, C-99, C-145; and H-149) were well
conserved among the NS3-4As (data not shown). In addi-
tion, the aa sequences (aa 626-631 in NS3, aa 1-5'in
NS4A) surrounding the cis-cleavage site and aa 1-20 in
NS4A, which is important for the stability of the NS3/4A
complex; - were. also - well - conserved. - The . nucleotide
sequences in the: NS3-4 regions:of these: HCV strains
showed differerices of 6.62% (1B-4 strain)-10.47% (HCC2
strain)  from those of the O strain.  Similarly, the aa
sequences in the NS3-4A regions of these HCV strains
showed differences of 1.90% (CH3 strain)-5.11% (HCC2

strain)- from those of the O strain. The phylogenetic tree
based on the aa sequences of all NS3-4As examined is not
indicative of any disease-stage-specific clusters (Fig. 3b).

Using these NS3-4A expression vectors, we examined
the inhibitory - effects of NS3-4As on: dsRNA-induced
IFN-f transcription in PH5SCHS cells. As described previ-
ously ' [6,.28], IFN—ﬁ transcription is: induced: via. two
pathways; -one is. mediated by the intracellular. dsSRNA
(mainly the Cardif-mediated pathway), and the other is
mediated by the extracellular  dsRNA - (TRIF-mediated
pathway). Therefore, two different methods were used for
the analysis, as described previously: [6, 28]; one is: to
examine NS3-4A’s inhibitory - effects when' the dsRNA
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analog, poly(I-C), was introduced into cells using a lipo-
some-mediated transfection procedure (the intracellular
dsRNA, T-pIC), the other is to examine NS3-4A’s inhibi-
tory effects when: poly(I-C) was added to the culture
medium (the extracellular dsSRNA, M-pIC). We observed
that IFN-f gene promoter activity was strongly suppressed
via the cleavage of Cardif by each NS3-4A when PH5CH38
cells were transfected with poly (I-C) (T-pIC) (Supple-
mentary Fig. S1 in Electronic Supplementary Material). In
contrast, IFN-f gene promoter activity was not signifi-
cantly suppressed when poly (I-C) was added to the culture
medium (M-pIC) (Fig. 4a). However, the promoter activity
in cells expressing 1B-5-derived NS3-4A appeared to be
slightly suppressed (Fig. 4a). Therefore, we next deter-
mined the levels of IFN- mRNA by quantitative RT-PCR.
The results revealed that IFN-f mRNA expression was not
suppressed in cells expressing 1B-5-derived NS3-4A
(Fig. 4b). We further showed that none of the NS3-4As
examined cleaved the exogenously expressed TRIF
(Fig. 4¢). In addition, we showed that 1B-5, CH1, HCCI,
or HCC2-derived NS3 interacted with endogenous TRIF,
as was also observed with 1B-1-, O-, and JFH-1-derived
NS3 (Figs. 2a, ¢, 4d). These results suggest that the sup-
pressive effects of NS3-4As on dsRNA-induced IFN-f
transcription and the interaction of NS3 with TRIF were
not dependent on the HCV strain and genotype. or associ-
ated with the stage or progression of hepatic disease.

Extracellular dsRNA-induced inflammatory cytokine
production via the NF-xB signaling pathway was also
not suppressed by NS3-4A

It was already known that TLR3-mediated IRF-3 and NF-
kB activation pathways bifurcate at TRIF, and that TLR3
recruits TRAF6' via TRIF through the TRAF6-binding site
of TRIF, resulting in NF-«Bactivation [17, 34]. Since we
demonstrated that NS3 interacts with TRIF (Fig. 2a, c), we
expected that NS3-4A might interfere with the recruitment
of TRAF6 by TRIF (Fig. 5a). To examine this possibility,
we considered whether or not NS3-4A affects M-plIC-
induced NF-xB activation in PHSCHS cells. Initially, we
demonstrated that NF-xB-inducing promoter activity was
also ‘enhanced- with- M-pIC treatment and that this
enhdncement was mediated by TLR3 and TRIF, as pro-
moter activity was found to be substantially suppressed by
TLR3 or TRIF siRNA (Fig. 5b). The results revealed that
none of the NS3-4As examined significantly suppressed
M-pIC-induced NF-xB activation (Fig. 6a). However, the
enhancement - of promoter activity in cells expressing
CH1-derived NS3-4A was slightly lower than that in cells
expressing other strain-derived NS3-4As (Fig. 6a). There-
fore, we performed quantitative RT-PCR analysis to
examine the levels of IL-6 and IL-8 mRNAs, both of which
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Fig. 4 None of the NS3-4As derived from patients with different »

hepatic disease diagnoses prevented M-pIC-induced IFN-f transcrip-
tion via the TRIF-mediated pathway. a Effects of 15 NS3-4As on the
activity of the IFN-f gene promoter. PHSCHS8 cells transiently
expressing NS3-4As from various HCV strains were subjected to
M-pIC treatment. PHSCHS cells transfected with pCX4bsr vector
were used as a control (strain, —). The dual luciferase assay was
performed as described in Materials and Methods. Data are expressed
as the mean & SD. from three independent experiments, each of
which was performed in triplicate. b Effect of NS3-4As on IFN-f
mRNA induction by M-pIC treatment. PHSCH8 cells transiently
expressing NS3-4As from several HCV strains containing 1B-5 were
subjected to M-pIC treatment, PHSCHS cells infected with pCX4bsr
retrovirus were used as a control (strain, ). Quantitative RT-PCR for
IFN-f mRNA was performed in triplicate. The IFN-f mRNA level
was calculated relative to the level in control PH5CHS cells, which
was set at 100. ¢ None of the NS3-4As cleaved exogenous TRIF.
PHSCHS cells were transfected with myc-TRIF and NS3-4A expres-
sion vectors. The production of myc-TRIF and NS3 was analyzed by
immunoblot analysis using anti-myc and anti-NS3 antibody, respec-
tively.. PHSCHS. cells transfected’ with' the pCX4bsr and pCX4pur
vectors were used as a control (~).’ f-actin was used as a control for
the amount of protein loaded per lane. d Endogenous TRIF interacts
with NS3-4As from various HCV: strains but not is cleaved by NS3-
4As in PH5CHS cells. The cell lysates were prepared and subjected to
immunoprecipitation using anti-TRIF antibody, followed by immu-
noblot analysis using anti-TRIF or anti-NS3 antibody, as described in
Fig. Za. Cardif, NS3, and f-actin in the cell lysates were detected by
anti-Cardif, anti-NS3, and anti-f-actin antibody, respectively.
PH5CHS cells infected with pCXdbsr retrovirus were used as a
control (strain, —)

were induced by NF-xB activation. The results revealed
that neither - IL-6 nor. IL-8 mRNA expression was sup-
pressed in cells expressing CH1-derived NS3-4A (Fig. 6b).
These  results suggest that TLR3-mediated inflammatory
cytokine production” was not suppressed by NS3-4A in
PHS5CHS cells, and this: phenomenon appears to be inde-
pendent of HCV strain or hepatic disease type.

Discussion

In the present study, we demonstrated that neither IFN-f
transcription nor NF-xB activation by extracellular dsRNA
was suppressed by NS3-4A; regardless of the source of the
HCV strain (e.g., derived from five healthy HCV carriers, a
patient with acute hepatitis, seven patients with chronic
hepatitis; or two patients with: hepatocellular. carcinoma).
The findings of these studies using PHSCHS cells suggest
that the inhibitory activity of NS3-4A on antiviral signaling
pathways is limited to the Cardif-mediated pathway.
Although we confirmed that all of the NS3-4As exam-
ined in this: study possessed protease activity that enabled
the efficient - cleavage of ‘the NSSA-NS5B: - substrate
expressed in PH5CHS cells (data not shown), none of the
NS3-4As were able to cleave either exogenous or endog-
enous TRIF in PH5CHS cells, although'all were able to
cleave Cardif. These results suggest that both the non-
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cleavage of TRIF and the cleavage of Cardif by NS3-4A
remain unaffected by the genetic diversity observed in
NS3-4As derived from 15 different HCV strains (genotype
1b) derived from patients with different stages of hepatic
disease as well as different genotypes (1b and 2a). How-
ever, other group [10, 27] previously reported that NS3-4A
(N strain of genotype 1b) was able to inhibit IFN-§ pro-
duction via the cleavage of TRIF. Although we also
observed the interaction of NS3 and TRIF in PHSCHS8 and
O cells as well as JFH-1-infected RSc cells, the reasons for
conflicting results regarding the cleavage of TRIF by NS3-
4A are still unclear. To clarify why TRIF is not cleaved by
NS3-4A, further analysis will be necessary.

On the other hand; there appear to be some conflicting
effects of different HCV proteins on IFN production, as we
previously found that the NS5B protein induced IFN-f
production in PHSCHS cells [9, 31] and that the combina-
tion of NS5B with the core protein synergistically enhanced
IFN-B production [9]. In that study, we showed that
enhanced IFN-§ production depended on the RNA-depen-
dent RNA polymerase activity of NS5B and on aas 12 and
13 of the core protein, and we observed that NS3-4A sig-
nificantly inhibited IFN-f production through a combina-
tion of the core and NS5B proteins [9]. However, in that case
as well, IFN-f production was not completely suppressed by
NS3-4A. This may be because NS3-4A is unable to suppress
dsRNA-induced and TRIF-mediated IFN-p production,
although Cardif-mediated IFN-f production has been shown
to be completely suppressed under the same experimental
conditions. To clarify the mechanisms underlying the con-
flicting effects: of HCV proteins -on IFN-f production
mechanisms, an HCV proliferation system using PHSCH8
cells is still needed. However, a HuH-7-cell-based HCV
proliferation system' [42] would be unsuitable for such
purposes due to the functional loss of TLR3 and/or the RIG-1
signaling pathway(s) [26, 33]. Studies employing a- cell
system for HCV proliferation possessing functional TLR3
and/or RIG-I signaling pathways could enhance our under-
standing of the mechanisms of persistent HCV infection.
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1. Introduction

Currently' the combination therapy of pegylated-interferon-o
(PEG-IFN-a) with. ribavirin (RBV) is-available for patients with
chronic hepatitis C:{CH C). However, the sustained virological re-
sponse (SVR) rate is still approximately 55% [1]. There is thus an
urgent need for novel partners for IFN.

Oncostatin’' M. (OSM) belongs: to the interletikin (IL)-6 family,
which also includes IL-6, IL-11, IL-27, ciliary neurotrophic factor;
cardiotrophin-like - cytokine, : cardiotrophin-1, neuropoietin and
leukemia-inhibitory factor (LIF) {2,3]. OSM was first reported as a
cytokine produced from U-937 lymphoma cells, when it was found
to inhibit the growth of melanoma cells [4]: The IL-6 family mem-
bers share glycoprotein 130 (gp130) for signal transduction, and
the OSM: receptor consists of gp130- and its unique OSMR [5].
Recently it was reported that the IL-31 receptor also contains
OSMR and forms a hetérodimer with IL31RA [6]. OSMR: and
gp130 are highly expressed in liver, and OSM plays a significant
role in the differentiation and regeneration of liver [7,8]. Therefore,

Abbreviations: SVR, sustained virological response; CH C, chronic hepatitis C;
ECso, 50% effective concentration; EMCV, encephalomyocarditis virus; gp130,
glycoprotein 130; HCV, hepatitis C virus; PEG-IFN, pegylated-interferon; IL,
interleukin; IRES, internal ribosomal entry site; LIF, leukemia-inhibitory factor;
NS, non-structural; OSM, oncostatin M; RBV, ribavirin; RL, Renilla luciferase; RT-
PCR, reverse transcription-polymerase chain reaction; STAT, signal transducer and
activator of transcription

* Corresponding author., Fax: +81 86 235 7392.
E-mail address: maikeda®md.okayama-u.ac,jp (M. lkeda).

OSM was used as a reagent for the differentiation of hepatocytes
in vitro.

Here, we have found that OSM'’s anti-hepatitis C virus: (HCV)
activity is a- new function of this cytokine. OSM: synergistically
inhibited HCV RNA replication in combination with IFN-& even at
a low concentration with weak anti-HCV- activity (20% inhibition).
OSM may improve the current PEG-IFN-o and RBV therapy for pa-
tients with CH C and provide a clue toward understanding the di-
verse sensitivity to IFN therapy.

2. Materials and methods
2.1. Compounds and antibodies

IFN-o was purchased from Sigma (St. Louis, MO). OSM and IL-31
were purchased from R&D Systems (Minneapolis, MN). IL-6 was
purchased from Acris Antibodies (Herford, Germany). LIF was pur-
chased from Chemicon International (Temecula, CA). Anti-HCV
core antibody (CP11) was purchased from the Institute of Immu-
nology (Tokyo, Japan), and anti-HCV non-structural 5A (NS5A)
antibody was the generous gift of Dr. A. Takamizawa (Research
Foundation for Microbial Diseases, Osaka University). Anti-B-actin
antibody was purchased from Sigma. Anti-signal transducer and
activator of transcription (STAT) 1 and anti-STAT3 antibodies were
purchased from BD Bioscience (San Jose, CA). Anti-phospho-STAT1
(Y701) and anti-phospho-STAT3 (Y705) were purchased from Cell
Signaling Technology (Danvers, MA).

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Cell culture

The ORG6 cell line is cloned from ORN/C-5B/KE (strain O of geno-
type 1b) RNA replicating HuH-7 cells, as described previously [9].
OR6¢ cells are cured OR6 cells from: which HCV. RNA was
eliminated by IFN-o treatment, as previously described [10].
HCV-O/RLGE (strain O) is the authentic HCV RNA containing adap-
tive mutations of Q1112R, P1115L, E1202G, and K1609E in the NS3
region and replicates efficiently in OR6c¢ cells [11]. Li23 and PH5CH
cells were cultured as previously described [12].

2.3. OR6 reporter assay

For the Renilla luciferase (RL) assay, 1.5 x 10* OR6 cells were
plated onto 24-well plates in triplicate and pre-cultured for 24 h.
The cells were treated with OSM and/or IFN-o for 72 h. After the
treatment, the cells were harvested with Renilla lysis reagent (Pro-
mega, Madison, WI) and subjected to RL assay according to the
manufacturer’s protocol.

2.4. Cell growth assay

To examine OSM's activity in OR6 cell growth, 6.0 x.10* OR6
cells were plated onto 6-well plates in triplicate and were pre-cul-
tured for 24 h, The cells were treated with OSM for 72 h, and then
the number of viable cells was counted after trypan blue dye treat-
ment, as previously described [13].

2.5. Reverse transcription and polymerase chain reaction (RT-PCR)

RT-PCR for gp130, OSMR, LIFR, IL6R, IL31RA and glyceraldehyde-
3-phosphate dehydrogenase was performed by a method described
previously [14]. Briefly, using cellular total RNAs (2 pig), cDNA was
synthesized using M-MLV reverse transcriptase with oligo dT pri-

A

ORNAC-5B/KE

K1609E

¢ 006 013 025 08 12 4
OSM (ng/imi}

mer. One-tenth of the synthesized cDNA was subjected to PCR with
the specific primer pairs (Supplementary materials).

2.6. Western blot analysis

For Western blot analysis to detect the expression of core and
NS5A, 4 x 10 OR6¢ cells harboring HCV-O/RLGE RNA were plated
onto 6-well plates and cultured for 24 h, and then were treated
with IFN-o¢ and/or OSM for 72 h. To detect the STATs and phos-
phorylated STATs, 5 x 10° OR6 cells were plated onto 6-well plates
and cultured for 24 h, and then were treated with IFN-o. and/or
OSM. Preparation of the cell lysates, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and immunoblotting were then
performed as previously described [15].

3. Results
3.1..0SM inhibited HCV RNA replication in hepatoma cell line

We have tried: to- develop differentiated hepatocytes from
mesenchymal stem: cells using OSM as the differentiation reagent
to establish: the cell culture system for HCV RNA replication. We
tested the reagents needed for differentiation, including OSM, to
rule out negative activity for HCV RNA replication. In the course
of this procedure, we happened to find that OSM possessed
marked anti-HCV activity by using our developed full-length
HCV RNA: replication reporter system (OR6 assay system) [9].
This system enabled the prompt and precise evaluation of HCV
RNA replication levels (Fig. 1A). OSM exhibited marked anti-
HCV activity at a low concentration (50% effective concentration
(ECso): 0.71 ng/ml) (Fig. 1B} without cytotoxicity (Fig. 1C). OSM's
anti-HCV activity was maintained at least until 96 h after a single
administration of the reagent (Fig. 1D). These results indicate
that: OSM : possesses:anti-HCV - activity at. a- concentration: that
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Fig. 1. Anti-HCV activity of OSM in HCV RNA replicating OR6 cells: (A) Schematic gene organization of the genome-length HCV RNA replicating in OR6 cells. The position of an
adaptive mutation; K1609E; is indicated by a black triangle: (B) OR6 cells weré treated with OSM for 72 h and subjected to RL dssay. Relative luciferase unit (RLU) was
calculated when the RL activity of the control was assigned. as: 100%. (C) OR6 cells were treated with OSM for 72 k and subjected to a cell viability assay with trypan biue
staining. (D) OR6 cells were treated with OSM and harvested at 24, 48, 72, and 96 h and subjected to RL assay.
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Fig. 2. The activities of LIF, IL-6 and IL-31 on HCV RNA replication. OR6 cells were treated with LIF (A), IL-6 (B} and IL-31 (C) for 72 h and subjected to RL assay. (D) RNAs from
hepatocytes (HuH-7, Li23 and PH5CH) were subjected to RT-PCR with specific primer pairs to gp130, OSMR, LIFR, IL6R, iL31RA and GAPDH.

does not affect cell growth and is a new class of antiviral
cytokine.

3.2: Aniti-HCV activity of OSM is a unique feature in the IL-6 family

OSM belongs to the IL-6 family, whose members share the com-
mon gp130 molecule in each receptor [5]. Therefore, we next
examined the activities of other representative IL-6 family mem-
bers (LIF, IL-6) using the OR6 assay system. As shown in Fig. ZA,
LIF had no effect on: HCV RNA replication. 1L-6 _exhibited only a
weak anti-HCV activity at the concentration of 10 ng/ml (approxi-
mately 20% inhibition) (Fig..2B).

The OSM receptor consists of gp130 and OSMR[5}. IL31RA is an-
other partner of OSMR and that the heterodimer of these molecules
forms a receptor of 1L-31 [6]. Therefore, we tried to determine
whether or not IL-31 possesses anti-HCV: activity in. OR6: cells.
The result revealed that IL-31 exhibited no anti-HCV activity. Next
we examined the expression levels of the receptors in HuH-7, Li23
(a human hepatoma cell line) and PH5CH (an immortalized pri-
mary human hepatocyte. line). All of these cell lines expressed
gp130, OSMR, LIFR and IL6R but not IL31RA (Fig. 2D). The lack of
1L31RA expression resulted in [L-31 possessing no anti-HCV activ-
ity. These results suggest that OSM's anti-HCV activity seems to be
a unique feature among IL-6 family members.

3.3. OSM synergistically enhanced anti-HCV activity of [FN-o

As HCV RNA contains three exogenous. genes (RL, Neo and
encephalomyocarditis virus (EMCV)-internal ribosomal entry site
(IRES)) (Fig. 1A), we tried to determine whether OSM' inhibits
authentic HCV RNA replication in order to rule out the possibility
that OSM's anti-HCV activity is not due to the inhibition of these
exogenous genes. OSM: inhibited core and NS5A expression in:a
dose-dependent manner (Fig. 3A, lanes 1-3). We next examined
OSM’s anti-HCV activity in combination with IFN-¢ using authentic

HCV-O/RLGE RNA-replicating cells. OSM (1 and 10 ng/ml) drasti-
cally’ inhibited “core ‘and NS5A - expression in: combination with
IFN-ot (2.5, 5, and 10 1U/ml) (Fig. 3A, lanes 4-12).

OSM exhibited anti-HCV activity ‘even at low concentrations,
such'as 62 pg/ml, and enhanced the anti-HCV activity of IFN-o
(Fig. 3B). We also examined anti-HCV activity of CsA (0, 0.25, 0.5,
and 1.0 yg/ml) alone or in combination with OSM (10 ng/ml) (Sup-
plementary Fig. 1). OSM enhanced CsA’s anti-HCV:activity. Anti-
HCV activity of OSM at 10 ng/ml was almost equal to that of CsA
at 0.5 ug/ml. Then, we performed isobole plot analysis for ECsy of
OSM and IFN-o. In Fig. 3C; dotted line means that the interaction
of two reagents is evaluated as additive effect (or zero interaction).
Points below this line correspond to synergistic interaction (or po-
sitive interaction) and points above this line indicate antagonism
(or negative interaction) [16]. Therefore, isobole plot analysis of
ECy¢ for OSM and: IFN-or revealed that the combination of OSM
and IFN-o exhibited striking synergistic inhibition of HCV RNA rep-
lication (Fig. 3C). Then we investigated whether or not OSM en-
hanced the IFN signaling pathway, since OSM activates STATs
[17]. A kinetic study regarding the phosphorylation of STAT1 and
STAT3 revealed that STAT1 (Y701) was: markedly phosphorylated
in the early phase within 60 min but that the phosphorylation level
was reduced at 120 min (Fig. 3D). On the other hand, the phos-
phorylation of STAT1 by IFN-o remained consistent until 120 min
after treatment (Fig. 3D). The phosphorylation kinetics of STAT3
(Y705) by OSM were consistent until 120 min (Fig. 3D). These re-
sults suggest that early-phase activation of STAT1 by OSM may
trigger the synergistic activity in HCV RNA replication in combina-
tion with IFN-o.

3.4. OSM enhanced anti-HCV activity of IFN-o at even the low effective
concentration by itself

As-0OSM: exhibited marked synergistic. anti-HCV activity with
IFN-o; -we: tried to determine:whether a low  concentration of
OSM ' could synergistically enhance the anti-HCV activity of IFN-
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Fig. 3. Anti-HCV activity of OSM in combination with IFN-a. (A) HCV-O/RLGE-replicating OR6c cells were treated with OSM in combination with IFN-o for 96 h and subjected
to Western blot analysis using anti-core; anti-NS5A and anti-B-actin antibodies. (B) OR6 cells were treated with OSM in combination with IFN-« for 72 h and subjected to RL
assay. (C) Isobole plot analysis (ECz,) for OSM arid IFN-o in OR6 cells after treatment for 72 h. (D) OR6 cells were treated with OSM and IFN-o for 30, 60-and 120 min and
subjected to Western blot analysis using anti-STAT1, anti-phosphio-STAT1 (Y701), anti-STAT3, anti-phospho-STAT3 (Y705) and anti--actin antibodies.

o. For this purpose, we treated OR6 cells with OSM at 25 pg/ml or
50 pg/ml in combination with IFN-a (0,1, 2,4, and 8 IU/mi). OSM
alone at 25 pg/ml or 50 pg/ml exhibited only 20% inhibitory activ-

{FN- o (i}

1FN- a (RiImly

ity (Fig. 4A). However, OSM at these concentrations enhanced the
anti-HCV activity of IFN-o up to 60% inhibition, when IFN-o at
8 IU/ml was treated with OSM at 25 pg/ml (Fig. 4B). These results

E08M ¢ pomi
BOSM 25 pg/mi
CIOSM 50 pg/mi

Fig. 4. ORG cells were treated with OSM and IFN-a for 72 h and subjected to RL assay {A). Relative RL activity was adjusted when the RL activities of the cells treated with only

{FN-o were assigned as 100% (B).
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indicate that OSM is not only an anti-HCV reagent by itself but also
a strong adjuvant for IFN-o's anti-HCV activity.

4. Discussion

In the present study, we found that OSM possesses anti-HCV
activity, which constitutes a new function of this multi-func-
tional cytokine. OSM is involved in liver regeneration and differ-
entiation [7,8]. In the liver, OSM was produced by Kupffer cells
[18], and the OSM signal was transmitted via its receptor, which
consisted of gp130 and OMSR [5]. The IL-6 family members share
gp130 in their receptors; it forms the heterodimer with a unique
partner; for example IL6R in IL-6 and LIFR in LIF [2]. We tested
the activity of LIF and IL-6 on HCV RNA replication. However,
LIF did not exhibit anti-HCV activity, and IL-6 showed only weak
anti-HCV activity compared to the OSM. These results suggest
that OSM’s anti-HCV activity is achieved via OSMR-or-the
combination of gp130 and OSMR rather than via gp130. Receritly,
it was reported that IL31RA was another partner of OSMR in the

IL-31 receptor [6]. If [L-31 could exhibit anti-HCV activity, OSMR -

seems to  be:significant ‘in the signal transduction of anti-HCV
activity. However,; hepatocytes didn't seem to be a natural
target of "IL-31," because ‘hepatocytes didn't express. IL31RA.
Further study is needed to clarify OSMR’s role in anti-HCV
activity.

Isobole plot analysis revealed that OSM exhibited a striking
synergistic effect in the anti-HCV activity of IFN-ot [19]. This.syn-
ergistic activity of OSM may be caused by early strong activation
of STAT1 by OSM. Furthermore, OSM enhanced-the activity of 2/~
5" oligoadenylate synthetase promoter in combination with IFN-o
(data not shown). These results suggest that STAT1 may be the
key player in the synergy between OSM and IFN-o.

In this study, we found OSM'’s synergistic activity in the anti-
HCV activity: of IFN-o, when OSM was used at a low concentra-
tion (25 pg/ml) with only 20% inhibitory activity against HCV
RNA replication. Surprisingly, OSM at 25 pg/ml enhanced. the
anti-HCV activity of IFN-o. by up to 60%. RBV is the only adjuvant
to the current PEG-IFN-o therapy for patients with CH C, and the
combination = therapy of PEG-IFN-o/RBV - achieved  only
approximately 55% of the SVR rate. Therefore, OSM will become
a strong partner to the current IFN therapy. As OSM strongly af-
fected the anti-HCV activity of IFN-¢, the serum concentration of
OSM will affect the SVR in IFN therapy. The future study regard-
ing the' relationship between the serum concentration of OSM
and SVR may: provide a clue :toward: understanding the
resistance to IFN therapy, and the development of OSM as a clin-
ical reagent will serve as a breakthrough in therapy for patients
with CH C.

In conclusion, we found OSM's anti-HCV activity a newly iden-
tified function of this multifunctional cytokine. The highlight of
this study is that OSM exhibited a synergistic effect on the anti-
HCV activity of IFN-o even at a low concentration with weak
anti-HCV activity by itself.
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Animal models for hepatitis C and related liver disease
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Persistent infection with hepatitis C virus (HCV) is a major risk
toward development of hepatocellular carcinoma (HCC). The
elucidation of pathogenesis of HCV-associated liver disease is
hampered by the absence of appropriate animal models:
there has been no animal model for HCV infection/
pathogenesis except for the chimpanzee. In contrast, a
number of transgenic mouse lines carrying the cDNA of the
HCV genome have been established and evaluated in the
study of HCV. pathogenesis. The studies using transgenic
mouse models, in which the HCV proteins such as the core
protein are expressed, indicate the direct pathogenicity of
HCV, including oncogenic activities. HCV transgenic mouse
models also show a ‘close relationship between HCV and
some hepatic'-and “extrahepatic - manifestations - such: as
hepatic steatosis, insulin resistance or Sjogren’s syndrome. A
crucial role of hepatic steatosis and insulin resistance in the
pathogenesis of liver disease in HCV infection has been

demonstrated, implying hepatitis C to be a metabolic disease.
Besides the data connecting liver fibrosis progression and the
disturbance in lipid and glucose metabolisms in hepatitis C
patients, a series of evidence was found showing the associa-
tion between these two conditions and HCV infection, chiefly
using transgenic mouse carrying the HCV genome. Further-
more, the persistent activation of peroxisome proliferator-
activated receptor (PPAR})-o. has recently been found, yielding
dramatic changes in the lipid metabolism and oxidative stress
overproduction in cooperation. with the mitochondrial dys-
function. These results would provide a clue for further under-
standing of the role of lipid metabolism in pathogenesis of
hepatitis C including liver injury and hepatocarcinogenesis.

Key words: core protein, hepatitis C, hepatocellular
carcinoma; insulin resistance, steatosis, transgenic mouse.

INTRODUCTION

EPATITIS C VIRUS (HCV) infection frequently

evolves into a persistent state, leading to the devel-
opment of chronic hepatitis, cirrhosis and, eventually,
hepatocellular carcinoma (HCC). For understanding of
the ‘mechanism of entry into hepatocytes, replication
and the pathogenesis of HCV, an in vitro teplication
system - or animal - ‘models  for HCV. “infection/
pathogenesis liave been eagerly awaited. ‘An in vitro HCV
replication system was not established until the devel-
opment of ‘a subgenomic, non-structural region HCV
replicon system or an infectious genotype 2a HCV clone,
JFH-1.'>There has been no animal model for HCV
infection/pathogenesis “except ‘for the chimpanzee.

Correspondence:. Professor Kazuhiko Koike, Department. of
Gastroenterology, Graduate School of Medicine, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan. Email:
kkoike-thy@umin.ac.jp

Received 19 June 2009; revision 31 July 2009; accepted 31 July
2009

© 2010 The Japan Society of Hepatology

Recently,: however, several small animal models. for
HCV infection have been evaluated, including Tupaia®
and genetically engineered mice that are chimeric for
human hepatocytes.* On the other hand, a number of
transgenic. mouse. lines: carrying the. ¢DNA of HCV
geniome have been established: and evaluated in the
study of HCV pathogenesis, as:described hereafter.
These mice, including those that are transgenic for the
core gene of HCV, show the features resembling those of
chronic hepatitis. C patients; such as hepatic steatosis,
insulin  resistance  and HCC.: These ‘animal . models
provide us a molecular understanding of the pathogen-
esis of HCV infection and a perspective for the future
development- of treatment and prophylaxis of liver
disease occurring in HCV infection:

THE CHIMPANZEE MODEL

S EARLY AS the discovery of the cDNA clone of
HCV, or even before that, the chimpanzee has been
known to be susceptible to HCV (or the non-A, non-B
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hepatitis agent), and has long been used as a sole animal
model for HCV infection.? However, due to ethical
reasons and vast costs, the use of this animal for HCV
research is limited: the data on this animal model were
obtained from the studies chiefly conducted in the USA.
The serum samples from hepatitis C patients were
inoculated to chimpanzees, and the natural course was
evaluated in biochemical, virological or histological
methods. These studies demonstrated that the course of
HCV infection in this animal is similar to thatin human
beings, warranting the chimpanzee to be a good animal
model for HCV infection, albeit HCC being a rare occur-
rence in chimpanzees.

In 1997, potential infectious HCV clones, which were
produced by several study groups, were evaluated for in
vivo infectivity using chimpanzees. The chimpanzees
were also used for the evaluation of a role of cellular
immunity in acute HCV infection: intrahepatic CD4" or
CD8* T-cell response was found to play a crucial role in
the eradication of HCV from the liver. Recently, this
animal is also used for the evaluation of candidates for
HCV vaccines and the assessment of in vivo infectivity of
JFH-1 HCV viral clone, which shows a robust replication
in human: HCC-derived: HuH-7. cells.! Immunization
with" virus-like particles “of “chimpanzees induced: an
HCV-specific immune response of CD4* or CD8* T cells,
thereby suppressing the development of high viral loads
in chimpanzees that were challenged with HCV.? Also,
inoculation of the non-structural proteins of HCV using
recombinant adenovirus vector induced HCV-specific
immune T-cell response, leading to a significant sup-
pression ‘of replication of genotype la HCV that was
challeniged after immunization.®

In ‘general,” the liver lesions: observed in HCV-
inoculated  chimpanzees are milder than' those in
human chronic hepatitis C patients, for example, cir-
rhosis or HCC rarely develops, but the morphological
changes ‘and inflammatory tesponses are similar to
those in humans.? Therefore, the studies using chim-
panzees are indispensable now and in the future for
the analyses of viral replication, pathogenesis of liver
disease ‘and the evaluation ‘of candidates for HCV
vaccines.

THE SMALL PRIMATES MODEL

UPAIA (TUPAIA BELANGERL chinensis); a small
primate resembling the squirrel, has been reported
to be susceptible to hepatitis B virus (HBV) infection in
1996,* and was used for the study of HCV infection.’
However, only a quarter of inoculated individuals con-

© 2010 The Japan Society of Hepatology
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tracted HCV infection, and developed only a transient or
intermittent viremia with low viral loads. Another study
group reported on the usefulness of how a primary
culture of hepatocytes from the liver of Tupaia can
be infected with serum- or plasma-derived HCV from
infected humans, as measured by de novo synthesis of
HCV RNA, analysis of viral quasispecies evolution, and
detection of viral proteins.?®

While the development of liver disease {a cirrhosis-
like lesion) in HCV-infected Tupaia was presented at
scientific meetings, a scientific paper describing it has
not appeared yet. In conclusion, the value of Tupaia in
HCV research is limited, but it may be utilized for the
analysis of viral entry or replication when HCV particles
other than JFH-1 are used for the study.

HCV

HE DEVELOPMENT OF transgenic mouse technol-

ogy was a great step forward in biotechnology in
that this technology provides opportunities to examine
in vivo an exceptionally wide variety of biological ques-
tions that were previously examined only invitro. The
selective addition of defined genes to the genome of a
living animal is useful for investigating the conse-
quences of expression of dominant genes, and thus a
number of exogenous genes including oncogenes and
humoral factor genes have been introduced into
mouse eggs. Viral genes have also been transferred to
define the complex cascades of events that can be trig-
gered in vivo in response to the expression of a viral
protein.

Hepatitis C virus is.an enveloped RNA virus of the
Flavivirus . family, in which a' positive-sense, - single-
stranded RNA- genome of approximately 9600 nucle-
otides (nt) is.contained within the nucleocapsid.”® The
genome consists of a large translational open reading
frame {(ORF) encoding a polyprotein of approximately
3010 amino acids: (aa) (Fig. 1): The ORF is flanked by
highly conserved untranslated regions (UTR) at both
the 57 .:and 3’ termini. The complete 5’ UTR consists of
341 nt and acts as an internal ribosomal entry. site.
This' feature’ leads to  the translation of the RNA
genome using a cap-independent. mechanism, rather
than ribosome scanning from the 5’ end of a capped
molecule:

The polyprotein is processed by both the cellular and
viral proteases to generate the viral gene products, which
are subdivided into the structural and non-structural
proteins: The structural proteins; which are ericoded by
the NH,-terminal quarter of the genome, include the
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Figure 1 The structure of hepatitis C virus (HCV) genome. The HCV genome RNA encodes a polyprotein of 3010 amino acids
(a.a.), which is processed to structural and non-structural proteins by the cellular or viral proteases. ISDR, interferon sensitivity-

determining region.

core protein and the envelope proteins, E1 and E2, The
E2 has an alternative form, E2-p7, though it is not clear
whether or not the p7 composes the viral particle. The
NS2, NS3, NS4A, NS4B, NS5A and: NS5B. are the non-
structural proteins that are coded in the. remaining
portion . of - the.. polyprotein. : These . include: - serine
protease (NS3/4A), NTPase/helicase: (NS3) and: RNA-
dependent RNA polymerase (NS5B).

The core protein of HCV. occupies residues 1-191 of
the precursor polyprotein: and: is cleaved. between: the
core and" E1 - protein by host signal peptidase. The
C-terminal membrane anchor of the  core: protein is
further processed by host signal peptide peptidase.” The
mature core protein is estimated to consist. of 177-179
amino acids and shares high homology among HCV
genotypes. The HCV core protein possesses the hydro-
philic N-terminal region “domain 1" (residues 1-117)
followed by a hydrophobic region called. /domain 27,
which is located from residue 118-170. The domain 1 is
rich in basic residues, and is implicated in RNA-binding
and homo-oligomerization: The amphipathic helices.I
and II' spanning from: residue 119-136-and residue
148-164, respectively, in domain 2 are involved in the
association 'of HCV core protein with lipid.!? In addi-
tion, the region spanning from residue: 112-152 is asso-
ciated with membranes of the endoplasmic reticulum
and mitochondria.”? The core protein is: also localized
into the nucleus’® and binds to the . nuclear

proteasome activator PA28y/REGy, resulting in PA28y-
dependent degradation of the core protein.'®

A recent report suggests that ubiquitination and
adenosine triphosphate (ATP) "are not required for
PA28y-dependent proteasome activity.”  HCV “core
protein is also known to be ubiquitinated by E3 ligase
EGAP and degraded in.the ubiquitin/ATP-dependent
pathway." Thus, the HCV core protein is degraded in at
least two different ways: To further assess the pathologi-
cal significance of the interaction of core protein with
PA28y, Core-Tg/PA28y-knockout mice have been gener-
ated and analyzed as described below (section 9).

POSSIBLE ROLE OF HCV IN
HEPATOCARCINOGENESIS

HE  MECHANISM  UNDERLYING : hepatocarcino-

genesis in HCV infection is not fully understood yet,
despite the fact that nearly 80% of patients with HCC in
Japan are persistently infected with HCV.*2 HCV infec-
tion'is also: common in:patients with: HCC in: other
countries albeit to a lesser extent. These lines of evidence
prompted us:to seek to determine: the role of HCV.in
hepatocarcinogenesis. Inflammation induced by HCV
should be considered, of course, in a study on the hepa-
tocarcinogenesis in hepatitis viral infection: necrosis of
hepatocytes: due to chronic inflammation followed by
regeneration enhances genetic aberrations in host cells,

© 2010 The Japan Society of Hepatology
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the accumulation of which culminates in HCC. This
theory presupposes an indirect involvement of hepatitis
viruses - in - HCC through ' hepatic - inflammation.
However, this context leaves us with'a serious question:
can inflammation alone result in the development of
HCC in such a high incidence {90% in 15 years) or the
multicentric nature of HCV infection?

The other role of HCV would have to be weighed
against a rare occurrence of HCC in patients with
autoimmune hepatitis in which severe inflammation in
the liver persists indefinitely, even after the develop-
ment of cirrhosis. These backgrounds and reasonings
lead to a possible activity of viral proteins for inducing
neoplasia. This possibility has been evaluated by intro-
ducing genes of HCV into hepatocytes in culture with
little success. One of the difficulties in using cultured
cells is the carcinogenic capacity of HCV, if any, which
would be weak and would take a long time to manifest
itself. Actually, it takes 30-40 years for HCC to develop
in individuals infected with HCV. On the basis of these
viewpoints, we started to investigate carcinogenesis

-in chronic hepatitis C, in vivo, by transgenic mouse

technology.

TRANSGENIC MOUSE LINES CARRYING
THE HCV GENOME

S DESCRIBED: ABOVE, the HCV proteins have

been characterized chiefly using in vitro translation
or cultured cells. Little is known;, however, about the
role of HCV or its proteins in the pathogenesis of hepa-
titis and ‘subsequent liver diseases, cirrhosis and HCC.
One of the major issues regarding the pathogenesis of
HCV-associated: liver lesions: is whether the HEV pro-
teins have direct effects on pathological phenotypes.
Although several strategies have been used to charac-
terize the hepatitis: C viral proteins, the relationship
between the protein expression and disease phenotype
has not been clarified. For this purpose, several lines of
mice have been established which were' transgenic for
the HCV cDNA (Table 1}. They include the ones carry-
ing the entire coding region of the HCV genome,** the
core region only,?"? the envelope region only,***! the
core ‘and' envelope regions®*** ‘and the core to 'NS2
regions.! Although ‘detection of mRNA: from the NS
regions ‘of the HCV ¢DNA has been reported,”?” the
detection of HCV-NS proteins in the transgenic mouse
liver have ‘not been successful. The ‘reason for this
failure in " detecting ' NS 'proteins is unclear, but the
expression ‘of the: NS enzymes may be harmful to
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mouse development and may allow the establishment
of only low-expression mice.

In terms of expression system, two different ways have
been "applied; transient. and constitutive - expression
systems. One transgenic mouse line has been reported
which expresses the HCV genes using a transient expres-
sion system. Wakita et al. utilized the Cre/loxP system,
by which a gene under silent can be switched on by the
introduction of Cre recombinase. They established a
transgenic mouse line that had the core, envelopes and
NS2 genes of HCV in a silent state. After the injection of
the recombinant adenovirus that had Cre recombinase
in the mice, the HCV genes expressed transiently.*!
These mice developed acute hepatitis, which was
blocked by the administration of anti-CD4 and CD8
antibodies. This mouse system would provide a good
animal model for acute hepatitis C and be useful for the
study of immunological aspects of hepatitis. The possi-
bility, however, that the greatly overexpressed HCV pro-
teins had caused the death of hepatocytes and provoked
the immune response thereafter still remains.

We have engineered transgenic mouse lines carrying
the HCV genome by introducing the genes from the
cDNA" of the HCV genome of genotype 1b.*?* Estab-
lished  are three different kinds of transgenic ‘mouse
lines; which carry the core gene, envelope gernes or non-
structural genes, respectively, under the same transcrip-
tional regulatory element. Among these mouse lines,
only the transgenic mice carrying the core gene devel-
oped HCC in two independent lineages (Fig. 2).22 The
envelope gene transgenic mice do not develop HCC,
despite high expression levels of both E1 and E2 pro-
teins,?*2 ‘and ‘the transgenic mice carrying the ‘entire
non-structural genes have developed no HCC.

The core gene transgenic mice express the core protein
of an ‘expected size, and the level of the core protein in
the liver is similar to that in chronic hepatitis C patients.
Early in life, these mice develop hepatic steatosis, which
is one of the histological characteristics of chronic hepa-
titis C, along with lymphoid follicle formation and bile

-~ duct damage.*® Thus; the core gene transgenic mouse

model well reproduces the feature of chronic hepatitis
C. Of note, any pictures of significant inflammation are
not observed in the liver of this:animal model. Late in
life, these transgenic mice develop HCC. Notably, the
development of steatosis and HCC has been reproduced
by other HCV transgenic mouse lines; which harbor the
entire HCV genome or structural genes' including the
core gene.”?%3 These outcomes indicate that the core
protein per se of HCV has an oncogenic potential when
expressed in vivo.
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