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Abstract

Hepatitis C virus (HCV)-specific cytotoxic T lymphocytes (CTL) are thought to be effective in limiting viral spread and in clearing virus
during infection. Therefore, we attempted to establish HCV-specific CTL and identify novel HCVespecific CTL epitopes in a patient with
acute hepatitis C by a novel screening method using recombinant vaccinia virases (rVV) and synthetic peptides. CD8*CD45RA ™ T cells
{memory T cells) were isolated from peripheral blood mononuclear cells (PBMC) of a patient with acute hepatitis C. HCV-specific CTL were
cloned at limited dilutions and tested for HCVespecific CTL activity using a standard *'Cr release assay. CTI. assay was performed using
rVV expressing regions of HCV-J, and overlapping and truncated synthetic peptides from HCV-J. CTL recognizing the NS3 region were
isolated by *'Cr release assay with rVV-HCV. Isolated CTL were restricted by HLA class 1 molecules B*5603. We confirmed that isolated
CTL recognized 8-mer amino acids in the NS3 region of HCV-I by *'Cr release assay with overlapping and truncated synthetic peptides. In
conclusian, we isolated HCV-specific CTL restricted by HLA-B*5603 and identified a novel HCV-specific CTL epitope (IPEYGKAIL amino
acids 1373-1380) in the N83 region. The identified HCV-specific CTL epitope might be useful for RCV therapy.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The hepatitis C virus (HCV) affects 200 million individu-
als worldwide [1]. HCV infection is a leading cause of chronic
hepatitis and liver cirthosis [2]. More than 50% of infected
patients develop chronic hepatitis, and some of these will
progress to hepatoceliular carcinoma [3]. Current viral clear-
ance treatment, peginterferon alfa-2a plus ribavirin, is only
successful in about 60% of treated patients [4]. Therefore,
development of new drugs and vaccines aiming to prevent
and/or treat HCV infection is urgently needed.

Cytotoxic T lymphoeytes (CTL) are thought to be a major
host defense against viral infection {5] and have been impli-
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cated in the immunopathogenesis of viral infection [6]. HCV-
specific CTL are also thought to be effective in limiting viral
spread and in clearing virus during infection. HCV-specific
CTL are particularly important in eradicating viruses in the
acute phase. CTL interact through their polymorphic T cell
receptors with HLA class I molecules containing endoge-
nously synthesized peptides, such as peptides derived from
viral proteins, of 8~11 residues (usually 9 or 10) on the surface
of infected cells [7]. In previous studies, HCV-specific CTL
respanses have been detected in peripheral blood mononu-
clear cells (PBMC) (8] and liver-infiltrating lymphocytes in
patients with chronic hepatitis [9].

CTL responses are less well characterized, in part of
because of the technical difficulties invoived in isolating
and characterizing these cells [10]. [solation of HCV-specific
CTL is particularly difficult in the chronic phase; moreover,
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identification of HCV-specific CTL epitopes is difficult using
chronic-phase CTL. However, stronger CTL. responses have
been detected in PBMC in acute patients during hepatitis
B virus (HBV) infection [11]. Previous methods to iden-
tify HCV-specific CTL epitopes have used screening of large
numbers of overlapping synthetic peptides [8,9], recombi-
nant vaccinia viruses (rV'V) expressing HCV proteins [12]
or testing synthesized peptides for HLA binding based on
sequence motifs [13,14]. However, these methods do not
allow the establishment of CTL recognizing all HCV regions
and HLA molecules. Therefore, we attempted to establish
HCV-gpecific CTL and identify novel HCV-specific CTL
epitopes in a patient with acute hepatitis C using hoth rVV
expressing HCV-], and overlapping and truncated synthetic
peptides from HCV-J.

The aim of this study was to isolate HCV-specific CTL
and identify novel HCV-specific CTL epiotpes. Our meth-
ods and results are useful for investigating the CTL response
in patients with HCV infection, and for the cell-mediated
immune prevention of HCV infection.

2, Material and methods
2.1, Patients

An HLA-A"1101, A*2402, B"5201, B"5603, Cw"0102
and Cw" 1202 positive 71-year-old patient with acute HCV
infection with unknown etiology served as a subject. Diagno-
sis of acute hepatitis was based on high levels of serum alanine
aminotransaminase (ALT), seropositive conversion of HCV
RNA, seropositivity for HCV-specific antibody, seronegativ-
ity of other virus markers by enzyme immunoassay, recent
onset of jaundice and other typical symptoms of acute hepati-
tis. The infected genotype of HCV was 1b. Sample was taken
at about 4 months after ALT elevation. HCV was not elim-
inated spontaneously and persistently infected with normal
range of ALT.

2.2. Isolation of CD8* memory T cells

PBMC were separated from heparinized peripheral blood
by gradient centrifugation using Ficoll-Paque (Amersham
Biosciences, Uppsata, Sweden). CD8% T cells were isolated
from PBMC by positive selection using antibody-conjugated
magnetic beads according to the manufacturer’s instructions
(Dynal, Oslo, Norway). Beads were detached from isolated
cells using the DetatchaBead system (Dynal, Oslo, Nor-
way). Furthermore, CD45RA* T cells (virgin T cells) were
depleted by negative selection using antibody-conjugated
magnetic beads according to the manufacturer’s instrue-
tions (Dynal, Oslo, Norway). Isolated CD8*CD45RA™ T
cells (memory T cells) were cultured in RPMI 1640 supple-
mented with L-glutamine (GIBCO, Grand Island, New York),
penicillin-streptomycin (GIBCO, Grand Island, New York),
109% heat-inactivated fetal bovine serum (FBS) (BioWest,

Logan, Utah}, 40 U/mi rIL-2 (SIGMA, St. Louis, Missouri),
0.1 pg/ml anti-CD3 antibodies (eBioscience, San Diego, Cal-
ifornia) and 5 pg/ml phaseolus vulgaris agglutinin (PHA)
(SIGMA, St. Louis, Missouri).

2.3. Target cell lines

Allogeneic and autologous Epstein—Barr virus-trans-
formed B lymphoblastoid cells (B-L.CL) were established
from our own pool of patients and normal donors. B-
LCL were maintained in RPMI 1640 supplemented with L-
glutamine, penicillin-streptomycin and 10% heat-inactivated
FBS.

2.4. Construction of a recombinant HCV vaccinia virus

rVV expressing genotype 1b of HCV-] (accession no.
D90208) were constructed (Table ). The characteristics
of the seven vaccinia constructs used in this study were
as follows: vv-core (encoding amino acid (aa) 1-191), vv-
El (encoding aa 192-383), vv-E2 (encoding aa 384-809),
vv-NS2 (encoding aa 810-1026), vv-NS3 (encoding aa
1027-1657), vv-NS4 (encoding aa 1658-1972) and vv-
NS3 (encoding aa 1973-3010). Wild-type (Western Reserve
strain) vaccinia virus {vv-Wild) was used as a control. All vac-
cinia viruses were expanded with CV-1 cells, and titer was
determined by standard plaque assay based on CV-1 cells.
The HCV-J plasmid was provided by Prof. K, Shimotchno
(Kyoto University) and the transfer plasmid vector, pAKI0,
was provided by Dr. A, Kojima (National Institute of Infec-
tious Disease Diseases).

2.5. Synthetic peptides

Peptides were based on the amino acid sequence of geno-
type 1b of HCV-] {accession no. D90208). Peptides were
synthesized by and purchased from Minotopes and were more
than 80% pure according to high-performance liquid chro-
matography. Three types of peptide were synthesized: [0-mer
overlapping 20-mer peptide, truncated 15-mer peptide and
truncated §-mer peptide.

Table 1
Schematic representation of vaccinia virus constructs used in this study
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2.6, HLA typing

HLA genotypes of PBMC from patients and from normal
donors were determined using the Pel-Freeze SSP UniTray
Kit (DynalBiotech, Milwaukee, Wisconsin).

2.7. Generation of HCV-specific CTL clones

CTL lines were cloned at limited dilutions (0.3, 1, 3,
10 and 30 cells per well) and were then subcloned at 0.3
or 1 cells per well in 96-well microtiter plates. Cells were
plated in the presence of RPMI 1640 supplemented with
L-glutamine, peniciilin-streptomycin, 20% heat-inactivated
FBS, 40 U/ml rIL-2, 0.1 pg/ml anti-CD3 antibodies, 5 jLg/ml
PHA and irradiated (3500 rad) allogeneic PBMC (5 x 10*
cells/well). HCV-specific CTL clones were expanded by res-
timulation in a 24-well plate, as described above.

2.8. CTL assay

Cytotoxic activity of CTL was assessed using standard 4 h
sodivm chromate (51Cr) release assay. Briefly, B-LCL were
suspended in RPMI 1640 supplemented with L-glutamine,
penicillin-streptomycin and 10% heat-inactivated FBS, and
were incubated overnight at 37 °C with either rVV-HCV at a
multiplicity of infection of 5 plague-forming units (pfu)/cell
or with synthetic peptide. Infected or stimulaled B-LCL were
labeled with 100 .Ci *} Cr. After incubating the effector cells
with target cells for 4h at 37°C in a humidified 5% CO»
atmosphere, supernatants were collected and radioactivity
was measured with a gamma counter.

2.9. Blocking of CTL response by antibodies

Each antibody used in this study was added to the 96-well
plates of the CTL assay. Anti-CD4 (Pharmingen, San Diego,
California), anti-CD8 (Pharmingen, San Diego, California),
anti-HLA class I (serotec, Oxford, UK) and anti-HLA class IT
antibodies (Serotec, Oxford, UK) were used. Antibody reac-
tions were performed at a final concentration of 10 pg/ml for
anti-CD4 and anti-CDS§, and at 50 pg/ml for anti-HELA-class
I and anti-HI.A class I1.

3. Resulfs

3.1. Screening of recombinant HCV vaccinia virus
specific response

In order to isolate CTL, CD8*CD4SRA™ T cells were
separated from fresh PBMC. CTL assay was performed by
using Target cells (B-LCL) infected with vv-core, vv-El, vv-
E2, vw-NS82, vv-NS§3, vv-NS84 and vv-NS5. CTL recognizing
the NS3 and NS5B region were isolated as the CTL line (data
was not shown). We tried to identify CTL epitope in NS3
region, because NS3 region is important in the CTL target.
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Fig. I. HLA class I restriction analysis of CTL response to the NS3 region
was performed. CTL were assayed for cytotoxicity against panels of autol-
ogous and aliogeneic B-L.CL. infected with rVV-HCV-NS3, respectively, at
an effectorfarget ratio of 3:1.

The CTL line was cloned at 0.3, 1, 3, 10 and 30 cells per well
and was then subcloned at 0.3 or 1 cells per well in 96-well
microtiter plates.

3.2. HLA restriction analysis

The HLA class I restriction of isolated CTL was confirmed
by CTL assay (Fig. 1). This analysis was performed with a
panel of autologous and allogeneic PBMC with known HLA
haplotypes. CTL recognized autologous B-LCL (B*5603
positive), but not allogeneic B-LCL (B*5603 negative). Fur-
thermore, CTL assay was performed against HLA-B*07,
HLA-B"35, HLA-B"51, HLA-B"5601(data is not shown).
However, we have no cytotoxicity. Therefore, we concluded
that isolated CTL recognizing the NS3 region were restricted
by HLA-B*5603.

3.3. Identification of CTL epitope in NS3 region

In order to limit the amino acid residues in the NS3
region-recognizing CTL, we synthesized a [0-mer overlap-
ping 20-mer peptide representing the NS3 region of HCV-J
(peptide 1-63). When autologous B-LCL were pulsed with
a mixture of synthetic peptides (5 peptide pool), CTL rec-
ognized autologous B-LCL pulsed with the pool containing
peptides 31-35 (Fig. 2a). CTL assay was then performed
using autologons B-LCL pulsed with individual synthetic
peptides (31-35), CTL recognized autologous B-LCL pulsed
with peptide 35 (Fig. 2b). To determine the epitopes of iso-
lated CTL, based on the ohservation that the optimal length
for peptides binding to MHC class I molecules is 815 amino
acid residues, we synthesized truncated 15-mer peptides from
the NS3 sequence (aa 1360-1393) of HCV-J. CTL assay was
performed using autologous B-LCL pulsed with individual
truncated synthetic peptides (Fig. 3; representative data is
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Fig. 2. (a) CTL were tested for recognition of B-LCL stimulated with syn-
thetic 10-mer overlapping 20-mer peptide mixtures (5 peptide pool) from the
N§3 sequence of the HCV-I, The peptide mixture comprising 31-35 were
able to sensitize target cell for lysis. The effecior/target ratio was 3:J and
the concentration of peptide used was 10 pM. (b) CTL were tested for their
ability to recognize B-LCL stimutated with peptides 31-35. Only peptide
35 was able to sensitize target cells for lysis. The effectorftarget ratio was
3:1 and the concentration of peptide used was 10 M.
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Fig. 3. CTL were tested for recognition of B-LCL stimulated with synthetic
trencated | 5-mer peptide from the NS3 sequence {2a 1365-1388) of HCV-J.
CTL recognized an 8-mer peptide (IPFYGKAL 1373-1380). The effec-
tor/target ratio was 3:1 and the concentration of peptide used was [0 uM.

Table 2

Truncaied 8-mer peptide from N33 region of HCV-{

Peptide Sequence Residues
3 [PFYGKAI 1373-1380

shown), We confirmed that CTL recognized an 8-mer pep-
tide (IPFYGKAI; 1373-1380) in the NS3 region of HCV-I.

3.4. Minimal and optimal epitope

We confirmed the recognition of the 8-mer peptide as the
minimal and optimal epitope by synthesizing truncated 8-
mer peptide (Table 2). CTL recognized autologous B-LCL
pulsed with the peptide (Fig. 4a). CTL activity with various
effectorftarget ratios and concentrations of peptide 118 was
assessed, The results showed that CTL is able to lyse the
targets increased effector/target ratios (Fig. 4b) and in the
presence of I18 in a dose-dependent manner (Fig. 4c).

3.5. Antibody blocking assay

In order to define the phenotype of cells responsible for [I8
and restriction of HLA class [, CTL activity for II8 peptide
was tested in the presence of anti-CDD4, anti-CD8§, anti-HLA
class I and anti-HLA class IT antibodies (Fig. 5). CTL activity
was clearly blocked by anti-CD8 antibody, but not by anti-
CD4 antibody. Moreover, CTL activity was clearly blocked
by anti-HILLA-class I antibody, but not by anti-HLA class II
antibody. These results indicate that the cells responsible for
118-specific lysis are conventional CD8*CD4~ MHC class I
restricted CTL.

4. Discussion

CTL are thought to play an important rofe in viral clear-
ance. In HCV infection, recent reports have demonstrated
the importance of CTL in the final outcome of infection {15},
in the protection of individuals in contact with HCV [16]
and in patients clearing HCV after [FN therapy [17]. How-
ever, a proportion of patients with chronic HCV infection
remain resistant to antiviral therapy, including recently devel-
oped treatment modalities such as peginterferon alfa-2a plus
ribavirin [4]. Such treatment failures may be a reflection of
insufficient antiviral immune response. Thus, CTL response
to HCV may not be sufficient to prevent disease progression
of disease in chronic HCV infection [18].

However, CTL play an important role in eliminating HCV,
particelarly in acute HCV infection. Therefore, amplifica-
tion of CTL. response may be a useful therapeutic antiviral
strategy. Augmentation of HCV-gpecific CTL response by
therapeutic vaccines could enhance HCV elimination in ITFN
therapy, thus improving treatment outcome. Indeed, among
patients with chronic HCV infection, the presence of HCV-
specific CTL prior to treatrnent is associated with viral clear-
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Fig. 4. (a) CTL were tested for recognition of B-LCL stimulated with syn-
thetic truncated 8-mer peptide in crder to confirm minimal and optimal
epitope. The peptide was able to sensitize target cell for lysis. The effec-
tor/target ratio was 3:1 and the concentration of peptide used was 10 wM. (b)
CTL were tested at varying effector/target ratios against avtologous B-LCL
stimulated with [0 uM peptide 118, (¢} CTL were tested against autologous
B-LCL stimulated with various concentrations of peptide 118 at an effec-
torftargel ratio of 3:1.

ance after a course of IFN plus ribavirin [19]. Therefore,
development of 2 universally immunogenic vaccine requires
the identification of as many CTL epitopes as possible.
While nonspecific stimulation of liver-infiltrating CD8
cells allows in vitro expansion and identification of immun-
odominant HCV-specific CTI. populations present within
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Fig.5. Antibody blocking of CTL activity for the 1I8 peptide was performed.
CTL were tested for cytotoxicity against autologous B-L.CL in the presence
of 10 uM 118 peptide with 10 ug of anti-CD4 and anti-CD8 antibody, or in
the presence of 10 M 118 peptide with 50 pg of anti-HLA class [ and anti-
HLA class 11 antibody. Antibodies were added to the assay before effector
cells. Assays were performed at an effector/target ratic of 3:1.

chronically infected liver [20], the same method cannot be
applied to study peripheral btood CTL response. This is
because the frequency of HCV-specific CTL present in the
circulation in most stages of HCV infection is too low [21].
Although HCV-specific CTL detected in peripheral blood are
thought to be less frequent than those among liver-infiltrating
lymphecytes in patients with chronic hepatitis C [22], circu-
lating CTL can still be detected in the majority of individuals
with chronic HCV infection and their epitope specificity is
reportedly similar to that of Liver infiltrating cefls [12].

In the present study, we selected a patient with acute hep-
atitis C in order to establish HCV-specific CTL from PBMC,
as the namber of precursor HBV-specific CTL in PBMC from
patients with acute hepatitis B is higher more than that from
patients with chronic hepatitis B [11]. Indeed, in a previ-
ous study comparing acute-phase and chronic-phase HCV-
specific CTL responses, HCV-specific CTL were detectable
in chronic carriers but the percentage of HCV-specific CTL
response was significantly higher in acute patients [23).
In addition, follow-up of acute HCV-infected patients dur-
ing subsequent disease development showed a significant
decrease in the intensity of HCV-specific CTL response [23].
In this study, we were able to isolate HCV-specific CTL from
PBMC from a patient with acute hepatitis C and to identify
a novel CTL epitope in these isolated CTL.

Previous studies to identify human CTL epitopes located
in HCV proteins have used one of two approaches: screening
using numerous overlapping synthetic peptides [8,9] or test-
ing synthesized peptides based on binding motifs for HLA
molecules [13,14]. However, it is diffcult to isolate CTL
recognizing all regions of HCV and to identify restriction
by variable HLA molecules using these methods. On the
other hand, the use of vaccinia vectors has facilitated the
successful expansion of HCV-specific CTL from the periph-
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eral blood of patients with HCV infection [12]. In this study,
we isolated HCV-specific CTL recognizing the narrow region
(NS3 region) using rVV-HCV expressing various regions of
HCV-1. We then identified HCV-specific CTL epitopes using
overlapping and truncated synthetic peptides representing the
recognized NS83 region. The HCV-specific CTL epitope iden-
tified in this study was restricted by HL.A-B"5603. Although
HLA-B*5603 is a rare HLA class | molecule, we were able
to isolate CTL and identify the CTL epitope.

The present method thus ailows the identification of
CTL epitopes in HCV and their restriction by HLA class
I molecules. However, this method has potential problems in
identifying HCV-specific CTL epitopes. Firstly, this method
fully responds to HCV-J strain, but not to other HCV strains.
Secondly, the HCV genome in each patient is highly vari-
able for each epitope [24] and can change during the course
of chronic hepatitis [25]. The use of PBMC during the acute
phase, low mutation rates and high CTL activity were benefi-
cial in establishing HCV-specific CTL in this study. Although
these problems remain, this method is useful for isolation
of HCV-specific CTL to identify epitopes within the entire
HCV polyprotein and are recognized by various HLA class
I molecules.

In recent studies, the NS3 region of HCV is a thera-
peutic target for HCV infection. This is because the NS3
region of HCV is indispensable for viral replication and
includes multifunctional enzymes, such as serine protease
and helicase. Indeed, internal cleavage of NS3 is associated
with replication of HCV [26], and an NS3 serine protease
inhibitor inhibits replication of HCV-RNA [27]. Moreover,
mice immunized with a recombinant adenovirus express-
ing HCV NS3 protein were protected against infection with
a recombinant vaccinia virus expressing HCV-polyprotein
[28]. This protection was mediated by CD8-positive T cells.

In previous studies, HCV-specific CTL epitopes in the NS3
region were identified using various methods. However, the
HCV-specific CTL epitope identified in this study was not
reported previously, and thus it is a novel HCV-specific CTL
epitope. CTL epitopes located in the N83 region may be use-
ful for therapeutic vaccines against HCV infection and the
epitope identified in this study, IPFYGKALI, may also be use-
ful for HCV therapy.

Because HCV is a highly heterogeneous virus and these
epitopes are present within both conserved and variable
regions of the genome, CTL-escaping variants seem to occur
in acute and chronic HCV infection [29]. Therefore, precise
definitions of the epitopes recognized by HCV-specific CTL
may allow an understanding of effects of sequence varia-
tion on the immune response to HCV infection. Although
we isolated HCV-specific CTL and identified HCV-specific
CTL epitopes in this study, further analyses of the immune
response to HCV infection and identification of additional
HCV-specific CTL epitopes belonging to immunologically
conserved regions are required.

Inconclusion, we isolated HCV-specific CTL restricted by
HI.A-B¥5603 and identified a novel HCV-specific CTL epi-

tope in the NS3 region using rVV-HCV expressing various
regions HCV-I, and overlapping and truncated synthetic pep-
tide from HCV-1. The identified epitope, IPFYGKAI, may be
useful in immunotherapy for HCV infection.
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Abstract: Background{Aims: Hepatitis C virus (HCV) infection is a
significant global public health problem. In clinical studies. zinc has been
closely related to the pathogenesis of chronic hepatitis C. However, the role
of zinc in both viral replication and the expression of viral proteins remains
unclear. We aimed to clarify the effect of zinc on the replication of HCV

in vitro. Methods: We incubated subgenomic HCV replicon cells (sO) and
genome-length HCV RNA-repiicating cells (O) treated with several chemicals
including trace elements. Total RNAs were collected and subjected to real-
time reverse-transcriptase polymerase chain reaction in order to examine the
level of HCV RNA replication, and Western blotting was performed to
confirm the expression of viral proteins. Resufrs: Iron salts and interferon-o
suppressed HCV RNA replication and protein expression in both sO and O
cells. Zine salts effectively reduced the viral replication in the genome-length
HCV RNA replication system but not in the subgenomic HCV replicon
system. Conclusions. We demonstrated that zinc may play an important role
as 4 negative regulator of HCV replication in genome-length HCV RNA-
replicating cells. Zinc supplementation thus appears to offer a novel appreoach
to the development of {uture strategies for the treatment of intractable
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chronic hepatitis C.

Hepatitis C viras (HCV) infection is a significant
global public health problem. Persistent HCV
infection eventually develops into hver cirrhosis
or hepatocellular carcinoma (1). A sustained viral
response (SVR) to anti-HCV therapy has been
demonstrated to prevent the progression of liver
disease and even to promote the regression of
pathologic changes (2). Peginterferon plus oral
ribavirin, currently the most powerful therapy for
chronic hepatitis C, has successfully induced SVR
in about half of treated patients of genotype 1b
with high viral load (3, 4). However, there are still
a number of non-responders to interferon (1FN)-
based therapy. As a resuli, the treatment efficacy
stitf needs to be improved.

HCV 1s a positive-polarity, single-stranded
RNA virus, a member of the Hepacivirus genus
of the Fiaviviridae family (3). The HCV genome
consists of an ~ 9.6 kb RNA molecule contain-
g a large open reading frame flanked by struc-
tured 3'- and 3'-non-translated regions (NTR).
Located within the 5-NTR is an internal ribo-
some entry site (IRES) directing the transtation of
an approximately 3000-aminc-acid polyprotein
that is co- and posttranslationally cleaved by
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cellular and viral proteases into the following 10
products (listed from the N to the C termini):
core, envelope protein 1 (E1), E2, p7, nonstruc-
tural protein 2 (INS2), NS3, NS4A, NS4B, NSSA,
and NS5B. The NS2-INS3 cleavage is performed
by NS2, and the remaining processing of the
NS3-NS4A-NS4B-NSSA-NSSB  fragment de-
pends on the NS3/NS4A protease, which is simi-
lar to chymotrypsin-like serine protease (6).

Zinc is an essential nuirient for a broad range
of biological activities and for cell proliferation
(7} and it also functions as an antioxidant (8). It
also plays an important role in the function and
maintenance of the crystal structures of such
HCV proteins as NS2-NS3 (9-11) and NS3A
(12, 13). The virus-encoded NS2-NS3 proiease
that is responsible for autocatalyiic cleavage at
the NS2-NS3 site is stimulated by ZnCl, (9. 10).
The NS3 protease domain contains a zinc atom
(11). These observations have led researchers to
propose that zine plays an important role in the
NS2-NS3 protease activity. Several studies have
examined the direct inhibitory effects of zinc on
viruses, such as human immunodeficiency virus
(14), rhinovirus (15). herpes simplex virus (16},
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and respiratory syncytial virus (17) in vitro. How-
ever, the direct effect of zinc on the replication of
HCV in vitro has never been previously reported.

Despite the clinical significance of HCV, mo-
lecular investigations of the virus have been
hampered due to the lack of cell culture systems
that efficiently support HCV  replication,
although a reproducible HCV proliferation sys-
tem in cell culture has very recently been reported
(18). In 1999, the situation changed for the better
when a subgenomic HCV replicon cell culture
system was introduced (19). The replicon RNA is
composed of the HCV S-NTR containing an
HCV IRES, a neomycin phosphotransferase
(Neo) gene, and the HCV NS3 through NS5B
under the control of an encephalomyocarditis
viras (EMCV) IRES, followed by the HCV 3'-
NTR. The Neco gene 1s expressed under the
control of the HCV IRES, thereby inducing G-
418 resistance to cells that contain replicon RNA.
As the replicon RINA proliferates autonomously
in cultured cells, this replicon system is thus
considered to be a powerfu] tool for the analysis
of molecular mechanisms underlying HCV repli-
cation and also for the screening of anti-HCV
reagents (20). However, the subgenomic HCV
replicon system may be insufficient because it
lacks HCV structural proteins. A genome-length
HCV RNA replication system may reflect the
phenomenon that the HCV-infected human liver
undergoes. To date, four genome-length HCV
RNA replication systems. using N, Con-1. H77,
and O strains, have so far been reported (21-24).

Clinical data suggest that the trace element
metabolism is tightly linked to the pathogenesis
of chrenic hepatitis C (25, 26). We previously
showed zinc supplementation to increase the
therapeutic response of IFN-a for intractable
chronic hepatitis C with genotype ib (27, 28).
However, it remains unclear as to whether or not
zinc interferes with viral replication or the ex-
pression of viral proteins. We therefore examined
the effect of zinc supplement on viral replication
using HuH-7 cells harboring subgenomic HCV
replicons (29) or genome-length HCY RNAs (24)
derived from the HCV-O struin. We herein
showed that zine effectively suppressed the repli-
cation of genome-length HCV RNA but not that
of the subgenomic HCV replicon.

Materials and methods
Cell culture systems

We incubated sO (previously described as 1B-
2R1) cells {29) replicating the subgenomic HCV
replicon and O cells (24) replicating the genome-
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length HCV RNA in a real-time reverse-tran-
scriptase polymerase chain reaction {RT-PCR)
analysis. The sequences of HCV RNA replicating
in sO and O cells are derived from HCV RINA in
non-neoplastic human hepatocytes PH5CHS in-
oculated with HCV-0O, and the basal replication
levels of both O and sO ceils were almost the same
as those described previously (24, 29). In a
luciferase reporter assay system, we incubated
ORN/3-5B/KE cells supporting the subgenomic
HCV rephicon encoding the luciferase reporter
gene, and ORN/C-5B/KE cells supporting gen-
ome-fength HCV-RNA encoding the luciferase
reporter gene (24). The cells were cultured in
Dulbecco’s modified Eagle's medium (DMEM;
Gibco-BRL, Invitrogen Life Technology, Carls-
bad, CA) supplemented with 10% fetal calf
serum, penicillin, and streptomycin (complete
DMEM) and maintained in the presence of
G418 (300 ug/ml; Geneticin, Invitrogen). We pas-
saged these cells twice a week at a 3:1 split ratio
and used them within six to 10 passages for the
experiments in this study.

Reagents

Iron sulfate (FeSQ,), iron chloride (FeCls), zinc
sulfate (ZnSQy), and zinc chloride {(ZnCl,) were
purchased from Wako Pure Chemical Industries
(Osaka, Japan). The purities of both reagents
exceeded 99%. Purified human lymphoblast
IFN-a (O1F) was kindly provided by the Otsuka
Pharmaceutical Co. (Tokushima, Japan).

Cell viability

As it has been reported that the proliferation of
the HCV subgenomic replicon is dependent on
host-cell growth (30}, we examined the cytotoxi-
cities of ZnSO4 and ZnCl, to sO or O cells. In
brief, the cells were seeded at a density of 4 x 10°
cells per dish onto dishes with a diameter of
95 mm. After a 24-h culture, the cells were treated
with or without zinc salts at final concentrations
of 50, 100, and 150 uM for 72h in the absence of
G418, Next, the number of viable cells was
counted using an improved Neubauver-type he-
matocytometer after trypan blue dye (Invitrogen)
treatment. The effect of zinc salts was calculated
as a percentage of the number of control cells to
which no reagent was added. All assavs were
conducted more than three times.

Quantification of HCV RNA by real-time RT-PCR

The subgenomic HCV replicon (29) and replic-
able genome-length HCV RINA (24) arc both well
known to be highly sensitive to IFN-o and



recently iron has been reported to suppress the
subgenomic HCV replicon (31). To confirm that
our subgenomic HCV replicon and genome-
length HCV RNA replication system are useful
for evaluating antiviral reagents, we examined
the established inhibitory effects of IFN-g and
iron on the replication of the subgenomic HCV
replicon and genome-length HCV RINA using sO
and O cells. Next, the effect of zinc salts on the
replication of subgenomic HCV replicon and the
genome-length HCV RINA was observed by real-
time RT-PCR. In brief, sO or O cells seeded on
six-well plates (1 x 10° cells per well) were treated
with IFN-a, FeSO,, FeCls, ZnS0,, or ZnCl, at
several concentrations. The total RNAs from
cells were harvested at different time points using
ISOGEN extraction kits (Nippon Gene Co.,
Tokyo, Japan) and subjected to a real-time
RT-PCR analysis. The 5-NTR of HCV genomic
RINA was quantified using the ABI PRISM
7900 sequence detector (Applied Biosystems,
Foster City, CA) as described previously (32),
using the 53-CGGGAG-AGCCATAGTGG-¥
(forward) and 5-AGTACCACAAGGCCTTT
CG-3’ (reverse) primers and the fluorogenic
probe 5-CTGCG-GAACCGGTGAGTACAC-
3'. As an internal control, the level of human
GAPDH mRNA was quantified using TagMan
hGAPDH reagents (Applied Biosystems). All
experiments were conducted more than three
titmes.

Wesiern blot analysis

The cell lysates and sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) were
prepared, and an immunoblotiing analysis with
a polyvinylidene difiuoride membrane was per-
formed as described previously (33). The antibo-
dies used in this study were those against NS3
(Novocastra Laboratories, Newcastle, UK) and
NS3B (a generous gift from M. Kohara, Tokyo
Metropolitan Institute of Medieal Science). Anti-
B-actin antibody (Sigma-Aldrich, Tokyo, Japan)
was also used to detect B-actin as the internal
corttrol. The immunocomplexes on the mem-
branes were detected by an enhanced chem:iiumi-
nescence assay (Amersham Co.. Tokyo. Japan).
Image scanning was analyzed using the Scion
Image software program {Beta 4.0.2., Scion Cor-
poration. NIH. Frederick. MD).

Luciferase reporter assay

To confirm the effect of zinc salts on the replica-
tion of HCV RNA by the different assay system,
we performed the experiment while utilizing the
[uciferase reporter assay system using ORN/3-5B/

Zinc regulates HCV RNA replication

KE celis and ORN/C-5B/KE cells with or with-
out zinc salt. In brief, the cells were plated onto
24-well plates (1.5 x 10* cells per well) and cul-
tured for 24 h. Next, the cells were treated with
ZnSQ, or ZnCl; at several concentrations {or
24h, and then the cells were subjected to the
luciferase reporter assay using the Renilla lucifer-
ase assay system (Promega, Madison, MI) (24).
Briefly, after removing the medium, the cells were
washed twice with phosphate-buffered saline. The
cells were extracted with [00ul of Renilla lysis
reagent, and the relative luciferase unit value in
10 ul of lysates was measured by adding 50 pul of
Renilla luciferase assay reagent according to
the manufacturer’s protocol. Flash'n Glow LB
955 luminometer (EG&G Berthold, Bad Wild-
bad, Germany) was used to detect the luciferase
activity,

Statistical analysis

All data were expressed as the mean =+ standard
deviation. The differences between groups were
evaluated with Student’s i-test or one-way analy-
sis of variance P<0.01 was considered to be
significant.

Results

Inhibitory effects of IFN-o on HCV RNA replication in
sO and O cells

IFN-a efficiently inhibited the replication of the
subgenomic HCV replicon and genome-length
HCV RNA in a dose-dependent manner (Fig.
1). Based on the dose-response curve, the

120

—_ @ s0
82 no

]

>

a

<

4

o

>

Q

) i

L TES - . . soewwen S Il J
2 10 50 100 {IU/mi}

1FN-2

Fig. 1 Inhibition of hepatits Cvirus (HCV) RNA replication in
sO and O cells treated with interferon-z= {IFN-z). IFN-2
sensitivity of HCV RMNA replication in O (black bars) and O
cells (white bars). Real-time reverse-transcriptase poivimerase
chain reaction was performed as described in the Materials and
methods. sO and O cells were treated for 48 h with IFN-% (0, |

2, 10. 50, and 100 TUsmd), The replication level of HCV RNA of
the respective non-treated cells was assigned as 106%. The
replication level of HCV RNA was normalized o the respeclive
GAPDH mRNA expression levels. The data indicate the
mean & SD of triplicates from three independent experiments.
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concenirations of IFN-u required for a 30%
reduction (ICsg) of the subgenomic HCV replicon
and genome-length HCV RNA were calculated to
be almost equal (0.71U/ml). These values were
comparable to the previous findings obtained
using another HCV-strain-derived subgenomic
HCYV replicon system (34) or an O-strain-derived
HCV RNA replication system (35).

Inhibitory effecis of iron salts on HCV RNA replication in
sO and O cells

FeSO4 or FeCl, significantly suppressed the re-
plication of genome-length HCV RNA to the
same extent as the subgenomic HCV replicon in
a dose-dependent manner (Fig. 2). We demon-
strated for the first time the inhibitory effect of
iron via a genome-length HCV replication sys-
tern. Both IFN-o and iron salts inhibited HCV
RNA replication in sO and O cells in a dose-
dependent manner, thus suggesting that our sub-
genomic HCV replicon and genome-length HCV
RNA replication systems are useful for the eva-
huation of anii-HCV reagents.

Cytotoxicity of zinc salts to sO and O cells

Although 150 uM and higher of ZnSO, or ZnCl,
was cytotoxic to sQ and O cells, ZnSO4 or ZnCls
at a concentration of 100 pM or lower had no
significant cytotoxic effect on both cells in this
assay (Fig. 3A and B). We therefore examined the
inhibitory effects of zinc salts at a concentration
of 100 UM or lower.
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Fig. 2. Inhibition of hepatitis C virus (HCV) RNA replication in
sO and O cells treated with iron. Tron inhibition of HCV RNA
replication in sO {black bars) and O cells (white bars). sO and O
cells were treated for 48 k with ran sulfate (100 and 300 M) or
ivon chloride (100 and 300 pM). The eentrol celis without iron
salts {0 pM) were treated similarly The quantification of HCY
RNA was performed as described in Fig. | The duta indicate
the mean + SD of triplcates from three independent experi-
ments. The asterisk (%) indicates a significant inhibition of HCV
RNA replication by iron sulfate or iron chloride (P<0.01).
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Fig. 3. Cytotoxicity of zinc salts 1o sO and O cells. {A) sOQ and O
cells were cultured in the absence or presence of zine sulfate (50,
100, and 130 uM each) for 72 h. and then the cell number was
determined as described under the Materials and methods. The
relative cell number (% control) ealculated at each point. when
the cell number of non-treated cells was assigned to be 100%. is
presented herein. The data indicate the mean £ SD of three
independent experiments. (B) sO and O cells were cultured in the
absence or presence of zinc chioride as described in {A). The
asterisk () indicales significant cytotexicity by zine sulfate or
zinc chloride {£<0.01).

Different effects of zinc salts on the HCY RNA replication
between sO and O cells

2504 or ZnCly significantly suppressed the
genome-length HCV RNA replication in a dose-
dependent manner. The ICs; values of ZnSQ,
and ZnCl, were calculated to be 76 and 89 uM,
respectively. In contrast, only slight inhibitory
effects on the subgenomic HCV replicon were
observed in sO cells by 100 pM ZnSO, and ZnCl,
(Fig. 4A and B). Zinc salts reduced the replication
of the genome-length HCV RNA more markedly
than that of the subgenomic HCV replicon. To
determine whether the inhibitory effect of zinc on
the genome-fength HCV RNA replication is time
dependent or not, O cells were mcubated with
100uM ZnSO, or ZnCl, and harvested at three
different time points (24, 48. and 72h) after
treatment. The maximum inhibitory effect of
zinc salts in O cells oceurred at 48 b after treat-
ment (Fig. 4C).

Effects of zinc salts on NS3 and NS5B protein expression

The expression levels of NS3 and NS5B proteins,
which are the essential proteins for HCV RNA
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Fig. 4. Different elfect of zinc salis between subgenomic hepa-
titis C virus (HCV) replicon and genome-length HCV RNA
replication systems. {A) The sO and O cells were wreated for 48h
with zine sulfate (0, 10, 50. uad 100 pM). The quantification of
HCV RNA was performed as deseribed in Fig. 1. (B) sO and O
cells were treated lor 48h wilh zinc chloride (0, 10, 50. and
100 uM). The guantification of HCV RNA was performed as
described in Fig. | (C) Time—response curve of zinc salls. O cells
were treated with o fixed concentration (100 uM} of zine sulfate
or zinc chloride far 24, 48, and 72h. Real-time reverse-tran-
scriptase pelymerase chain reaction was performed as deseribed
in the Materials and methods. We herein show the replication
level of HCY RNA (%) caleulated at each point, when the
replication level of HCYV RNA of the respective non-treated cells
at 0h was assigned as 100%. The replication level of HCV RNA
was normalized by the level of GAPDH mRNA. The daw
indicale the mean = SD of wiplicates findings from three
independent experiments. The asterisk (*) indicates 2 significant
inhibition of HCV RNA replication by zinc sulfate or zinc
chioride and a significant difference of Lhe inhibitory effect of
zine salts between sO and O cells (P <0.01).

replication, did not decrease in the sO cells
treated with ZnSQO, or ZnCl; (100 M), whereas
the expression levels of N33 and NS35B proteins
were clearly decreased in the sO cells treated with

Zine regulates HCV RNA replication

FeSO,, FeCl; (100 or 500 uM), or IFN-u (Fig. 5A
and B). However, the expression levels of the N§3
and NS5B proteins both significantly decreased in
the O cells treated with ZnSQOy or ZnCl, (100 pM)
as well as FeSO, or FeCl; (100 uM) (Fig. 5C and
D). These results were consistent with those of
the quantification analysis of HCV RNA as
described above.

Anti-HCV activily of zinc salts on luciferase reporter assay
system

Zinc salts significantly inhibited the Renifla luci-
ferase activity in a dose-dependent manner but
the extents of the suppressive effects were found
to be rather weak depending on real-time RT-
PCR (Fig. 6A and B). Zinc salts tend to reduce
the replication of genome-length HCV RNA
more markedly than that of the subgenomic
HCV replicon even though the difference in
chemical sensitivity to zinc salts was not signifi-
cant.

Discussion

We demonstrated that zinc supplementation in-
hibited the replication of genome-length HCV
RNA in O cells without causing cell toxicity,
and the effects of zinc supplementation on HCV
replication were significantly different between
the genome-length HCV RNA replication system
and the subgenomic HCV replicon system. On
the other hand, IFN-o and iron supplementation
suppressed the replication of HCV RNA almost
equally between the subgenomic HCV replicon
and genome-length HCV RNA replication sys-
tem. However, other divalent cations, such as
magnesium salts, did not suppress the replication
of genome-length HCV RNA (data not shown).
Therefore, the inhibition of the replication of
HCV RNA is not an ubiguitous phenomenon
caused by the divalent cations, but a specific
phenomenon caused by certain divalent cations
such as zinc and iron.

We showed the inhibitory effect of zinc salts in
real-time RT-PCR and Western blotting on gen-
ome-length HCV RNA systems. In real-time RT-
PCR, zinc inhibited the replication of HCV RNA
as strongly as that of iron salts, whereas in
Western blotting, the inhibitory effect of zinc
salts was weaker than that of iron salts. There
was a discrepancy in the inhibitory effects of zine
salts on RNA replication and protein expression
i both systems. One possibie reason is that zinc
may affect the function of N83 proteins of HCV
through structural or NS2 proteins and conse-
quently inhibit the repiication of genome-length
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Fig.5. Inhibitory effect of the expression of hepatitis C virus (HCV) proteins. (A) The sO cells were trealed for 48 h without reagents
{0 uM) as control wells (lane 1), or treated with 100 and 500 pM of iron sulfate (fanes 2 and 3), 100 and 500 uM of iron chloride (lanes
4and 5), 100 uM zinc sulfate {fane 6), 100 1M zinc chiloride {fane 7). or 20 TU/ml intesleron-z {IFN-z) {lane 8). The production of NS3
and NS3B protein in $O cells was analyzed by immuneblotting using anti-NS3 and anti-NS5B antibodies, respectively, f-actin was
used as an internal control for the amount of protein loaded per lane. (B) The gquantification of NS3 and NSSB production by
densitometry using Scion Image software in sO normalized for the respective B-actin and the density of non-treated cells was assigned
as 100%. These results were based on three separate experiments performed using three separate sets of cells and expressed as the
mean = SD for Western blotting. The asterisk (*) indicates a significant inhibition of NS3 and NS3B production by reagents
(P<0.01}. (C) The treatment of O cells with reagents and a Western blot analysis for NS3 and NS5B production were perlormed as
described in {A). (D} The quantification of NS3 and NS3B in O cells was performed as described in (B).

HCV RNA. because sO cells replicate the sub-
genomic HCV replicon RNA lacking the HCV
core to the NS2 region. This hypothesis is sup-
ported by the findings that the expression levels of
NS3 proteins seemed to decrease more than that
of NS5B expression in the O cells-treated zinc
salts as shown in Fig. 5C and D.

We showed that iron supplementation inhib-
ited the HCV RNA replication in both systems
almost equally. It has recently been reported that
iron directly inactivates the RNA-dependent
RNA polymerase activity of HCV. which is
mediated by the viral NS5B. thus impairing the
HCV replication using the subgenomic HCV
replicon system (31). The iron compound-in-
duced inhibitory effect of HCV RNA replication
on genome-length HCV RNA system may be
caused by NS5B, which is a common structure
in both systems.

We could not confirm the inhibitory effect of
zinc on cother genome-length HCV RINNA replica-
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tion systems because we could not obtain any
other cell lines. However, the previous reports
that describe iron and not zinc to inhibit signifi-
cantly the HCV RNA replication in another
sabgenomic HCV replicon system is consistent
with the result of our subgenomic HCV replicon
(31), and it is also consistent with our results. In
the luciferase reporter system, we confirmed that
the inhibitory effect of zinc salts in the genome-
length HCV replication system was also observed
in a dose-dependent manner. However, 100 uM
zinc salts significantly inhibited the luciferase
activity in the subgenomic HCV replicon, but
less than that in the genome-length HCV RNA
replication systems. in contrast to the results of
real-time RT-PCR. The luciferase reporter assay
system showed reproducible results but the extent
of the inhibitory effect between the replication
system of subgenomic HCV and that of genome-
length HCV RNA was shghtly different. In our
results of real-time RT-PCR as shown in Fig. 4A
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Fig. 6. Inhibitory effect of zinc of hepatitis C virus (HCV) RNA
replication in ORN/3-5B/KE and ORN/C-3B/KE cells treated
with zine salts on a luciferase reporter assay system. (A)
Inhibitary effect of zinc sulfate against HCV RNA replication
i ORN/3-5B/KE (black bars) and ORN/C-3B/KE cells (white
bars). A Renilfa Luciferase reporter assay was performed as
described in Materials and methods. ORN/3-5B/KE and ORN/
C-5B/KE cells were treated for 24 h with zine sulfate (0. 19, 50.
and 100 pM). and the relative luciferase activity was calculated.
The relative luciferase activity of respective non-treated celis was
assigned to be 100%. The data indicate the mean £ SD of
uiplicate findings Mrom three independent experiments. (B) The
inhibitory efTect of zinc chloride against HCV RNA replication
in ORN/3-53B/KE (black bars) and ORN/C-3B/KE ccells (white
bars). A Renifla Luciferase reporter assuy wus performed as
deseribed in (A). The asterisk (*) indicates a significant inhibi-
tion of the Renilla luciferase activity by zinc sullate or zine
chioride (P<0.01).

and B, the HCV replication level in 100 uM zinc
salts tended to be slightly lower than in either the
controb or 50pM zinc salts. Therefore, this is
probably due to a difference in the detection
sensitivity of the real-time RT-PCR and lucifer-
ase reporter assay systems.

The subgenomic HCV replicon and the replic-
able genome-length HCV RNA in this study were
highly sensitive to IFN-o as described previously

33, 34). Moreover, clinically, zinc supplementa-
tion increased the therapeutic response of IFN-z
for intractable chronic hepatitis C (27. 28). How-
ever, zinc supplementation did not show the
additional or synergistic inhibitory effect of
ITFN-o in a genome-length HCV RNA replication
system (data not shown). The inhibitory effect of
zinc on the replication of both replicon cells may
be masked with that of [FN-g, because the

Zinc regulates HCV RNA replication

inhibitary effect of IFN-« on the replication of
both replicon cells is much more effective than
that of zinc.

To date, four genome-length HCV RNA re-
plication systems, using N, Con-1, H77, and O
strains, have been reported (21-24). Genome-
length HCV RNA replication, including the
structural region of HCV RNA, closely mimics
the in vive situation within an HCV-infected
hepatocyte. In this study, different degrees of
chemical sensitivity were observed between the
subgenomic HCV replicon system and genome-
fength HCV RNA replication system. This sig-
nificant difference suggests that a useful investi-
gation may have been overlooked in the
subgenomic HCV replicon systems. Previous stu-
dies using subgenomic HCV replicon systems
should therefore be re-examined using genome-
length HCV RNA replication systems.

In conclusion, our study suggests that zinc may
play an important role as a negative regulator of
HCYV replication in genome-length HCV RNA-
rephcating cells. Zinc supplementation appears to
be a novel approach in the development of future
strategies for the treatment of chronic hepatitis C.
The mechanisms underlying the inhibitory effect
of zinc on virus replication are presently being
investigated m our fabaratory.
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Different Anti-HCV Profiles of Statins and Their
Potential for Combination Therapy With Interferon

Masanori Ikeda, Ken-ichi Abe, Masashi Yamada, Hiromichi Dansako, Kazuhito Naka, and Nobuyuki Kato

We recently developed a genome-length hepatitis C virus (HCV) RNA replication system (ORG)
with luciferase as a reporter. The ORG assay system has enabled prompt and precise quantifica-
tion of HCV RNA replication. Pegylated interferon (IFN) and ribavirin combination therapy is
the world standard for chronic hepatitis C, but its effectiveness is limited to about 55% of
patients. Newer therapeutic approaches are needed. In the present study, we used the ORG6 assay
system to evaluate the anti-HCV activity of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors, called statins, and their effects in combination with IFN-a. Five types
of statins (atorvastatin, fluvastatin, lovastatin, pravastatin, and simvastatin) were examined for
their anti-HCV activities. Fluvastatin exhibited the strongest anti-HCV activity (ICsq: 0.9 pumol/
L), whereas atorvastatin and simvastatin showed moderate inhibitory effects. However, lova-
statin, reported recendy as an inhibitor of HCV replication, was shown to exhibit the weakest
anti-HCV activity. The anti-HCV activities of statins were reversed by the addition of mevalonate
or geranylgeraniol. Surprisingly, however, pravastatin exhibited no anti-HCV activity, although
it worked as an inhibitor for HMG-CoA. reductase. The combination of IEN and the statins
(except for pravastatin) exhibited strong inhibitory effects on HCV RINA replication. In combi-
nation with IFN, fluvastatin also exhibited a synergistic inhibitory effect. In conclusion, statins,
especially fluvastatin, could be potentially useful as new anti-ICV reagents in combination with

TFN. (HerATOLOGY 2006544:117-125.)

ersistent hepatitis C virus (HCV) infecrion causes
liver fibrosis and hepatocellular carcinoma. Ap-
proximately 170 million people worldwide are in-
fected with HCV. The combination of pegylared

Abbreviations: HCV, hepatitis C vivus; IFN, interferon; CHC, chrenic /ycjm.'iri:
G SV, sustained virelogical response; HMG-CoA, 3-bydroxy-3-niethylglusaryl
cocnzyme Ay 2'-5'-0AS81, 2'-5'-oligondenylate spnthense 1 LOV, lovastating
ATV, arorvastaring PRV, pravastatin; SMV, simpassating FLV, fluvassacing RL,
venifln fnciferase; LST-1, buman liver-specific organic anion  gransperer-;
GAPDH, glycevaldehyde 3-phosphate dc’hy.»:fmgmme; EMCV, mcqvbﬂ/ongrmmﬁ—
tis viras; IRES, inrernal ribosorne entry site; AMPH.-B, amphotericin B; RT-PCR,
reverse-transcripeion polymerase chain reaction,
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Potential conflicr of intevest: Nothing ro reporr.

interferon {IFN) with ribavirin is the current standard
therapy for chronic hepatitis C (CHC) and yields a sus-
tained virological response (SVR) rate of about 55%.!
This means that abour 45% of patients with CH C are
stili threatened by the progression of the disease ro cirrho-
sis and hepatocellular carcinoma. Until 1999, when Lo-
hmann ecal. developed the subgenomic replicon of HCV,
it was difficulc to screen anu-HCV reagents.? Many im-
provements followed that breakthrough, such as a ge-
nome-length HCV RNA replication system®* and a
subgenomic replicon with a reporser assay system?; more
recently, Wakica et al. used a genotype 2a strain, JFHI, to
produce the infectious virus in cell culture.&®

Genortype 1 is the major genotype of HCV found in
Japan, the Unirted States, and many other countries. Un-
fortunately, the SVR rate after combination therapy of
pegylated TFN with ribavirin is less than 50% for chis
genotype. To find a more effective therapy especially for
CHC patients with genotype 1, we recently developed a
genome-length HCV RNA (strain O of genotype 1b)
replication reporter system (ORG), which has been an
effective screening tool.>10

Statins, which are 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reducrase inhibirors, are in wide use
for the treatment of hyperchotesterolemia. Recently, it
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was reported that lovastatin (LOV) inhibited HCV RNA
replication.!? These reports suggested the anti-HCV
activity of LOV resulted from inhibition of the gera-
nylgeranylation of cellular proteins rather than che inhi-
bition of cholesterol synthesis.!*2 More recently, FBL2
has been reported to be a host target protein for gera-
nylgeranylation, which is responsible for HCV replica-
tion.'? Alchough several rypes of statins are used clinically
to fower cholesterol, thus far only LOV has been tested for
anti-HCV acrivity. In the present study, we used the OR6
assay system to test the ant-HCV activity of five statins:
atorvastatin (ATV), fluvastatin (FLV), pravastatin (PRV),
simvastatin (SMV), and LOV. We found that ATV, FLV,
and SMYV exhibited stronger anti-HCV activity than that
previously reported for LOV and that PRV exhibited no
anti-HCV activity, although it worked as an ishibitor for
HMG-CoA reductase. Because FLV showed the strongest
anti-HCV activity, we also examined the effect of the
combination of IFN-¢ and FLV on HCV RNA replica-
tion and found a synergistic inhibitory effect of IFN-a
and FLV on HCV RNA replication.

Materials and Methods

Cell Cultures. ORG cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
calf serum, penicillin, strepromycin, and G418 (300 pg/
mL; Geneticin, Invitrogen) and passaged rwice a week at
a 5:1 sphic ratio. ORGe cells are cured ORG cells from
which genome-lengch HCV RNA was eliminated by
IFN-e treatment (500 IU/mL for 2 weeks) without
(G418, as previously described.? HepG2 and PHS5CHS
(human immortalized heparocytes) cells were cultured as
previously described.!#15

Luciferase Reporter Assay. For the renilla Juciferase
(R1) assay, 2 X 10% ORG cells were plated in 24-well
plates at least in vriplicate for each assay and were cultured
for 24 hours. The cells were treated with statins for 72
hours and were harvested with Renilla lysis reagent {Pro-
mega) and subjected to the RL assay according to the
manufacrurer’s protocol.

Reagents. FLV, LOV, and PRV were purchased from
Calbiochem. ATV and SMV were purchased from Astellas
Pharma Inc. and Banyu Pharmaceuticai Co. Ltd.. respec-
tively. Mevalonate, geranylgeraniol, and geranylgeranyl py-
rophosphate were purchased from Sigma.

Reverse-Transcriptase Polymerase Chain Reaction.
Total RNA from the cultared cells was extracted wich the
RNeasy Mini Kit (Qiagen). Reverse-transcriprase poly-
merase chain reaction (RT-PCR) for HMG-CoA reduc-
tase, human liver-specific organic anion transporter

(LST-1), 2'-5'-oligoadenylate synthetase 1 (2°-5'-
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OAS1}), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was performed by a method described previous-
ly.16 Briefly, using cellular total RNA (2 ug), <DNA was
synthesized using Superscript IT with oligo dT primer. One-
tenth of the synthesized cDNA was subjected to polymerase
chain reaction (PCR) with the following primer pairs:
HMG-CoA reductase, 5 -ATGCCATCCCTGTTG-
GAGTG-3' and 5'-TGTTCATCCCCATGGCATCCC-
3'; LST-1, 5'-TGGCACACGTGGGTCATGTAGG-3'
and 5'-CACTATCTGCCCCAGCAGAAGG-3', 2'-5'-
0OAS1, 5-AGTACCTGAGAAGGCAGCTCACGA-3
and 5'-ACTGGCATTCAGAGGATGGTGCAG-3'; and
GAPDH, 5-GACTCATGACCACAGTCCATGC-3,
and 5'-GAGGAGACCACCTGGTGCTCAG-3'.

Westersn Blot Analysis. Preparation of the cell lysate,
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and immunoblotting were performed as previously
described.!” The antibodies used in this study were those
against Core (Institute of Immunology, Tokyo), NS3
{(Novocastra Laboratories, Newcastle upon Tyne, UK},
NS5B (a generous gift from Dr. M. Kohara, Tokyo Mer-
ropolitan Institute of Medical Science), B-actin (Sigma,
St. Louis, MO), STAT1 (BD Transduction Laboratories,
San Diego, CA), and phospho-STAT1 (Y701; Celf Sig-
naling Technology, Beverly, MA). Immunoccomplexes on
the membranes were detecred by the enhanced chemilu-
minescence assay (Renaissance; Perkin Elmer Life Sci-
ence, Weilesley, MA).

Plasmid Construction. The plasmids pORN/C-
5B/KE (Fig. 1A} and pHCV-O were described previous-
ly.? To consuuct the pEMCV-RL, two {ragments, the
encephalomyocarditis virus (EMCV) internal ribosome
entry site (IRES) and the RL gene, were amplified by PCR
from pORIN/C-5B/KE using the following primer pairs:
EMCV IRES, 5'-CGGGATCCGCGGGACTCGG-
GGGTTCG-3" and 5'-CCGCTCGAGGGTATTAT-
CGTGTTTTTCAAAGG-3'; and RL, 5'-CCGCTC-
GAGATGGCTTCCAAGGTGTACGACC-3, and 5'-
GCTCTAGACTAGACGTTGATCCTGGCGC-3". The
wo fragments were ligated into the BarHI and Xbal sites in
pcDNA 3.1/Zeo (Invimrogen).

Statistical Analysis. Differences in ant-HCV acriv-
ity berween statins were tested using the Student # test. P
values << .05 were considered statistically significant.

Results

Inhibition of HCV RNA Replication by Statins.
We recently developed a genome-length FICV RNA
(strain O of genotype 1b) replication system (ORG) with
luciferase asa reporter.®'® This OR6 reporter assay system
has enabled prompr and precise quantification of HCV
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Fig. 1. Different inhibitory effects of various statins on HCY RNA replication in OR6 cells. (A) Schematic gene organization of genome-length HCV
RNA encoding the RL gene, ORN/C-58/KE, replicating in ORE cells. RL is expressed as a fusion protein with Neo. The position of an adaptive mutation,
K1609E, is indicated by a triangle. (B) Reporier assay on stafin sensitivity of HCV RNA replication. ORG cells were treated with ATV, SMV, PRY, FLV,
and LOV (D, 5, and 10 pmol/L each}. After 72 hours of treatment, the RL assay was performed as described in the Materials and Methods section.
Shown here is the relative RL activity (%) calculated when the BL activity of untreated cells was assigned as 100%. The data indicate means = SDs
of triplicates from three independent experiments, {C) Western blot analysis of statin sensitivity of HCV RNA replication: ane 1, cured ORG celis {OR6c)
used as a negative control; lane 2, untreated OR6E cells; lane 3, ORE cells treated with IFN-c¢ (10 IU/mL}; lane 4, ORB cells treated with PRV (5
wmol/L); lane 5, OR6 celis treated with LOV (5 umol/L); lane 6, OR6 celis treated with FLV (5 pmol/L); lane 7, ORE cells treated with FLV (10
rmol/L). After 96 hours of treatment, the production of Core, NS3, and NS5B was analyzed by immunoblotiing using anti-Core, anti-NS3, and
anti-NS5B antibodies, respectively. B-actin was used as a control for the amount of pratein loaded per lzne. (D) Feedback induction of HMG-Cod
reductase after treatment of statins: lane 1, untreated OR6¢ cells; fane 2, ORBc cells treated with ATV (10 umol/L); fane 3, ORGc cells treated with
SMV (10 pmol/L); lane 4, OR6¢ cells freated with PRV (10 pmel/L); lare 5, ORGe celis treated with FLV {10 pmol/L); lane 6, OR6C cells treated
with LOV (10 pemol/L}). After 24 hours of treatment, RT-PCR for HMG-CoA reductase was performed as described in the Materials and Methods section.
RT-PCR for GAPDH was performed as an infemal control. RT-PCR products (376 bp for HMG-CoA reductase and 334 bp for GAPDH) were detected
by staining with ethidium bromide after 3% agarose gel electrophoresis. (E} RT-PCR analysis of LST-1 mRNA. Tetal RNA was extracted from OR&, CR6c,
and HepG2 cells and subjected 1o RT-PCR analysis with primer sets for LST-1 (241 bp) and GAPDH {334 bp) as described in (D). Normal human
liver totat RNA (Clontech) was used as a positive control for L8T-1. (F) Mevalonate and geranylgeraniol restore HCY RNA replication i statin-treated
celis, OR6 celis were treated with FLY, PRV, and LOV (5 umol/L each) alone or in the presence of mevalonate (10 mmol/L) or geranylgeraniol (GGOH,
10 and 30 pmoi/L). After 72 hours of treatment, the RL assay was performed as described in (B).

RNA replication. Therefore, in the present study, we ex-
amined whether several types of stating carrently used in
clinical cherapy exhibit anti-HCV activity, as has already
been reported for LOV.'" 12 This time, the antiviral activ-
ities of five statins—ATV, ELV, LOV, PRV, and SMV—
were tested using the ORG assay system (Fig. 1A). The

resules revealed char ATV, FLV, and SMV exhibired
stronger anti-HCV activity than did LOV and that FLV
exhibiced the strongest anti-HCV activicy among the st-
atins tested {Fig. 1B}. Surprisingly, however, PRV had no
inhibitory effect on HCV RNA replication (Fig. 1B).
Similar resuirs were obrained from the analysis of the ex-
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pression levels of HCV proteins {Fig. 1C). The ant-HCV
activity of 5 pmol/L FLV was compatible with that of 10
IU/mL IFN-« (Fig. 1C).

To exclude the possibility that only PRV was unable to
inhibit HMG-CoA reductase, we examined the expres-
sion of HMG-CoA reductase in statin-treared ORGc cells
by RT-PCR, because HMG-CoA reductase was known to
show positive feedback when statins were active in the
cells.'® ORGc cells were treated with statins in the same
way as were the ORG cells used to measure the anti-HCV
activity of statins, except that sampling for RT-PCR was
performed after 24 hours of statin treatment. All statins,
including PRV, enhanced expression of the HMG-CoA
reductase gene (Fig. 1D}. Although PRV is hydrophilic
and does not cross cellular membranes passively, it has
been reported that a human liver—specific organic anion
tratisporter, LST-1, mediates the uprake of PRV in hu-
man hepatocytes but not in HepG2 cells, which showed
very low PRV uptake.??2¢ Therefore, we examined the
expression levels of LST-1 in OR6 and ORG6c celis using
an RT-PCR method. OR6 and OR6c cells expressed
LST-1 at fevels equivalent to char in normal human liver,
confirming thar LST-1 was not expressed in the HepG2
cells (Fig. 1E). These findings suggest that PRV is taken
up actively in ORG and ORG6c cells. In summary, chese
results indicate afl statins tested inhibit HMG-CoA re-
ducrase and suggest the anti-HCV action of statins is not
a result of direct inhibition of HMG-CoA reducrase.

Regarding the mechanism underlying the and-HCV
action of stating, it has thus far been reported that the
inhibitory effect of LOV can be overcome by the addition
of mevalonate (the product of the HMG-CoA reductase
reaction) or geranylgeraniol (a donor of prenyl groups for
protein geranylgeranyl transferase reaction).'''2 These
observations suggest that some geranylgeranylated pro-
teins are required for HCV RNA replication and that
LOV blocks HCV RNA replication by depleting endog-
enous geranylgeranyl pyrophosphate {the mevalonate-de-
rived donor of protein geranylgeranylation). To evaluare
this mechanism, we examined the effects of mevalonate
and geranylgeraniol on the and-HCV activities of the
statins used in this study. ORG cells were treated with 5
pmol/L FLV, PRV, o LOV aione or in the presence of
mevalonate (10 mmol/L) or geranylgeraniol (10 or 30
pmol/L). Mevalonate and geranylgeraniof restored HCV
RNA replication in the statin-rreated cells, although 10
pmol/L geranylgeraniol exhibited partial restoration (Fig,
1F). In addition, we abserved that the anta-HCV activities
of the statins could be blocked by the addition of gera-
nylgeranyl pyrophosphate (20 wmol/L) in the ORG cells
(data not shown), indicating geranylgeranyl pyrophos-
phate is also taken up in ORG cells. These findings sup-
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Fig. 2. Dose-dependent inhibition of HCV RNA replication by statins.
ORG6 cells were treated with L0V, SMV, ATV, and FLV at concentrations of
0.625, 1.25, 2.5, and 5 pmaol/L. After 72 hours of treatment, the RL
assay was performed, and RL activity was calculatad as shown in Fig. 1B.

port two previous reports'' '2 that found the inhibition of
HCV RNA replication by statins was not correlated with
their cholesterol-lowering activities, although the reason
for the lack of ant-HCV activity by PRV remains vague.
Amii-HCV Activity of FLV Significantly Stronger
Than Those of Other Statins. From the dose-response
curves after 72 hours of treatment with the statins, the
concenuations of FLV, ATV, SMV, and LOV required
for a 50% reduction in RL activity (ICsg) were calculated
to be 0.90, 1.39, 1.57, and 2.16 pmol/L, respectively
(Fig. 2). Consistent with the results shown in Fig. 1, the
ant-HCV activity of FLV (P < .01 ar 0.625-5 pmol/L),
ATV (P < .05 ar 1.25 pmol/l; P << .01 at 2.5 and 5
wmol/L), and SMV (P << .03 at 0.625 and 1.25 pmol/L;
P <01 at 2.5 and 5 umol/L) was significantly stronger
than thar previously reported for LOV. In addition, the
anti-HCV activity of FLV was significantly stronger than
those of SMV (P < .01 at 1.25-5 pmol/L) and ATV (P <
.05 at 1.25 umol/L; P << .01 at 2.5 and 5 umol/L).
Anti-HCV Activity af Statins Not Due to Their
Cyrotoxicity. Since it has been reported thar the prolif-
ervation of the HCV replicon is dependent on host-cell
growth,?! it remained to be clarified whether the inhibi-
tory effects of statins on HCV RNA replicarion were
caused by their cytotaxicity. To examine this possibility,
we investigaied the cytotoxic effects of stating on OR6
cells. A comparison of cell viability in the unereated cells
with that in the cells treated with each statin (3 umol/L
cach) showed no significant decrease in the number of
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Fig. 3. Anti-HCV activity of the statins was not a result of inhibition of celf growth, RL activity, or EMCV IRES activity. (A) Cell viability after treatment
with the statins. OR6 celis were cultured in the absence and in the presence of ATV, SMV, PRV, FLV, and LOV {5 umol/L each), and then the number
of viahie cells was counted after trypan biue dye ireatment. Shown hese is the relative cell number (%) calculated when the celi number of untreated
cells was assigned as 100%. The data indicate means * $Ds of triplicates from two independent experiments. (B) Cell viability after treatment with
FLV. OR6 cells were cultured in the absence and in the presence of FLV (1.25, 2.5, 5, 7.5, and 10 pwmol/L) for 72 hours, and then the number of
viable cells was counted as described in {A}. (C) No inhibition of RL activity by the statins. ATV, SMV, PRV, FLV, and LOV (5 or 10 pumol/L each)
were directly added to the cell lysates from OR6G cells, and then the RL assay was performed. The relative RL activity was calculated as shown in
Fig. 1B. AMPH-B {5 pumol/L) was used as a control reagent, which directly affected RL activity. (D) No inhibiticn of EMCV IRES activity by the statins.
After pEMCV-RL was introduced into the OR6c¢ cells, the celis were treated with ATV, SMV, PRV, FLV, and LOV (5 pmol/L each). After 72 hours of
treatment, the RL assay was performed, Relative Ri activity was calculated as shown in Fig. 1B. AMPH-8 (2.5 umol/L) was used as a contrel reagent,
which directly affected RL activity. (E} Replication of authentic HCY RNA prevented by the stating. Authentic HCV-0 RNA, HCV-0/KE/EG RNA, was
introduced into the OR6¢ cells by electroporation as described previously.? After 24 (fane 5), 48 (lane 6), 72 (lane 7), and 96 {lane 8) hours of
electraporation, production of Core and NS3 was analyzed by immunoblotting using anti-Core and anti-NS3 antibedies. Production of Core and NS3
after 24 (lane 1), 48 (lane 2), 72 (lane 3), and 98 (lane 4) hours of electroporation of HCV-Q/dGDD RNA (negative controf) was also gnalyzed. After
24 hours of electroporation of HCV-0/KE/EG RNA, the cells were ireated with FLY (5 pmol/L), and then production of Core and NS3 was analyzed
after 48 {lane 9), 72 (lane 10), and 96 {lane 11) hours of electroporation. B-actin was used as a control for the amount of protein loaded per lane.

it was recently reported that statins inhibited the prolifer-  inhibit the proliferation of OR6 cells (Fig. 3B), sug-
ation of hepatocellular carcinoma cell lines (HuH-7 and  gesting that FLV does not induce apoprosis or G1/5
HepG2) by inducing apoptosis and G1/S cell-cycle ar-  cell-cycle arrest in ORG cells, aithough the ORG ceil
rest.?? Because that study found the ICsy of FLV in line is a HuH-7-derived cell line.’® In summary, these
HuH-7 cells to be 10 = 3 pumol/L, we further examined results indicate that none of the statins showed any
the effects of FLV on the proliferation of ORGS cells by cyrotoxicity to the ORG cells at the concentrations used
varying the concentration (up to 10 wmol/L) of FLV. in ourassay system. This suggests the statins possess the

cells following treatment with statins (Fig. 3A). However, FLV (at least at concentrations = 10 pmol/L) did not





