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Figure 6. Immunization with rVV-N25 suppresses serum inflammatory cytokine levels. (A) Daily cytokine levels in the serum of CN2-29%/
~I/MxCre™ ™) mice during the week following immunization with LC16m8, rWW-CN2, IWV-N25, or r'WW-CN5. Values represent means = SD (n =3) and
reflect the concentrations relative to those measured on day 0. The broken lines indicate the baseline data from wild-type mice. In all cases, n
=6 mice per group. (B) Liver sections from CN2-25%/~/MxCre™™) and CN2-29%/)/MxCre!™/~ mice. (C) Histology activity index (HAI) scores of liver
samples taken from CN2-29%/7/MxCre®/ ™ or CN2-29%/~)/MxCre"™"~) mice. (D) Liver sections from CN2-29%/~)/MxCre®’™ mice in which TNF-c was
neutralized and the 1L-6 receptor was blocked. The scale bars indicate 50 pm. (E) HAI scores of liver samples taken from CN2-29%/7)/MxCre® in
which TNF-u was neutralized and the IL-6 receptor was blocked. Tg and non-Tg indicate CN2-29%/~)/MxCre™ ™) and CN2-29%7)/MxCret™~),
respectively. (F) Macrophages were the main producers of TNF-o and IL-6 in CN2-29%/7/MxCre®™’™) mice following poly(:C) injection. (G)
Immunization with r'VW-N25 reduced the number of macrophages in liver samples from CN2-29%/7)/MxCre™~ mice and suppressed TNF-a and IL-6
production from macrophages (Figure 6G). Significant relationships are indicated by a P-value.

doi:10.1371/journal.pone.0051656.g006

hypothesis that inflammatory mediators played a key role in
inducing hepatitis. Furthermore, to investigate whether TNF-o and
IL-6 played particularly critical roles in the pathogenesis of
chronic hepatitis in the transgenic mice, we neutralized TNF-o and
blocked the IL-6 receptor in the livers of these mice. As expected,
chronic hepatitis did not develop in these mice. (Figure 6D and E).

Next, to determine which cell population(s) produced TNF-o,
IL-6, or hoth during continuous HCV expression in GN2-29%/7)/
MxCret*’ ) mice, we isolated intrahepatic lymphocytes (IHLs) and
labeled the macrophages (the F4/80™ cells) with anti-TNF-o and
anti-IL-6 antibodies using an intracellular cytokine detection
method. Macrophages in CGN2-29%7)/MxCre™ ™ mice pro-
duced small amounts of TNF-o and IL-6, while those in CN2-
297/ MxCre™*’ ™) mice produced much larger amounts of these
cytokines (Figure 6F).

Finally, we evaluated whether rVV-N23 treatment affected the
number of macrophages, cytokine production by macrophages, or
both; specifically, we isolated THLs from CN2-29%/7)/MxCre™ ™)
mice 7 days after immunization with rVV-N25 or with LCG16m8.
The percentage of macrophages (CD11b"F4/80%) among IHLs
and IL-6 production from these macrophages were significantly
lower in rVV-N25-treated mice than in control mice (Figure 6G).
Though the percentage of TNF-o-producing macrophages was
not significantly different in rVV-N25-treated and control mice
(P=0.099), rVV-N25 treatment appeared to suppress these
macrophages. These results demonstrated that rVV-N25 had
a suppressive effect on activated macrophages, and they indicated

that this suppression ameliorated the histological indicators of

chronic hepatitis.

Discussion

Various HCV transgenic mouse models have been developed
and used to examine immune response to HCV expression and
the effects of pathogenic HCV protein on hepatocytes {4,16,17].
However, these transgenic mice develop tolerance to the HCV
protein; therefore, examining immune response to HCV protein
has been difficult.

To overcome the problem of immune tolerance in mouse
models of HCV expression, we developed an HCV model in mice
that relies on conditional expression of the core, E1, E2, and NS2
proteins and the Cre/loxP switching system [3,6]; we showed that
the injection of an Ad-Cre vector enhanced the frequency of
HCV-specific activated CD8 T cells in the liver of these mice and
caused liver injury. However, the Ad-Cre adenovirus vector alone
causes acute hepatitis in wild-type mice. Nevertheless, the
transgenic model was useful for evaluating interactions between
the host immune system and viral protein (serum ALT level over
2,000 IU/L) [5]; HCV core protein levels were reduced and
expression of this protein was transient (about 2 weeks). Therefore,
this Ad-Cre-dependent model cannot be used to effectively
investigate immune responses to chronic HCV hepatitis.

PLOS ONE | www.plosone.org

Here, we used poly (I:C)-induced expression of Cre recombi-
nase to generate HCV transgenic mice in order to study the effect
of HCV protein and confirmed that these mice developed chronic
active hepatitis—including steatosis, lipid deposition, and hepato-
cellular carcinoma. These pathological findings in the transgenic
mice were very similar to those in humans with chronic hepatitis
C; therefore, this mouse model of HCV may be useful for
analyzing the immune response to chronic hepatitis. However,
experimental results obtained with this mouse model may not
directly translate to clinical findings from patients with HCV
infection because the expression of HCV proteins was not liver
specific in these mice. Furthermore, poly(I:C) injection can
activate innate immune responses and, consequently, might induce
temporary liver injury [18]. Additionally, poly(I:C) injection has an
adjuvant effect; specifically, it stimulates TLR3 signaling [19].

To evaluate whether poly(I:C) injection caused hepatitis in
CN2-29%7)/MxCre ™ ™) mice, we examined serum ALT levels
and liver histology following poly(I:C) injection. We found that,
following }ooly(I:C) injection, serum ALT levels in CN2-29%/7/
MxCre”™"™) mice increased, reached a peak one day after
injection, declined from day 1 to day 6, and were not elevated
thereafter; this time-course indicated that poly(I:C) injection alone
did not induced continuous liver injury (figure S6). Based on these
findings, we believe that the effects of poly(I:C) injection in these
mice did not confound our analysis of chronic hepatitis.

Immunization with r'VV-N25 suppressed HCV protein levels in
the liver, and this suppression was associated with ameliorated
pathological chronic hepatitis findings (see Figure 3). Importantly,
rVV-N25 treatment did not cause liver injury based on the serum
ALT levels; therefore, this treatment was unlikely to have
cytopathic effects on infected hepatocytes. These findings provided
strong evidence that rVV-N23 treatment effectively halted the
progression of chronic hepatitis. Immunization with plasmid DNA
or with recombinant vaccinia virus can effectively induce cellular
and humoral immune responses and exert a protective effect
against challenge with HCV infection [20,21]. However, findings
from these previous studies revealed HCV immunization of both
uninfected, naive animals and immune-tolerant animals induced
a HCV-specific immune response. In the model describe here; the
animals were immune competent for HCV; therefore, our findings
provided further important evidence that rVV-N23 was effective
in the treatment of chronic hepatitis.

In addition, we demonstrated that rVV-N25 treatment in the
absence of CD4 and CD8 T cells had no effect on HCV clearance.
This important observation indicated that rVV-N25-induced
HCV clearance was mediated by CD4 and CD8 T cells. Many
studies have shown that spontaneous viral clearance during acute
HCV infection is characterized by a vigorous, broadly reactive
CD4 and CD8 T-cell response. [8,22] HCV clearance and
hepatocellular cytotoxicity are both mediated by CD8 antigen-
specific (cytotoxic T lymphocyte) CTLs [23]. Consistent with these
observations, rVV-N23 treatment effectively induced the accumu-
lation of NS2-specific CD8 T cells, which express high levels of

December 2012 | Volume 7 | Issue 12 | e51656

- 1247 -



CD107a and IFN-yin the spleen. Notably, even with rVV-N25
immunization, the frequency of activated CD8 T cells was very
low, and a minimum of 2-weeks incubation was required to
distinguish the difference between rVV treatments. Even if a small
population of specific CD8+ T cells played a relevant role in the
reduction of core protein, it is difficult to assert that the only NS2-
specific CD8+ T cells were important to this reduction. However,
based on the results presented in Figure 4B, we are able to
conclude that at least CD8+ and/or CD4+ T cells were important
to the reduction in HCV core protein. Therefore, to elucidate the
mechanism of HCV protein clearance, further investigation of not
only the other T cell epitopes but also other immunocompetent
cells is required.

Interestingly, rVV-N25 treatment-but not the rVV-CN2 or
rVV-CN5 treatment—efficiently induced a HGV-specific activated
CD8 T cells response; this difference in efficacy could have one or
more possible causes. The HCV structural proteins (core, E1, and
E2 proteins) in the rVV-CN construct may cause the difference;
Saito et al. reported that injection with plasmid constructs
encoding the core protein induced a specific GTL response in
BALB/c mice [24]. Reportedly, CTL activity against core or
envelope protein is completely absent from transgenic mice
immunized with a plasmid encoding the HCV structural proteins,
but core-specific CTL activity is present in transgenic mice that
were immunized with a plasmid encoding the HCV core [21]. In
contrast, when recombinant vaccinia virus expressing different
regions of the HCV polyprotein were injected into BALB/c mice,
only the HCV core protein markedly suppressed vaccinia-specific
CTL responses [25]. Thus, the HCV core protein may have an
immunomodulatory function [26]. Based on these reports and our
results, we hypothesize that the causes underlying the effectiveness
of r'VV-N25 treatment were as follows: 1) this rVV construct
included the core and envelope proteins and 2) the core protein
had an immune-suppressive effect on CTL induction. Therefore,
we suggest that exclusion of the core and envelope antigen as
immunogen is one important factor in HCV vaccine design.

Interestingly, immunization with rVV-N25 rapidly suppressed
the inflammatory response; however, immunization with either of
the other rVVs did not (see Figure 6A). This result indicated that
rVV-N25 may modulate inflammation via innate immunity, as
well as via acquired immunity. Reportedly, Toll-like receptor
(TLR)-dependent recognition pathways play a role in the
recognition of poxviruses [27]. TLR2 and TLR9 have also been
implicated in the recognition of the vaccinia virus [28,29]. These
findings. indicate. that. TLR on. dendritic.cells. may modulate. the
immunosuppressive effect of rVV-N25 in our model of HCV
infection; however, further examination of this hypothesis is
required. The finding that pathological symptoms in the HCV
transgenic mice were completely blocked by intravenous injection
of TNF-a¢ and IL-6 neutralizing antibodies indicated that the
progression of chronic hepatitis depended on inflammatory
cytokines in serum, rather than the HCV protein levels in
hepatocytes. Lymphocytes, macrophages, hepatocytes, and adipo-
cytes each produce TNF-o. and IL-6 [30,31], and HCV-infected
patients have elevated levels of TNF-o. and IL-6 [32,33]. Both
cytokines also contribute to the maintenance of hepatosteatosis in
mice fed a high-fat diet [34], and production of TNF-o. and IL-6 is
elevated in obese mice due to the low grade inflammatory response
that is caused by lipid accumulation [33]. These findings indicate
that both cytokines are responsible for HCV-triggered hepatos-
teatosis, and anti-cytokine neutralization is a potential treatment
for chronic hepatitis if antiviral therapy is not successful.

The reduction of macrophages in number might be due to the
induction of apoptosis by vaccinia virus in wifro infection as
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previous reported [36]. To understand the mechanisms respon-
sible for the reduction of the number of macrophage, we
performed another experiment to confirm whether the macro-
phages were infected with vaccinia virus inoculation. However,
based on PCR analyses; vaccinia virus DNA was not present in
liver tissue that contained macrophages (Figure S7). Furthermore,
apoptosis of macrophages was not detected in liver samples (Data
not shown). Based on these results, it is unlikely that the reduction
in the number of macrophages was due to apoptosis induced by
vaccinia virus infection. Although rVV-N25 reduced the number
of macrophage, precise mechanism is stll unknown. Further
examination to elucidate the mechanism is required.

In conclusion, our findings demonstrated that rVV-N25 is
a promising candidate for an HCV vaccine therapy. Additionally,
the findings of this study indicate that rVV-N25 immunization can
be used for prevention of HCV infection and as an antiviral
therapy against ongoing HCV infection.

Materials and Methods

Ethics Statement

All animal care and experimental procedures were performed
according to the guidelines established by the Tokyo Metropolitan
Institute of Medical Science Subcommittee on Laboratory Animal
Care; these guidelines conform to the Fundamental Guidelines for
Proper Conduct of Animal Experiment and Related Activities in
Academic Research Institutions under the jurisdiction of the
Ministry of Education, Culture, Sports, Science and Technology,
Japan, 2006. All protocols were approved by the Committee on
the Ethics of Animal Experiments of the Tokyo Metropolitan
Institute of Medical Science (Permit Number: 11-078). All efforts
were made to minimize the suffering of the animals.

Animals

R6CN2 HCV ¢DNA (nt 294-3435) [37] and full genomic HCV
cDNA (nt 1-9611) [38,39] were cloned from a blood sample taken
from a patient (#R6) with chronic active hepatitis (Text S1). The
infectious titer of this blood sample has been previously reported
[40]. R6CN2HCV and R6CN5HCV transgenic mice were bred
with Mx1-Cre transgenic mice (purchased from Jackson Labora-
tory) to produce R6CN2HCV-MxCre and R6CN5SHCV-MxCre
transgenic mice, which were designated CN2-29 7/ MxCre®/ ™
and RzCN5-15%7)/MxCret*’™) mice, respectively. Cre expres-
sion in the livers of these mice was induced by intraperitoneal
injection of polyinosinic acid-polyeytidylic acid [polyL:C)] (GE
Healthcare UK Itd., Buckinghamshire, England); 300 uL of
a poly(I:C) solution (1 mg/mL in phosphate-buffered saline [PBS])
was injected three times at 48-h intervals. All animal care and
experimental procedures were performed according to the guide-
lines established by the Tokyo Metropolitan Institute of Medical
Science Subcommittee on Laboratory Animal Care.

Histology and Immunohistochemical Staining

Tissue samples were fixed in 4% paraformaldehyde in PBS,
embedded in paraffin, sectioned (4-lim thickness), and stained with
hematoxylin and eosin (H&E). Staining with periodic acid-Schiff
stain, Azan stain, silver, or Oil-red-O was also performed to
visualize glycogen degeneration, fibrillization, reticular fiber
degeneration, or lipid degeneration, respectively.

For immunohistochemical staining, unfixed frozen liver sections
were fixed in 4% paraformaldehyde for 10 min and then
incubated with blocking buffer (1% bovine serum albumin in
PBS) for 30 min at room temperature. Subsequently, the sections
were incubated with biotinylated mouse anti-HCV core mono-
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clonal antibody (SE3) for 2 h at room temperature. After being
washed with PBS, the sections were incubated with streptavidin—
Alexa Fluor 488 (Invitrogen). The nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI). Fluorescence was observed
using a confocal laser microscope (Laser scanning microscope
510, Carl Zeiss).

Generation of rVVs

The pBR322-based plasmid vector pBMSF7C contained the
ATI/p7.5 hybrid promoter within the hemagglutinin gene region
of the vaccinia virus, which was reconstructed from the pSFJ1-10
plasmid and pBM vector [41,42]. Separate full-length cDNAs
encoding either the HCV structural protein, nonstructural protein,
or all HCV proteins were cloned from HCV R6 strain (genotype
1b) RNA by RT-PCR. Each cDNA was inserted into a separate
pBMSF7C vector downstream of the pBMSF7C ATI/p7.5 hybrid
promoter; the final designation of each recombinant plasmid was
pBMSF7C-CN2, pBMSF7C-N25, or pBMSF-CN5 (Figure 2).
They were then transfected into primary rabbit kidney cells
infected with LG16m8 (multiplicity of infection = 10). The virus—
cell mixture was harvested 24 h after the initial transfection by
scrapping; the mixture was then frozen at —80°C until use. The
hemagglutinin-negative recombinant viruses were cloned as pre-
viously described [42] and named rVV-CN2, rVV-N253, or rVV-
CN5. Insertion of the HGV protein genes into the LC16m8
genome was confirmed by direct PCR, and expression of each
protein from the recombinant viruses was confirmed by western
blot analysis. The titers of rVV-CN2, rVV-N25, and rVV-CN3
were determined using a standard plaque assay and RK13 cells.

Statistical Analysis

Data are shown as mean = SD. Data were analyzed using the
nonparametric Mann-Whimey or Kruskal-Wallis tests or AN-
OVA as appropriate; GraphPad Prism 5 for Macintosh (Graph-
Pad) was used for all analyses. P values <0.05 were considered
statistically significant.

Supporting Information

Figure S1 HAI score of liver samples taken from CN2-
29/ 71 /MxCre™ ™) mice.
(EPS)

Figure S2 Lipid degeneration in samples of liver taken
from CN2-29"/7)/MxCre®’™) mice.
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Abstract

‘We screened for hepatitis C virus (HCV) inhibitors using the JFH-1 viral culture system and found that selective estrogen receptor modulators
(SERMs), such as tamoxifen, clomifene, raloxifene, and other estrogen receptor o (ERa) antagonists, inhibited HCV infection. Treatment with
SERMs for the first 2 h and treatment 2—24 h after viral inoculation reduced the production of HCV RNA. Treating persistently JFH-1 infected
cells with SERMs resulted in a preferential inhibition of extracellular HCV RNA compared to intracellular HCV RNA. When we treated two
subgenomic replicon cells, which harbor HCV genome genotype 2a (JFH-1) or genotype 1b, SERMs reduced HCV genome copies and viral
protein NS5A. SERMs inhibited the entry of HCV pseudo-particle (HCVpp) genotypes la, 1b, 2a, 2b and 4 but did not inhibit vesicular
stomatitis virus (VSV) entry. Further experiment using HCVpp indicated that tamoxifen affected both viral binding to cell and post-binding
events including endocytosis. Taken together, SERMs seemed to target multiple steps of HCV viral life cycle: attachment, entry, replication,

and post replication events. SERMs may be potential candidates for the treatment of HCV infection.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HCV; Tamoxifen; SERM (Selective estrogen receptor modulator)

1. Introduction

Over 170 million people in the world are infected with the
hepatitis C virus (HCV). Approximately 20% of infected
patients develop cirrhosis and hepatocellular carcinoma after
chronic HCV infection. No HCV vaccine is available yet, and
the current standard of care, which consists of a combination
of interferon (IFN) and ribavirin, is only effective for
approximately 50% of infected patients, and many patients
have serious side effects. Because of the urgent need for novel
HCYV therapeutics, research is being conducted to develop new

* Corresponding author. Tel.: +81 3 5285 1111x2327; fax: +81 3 5285
1272.
E-mail address: murakami@nih.go.jp (Y. Murakami).
" Present address: Department of Infectious Diseases, Hamamatsu Univer-
sity School of Medicine, Hamamatsu, Japan.

anti-HCV drugs. In addition to in vitro screening assays that
target HCV-specific enzymes, other approaches that use
replicon cells and the recently described Huh 7.5.1-JFH-1
genotype 2a)-infection system have been developed [1]. The
Huh 7.5.1-JFH-1-infection system is an excellent system to
identify HCV inhibitors that interfere with individual steps of
the HCV life cycle, such as viral attachment, entry, and
release. This experimental system allows both viral and host
components that are involved in HCV infection to be targeted.
Although drugs that target the host components may be toxic,
such drugs are unlikely to select for resistant viruses.

We screened chemicals using a cell-based screening system
[2] and found that tamoxifen and other selective estrogen
receptor modulators (SERMs) inhibited HCV infection.
Tamoxifen has been successfully used for the treatment of
breast cancer since it was found to be an ER antagonist over
30 years ago. Clomifene and raloxifene, which are compounds

1286-4579/$ - see front matter © 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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that are related to tamoxifen, have been developed and used
for the treatment of breast cancer and for the treatment of
anovulation and osteoporosis. Currently, these three SERMs
and toremifene have been approved in Japan and the US, and
next-generation SERMs are undergoing clinical evaluation.

Because tamoxifen exhibited the ability to inhibit HCV
infection, we determined which SERMs could effectively
inhibit HCV infection and be approved for clinical use. The
first-generation SERMs—tamoxifen, clomifene, and ralox-
ifene—were all effective against HCV as were other ERa
antagonists. We examined whether SERMs could be utilized
as new drugs for the treatment of HCV.

2. Materials and methods
2.1. Cells and virus

Human hepatoma cell line, Huh 7.5.1 cells and human
embryonic kidney 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma—Aldrich Co. St.
Louis, MO, USA) with 10% fetal bovine serum (FBS).
HCV-JFH-1 (HCVcc) (genotype 2a) was the culture supernatant
of infected Huh 7.5.1 cells as described previously [2]. A sub-
genomic replicon cell line, clone #4-1, which harbors the geno-
type 2a (JFH-1) [3,4], and clone #5-15, that harbors the genotype
1b HCV genome [5], were also cultured in DMEM with FBS.

2.2. Chemicals

The SCADS inhibitor kit I was provided by the Screening
Committee of Anticancer Drugs, supported by a Grant-in-Aid
for Scientific Research on the Priority Area “Cancer” from
The Ministry of Education, Culture, Sports, Science and
Technology of Japan. Tamoxifen, diethylstilbestrol, triphe-
nylethylene, 17B-estradiol, and brefeldin A were purchased
from Sigma—Aldrich Co. (St. Louis, MO, USA). Clomifene
was purchased from LKT Laboratories, Inc. (St. Paul, MN,
USA), and hydroxytamoxifen ((z)-4-hydroxytamoxifen) and
raloxifene were purchased from Enzo Life Sciences, Inc.
(Farmingdale, NY, USA). Chloroquine was purchased from
WAKO (Osaka, Japan). Other chemicals were purchased from
Tocris Bioscience (Bristol, UK).

2.3. Quantification of the viral titer in medium

Huh 7.5.1 cells were seeded in 96-well plates at a density of
2 x 10* cells per well in a volume of 120 pl. The next day,
15 pl of media that contained the test compound and 15 pl of
the HCVcc virus stock solution at a moi of 0.01 were added to
each well. After 5 days, 100 pl of the culture supernatant was
taken from each well, and viral RNA was extracted. Total RNA
was also extracted from the cells. Quantitative real-time RT-
PCR was then performed with One step SYBR PrimeScript RT-
PCR Kit (Takara-Bio Co., Otsu, Japan) as described previously
[2]. In the case of #4-1 replicon cell, as an internal control,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
measured with primers 5'-CCACCCATGGCAAATTCC-3' and

5'-TGGGATTTCCATTGAT-3'. Cell growth was monitored
using the MTT assay as described previously [6].

2.4. Western blotting

Western blotting was performed as previously described
[2]. Briefly, cell lysates that contained equal quantities of
protein were separated by SDS-PAGE, transferred onto PVDF
membranes, and probed with antibodies against the core
antigen (2H9), NS5A (Austral Biologicals, San Raman, CA,
USA), or GAPDH (Santa Cruz Biotech. Inc., Santa Cruz,
USA). After incubation with horseradish peroxidase-
conjugated secondary antibodies, the protein bands on the
PVDF membranes were detected using an ECL system (GE
Healthcare UK Ltd., Amersham Place, UK).

2.5. Production of and infection with pseudo-particles

HCV pseudo-particles (HCVpp) were generated using the
following 3 plasmids: a Gag-Pol packaging construct (Gag-Pol
5349), a transfer vector construct (Luc 126), and a glycopro-
tein-expressing construct (HCV EI1E2) (JFH-1, 2a). The
generation of the pseudo-particles was performed according to
the method described by Bartosch et al. [7]. To express the
glycoproteins of other HCV genotypes, HCV E1E2 constructs
of the genotypes la (H77), 1b (UKNI1B 12.6), 2b (UKN2B
2.8), and 4 (UKN4 11.1) were generously provided by Dr. F.
Cosset (INSERM, France) [8]. To produce VSVpp, a plasmid
that coded the vesicular stomatitis virus (VSV) envelope,
pPCAG-VSV, was generously provided by Dr. Y. Matsuura
(Osaka University, Japan). Gag-Pol 5349 (3.1 pg), Luc 126
(3.1 pg), and each of the individual glycoprotein-expression
constructs (1.0 pg) were co-transfected into 293T cells that
were seeded on a 10-cm dish (2.5 % 10° cells) using TransIT-
LT1 Transfection Reagent (21.6 pl) (Mirus Bio LLC, Madi-
son, WI, USA). The medium from the transfected cell cultures
was harvested and used as the pseudo-particle stock. For the
infection assay, Huh 7.5.1 cells were seeded onto a 48-well
plate at a density of 4 x 10 cells per well one day prior to
infection. The medium was then removed, and the cells were
subsequently infected with the pseudo-particles in the pres-
ence or absence of drug. The cells were then incubated for 3 h.
The VSVpp preparation was diluted (1:600) to infect with
similar RLU activity compared to the HCVpp. The superna-
tant was then removed, fresh culture medium was added to the
cells, and the cells were incubated for an additional 3 days.
The luciferase assays were performed using a luciferase assay
system (Promega Co. Madison WI, USA). Anti-CD81 anti-
body (sc-23962) was purchased from Santa Cruz Biotech.

3. Results

3.1. Tamoxifen and estrogen receptor o antagonists
inhibited HCV infection

Using quantitative RT-PCR, we screened the compounds in
the SCADS inhibitor kit I. Drugs and HCVcc at a moi of 0.01
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were added to Huh 7.5.1 cells. Five days later, the quantity of
HCV RNA in the culture supernatant was measured using
quantitative real-time RT-PCR [2]. We found that tamoxifen
reduced the levels of JFH-1 RNA in the culture supernatant.
We also examined the effects of other SERMs and agonists
and antagonists of ERa. As shown in Fig. 1, tamoxifen, clo-
mifene, and hydroxytamoxifen, which have a triphenyl-
ethylene backbone, exhibited intense inhibitory effects (ECsq:
approximately 0.1 pM). Triphenylethylene showed reduced
inhibitory activity (data not shown). Raloxifene also inhibited
viral RNA production at a similar concentration. (ECsq:
approximately 0.1 pM) (Fig. la). Tamoxifen and raloxifene
display both ERa antagonist and agonist properties in a dose-
and tissue-dependent manner [9]. In contrast, ICI 182,780
(fulvestrant), ZK164015, and MPP (methyl-piperidino-pyr-
azole) are exclusively antagonistic [10—12]. These ER«
antagonists also showed inhibitory activity against JFH-1, but
their ECsq values were approximately 1 uM (Fig. 1b). As the
50% toxic concentrations (TCsp) for these compounds were
observed to be greater than 10 uM (Fig. la and b), these
specific indexes are over 100. In contrast, the ERa agonists
17B-estradiol, diethylstilbestrol, and PPT (1,3,5-tris(4-
hydroxyphenyl)-4-propyl-1H-pyrozole) did not inhibit HCV
(Fig. Ic). As expected, the SERMs that were observed to
effectively inhibit HCV RNA production also reduced the core
protein levels intracellularly (Fig. 1d).

3.2. SERMs inhibited more than one step of the JFH-1
life cycle

To determine which step of the JFH-1 life cycle was inhibited
by the SERMs studied, we performed time-of-addition experi-
ments. As described previously [2], JFH-1 appears to complete
one infectious life cycle in approximately 48 h. Huh 7.5.1 cells
were inoculated with JFH-1-containing medium (moi 0.1) with
or without drug and were then incubated for 2 h. After the
medium was removed, fresh medium with or without drug was
added. The cells were then incubated for another 46 h. Treat-
ment with 10 pM tamoxifen for 48 h reduced the amount of viral
RNA in the medium to 1.7% of levels observed in the control.
Treatment with tamoxifen for the first 2 h after infection (0—2 h)
reduced viral RNA to 2.3% of the levels observed in the control.
The addition of tamoxifen to the fresh medium just after the
removal of the virus (2—48 h) resulted in a reduction in the
amount of viral RNA to 10.7% of the levels observed in the
control. The addition of tamoxifen 24 h after viral inoculation
(24—48 h) resulted in a decrease in the amount of viral RNA to
60% of the levels observed in the control (Fig. 2a). This result
suggests that tamoxifen inhibits mainly viral entry and some
steps during replication. 10 uM of raloxifene exhibited a similar
inhibitory pattern but less inhibited by the treatment after the
entry step (Fig. 2b). A pure ERa antagonist, ICI 182,780
(30 uM), also exhibited inhibition of both viral entry and the
replication steps, but the inhibition of the entry step was not so
marked (Fig. 2¢).

To further investigate effect on HCV post replication, we
infected HCV in the presence of the drugs for 72 h (moi 0.1)

and examined their effects on intracellular and extracellular
HCV RNA levels. Brefeldin A, an inhibitor of protein trans-
port [13], was used as a positive control of post replication
inhibition. In this experimental setting, brefeldin A showed
intracellular HCV RNA accumulation suggesting post repli-
cation inhibition (Fig. 2d). SERMs generally reduced HCV
RNA in cell as well as HCV RNA in medium, although the
extent of reduction was different (Fig. 2d). Lower concentra-
tion of SERMs reduced extracellular HCV RNA more robustly
than intracellular HCV RNA. At a concentration of 0.1 pM,
tamoxifen exclusively inhibited HCV RNA in the culture
supernatant but not intracellular HCV RNA levels, in a manner
similar to that of brefeldin A (Fig. 2d). The results suggest that
SERMs inhibit post replication step(s) such as assembly or
release. Because low concentrations of tamoxifen failed to
inhibit intracellular HCV RNA, SERMs potentially target post
replication step(s) more efficiently than replication step. In this
condition, higher concentrations (1 and 3 uM) of tamoxifen
seemed to inhibit intracellular HCV RNA rather than extra-
cellular HCV RNA, although the reason is not clear.

To determine the effect of these drugs on chronic infection,
we used pre-infected Huh 7.5.1 cells. We infected the cell with
HCVecc at a moi of 0.01 and incubated for 3 days. Three days
after infection, the drugs were added, and the cells were
further incubated for 48 h. At the time of drug addition, the
cells were persistently infected, and HCVcc was continuously
produced and released into the culture supernatant, which is
similar condition to chronic infection. HCV RNA was
extracted from the culture supernatant and the cells after 48 h
and measured copy number of HCV RNA. Both HCV RNA in
the culture supernatant and that in the cell were reduced by
treatment with the SERMs, but the intracellular HCV RNA
levels were less reduced (Fig. 2e). This suggested that the
SERMs caused preferential reduction in extracellular HCV
RNA through interference with some post replication step(s),
such as assembly or release. Brefeldin A accumulated intra-
cellular HCV RNA, and reduced HCV RNA level in the
culture supernatant (Fig. 2e).

These data suggested that the SERMs inhibit multiple steps
in the HCV life cycle: entry, viral RNA replication and some
post replication step(s).

3.3. SERMs inhibited copies and NS5A protein
expression in replicon cells

To confirm the effect of these drugs on viral replication, we
used two subgenomic replicon cells. The subgenomic replicon
cells, derived from Huh7 cells, harbor HCV viral RNA that
replicates autonomously, and they express viral proteins. We
treated cells that harbored a subgenomic replicon (#4-1,
genotype 2a) [3,4] with the SERMs for 48 h and measured the
amount of cellular replicon RNA by quantitative RT-PCR.
Treatment with 10 pM of tamoxifen, raloxifene, or 3 uM of
clomifene, inhibited HCV RNA compare to GAPDH RNA,
although statistical significance was shown in only the inhi-
bition of 10 uM of tamoxifen. ICI 182,780 did not show
specific inhibition of HCV RNA (Fig. 3a).
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Fig. 1. Effects of SERMs on JFH-1 HCV RNA levels. a) Effects of tamoxifen, clomifene, and raloxifene. Huh 7.5.1 cells were infected with HCV JFH-1 (moi 0.01)
in the presence of drugs and were incubated for 5 days. Drugs were added just before viral inoculation. HCV RNA in the medium was measured by tube-capture-
RT-PCR [2]. Parallel cultures of cells without virus were analyzed using the MTT assay to detect the inhibition of cell growth due to drug exposure. Tamoxifen
(closed circles), clomifene (open rectangles), hydroxytamoxifen (closed rectangles), and raloxifene (open circles). The percentages to control HCV RNA and
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Fig. 2. Time-of-addition experiments (a—c) and the effect of SERMs on extracellular and intracellular HCV RNA in simultaneous infection (d) and in persistent
infection (e). Huh 7.5.1 cells were treated with tamoxifen (TMX) (10 puM, a), raloxifene (RLX) (10 uM, b), or ICI 182,780 (ICI) (30 uM, c) during the following
time periods: 0—2 h, 2—48 h, or 24—48 h after JFH-1 infection (moi 0.1). Forty-eight hours after infection, the culture supernatant was harvested, and HCV RNA
was extracted and subjected to quantitative real-time RT-PCR to determine the number of copies of the JFH-1 genome. The data are the averages of three
independent experiments and the standard deviation. d) Effect of treatment with SERMs for 3 days on extra- and intra-cellular HCV RNA levels. Huh 7.5.1 cells
were infected with JFH-1 (moi 0.1) just after addition of the SERMs. Three days later, RNA was extracted from the cells and from the culture supernatant. The
amount of HCV RNA was measured by quantitative real-time RT-PCR. Brefeldin A (BFA) was used as a positive control. e) Huh 7.5.1 cells were infected at a moi
of 0.01, 3 days before addition of drugs. The infected cells were treated with SERMs for 48 h. RNA was subsequently extracted from the cells and the culture
supernatant to determine the viral genome copy number. The results are presented as the percentage of control cells without drug. The data are the averages of
triplicates and the error bars represent standard deviation. *P-value < 0.05. One representative experiment of two independent experiments is shown.

Next we treated this (#4-1, genotype 2a) and another
replicon (#5-15, genotype 1b) [5] with the SERMs for 3 days
and examined the effect of the compounds on the HCV NSSA
protein levels by western blotting. As shown in Fig. 3b, the
SERMs except ICI 182,780 reduced the level of NS5A in

accordance with the results in Fig. 3a. ICI 182,780 seemed to
slightly reduce NSSA protein in #5-15 replicon cell. The
SERMs did not reduce the protein levels of GAPDH in the
subgenomic replicon cells (Fig. 3b). These results indicated
that SERMs, at least tamoxifen, raloxifene and clomifene,

control cell growth are indicated by solid lines and dotted lines, respectively. b) Effect of the following ER« antagonists: ICI 182,780 (closed triangles), ZK164015
(closed rectangles), and MPP (open rectangles). c¢) Effect of the following ERa. agonists: 17B-estradiol (closed triangles), diethylstilbestrol (open rectangles), and
PPT (closed circles). The results are presented as percentages of the control cells that were not treated with drugs. Values are the averages of triplicates, and the
error bars represent the standard deviation of the mean. One representative experiment of three independent experiments is shown. d) Huh 7.5.1 cells were infected
(moi 0.01) in the presence of tamoxifen (TMX), clomifene (CLM), raloxifene (RLX), or ICI 182,780 (ICI) and incubated for 5 days. Cell lysates were blotted with
anti-core and anti-GAPDH antibodies as described in the Section Materials and methods.
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