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In the present study, we investigated whether the HDAC inhibitor
SAHA affects HCV replication via epigenetic alterations in host cells.
To this objective, we used OR6 cells, in which full-length HCV RNA
replicates, were used as the replicon system.

TABLE 1. Up-Regulated Genes in SAHA-Treated OR6 Cells

Fig. 4. = A: Microarray analysis of OR6 cells after SAHA treatment Standardized data of Cy3 (SAHA)- and Cy5 (control)-stained RNAs are plotted. Global normalization
was performed by adjusting to a median Cy3le5 to 1. Lines outside the median line represent twofold difference. Values were normalized according to a median Cy3/Cy5 ratio of 1.
B,C: Expression levels of OPN and Apo-ATin ORG cells after SAHA treatment Expression levels of OPN and Apa—A1 were examined by quantitative RT-PCR and Western Blotting.
Means and SDs of gene expression normalized with GAPDH for three experiments are shown. OPN expression was significantly up-regulated after treatment with 1 .M SAHA for
72 h compared to control (B: *P< 0.001). Apo-A7 expression was significantly down-regulated after treatment with 1 .M SAHA for 72 h compared to control (C: * P< 0.001).

The replicon cell culture system was first established by Lohmann
et al. [1999] and this system finally developed to the infectious HCV
particle producing cell system [Wakita et al., 2005]. In the replicon
system, modified HCV genomes can replicate to high levels in human
hepatocellular carcinoma cells (HuH-7) and many stably transfected
replicon cell lines are established after continuous drug selection with

Name Description SAHA/control log, (SAHA/control) Up
ANXA1 Annexin Al 25.23 4.66 2
SPP1 Osteopontin 7.43 2.89 b
UBE2L6 Ubiquitin/ISG 15-conjugating enzyme E2L6 5.80 2.54 b
IFIT1 Interferon-induced rotein with tetratricopeptide repeats 1 5.30 2.40 b
TUBA1A Tubulin alpha-1A chain 4.86 2.28 b
KCNJ8 ATP-sensitive inward rectifier potassium channel 8 4.55 2.19 b
EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1 4.43 2.12 b
KRT23 Keratin, type I cytoskeletal 23 4,07 2.03 ®

OR6 cells were treated with 1 uM SAHA for 72 h and total RNA was analyzed by microarray (Human Oligo chip 25K). Genes with expression levels of more than 100 and more

than a fourfold difference relative to control were selected.
#>eightfold.
°> fourfold.
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TABLE II. Down-Regulated Genes in SAHA-Treated OR6 Cells

Name ) Description SAHA/control log, (SAHA/control) Down
SERPINC1 Antithrombin-III 0.08 3.58 a
GJB1 Gap junction beta-1 protein 0.14 2.80 b
F12 Coagulation factor XII 0.17 2.54 b
SLCO183 Solute carrier organic anion transporter family member 183 0.22 2.19 b
C3 Complement C3 0.22 2.18 b
AKR1810 Aldo-keto reductase family 1 member 810 0.23 2.11 b
GAL Galanin 0.24 2.07 b
FABP1 Fatty acid-binding protein, liver 0.24 2.06 b
APOA1 Apolipoprotein A1 0.25 2.00 b

ORG6 cells were treated with 1 M SAHA for 72 h and total RNA was analyzed by microarray (Human Oligo chip 25K). Genes with expression levels of more than 100 and less

than 1/4 of control were selected.
2<1/16.
b<1/4.

neomycin (G418). This cell culture system has been widely used as a
tool in the study of HCV virology and drug development [Horscroft
et al., 2005]. Development of OR6 cell was originally reported by
Ikeda et al. [2005]. The Renilla luciferase reporter gene and neomycin
resistant gene were introduced in the 5 untranslated region of
genome-length HCV RNA (genotype 1b). This construct containing
full-length HCV RNA robustly replicated in the HuH-7 cells after the
electroporation and one of the colonies designated OR6 was selected
by G418.
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Fig. 5. Reduced HCV replication in OR6 cells after gene transfer. A: HCV
replication in OR6 cells after overexpression of the OPN gene HCV replication
was evaluated by luciferase activity in ORE cells after transfection with the OPN
expression vector. Means and SDs of luciferase activities for three experiments
are shown. The luciferase activity in OR6 cells after overexpression of the OPN
gene was significantly reduced. * P< 0.01. B: HCV replication in OR6 cells after
knockdown of the Apo-AT gene HCV replication was evaluated by luciferase
activity in OR6 cells after transfection with siRNA for the Apo-AT gene. Means
and SDs of luciferase activities for three experiments are shown. The luciferase
activity in OR6 cells after knockdown of the Apo-A7 gene was significantly
reduced. *P< 0.05.
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Fig. 6. ChiP assay at the promoter regions of OPN and Apo-AT in OR6 cells
after SAHA treatment levels of acetylated histone H3 around the promoter
regions of OPN (A) and Apo-A1 (B) after SAHA treatment were analyzed by Chip i
assay. The ChlIP primers are located near the TSSs of these genes and should be
suitable for histone acetylation assay. The ChIP-PCR products for the OPN gene
and the Apo-AT7 gene are 279 and 78bp, respectively. The fraction of
immunoprecipitated DNA was calculated as: immunoprecipitated DNA (IP) with
énti»acetyl-histone H3 antibodyfinput DNA. Means and SDs of acetylated
histone H3 levels for three experiments are shown. The acetylated histone H3
levels around the promoter regions of OPN and Apo-AT were significantly
increased after SAHA treatment. *P< 0.001.
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The ORG6 cell system facilitates monitoring of HCV RNA replication.
However, if cell viability is decreased as a result of drug toxicity,
luciferase activity cannot be evaluated accurately. Therefore, we first
examined the cellular toxicity of SAHA in OR6 cells and confirmed
that SAHA treatment was non-toxic at concentrations below 1 uM as
determined by cell counting, viability assay, and MIT assay. Lu et al.
have reported the inhibitory effect of HDAC inhibitors including
SAHA on hepatocellular carcinoma (HCC). They treated several HCC
cell lines with SAHA at various concentrations and show similar
results to our results [Lu et al., 2007]. In contrast, the HCV replication
rate evaluated by luciferase activity was significantly reduced by
treatment with SAHA at concentration below 1uM in a dose-
dependent manner. We also confirmed that another HDAC inhibitor
TSA suppresses HCV replication (Fig. 2B). These results indicate that
the HDAC inhibitors SAHA and TSA reduced HCV replication without
cellular toxicity in OR6 cells.

We next investigated the molecular mechanisms underlying the
suppressive effect of SAHA on the HCV replication rate. miR-122is a
liver-specific miRNA and plays an important role in fatty-acid
metabolism in the liver [Esau et al., 2006]. Recent studies have
reported that miR-122 is down-regulated in HCC and has multiple
functions as a tumor suppressor during hepatocarcinogenesis
[Coulouarn et al., 2009; Fornari et al., 2009]. Moreover, miR-122
directly binds to the 5" noncoding region of the HCV genome and
modulates HCV RNA replication [Jopling et al, 2005]. It is
noteworthy that miR-122 facilitates HCV replication via binding
to the 5’ noncoding region of the viral genome, whereas miRNAs
generally function to repress expression of their target genes by
binding to 3’ noncoding regions. Epigenetic alterations such as DNA
methylation and histone modification are important mechanisms for
the regulation of miRNA expression [Saito et ai., 2006, 2011]. In this
study, we investigated the effect of treatment with HDAC inhibitors
on miR-122 expression in OR6 cells and found that there was no
significant difference in miR-122 expression after treatment with
1 M SAHA or 0.1 puM TSA, suggesting that miR-122 is not involved
in the suppressive effect of HDAC inhibitors on HCV replication.
These findings led us to hypothesize that histone acetylation induced
by SAHA treatment does not modulate miR-122 expression and that
HCV replication was inhibited through other pathways.

Microarray analysis showed differential expression of various
genes in OR6 cells induced by SAHA treatment for 72 h. Notably,
several cytoskeletal genes such as tubulin alpha-1A chain,
extracellular matrix protein 1, and keratin were significantly up-
regulated by SAHA treatment. We have reported that a close
correlation might exist between malignant transformation of HCC
and cytoskeletal changes [Kanamori et al., 2011]. The results of this
study are similar to those of our previous studies showing that sodium
butyrate, another HDAC inhibitor, changed the mobility, fluidity, and
adhesive properties of cancer cells into less a malignant phenotype
[Saito et al., 1998; Masuda et al., 2000; Wakabayashi et al., 2000;
Nakamura et al., 2001; Kaneko et al., 2004]. Another interesting result
of the microarray was the up-regulation of interferon-induced
protein by SAHA treatment. This finding is also consistent with our
previous study, in which sodium butyrate induced interferon-related
gene expression [Wakabayashi et al., 2005], suggesting that there
may be crosstalk between the interferon-inducing pathway and

epigenetic changes by HDAC inhibitors. Up-regulation of interferon-
induced protein by HDAC inhibitors may result in suppression of HCV
replication.

Besides cytoskeletal genes and interferon-induced proteins, we
focused our present study on OPN and Apo-A 1. The OPN gene is a key
regulator of the Thl-type immune system and Thl-type immunity
plays an important role in viral elimination [Patarca et al., 1993;
Ashkar et al., 2000]. Recent studies showed that the promoter activity
of OPN was correlated with the efficacy of interferon-based therapy
[Mochida et al., 2004; Naito et al., 2005]. These findings suggest that
increased expression of OPN can eliminate HCV by activating the
Thi-type immune system. Among the genes that were down-
regulated by SAHA treatment, we focused on the Apo-AI gene
because this protein is essential for HCV replication [Mancone
etal., 2011]. The Apo-A I gene is a protein component of high-density
lipoprotein particles and is thought to be necessary for HCV particle
formation and maintenance of infectivity. To confirm the results of
the microarray analysis, we examined expression of OPN and Apo-
A1 in OR6 cells after SAHA treatment by quantitative RT-PCR. We
found a significant increase of OPN expression and significant
reduction of Apo-A1 expression, which may lead to suppression of
HCV replication. Moreover, we overexpressed OPN and knocked
down Apo-A1T in OR6 cells using an expression vector and siRNA
procedure, respectively. As shown in Figure 5A,B, the luciferase
activities were significantly reduced after overexpression of OPN and
knockdown of Apo-Al in OR6 cells. These results indicate that
overexpression of OPN and reduced expression of Apo-Al play
critical roles in SAHA-induced suppression of HCV replication.

Since histone acetylation generally activates gene expression, we
presumed that up-regulation of OPN is mediated by histone H3
acetylation around its promoter region. The ChIP assay results
demonstrated that histone H3 acetylation levels of the promoter
regions of OPN and Apo-Al were remarkably increased in SAHA-
treated OR6 cells compared to control. Acetylation of lysine residues
on histones H3 is correlated with active or open chromatin, which
allows various transcription factors access to the promoters of target
genes [Yoo and Jones, 2006]. This suggests that up-regulation of OPN
is induced by histone H3 acetylation through SAHA-mediated
epigenetic mechanisms. On the other hand, Apo-A 1 transcription was
significantly down-regulated by SAHA treatment in OR6 cells despite
acetylation of its promoter region. Although up-regulation of OPN
expression by SAHA treatment is reasonable, we could not prove the
molecular mechanism underlying down-regulation of Apo-A1 by
SAHA treatment at this time. Studies have demonstrated that HDAC
inhibitors suppress expression of specific genes such as adiponectin
and bcl-2 [Duan et al,, 2005; Qiao et al., 2006]. Further studies
regarding Apo-A1l inactivation induced by HDAC inhibitors are
necessary.

To our knowledge, this study is the first report showing that the
HDAC inhibitor SAHA significantly inhibits HCV replication. We
presume that this inhibitory effect on HCV replication may be
mediated by up-regulation of OPN via SAHA-mediated histone
modification in host cells, which is expected to inhibit HCV
replication. Another significant benefit of SAHA treatment on HCV
replication may be down-regulation of Apo-A 1, which is essential for
the HCV life cycle. These findings suggest that epigenetic therapy
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with HDAC inhibitors represents a novel potential treatment strategy
for diseases associated with HCV infection such as chronic hepatitis,
liver cirrhosis, and HCC.
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Polymorphisms of the Core, NS3, and NS5a Proteins
of Hepatitis C Virus Genotype 1b Associate With

Development of Hepatocellular Carcinoma

Ahmed El-Shamy,"** Michiko Shindo,*** Tkuo Shoji,' Lin Deng,' Tadao Okuno,’ and Hak Hotta'

Hepatocellular carcinoma (HCC) is one of the common sequelae of hepatitis C virus (HCV)
infection. It remains controversial, however, whether HCV itself plays a direct role in the de-
velopment of HCC. Although HCV core, NS3, and NS5A proteins were reported to display
tumorigenic activities in cell culture and experimental animal systems, their clinical impact
on HCC development in humans is still unclear. In this study we investigated sequence poly-
morphisms in the core protein, NS3, and NS5A of HCV genotype 1b (HCV-1b) in 49
patients who later developed HCC during a follow-up of an average of 6.5 years and in 100
patients who did not develop HCC after a 15-year follow-up. Sequence analysis revealed
that Gln at position 70 of the core protein (core-Gln”®), Tyr at position 1082 plus Gln at
1112 of NS3 (NS3-Tyr1082/ Gln'''?), and six or more mutations in the interferon/ribavirin
resistance-determining region of NS5A (NS5A-IRRDR>>6) were significantly associated with
development of HCC. Multivariate analysis identified core-Gln”®, NSB—TyrlOSZ/ GIn'''?, and
a-fetoprotein (AFP) levels (>20 ng/L) as independent factors associated with HCC. Kaplan-
Meier analysis revealed a higher cumulative incidence of HCC for patients infected with
HCYV isolates with core-Gln”°, NSS-TyrmS2/ GIn'"'? or both than for those with non—(Gln70
plus NS3-Tyr'°®®*/Gln"'"?). In most cases, neither the residues at position 70 of the core pro-
tein nor positions 1082 and 1112 of the NS3 protein changed during the observation pe-
riod. Conclusion: HCV isolates with core-GIn’® and/or NS3-Tyr'®®*/Gln'""? are more
closely associated with HCC development compared to those with non-(Gln”® plus NS3-

Tyr'%?/GIn" ). (HepatorLocy 2013500:000-000)

epatits C virus (HCV) is a major etiologic agent

of chronic hepatitis worldwide, with the esti-

mated number of infected individuals being
more than 180 million. Approximately 15% to 20% of
chronically infected individuals undergo liver cirrhosis in a
decade or so after infection, with hepatocellular carcinoma
(HCC) arising from cirrhosis at an estimated rate of 1%
to 4% per year." Several host factors such as male gender,
older age, elevated a-fetoprotein (AFP) level, advanced
liver fibrosis as well as nonresponsiveness to interferon
(IFN) therapy have been reported as important predictors
of HCC development.*” Recently, a host genetic factor,

ie., the DEPDCS locus polymorphism, was reported to
be associated with progression to HCC in HCV-infected
individuals.® On the other hand, it remains controversial
as to whether HCV itself plays a direct role in the develop-
ment of HCC. Experimental data suggest that HCV con-
tributes to HCC by modulating pathways that promote
malignant transformation of hepatocytes. HCV  core,
NS3, and NS5A proteins were shown to be involved in a
number of potentally oncogenic pathways in cell culture
and experimental animal systems.” HCV core protein
rendered cultured cells more resistant to apoptosis®™ and
promoted 7zs oncogene-mediated  transformation.'®!!

Abbreviations: HCC, hepatocellular carcinoma; HCY, hepatitis C virus; IFN, interferon; IRRDR, interferonfribavirin resistance-determining region; ISDR,

interferon sensitivity-determining region.
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Moreover, transgenic mice expressing the HCV core pro-
tein in the liver developed HCC."” However, the clinical
impact of HCV proteins on HCC development in
humans and whether all HCV isolates are equally associ-
ated with HCC is yet to be determined. In a clinical set-
ting, HCV core protein mutations at positions 70 (Gln’®)
and/or 91 (Met’") were closely associated with HCC de-
velopment.”*'® GIn”® and/or Met”" were also linked to
resistance to PEG-IFN/ribavirin (RBV) treatment.'”?° In
addition, we and other investigators reported that an N-
terminal part of the NS3 protein has the capacity to trans-
form NIH3T3 and rat fibroblast cells"** and to render
NIH3T3 cells more resistant to DNA damage-induced
apoptosis, which is thought to be a prerequisite for malig-
nant transformation of the cell.?? Also, the NSSA protein
is a pleiotropic protein with key roles in both viral RNA
replication and modulation of the host cell functions.** In
particular, the links between NS5A and the IFN responses
have been widely discussed. It was proposed initially that
sequence variations within a region in NS5A spanning
from amino acids (aa) 2209 to 2248, called the IFN sensi-
tivity-determining region (ISDR), were correlated with
IFN responsiveness.”” Subsequently, in the era of PEG-
IFN/RBV  combination therapy, we identified a new
region near the C-terminus of NS5A spanning from aa
2334 to 2379, which we referred to as the IFN/RBV re-
sistance-determining region (IRRDR).*** The degree of
sequence variations within the IRRDR was significanty
associated with the clinical outcome of PEG-IFN/RBV
therapy. In the context of HCC, several retrospective stud-
ies suggested that IFN-based therapy might reduce the risk
of HCC development.**%°

In an attempt to clarify whether viral factors, in par-
ticular those within the core, NS3, and NS5A proteins,
are involved in HCC development, we carried out a
comparative analysis of the aa sequences obtained from
HCYV patients who developed HCC and those who did
not. In addition, we studied the sequence evolution of
these genes in the interval between chronic hepatitis C
and HCC development over a period of 15 years.

Patients and Methods

Ethics Statement. The study protocol, which con-
forms to the provisions of the 1975 Declaration of

Helsinki, was approved beforehand by the Ethic Com-

HEPATOLOGY, Month 2013

mittees in Akashi City Hospital and Kobe University
Graduate School of Medicine, and written informed
consent was obtained from each patient enrolled in
this study.

Patients. A total of 49 HCV-infected patients who
developed HCC (HCC group) were retrospectively
examined. They were followed up (from 1988 to
2003) with an average period until HCC development
being 6.5 *= 2.9 years. Paired serum samples at the
time of chronic hepatitis C (pre-HCC sample) and
HCC development (post-HCC sample) were collected.
As a control group, 100 HCV-infected patients who
were followed up over a period of 15 years (from
1988 to 2003) without HCC development were retro-
spectively examined. Serum samples of the control
group were available at the time of first visit to the
clinic. All patients enrolled in this study were chroni-
cally infected with HCV genotype 1b (HCV-1b).
HCV subtype was determined as reported previously.”’
Serum HCV RNA titers were quantitated by reverse-
transcription  polymerase chain reaction (RT-PCRO
with an internal RNA standard derived from the &'
noncoding region of HCV (Amplicor HCV Monitor
test, v. 2.0, Roche Diagnostics, Tokyo, Japan). All
patients underwent liver biopsy and were diagnosed as
chronic hepatitis. All HCC and 68% (68/100) of non-
HCC patients received IFN-monotherapy, either natu-
ral IFN alpha (Sumiferon, Dainipponsumitomo Phar-
maceutical, Osaka, Japan) at a dose of 6 million units
(MU) or recombinant IFN alpha 2b (Intron A; Sche-
ring-Plough, Osaka, Japan) at a dose of 10 MU, 3
times a week for 6 months. All HCC patients were
nonresponders (NR), who had detectable viremia dur-
ing the entire course of IFN treatment. On the other
hand, 18 (26%) of the 68 non-HCC patients treated
with TFN achieved HCV RNA negativity at the end of
treatment followed by rebound viremia within 6
months after the treatment and, therefore, they were
referred to as relapsers. The other 50 IFN-treated,
non-HCC patients were NR. The remaining 32 non-
HCC patients did not receive IFN. All patients were
seen every 2 months and tested for liver function
markers during the follow-up period.

Sequence Analysis of HCV Core, NS3, and NS5A
Proteins. HCV RNA was extracted from 140 ul of
serum using a commercially available kit (QIAmp viral

Addbress reprint requests to: Hak Homa, M.D., Ph.D., Division of Microbiology, Kobe University Graduate School of Medicine, 7-5-1 Kusunoki-cho, Chuo-ku,

Kobe 650-0017, Japan. E-mail: hotta@kobe-u.ac.jp; fax: +81-78-382-5519.
Copyright © 2012 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
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RNA kit; Qiagen, Tokyo, Japan). The core, NS3, and
NSS5A regions of the HCV genome were amplified as
described elsewhere.”***3* The sequences of the
amplified fragments were determined by direct
sequencing. The aa sequences were deduced and
aligned using GENETYX Win software version 7.0
(GENETYX, Tokyo, Japan). The numbering of aa was
according to the polyprotein of the prototype of
HCV-1b; HCV-].%

Statistical Analysis. Statistical differences in the
baseline parameters of HCC and control groups were
determined by Student’s ¢ test for numerical variables
and Fisher’s exact probability or chi-square tests for
categorical variables. Likewise, statistical differences in
viral murtations between HCC and control groups
were determined by Fisher’s exact probability test.
Kaplan-Meier analysis was performed to estimate the
cumulative incidence of HCC. The data obtained were
evaluated by the log-rank test. Univariate and muld-
variate logistic analyses were performed to identify var-
iables that independently associated with HCC devel-
opment. Variables with 2 < 0.1 in univariate analysis
were included in a backward stepwise multivariate
logistic regression analysis. The odds ratios and 95%
confidence intervals (95% CI) were calculated. All sta-
tistical analyses were performed using SPSS v. 16 soft-
ware (Chicago, IL). Unless otherwise stated, 2 < 0.05
was considered statistically significant.

Nucleotide Sequence Accession Numbers. The
sequence data reported in this article have been depos-
ited in the DDBJ/EMBL/GenBank nucleotide
sequence databases with the accession numbers

AB719460 through AB719842.

Results

Demographic Characteristics of HCC and Control
Groups. The clinical characteristics of HCC and con-
trol groups are shown in Table 1. The HCC group
had significantly higher titers of ALT, AST, and AFP,
and higher fibrosis staging score than that of the con-
trol group. There was no significant difference in vire-
mia titers between the two groups.

Correlation Between Core Protein Sequence Poly-
morphism and HCC Development. HCV core pro-
tein sequences were obtained from all (49/49) and
94% (94/100) of pre-HCC and control patients sera,
respectively. Comparative sequence analysis revealed
that 22 (45%) of 49 HCV isolates in the pre-HCC
sera (pre-HCC isolates) and 59 (63%) of 94 HCV iso-
lates from the control group (control isolates) had

wild-core (Argm/Leum) (Table 2). The difference
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Table 1. Demographic Characteristics of HCC
and Control Groups

Factor HCC Control P Value
Age 57.3 = 7.0* 56.4 = 8.3 0.54
Sex (male/female) 31/18 54/46 0.29
ALT (1U/L) 159.4 = 79.8 129.7 = 51.5 0.007
AST (1U/L) 113.0 + 62.2 91.6 = 44.1 0.017
AFP (ng/L) 29.1 = 33.7 184 + 4.4 0.002
Platelets (x 10%/mm®) 162 + 2.8 162 * 2.4 0.88
Inflammation grading score 8.7 09 84 =12 0.05
Fibrosis staging score 24 £ 05 22 £ 05 0.02
HCV-RNA (KIU/mL) 593.4 * 112.3 618.1 + 95.9 0.17

*Mean =+ SD. HCC, hepatoceliutar carcinoma; ALT, alanine aminotransferase;
AST, aspartate transaminase; AFP; a-fetoprotein.

between HCC and control groups was hovering at a
statistically significant level (P = 0.05). When the
sequence pattern at position 70 alone was examined, a
stronger association with HCC was observed. We
found that 21 (43%) of 49 pre-HCC isolates had
GIn”® while only 13 (14%) of 94 control isolates did
(P = 0.0002). On the other hand, there was no signif-
icant correlation between sequence pattern at position
91 and HCC. Thus, a single mutation at position 70
(GIn”®) was the only polymorphic factor within core
protein that was significantly associated with HCC de-
velopment. It should be noted that there was no signif-
icant correlation between Gln’® and the degree of fi-
brosis progression (data not shown).

Correlation Between NS3 Protein Sequence Poly-
morphism and HCC Development. Sequences of NS3
serine protease domain (aa 1027 to 1146) were
obtained from 94% (46/49) and 93% (93/100) of
pre-HCC and control isolates, respectively. We found
that 29 (63%) of 46 pre-HCC isolates had Tyr and
Gln at positions 1082 and 1112, respectively (Tyr'*®%/
Gln'''?), while 39 (42%) of 93 control isolates did
(Table 2). The difference in the proportion between
pre-HCC and control isolates was statistically signifi-
cant (P = 0.029). On the other hand, there was no
significant correlation between Tyr'*®*/Gln'"'? and the
degree of fibrosis progression (data not shown).

Correlation Between NS5A Protein Sequence
Polymorphism and HCC Development. NS5A pro-
tein sequences were obtained from 92% (45/49) and
74% (74/100) of pre-HCC and control isolates,
respectively. Twenty-four (53%) of 45 pre-HCC iso-
lates had IRRDR of 6 or more mutations (IRRDR>6)
while only 15 (20%) of 74 control isolates did (Table
2; P = 0.0003). We also found that pre-HCC isolates
tended to have a higher degree of sequence heterogene-
ity in ISDR than control isolates, although not statisti-
cally significant due probably to the small number of
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Table 2. Correlation Between HCC and Sequence
Polymorphic Factors of Core, NS3 and NS5A

No. of Subjects / No. of Total*

HCV Protein Factor HCC Control P Value
Core Wild-core (Arg’®/  22/49 (45%)  59/94 (63%) 0.05
Leu®)
Non-wild-core 27/49 (55%)  35/94 (37%)
GIn™ 21/49 (43%)  13/94 (14%)  0.0002
Non-Gin"® 28/49 (57%)  81/94 (86%)
Leu® 37/49 (76%)  70/94 (74%) 1.0
Non- Leu®! 12/49 (24%)  24/94 (26%)
NS3 Wri%2 / GIn't*2 29746 (63%)  39/93 (42%)  0.029
Non-(Tyr*%82 / 17/46 (37%)  54/93 (58%)
Gm1112)
NS5A IRRDR>6 24/45 (53%)  15/74 (20%)  0.0003
IRRDR<5 21/45 (47%)  59/74 (80%)
ISDR>3 11/45 (24%)  8/74 (11%) 0.07
ISDR<2 34/45 (16%)  66/74 (89%)
Asn??18 11745 (24%)  3/74 (4%) 0.002
Non-Asn?218 34/45 (76%)  71/74 (96%)

*Number of subjects with a given factor / total number of HCC or control.
HCC, hepatoceilular carcinoma; Arg7°, arginine at position 70 of the core pro-
tein; Leu®, leucine at position 91 of the core protein; Gin"®, glutamine at posi-
tion 70 of the core protein; Tyr'%®2, tyrosine at position 1082 of NS3; GIn'!12,
glutamine at position 1112 of NS3; IRRDR, interferon/ribavirin resistance-deter-
mining region; ISDR, interferon sensitivity-determining region; Asn®2'®, aspara-
gine at position 2218 of NS5A-ISDR.

cases examined; 11 (24%) of 45 pre-HCC isolates and
8 (11%) of 74 of control isolates had ISDR with three
or more mutations (2 = 0.07). Moreover, Asn at posi-
tion 2218 (Asn®*'®) within the ISDR was found in
24% (11/45) of pre-HCC isolates and only in 4% (3/
74) of the control isolates (P = 0.002), suggesting that
Asn®?*'® is significantly associated with development of
HCC.

Cumulative HCC Incidence on the Basis of Core-
Gln’™’, NS3-Tyr'%?/Gln"""?, NS5A-IRRDR>6, and
NS54-Asn”?"8. Follow-up study revealed that the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates with core protein of Gln”® and those
of non-GlIn”®, respectively, was 29% and 5% at the
end of 5 years, 56% and 23% at the end of 10 years,
and 63% and 26% at the end of 15 years (Fig. 1A),
with the differences between the two groups being
statistically significant (P < 0.0001; Log-rank test).
Likewise, the cumulative HCC incidence in patients
infected with HCV-1b isolates with NS3 of Tyr'*%?%/
GIn''"? and those of non-(Tyr'*®**/GIn''"?), respec-
tively, was 15% and 7% at the end of 5 years, 37%
and 24% at the end of 10 years, and 45% and 24% at
the end of 15 years (P = 0.02) (Fig. 1B). Also, the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates of IRRDR>G and those of
IRRDR<S, respectively, was 18% and 10% at the end
of 5 years, 59% and 22% at the end of 10 years, and
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63% and 27% at the end of 15 years (P = 0.0002)
(Fig. 1C). Similarly, the cumulative HCC incidence in
patients infected with HCV-1b isolates of Asn®*'® and
those of non-Asn??'8, respectively, was 31% and 9%
at the end of 5 years, 77% and 28% at the end of 10
years, and 77% and 33% at the end of 15 years (P =
0.0003) (Fig. 1D).

Identification of Independent Factors Correlated
With HCC Development by Univariate and Multi-
variate Logistic Regression Analyses. In order to
identify significant independent factors associated with
HCC development, all available data of baseline
patients’ parameters and core, NS3, and NS5A poly-
morphic factors were first analyzed by univariate logis-
tic analysis. This analysis yielded eight factors that
were significanty associated with HCC development:
core-Gln’%, NS3-(Tyr'*®2/GIn'''?), NS5A-IRRDR>6,
NS5A-Asn??'8, increased levels of ALT (>165 IU/L),
AST (>65 IU/L), and AFP (>20 ng/L), and fibrosis
staging score (>3). Subsequently, those eight factors
were entered in multivariate logistic regression analysis.
This analysis identified two viral factors, core-Gln”?
and NS3—(Tyr1082/Gln1112), and a host factor, AFP
levels (>20 ng/L), as independent factors associated
with HCC development (Table 3).

The vast majority of pre-HCC isolates (85%j; 39/
46) had core-GIn”® and/or NS3-Tyr'%*%*/GIn'"'? and
only 15% (7/46) had non-(Gln”® plus NS3-Tyr'%%%/
GlIn''"). By contrast, about a half of control isolates
(52%; 46/89) had non-(GIn”® plus NS3-Tyr'%%%/
GIn'""?) (Fig. 2A). The difference in the proportion
between HCC and control groups was statistically sig-
nificant (P < 0.0001). Furthermore, the cumulative
HCC incidence after 15-year follow-up was highest
(63%) among patients with core-Gln”® plus NS3-
(Tyr'%%%/GIn'"'?), whereas it was lowest (11%) among
patients with non-(Gln”® plus NS3-Tyr'°*2/GIn'''?)
(Fig. 2B), with the difference being statistically signifi-
cant (P < 0.0001; Log-rank test).

Evolution of the Sequences of the Core, NS3, and
NS5A Proteins During the Follow-up Period From
Chronic Hepatitis to HCC Development. Finally, we
investigated sequence evolution of the core protein,
NS3 and NS5A (IRRDR and ISDR) during the follow-
up period from chronic hepatitis to HCC development
by comparing the sequences between pre-HCC and
post-HCC isolates. The residue at position 70 of the
core protein was conserved in 91% (41/45) of sequence
pairs analyzed. The substitutions observed at this posi-
tion were from Arg’® and His’® each to GIn”® in two
cases and from GIn”® to Arg’® in the other two cases.
The residues at positions 1082 and 1112 of NS3 were
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Fig. 1. Cumulative HCC incidence on the basis of HCV-1b sequence patterns. (A) Position 70 of the core protein. The numbers of core-Gin™®
and non-GIn® analyzed were 34 and 109, respectively. (B) Positions 1082 and 1112 of NS3. The numbers of NS3-(Tyr'%2/GIn*'*2) and non-
(Tyr*%82/Gin**?y analyzed were 68 and 71, respectively. (C) NS5A-IRRDR. The numbers of NS5A-IRRDR>>6 and IRRDR<5 analyzed were 39 and
80, respectively. (D) NS5A-Asn?218, The numbers of NS5A-Asn®?*® and non-Asn??*® analyzed were 14 and 105, respectively.

conserved in 95% (41/43) and 100% (43/43), respec- between pre-HCC and post-HCC isolates in 66%
tively, of the sequence pairs analyzed. (25/38) of cases analyzed (Fig. 3). IRRDR sequences

IRRDR and ISDR showed a high degree of tended to be more polymorphic at the time of HCC
sequence evolution. IRRDR sequences were different occurrence.  Frequency of HCV  isolates with

Table 3. Univariate and Multivariate Regression Analyses to ldentify Independent Factors Associated With HCC

Univariate Muttivariate

Variable Odds Ratio (95% CI) P Value 0dds Ratio (95% Cl) P Value
Core-GIn™® 0.23 (0.10 - 0.52) 0.0004 6.8 (2.1 - 23.0) 0.001
NS3-Tyri%82 / Ginlt!? 2.4 (1.1 - 4.9) 0.029 3.4 (1.1 - 10.0) 0.03
NS5A-IRRDR>6 4.5 (2.0 - 10.0) 0.0003
NS5A-Asn?218 7.7 (2.0 - 29.0) 0.002
AFP (>20 ng/L) 12 (5.1 - 30.0) 0.0001 19.5 (4.7 - 80.0) 0.0001
ALT (>165 1U/L) 4.0 (1.8 - 8.6) 0.0006
AST (>65 IU/L) 3.9 (1.5 - 10.0) 0.003
Fibrosis staging score (>3) 24(1.1-49) 0.02

GIn"®, glutamine at position 70 of the core protein; Tyr'®®2, tyrosine at position 1082 of NS3; Gin''!2, glutamine at position 1112 of NS3; IRRDR, interferon/rib-

avirin resistance-determining region; Asn®**®, asparagine at position 2218 of NS5A-ISDR, ALT, alanine aminotransferase; AST, aspartate transaminase; AFP; u-feto-
protein; IFN; interferon.
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Fig. 2. (A) Proportions of HCV-1b isolates of the HCC high-risk
group (core-GIn’® and/or NS3-[yr*®®2/GIn***2]) and the low-risk
group (non-GIn® and non-[Tyr'82/Gin***2]) among HCC and control
groups. (B) Cumulative HCC incidence on the basis of different com-
bined sequence patterns of position 70 of the core protein and posi-
tions 1082 and 1112 of NS3. Core-GIn"® and NS3-(Tyr'%®2/Gin'!*?),
n = 18; core-GIn™® and non-(yr'%®2/GIn**%), n = 16; non-GIn™®
and NS3-(Tyr*%82/Gin*112), n = 48; non-GIn"®/non-(Tyr*%2/GIn***2),
n = 53.

IRRDR>6 was significantly higher in post-HCC iso-
lates than in pre-HCC isolates; IRRDR>6 was found
in 47% (18/38) of post-HCC isolates compared to
24% (9/38) of pre-HCC isolates (P = 0.03). On the
other hand, ISDR>3 was found in 21% (8/38) of
post-HCC isolates compared to 11% (4/38) of pre-
HCC isolates, with the difference between the two
groups being not statistically significant (7 = 0.3).

Discussion

HCC is one of the common long-term complica-
tions of HCV infection. However, whether HCV itself
plays a direct role in the development of HCC and
whether all HCV isolates are equally associated with
HCC development remain to be determined. HCV
core, NS3, and NS5A proteins have been reported to
affect a wide variety of potentially oncogenic pathways
in cell culture and experimental animal systems.” In
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the present study, we demonstrated that HCV isolates
with core-Gln”%, NS3-Tyr'®%/GIn''"? or NS5A-
IRRDR>6 were closely associated with HCC develop-
ment. In addition, a follow-up study revealed that
sequence patterns at position 70 of the core protein
and positions 1082 and 1112 of NS3 did not signifi-
cantly alter during the progression from chronic hepa-
titis to HCC while NS5A-IRRDR showed a signifi-
cantly higher degree of sequence heterogeneity in post-
HCC than in pre-HCC isolates.

Correlation between polymorphisms at positions 70
and 91 of HCV-1b core protein and IFN-based treat-
ment outcome was extensively studied, especially in a
Japanese population.'”?® Interestingly, the same muta-
tions were also associated with progression to HCC in
the Japanese population with HCV-1b infection.'’
Results obtained in the present study confirmed and
emphasized the significant association between the
mutation at position 70 (core-Gln’®), but not at posi-
tion 91, and HCC development (Tables 2, 3; Fig.
1A). Despite the clinical evidence that strongly sup-
ports the correlation between core-Gln’® and HCC
development, the molecular mechanism underlying
this correlation is still obscure. Delhem et al.*® found
that tumor-derived HCV core proteins, but not nontu-
mor-derived ones, interact with and activate double-
stranded RNA-dependent protein kinase (protein ki-
nase R or PKR), which might modulate viral persist-
ence and carcinogenesis. Gln”® was found in two of
the three tumor-derived sequences, whereas Arg’® was
found in two of the three nontumor-derived ones.

As for the NS3 protein of HCV, the possible link
between an N-terminal portion of NS3 encoding viral
serine protease (aa 1027 to 1146) and hepatocarcino-
genesis was reported.”’"*> However, information about
the relationship between NS3 sequence diversity and
HCC development is stll limited. We previously
reported a significant correlation between predicted
secondary structure of an N-terminal portion of NS3
and HCC development.®® In the present study, we
demonstrated that HCV patients infected with HCV
isolates with NS3-(Tyr'%%%/GIn'"'?) were at a higher
risk to develop HCC than those infected with HCV
isolates with non-Tyr'**?/GIn'''* (Tables 2, 3; Fig.
2B). Computer-assisted secondary structure analysis of
NS3 revealed that Tyr'%®? was associated with the pres-
ence of a turn structure at around position 1083 while
Phe'®? was associated with the absence of the turn
structure.>® Notably, the catalytic triad of NS3 serine
protease consists of His'%, Asp''%’, and Ser''®>.%”
Since positions 1082 and 1112 are in close vicinity of
the catalytic triad, sequences diversity at these positions
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Fig. 3. Pairwise comparison of IRRDR sequences of HCV-1b during the follow-up period between chronic hepatitis and HCC development.
Sequence pairs that differ between pre-HCC (numbered with -1) and post-HCC isolates (numbered with -2) are shown. The consensus sequence
(Cons.) is shown at the top. The numbers along the sequence indicate the aa positions. Dots indicate residues identical to those of the Cons.

sequence. The numbers of IRRDR mutations are shown on the right.

might influence the serine protease activity and also
pathogenicity of HCV. Large-scale, multicenter clinical
studies as well as more detailed experimental studies at
the molecular and cellular levels are needed to clarify
the importance of sequence diversity at positions 1082
and 1112 of NS3 in  HCV-mediated
hepatocarcinogenesis.

HCV  heterogeneity in NS5A-ISDR and NSS5A-
IRRDR  are correlated  with  IFN-responsive-
ness.'”182>?¢ A5 IFN-based therapy reduces the risk
of HCC development,4’28'3 % we were interested to
investigate whether there is a correlation between
sequence heterogeneity in NS5A and development of
HCC. Our present results revealed that a high degree
of sequence heterogeneity in IRRDR (IRRDR>6) was
closely associated with HCC development (Table 2).
We previously reported that IRRDR>6 was signifi-
cantly associated with good responses to PEG-IFN/
RBV combination therapy.”®*’ These results collec-
tively suggest that oncogenic properties and PEG-IFN/
RBV responsiveness are independent viral characteris-

tics and that PEG-IFN/RBV therapy helps eliminate
oncogenic HCV isolates, thus reducing the risk of
HCC development.

Position 2218 of NS5A, located within ISDR,
appears to tolerate a wide range of aa substitutions as
observed in different HCV-1b isolates.”>*®*” Interest-
ingly, Asn at position 2218 (Asn**'®) was detected sig-
nificantly more frequently in pre-HCC isolates than in
the control isolates. Further studies are needed to
determine the possible importance of this residue in
hepatocarcinogenesis.

Another focus of attention is how the sequences of
the core protein, NS3, and NS5A-IRRDR evolve dur-
ing the interval between chronic hepatitis and HCC
development. One of the significant advantages of the
present study was that we could conduct a longitudinal
investigation by analyzing the target sequences of pre-
and post-HCC isolates. We found that core-Gln”® and
NS3-(Tyr'%®%/GIn'''?) were well conserved in each
paired sample. This indicates that core-Gln”® and
NS3-(Tyr'%*%/GIn'"'"?) were already present before the
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development of HCC. Non-Gln”® of the core pro-
tein and non-Tyr'°®? and non-Gln'''? of NS3 were
also well conserved in each paired sample. These
results imply the possibility that these sequence pat-
terns were not a result of HCC but, rather, they
were a possible causative factor for the development
of HCC. We hypothesize, therefore, that HCV iso-
lates with core-Gln’® and/or NSS—(TyrIOBz/Gln”n)
are highly oncogenic, whereas those with non-(Gln”°
plus NS3-Tyr'%®?/GIn'""?) are less oncogenic. It is
not clear yet as to whether these oncogenic muta-
tions were present from the very beginning of HCV
infection or if they emerged at a certain timepoint
(before the initiation of follow-up) during the long-
term persistence through an adaptive viral evolution
in the host. More comprehensive follow-up study is
needed to address this issue. In any case, the core-
Gln”® and NS3-(Tyr'%%/GIn''"?) would be consid-
ered an index for prediction of HCC development.
On the other hand, IRRDR in NS5A is more toler-
ant for sequence evolution. IRRDR in post-HCC
isolates showed a significantly higher degree of
sequence heterogeneity compared with that in pre-
HCC isolates. This observation suggests that IRRDR
is under strong selective pressure during the course
of HCV infection and that the high degree of
IRRDR heterogeneity (IRRDR>6) in HCV isolates
from patients with HCC may not be a causative fac-
tor for development of HCC.

In conclusion, the present results suggest the possi-
bility that patients infected with HCV isolates with
core-GIn”® and/or NS3—(Tyr1082/Gln1“2) are at a
higher risk to develop HCC compared to those with
non-(Gln”® plus NS3-Tyr'%%/GIn''13).
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Abstract
We isolated and charactenzed two human monoclonal antibodies to the envelope E2 protein_ of hepatms C virus (HCV).
Lymphoblastoid cell lines stably producmg antibodies were obtained by immortalizing peripheral bload mononuclear cells
of a patient with chronic hepatitis C using Epstem -Barr virus. Screening for antibody-positive clones was carried out by
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patient, Isotype of resulting antlbodles #37 and #55, was IgG1/kappa and IgG]/lambda, respectlvely Epltope mappmgk
revealed that #37 and. #55 recognize conformational: epitopes spanning amino acids 429 to 652 and 508 to 607,
respectlvely By immunofluorescence using virus-infected Huh7.5 cells as targets both antibodies were reactive ‘with all of
the nine different HCV' genotypes/subtypes tested The antibodies showed a different pattern of immuno-staining; while
#37 gave granular reactions _mostly located in the periphery of the nucleus, #55 gave diffuse staining throughout the
- cytoplasm. Both' ant:bod|es were shown by immuno-gold electron microscopy to bind to intact viral particles. In a
neutralization assay (focus- -forming unit reduction using chimeric infectious HCV containing structural proteins derived from
genotypes 1a, 1b, 24, 2b, 34, 43, 54, 6a, and 7a), #55 inhibited the infection of all HCV genotypes tested but genotype 7a to
a lesser extent #37 did not neutralize any of these viruses. As a broadly cross-neutralizing human antlbody, #55 may be
useful for passxve nmmunotherapy of HCV mfectlon : .
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Introduction high titers of neutralizing antibodies correlate with natural
resolution of chronic hepatitis C [3]. Further, polyclonal hyper-
immune antibodies to the E2 protein have been shown to prevent
or delay the onset of HCV infection in chimpanzees when
administrated before exposure to the virus [4]. The ability of HCV
to persist in its host despite the presence of neutralizing antibodies
remains unexplained.

With the advent of recently developed systems to study the full
cycle of HCV infection [5], various human monoclonal antibodies
to the El and E2 proteins have been evaluated for their
neutralizing activity and some of them were found to contain
broadly cross-neutralizing antibodies [6—11]. Passive immunother-
apy with such antibodies has preventive and therapeutic potential
particularly for preventing HCV re-infection in liver transplant
recipients.

During the course of our studies on lymphoblastoid cell lines
producing antibodies against HCV, we were able to isolate one
clone producing broadly cross-neutralizing antibodies and one

Hepatitis C virus (HCV) is a member of the Flaviviridae family
and contains a 9.6 kb positive-strand RNA genome. The virus has
been classified into seven major genotypes. The envelope
glycoproteins, E1 and E2, mediate viral entry via cellular co-
receptors, including CD81, claudin-1, occludin, and SBR1. The
El and E2 proteins, located on the surface of viral particles, are
the potential targets of neutralizing antibodies. At present,
however, neither antibody-based prophylaxis nor an effective
vaccine is available.

HCYV persists in the presence of circulating antibodies. It has
been speculated that this relates to the highly mutable,
quasispecies nature of this RNA virus and the continual
emergence of neutralization-resistant strains. However, the per-
sistence of HCV in the presence of anti-HCV antibodies can not
be fully explained by high variability alone. It has been found that
neutralizing activity is detectable in sera from infected patients
during both acute and persistent HCV infection [1,2], and that
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clone producing non-neutralizing antibodies from a well-
characterized HCV-carrier (patient H). Isolation and character-
ization of these human monoclonal antibodies are detailed in
this report.

Materials and Methods

Peripheral Blood Mononuclear Cells (PBMC) and Cell
Lines

Following written informed consent, the blood sample was
obtained in 2000 from patient H who developed chronic HCV
infection after transfusion in 1977 [12]. The work was
conducted with approval from the Institutional Review Board
of the Clinical Center, National Institutes of Health, Bethesda,
USA. (IRB # 91-CC-0117). PBMC were isolated by Ficoll-
Isopaque (Pharmacia, Uppsala, Sweden), washed three times in
phosphate-buffered saline (PBS), re-suspended in Cell Culture
Freezing Medium (Life Technologies Japan, Tokyo, Japan), and
stored at —80°C until use. Huh 7 cells, a cell line derived from
a hepatocellular carcinoma, and highly permissive Huh7.5 cells
[13] (provided by C. Rice, Rockefeller University, USA) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Wako, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS) (Nichirei, Tokyo, Japan). Cells were grown at 37°C
in a COy incubator.

Immunofluorescence (IF)

After fixation in ice-cold 100% acetone for 5 min, cells were
incubated with primary antibody for 30 min at room temperature,
washed 3 times in PBS, and incubated with a 1:200 dilution of the
AlexaFluor 488 (Invitrogen, Carlsbad, CA, USA) secondary
antibody for 30 min at room temperature. The samples were
examined under a TE200 fluorescence microscope (Nikon, Tokyo,

Japan).

Equilibrium Centrifugation in Sucrose Density Gradient
(SDG)

A crude supernatant containing HCV was centrifuged at
2,380xg for 15 min at 4°C, filtered through the 0.45 pm
membrane, concentrated approximately 100-fold using Amicon
Ultra-15 centrifugal filter unit with Ultracel-100 (100 kD cut-off)
membrane (Millipore, Billerica, MA, USA). The concentrated
sample (1.5 ml) was overlaid on 6 ml of a discontinuous gradient
with 10, 20, 30, 40, 50, and 60% (w/v) sucrose steps and
centrifuged at 289,000xg for 20 h at 4°C in a CS 100GXL
centrifuge (Hitachi, Tokyo, Japan). Buoyant density of fractions
was determined by refractometry and expressed in g/ml.

Immuno-gold Electron Microscopy (EM)

For preparing a concentrated virus sample, fraction 3
obtained from the SDG centrifugation described above was
diluted in 6.5 ml PBS and spun down at 215,000xg for 4 h at
4°C in a S58A-0015 rotor (Hitachi, Tokyo, Japan). The
resulting pellet was suspended in 50 ul of PBS, mixed with an
equal volume of antibody #b55, #37, or a control antibody
(500 pg/ml), and incubated overnight at 4°C. The mixture was
then treated with 10 pl of goat anti-human IgG conjugated with
colloidal gold-particles (Jackson Labs, Grove, PA, USA)
overnight at 4°C. The sample was placed on a high resolution
carbon grid, STEM100Cu (Oken, Tokyo, Japan), negatively
stained with 2% uranyl acetate solution, and examined under a
JEM-100C transmission electron microscope (JEOL, Tokyo,
Japan) at 100 kV.
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Reverse-transcription (RT), PCR, and Quantitative PCR
(QPCR)

Extraction of RNA, RT, and PCR were carried out as described
previously [14]. The amount of HCV ¢DNA was measured by
qPCR using SYBR Premix Ex Taq (Takara, Tokyo, Japan) with
an ABI Prism model Fast 7700 instrument (Applied Biosystems,
Tokyo, Japan). To determine copy numbers, standard curves were
prepared with serial 10-fold dilutions of a known amount of a
plasmid bearing the amplified HCV sequence. We used primers
that amplified the 5’ non-coding region of the viral genome. The
sequences of the primers used were 5'-TTC ACG CAG AAA
GCG TCT AG-3" as a sense primer and 5'-CCC TAT CAG
GCA GTA CCA CA-3' as an anti-sense primer [15]. For
detection of RNA encoding the Vi regions of antibodies, we used
primer pair CGlz (5'-GCA TGT ACT AGT TTT GTC ACA
AGA TTT GGG-3") and VH6a (5'-CAG GTA CAG CTC GAG
CAG TCA GG-3") for #37, and primer pair CGlz and VH3a (5'-
GAG GTG CAG CTC GAG GAG TCT GGG-3') for #55. The
RT-PCR products were cloned into pCR4TOPO (Invitrogen,
Carlsbad, CA, USA ) and the molecular clones were sequenced
with an ABI PRISM™310 Genetic Analyzer (Applied Biosystems,
Tokyo, Japan).

Expression of HCV E2 Proteins

Forns et al., [16] reported that the HCV E2 protein, when
expressed on the cell surface, acquired its native conformation
more ecfficiently when truncated at amino acid (aa) 661 of the
viral genome. Therefore, we prepared expression vectors
encoding truncated forms of E2 (aa 384 to 661) derived from
HCV isolates of patient H, obtained in 1977 (strain H77,
AF011751) and in 2000 (strain HOO) for the screening of
antibody-positive clones. For epitope mapping, we prepared
vectors encoding various sizes of E2 proteins derived from strain
H77. The inserts were amplified by RT-PCR, cloned into
pDisplay (Invitrogen, Carlsbad, CA, USA) in frame between a
signal sequence and a trans-membrane domain. All clones were
sequenced to ensure that the DNA encoded the authentic HCV
sequence. Huh 7 cells were grown in Lab-Tek 8-chamber slides
(Nagle Nunc, Naperville, IL, USA) until 80% confluent and
transfected with the constructs using SuperFect (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instruc-
tions. After 48 h, cells were washed, fixed with cold acetone for
5 min, and stored at —80°C until use. Expression of the E2
proteins was verified by IF with rabbit hyperimmune sera raised
against various domains of HCV E2.

HCV Plasmids and Generation of Infectious HCV

Plasmid pJFHI1 that contains full-length ¢cDNA of HCV strain
JFH1 was provided by T. Wakita (National Institute of
Infectious Diseases, Tokyo, Japan) [5]. Plasmids pFK-JFH/
Conl/C-842-dg, pFK-JFH/J6/C846-dg, and pFK-JFH1/H77/
C842-dg to generate chimeric infectious HCV Conl/C3, J6/
C3, and H77/C3, respectively, were given by R. Bartenschlager
(University of Heidelberg, Heidelberg, Germany) [17]. Plasmids
pH77C/JFH1, pJ4/JFH1, pJ6/JFHI1, pJ8/JFHI, pS52/JFHI,
pED43/JFH1, pSA13/JFH1, pHK6a/JFHI1, and pQC69/JFH1
to generate chimeric infectious HCV were provided by J. Bukh
(Copenhagen University Hospital, Hvidovre, Denmark) [18-22].
These chimeras are JFH1-based recombinants expressing core-
NS2 of genotype 1 to 7 isolates. For the synthesis of HCV
RNA, the plasmids were transcribed using a Megascript T7 kit
(Ambion, Austin, TX, USA). To generate infectious HCV, the
in vitro transcribed viral genomic RNA was transfected into
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Huh7.5 cells by electroporation using a Gene Pulser system
(Bio-Rad, Hercules, CA, USA) or by using Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA ) as described by the
manufacturer. The culture supernatants collected at 2-7 days
after transfection were centrifuged, passed through a 0.45 pm
filter, and inoculated into naive Huh7.5 cells. After additional
passages on naive cells, the cell-free supernatants containing
HCV were concentrated approximately 10-fold using Amicon
Ultra-15 (Millipore, Billerica, MA, USA) and measured for their
infectivity titers. Aliquots were stored at —80°C until use.

Infectivity Titration

Virus titers were determined by focus-forming units (FFU) assay.
Huh7.5 cells were seeded at 2x10° cells per well in 24-well plates
and cultured overnight. Test samples were diluted serially 10-fold
and each dilution was inoculated into the cells. After incubation
for 6 h at 37°C, the cells were supplemented with fresh complete
DMEM and cultured for 24 h. The cells were then immuno-
stained and HCV-positive foci were manually counted under a
fluorescence microscope. Each test was performed in duplicate or
triplicate. The virus titer was expressed in FFU per ml sample, as
determined by the mean number of IF-positive foci detected in a
whole well.

Virus Neutralization Assays

Neutralization of HCV infection was assessed by the FFU
reduction assay. Two independent assays were performed in the
different laboratories. The first method was as follows: A 0.5 ml
of serial 5-fold dilutions of #37, #55, or an irrelevant control
antibody (human-IgG) (Sigma-Aldrich, St. Louis, MO, USA)
was pre-incubated at 4°C overnight with an equal volume of
the virus solution containing approximately 300 FFU/ml of
HCV. The mixtures were inoculated into Huh7.5 cells (5x10°/
well) cultured on a I5mm-coverglass in 12-well plates. After
incubation for 48 h, cells on the glass were fixed with cold
100% acetone and subjected to indirect IF for the detection of
infected foci using a serum from patient H followed by the
AlexaFluor 488 secondary antibody. IF-positive foci on the
whole coverglass were manually counted under a fluorescence
microscope. Each test was performed in duplicate. The second
method was as follows: A 0.1 ml of the dilutions containing 0.2,
1, 3, 10, 30, 100, 300, or 1000 pug/ml of #55 or a control
antibody was pre-incubated at 37°C for 1h with an equal
volume of the virus solution containing 102 or 10° FFU/0.1 ml
of HCV. The mixtures were inoculated onto Huh7.5 cells
(10° cells/well in 24-well plates). After 3 h of adsorption, the
inocula were removed and fresh complete DMEM were added
to the wells. At 24 h post-infection, cells were fixed with 4%
paraformaldehyde (Wako, Tokyo, Japan) followed by permea-
bilization with 0.1% Triton-100 (Wako, Tokyo, Japan). The
cells were then immuno-stained for the HCV proteins,
counterstained with Hoechst 33342 (Invitrogen, Carlsbad, CA,
USA), and examined under a BZ-9000 fluorescence microscope
(Keyence, Osaka, Japan). The number of HCV infected cells in
each well was manually counted. The percent neutralization
was calculated as the percent reduction of FFU compared with
virus incubated with the control antibody. The NTjo value,
lowest concentration (ug/ml) of antibody required for 50%
reduction of FFU, was determined by curvilinear regression
analysis.
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Results

Establishment of Human Lymphoblastoid Cell Lines
Producing Monoclonal Antibodies to the Envelope E2

Protein of HCV

PBMC obtained from patient H were infected with Epstein-
Barr virus, strain B95-8, as we described previously [23], and
cultured at 37°C in a 75 ml-flask in medium RPMI1640 (Life
Technologies Japan, Tokyo, Japan) containing (0% FBS. Ten
days later, the cells were distributed in 96-well plates in an amount
of 10* cells/0.2 ml/well. After 4 days of cultivation, supernatant
from each well was screened for presence of antibodies by IF using
Huh 7 cells expressing the E2 protein (aa 384 to 661) derived from
HCV strain H77. Cells in the well that gave a positive signal were
re-distributed into 96-well plates and the wells were screened
again. This procedure was repeated 5 times until all of the tested
wells became positive on two successive assays. When cellular
RNA was extracted and the Vg region of antibody was amplified
by RT-PCR, identical sequence was obtained from three
randomly selected wells, suggesting that the cells were clones.
Antibody from this clone was designated as #37.

With a similar procedure we obtained antibody #b55. For the
screening of #55, Huh7 cells expressing the E2 protein derived
from HCV strain HOO was employed as a target. Figure 1 shows
deduced amino acid sequences of the Vg regions for #37 and
#55. The antibodies were isotyped by IF with Huh7 cells
expressing the E2 protein (aa 384-661) of HCV strain H77, using
specific secondary antibodies to human IgM, IgG1, 1gG2, IgG3,
and IgG4 subclasses, and to lambda and kappa light chains
(Binding Site Inc., San Diego, CA, USA). As shown in Figure 2,
#37 was IgG1/kappa and #55 was IgG1/lambda. The IgG was
purified from the supernatants using a HiTrap protein G HP
column (GE Healthcare, Uppsala, Sweden) and used for further
characterization.

Epitope Mapping

Both #37 and #55 failed to react with the E2 protein in the
western blot assay. Therefore, these antibodies were considered to
recognize conformational epitopes. In order to map epitope
sequences, we prepared expression vectors encoding various
regions of the E2 protein derived from HCV strain H77. They
include the regions aa 384 to 661, aa 411 to 661, aa 429 to 652, aa
429 to 607, aa 508 to 652, aa 429 to 552, aa 508 to 607, aa 552 to
652, aa 508 to 552, and aa 552 to 607. Huh7 cells expressing these
regions were tested by IF for reactivity with #37 and #55. As
shown in Figure 3, #37 was reactive with the expressed form of
the E2 protein containing aa 429 to 652, but not with smaller sizes
than this region. In contrast, #55 was reactive with the truncated
form down to the region aa 508 to 607. These results indicate that
the target epitopes of #37 and #55 are located in the regions of aa
429 to 652 and aa 508 to 607, respectively.

Cross-reactivity with Different HCV Genotypes and
Binding Ability

Recent development of infectious chimeric HCV [17-22] has
made it possible to investigate cross-genotype reactivity of the
antibodies utilizing virus-infected cells as a target. We examined
the cross-reactivity of #37 and #55 by IF using Huh7.5 cells
infected HCV with different genotype E2 proteins. Genotypes
tested were la, 1b, 2a, 2b, 3a, 4a, 5a, 6a, and 7a. Both #37 and
#55 were reactive by IF with all genotypes tested.

Binding ability of #37 and #55 was assessed by measuring
the minimum concentration of the antibodies required for an IF-
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MAb  FRI1 CDR1 __ FR2
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MAb  CDR2 FR3
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Figure 1. Amino acid sequences of the V|, regions of #37 and #055. Residues identical to #37 sequences are indicated by a dash. Dots
indicate gaps compared with the sequence of #37. MAb, monoclonal antibody; FR, framework regions; CDR, complementarity-determining regions.

doi:10.1371/journal.pone.0055874.g001

positive reaction using HCV-infected Huh7.5 cells as targets.
The HCV inocula tested were strain JFHI (genotype 2a) and ten
chimeric HCV, including H77C/JFHI (genotype la), J4/JFHI
(genotype 1b), Conl/C3 (genotype 1b), J6/JFHI1 (genotype 2a),
J8/JFH1 (genotype 2b), S52/JFHI1 (genotype 3a), ED43/JFHI
(genotype 4a), SA13/JFH1 (genotype 5a), HK6a/JFH1 (genotype
6a) and QC69/JFH]1 (genotype 7a). Antibody solutions contain-
ing 5 ug/ml of IgG were two-fold serially-diluted and each
dilution was tested by IF for a positive reaction. The results are
shown in Table 1. The minimum concentration of #55
required was 10-78 ng/ml, while that of #37 was 156~
1250 ng/ml except for H77C/JFH1 and S$52/JFHI, which

appa

#37

#55 &

Labda

required 20 ng/ml. The higher ability of #37 in binding to
H77C/JFH1 was possibly because this chimeric virus was a
JFH1-based recombinant with homologous envelope E2 of strain
H77 from the PBMC-donor. The higher reactivity with S52/
JFHI1 remains unexplained. Overall, more of #37 was needed
for a positive reaction compared to #55, indicating that #55 has
a higher binding ability than #37.

Distribution of Reacting Antigens in the HCV-infected

Cells
Distribution of the antigens reacting with #55 and #37 in
the HCV-infected cells was observed by IF-staining. We

1gG1

Figure 2. Isotyping revealed that #37 and #55 were IgG1/kappa and lgG1/lambda, respectively. Huh7 cells expressing the HCV E2 (aa
384-661) derived from strain H77 were incubated with #37 or #55, washed, and stained with fluoresceinated anti-human IgG1, anti-human lambda,

or anti-human kappa.
doi:10.1371/journal.pone.0055874.g002
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384 411 661

P aa aa
| HVR1 | #r.#3 429-652 508-607
384 661 + +
411 661 + 4
429 52 + F
429 507 - +
508 652 -+
508 607 B +
25 552 - -
552 652 - -
508 552 - -
552 607 - -

Figure 3. Epitope mapping revealed that #37 and #-55 recognized the regions aa 429 to 652 and aa 508 to 607 of the E2 protein,
respectively. (A). A panel of Huh7 cells expressing various truncations of the E2 protein derived from HCV strain H77 was generated. At the top of
the graphic, aa 384 to 661 of the E2 protein is depicted with aa numbers. HVR1, hyper variable region 1. (B). Results of the assays for reactivity by IF. +,

positive recognition; -, negative recognition. (C). IF-reactions of #37 and #55 against the cells expressing aa 429-652 and aa 508-607.

doi:10.1371/journal.pone.0055874.g003

examined Huh7.5 cells infected with 12 different inocula of
HCV, including strain JFH1 and eleven chimeric HCV with
structural proteins derived from various genotypes. Figure 4
shows IF positive-staining by #37 and #3535 observed in the
cells infected with strain JFHI1. The antibodies produced a
different pattern of staining; while #37 gave coarse granular
staining mostly located in the periphery of the nucleus, #55
gave diffuse staining throughout the cytoplasm. Similar patterns
of IF-staining were observed for other chimeric HCV tested,
including H77C/JFHI1, J4/JFHI1, J6/JFH1, J8/JFH1, S52/
JFHI, ED43/JFH1, SA13/JFHI1, HK6a/JFH1, QC69/JFHI,
H77/C3, and Conl/C3. An irrelevant control antibody (human
IgG) did not give such positive staining in the infected cells.
#37, #55, and the control antibody were not reactive with
non-infected Huh7.5 cells.

Table 1. Binding activity measured by immunofluorescence.

Ability to Recognize HCV Particles

It was recently reported that cell culture-grown HCV particles
were pleomorphic, 40-75 nm in diameter, and spherical [24]. To
determine whether #37 and #55 are able to recognize intact viral
particles, we performed indirect immuno-gold EM using anti-
human IgG labeled with colloidal gold particles as a second
antibody. As target HCV for this experiment, we employed H77/
C3 with homologous envelope E2 of strain H77 from the PBMC-
donor. Concentration and purification of viral particles from
culture supernatants was carried out by equilibrium SDG
centrifugation. Figure 5A shows the distribution of HCV RNA
measured by RT-qPCR after the centrifugation. Two peaks of
viral RNA were obtained at 1.076 g/ml and 1.171 g/ml in
fractions 3 and 6, respectively. Copy numbers of HCV RNA were
4.3x10%0.1 ml for fraction 3 and 7.4x10°/0.1 ml for fraction 6.

Virus (genotype)

H77C/JFHT (1a)

J6/JFH1 (2a) 1250

SA13/JFH1 (5a) 156

QC69/JFH1 (7a) 1250

JFHT (23) 313

Minimum concentration (ng/ml) required for positive reaction

20

78

78

78

doi:10.1371/journal.pone.0055874.t001
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control

Figure 4. Different pattern of IF-staining by #37 and #:55 in the HCV-infected Huh7.5 cells. #37 gave granular IF-reactions scattered in
the cytoplasm. #55 gave diffuse staining throughout the cytoplasm. The control antibody (human IgG) gave negative staining. #37, #55, and the

control antibody were not reactive with uninfected Huh7.5 cells.
doi:10.1371/journal.pone.0055874.g004

These two fractions were further examined by the FFU assay for
their infectivity titers. Fractions 3 and 6 had an infectivity titer of
2.0x10* FFU’0.1 ml and 4.7x10® FFU/0.1 ml, respectively.
Fraction 3 was calculated to have an approximately 9 times
higher infectivity titer per HCV RNA than fraction 6 (Figure 5B),
which was in accordance with our previous observation that the
fraction with lower buoyant density was more infectious [25].
Thus, we selected fraction 3 for the EM examination. Fraction 3
was treated with #37 followed by anti-human IgG labeled with
colloidal gold-particles, negatively stained, and examined in a
transmission electron microscope. We detected HCV-like particles
coated with colloidal gold, indicating the binding of #37 to
virions. Most of the viral particles reacting with #37 measured
approximately 50-60 nm in diameter. Figure 5C (a) shows an
aggregate of three virions coated with specific gold. These viral
particles measured approximately 50 nm in diameter. Figure 5C
(b) shows two particles; the one on the right (50-nm in diameter)
was coated with colloidal gold, indicating the binding of #37.
Another particle on the left (35-nm in diameter) was negative for
colloidal gold, indicating that #37 was not reactive with this
particle. In addition, the presence of such uncoated particle in the
same fleld suggested that colloidal gold did not bind non-
specifically. When fraction 3 was reacted with #55 followed by
anti-human IgG labeled with colloidal gold particles, larger
aggregates of various-sized viral particles were observed, as shown
in Figure 5C (c). The viral particles varied in sizes from 40 to
70 nm in diameter. Immuno-gold EM demonstrated that both
#37 and #55 can bind to HCV particles. Figure 5C (d) shows
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negative reaction of colloidal gold by an irrelevant control

antibody (human IgG).

Neutralizing Activity .

To investigate whether #37 and #55 could inhibit HCV
infection, we performed an i witro neutralization assay by
reduction of FFU. As HCV inocula, we used chimeric H77/C3
(genotype la), chimeric Conl/C3 (genotype 1b), and chimeric J6/
C3 (genotype 2a) in this assay. A virus sample containing
approximately 300 FFU/ml of HCV was pretreated at 4°C
overnight with #37, #55, or an irrelevant control antibody at a
final concentration of 0.1, 0.5, 2.5, 12.5, 62.5, or 312.5 ug/ml and
the mixtures were then inoculated into Huh7.5 cells. After 48 h
post-infection, IF-positive foci were manually counted under a
fluorescence microscope. Each test was performed in duplicate. As
shown in Figure 6, compared to the results obtained with an
irrelevant control antibody, #55 inhibited the viral infection in
dose-dependent manner for all of the 3 samples tested. Inhibition
by #37 was not observed.

Since #55 was found to have a neutralizing activity as shown
above, further examination by the FFU reduction assay was
conducted with HCV strain JFHI1 (genotype 2) and various
chimeric HCV containing the E2 proteins from 9 different
genotypes. Chimeric viruses tested included H77C/JFHI1 (geno-
type la), J4/JFHI1 (genotype 1b), J6/JFHI1 (genotype 2a), J8/JFH1
(genotype 2b), S52/JFHI1 (genotype 3a), ED43/JFHI1 (genotype
42), SA13/JFHI (genotype 5a), HK6a/JFHI (genotype 6a), and
QC69/JFH] (genotype 7a). Two different concentrations of target
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