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FIG. 2. Analysis of intracellular and supernatant HCV RNA levels in core 70/91 mutants. [n vitro-transcribed mutant and wild-type RNAs were
transfected into Huh7 cells. Three days after transfection, RNA was extracted from cells (A) or culture supernatant (B) and quantified by real-time
RT-PCR. Asterisks indicate P values of less than 0.05 compared 1o results for the wild type. (C) Western blotting. Expression of core proteins in
HCV-transfected cells. Total cellular protein was prepared from HCV RNA-transfected cells, and Western blotting was performed using anticore
and anti-beta-actin antibodies. Densitometry was performed, and results are shown as percentages of that for an HCV-negative sample.

tion to that of LDs and the ER by indirect immunofluores-
cence and confocal microscopy. Consistent with previous
reports, core proteins were colocalized with LDs but not with
an ER-located protein, PD], in the HCV-transfected cells (see
the figure in the supplemental material). There were no obvi-
ous differences in colocalization of core and LDs or core and
ER between the wild type and mutant core proteins.
Induction of interferon-stimulated genes following treat-
ment of HCV-transfected cells with interferon. To investigate
the mechanism of the relative IFN resistance of the core 70/91
mutants, as demonstrated in Fig. 1, we analyzed the cellular
IFN signaling pathway. First, we assessed the expression and
IFN-mediated induction of the mRNA transcripts of the IFN-
stimulated genes (ISGs), encoding P56, double-stranded
RNA-dependent protein kinase R (PKR), and 2'.5’-oligo-
adenylate synthetase (25AS), which mediate direct antiviral
effects on HCV expression (24, 25). Cellular expression of
PKR, P56, and 25AS was substantially increased in HCV-
transfected cells, as well as naive cells, following IFN treat-
ment. However, the levels of induction were significantly lower

in the three HCV core mutant-transfected cells than in wild-
type-transfected cells (Fig. 3A, B, and C). We next detected
IFN-induced phosphorylation of STAT1 and STAT2 in the
mutant and wild-type HCV-expressing cells. Our previous ex-
periments showed that the levels of phosphorylated STAT1
and STAT2 (pSTAT1 and pSTAT2, respectively) increased
within minutes of the addition of IFN and decreased subse-
quently at 8 h (25). Therefore, we detected pSTATI1 and
PpSTAT?2 levels before and at 15 min after the addition of IFN. As
shown in Fig. 3D and E, levels of pSTAT1 and pSTAT2 were
lower in core mutant-transfected and -infected cells after IFN
treatment than in wild-type-transfected cells and naive cells.
These findings indicate that the differences in sensitivity to inter-
feron of core mutant clones and the wild type were associated
with attenuation of the cellular IFN signaling pathway.

SOCS3 is upregulated in core mutant clones-transfected,
IFN-resistant cells. We examined next the effects of HCV
replication on the expression of SOCS1 and SOCS3, proteins
that suppress IFN receptor-mediated signaling (50, 58). There
was no significant difference in expression levels of SOCS1
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FIG. 3. Interferon-induced expressional induction of the ISGs. P56, PKR, and 25AS in Huh?7 cells transfected or infected with wild-type and core
mutant JFH1 clones. Two days posttransfection, cells were treated with 50 TU/ml of IFN-a. After 8 h, total cellular RNA was extracted and mRNAs of
P56 (A), PKR (B), or 25AS (C) were quantified by real-time RT-PCR analyses. The values are displayed as ratios of IFN-untreated control values.
Experiments were repeaied three times, and representative results are shown. Asterisks indicate P values of less than 0.05 compared to results for the
wild type. (D) Western blotting. Expression of total and phosphorylated STAT1 and STAT2 proteins in cells transfected with the wild type and core
mutant HCV clones. (E) Western blotting. Expression of total and phosphorylated STAT1 and STAT? proteins in cells infected with the wild type and core
mutant HCV clones. Densitometries for pSTAT1 and pSTAT2 were performed, and results are shown as percentage of results for HCV-negative samples.
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FIG. 4. Effects of core mutant HCV on SOCS1 and SOCS3 expres-
sion in Huh7 cells. Expression levels of SOCS1 (A) or SOCS3 (B) in
Huh?7 cells transfected with the wild type or the core mutant JFHI1.
Three days posttransfection, total cellular RNA was isolated and the
mRNA was quantified by real-time RT-PCR analyses. The experi-
ments were repeated three times, and representative results are shown.
The values are displayed as values relative to beta-actin levels. Each
experiment was repeated three times, and the representative results
are shown. Asterisks indicate P values of less than 0.05 compared to
results for the wild type.

mRNA between cells transfected with the wild type and the
core mutant clones. In contrast, the SOCS3 mRNA expression
level was significantly higher in core mutant-transfected cells
than in wild-type-transfected cells (Fig. 4A and B). It is known
that SOCSS3 is induced principally by phosphorylated STAT3
(pSTAT3) (18) and that interleukin-6 (IL-6) is a strong inducer
of pSTATS3 via receptor-mediated Janus kinase activation in
the liver (41, 51). On that basis, we investigated whether over-
expression of SOCS3 is associated with increased pSTAT3 and
with overproduction of IL-6. The pSTAT3 level was signifi-
cantly higher in core mutant-transfected cells than in JFHI1-
transfected cells and naive Huh7 cells (Fig. 5A). Moreover,
cellular IL-6 mRNA expression was significantly higher in core
mutant-transfected cells than in wild-type-transfected cells
(Fig. 5B). These findings suggested that upregulation of cellu-
lar SOCSS3 is associated with the resistance to IFN of the core
70/91 mutant HCV clones and that this effect is mediated
partly by overproduction of IL-6.

UPRs are enhanced in core mutant-transfected cells. We
have reported that HCV causes direct cytopathic effects on
host cells and that these effects are mediated by HCV-induced
unfolded protein responses (UPRs) (48). Therefore, we de-
tected the expression of UPR-related proteins, GRP78 and
CHOP, in cells expressing wild-type HCV and the core 70/91
mutants. As shown in Fig. 6, HCV-transfected cells showed
higher expression levels of GRP78 and CHOP than untrans-
fected cells. Furthermore, cells transfected with HCV core
70/91 mutant clones expressed larger amounts of GRP78 and
CHOP than the wild-type-transfected cells. Because IL-6 is
principally expressed following UPR induction (Fig. 5B), these
data indicate that HCV-induced UPR may be involved in the
IFN resistance of core mutant clones.

DISCUSSION

In this study, we used a virus cell culture system to investi-
gate the characteristics of R70Q, R70H, and L91M HCV core
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FIG. 5. Expression of phosphorylated STAT3 and IL-6 in cells
transfected with the wild type and core mutant HCV-JFH1 clones.
(A) Western blotting. Expression of total and phosphorylated STAT3
and beta-actin proteins in cells transfected with the wild type or core
mutant HCV clones. (B) Two days posttransfection, total cellular
RNA was extracted and mRNAs of IL-6 were quantified by real-time
RT-PCR analyses. The values are displayed as the ratio of values of the
HCV-untreated control. Asterisks indicate P values of less than 0.05
compared to results for the wild type.

mutant viruses, which were clinically resistant to peg-IFN-plus-
RBV treatment, and found that these core mutant clones
showed resistance to IFN in vifro, consistent with the clinical
findings (Fig. 1). These differences in the IFN sensitivity of the
core mutant clones led us conduct a series of experiments to
investigate the molecular mechanisms of IFN-related response
pathways. We found that IFN-a receptor-mediated signaling
was attenuated in wild-type HCV-infected and core mutant-
infected cells compared to that in uninfected cells and that the
suppression of IFN signaling was more potent for core mutant
clones than for the wild type. The differences in the interferon-
mediated antiviral effects were demonstrated further by the
difference in the induction rates of IFN-inducible P56, PKR,
and 25AS mRNAs (Fig. 3A, B, and C) and IFN-induced phos-
phorylation of STATI and STAT2 (Fig. 3D and E). Further-
more, the expression levels of an interferon signal attenuator,
SOCS3, were significantly higher in core mutant-transfected
cells than in wild-type-transfected cells. Moreover, cellular ex-
pression of IL-6, which induces SOCS3 expression through
phosphorylation of STAT3 (18, 41), was significantly higher in
the core mutant-transfected cells than in wild-type-transfected
cells (Fig. 5A). Taking all these things together, it is suggested
strongly that the IFN resistance of core mutant clones is due to
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FIG. 6. Expression of GRP78 and CHOP UPR genes in cells trans-
fected with the wild type and core mutant HCV-JFHI clones. Western
blotting was performed to assess UPR following transfection with
HCV core mutants. Ten micrograms of harvested cell lysates were
subjected to Western blotting using anti-GRP78 and anti-CHOP an-
tibodies. Densitometries for GRP78 and CHOP were performed, and
results are shown as percentages of results for uninfected cells.

SOCS3-mediated attenuation of IFN responses and that, more
importantly, upregulation of cellular IL-6 is attributable to
emergence of IFN resistance (Fig. 7).

Miyanari et al. demonstrated that core protein, which is
localized in LD-associated membrane, recruits HCV nonstruc-
tural (NS) proteins and replication complexes to LD and that
this recruitment is critical for producing infectious viruses (35).
Furthermore, Masaki et al. reported that the NS5A protein
interacts with core at its C-terminal serine cluster and this
NS5A-core interaction is crucial for the production of virus
particle (32). In this study, there was no difference between the
core mutants and the wild-type virus in terms of the pattern of
colocalization of core protein with LDs and also the ER mem-
brane (see the figure in the supplemental material). These
results suggest that the core amino acid substitutions at posi-
tions 70 and 91 do not alter the characteristics of the core
protein in terms of subcellular localization. Murray et al. con-
ducted a comprehensive alanine substitution scan of the core
protein to search for domains that are essential for virion
production. They showed that substitutions of amino acids 70
and 91 spared but slightly decreased the capacity for virus
particle production (37), which is consistent with our present
results. Those mutations may cause accumulation of virus and
core protein in the LDs and ER membrane and may elicit
UPRs and IFN resistance.

Type I IFNs and their responsive ISGs are the principal
mediators of host defense against virus infections, including
HCV (10, 26, 44). Upon binding of IFNs to their receptors,
IFNARI1 and IFNAR?2, Janus kinases (Jak)1 and 2 phosphor-
ylate STAT1 and STAT2 to form ISGF-3, which translocates
to the nucleus and activates transcription of ISGs (46, 54, 55).
Members of the SOCS family are potent inhibitors of type I
and type III IFN-induced activation of the Jak-STAT pathway
and subsequent expression of ISGs (58). HCV, on the other
hand, counteracts such IFN-mediated antiviral pathways
through its interaction with various steps of IFN signaling. The
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FIG. 7. Schematic diagram of signaling pathway involved in HCV
core mutant infection and IFN resistance.

HCV NS5A and E2 proteins interfere with the action of IFN
by inhibiting the activity of PKR (20, 56). NSSA also induces
expression of IL-8 and attenuates expression of ISGs (40).

HCV core protein has been reported to interfere with the
antiviral actions of IFN. Core protein binds the STATI-SH
domain (29) and destabilizes STAT1 (28) to block IFN signal-
ing. Blindenbacher et al. (8) showed that STAT signaling was
strongly inhibited in the hepatocytes of HCV core transgenic
mice. Bode et al. showed that HCV core protein induced
SOCS3 expression and inhibited tyrosine phosphorylation of
STAT1 in HepG2 cells (9). In this study, we used full-length
HCV cell culture and found that SOCS3 expression is upregu-
lated at different rates, depending on the genetic sequences of
HCYV strains, and that these differences in SOCS3 expression
are associated with sensitivity to IFN. These results indicate
that the IFN resistance of HCV-infected cells is mediated by
overexpression of SOCS3, which may be upregulated by HCV
proteins, as previously reported (9, 27). Only one amino acid
difference, R70Q, R70H, or L91M, might have affected cellular
responses to interferon.

IL-6 is the principal activator of STAT3 in hepatocytes (18,
41). Tt has been reported that plasma IL-6 levels are elevated
in CHC patients (30). Basu et al. have conducted DNA mi-
croarray analyses in HCV core-expressing cells and demon-
strated that genes including those encoding IL-6 and STAT3
were upregulated by core protein (7). Consistent with these
findings, we found that cellular IL-6 expression levels were
elevated in HCV-transfected cells in the order (from lowest to
highest levels) untransfected, wild type, and then core mutants,
which correlated well with SOCS3 expression (Fig. 4B) and
with cellular responses to IFN (Fig. 1B and C). The inducers of
IL-6 remain to be clarified. IL-6 is secreted in response to
cellular steatosis and insulin resistance (45). Hepatic steatosis
is found in 70% of CHC patients (57) and those with obesity;
steatosis or insulin resistance is refractory to IFN treatment
(43). Such patients show higher levels of hepatic SOCS3 ex-
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pression than those without obesity or insulin resistance (34,
61). We reported previously that a series of genes involved in
fatty acid and cholesterol synthesis are upregulated in HCV
replicon-expressing and HCV-JFH1-infected cells and in-
creased cellular LDs (39). Such lipogenic cellular processes may
be the cause of the upregulated expression of IL-6. Alternatively,
UPRs may produce IL-6. Chen et al. have reported that UPRs
are coupled with TNF-« and IL-6 production in human macro-
phages (11). In this study, transfection of Huh7 cells by HCV
induced the expression of UPR genes, and their expression levels
were significantly higher in mutant core protein-transfected cells
than in wild type-transfected cells (Fig. 6).

The differences in ISG expression levels between the HCV
wild type and core mutants were significant but small (Fig. 3A,
B, and C). As shown in Fig. 3D, and E and 4B, the interclone
differences in pSTAT and SOCS3 were significant but rela-
tively small, which may explain the small differences in ISG
levels. Similarly, the clinical difference in interferon treatment
outcomes between core 70/91 mutants and wild types are sig-
nificant but are around the sustained viral clearance rates of
32.4% versus 53.5% in core 70 or 91 mutants and wild types,
respectively (19), which might be consistent with our present
results.

In clinical settings, IFN resistance of the core amino acid
70/91 mutants has been reported for genotype 1b strains (5).
At present, there is no report that these mutations are associ-
ated with IFN treatment responses to other genotypes, includ-
ing genotype 2a, which we used in this study. Because HCV
strains other than genotypes 1 and 4 are generally sensitive to
IFN, the core 70/91 mutations might not affect final treatment
outcomes. We have conducted preliminary experiments using
genotype 1b infectious clones with low levels of replication and
found that these mutations did not significantly affect sensitiv-
ity to IFN in culture. It may be necessary to investigate IFN
sensitivity when efficient cell culture systems have been devel-
oped for HCV genotype 1.

In addition to the poor virological responses of HCV core
amino acid 70/91 mutants to peg-IFN-plus-RBV treatment (4,
6, 12), patients infected with the core mutants showed in-
creased incidence of hepatocellular malignancies (2, 15, 49). It
has been reported that the HCV core R70 but not 1L.91 mutant
frequently causes steatosis and increased hepatic oxidative
stress (52). It is possible that core 70/91 mutations not only
induce IFN resistance but also may cause other pathophysio-
logical conditions, such as carcinogenesis and disorders of lipid
metabolism.

In conclusion, our study demonstrates that the IFN resis-
tance of HCV core mutants may be, for the most part, deter-
mined by cellular expression levels of SOCS3 and IL-6. Ther-
apeutic targeting of IL-6 potentially may be a key to targeting
IFN resistance and improving antiviral chemotherapeutics
against HCV.
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Background & Aims: Pegylated interferon and ribavirin (PEG-
IFN/RBV) therapy for chronic hepatitis C virus (HCV) genotype 1
infection is effective in 50% of patients. Recent studies revealed
an association between the IL28B genotype and treatment
response. We aimed to develop a model for the pre-treatment
prediction of response using host and viral factors.

Methods: Data were collected from 496 patients with HCV geno-
type 1 treated with PEG-IFN/RBV at five hospitals and universities
in Japan. IL28B genotype and mutations in the core and [FN sen-
sitivity determining region (ISDR) of HCV were analyzed to pre-
dict response to therapy. The decision model was generated by
data mining analysis.

Results: The J[28B polymorphism correlated with early virologi-
cal response and predicted null virological response (NVR) (odds
ratio = 20.83, p <0.0001) and sustained virological response (SVR)
(odds ratio =7.41, p <0.0001) independent of other covariates.
Mutations in the ISDR predicted relapse and SVR independent
of I[28B. The decision model revealed that patients with the
minor [L28B allele and low platelet counts had the highest NVR
(84%) and lowest SVR (7%), whereas those with the major [L28B
allele and mutations in the ISDR or high platelet counts had the
lowest NVR (0-17%) and highest SVR (61-90%). The model had
high reproducibility and predicted SVR with 78% specificity and
70% sensitivity.

Keywords: [L28B; ISDR; Peg-interferon; Ribavirin; Data mining; Decision tree.
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Conclusions: The [[28B polymorphism and mutations in the [SDR
of HCV were significant pre-treatment predictors of response to
PEG-IFN/RBV. The decision model, including these host and viral
factors may support selection of optimum treatment strategy for
individual patients.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Hepatitis C virus (HCV) infection is the leading cause of cirrhosis
and hepatocellular carcinoma worldwide [1]. The successful
eradication of HCV, defined as a sustained virological response
(SVR), is associated with a reduced risk of developing hepatocel-
lular carcinoma. Currently, pegylated interferon (PEG-IFN) plus
ribavirin (RBV) is the most effective standard of care for chronic
hepatitis C but the rate of SVR is around 50% in patients with
HCV genotype 1 [2,3], the most common genotype in Japan,
Europe, the United States, and many other countries. Moreover,
20-30% of patients with HCV genotype 1 have a null virological
response (NVR) to PEG-IFN/RBV therapy [4]. The most reliable
method for predicting the response is to monitor the early
decline of serum HCV-RNA levels during treatment [5] but there
is no established method for prediction before treatment.
Because PEG-IFN/RBV therapy is costly and often accompanied
by adverse effects such as flu-like symptoms, depression and
hematological abnormalities, pre-treatment predictions of those
patients who are unlikely to benefit from this regimen enables
ineffective treatment to be avoided.

Recently, it has been reported through a genome-wide associ-
ation study (GWAS) of patients with genotype 1 HCV that single
nucleotide polymorphisms (SNPs) located near the [[28B gene are
strongly associated with a response to PEG-IFN/RBV therapy in
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Table 1. Baseline characteristics of all patients, and patients assigned to the model building or validation groups.

All patients Model group Validation group
n =496 n =331 n=165
Gender: male 250 (50%) 170 (51%) 80 (48%)
Age (years) 57.1+9.9 56.8+9.7 575+ 10.2
ALT (IUL) 78.6+60.8 78.1£61.4 79.7+ 596
GGT (IUiL) 59.3+63.6 58.9+62.0 60.2 £66.9
Platelets (10°/L) 154 £ 53 153 £ 52 154 £ 56
Fibrosis: F3-4 121 (24%) 80 (24%) 41 (25%)
HCV-RNA: >600,000 IU/mi 409 (82%) 273 (82%) 136 (82%)
ISDR mutation: <1 220 (88%) 290 (88%) 145 (88%)
Core 70 (Arg/Gin or His) 293 (59%)/203 (41%) 197 (60%)/134 (40%) 96 (58%)/69 (42%)
Core 91 (Leu/Met) 299 (60%)/197 (40%) 200 (80%)/131 (40%) 99 (60%)/66 (40%)
IL28B: Minor allele 151 (30%) 101 (31%) 50 (30%)
SVR 194 (39%) 129 (39%) 65 (39%)
Relapse 152 (31%) 103 (31%) 49 (30%)
NVR 150 (30%) 99 (30%) 51 (31%)
ALT, aianine.aminotransrerase: GGT, g lutamyitr ISDR, interferon sensitivity determining region; Arg, arginine; Gln, glutamine; His, histidine; Leu, leucine;

Met, methionine; Minor, heterozygote or homozygote of minor allele; SVR, sustained virological response; NVR, null virological response.

Japanese [6], European [7], and a multi-ethnic population [8,9].
The last three studies focused on the association of SNPs in the
1128B region with SVR [7-9] but we found a stronger association
with NVR [6]. In addition to these host genetic factors, we have
reported that mutations within a stretch of 40 amino acids in
the NS5A region of HCV, designated as the IFN sensitivity deter-
mining region (ISDR), are closely associated with the virological
response to IFN therapy: a lower number of mutations is associ-
ated with treatment failure [10-13]. Amino acid substitutions at
positions 70 and 91 of the HCV core region (Core70, Core91) also
have been reported to be associated with response to PEG-IFN/
RBV therapy: glutamine (GlIn) or histidine (His) at Core70 and
methionine (Met) at Core91 are associated with treatment resis-
tance [4,14]. The importance of substitutions in the HCV core and
ISDR was confirmed recently by a Japanese multicenter study
[15]). How these viral factors contribute to response to therapy
is yet to be determined. For general application in clinical prac-
tice, host genetic factors and viral factors should be considered
together.

Data mining analysis is a family of non-parametric regression
methods for predictive modeling. Software is used to automati-
cally explore the data to search for optimal split variables and
to build a decision tree structure [16]. The major advantage of
decision tree analysis over logistic regression analysis is that
the results of the analysis are presented in the form of flow chart,
which can be interpreted intuitively and readily made available
for use in clinical practice [17). The decision tree analysis has
been utilized to define prognostic factors in various diseases
[18-25]. We have reported recently its usefulness for the predic-
tion of an early virological response (undetectable HCV-RNA
within 12 weeks of therapy) to PEG-IFN/RBV therapy in chronic
hepatitis C [26].

This study aimed to define the pre-treatment prediction of
response to PEG-IFN/RBV therapy through the integrated analysis
of host factors, such as the IL28B genetic polymorphism and var-
ious clinical covariates, as well as viral factors, such as mutations
in the HCV core and ISDR and serum HCV-RNA load. In addition,

for the general application of these results in clinical practice,
decision models for the pre-treatment prediction of response
were determined by data mining analysis.

Materials and methods
Patients

This was a multicentre retrospective study supported by the Japanese Ministry of
Health, Labor and Welfare. Data were collected from a total of 496 chronic hep-
atitis C patients who were treated with PEG-IFN alpha and RBV at five hospitals
and universities throughout Japan. Of these, 98 patients also were included in
the original GWAS analysis [6]. The inclusion criteria in this study were as follows
(1) infection by genotype 1b, (2) lack of co-infection with hepatitis B virus or
human immunodeficiency virus, (3) lack of other causes of liver disease, such
as autoimmune hepatitis, and primary biliary cirrhosis, (4) completion of at least
24 weeks of therapy, (5) adherence of more than 80% to the planned dose of PEG-
IFN and RBV for the NVR patients, (6) availability of DNA for the analysis of the
genetic polymorphism of /L28B, and (7) availability of serum for the determina-
tion of mutations in the ISDR and substitutions of Core70 and Core91 of HCV.
Patients received PEG-IFN alpha-2a (180 pg) or 2b (1.5 pg/kg) subcutaneously
every week and were administered a weight adjusted dose of RBV (600 mg
for <60 kg, 800 mg for 60-80 kg, and 1000 mg for >80 kg daily) which is the rec-
ommended dosage in Japan. Written informed consent was obtained from each
patient and the study protocol conformed to the ethical guidelines of the Decla-
ration of Helsinki and was approved by the institutional ethics review committee.
The baseline characteristics are listed in Table 1. For the data mining analysis, 67%
of the patients (331 patients) were assigned randomly to the model building
group and 33% (165 patients) to the validation group. There were no significant
differences in the clinical backgrounds between these two groups.

Laboratory and histological tests

Blood samples were obtained before therapy and were analyzed for hematologic
tests and for blood chemistry and HCV-RNA. Sequences of ISDR and the core
region of HCV were determined by direct sequencing after amplification by
reverse-transcription and polymerase chain reaction as reported previously
[4.11]. Genetic polymorphism in one tagging SNP located near the [L28B gene
(rs8099917) was determined by the GWAS or DigiTag2 assay [27]. Homozygosity
(GG) or heterozygosity (TG) of the minor sequence was defined as having the
IL28B minor allele, whereas homozygosity for the major sequence (TT) was
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Fig. 1. Association between the [L28B genotype (rs8099917) and treatment response. The rates of response to treatment are shown for each rs8099917 genotype. The
rate of null virological response (NVR), relapse, and sustained virological response (SVR) is shown. The p values are from Fisher's exact test. The rate of NVR was significantly
higher (p <0.0001) and the rate of SVR was significantly lower (p <0.0001) in patients with the IL28B minor allele compared to those with the major allele.

defined as having the IL288 major allele. In this study, NVR was defined as a less
than 2 log reduction of HCV-RNA at week 12 and detectable HCV-RNA by quali-
tative PCR with a lower detection limit of 50 IUfml (Amplicor, Roche Diagnostic
systems, CA) at week 24 during therapy. RVR (rapid virological response) and
complete early virological response (cEVR) were defined as undetectable HCV-
RNA at 4 weeks and 12 weeks during therapy and SVR was defined as undetect-
able HCV-RNA 24 weeks after the completion of therapy. Relapse was defined as
reappearance of HCV-RNA after the completion of therapy. The stage of liver
fibrosis was scored according to the METAVIR scoring system: FO (no fibrosis),
F1 (mild fibrosis: portal fibrosis without septa), F2 (moderate fibrosis: few septa),
F3 (severe fibrosis: numerous septa without cirrhosis) and F4 (cirrhosis). Percent-
age of steatosis was quantified in 111 patients by determining the average pro-
portion of hepatocytes affected by steatosis.

Statistical analysis

Associations between pre-treatment variables and treatment response were ana-
lyzed by univariate and multivariate logistic regression analysis. Associations
between the JL28B polymorphism and sequences of HCV were analyzed by Fish-
er's exact test. SPSS software v.15.0 (SPSS Inc., Chicago, IL) was used for these
analyses. For the data mining analysis, IBM-SPSS Modeler version 13.0 (IBM-SPSS
Inc., Chicago, IL) software was utilized as reported previously [26]. The patients
used for mode] building were divided into two groups at each step of the analysis
based on split variables. Each value of each variable was considered as a potential
split. The optimum variables and cut-off values were determined by a statistical
search algorithm to generate the most significant division into two prognostic
subgroups that were as homogeneous as possible for the probability of SVR.
Thereafter, each subgroup was evaluated again and divided further into sub-
groups. This procedure was repeated until no additional significant variable
was detected or the sample size was below 15. To avoid over-fitting, 10-fold cross
validation was used in the tree building process. The reproducibility of the result-
ing model was tested with the data from the validation patients.

Results

Association between the IL28B (rs8099917) genotype and the PEG-
IFN/RBV response

The rs8099917 allele frequency was 70% for TT (n = 345), 29% for
TG (n=146), and 1% for GG (n=5). We defined the I[28B major
allele as homozygous for the major sequence (TT) and the [L28B
minor allele as homozygous (GG) or heterozygous (TG) for the
minor sequence. The rate of NVR was significantly higher (72%
vs. 12%, p<0.0001) and the rate of SVR was significantly lower
(14% vs. 50%, p <0.0001) in patients with the [L28B minor allele
compared to those with the major allele (Fig. 1).

Effect of the IL28B polymorphism, substitutions in the ISDR, Core70,
and Core91 of HCV on time-dependent clearance of HCV

Patients were stratified according to their I[28B allele type, the
number of mutations in the ISDR, the amino acid substitutions
in Core70 and Core91, and the rate of undetectable HCV-RNA at
4,8, 12, 24, and 48 weeks after the start of therapy were analyzed
(Fig. 2A-D). The rate of undetectable HCV-RNA was significantly
higher in patients with the IL28B major allele than the minor
allele, in patients with two or more mutations in the ISDR com-
pared to none or only one mutation, in patients with arginine
(Arg) at Core70 rather than Gln/His, and in patients with leucine
(Leu) at Core91 rather than Met. The difference was most signif-
icant when stratified by the IL28B allele type. The rate of RVR and
cEVR was significantly more frequent in patients with the I[28B
major allele compared with those with the IL28B minor allele:
9% vs. 3% for RVR (p<0.005) and 57% vs. 11% for cEVR
(p <0.0001). These findings suggest that [L28B has the greatest
impact on early virological response to therapy.

Association between substitutions in the ISDR and relapse after the
completion of therapy

Patients were stratified according to the [L28B allele, number of
mutations in the ISDR, and amino acid substitutions of Core70
and Core91, and the rate of relapse was analyzed (Fig. 3A and
B). Among patients who achieved cEVR, the rate of relapse was
significantly lower in patients with two or more mutations in
the ISDR compared to those with only one or no mutations
(15% vs. 31%, p <0.005) (Fig. 3 B). On the other hand, the relapse
rate was not different between the [L28B major and minor alleles
within patients who achieved RVR (3% vs. 0%) or cEVR (28% vs.
29%) (Fig. 3A). Amino acid substitutions of Core70 and Core91
were not associated with the rate of relapse (data not shown).

Factors associated with response by multivariate logistic regression
analysis

By univariate analysis, the minor allele of IL28B (p <0.0001), one
or no mutations in the ISDR (p=0.03), high serum level of
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Fig. 2. Effect of IL28B mutations in the ISDR, Core70, and Core91 of HCV on time-dependent clearance of HCV. The rate of undetectable HCV-RNA was plotted for serial
time points after the start of therapy (4, 8, 12, 24, and 48 weeks) and for 24 weeks after the completion of therapy. Patients were stratified according to (A) the IL28E allele
(minor allele vs. major allele), (B) the number of mutations in the ISDR (0-1 mutation vs. 2 or more mutations), amino acid substitutions of (C) Core70 (GInfHis vs. Arg), and

(D) Core91 (Met vs. Leu). The p values are from Fisher's exact test.

HCV-RNA (p = 0.035), Gln or His at Core70 (p <0.0001), low plate-
let counts (p=0.009), and advanced fibrosis (p = 0.0002) were
associated with NVR. By multivariate analysis, the minor allele
of IL28B (OR = 20.83, 95%Cl = 11.63-37.04, p <0.0001) was associ-
ated with NVR independent of other covariates (Table 2). Notably,
mutations in the ISDR (p=0.707) and at amino acid Core70
(p=0.207) were not significant in multivariate analysis due to
the positive correlation with the [L28B polymorphism (p = 0.004
for ISDR and p <0.0001 for Core70, Fig. 4).

Genetic polymorphism of [L28B also was associated with SVR
(OR =7.41, 95% Cl = 4.05-13.57, p <0.0001) independent of other
covariates, such as platelet counts, fibrosis, and serum levels of
HCV-RNA. Mutation in the ISDR was an independent predictor
of SVR (OR=2.11, 95% Cl = 1.06-4.18, p=0.033) but the amino
acid at Core70 was not (Table 3).

Factors associated with the IL28B polymorphism

Patients with the [[28B minor allele had significantly higher
serum level of gamma-glutamyltransferase (GGT) and a higher

frequency of hepatic steatosis (Table 4). When the association
between the IL28B polymorphism and HCV sequences was ana-
lyzed, Gln or His at Core70, that is linked to resistance to PEG-
IFN and RBV therapy [4,14,15], was significantly more frequent
in patients with the minor IL28B allele than in those with the
major allele (67% vs. 30%, p<0.0001) (Fig. 4). Other HCV
sequences with an IFN resistant phenotype also were more pre-
valent in patients with the minor [L28B allele than those with
the major allele: Met at Core91 (46% vs. 37%, p =0.047) and one
or no mutations in the ISDR (94% vs. 85%, p = 0.004) (Fig. 4).

Data mining analysis

Data mining analysis was performed to build a model for the pre-
diction of SVR and the result is shown in Fig. 5. The analysis
selected four predictive variables, resulting in six subgroups of
patients. Genetic polymorphism of I[28B was selected as the best
predictor of SVR. Patients with the minor I[28B allele had a lower
probability of SVR and a higher probability of NVR than those
with the major IL28B allele (SVR: 14% vs. 50%, NVR: 72% vs.
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Fig. 3. Association between relapse and the IL28B allele or mutations in the
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Patients were stratified according to (A) the [L28B allele (minor allele vs. major
allele) and (B) the number of mutations in the ISDR (0-1 mutation vs. 2 or more
mutations). The p values are from Fisher's exact test.

12%). After stratification by the IL28B allele, patients with low
platelet counts (<140 x 10%/L) had a lower probability of SVR
and higher probability of NVR than those with high platelet
counts (=140 x 10°/L): for the minor J[28B allele, SVR was 7%
vs. 19%, and NVR was 84% vs. 62%, and for the major IL28B allele,
SVR was 32% vs. 66% and NVR was 16% vs. 8%, Among patients
with the major [[28B allele and low platelet counts, those with
two or more mutations in the ISDR had a higher probability of
SVR and lower probability of relapse than those with one or no
mutations in the ISDR (SVR: 75% vs. 27%, and relapse: 8% vs.
57%). Among patients with the major IL28B allele and high plate-
let counts, those with a low HCV-RNA titer (<600,000 IU/ml) had
a higher probability of SVR and lower probability of NVR and
relapse than those with a high HCV-RNA titer (SVR: S0% vs.
61%, NVR: 0% vs. 10%, and relapse: 10% vs. 29%). The sensitivity
and specificity of the decision tree were 78% and 70%, respec-
tively. The area under the receiver operating characteristic
(ROC) curve of the model was 0.782 (data not shown). The pro-
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mutation in the ISDR of NS5A, (B) GIn or His at Core70, and (C) Met at Cored1. p
values are from Fisher's exact test.

portion of patients with advanced fibrosis (F3-4) was 39% (84/
217) in patients with low platelet counts (<140 x 10°/L) com-
pared to 13% (37/279) in those with high platelet counts
(=140 x 109/L).

Validation of the data mining analysis

The results of the data mining analysis were validated with 165
patients who differed from those used for model building. Each
patient was allocated to one of the six subgroups for the valida-
tion using the flow-chart form of the decision tree. The rate of
SVR and NVR in each subgroup was calculated. The rates of SVR
and NVR for each subgroup of patients were closely correlated
between the model building and the validation patients
(*=0.99 and 0.98) (Fig. 6).

Discussion

The rate of NVR after 48 weeks of PEG-IFN/RBV therapy among
patients infected with HCV of genotype 1 is around 20-30%. Pre-
viously, there have been no reliable baseline predictors of NVR or
SVR. Because more potent therapies, such as protease and poly-
merase inhibitor of HCV [28,29] and nitazoxianide [30], are in
clinical trials and may become available in the near future, a
pre-treatment prediction of the likelihood of response may be
helpful for patients and physicians, to support clinical decisions
about whether to begin the current standard of care or whether
to wait for emerging therapies. This study revealed that the
I28B polymorphism was the overwhelming predictor of NVR
and is independent of host factors and viral sequences reported
previously. The I[28B encodes a protein also known as IFN-
lambda 3, which is thought to suppress the replication of various
viruses including HCV [31,32). The results of the current study
and the findings of the GWAS studies [6-9] may provide the
rationale for developing diagnostic testing or an IFN-lambda
based therapy for chronic hepatitis C in the future.
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Table 2. Factors associated with NVR analyzed by univariate and multivariate logistic regression analysis.

Univariate Multivariate

Odds 95%Cl p value Cdds 95%Cl p value

ratio ratio
Gender: female 0.88 0.67-1.45 0.938 1.29 0.75-2.23 0.363
Age 1.01 0.97-1.01 0.223 0.99 0.97-1.02 0.679
ALT 1.00 1.00-1.00 0.867 1.00 0.99-1.00 0.580
GGT 1.004 1.00-1.01 0.029 1.00 1.00-1.00 0.715
Platelets 0.95 0.91-0.99 0.009 0.92 0.87-0.98 0.006
Fibrosis: F3-4 2.23 1.46-3.42 0.0002 1.97 1.08-3.57 0.025
HCV-RNA: 2600,000 IU/ml 1.83 1.05-3.19 0.035 249 1.17-5.29 0.018
ISDR mutation: s1 2.14 1.08-4.22 0.030 0.96 0.78-1.18 0.707
Core 70 (Gin/His) 3.23 2.16-4.78 <0.0001 1.41 0.83-2.42 0.207
Core 91 (Met) 1.39 0.95-2.06 0.083 1.21 0.72-2.04 0.462
IL28B: Minor allele 19.24 11.87-31.18 <0.0001 20.83 11.63-37.04 <0.0001

ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase; ISDR, interferon sensitivity determining region; Gln, glutamine; His, histidine; Met, methionine; Minor

allele, heterozygote or homozygote of minor allele.

Table 3. Factors associated with SVR analyzed by univariate and multivariate logistic regression analysis.

Univariate Multivariate

Odds 95%Cl p value Odds 95%Cl p value

ratio ratio
Gender: female 0.81 0.56-1.16 0.253 0.86 0.55-1.35 0.508
Age 0.97 0.95-0.98 0.0003 0.99 0.96-1.01 0.199
ALT 1.00 1.00-1.00 0.337 1.00 1.00-1.01 0.108
GGT 1.00 1.00-1.00 0.273 1.00 1.00-1.00 0.797
Platelets 1.12 1.01-116 <0.0001 1.13 1.08-1.19 <0.0001
Fibrosis: F0O-2 264 1.65-4.22 <0.0001 1.87 1.07-3.28 0.028
HCV-RNA: <600,000 IU/ml 249 1.55-3.98 0.0001 275 1.554.90 0.001
ISDR mutation: 2= 3.78 2.14-6.68 <0.0001 2.1 1.06-4.18 0.033
Core 70 (Arg) 1.61 1.11-2.28 0.012 0.84 0.52-1.35 0.470
Core 91 (Leu) 1.28 0.88-1.85 0.185 1.26 0.81-1.96 0.300
IL28B: Major allele 6.21 3.75-10.31 <0.0001 7.41 4.05-13.57 <0.0001

ALT, alanine aminotransferase; GGT, Gamma-glutamyltransferase; I1SDR, interferon sensitivity determining region; Arg, arginine; Leu, leucine; Major allele, homozygote of

major allele.

Among baseline factors, IL28B was the most significant predic-
tor of NVR and SVR. Moreover, the IL28B allele type was also cor-
related with early virological response: the rate of RVR and cEVR
was significantly high for the [L28B major allele compared to the
[L28B minor allele: 9% vs. 3% for RVR and 57% vs. 11% for cEVR
(Fig. 2). On the other hand, the relapse rate was not different
between the [[28B genotypes within patients who achieved
RVR or cEVR (Fig. 3). We believe that optimal therapy should
be based on baseline features and a response-guided approach.
Our findings suggest that the /L28B genotype is a useful baseline
predictor of virological response which should be used for select-
ing the treatment regimen: whether to treat patients with PEG-
IFN and RBV or to wait for more effective future therapy includ-
ing direct acting antiviral drugs. On the other hand, baseline
IL28B genotype might not be suitable for determining the treat-
ment duration in patients who started PEG-IFN/RBV therapy

and whose virological response is determined because the [[28B
genotype is not useful for the prediction of relapse. The duration
of therapy should be personalized based on the virological
response. Future studies need to explore whether the combina-
tion of baseline [[28B genotype and response-guided approach
further improves the optimization of treatment duration.

The SVR rate in patients having the [L28B minor allele was 14%
in the present study while it was 23% in Caucasians and 9% in
African Americans in a study by McCarthy et al. [33]. On the other
hand, the SVR rate in patients having the /L28B minor allele was
28% in genotypes 1/4 compared to 80% in genotypes 2/3 in a
study by Rauch et al. [8]. These data imply that the impact of
the IL28B polymorphism on response to therapy may be different
in terms of race, geographical areas, or HCV genotypes, and that
our data need to be validated in future studies including different
populations and geographical areas before generalization.
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Table 4. Factors associated with IL28B genotype.
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IL288 major allele IL288 minor allele p value
n =345 n =151
Gender: male 166 (48%) 84 (56%) 0.143
Age (years) 57+10 57+10 0.585
ALT (IUL) 79+ 60 78462 0.842
Platelets (10%L) 153+ 54 155+ 52 0.781
GGT (luiL) 51+45 78+ 91 0.001
Fibrosis: F3-4 76 (22%) 45 (30%) 0.063
Steatosis:
>10% 16/88 (18%) 13/23 (57%) 0.024
>30% 6/88 (7%) 6/23 (26%) 0.017
HCV-RNA: >600,000 IU/ml 284 (82%) 125 (83%) 1.000

ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase.

Four GWAS studies have shown the association between a
genetic polymorphism near the [[28B gene and response to
PEG-IFN plus RBV therapy. The SNPs that showed significant
association with response were rs12979860 [8] and rs8099917
[6,7,9]. There is a strong linkage-disequilibrium (LD) between
these two SNPs as well as several other SNPs near the [L28B gene
in Japanese patients [34] but the degree of LD was weaker in Cau-
casians and Hispanics [8]. Thus, the combination of SNPs is not
useful for predicting response in Japanese patients but may
improve the predictive value in patients other than Japanese
who have weaker LD between SNPs.

Other significant predictors of response independent of IL28B
genotype were platelet counts, stage of fibrosis, and HCV RVA
load. A previous study reported that platelet count is a predictor
of response to therapy [35], and the lower platelet count was
related with advanced liver fibrosis in the present study. The
association between response to therapy and advanced fibrosis
independent of the IL28B polymorphism is consistent with a
recent study by Rauch et al. [9].

There is agreement that the viral genotype is significantly
associated with the treatment outcome. Moreover, viral factors
such as substitutions in the ISDR of the NS5A region [10] or in
the amino acid sequence of the HCV core [4] have been studied
in relation to the response to IFN treatment. The amino acid
Gln or His at Core70 and Met at Core91 are repeatedly reported
to be associated with resistance to therapy [4,14,15] in Japanese
patients but these data wait to be validated in different popula-
tions or other geographical areas. In this study, we confirmed that
patients with two or more mutations in the ISDR had a higher
rate of undetectable HCV-RNA at each time point during therapy.
In addition, the rate of relapse among patients who achieved
cEVR was significantly lower in patients with two or more muta-
tions in ISDR compared to those with only one or no mutations
(15% vs. 31%, p <0.05). Thus, the ISDR sequence may be used to
predict a relapse among patients who achieved virological
response during therapy, while the /L28B polymorphism may be
used to predict the virological response before therapy. A higher
number of mutations in the ISDR are reported to have close asso-
ciation with SVR in Japanese [11-13,15,36] or Asian [37,38] pop-
ulations but data from Western countries have been controversial
[39-42]. A meta-analysis of 1230 patients including 525 patients
from Europe has shown that there was a positive correlation

between the SVR and the number of mutations in the ISDR in Jap-
anese as well as in European patients [43] but this correlation
was more pronounced in Japanese patients. Thus, geographical
factors may account for the different impact of ISDR on treatment
response, which may be a potential limitation of our study.

To our surprise, these HCV sequences were associated with
the IL28B genotype: HCV sequences with an IFN resistant pheno-
type were more prevalent in patients with the minor IL28B allele
than those with the major allele. This was an unexpected finding,
as we initially thought that host genetics and viral sequences
were completely independent. A recent study reported that the
IL28B polymorphism (rs12979860) was significantly associated
with HCV genotype: the IL28B minor allele was more frequent
in HCV genotype 1-infected patients compared to patients
infected with HCV genotype 2 or 3 [33]. Again, patients with
the IL28B minor allele (IFN resistant genotype) were infected with
HCV sequences that are linked to an IFN resistant phenotype. The
mechanism for this association is unclear, but may be related to
an interaction between the IL28B genotype and HCV sequences in
the development of chronic HCV infection as discussed by McCar-
thy et al., since the [[28B polymorphism was associated with the
natural clearance of HCV [44]. Alternatively, the HCV sequence
within the patient may be selected during the course of chronic
infection [45,46]. These hypotheses should be explored through
prospective studies of spontaneous HCV clearance or by testing
the time-dependent changes in the HCV sequence during the
course of chronic infection.

How these host and viral factors can be integrated to predict
the response to therapy in future clinical practice is an important
question. Because various host and viral factors interact in the
same patient, predictive analysis should consider these factors
in combination. Using the data mining analysis, we constructed
a simple decision tree model for the pre-treatment prediction
of SVR and NVR to PEG-IFN/RBV therapy. The classification of
patients based on the genetic polymorphism of IL28B, mutation
in the ISDR, serum levels of HCV-RNA, and platelet counts, iden-
tified subgroups of patients who have the lowest probabilities of
NVR (0%) with the highest probabilities of SVR (90%) as well as
those who have the highest probabilities of NVR (84%) with the
lowest probability of SVR (7%). The reproducibility of the model
was confirmed by the independent validation based on a second
group of patients. Using this model, we can rapidly develop an
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Fig. 5. Decision tree for the prediction of response to therapy. The boxes indicate the factors used for splitting. Pie charts indicate the rate of response for each group of
patients after splitting. The rate of null virological response, relapse, and sustained virological response is shown.

estimate of the response before treatment, by simply allocating
patients to subgroups by following the flow-chart form, which
may facilitate clinical decision making. This is in contrast to the
calculating formula, which was constructed by the traditional
logistic regression model. This was not widely used in clinical
practice as it is abstruse and inconvenient. These results support
the evidence based approach of selecting the optimum treatment
strategy for individual patients, such as treating patients with a
low probability of NVR with current PEG-IFN/RBV combination
therapy or advising those with a high probability of NVR to wait
for more effective future therapies. Patients with a high probabil-
ity of relapse may be treated for a longer duration to avoid a
relapse. Decisions may be based on the possibility of a response
against a potential risk of adverse events and the cost of the ther-
apy, or disease progression while waiting for future therapy.
We have previously reported the predictive model of early
virological response to PEG-IFN and RBV in chronic hepatitis C

[26]. The top factor selected as significant was the grade of stea-
tosis, followed by serum level of LDL cholesterol, age, GGT, and
blood sugar. The mechanism of association between these factors
and treatment response was not clear at that time. To our inter-
est, a recent study by Li et al. [47] has shown that high serum
level of LDL cholesterol was linked to the IL.28B major allele (CC
in rs12979860). High serum level of LDL cholesterol was associ-
ated with SVR but it was no longer significant when analyzed
together with the JL28B genotype in multivariate analysis. Thus,
the association between treatment response and LDL cholesterol
levels may reflect the underlining link of LDL cholesterol levels to
IL28B genotype. Steatosis is reported to be correlated with low
lipid levels [48] which suggest that IL28B genotypes may be also
associated with steatosis. In fact, there were significant correla-
tions between the IL28B genotype and the presence of steatosis
in the present study (Table 4). In addition, the serum level of
GCGT, another predictive factor in our previous study, was signif-
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Fig. 6. Validation of the CART analysis. Each patient in the validation group was
allocared to one of the six subgroups by following the flow-chart form of the
decision tree. The rate of (A) sustained virological response (SVR) and (B) null
virological response (NVR) in each subgroup was calculated and plotted. The X-
axis represents the rate of SVR or NVR in the model building patients and the Y-
axis represents those in the validation patients. The rate of SVR and NVR in each
subgroup of patients is closely correlated between the model building and the
validation patients (correlation coefficient: r* = 0.98-0.99).

icantly associated with [[28B genotype in the present study
(Table 4). The serum level of GGT was significantly associated
with NVR when examined independently but was no longer sig-
nificant when analyzed together with the I[28B genotype. These
observations indicate that some of the factors that we have pre-
viously identified may be associated with virological response to
therapy through the underlining link to the /[28B genotype.

In conclusion, the present study highlighted the impact of the
1L28B polymorphism and mutation in the ISDR on the pre-treat-
ment prediction of response to PEG-IFN/RBV therapy. A decision
model including these host and viral factors has the potential to

JOURNAL OF HEPATOLOGY

support selection of the optimum treatment strategy for individ-
ual patients, which may enable personalized treatment.
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A lack of patient response to alpha interferon (a-IFN) plus ribavirin (RBV) treatment is a major problem
in eliminating hepatitis C virus (HCV). We screened chemical libraries for compounds that enhanced cellular
responses to «-IFN and identified a triterpenoid, toosendanin (TSN). Here, we studied the effects and
mechanisms of action of TSN on HCV replication and its effect on o-IFN signaling. We treated HCV genotype
1b replicon-expressing cells and HCV-J6/JFH-infected cells with TSN, with or without «-IFN, and the level of
HCV replication was quantified. To study the effects of TSN on «-IFN signaling, we detected components of the
interferon-stimulated gene factor 3 (ISGF3), phosphorylated signal transducer and activator of transcription
1 (STAT1), and STAT2 by Western blotting analysis; expression levels of mRNA of interferon regulatory factor
9 using real-time reverse transcription-PCR (RT-PCR); and interferon-stimulated response element reporter
activity and measured the expression levels of interferon-inducible genes for 2’,5'-oligoadenylate synthetase,
MxA, protein kinase R, and p36 using real-time RT-PCR. TSN alone specifically inhibited expression of the
HCYV replicon (50% effective concentration = 20.6 nM, 50% cytotoxic concentration > 3 pM, selectivity index >
146). Pretreatment with TSN prior to «-IFN treatment was more effective in suppressing HCV replication than
treatment with either drug alone. Although TSN alone did not activate the «-IFN pathway, it significantly
enhanced the «-IFN-induced increase of phospherylated STATS, interferon-stimulated response element
activation, and interferon-stimulated gene expression. TSN significantly increased baseline expression of
interferon regulatory factor 9, a component of interferon-stimulated gene factor 3. Antiviral effects of treatment
with «-IFN can be enhanced by pretreatment with TSN. Its mechanisms of action could potentially be

important to identify novel meolecular targets to treat HCV infection.

Hepatitis C virus (HCV) is one of the most important patho-
gens causing acute and chronic hepatitis, liver cirrhosis, and
hepatocellular malignancies (29). Alpha interferon (a-IFN)
combined with ribavirin (RBV) is the standard treatment for
HCV infection (6, 10). However, virus elimination rates are
about 50% among treated patients, and therapy is often ac-
companied by substantial side effects (6, 44). It was recently
reported that genetic polymorphisms of the IL28B gene, which
codes for lambda IFN, are critical for predicting responses to
a-IFN plus RBV therapy (8, 35, 38). Patients with minor vari-
ants of IL28B, who comprise ~50% of Caucasian, 25% of
Asian, and ~70% of African populations, showed poor re-
sponses to a-IFN treatment. Although new specific anti-HCV
drugs are under development, many of them require combined
use with o-IFN and RBV (26). Taken together, current diffi-
culties in eliminating HCV are mostly attributable to the lim-
ited treatment options and to the limited activity of «-IFN
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against the virus. For this reason, the development of safe and
effective agents that enhance antiviral actions against HCV has
been a strong motivation in academia and industry.

To search for a new agent which enhances the effect of
a-IFN, we used interferon-stimulated response element
(ISRE) reporter screening. We screened a chemical library
(60,500 compounds) for compounds that enhance ISRE activ-
ity when they are used in combination with «-IFN, using ISRE
reporter screening, and identified several compounds that in-
creased the ISRE reporter activities when they are used in
combination with «-IFN and that did not show cytotoxicity.
Among the hit compounds, toosendanin (TSN; C;0H;50;4;
molecular weight = 574) (Fig. 1), which is a triterpenoid de-
rivative extracted from the bark of Melia toosendan Sieb et
Zucc, was the strongest in enhancing «-IFN-induced ISRE
reporter activation and the expression of interferon-stimulated
genes (ISGs). TSN has been used as an anthelmintic vermifuge
against ascaris (31). Although TSN has some other biological
effects against toxin-producing anaerobic bacteria and against
carcinoma cells (32, 45), antiviral activity has not been re-
ported.

In this study, we showed, using an HCV replicon system, that
TSN, with or without «-IFN, inhibits HCV replication in a
cultured human hepatoma Huh7 cell line and that the combi-
nation of TSN and «-IFN shows synergistic effects on viral
replication. We have investigated the mechanisms of action of
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FIG. 1. Chemical structure of toosendanin.

TSN further and show that TSN induced activation of a com-
ponent of interferon-stimulated gene factor 3 (ISGF3).

MATERIALS AND METHODS

Reagents. Alpha interferon was from Otsuka (Tokushima, Japan). TSN was
from APIN Chemicals (Oxon, United Kingdom). Purity was over 77.32%. The
designated concentration was achieved through dilution with cell culture me-
dium (the final concentration of dimethyl sulfoxide [DMSO] in the medium was
less than 0.3%). Beta-mercaptoethanol was from Wako (Osaka, Japan). The
TSN used in this study was solubilized in DMSO.

Cells and cell culture. The human hepatoma cell line Huh7 was maintained in
Dulbecco’s modified Eagle’s medium (Sigma, St. Louis, MO) supplemented with
10% fetal bovine serum at 37°C under 5% CO,. To maintain cell lines carrving
an HCV subgenomic replicon (Huh7/Rep-Feo), G418 (Nakalai Tesque, Kyoto,
Japan) was added to the culture medium at a final concentration of 500 pg/ml

HCYV subgenomic replicon construct. The HCV subgenomic replicon plasmid
pRep-Feo expresses a fusion gene comprising the firefly Iuciferase and neomycin
phosphotransferase (37, 43). RNA was synthesized in virro from the plasmid and
transfected into Huh?7 cells. After culture in the presence of G418, cell lines
stably expressing the replicon were established.

Reporter constructs. We analyzed the effects of TSN, with or without a-IFN,
on signal transduction of ISRE and nuclear factor-kappaB (NF-kappaB). A
plasmid, pCIneo-Rluc-IRES-Fluc, was constructed to analyze' HCV internal
ribosome entry site (IRES)-mediated translation efficiency (23). Plasmids
pISRE-TA-Luc and pNF-kappaB-Luc (Clontech Laboratories, Franklin Lakes,
NJ) contained consensus motifs upstream of the firefly luciferase gene. A plas-
mid, pTA-Luc (Clontech), which lacks the enhancer element, was used to de-
termine the background. Plasmid pRL-CMV (Promega, Madison, WI), which
expresses the Renilla luciferase protein, was used for normalization of transfec-
tion efficiency (17).

ISRE reporter screening. Huh7 cells were seeded in 384-well plates at a
density of 3.0 X 10° cellsivell. An ISRE-responsive firefly luciferase reporter was
introduced using Lipofectamine 2000 (Invitrogen). Five hours after transfection,
the cells were treated with 60,500 compounds from chemical libraries at a
concentration of 3 pg/ml for 24 h and then treated with -IFN at a concentration
of 3 TU/ml. Six hours later, cells were lysed, and luciferase activities were quan-
tified using a Steady Glo luciferase assay kit (Promega). The compounds were
stored in 100% DMSO, and thus, the final concentration of DMSO was 0.3%. Z’
factors were calculated as reported previously (46).

Luciferase assays and measurements of antiviral activity. Huh7/Rep-Feo celis
were cultured with various concentrations of compound, such that the final
DMSO concentration was 0.1%. Levels of HCV replication were quantified by
internal luciferase assay after 48 h of culture. Luciferase activities were guanti-
fied using a luminometer (Promega) and the Bright-Glo luciferase assay system
(Promega). Assays were performed in triplicate, and the results are expressed as
mean percentage of the controls * standard deviation (SD). The 50% effective
concentration (ECs,) values were calculated using the probit method (2, 33). The
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determination of ECs,s was performed three times, and ECs,s are presented as
means = SDs for each compound.

MTS assays. To evaluate cell viability, dimethylthiazol carboxymethoxyphenyl
sulfophenyl tetrazolium (MTS) assays were performed using a Cell Titer 96
Adqueous One Solution cell proliferation assay (Promega) as previously reported
(18, 22). Huh7/Rep-Feo cells and HCV-J6/JFH1-infected Huh7 cells were
seeded in 96-well plates at a density of 8.0 X 10° cellsiwell. After treatment, to
analyze the therapeutic index with the same concentration of the drug and
administration time, 20 pliwell of Cell Titer 96 Aqueous One Solution reagent
was added to the cells cultured in a 96-well plate, the plate was incubated at 37°C
for 60 min, and then the absorbance at 490 nm was recorded with a 96-well plate
reader. The cells were analyzed when the growth became confluent. Cell viability
was expressed as the concentration required for 50% cytotoxicity (CCsg). The
drug selectivity index was calculated as CCsi/ECs,. All experiments were per-
formed in triplicate.

Analyses of drug synergism. The effects of treatment of Huh7/Rep-Feo cells
with «-IFN, alone and in combination with TSN, were analyzed by using
isobologram analysis as described previously (27, 37). Dose inhibition curves
of a-IFN and TSN were drawn with the two drugs used alone or in combi-
nation. In each drug combination, ECss for «-IFN and TSN were plotted
against the fractional concentration of «-IFN and TSN on the x and y axes,
respectively. A theoretical line of additivity is drawn between plots of the
EC;, for either drug that was used alone. The combined effects of the two
drugs were considered additive, synergistic, or antagonistic if the plots of the
drug combination were located on the line, below, or above the line of
additivity, respectively.

HCV-J6/JFH1 cell culture. HCV-J6/JFH1 (21), which is a recombinant of
HCV-JFH1 (42), was used. In vitro-synthesized HCV-J6/JFH1 RNA was trans-
fected into naive Huh7 cells (48), and the cells were cultured in the presence of
drugs (34). Cellular viral RNA expression levels were measured using a real-time
reverse transcription-PCR (RT-PCR) system.

Real-time RT-PCR analysis. Real-time RT-PCR was carried out as described
previously (7). Total cellular RNA was extracted from cultured cells using Isogen
{(Nippon Gene, Tokyo, Japan), reverse transcribed, and subjected to real-time
RT-PCR analyses. Expression of mRNA was quantified using TagMan Universal
PCR master mix, an ABI 7500 real-time PCR system (Applied Biosystems, CA),
and a QuantiTect SYBR green PCR kit (Qiagen, CA). Some primers have been
described elsewhere (30, 34). The primers used were -S (3'-TTT GAA ACA
TCA AAGTTT TTC ACA GAC CTA-3"), -AS (5'-CAC AGT CAA GGT CCT
TAG TAT TIC AGA TGT-3), p56-S (53'-ACT TCG GAG AAA GGC ATT
AGA TCT GGA AAG-3'), p56-AS (5-TAA GGA CCT TGT CTIC ACA GAG
TTC TCA AAG-3"), Viperin-S (53'-GCT ACC AAG AGG AGA AAG CA-3"),
Viperin-AS (§'-TTG ATC TTC TCC ATA CCA GC-3'), ISG20-S (3'-CTA
CGA CAC GTC CAC TGA CAG G-3"), ISG20-AS (3'-CAT CGT TGC CCT
CGC ATC TTC-3"), IRF9-S (5'-GCA GCA GCA GCC CTG AGC CAC AGG
AAGTTA-3"), IRF9-AS (3'-TTA CCT GGA ACT TCG GTG GGG GGC CCA
GGC-3"), IFNAR1-S (5'-CTT TCA AGT TCA GTG GCT CC-3'), IFNAR1-AS
(5'-CAT CAG ATG CTIT GTA CGC GGA G-3'), IFNAR2-S (5'-GCC AGA
ATG CCT TCA TCG TCA G-3'), and IFNAR2-AS (5'-GTG AGT TGG TAC
AAT GGA GIG G-3).

Western blotting. Twenty micrograms of total cell lysate was separated by
SDS-PAGE and blotted onto a polyvinylidene fluoride Western blotting
membrane. The membrane was incubated with the primary antibodies, fol-
lowed by incubation with a peroxidase-labeled anti-IgG antibody, and were
visualized by chemiluminescence using an enhance chemiluminescence West-
ern blotting analysis system (Amersham Biosciences, Buckinghamshire,
United Kingdom). The antibodies used were mouse anti-NS5A (BioDesign,
ME), rabbit anti-signal transducer and activator of transcription 1 (anti-
STATL1) p84/p91, rabbit anti-phospho-STATL (Tyr 701), rabbit anti-STAT2,
rabbit anti-phospho-STAT2 (Tyr 690) (Santa Cruz, CA), and anti-beta-actin
antibody (Sigma). NIH image software was used to analyze the densitometry
of the Western blot analysis. Quantification of STAT phosphorylation was
done using NIH image software, and the results correspond to the ratio
between the phosphorylated STAT1 (p-STAT1) or p-STAT2 amount and the
STATTI or STAT2 amount normalized to the amount for the control without
o-IFN and TSN. The results correspond to the ratio between the NSSA
amount and the beta-actin amount normalized to the amount for the control
without a-IFN and TSN.

Statistical analyses. Statistical analyses were performed using Student’s 7 test.
P values of less than 0.05 were considered statistically significant.
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RESULTS

ISRE reporter screening. At the primary screening (n = 1),
we defined a 1.5-fold induction in response to -IFN to be a hit
compound, and the hit rate was about 1%. At the secondary
screening (n = 4), we selected the compound whose cps were
2 SDs larger than that for the drug used as a negative control,
and the hit compound rate was 0.2% of the original library.
Both assays were highly reproducible, and reflecting this, the
Z' factor (46) for the ISRE reporter screen was 0.97.

TSN has activity against HCV RNA replication, Huh7/Rep-
Feo cells were cultured with various concentrations of TSN,
and the effect was measured using a luciferase assay. TSN
caused a marked suppression of HCV RNA replication in a
dose-dependent manner (Fig. 2A). The ECs, of TSN was 20.6
nM. In contrast, MTS assays showed that treatment with TSN
had little effect on cellular viability and replication, with a CCs,
of over 3 pM and a selectivity index of more than 146. These
results indicated that TSN had an effect against HCV RNA
replication when it was used alone and that the effect was
specific for HCV replication and not attributable to nonspe-
cific cytotoxicity (Fig. 2B). Similarly, by Western blotting (Fig.
2C), the expression of HCV NS5A protein was shown to be
reduced by corresponding amounts following treatment with
TSN. To determine whether TSN suppresses HCV IRES-de-
pendent translation, we used a Huh7 cell line that had been
stably transfected with pClneo-Rluc-IRES-Fluc (Fig. 2D).
Treatment of these cells with TSN resulted in no significant
change of the internal luciferase activities at concentrations of
TSN that suppressed expression of the HCV replicon.

TSN increased ISRE reporter activity with a-IFN. Because
-we identified TSN originally through ISRE reporter-based
drug screening, we analyzed the effects of TSN on the cellular
responses to a-IFN following pretreatment with TSN. First, we
treated ISRE-TA-Luc-transfected Huh7 cells with TSN and
«-IFN simultaneously or pretreated the cells with 10 to 100 nM
TSN at 24 or 48 h prior to o-IFN treatment. Luciferase assays
were performed 6 h after addition of «-IFN at concentrations
of 0.1 to 100 IU/ml (Fig. 3A and B). Treatment with TSN alone
did not increase ISRE reporter activity. Similarly, simultane-
ous treatment with TSN and «-IFN did not enhance «-IFN-
induced ISRE reporter activation more than treatment with
«-IFN alone. In contrast, pretreatment with TSN 24 or 48 h
before addition of «-IFN significantly increased ISRE activa-
tion compared to that achieved by treatment with «-IFN alone
(Fig. 3A). On the basis of these results, we performed the
subsequent experiments with addition of TSN 24 h before
o-IFN treatment.

We next quantified the expression levels of ISGs, including
those for 2',5"-oligoadenylate synthetase (25AS), MxA, protein
kinase R, p56, viperin, and ISG20, which encode proteins with
direct antiviral activity (14, 15, 25). Naive Huh7 cells were
treated with TSN for 24 h, followed by treatment with 100
1U/ml «-IFN for 24 h. The expression of each ISG was signif-
icantly elevated in a dose-dependent manner following pre-
treatment with TSN and «-IFN stimulation (Fig. 3C). These
results indicated that TSN pretreatment significantly enhanced
the cellular response to a-IFN-induced, ISRE-regulated ex-
pression of ISGs.

It has been reported that «-IFN receptor-mediated signaling
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FIG. 2. Effect of TSN on expression of HCV replicon. (A) HCV
replicon cells were treated with various concentrations of TSN for 48 h.
Replication levels of HCV RNA were analyzed by luciferase assay.
Bars indicate luciferase activities relative to that of the drug-negative
control. (B) Cell viability was determined by MTS assay. Bars indicate
the value relative to that of the drug-negative control. (C) Western
blotting analyses. The expression of NS3A and beta-actin was detected
using anti-NS5A and anti-beta-actin antibodies. Densitometry of
NS5A protein was performed, and the result is indicated as a percent-
age of the result for the drug-negative control. The assay was repeated
three times, and a representative result is shown. (D) A bicistronic
reporter gene plasmid, pCIneo-Rluc-IRES-Fluc, was transfected into
Huh7 cells. The cells were cultured with TSN at the concentrations
indicated, and dual luciferase activities were measured after 24 h of
treatment. Values are displayed as ratios of Fluc to Rluc. In panels A,
B, and D, the assays were done in triplicate and repeated three times.
Error bars indicate means = SDs.

cross talks with several alternative pathways, including the NF-
kappaB, gamma IFN, phosphatidylinositol 3-kinase (PI3K),
and mitogen-activated protein kinase (MAPK) pathways (9,
16, 24, 28). Therefore, we analyzed the effect of TSN on the
signaling pathways indicated above. Cells were transfected
with various reporter plasmids, including NF-kappaB, gamma
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FIG. 3. ISRE reporter screening and aberrant pathway of a-IFN. (A) Pretreatment with TSN. Huh7 cells transfected with a reporter gene

(pISRE-Luc and pRL-CMV) were pretreated with TSN (0 or 100 nM) for 0,

24, or 48 b, followed by treatment with «-IFN (0 or 100 IU/mi). Six

hours later, the relative ISRE-luciferase activity (n = 4) was determined as described in Materials and Methods. The data are expressed as means =
SDs and are a representative example of the data from three similar experiments. (B) Pretreatment with TSN at the concentrations indicated for
24 h, followed by treatment with o-IFN (0 to 100 IU/ml). The ISRE reporter assay was performed as described for panel A. (C) Type I IFN-induced
antiviral ISG expression in Huh7 cells. Huh7 cells were treated with TSN for 24 h, followed by treatment with «-IFN at 100 IU/ml for 24 h. The
total cellular RNA was then isolated for real-time RT-PCR analysis of the mRNAs of 25AS, MxA, p56, viperin, and ISG20. Beta-actin was used
as a control. The data are expressed as means = SDs and are a representative example of data from three similar experiments. %, P < 0.05.
(D) Analysis of aberrant pathways of «-IFN signaling under the influence of TSN. Promoter activities of NF-kappaB were analyzed by luciferase
reporter assays. These cells were transfected with pNF-kappaB-TA-Luc, pTA-Luc which lacks the enhancer element and which was used as a
negative control, and pRL-CMV to normalize transfection efficiency. At 24 h after transfection with these reporters, treatment with TSN (0, 10,
30, 100 nM) was carried out. After 24 h, the relative levels of induction of NF-kappaB activity for each treatment were calculated. TNF-a (50
ng/ml), which was used as a positive control for NF-kappaB, was added 6 h before analysis. The assays were done in triplicate and repeated three

times. Error bars indicate means = SDs. %, P < 0.05.

interferon activation site (GAS), or activator protein 1 ( AP1)
Fluc plasmids. The reporter activities were measured after
culture with or without TSN. As shown in Fig. 3D, there was no
significant effect of TSN on GAS or AP1 reporter activities
(data not shown). In contrast, NF-kappaB reporter activity was
significantly elevated by TSN in a dose-dependent fashion.

Synergistic inhibitory effects of TSN and «-IFN on the rep-
licon. We next assessed the effects of TSN combination with
a-IFN on the intracellular replication of the HCV genome.
Huh7/Rep-Feo cells were treated with various concentrations
of TSN (0, 0.01, and 0.03 pg/ml) and «-IFN (0 to 100 IU/ml).
Replication of the HCV replicon was suppressed by pretreat-
ment with TSN, followed by treatment with «-IFN, in a dose-
dependent manner (Fig. 4A; see Fig. S1 in the supplemental
material). The ECy, of o-IFN in the absence of TSN was 7.61
IU/ml, while that after pretreatment with 0.03 pg/ml (41 nM)
TSN was 3.16 TU/ml. These results indicated that pretreatment
with TSN before o-IFN treatment is more effective in inhibit-
ing HCV replication than treatment with o-IFN alone.

Subsequently, we conducted the following assay to deter-
mine whether TSN and «-IFN have a synergistic inhibitory
effect on the replicon. The relative dose-inhibition curves of
«-IFN were plotted for several concentrations of TSN and
«-IFN. The curves shifted to the left with increasing concen-
trations of TSN (Fig. 4B), demonstrating that HCV replication
was considerably reduced by the combination compared with
that by either TSN or «-IFN alone. An MTS-based cell viability
assay did not show significant cytotoxicity from TSN (Fig. 4C).
Western blot analysis and densitometry of each blot showed
results essentially identical to those from the luciferase assay
(Fig. 4D).

We used isobologram analysis to determine whether the
anti-HCV effect of TSN is synergistic with that of «-IFN (27,
37). Huh7/Rep-Feo cells were treated with a combination of
a-IFN and TSN at an EC,, ratio of 1:0, 2:3, 1:4, or 0:1, and the
dose-effect plots were drawn (Fig. 4E). The fractional ECsys
for «-IFN and TSN were plotted on the x and y axes, respec-
tively, to generate an isobologram (Fig. 4F). Each plot showing
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