TABLE 5 Comparison of genetic distances among core subgroups related to aa 70 residues

Deep-Sequencing Analysis of HCV Core Region

Genetic distance (mean = SD) between two core

sequences’

Comparison of genetic distance measurements

Non-R-R vs
non-R-non-R

Non-R-R vs R-R

Non-R-non-R vs R-R

Larger genetic Larger genetic Larger genetic

Patient(s)” Non-R-non-R Non-R-R R-R distance P distance B distance P
All(n=179) 0.0349 = 0.0101 0.0379 £ 0.0109 0.0401 = 0.0113 Non-R-R <0.001 R-R <0.001 R-R <(0.001
CH

Pt1 0.0086 = 0.0042  0.0098 £ 0.0037 0.0064 = 0.0042 Non-R-R <0.001 Non-R-R <0.001 Non-R-non-R  <0.001

Pr2 0.0097 = 0.0048 0.0104 = 0.0041 0.0087 = 0.0038 Non-R-R <0.001 Non-R-R <0.001 Non-R-non-R  0.009

Pt3 0.0107 = 0.0058  0.0137 %= 0.0050  0.0034 = 0.0022 Non-R-R <0.001 Non-R-R <0.001 Non-R-non-R  <0.001
LG

Pr4 0.0078 = 0.0036  0.0103 = 0.0038  0.0053 = 0.0029 Non-R-R <0.001 Non-R-R <0.001 Non-R-non-R  <0.001

Pt5 0.0118 £ 0.0090  0.0232 £ 0.0085 0.0159 = 0.0170 Non-R-R <0.001 Non-R-R <0.001  No difference 0.991

Pt6 0.0115 = 0.0057  0.0121 £ 0.0055 0.0108 = 0.0056 Non-R-R <0.001 Non-R-R <0.001 Non-R-non-R  <0.001

Pt7 0.0141 = 0.0085 0.0146 = 0.0070  0.0136 = 0.0067 Non-R-R 0.002 Non-R-R <0.001 Non-R-non-R  <(0.001
HCC

Pt 8 0.0124 £ 0.0063  0.0225 £ 0.0060 0.0181 = 0.0094 Non-R-R <0.001  Non-R-R <0.001 R-R <0.001

Pt9 0.0082 = 0.0042  0.0162 £ 0.0047 0.0078 = 0.0050 Non-R-R <0.001 Non-R-R <0.001 Non-R-non-R  <0.001
# Pt, patient.

¥ Non-R—non-R, comparison of two core sequences with residues other than R at aa 70; Non-R-R, comparison of a core sequence with a residue other than R at aa 70 and a core
sequence with aa 70R; R-R, comparison of two core sequences with aa 70R. Genetic distances were calculated for all patients by using dominant sequences and for a single patient

by using quasispecies sequences.

core sequence with aa 70R and a core sequence with aa 70non-R
(non-R-R), demonstrating that core sequences with aa 70R
were heterogencous, while core sequences with aa 70non-R
were homogeneous.

Next, to determine the association of the remainder of the core
sequences in a single patient, phylogenetic trees were also con-
structed for each of the nine patients with high mixture rates (5%
ormore) of Rand non-R residues at core aa 70 (Fig. 3B). As shown
in Fig. 3B, HCV isolates with core aa 70R and those with core aa
70non-R formed distinctly clustered subgroups on the phyloge-
netic tree, according to the mutation status at core aa 70. Com-
parison of genetic distances also proved the finding that HCV
isolates with core aa 70R and those with core aa 70non-R form
distinctly clustered subgroups on the phylogenetic tree in a single
patient, since genctic distances calculated between every two core
sequences with aa 70R (R-R) or between every two core sequences
with aa 70non-R (non-R-non-R) were significantly smaller than
those between a core sequence with aa 70R and a core sequence
with aa 70non-R (non-R-R). On the other hand, no significant
difference was found when the genetic distance between two core
sequences with aa 70non-R (non-R-non-R) and that between two
core sequences with aa 70R (R-R) were compared in a single pa-
tient (Table 5).

Since the genetic relationships of the remainder of the core
sequences were found to differ significantly according to the core
aa 70 residue, we then investigated whether there are any common
haplotypic sequences specific to each residue. In the comparison
of dominant sequences in all 79 patients, most amino acid substi-
tutions clustered in three amino acids (aa 70, aa 75, and aa 91)
both in core sequences with aa 70R and in those with aa 70nonR,
but no other substitutions specific to each core aa 70 residue were
found (Fig. 4).
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Quasispecies at core aa 70 and clinical characteristics. To
clarify the association of the core aa 70 quasispecies with the clin-
ical picture, levels of gamma-glutamyl transpeptidase (y-GTP),
albumin, platelets, and alpha-fetoprotein, as well as disease pro-
gression in the liver, were investigated for correlation with the core
aa 70R/non-R mixture ratio. As shown in Fig. 5A and B, the values
for these clinical parameters became significantly more abnormal
as the proportion of non-Rresidues increased, showing that a high
proportion of non-R residues at core aa 70 was significantly asso-
ciated with disease severity and hepatocarcinogenesis.

DISCUSSION

This study examined, for the first time, the relationship between the
progression of liver disease and the quasispecies nature of the HCV
core region (already known to be associated with liver disease pro-
gression) by deep sequencing, with the focus on the core aa 70 resi-
due. The analysis revealed that core aa 70 existed as a mixture of
“mutant” Q/H (non-R) and “wild-type” R residues in most of the
paticnts and that the proportion of mutant residues increased as liver
disease advanced to LC and HCC. Meanwhile, phylogenetic analysis
showed that the viral sequences of the almost-entire core region dif-
fered genetically depending on the status of core aa 70.

Before starting the analysis, we verified the rate of background
crror associated with the process of pyrosequencing by analyzing
the control plasmid pCV-J4L6S (Fig. 1). Homopolymers of re-
peated bases, a weak point of pyrosequencing, were generated at
two sites, with the same base appearing five and six times. The
overall mutation rate at other sites was 0.092% = 0.005%, and a
mutation rate of 0.102% (mean -+ 2 SDs) or higher was defined as
significant in the analysis, in order to avoid detecting background
errors.

We focused our analysis on the quasispecies state of core aa 70,
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FIG 4 Dominant core amino acid haplotypic sequences dependent on the core aa 70 residues are given for all 79 patients. Two dominant sequences (a dominant
core sequence in isolates with aa 70R and a dominant core sequence in isolates with aa 70non-R) were included for each of nine patients with high mixture rates
(5% or more) of R and non-R at core aa 70, while one dominant sequence each was included for other patients. Therefore, a total of 88 haplotypic sequences are
shown here. Since most amino acid mutations were observed in the limited core region, only that part of the core sequence is shown. The HCV-] isolate is used
as the reference sequence for the core region.
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FIG5 Theadvance of liver disease (A) and the levels of y-GTP, albumin (Alb), platelets (PLT), and alpha-fetoprotein (AFP) (B) were investigated for correlation

with the ratio of R to non-R at core aa 70. Results for R/R + non-R ratios of =95% (R),

Cochran-Armitage analysis.

because the presence of a quasispecies was expected at this posi-
tion, considering reports by previous studies of its association
with liver disease progression and the frequent observation of
time-dependent changes (8, 9). R and non-R residues were mixed
in 89.9% of the 79 patients examined in this study, indicating that
the absence of a mixture was rare. Furthermore, the percentage of
total isolates encoding non-R residues at this position showed a
relationship with the advance of chronic liver disease, as shown in
Fig. 2A and Table 3. Therefore, with regard to the relationship
between the advance of liver disease and core aa 70, it may be
accurate to say that a change in the ratio of amino acids at core aa

December 2013 Volume 87 Number 23

=59% and <95% (mixed), and <5% (non-R) are shown. **,

70, rather than mutation of core aa 70, was related to the advance
of liver disease.

Because information for almost the entire core region was ob-
tained from each patient, our next interest was to determine
whether core aa 70 is associated with other viral regions. In other
words, we sought to determine whether HCVs with core aa 70R
and HCVs with core aa 70non-R are phylogenetically distinct vari-
ants. To clarify the issue, phylogenetic tree analysis using domi-
nant sequences for the (almost-entire) core regions from all 79
patients was performed at first. This analysis disclosed, after the
calculation of genetic distances, that core sequences with aa
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70non-R were significantly more homogeneous than those with aa
70R, demonstrating that the hot spot core aa 70 residue is signif-
icantly associated with the remainder of the core sequence. Al-
though the underlying mechanism is unclear, we speculated that
the close correlation between core aa 70 residues and IL28B SNPs
might have contributed to the result. That is, since endogenous
IFN levels are known to be upregulated in patients with IL28B
minor types (TG/GG) relative to those in patients with the IL28B
major type (TT) in its natural state (28), it is possible that HCVs
with core aa 70non-R, which are closely linked to IL28B TG/GG,
are under strong antiviral pressure induced by IFN, resulting in
the selection of more-homogeneous HCVs, which can survive in
such an environment.

Considering this possibility, we proceeded to perform phylo-
genetic analyses of core sequences in single patients with high-
percentage mixtures (5% or more) of Rand non-R residues at core
aa 70 by using deep-sequencing data, since the influence of endog-
enous [FNs was considered equal for all HCV isolates in a single
patient. The deep-sequencing data showed that the genetic het-
erogeneity of core sequences in a single patient did not differ ac-
cording to the core aa 70 residue but that core sequences formed
distinct subgroups on the phylogenetic tree according to the core
aa 70 residue (Fig. 3B), and this result was also proved by the
calculation of genetic distances (Table 5). However, since no com-
mon haplotypic sequences specific to each residue at core aa 70
were found across the patients (Fig. 4), we cannot determine
whether core aa 70R and aa 70non-R HCVs are phylogenetically
distinct variants. It is possible that the result simply reflects a ma-
jor evolutional event of core aa 70 mutations followed by deriva-
tive variants; however, extension of the investigation and analysis
to viral regions beyond the core region might reveal such associa-
tions. However, due to the technical limitations of second-gener-
ation sequencers, deep-sequencing analysis of the long amplicon
is difficult, and new technology is needed.

With regard to the mechanism underlying the relationship be-
tween the core protein and disease progression and hepatocarci-
nogenesis, a study using transgenic mice showed that the core
protein induces HCC (29). Fat metabolism was accelerated in the
liver, leading to inflammation, iron metabolism, oxidative stress,
and insulin resistance, which were considered to be the carcino-
genic factors (30-32). Clinically, mutation of the core and the
concentration of y-GTP in serum, a marker of steatosis, are re-
lated, and the relationship between IL28B SNP and liver steatosis
or y-GTP has been elucidated (33). In this study, moreover, we
have confirmed the correlation between the core aa 70 mixture
ratio, determined by deep-sequencing analysis, and clinical pa-
rameters reflecting disease progression, illustrating the significant
association of core aa 70 with disease progression (Fig. 5A and B).

In conclusion, the quasispecies state of the core region was
analyzed by deep sequencing. It was found that the status of the
quasispecies was closely related to the advance of HCV-associated
liver disease. In order to understand the mechanism of hepatocar-
cinogenesis, it is desirable to elucidate pathogenesis further by
detailed examination of the quasispecies of the HCV core gene.
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SUMMARY. Genetic variation in the IL-28B (interleukin-
28B: interferon lambda 3) region has been associated
with sustained virological response (SVR) rates in patients
with chronic hepatitis C treated with peginterferon-z and
ribavirin. However. the mechanisms by which polymor-
phisms in the IL-28B gene region affect host antiviral
responses are not well understood. Using the HCV 1b and
2a replicon system, we compared the effects of IFN-/s and
IFN-2 on HCV RNA replication. The anti-HCV effect of
IFN-/3 and IFN-z assessed.
Changes in gene expression induced by IFN-23 and IFN-x

in combination was also
were compared using ¢DNA microarray analysis. IFN-/s
at concentrations of 1 ng/mL or more exhibited concen-
tration- and time-dependent HCV inhibition. In combina-
tion. IFN-23 and TFN-z had a synergistic anti-HCV effect:
however, no synergistic enhancement was observed [or

interferon-stimulated response element (ISRE) actlivily or
upregulation of interferon-stimulated genes (ISGs). With
respect to the time course of ISG upregulation. the peak
of IFN-/3-induced gene expression occurred later and
lasted longer than that induced by IFN-z In addition.
although the genes upregulated by IFN-z and IFN-.3
were similar 1o microarray analysis, interferon-stimulated
gene expression appeared early and was prolonged by
combined administration of these two IFNs. In conclusion.
IFN-z and IFN-/.3 in combination showed synergistic anti-
HCV activity in vitro. Dillerences in time-dependent upreg-
ulation of these genes might contribute to the synergistic
antiviral activity.

Keywords: HCV. IFN-/. IL-28B. ISG. synergistic inhibition.
microarray.

INTRODUCTION

In 2009. reports from three genome-wide association studies
revealed  that  several single-nucleotide  polymorphisms
(SNPs) (rs12979860. rs12980275 and rs8099917) around
the IL-28B (interleukin-28B: interferon lambda 3) gene are
strongly associated with sustained viral response (SVR} to
PEG-IFN and RBV treatment for chronic hepatitis C [1-3].
Specilically, patients with the TG or GG genotype at
rs8099917 infected with genotype 1b are more resistant to
PEG-IFN and RBV treatment than patients with the TT

Abbreviations: DMEM. Dulbecco’s modified Eagle's medium: FBS,
foetal bovine serum: ISG, interferon-stimulated genes: M1S. dim-
ethylthiazol carboxymethoxyphenyl sulphophenyl tetrazolium:
PBMC. peripheral blood mononuclear cells: SNP. single-nucleotide
polymorphisms; STAT, signal transducer and activator of tran-
scription: SVR. sustained viral response.
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genotype. [L-28B haplotypes were also reported to be strongly
associated with spontaneous HCV clearance [1. 4. 5].

IL-28B is a member of the type III IFN family [6], con-
sisting of IFN-41 (IL-29). IFN-22 (IL-28A) and IFN-23
(IL-28B). IFN-/s bind to their cognate receptor. composed
of IL2SR1 and ILI0OR2, and then activate the receptor-
associated Janus-activated kinases (Jak) 1 and tyrosine
kinase (Tyk) 2. leading to the activation of downstream
signal transducer and activator of transcription (STAT)
proteins. STAT1 and STAT2. Similar to type I IFN signal-
ling. the Jak-STAT signalling
stimulated response element (ISRE) within the promoter
region of interferon-stimulated genes (ISGs) [7].

Concerning the [unctional role of TL-28B in HCV infec-
tion. two of in
IL-28A/B mRNA levels in whole blood and peripheral
blood mononuclear cells (PBMC) with IL-28B haplotypes at
position rs8099917. IL-28A mRNA and IL-28B mRNA lev-
els in subjects with the TT genotype were higher than in
subjects with other genotypes (TG or GG). suggesting an

athway activates the IFN-

vivo studies assessed the correlation of

association between higher amounts of endogenous IFN-/s

and HCV clearance [2. 3]. On the other hand. subjects
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with the TT genotype at SNP rs8099917 were reported to
have lower expression levels of ISGs in the liver during the
pretreatment period as compared with subjects with the
TG or GG genotypes [8]. Several in vitro studies support a
direct role of IFN-/s in the control of HCV replication
through the innate immune pathway. In a cell culture sys-
tem. Marcello et al. [9] showed that IFN-41 inhibited HCV
replication with similar kinetics to that of IEN-z, although
- IFN-41 induced stronger upregulation of ISGs and this
cffect lasted longer. Morcover. combinations of IEN-/1 and
IFN-z had a grealer inhibitory effect on HCV replication
compared with the individual agents [10].

As suggested by the studies performed to date, a change in
IFN-/3 expression might be a key mechanism by which IL-
28B SNPs determine the response to PEG-IFN and RBV.
Considering that TFN-/.1 plays a direct role in the control of
HCV replication and that IFN-21 enhances the antiviral
aclivity of IFN-z. it seems reasonable to speculate that IFN-
+3 plays a similar antiviral role. Therefore. in this study. we
investigated the direct antiviral role of IFN-/3 alone and in
combination with IFN-z using an HCV replicon system. In
addition, we used microarray analysis to investigate the
influence of IFN-/.3. alone or in combination with IFN-z on
the regulation of ISG-mediated antiviral pathways.

MATERIALS AND METHODS

Cell culture and HCV replicon

The human hepatoma cell lines OR6 and Huh7.5.1 were
maintained in Dulbecco's modified Eagle’s medium (DMEM:
Sigma. Si. Louis. MO. USA) supplemented with 10% foetal
bovine serum (FBS) at 37°C in 5% CO,. |FH-1-inflected
Huh?7.5.1 cells were grown in DMEM supplemented with
10% FBS. The OR6 cell line. harbouring full-length geno-
type 1b HCV RNA and co-expressing Renilla luciferase
(ORN/C-5B/KE) [11]. was established in the presence of
500 pg/mL G418 (Promega. Madison. WI. USA).

Reagents

IL-28A (IFN-22). IL-28B (IFN-/3) and 11-29 (IFN-41) were
obtained from R&D Systems (Minneapolis. MN. USA). IL-
28A and IL-29 are recombinant proteins generated [rom
an NSO-derived murine myeloma cell line, and IL-28B is a
recombinani protein generaled f[rom the CHO cell line.
Interferon alpha-2b (INTRON®A 300 I[U) was obtained
from Schering-Plough Corporation (Kenilworth. NJ. USA).

Reporter plasmids and luciferase assay

HCV replication in OR6 replicon cells was determined by
monitoring Renilla luciferase activity (Promega). To moni-
tor IFN signalling directed by the interferon-stimulated
response element (ISRE), the plasmids pISRE-luc expressing

firefly luciferase were cotransfected using FuGENE®6
Transfection Reagent (Roche. Indianapolis. IN, USA) fol-
lowing the manulacturer's protocol. Luciferase activity was
quantified using the dual-luciferase assay system (Pro-
mega) and a GloMax 96 Microplate Luminomeier (Pro-
mega). Assays were performed in triplicate. and the results
were expressed as mean + SD percentage of the control
values.

Quantification of HCV core protein and RNA

We quantilied HCV core protein in culture supernatant
using Lumipulse Ortho HCV Ag (Ortho Clinical Diagnostics.
Tokyo. Japan) as specilied by the manufacturer. The princi-
ple of the measurement method is based on the chemilumi-
nescent enzyme immunoassay (CLEIA) [12].

Real-time reverse transcription polymerase chain reaction
(RT-PCR)

Intracellular genomic JFH-1 HCV RNA as well as cellular
mRNA of [FI-6. [FIT1 (ISG56). DDX60. OAS2, Mx1 and
USP18 was quantilied by TagMan RT-PCR. The cells were
lysed and subjected to reverse transcription without purifi-
cation of RNA using a Cells-to-Ct kit (Applied Biosystems.
Foster City, CA. USA) according to the manulacturer's pro-
tocol. Quantitative PCR was performed in triplicate using a
7500 Real-Time PCR System (Applied Biosystems) and
TagMan Gene EBExpression Assays (Applied Biosystems)
according to the manufacturer's instructions. The
sequences of the sense and antisense primers and the Tag-
Man probe for 5'UTR region of HCV were 5-TGCGG
AACCGGTGAGTACA-3", 5-CTTAAGGTTTAGGATTCGTGCT
CAT-3" and 5-(FAM)CACCCTATCAGGCAGTACCACAAGG
CC(TAMRA)-3". respectively. TagMan probes [or IFI-6.
[FIT1 (ISG56). DDX60, OAS2. Mx1 and USP18 were pur-
chased [rom Applied Biosystems. Primers for 18s rRNA
(Applied Biosystems) were used as internal control.

Microarray analysis

OR6 replicon cells were harvested by centrifugation after
exposure to 0.01 ng/mL IFN-z 10 ng/mL IFN-.3 or a
combination of both for 6. 12. 24 and 48 h. Total RNA
was isolated from cells using the RNeasy Mini Kit (Qiagen.
Valencia, CA. USA). On-column DNase digestion was per-
{ormed using the RNase-Free DNase Set (Qiagen). Quality
control of extracted RNA was performed with the 2100
Bioanalyzer (Agilent Technologies, Palo Alto. CA. USA).
The RNA was then amplified and labelled using the Ambion®
WT Expression Kit and GeneChip¥ WT Terminal Labelling
and Control Kit (Affymetrix. Santa Clara. CA. TISA). cDNA
was synthesized. labetled and hybridized to the GeneChip®
array according to the manufacturer's protocol. starting
with 200-ng total RNA. The GeneChips were [inally washed

© 2012 Blackwell Publishing Ltd
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and stained using the GeneChip® Fluidics Station 430
(Affymetrix) and then scanned with the GeneChip® Scanner
3000 7G (Affymetrix).

Affymetrix CEL liles were imported into GeneSpring GX
v.11.5 (Agilent Technologies, Santa Clara. CA. USA] anal-
ysis software. Dala were normalized using robust multichip
average analysis (RMA).

Dimethylthiazol carboxymethoxyphenyl sulphophenyl
tetrazolium (MTS) assays

To evaluate the cell viability. dimethylthiazol carboxymeth-
oxyphenyl sulphophenyl tetrazolium (MTS) assays were
performed using a CellTiter 96 AQueous One Solution Cell
Proliferation Assay kil (Promega) according to the manu-
facturer’s instructions.

Statistical analyses

Statistical analyses were performed using an unpaired.
two-tailed Student’s t-test. P values of < 0.05 were consid-
ered to be statistically signilicant.

RESULTS

IFN-/1, IFN-/.2 and IFN-/.3 demonstrate antiviral
activity against HCV

To determine the antiviral effect of IL-29 (IFEN-21). IL-28A
(IFN-/2) and IL-28B (IFN-.3) against HCV. OR6/0ORN/C-
S5B/KE cells were seeded in 96-well plates for 24 h and
then treated with IFN-21. IFN-/2, IFN-23 or IFN-z at vari-
ous concentrations for another 24, 48 and 72 h. In this
system. the Renilla luciferase activity reflects the amount of
HCV RNA synthesized. As shown in Fig. 1. at concentra-
tions of 1 ng/mL or more. all IFN-/s led to a concentra-
tion- and time-dependent decrease in luciferase activity of
the OR6/C-5B replicon. IFN-23 at 10 ng/mL inhibited HCV
replication (32% reduction. P < 0.05) to a similar extent
as 0.01 ng/mL IFN-z (49% reduction. P < 0.05) by 48 h.
We also assessed the effects of IFN-.1, IFN-.2 and IEN-
/3 on Huh7.5.1/JFH-1 cells. JFH-1 cells were seeded in
96-well plates for 24 h and then treated with IFN-/.1, IEN-
72. TFN-73 or IFN-7 at various doses for another 48 h. To
determine their antiviral elfect, HCV core protein in the
medium and intracellular HCV RNA were measured by
CLEIA and quaniitative real-time RT-PCR. respectively.
HCV RNA quantitative PCR assays were multiplexed for
18s ribosomal RNA to control for the amount of input
RNA. As shown in Fig. 2. all IFN-/s inhibited HCV replica-
tion in JFH-1 cells in a concentration-dependent manner.
Similarly. all of the IFN-/s caused suppression of HCV core
protein secretion into the cell culture medium (Figurc S1).
In C-3B system. there was no evident cytotoxicity below
100 ng/mL in any interferons except for IFN-21 {Figure

€ 2012 Blackwell Publishing Ltd

Synergistic effect of IFN-2.3 and TFN-2 3

S2). On the other hand. cytotoxicity was observed in lesser
concentrations by those IFNs in JFH-1 system. However. as
demonstrated in Fig. 2 and Figure $3. antiviral effect
exceeded the cytotoxicity in the JFH-1 system.

Synergistic inhibition of HCV replication by IFN-43 and
[FN-z in combination

We examined whether the combination of IFN-/3 and IFN-x
induces greater antiviral activity as compared with the indi-
vidual cytokines alone. OR6/ORN/C-5B/KE cells were trea-
ted with the combinations of IFN-Z3 and IFN-z at various
concentrations for 48 h. As shown in Fig. 3a, the relative
concentration—inhibition curves of IFN-z were plotted for
each lixed concentration ol IFN-/3, and the curves shilted to
the left with increasing concentrations of IFN-43. The results
indicate a synergistic effect of IFN-73 and IFN-z against HCV
replication. We confirmed the synergistic effect of IFN-23
and IFN-= by isobologram (Fig. 3b). The inhibitory effects of
the combination were quantified according to the method of
Chou et al. using the CalcuSyn software program (Biosoft,
Cambridge, UK). At the EDsq of each drug. the combination
index was 0.40-0.61. indicating significant synergism. We
also assessed the effect of the combination on Huh7.5/JFH-1
cells by HHCV RNA quantitative PCR assays and HCV core
protein secretion. At the EDsq of each drug. the combination
index was (.55 and 0.48. respectively (Table S1). The cyto-
toxicity was not observed at the range of concentration
tested (Fig. S2E, S3E).

IFN-/.3 induces ISRE promoter activity

We used the ISRE luciferase reporter assay Lo assess activ-
ity downstream of the JAK-STAT signalling pathway. The
ISRE-firefly luciferase plasmid was transfected into OR6/
ORN/C-3B/KE cells for 24 h. and these cells were cultured
with various concentrations of IFN-Z3 and IFN-z for
another 12. 24 or 48 h. Firelly and Renilla lucilerase activ-
ity was then measured.

[FN-/3 induced ISRE luciferase aclivity in a time-depen-
dent manner: activity was elevated threefold after freat-
100 ng/mL IFN-.3 for 48 h (Fig. 4). In
contrast. IFN-z induced ISRE luciferase more rapidly. pro-
ducing maximal activation of the response to IFN-z at
12 h. The combination of IFN-/.3 and IFN-z induced ISRE
luciferase activity similarly to IFN-.3 alone.

ment  with

TFN-2z and IFN-/3 induce expression of similar genes in
HCV 1D replicon cells

OR6/0ORN/C-3B/KE cells were stimulated for 6. 12, 24 and
48 h with 0.01 ng/mL IFN-z. 10 ng/mL IFN-23 or a com-
bination of both. while controls were left unstimulated for
the same time interval, Induction of gene expression by
IFNs was analysed in microarray experiments.
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Fig. 1 IFN-z and IFN-/s inhibit HCV replicon in OR6 cells. Specilic inhibition of the replication of a full-length HCV
genotype 1b replicon by (a) IFN-z and (b) IFN-/1. {c) IFN-22, (d) IFN-/3 were quantified on the basis of luciferase activity.
Symbols show the mean value of triplicate wells: error bars show the SD. *: P < ().05 vs control (IFN 0 ng/mL) of each
time point.
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Fig. 2 IFN-z and IFN-/s inhibit HCV replicon in Huh7.5.1 cells. JFH1-infected Huh7.5.1 cclls were incubated with various
concentrations of (a) IFN-z and (b) IFN-/1. (c) IFN-/2. (d) IFN-/3. After 48 h of treatment, total RNA was isolated and
reverse transcribed, after which quantitative PCR was performed. Symbols show the mean value of triplicate wells; error
bars show the SD. *: P < (.05 vs conirol (IFN 0 ng/mL).
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Fig. 3 Synergistic inhibitory effect of IFN-73 with IFN-% on hepalitis C virus replication. OR6/0ORN/C-5B/KE cells were
treated with combinations of IFN-/.3 with IFN-x at various concentrations. (a) The relative concentration—inhibition curves
of IFN-z plotted flor each fixed concentration of TFN-23 (0. 1. 10 and 100 ng/mL). (b) Classic isobologram f[or ICsq of IFN-

23 with IFN-z in combination.
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Fig. 4 IFN-stimulated response element (ISRE) promoter activity induced by IFN-z IFN-23 or combination of TFN-x and
IFN-/3. OR6/ORN/C-5B/KE cells transfected with ISRE-lireflly luciferase were cultured with various concentrations of IFN-x
alone. IFN-/3 alone or 0.01 ng/mL IFN-z plus 10 ng/mL IFN-/3. ISRE-firefly luciferase activity at 24 h after transfection.
Symbols show the mean value of triplicate wells: error bars show the SD. *: P < (0.05.

At all time points. the IFN-/.3-treated samples showed a
tendency for the induction of a larger number of genes than
samples treated with IFN-z. However, as shown in Table 1
listing the top 25 genes that were upregulated by both [FN-
7 and IFN-23 at 12 h. most of the upregulated genes are
previously identified ISGs and the genes with high ranks
were similar irrespective of the type ol IFN or time point.

The time course of ISGs regulation differs between IFN-z
and IFN-/.3

By microarray analysis, [SGs were more rapidly induced
after the addition of IFN-z vs IFN-.3 (data not shown). To
conlirm the rapid induction of ISGs by IFN-z. six ISGs. that
is. IFI-6, IFIT1 (ISG56). DDX60. OAS2, Mx1 and USP18.
were quantified for time-dependent expressional change by
real-time RT-PCR. Expression of most of the genes upregu-
lated by IFN-z peaked at 12 h and fell therealter. In con-
{rast. expression ol IFN-/3-induced genes peaked at 24 h

& 2012 Blackwell Publishing Ltd

and lasted up to 48 h. Combination of IFN-z and IFN-/3
induced ISG with peak effects occurring at 12-24 h and
lasting up to 48 h (Fig. 35).

DISCUSSION

In this study. we demonstrated that IFN-z family members
have distinctive time-dependent antiviral activities in an
HCV replicon system and that IFN-723 and IFN-z have a
synergistic eflect in combination. Morcover. we altempted
to identify the antiviral mechanism of IFN-23 by conduct-
ing a ¢cDNA microarray analysis.

In previous studies. anti-HCV activity of IFN-/1. IFN-/.2
and TFN-/3 was reported in JFH-1 and OR6/C-5B systems
[13]. Time-dependent anti-HCV activity has also been
observed with IFN-Z1 [9]. In this study. we confirmed the
previous results and added the further finding that time-
dependent antiviral activity is not limited to IFN-21. but
rather is common among all IFN-/s.

=igT(Q =
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Table T Top 25 genes that were upregulated by both I'N-z and IFN-23 at 12 h

Gene Gene IFN-2 0.01 ng/ml. IFN-23 10 ng/mL  IEN-z+IFN-.3

bank ID symbol Gene deseription fold increase fold increase fold increase

BCO0O7091 IFIT1 Interferon-induced protein 4,01 4.49 4.87
with tetratricopeptide
repeais 1

BC049215  0AS2 2'-5'-oligoadenylate 3.06 3.88 4.48
synthetase 2. 69/71kDa

M33882 MX1 Myxovirus (influenza virus) 3.24 3.29 3.69
resistance 1

AF095844  [FIH1 Interferon induced with helicase 2.73 3.02 3.34
C domain 1

BC0O38115 DDX60 DEAD (Asp-Glu-Ala-Asp) box 2.70 2.92 3.51
polypeptide 60

BC0O11601 IFI6 Interferon. alpha-inducible 3.07 3.24 3.42
protein 6

BC0O42047 HERC6 Hect domain and RLD 6 2.56 2.75 3.34

AF442151 RSAD2 Radical S-adenosyl methionine 1.32 2.59 3.28
domain conlaining 2

U34605 IFITS Interferon-induced protein with 2.47 2.91 3.25
letratricopeptide repeats 5

AY730627 0AS1 2'.5"-oligoadenylate synthetase 1. 2.32 2.37 3.05
40/46kDa

ABOO6746  PLSCR1 Phospholipid scramblase 1 237 2.51 3.03

AF307338  PARP9 Poly (ADP-ribose) polymerase 2.39 2.46 2.94
family, member 9

M8§7503 IRF9 Interferon regulatory factor 9 2.61 2.59 2.85

AK297137 TFIT3 Interferon-induced protein with 1.90 2.36 2.79

) tetratricopeplide repeats 3

AK290655 EIF2AK2  Eukaryolic translation initiation 247 2.45 2.77
factor 2-alpha kinase 2

BX648758 PARP14  Poly (ADP-ribose) polymerase 2.07 2.25 2.66
family. member 14

BC132786  DDX58 DEAD (Asp-Glu-Ala-Asp) box 1.83 217 2.59
polypeptide 58

ATF445355  SAMD9Y Sterile alpha motil domain 2.07 2.08 2.56
conlaining 9

DDXG60OL  DEAD (Asp-Glu-Ala-Asp) box 1.63 1.92 2.39

‘polypeptide 60-like

BC0O14896  USP18! Ubiquitin-specilic peptidase 1.52 1.78 2.11

USP41 18/ubiquitin-specilic peptidase 41

AB044545  0AS3 2’-3"-oligoadenylate synthetase 3. 1.44 1.57 2.10
100kDa

BC0O10954  CXCL1O Chemokine (C-X-C motil) ligand 10 0.76 1.66 1.99

BC014896 USP18 Ubiquitin-specilic peptidase 18 1.33 1.55 1.99

AL832618  IF144L Interferon-induced protein 44-like 0.38 1.31 1.95

We also assessed whether TFN-.3 and IFN-% in combina-
tion could produce additive or synergistic effects on antivi-
ral activity. In previous studies. additive antiviral activity
against HCV was reported with the combination of IFN-/1
and IFN-z [9. 10]. However, there have been no previous
reports on the combined effects of TFN-.3 and IFN-z In
this study. the focus was on IFN-/3. because IFN-23 is sus-
pected Lo be the key molecule, mediating the effect of SNPs

in the IL-28B genc region on the anti-HCV response to
IFN-z. As shown in Fig. 3 and Table S1. synergistic induc-
tion of anti-HCV activity occurred in both the OR6/C-5B
and Huh7.5/JFH-1 HCV replicon systems. Synergy was
demonstrated by the combination index values (Table S1).

Although it has been reported that the upregulated
genes induced by IFN-. are similar to those induced by
IFN-7 9. 14-16]. there have been no previous reports on

© 2012 Blackwell Publishing Ltd
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Fig. 5 Time course of ISG expression induced by 0.01 ng/mL IFN-%, 10 ng/mL IFN-/3 or 0.01 ng/mL IFN-z plus 10 ng/
mL IFN-/3. Expression of the ISGs — IFI-6. IFIT1 (ISG56), DDX60, OAS2, Mx1 and USP18 — in OR6/0RN/C-5B/KE cells
treated 6, 12. 24 and 48 h were determined by qRT-PCR. Results are presented as the relative [old induction. Symbols
show the mean value of triplicate wells; error bars show the SD. Solid lines represent 0.01 ng/mL IFN-o alone. whereas fine
dashed lines show 10 ng/mL IFN-/3 alone, and coarse dashed lines show the combination of the 2 cytokines.

the genes induced by IFN-z and IFN-Z in combination. In
c¢DNA microarray analysis, as demonstraled in Table 1.
the most strongly upregulated genes induced by IFN-o/
IFN-/3 alone or in combination were almost identical, and
most of them were ISGs. As no genes showed upregulation
specific 1o IFN-43, we speculate that IFN-o and IFN-.3
share a similar antiviral intracellular mechanism at the
molecular level.

Unexpectedly in microarray analyses, synergistic upregu-
lation of ISGs was not observed. In the same manner, Tag-
Man real-time RT-PCR analysis showed that the
combination of IFN-« and IFN-43 did not upregulate ISGs
synergistically (Fig. 5). In-addition to cDNA microarray
analysis, ISRE reporter assays were performed to determine
the activation of components of the JAK-STAT pathway
common to both type I and III IFNs. As shown in Fig. 4.
each IEN upregulated ISRE activity, and the combination
of IFN-/3 and IFN-z did not synergistically enhance ISRE
activity either.

Meanwhile, the peak time of the induction of ISG expres-
sion differs for IFN-o and IFN-21 [9, 17]: peak gene expres-
sion occurs earlier with IFN-z than with IFN-/1. In our
study, we confirmed that the peak induction of gene expres-
sion occurred later (24 h) and lasted longer (24-48 h) with
IFN-23 than with IFN-z (12 h). Importantly, gene expres-
sion appeared early (12 h) and was prolonged (48 h) by the
combination of both IFNs. Similarly to the peak time differ-
ence between IEN-z and IFN-/3 seem for ISG expression. a
time-dependent increase in ISRE activation was observed
with the combination of both IFNs. While the precise mecha-
nism remains to be clarified. differential regulation of the
time-dependent induction of ISG gene expression could be
one of the mechanisms underlying the synergistic antiviral

© 2012 Blackwell Publishing Ltd

effect. One of the molecules contributing to time-dependent
ISG upregulation is the ISG known as ubiquitin-specific
peptidase 18 (USP18). which has been reported to bind to
IFNAR2 and inhibit the interaction of Jakl with its receptor,
thereby preventing IFN-z signalling while leaving IFN-2 sig-
nalling unaffected [18. 19]. Actually. expression of USP18
is speciflically upregulated with IFN-23 in this study as
shown in Fig. 5. If the ISGs upregulated by IFN- are down-
regulated by USP18. it is plausible that the expression of
genes induced by IFN-x decreases early, while expression of
genes induced by IFN-/ lasts longer.

A number of clinical studies have confirmed that SNPs
around the IL-28B gene are associated with the response
to PEG-IFN and RBV therapy, and as previously indicated,
various investigations have been performed to clarify the
underlying mechanism. Specifically, increased IL-28B
mRNA expression. in. PBMC [2..3], high serum concentra-
tions of IFN-21 (IL-29) [20], low expression of ISGs in the
liver prior to IFN treatment [8, 21] and high upregulation
of ISG expression by IFN treatment [8. 22] were found in
subjects with IL-28B SNP genotypes associated with SVR
(rs12979860 CC and rs8099917 TT). Although the func-
tional role of IEN-/3 still needs to be investigated more
thoroughly. if IFN-43 expression change is the essential dif-
ference in determining the clinical treatment response 10
PEG-IFN and RBV therapy and if its expression is decreased
in patients with the specilic IL-28B genotype, which is
associated with non-SVR. it is possible that exogenous
administration of IFN-23 might improve IFN-z-induced
viral clearance and that such treatment would be benefi-
cial for patients with the IFN-resistant IL-28B genotype.

In present study, the OR6-cultured cells harboured the
rs8099917 TT genotype. and recombinant IFN-i3 (IL-
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28B) protein used in the experiment was derived from cells
with the rs8099917 TT genotype (data not shown). There-
fore. the viral responses and/or cellular gene expression
change in cells and/or proteins with different IT.-28B geno-
types in vitro should be determined in future studies.

In conclusion. we demonstrated that IFN-z and IFN-/3
synergistically enhance anti-HCV activity in  vitro.
Although the ISGs upregulated by 1I¥N-z and IFN-/3 were
similar, dilferences in time-dependent upregulation ol these
genes. especially prolonged ISGs expression by IFN-Z3.
might contribute to their synergistic antiviral activity.
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This study aimed to develop a model for pre-
dicting anemia using the inosine triphospha-
tase (/TPA) genotype and to evaluate its
relationship with treatment outcome. Patients
with genotype 1b chronic hepatitis C (n = 446)
freated with peg-interferon alpha and ribavirin
(RBV) for 48 weeks were genotyped for the
ITPA (rs1127354) and /L28B (rs8099917) genes.
Data mining analysis generated a predictive
model for anemia (hemoglobin (Hb) concentra-
tion <10 g/dl); the CC genotype of ITPA, base-
line Hb <14.0 g/dl, and low creatinine clearance
(CLcr) were predictors of anemia. The incidence
of anemia was highest in patients with Hb
<14.0 g/dl and Clcr <90 ml/min (76%), fol-
lowed by Hb <14.0 g/dl and ITPA CC (57%).
Patients with Hb >14.0 g/dl and ITPA AA/CA
had the lowest incidence of anemia (17%).
Patients with two predictors (high-risk) had a
higher incidence of anemia than the others
(64% vs. 28%, P < 0.0001). At baseline, the
IL28B genotype was a predictor of a sustained
virological response [adjusted odds ratio
9.88 (95% confidence interval 5.01-19.48),
P < 0.0001]. In patients who achieved an early
virological response, the IL28B genotype was
not associated with a sustained virological
response, while a high risk of anemia was a
significant negative predictor of a sustained vi-
rological response [0.47 (0.24-0.91), P = 0.026].
For high-risk patients with an early virological
response, giving >80% of the planned RBV
dose increased sustained virological responses
by 24%. In conclusion, a predictive model

© 2013 WILEY PERIODICALS, INC.

incorporating the /TPA genotype could identify
patients with a high risk of anemia and reduced
probability of sustained virological response.
J. Med. Virol. 85:449-458, 2013.

© 2013 Wiley Periodicals, Inc.

KEY WORDS: hemolytic anemia; ribavirin;
creatinine clearance; antiviral
therapy

INTRODUCTION

Hepatitis C virus (HCV) infection is a leading cause
of cirrhosis and hepatocellular carcinoma worldwide
[Kim, 2002]. The rate of eradication of HCV by pegy-
lated interferon (PEG-IFN) plus ribavirin (RBV),
defined as a sustained virological response, is around
50% in patients with HCV genotype 1 [Manns et al,,
2001; Fried et al., 2002]. Failure of treatment is
attributable to the lack of a virological response or
relapse after completion of therapy. Genome-wide
association studies and subsequent cohort studies
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have shown that single nucleotide polymorphisms
(SNPs) located near the IL28B gene are the most im-
portant determinant of virological response to PEG-
IFN/RBV therapy [Ge et al., 2009; Suppiah et al.,
2009; Tanaka et al., 2009; Rauch et al., 2010]. On the
other hand, among patients with a virological re-
sponse, the probability of a sustained virological re-
sponse decreases when the patients become intolerant
to therapy because of RBV-induced hemolytic anemia
and receive a reduced dose of RBV [McHutchison
et al., 2002; Kurosaki et al., 2012]. Genome-wide asso-
ciation studies have shown that variants of the ino-
sine triphosphatase (ITPA) gene protect against
hemolytic anemia [Fellay et al., 2010; Tanaka et al.,
2011]. These variants are associated with a reduced
requirement for an anemia-related dose reduction of
RBV [Sakamoto et al., 2010; Thompson et al., 2010a;
Kurosaki et al., 2011d; Seto et al.,, 2011]. However,
factors other than the ITPA gene also contribute to
the rigk of severe anemia or RBV dose reduction [Ochi
et al., 2010; Kurosaki et al., 2011d] and the results of
studies on the impact of the ITPA genotype on treat-
ment outcome are inconsistent [Ochi et al.,, 2010;
Sakamoto et al., 2010; Thompson et al., 2010a, 2011,
Kurosaki et al., 2011d].

Data mining is a novel statistical method used to
extract relevant factors from a plethora of factors and
combine them to predict the incidence of the outcome
of interest [Breiman et al., 1980]. Decision tree analy-
sis, a primary component of data mining analysis, has
found medical applications recently [Averbook et al.,
2002; Miyaki et al., 2002; Baquerizo et al., 2003;
Leiter et al., 2004; Garzotto et al., 2005; Zlobec et al.,
2005; Valera et al., 2007] and has proven to be a use-
ful tool for predicting therapeutic efficacy [Kurosaki
et al., 2010, 2011a,b,c, 2012] and adverse events [Hir-
amatsu et al., 2011] in patients with chronic hepatitis
C treated with PEG-IFN/RBV therapy. Because the
results of data mining analysis are presented as a
flowchart [LeBlanc and Crowley, 1995], they are easi-
ly understandable and usable by clinicians lacking a
detailed knowledge of statistics. o )

For the general application of this genetic informa-
tion in clinical practice, this study aimed to construct
a predictive model of severe anemia using the ITPA
genotype, together with other relevant factors. This
study also aimed to analyze the impact of the risk of
anemia on treatment outcome, after adjustment for
the IL28B genotype. These analyses were carried out
at baseline and during therapy, when the early viro-
logical response became evident.

MATERIALS AND METHODS

Patients

Data were collected from a total of 446 genotype
1b chronic hepatitis C patients who were treated
with PEG-IFN alpha and RBV at five hospitals and
universities throughout Japan. The inclusion criteria
were: (1) infection by hepatitis C genotype 1b; (2) no

J. Med. Virol. DOI 10.1002/jmv
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co-infection with hepatitis B virus or human immu-
nodeficiency virus; (8) no other causes of liver dis-
ease such as autoimmune hepatitis and primary
biliary ecirrhosis; and (4) availability of DNA for the
analysis of the genetic polymorphisms of IL28B and
ITPA. Patients received PEG-IFN alpha-2a (180 pg)
and 2b (1.5 pg/kg) subcutaneously every week and a
daily weight-adjusted dose of RBV (600 mg for
patients weighing <60 kg, 800 mg for patients
weighing 60-80 kg, and 1,000 mg for patients weigh-
ing >80 kg) for 48 weeks. Dose reduction or discon-
tinuation of PEG-IFN and RBV was primarily based
on the recommendations on the package inserts and
the discretion of the physicians at each university
and hospital. The standard duration of therapy was
set at 48 weeks. No patient received erythropoietin
or other growth factors for the treatment of anemia.
Written informed consent was obtained from
each patient, and the study protocol conformed to
the ethical guidelines of the Declaration of Helsinki
and was approved by the institutional ethics review
committees. ‘

Laboratory Tests

Blood samples obtained before therapy were ana-
lyzed for hematologic data, blood chemistry, and HCV
RNA. Genetic polymorphisms in SNPs of the ITPA
gene (rs1127354) and the IL28B gene (rs8099917)
were determined using ABI TagMan Probes (Applied
Biosystems, Carlsbad, CA) and the DigiTag2 assay,
respectively. Baseline creatinine clearance (CLcr) lev-
els were calculated using the formula of Cockeroft
and Gault [1976]: for males, CLcr = [(140 — age in
years) x body weight in kgl + (72 x serum creatinine
in mg/dl) and for females, CLer = 0.85 x [(140 — age
in years) x body weight in kg] + (72 x serum creati-
nine in mg/dl). The stage of liver fibrosis was scored
according to the METAVIR scoring system: FO (no fi-
brosis), F1 (mild fibrosis: portal fibrosis without sep-
ta), F2 (moderate fibrosis: few septa), F3 (severe
fibrosis: numerous septa without cirrhosis), and F4
(cirrhosis): A rapid-virological response was defined as
undetectable HCV RNA by qualitative PCR with a
lower detection limit of 50 IU/ml (Amplicor, Roche Di-
agnostic Systems, Pleasanton, CA) at week 4 of thera-
py and a complete early virological response was
defined as undetectable HCV RNA at week 12. A sus-
tained virological response was defined as undetect-
able HCV RNA at 24 weeks after completion of
therapy. Severe anemia was defined as hemoglobin
(Hb) <10 g/dl.

Statistical Analysis

Database for analysis included the following varia-
bles: age, sex, body mass index, serum aspartate ami-
notransferase (AST) levels, alanine aminotransferase
(ALT) levels, gamma-glutamyltransferase (GGT) lev-
els, creatinine levels, CLer, Hb, platelet count, serum
levels of HCV RNA, and the stage of liver fibrosis
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TABLE 1. Patients’ Baseline Characteristics

Age (years) 58.6 (9.6)
Gender: male (n, %) 185 (42%)
Body mass index (kg/m?) 23.1 3.7
AST (IU/L) 59.9 (53.8)
ALT (IU/L) 69.8 (53.8)
GGT (IU/L) 48.5 (41.6)
Creatinine (mg/dl) 0.7 0.2)
Creatinine clearance (ml/min) 89.5 (23.0)
Hemoglobin (g/dl) 14 (1.4)
Platelet count (10%/L) 154.5 (52.1)
HCV RNA > 600,000 TU/ml (n, %) 354 (79%)
Liver fibrosis: F8-4 (n, %) 108 (24%)
Initial ribavirin dose (n, %)

600 mg/day 300 (67%)

800 mg/day 138 (31%)

1,000 mg/day 9 (2%)
Pegylated interferon (n, %)

alpha2a 180 meg 58 (13%)

alpha2b 1.5 meg/kg 388 (87%)
ITPA rs1127354: CC (n, %) 317 (71%)
11.28B rs809917: TT (n, %) 311 (70%)

AST, aspartate aminotransferase; ALT, alanine aminotransferase;
GGT, gamma-glutamyltransferase.

Data expressed as mean (standard deviation) unless otherwise
mentioned.

(Table I). Based on these data set, a model for predict-
ing the risk of developing severe anemia was con-
structed by data mining analysis using the IBM-SPSS
Modeler 13 as described previously [Kurosaki et al.,
2010, 2011a,b,c; Hiramatsu et al., 2011]. Briefly, the
software was used to explore the database automati-
cally to search for optimal predictors that discriminat-
ed most efficiently patients with severe anemia from
those without. The software also determined the opti-
mal cutoff values of each predictor. Patients were di-
vided into two groups according to the predictor and
each of the two groups was repeatedly divided in the
same way until no significant factor remained or 20 or
fewer patients were in a group.

The incidence of severe anemia, the total dose of
RBYV, and treatment outcome were compared between
groups with high and low risks of anemia. On univari-
ate analysis, Student’s ¢-test was used for continuous
variables, and Fisher’s exact test was used for cate-
gorical data. Logistic regression was used for multi-
variate analysis. P values of <0.05 were considered
significant. SPSS Statistics 18 was used for these
analyses.

RESULTS
Predictive Model of Severe Anemia

The incidence of severe anemia in the whole cohort
was 49% (Fig. 1). The best predictor of severe anemia
was the baseline Hb concentration. Patients with a
low baseline Hb concentration (<14 g/dl) were more
likely to develop severe anemia (67%) than those with
a higher Hb (>14 g/dl) (34%). The second best predic-
tor for those patients with a baseline Hb «14.0 g/dl
was CLcr. Patients with a CLcr below 90 ml/min had
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the highest incidence of severe anemia (76%). In those
with a CLcr above >90 ml/min the incidence of severe
anemia was 57% in patients with the CC allele of the
ITPA gene while it was 37% in patients with the CA
or AA allele. On the other hand, the second best pre-
dictor for those patients with a baseline Hb concentra-
tion above 14 g/dl was the ITPA genotype. Patients
with the AA or AC allele had the lowest incidence of
anemia (17%). For those with the ITPA CC allele,
CLcr was the third best predictor; the optimal cutoff
value was 85 ml/min for this group. The incidence of
severe anemia was 49% in patients with a CLer below
85 ml/min while it was 32% in those with a CLecr
above 85 ml/min.

Following this analysis, the patients were divided
into six groups, with the incidence of severe anemia
ranging from 17% to 76%. Three groups with two pre-
dictors, having an incidence of anemia >40%, were
defined as the high-risk group and the remainder
were defined as the low-risk group. The incidence of
severe anemia was higher in the high-risk group than
the low-risk group (65% vs. 28%, P = 0.029) (Fig. 2).
Comparison of the ITPA genotype and the predictive
model showed that the sensitivity for the prediction
of severe anemia was similar (75.9% vs. 76.4%) but
the specificity of the predictive model was greater
(33.6% vs. 59.3%).

The Risk of Anemia Impacts on Sustained
Virological Responses by Patients Who Achieved
an Early Virological Response

The impact of IL28B genotype, ITPA genotype, and
risk group of anemia on the rate of sustained virologi-
cal response was studied at baseline and week 12. At
baseline, patients with the TT allele of the IL28B
gene had a significantly higher rate of sustained viro-
logical response than those with the TG or GG allele
(43% vs. 10%, P < 0.0001), the high-risk group for
anemia had a significantly lower rate of sustained vi-
rological response than the low-risk group (28% vs.
40%, P = 0.011), and the ITPA genotype was not asso-
ciated with a sustained virological response (Fig. 3A-
C). At week 4, patients with rapid virological response
had a high rate of sustained virological response, irre-
spective of the IL28B genotype (TT vs. TG/GG; 97%
vs. 100%, P = 1.000), the ITPA genotype (CC vs. CA/
AA; 95% vs. 100%, P = 1.000), and the risk of anemia
(high vs. low; 95% vs. 100%, P = 1.000). Among the
patients who did not achieve a rapid virological re-
sponse, those with the IL28B TT allele had a signifi-
cantly higher rate of sustained virological response
than those with the TG or GG allele (38% vs. 8%,
P < 0.0001), and the high-risk group for anemia had
a significantly lower rate of sustained virological re-
sponse than the low-risk group (24% vs. 35%,
P =0.015). At week 12, in patients who achieved a
complete early virological response, the IL28B geno-
type was not associated with a sustained virological
response, while the high-risk group for anemia had a
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Fig. 1. The predictive model for severe anemia. The boxes indicate the factors used to differentiate
patients and the cutoff values for the different groups. The pie charts indicate the rate of severe ane-
mia (Hb <10.0 g/dl) for each group of patients, after differentiation. Terminal groups of patients differ-
entiated by analysis are classified as at high risk if the rate is >40% and low risk if the rate is <40%.
ITPA, inosine triphosphatase; CLer, creatinine clearance; Hb, hemoglobin.

significantly lower rate of sustained virclogical re-
sponse than the low-risk group (69% vs. 76%,
P =0.013) (Fig. 3D-F). In patients who did not
achieve a complete early virological response, the
IL28B genotype was a significant predictor of a sus-
tained virological response (TT vs. TG/GG; 14% vs.
2%, P < 0.0001) but a high risk for anemia was not
(high vs. low; 10% vs. 6%, P = 0.361).

From multivariate analysis (Table II), the IL28B ge-
notype was the most important predictor of a sus-
tained virological response at baseline [adjusted odds
ratio 9.88 (95% confidence interval 5.01-19.48),
P < 0.0001], along with female sex [0.42 (0.26-0.68),
P < 0.0001], platelet count [1.09 (1.04-1.15),
P < 0.0001], advanced fibrosis [0.49 (0.27-0.91),
P = 0.024], and baseline HCV RNA load [4.14 (2.27—
7.55), P < 0.0001]. At week 4, in patients without a
rapid virological response, the IL28B genotype
remained the most important predictor of a sustained
virological response [7.16 (3.60-14.25), P < 0.0001],
along with female sex and platelet count. At week 12,
in patients with a complete early virological response,
the risk of anemia was an independent and significant
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predictor of a sustained virological response [0.47
(0.24-0.91), P = 0.026], together with the platelet
count and HCV RNA load, but the IL28B genotype
was not associated with a sustained virological re-
sponse. In patients without a complete early virologi-
cal response, the IL28B genotype was a predictor of a
sustained virological response [9.13 (2.02-41.3),
P = 0.004] along with the platelet count. Thus, IL28B
was a significant predictor of a sustained virological
response at baseline and among virological non-res-
ponders at weeks 4 and 12. On the other hand, once a
complete early virological response was achieved, the
IL28B genotype was no longer associated with a sus-
tained virological response but the risk of anemia was
an independent predictor of a sustained virological
response.

The Risk of Anemia, RBV Dose, and Treatment
Outcome in Patients With a Complete Early
Virological Response

Patients who achieved a complete early virological
response were stratified according to adherence to
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Fig. 2. The incidence of severe anemia stratified by risk of ane-
mia. The incidence of anemia during therapy is shown for each
group of patients at high and low risk of anemia. The black and
white bars represent the percentages of patients with Hb concentra-
tions below 8.5 g/dl and above 10 g/dl, respectively.

RBV (<40%, 41-60%, 61-80%, and >80%), which
showed that patients with a high risk of anemia were
predominantly in subgroups with a lower adherence
to RBV (<40%, 41-60%, and 61-80%), whereas
patients with a low risk of anemia were predominant-
ly in subgroups with a higher adherence to RBV
(>80%) (Fig. 4, upper panel). The percentage of
patients who received >80% of the planned dose of
RBV was significantly higher in the low-risk group for
anemia than in the high-risk group (74% vs. 55%,
P < 0.0001).

Within the groups with high and low risks of ane-
mia, there was a stepwise increase in the rate of sus-
tained virological response according to the increase
in adherence to RBV (Fig. 4, lower panel). The rate of
sustained virological response was higher in patients
who received >80% of the planned dose of RBV than
those who received less, for both high-risk patients
(71% vs. 47%, P = 0.016) and low-risk patients (81%
vs. 60%, P = 0.072). Within the same subgroup of
RBV adherence, however, the rate of sustained viro-
logical response did not differ between patients with a
high risk and a low risk of anemia. Taken together,
these results suggest that patients with a high risk of
anemia have a disadvantage because they are likely
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to be intolerant to RBV, leading to reduced adherence
to RBV throughout the 48 weeks of therapy and a
reduced rate of sustained virological response. Howev-
er, if >80% adherence to RBV could be obtained, the
rate of sustained virological response would increase
by 24%.

DISCUSSION

This study confirmed previous reports that the
IL28B genotype is the most significant predictor of a
sustained virological response to PEG-IFN plus RBV
therapy in chronic hepatitis C patients at baseline [Ge
et al., 2009; Suppiah et al., 2009; Tanaka et al., 2009;
Rauch et al., 2010; Kurosaki et al., 2011c] and at
week 4 [Thompson et al., 2010b], but it had no impact
on the rate of sustained virological response among
those patients who achieved a complete early virologi-
cal response [Thompson et al., 2010b; Kurosaki et al.,
2011c]. In contrast, the risk of anemia, assessed by
the combination of the ITPA genotype, baseline Hb
concentration, and baseline CLer, was found to be as-
sociated with a sustained virological response in
patients who achieved a complete early virological re-
sponse. Generally, a complete early virological re-
sponse is the hallmark of a high probability of a
sustained virological response, but the rate of sus-
tained virological responses in patients who achieved
a complete early virological response and had a high
risk of anemia was as low as 5§9%. This reduced rate
of sustained virological response in these patients was
attributable to poor adherence to RBV throughout the
48 weeks of therapy. Because administration of >80%
of the planned RBV dose increased the rate of sus-
tained virological response by 24%, it may be postulat-
ed that personalizing the treatment schedule to
achieve a sufficient dose of RBV, such as extension of
treatment duration, may improve sustained virologi-
cal response rates in these patients. Clearly, this pos-
tulate needs to be confirmed in future study. Thus,
the findings presented here may have the potential to
support selection of the optimum, personalized treat-
ment strategy for an individual patient, based on the
risk of anemia.

The degree of hemolytic anemia caused by RBV
varies among individuals. A reduction of the Hb con-
centration early during therapy predicts the likely de-
velopment of severe anemia [Hiramatsu et al., 2008,
2011] but there are no reliable predictors at baseline.
A breakthrough came from the results of a genome-
wide association study that revealed that variants of
the ITPA gene are protective against hemolytic ane-
mia [Fellay et al., 2010]. The ITPA genotype has been
shown repeatedly to be associated with the degree of
hemolytic anemia and dose reduction of RBV [Fellay
et al., 2010; Sakamoto et al., 2010; Thompson et al.,
2010a; Seto et al., 2011; Tanaka et al., 2011; Kurosaki
et al., 2011d]. However, factors other than the ITPA
gene, such as baseline Hb concentrations [Ochi et al.,
2010; Kurosaki et al., 2011d], platelet counts [Ochi
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et al., 2010], and CLecr [Kurosaki et al., 2011d], also
contribute to the risk of severe anemia or RBV dose
reduction. In the present study, the predictive model
of anemia based on the data mining analysis selected
the ITPA genotype, baseline Hb concentration, and
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Fig. 3. Rates of sustained virological responses at baseline and among those with a virological re-
sponse at week 12. The impacts of IL28B genotype, ITPA genotype, and risk group of anemia on the
rate of sustained virological response were studied at baseline (A-C) and among those with complete
early virological responses (defined as undetectable HCV RNA at week 12) (D-F). At baseline, those
with the TT allele of the IL28B gene had a significantly higher rate of sustained virological response
than those with the TG or GG allele and the group at high-risk of anemia had a significantly lower
rate of sustained virological response than the low-risk group. Among patients with complete early
virological responses, the IL28B genotype was not associated with a sustained virological response,
while the group at high-risk of anemia had a significantly lower rate of sustained virological response
than the low-risk group.
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baseline CLecr as predictive factors and identified six
subgroups of patients with a variable rate of severe
anemia, ranging from 17% to 76%. The specificity of
the prediction of severe anemia was improved by
25.7% in the predictive model, compared to ITPA



