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SVR, NR/R) {p<0.05).
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Table 2. Extracted genes related to the clinical outcome with a fold change greater than or equal to 1.5 between two groups (NR/

Accession No. gene

NM_005532.3

NM_005101.2

Accession No. gene

ron-inducible protein p7:

NM_005532.3 interferon, alpha-inducible protein 27

69.2% respectively (Table 5). Additionally, we attempted to
predict (1) SVR and nonSVR (R+NR), and (2) SVR, R, and NR
by DLDA. The accuracy with which patients were classified as
SVR and nonSVR, was 56.8% and as SVR, R, and NR was
56.9%.

Genetic variation of [L28B is correlated with the
expression of IFN related genes

To examine the relationship between the genetic variation of
11.28B and IFN related gene expression, we determined the 1L28B
polymorphism in 72 patients (Table 6). Patients with the minor
genotype of IL28B displayed higher levels of hepatic ISGs
expression, whereas patients with the major genotype showed
significantly lower expression levels (Figure 2A). In order to further
widen our understanding of the above relationship, we signifi-
cantly identified individual genetic variations in TL28B at the
clinical outcome (Figure 2B). We then individually compared the
expression level of several IFN-lambda related genes at the clinical
outcome with the genetic variation of TL28B. The expression level
of interleukin 28A (IL28A), T1.28B, interleukin 29 (I1.29),
interleukin 10 receptor, beta (IL10RB), signal transducer and
activator of transcription 1 (STAT1), STAT5A, and tyrosine
kinase 2 (TYK2) in IL28B genotype minor allele and major allele
did not differ; however, the expression level of STATSA and IRF9
was significantly higher in IL28B minor allele cases than in major
allele (Figure 3A). The expression levels of these nine genes did not
significantly differ among the clinical outcomes (NR, R, and SVR)
(Figure 3B).

Finally, in regards to genes which contribute to IFN production
(interferon regulatory factor 7 (IRF7), interleukin-1 receptor-
associated kinase 1 (IRAKIT), myeloid differentiation primary
response gene (MyD88), and toll-like receptor 7 (TLR7)) there was
not much difference in their expression level prior to CH
combination treatment and their expression level at the clinical
outcome (Figure 4A) [14]. Unlike IRTF7 and MyD88, there was no
significant diflerence in the expression level of IRAKI and TLR7
according to the TL28B genctic variation (Figure 4B). When we
attempted to predict NR and nonNR by using ISG genes with and
without IL28B polymorphism using DLDA by using 72 patients
(36 paticnts for training set, 36 patients for validation set). DLDA
with TFN related gene and IL28B polymorphism showed that the
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1FI27%

ISG15*

symbol fold change (NR/SVR) p-vaiue

symbol fold change (NR/R) p-value

IFI27* 233 1.69E-03

Asterisk deposits extracted genes that are common to both SVR and NR and to NR and R.
doi:10.1371/journal.pone.0019799.t002

accuracy, sensitivity, specificity, positive and negative predictive
value of these two classifications were 83.3%, 85.1%, 77.8%,
92.0%, 63.6%, respectively (Table 7). DLDA with IFN related
gene only showed that the accuracy, sensitivity, specilicity, positive
and negative predictive value were 83.3%, 81.5%, 88.9%, 95.7%,
61.5%, respectively (Table 8).

Discussion

Our comprehensive analysis identified 66 genes with expression
levels that consistently differed depending on the drug response of
87 CH patients and 5 normal liver specimens (Figure 1).
Comparing the gene expression pattern in NR and NL showed
the expression levels of 31 genes were significantly different
(Table 3). In addition, most genes with expression levels in NR
that were higher or lower than in NL, also differed between NR
and SVR. Therefore, it is possible that innate immunity in the
carly period of HCV infection strongly influences IFN reaction.

HCV infection induces the impairment of cell subset number
and the function of plasmacytoid dendritic cells (PDC) and natural
killer cells [15]. The amount of PDC, which are the most potent
producers of antiviral Type-I and I IFN [16], decreased in
patients’ peripheral blood [17], however, PDC was trapped in the
HCV infected liver tissue. Therapeutic non-responders had
increased PDC migration to inflammatory chemokines before
therapy, compared with therapeutic responders [18]. This
situation resulted in elevated expressions of IFN-related genes in
the CH samples and was associated with their inability to climinate
the virus [19].

Inadequate expression of IFN related genes has been associated
with several discases. High expression of ISG can induce a
refractory state in IFN therapy [20] and impaired IFN production
leads to high risk of HCV-related hepatocarcinogenesis [21].
Lymphocyte IFN signaling was less responsive in patients with
breast cancer, melanoma, and gastrointestinal cancer and these
defects may represent a common cancer-associated mechanism of
immune dysfunction. Alternately, since immunotherapeutic strat-
egies require functional immune activation, such impaired IFN
signaling may hinder therapeutic approaches designed to stimulate
anti-twmor immunity [22]. In this way, the dysregulation of the
IFN system can influence the progression of discases and decrease
curative effeets.
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Table 3. List of genes that had significantly different
expression levels in NR and NL (fold change <1/3, 3<, and
p<0.05).

NR/NL NR/SVR
{fold NR/NL (fold NR/SVR
change} {t-test) change) (t-test}

1SG15 2112 1.05E-04 285 3.99E-05

doi:10.1371/journal.pone.0019799.t003

Genes which participate in IFN production (TLR7, MyD88,
IRAKI, and IRF7) did not show any significant dillerence in their
expression level prior to CH combination therapy, and their level
at the clinical outcome (Figure 4A and 4B). However, the gene
expression pattern of down-stream IFN pathway genes (IFI27,
IFI44, ISG15, MX1, and OAS1) was significantly different among
SVR, R, and NR (Table 2). IFN is usually up-regulated in HCV
infected cells; however in some cases, the mechanism that controls
IFN becomes abnormal, and the expression levels of IFN and ISG
remain high without any curative effect [23]. The ISG family was
generally up-regulated in NR compared to SVR [24-27] and this
high expression of ISG related genes was associated with poor
response to IFN therapy in previous, as well as in this present
study. ISG13 has been linked to innate immune response to viruses
and to cellular response to IFN. Although over-expression of
ISG15 enhances the antiviral activity of IFN in vitro in acute

@ PLoS ONE | www.plosone.org
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infection [28], in chronic infection, extended pre-activation of IFN
induced genes leads to dysregulation of the IFN system.

CH therapy is still imperfect at present and therefore suitable
prediction methods are necessary to avoid adverse effects.
Treatment failure using CH combination therapy is associated
with up-regulation of a specific sct of IFN-responsive genes thereby
making it possible to predict non-response to exogenous therapy
[29]. Early gene expression during anti-HCV  therapy may
clucidate important molecular pathways that might be influencing
the probability of achieving a virological response [30]. Our study
supports this fact by demonstrating that CH and NL differ
fundamentally in their innatc response to CH combination
therapy.

IFN refated gene expression suggests novel aspects of HCV
pathogenesis, and form the basis for a subset of genes that can
predict treatment  respol before initiation of combination
therapy. Afier proper external validation, these gene sets may
provide the basis for a diagnostic biomarker that can determine
carly on whether a patient treated with combination therapy is
likely to be NR or not. In this respect, what sets our analysis apart
is the effect of using DLDA to predict final response with high
accuracy in NR and non-NR groups. This prediction showed that
the expectation in NR (proportion of actual non-NR versus the
predicted number of non-NR) was 93.3% and overall accuracy
was 86.1%. In prior report, Dill et al. successfully predicted SVR,
but were unable to predict R and NR with high accuracy [31]. In
our experiments on the other hand, we predicted NR with high
accuracy but were unable to do so for SVR and R. Possible causes
for differences between our results and those received by Dill et al.
may be (1) the differences in the races of subjects; European
patients vs. Japanese patients in our study, (2) the composition of
genotype; genotype 1 and 4 vs. genotype 1b in our study, and (3)
the difference of the ISG genes extracted.

Genome-wide association studies have described alleic variants
near the TL28B gene that are associated with treatment response
and with spontancous clearance of HCV [11-13]. In order to
clarify the relationship between IL28B polymorphism and drug
response, we compared the expression level of IFN-lambda related
gene at the clinical outcome with any genetic variation in 1L28B.
The expression of hepatic ISG and related genes was strongly
associated with treatment response and genetic variation of 1L28B
[32]. Classification of the patients into SVR and NR revealed that
ISG expression was conditionally independent of the IL28B
genotype. In CH patients in Europe, the expression pattern of
genes induced by IFN more accurately predicts CH combination
treatment clinical outcome than polymorphism of IL28B [31]. We
observed that curative eflect prediction using IFN gene expression
pattern resulted in high level of accuracy, however, IFN with
1L28B or IFN alone resulted in approximately similar levels of
accuracy, therefore, the polymorphism of IL28B did not
contribute significantly to our prediction. These findings are
accordance with Dill et al. results (Table 7). There was an
increased expression in NR compared to SVR irrespective of the
11.28B genotype. However, there was no signilicant difference in
their expression at the clinical outcome or in the genetic variation
of TL28B (Figure 3A and 3B). Genetic variation of IL28B
polymorphism is eflective in predicting curative effect; however,
the reason for this is not fully understood.

In conclusion, comprehensive analysis of IFN related gene
showed that dysregulation of the IFN system might be related to
trcatment failure and that IFN related gene expression hefore
treatment can enable accurate prediction of CH combination
therapy clinical outcome. By focusing the full course of treatment
on only those patients who have the highest likelihood of achieving
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Table 4. Characteristics of the training and validation set.

Dysregulation of IFN and CH

non NR (SVR+R} non NR (SVR+R)

Age
HCVRNA (x10° 1U/mi)

ALT (/L)

WBC(x10¥/mm?)

ALP (U/L - - 289
gGTP (1U/L) 574

Hemoglobin (g/d : ~
Albumin (g/dl} 4.15 ¥ 0.41

NR group NR group

733 738 0.98

4.11 398 0.52

doi:10.1371/journal.pone.0019799.t004

SVR, clinicians could potentially reduce the side effects and costs
associated with these regimens and provide a more personalized
approach to treating CH patients.

Materials and Methods

Patients and sample preparation

Eighty seven CH patients with HCV genotype 1b in the
Department of Gastroenterology at the Ogaki Municipal Hospital
were enrolled between 2004 and 2006 (Table 1). Patients with
autoimmune hepatitis, alcohol-induced liver injury, and patients
positive for hepatitis B virus associated antigen/antibody or anti-
human immunodeficiency virus antibody were excluded. None of
the patients had received IFN therapy or immunomodulatory
therapy prior to enrollment. Five normal liver specimens were
obtained by surgical resection. Three of these were obtained from
Osaka City University Hospital and were taken from gall bladder
cancer, cholangiocarcinoma, and hemangioma patients whose
liver tissue were normal based on histological, virological and
blood examination of their liver function. The remaining two
normal liver samples were obtained from the Liver Transplanta-
tion Unit of Kyoto University Hospital.

Patients’ serum HCV RNA was quantified bcfore IFN
treatment using Amplicor-HCV Monitor Assay (Roche Molecular
Diagnostics Co., Tokyo, Japan). Histological grading and staging
of liver biopsy specimens from the CH patients were performed

Table 5. Quality of NR-prediction by DLDA.

according to the Metavir classification system. Pretreatment blood
samples were analyzed to determine the level of aspartate
aminotransferase, alanine aminotransferase {ALT), total bilirubin,
alkaline phosphatase (ALP), gamma-glutamyl transpeptidase
(yGTP), white blood cell (WBC), platelets, and hemoglobin.
Written informed consent was obtained from all patients or their
guardians and provided to the Ethics Committee of the Graduate
School of Kyoto University, Osaka City University and Ogaki
Municipal Hospital, who approved this study in accordance with
the Helsinki Declaration.

Treatment protocol

Tor all enrolled patients, treatment with PegIlFN- a-2b
(Schering-Plough Corporation, Kenilworth, NJ, USA) and ribavi-
rin (Schering-Plough) was initiated at the beginning of the st week
and lasted for 48 weceks. PegIFN was administrated at a dose of
1.5 pug kg/weck and ribavirin was administrated at the dose
recommended by the manufacturer.

Definition of drug response to therapy

The patients were classified into the following three groups at
the completion of follow-up period (24 weeks): (1) sustained
virological responder (SVR): a patient who was negative for serum
HCV RNA during the 24 weceks following the completion of the

Table 6. Result of the IL28B polymorphism (rs8099917).

Predicted

Diagnosed  NR
o nONNRISVR+R). -
Total

rs8059917

doi:10.1371/journal.pone.0019799.t005
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Figure 2. The relationship among the expression of IFN-related genes, IL28B polymorphism and clinical outcome. (A) The relationship
between expression of ISG and five related genes (MX1, OAS1, ISG15, IFI27, and IFi44) in the liver of CH patients and IL28B with the major (TT) or
minor (TG or GG) genotype (rs8099917) is shown. The p-value of the relationship between gene expression level and IL28B genotype is also depicted.
(B) The relationship among the expression level of the above five genes, clinical outcome, and 1128 genotype in individual cases. Red square, green
circle, and blue rectangle represent TT, TG, and GG in {L28B genotype, respectively. The p value was calculated from a linear regression employing
outcome as an explanatory variable {in which SVR, R and NR are encoded to 0, 1 and 2 respectively) and expression level as the response variable. We
tested the nuli hypothesis that the coefficient of the outcome is 0. Summary table of the p-value is also shown. NS shows no significant difference.
doi:10.1371/journal.pone.0019799.g002
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Figure 3. The relationship among the expression of IFN lambda-related genes, 1L.28B polymorphism and clinical outcome. (A) The
relationship between the expression level of IFN lambda related genes (TYK2, STATSA, STAT1, IL10RB, IL29, IL28A, IL28B, JAK1, and IRF9) in the liver of
CH patients and 1L28B with genotype. The p-value of the relationship between gene expression level and 1L28B genotype is also presented. (8) The
relationship among IFN lambda related genes, clinical outcome, and 1L28 genotype in individual cases. Summary table of the p-value is also shown.
NS was not significantly different.

doi:10.1371/journal.pone.001979%.9003
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combination therapy; (2) relapse (R): a patient whose serum HCV
RNA was negative by the end of the combination therapy but
reappeared during the 24 week observation period; and (3) non
responder (NR): a patient who was positive for serum HCV RNA
during the entire course of the combination therapy (Figure 5). No
patients were withdrawn from the study due to side eflects or any
other reason.

RNA preparation and real-time qPCR

Total RNA from tissuc samples was prepared using a
mirVana miRNA extraction Kit {Ambion, Austin, TX, USA)
according to the manufacturer’s instruction. ¢DNA  was
synthesized by Transcriptor High Tidelity cDNA synthesis Kit

(Roche, Basel, Switzerland). Total RNA (2 pg) in 11 pl of

nuclease free water was added to 1l of 50 uM random
hexamer and denatured for 10 min at 65°C. The denatured
RNA mixture was added to 4 pul of 3x reverse transcri-
ptase buffer, 2 pl of 10 mM dNTP, 0.5 pl of 40 U/ml RNase

Table 7. Quality of NR-prediction by DLDA with IFN related
gene and 1L28B polymorphism A.IFN-+IL28B.

inhibitor, and 0.5 pl of reverse transcriptase (FastStart Universal
SYBR Green Master {Roche) in a total volume of 20 pl. ¢cDNA
synthesis was performed for 30 min at 50°C, and enzyme
denaturation for 5 min at 85°C. Chromo 4 detector (Bio-Rad,
Hercules, CA, USA) was used to detect mRNA expression.
Assays were performed in triplicate, and the expression levels of
target genes were normalized to that of the B-actin gene, as
quantified using real-time gPCR as internal controls. Nucleotide
sequences of primers were as follows: IFI27 (sense) 5'-
claggecacggaattaacce-3', TF127 {(anti-sense) 5'-gactgcagagtage-
cacaag-3', IFI44 (sense) 5'-gcatgtaacgeatcaggeut-3', IF144 (anti-
sense) 5'-ceacaccagegtttaccaac-3', ISG15 (sense) 5'-cttgecagta-
caggagett-3',  ISG15  (anti-sense) 5'-gecctigttaticeteacca-3',
MX]1 (sense) 5'-aatcagectgetgacattgg-3', MX1 (anti-sense) 5'-
glgalgagetegetggtaag-3’, OAS (sense) 5'-gtgegetcagettegtactg-
3', OASI (anti-sense) 5'-actaggeggatgaggetett-3', and B-actin
(sense)  5'-ccactggeategtgatggac-3', P-actin {anti-sense) 5'-
tealtgecaatggtgatgacct-3'.

Table 8. Quality of NR-prediction by DLDA with IFN related
gene only.

Predicted

NR 7
S nonNR : 27
Total il 25 36

Predicted

Diagnosed

Total 13 23 36

doi:10.1371/journal.pone.0019799.t007
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Figure 5. Study design and time line of response to combination therapy. The time frame of liver biopsy, microarray analysis, therapeutic
period, observation period after combination therapy, and the judging of clinical outcome is shown.
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cDNA microarray

RNA was amplified and biotinylated using the MessageAmp-
Biotin Enhanced Kit (Ambion), DNA oligonucleotide probes were
synthesized onto a DNA microarray chip called Genopal
(Mitsubishi Rayon) in order to detect the 237 genes (200 genes
on Chipl and 37 genes on Chip2) related to the innate immune
response. Hybridization was carried out overnight at 65°C using
Genopal in an hybridization buffer{0.12 M Tris-HC1/0.12 M
NaCl/0.05% Tween-20]. Afier hybridization, Genopal was
washed with hybridization buller twice at 65°C for 20 min
followed by washing in 0.12 M Tris-HCI/0.12 M NaCl at 65°C
for 10 min. Genopal was then labeled with streptavidin-Cy5 (GL
Hcalthcare Bioscience, Tokyo, Japan), The fluorescent labeled-
Genopal was washed for 5 min four times with hybridization
buffer at RT and scanned at multiple exposure times ranging from
0 to 40s by DNA microarray reader (Yokogawa Electric Co,
Tokyo, Japan). Intensity values with the best exposure condition
for cach spot were sclected. The data presented here have been
deposited in NCBI's Gene Expression Omnibus and are accessible
through GEO Series accession number GSE20119: htip://www.
nebi.nlm.nih.gov/geo/query/acc.cgi?token=xImbxyyumcwkeba
&ace=GSE20119. All data are MIAME compliant, and are also
registered with GEO.

Statistical analysis

To identify the genes that varied significantly among NR, R,
SVR and NL groups, one-way ANOVA and Turkey’s post hoc
tests were used 10 assess cach of the 237 IFN related-genes on the
arrays. Benjamini-Hochberg correction for multiple hypotheses
testing was applied to all tests. P values <0.05 were considered
statistically significant.

Method of predicting prognosis

The patients were randomly divided into two groups: one was
used as a TS and the other VS to calculate the prediction
discriminant. A prognosis signature (PS) was defined in terms of
the expression levels of the six genes that differed significantly
between NR and non-NR groups using post hoc analysis (TIF127,
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Antiviral Combination Therapy With Peginterferon
and Ribavirin Does not Induce a Therapeutically
Resistant Mutation in the HCV Core Region
Regardless of Genetic Polymorphism Near the
IL28B Gene
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An association has been reported between genet-
ic polymorphism near /L28B gene and the preva-
lence of mutation of hepatitis C virus {HCV) core
region residue 70, both of which have been asso-
ciated with a lack of virologic response to
antiviral combination therapy with peginterferon
(PEG-IFN) and ribavirin. This study investigated
whether PEG-IFN/ribavirin combination therapy
induces amino acid (AA) mutation at residue 70
of HCV and whether genetic polymorphism near
1L28B gene affects it. AA substitutions at residue
70 of the HCV core region were measured and
compared before and after combination therapy
in 65 non-responders and 88 relapsers to the
combination therapy. In three patients in whom
both wild-type AA {arginine) and mutant-type AA
(glutamine or histidine) were detected at residue
70 before treatment, only mutanttype AA was
identified after treatment. In two patients who
had wild-type AA solely before treatment, both
wild-type and mutant-type AAs were identified at
residue 70 after treatment. In five patients, in
whom the AA had changed at residue 70 between
before and after treatment, four patients carried
the TT genotype at a polymorphic locus
(rs8099917) near the IL28B gene and one carried
the TG/GG genotype. No difference was found in
the prevalence of this change of AA at residue 70
between the TT and the TG/GG genotype. Anti-
viral combination therapy with PEG-IFN and riba-
virin does not appear to induce mutation of HCV core
region residue 70 regardless of genetic polymor-
phism near the /L28B gene in Japanese patients
infected with HCV genotype 1b. J. Med. Virol.
83:1559-1564, 2011. © 2011 Wiley-Liss, Inc.
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INTRODUCTION

Hepatitis C virus (HCV) causes chronic infection
that can result in chronic hepatitis, cirrhosis of the
liver, and hepatocellular carcinoma [Niederau et al.,
1998; Kenny-Walsh, 1999]. The current standard
therapy for patients with chronic HCV infection is the
combination therapy with peginterferon (PEG-IFN)
and ribavirin [Ghany et al, 2009]. Although the
current treatment regimen has markedly increased
the rate of patients with sustained virologic response,
which indicates the eradication of HCV, only approxi-
mately 50% of patients infected with HCV genotype 1
achieve a sustained virologic response.

Many studies have investigated the potential base-
line host- or virus-related factors that are associated
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with the lack of virologic response to IFN-based anti-
viral therapy. As a host-related factor, recent studies
reported that genetic polymorphisms near the IL28B
gene (rs8099917, rs12979860) on chromosome 19 are
strongly associated with a resistance to the combina-
tion therapy in patients infected with HCV genotype 1
[Ge et al., 2009; Suppiah et al., 2009; Tanaka et al.,
2009; McCarthy et al., 2010; Rauch et al., 2010].
Patients having the TT genotype at a polymorphic lo-
cus (rs8099917) near the IL28B gene show a favorable
response to the combination therapy with PEG-IFN
and ribavirin, whereas patients having the GG geno-
type or those who are TG heterozygote show a resis-
tance to the therapy. As for virus-related factors,
amino acid (AA) mutations at residue 70 in the HCV
core region have been reported to be associated
strongly with a resistance to PEG-IFN/ribavirin com-
bination therapy in patients infected with HCV geno-
type 1b [Akuta et al, 2005, 2007a; Donlin.et al.,
2007]. Patients with the mutant-type AA (glutamine
or histidine) at residue 70 in the HCV core region
show a resistance to the combination therapy in com-
parison to those with the wild-type AA (arginine) at
this residue. These host- and virus-related factors are
both associated with the outcome of the combination
therapy with PEG-IFN and ribavirin independently in
a previous report [Hayes et al., 2011].

A previous study reported that the percentage of
patients with the mutant-type AA at residue 70 of the
HCV core region increases with the progression of
chronic hepatitis, suggesting that the mutation of AA
at residue 70 (from arginine to glutamine or histidine)
occurs in the natural course of chronic HCV infection
{Kobayashi et al., 2010a). Several recent studies have
reported a higher prevalence of the mutant-type AA
at residue 70 in patients who have the TG/GG geno-
type of genetic polymorphism of rs8099917 near the
IL28B gene, which is associated with an unfavorable
response to the combination therapy with PEG-IFN
and ribavirin, than in patients who have the TT geno-
type [Abe et al., 2010; Kobayashi et al., 2010b]. These
reports suggest that the mutation of AA residue 70 of
the HCV core region may occur more frequently in
patients with the TG/GG genotype. Especially, the in-
duction of this mutation may occur easily in patients
who underwent PEG-IFN/ribavirin combination ther-
apy and failed to clear HCV (non-sustained virologic
response), wherein HCV obtained a resistance to com-
bination therapy.

Mutation at HCV core region residue 70 has
reportedly been associated with a hepatocarcinogene-
sis and an insulin resistance [Akuta et al., 2007b,
2009; Nakamoto et al., 2010]. In addition, a recent
study reported that patients who have both the TG/
GG genotype of rs8099917 near the IL28B gene and
the mutant-type AA at residue 70 of the HCV core re-
gion have shown further resistance even to the triple
therapy with telaprevir, PEG-IFN, and ribavirin
[Akuta et al, 2010]. It is, therefore, important
to clarify whether PEG-IFN/ribavirin combination
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therapy induces the mutation of the HCV core region
residue 70 in patients who failed to eradicate HCV,
and whether genetic polymorphism near the IL28B
gene are correlated with this mutation. If so, some
patients should not undergo the current standard
combination therapy in order to prevent the acquisi-
tion of the resistance (i.e., mutation at residue 70).
The present study investigated the effects of the
combination therapy with PEG-IFN and ribavirin and
genetic polymorphisms near the IL28B gene on the
mutation of HCV core region residue 70 in patients
who failed to achieve a sustained virologic reponse.

PATIENTS AND METHODS
Patients and Treatment

Three hundred and forty six patients with chronic
hepatitis C who had been infected with HCV genotype
1b (as assessed by amplification of core-gene sequen-
ces with polymerase chain reaction (PCR) using geno-
type-specific primers [Ohno et al, 1997]) and pre-
treatment HCV-RNA level of >100 x 10° IU/ml [as
assessed by a quantitative PCR assay (Amplicor GT-
HCV Monitor, Version 2.0; Roche Molecular Systems,
Pleasanton, CA)] underwent antiviral combination
therapy with PEG-IFN and ribavirin between Janu-
ary, 2007 and December, 2009 at the Ogaki Municipal
Hospital or the Nagoya University Hospital. Of these
patients, 19 patients dropped out and their outcome
could not be defined. Among the remaining 327
patients, 274 patients who gave written informed con-
sent for genetic analyses were enrolled to the study
(Fig. 1). No patients were coinfected with hepatitis B
virus or human immunodeficiency virus.

All patients were given PEG-IFN alpha-2b (Pegin-
tron, Schering-Plough, Tokyo, Japan) weekly and ri-
bavirin (Rebetol, Schering-Plough) daily. The initial
doses of PEG-IFN and ribavirin and the dose reduc-
tions were according to the manufacturer’s recommen-
dations. All patients were scheduled to undergo
48 weeks of the treatment. Some patients had an ex-
tended treatment duration of up to 72 weeks. In some
patients, the treatment was discontinued before
48 weeks because they had a low likelihood of achiev-
ing a sustained virologic response, when serum HCV-
RNA was positive 24 weeks after starting the therapy.
The outcomes of the combination therapy were classi-
fied as a sustained virologic response when serum
HCV-RNA became undetectable during the treatment
and remained undetectable for 6 months after the
treatment ended (i.e., eradication of HCV), a relapse
when the serum HCV-RNA became undetectable dur-
ing the treatment period but returned detectable after
the treatment, and no-response when the serum
HCV-RNA remained detectable during and after the
treatment period. :

The study protocol was in compliance with the
Helsinki Declaration and was approved by the ethics
committee of the Ogaki Municipal Hospital and
the Nagoya University School of Medicine. Written
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Patients infected with HCV genotype 1b who underwent combination therapy
with peginterferon and ribavirin between 2007-2009 (n=346)

v

= Drop out from therapy (n=19)

I Definition of outcome (n=327)

\ 4

b= Written informed consent for host genetic analyses

had not been available (n=53)

Measurement of genetic polymorphisms near /2288 gene and
amino acid substitutions ol TICV core region residue 70 (n=274)

3

X

Sustained virologic response
(n=121)

Relapse No-response
(n=88) (n=65)

Measurement of amino acid substitutions of HCV
core region residue 70 after treatment (n=153)

Fig. 1. Schematic representation of the study design.

informed consent was obtained from all patients prior
to the study for the measurement of genetic polymor-
phism of 1$8099917 near IL28B gene and AA substitu-
tion of HCV core region residue 70, and for the use of
the laboratory data.

Measurements of Genetic Polymorphism Near
the IL28B Gene and Amino Acid Substitution of
the HCV Core Region Residue 70

Genotyping of polymorphisms of the rs8099917
locus near the IL28B gene was carried out in all
274 patients using a Taqman SNP assay (Applied
Biosystems, Foster City, CA) according to the
manufacturer’s guidelines. A pre-designed and func-
tionally tested probe was wused for 1s8099917
(C__11710096_10, Applied Biosystems).

The AA at residue 70 of the core region of HCV was
measured before the treatment in all patients. In
patients who failed to achieve a sustained virologic re-
sponse, that is, patients who showed a relapse or no-
response, the AA identity was measured at residue
70 after the treatment and compared pre- to post-
treatment AA identity at this residue (Fig. 1). The
AA at residue 70 after the treatment was measured in
serum samples obtained at the end of treatment
in patients who showed no-response. In patients
with a relapse, it was measured in serum samples
obtained upon the reappearance of HCV-RNA after
the completion of the therapy. The AA identity was
analyzed by direct nucleotide sequencing according to

a previous report [Akuta et al., 2007c]. The primer
pairs used for PCR for direct sequencing the HCV
core region were 5'-GCCATAGTGGTCTGCGGAAC-3'
(outer, sense primer), 5-GGAGCAGTCCTTCGTGA-
CATG-3' (outer, antisense primer), 5-GCTAGCCG-
AGTAGTGTT-8 (inner, sense primer), and 5-
GGAGCAGTCCTTCGTGACATG-3' (inner, antisense
primer).

Statistical Analysis

The chi-square test was used to analyze the differ-
ences in percentages between groups.

RESULTS

Patient Characteristics and the Qutcome of the
Combination Therapy

The characteristics of study patients are shown in
Table I. The study patients comprised 139 males
(50.7%) and 135 females (49.3%), with a mean age of
58.0 + 10.4 years. The grade of liver fibrosis according
to the METAVIR score [The French METAVIR Coop-
erative Study Group, 1994] was FO in 31 patients
(11.6%), F1 in 122 patients (45.9%), F2 in 75 patients
(28.2%), and F3 in 38 patients (14.3%). Analysis of the
genetic polymorphism of the rs8099917 near the
IL28B gene indicated 202 patients (73.7%) had the TT
genotype, three patients (1.1%) had the GG genotype,
and the remaining 69 patients (25.2%) were TG het-
erozygous. Before the treatment, 204 patients (74.4%)
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TABLE I. Baseline Characteristics of the Study Patients (n = 274)

Age (years)

Sex (female/male)

Body weight (kg)

Alanine aminotransferase (IU/L)
Aspartate aminotransferase (IU/L)
Gamma-glutamyl transpeptidase (IU)
Alkaline phosphatase (IU/L)

Albumin (g/dl)

Total bilirubin (mg/dl)

White blood cell count (/p.l)
Hemoglobin (g/dl)

Platelet count (x 10%/ul)

Liver histology-activity (A0/A1/A2/A3)*
Liver histology-fibrosis (FO/F1/F2/F3)*
HCV-RNA concentration (logio TU/ml)®

Genetic polymborphisms near the IL28B gene

(TT/TG/GG)
Amino acid at HCV core 70
(wild type/mutant type/both)®
Response (SVR/relapse/NR)

556.9 + 11.2
135 (49.3)/139 (50.7)

58.0 + 10.4
64.5 + 56.3
53.7 £ 42.2
49.7 & 48.5
267.9 + 100.6
4.07 £ 0.38
0.79 + 0.30
4933 + 1331
140+ 14
164 + 50

4
2(0.7)/147 (55.3)/99 (37.2)/18 (6.8)
31(11.6)/122 (45.9)/75 (28.2)/38 (14.3)

6.34 + 0.54
202 (73.7)/69 (25.2)/6 (2.2)
204 (74.4)/64 (23.4)/6 (2.2)
121 (44.2)/88 (32.1)/65 (23.7)

HCV, hepatitis C virus; SVR, sustained virologic response; NR, no-response.

Percentages are shown in parentheses.

“Liver biopsy was not performed in eight patients.
458099917 genetic polymorphism

“Before the treatment.

carried HCV with the wild-type AA at residue 70 of
the HCV core region, 64 patients (23.4%) carried the
mutant-type AA at residue 70, and both the wild-type
AA and the mutant-type AA were identified at residue
70 in the remaining six patients (3.5%).

As a final outcome, 121 patients (44.2%) achieved a
sustained virologic response, 88 patients (32.1%) re-
lapsed, and the remaining 65 patients (23.7%) showed
no-response (Fig. 1). Treatment was discontinued
before 48 weeks in 11 of 65 patients who showed no-
response because HCV-RNA remained detectable in
serum 24 weeks after starting the therapy. The iden-
tity of the AA 70 of the core region of HCV was deter-
mined after the treatment in serum obtained at the
discontinuation of the therapy in these 11 patients.
Table II shows the association between the genetic
polymorphisms of the rs8099917 near the IL28B gene,
the AA substitutions of the HCV core region residue
70, and the outcome of the combination therapy. The
wild-type AA was more frequently identified at resi-
due 70 in patients with the TT genotype in compari-
son to those with the TG/GG genotype (82.2% vs.

52.8%, P < 0.0001). The rate of a sustained virologic
response was significantly higher in patients with the
TT genotype than those with the TG/GG genotype
(107 of 202 patients, 53.0% vs. 14 of 72 patients,
19.4%, P < 0.0001), as well as being higher in
patients carrying HCV with the wild-type AA at
residue 70 of the core region than those with the mu-
tant-type AA at this residue (101 of 204 patients,
49.5% vs. 19 of 64 patients, 29.7%, P = 0.0083, one
patient had both the wild-type and the mutant-type
AAs).

Comparison of the Amino Acid at Residue 70 of
the HCV Core Region Before and After the
Combination Therapy in Patients Who Showed a
Relapse or No-Response

Table IIT shows the comparison of the AA at residue
70 of the HCV core region before and after the combi-
nation therapy in patients who showed a relapse or
no-response, according to the genetic polymorphisms
of the rs8099917 near the IL28B gene. In three of five

TABLE II. Association Between the Genetic Polymorphisms Near the IL28B Gene, the
Amino Acid at the HCV Core Region Residue 70, and the Final Outcome of Peginterferon/
Ribavirin Combination Therapy

Genetic Amino acid at residue 70 of the HCV core region
polymorphism

of rs8099917 near Wild type Mutant type Wild type + mutant
IL28B gene (n = 204) (n = 64) type (n = 6)

TT (n = 202) 166 (92/60/14) 31 (14/9/8) 5 (1/2/2)

TG/GG (n = 72) 38 (9/9/20) 33 (5/7/21) 1(0/1/0)

Outcomes of the combination therapy with peginterferon and ribavirin are shown in parentheses as

sustained virologic response/relapse/no-response,
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TABLE III. Amino Acid Substitutions of HCV Core Region Residue 70 Before and After
the Combination Therapy With Peginterferon and Ribavirin in No-Responders or
Relapsers

Amino acid at HCV core region residue 70

After treatment

Before treatment Wild type Wild + Mutant Mutant type
(A) Genetic polymorphisms near the IL28B gene (rs8099917): TT (n = 91)
No-responders (n = 24)
Wild type (n = 14) 13 1 0
Wild + mutant (n = 2) 0 0 2
Mutant type (n = 8) 0 0 8
Relapsers (n = 71)
Wild type (n = 60) 60 0 0
Wild + mutant (n = 2) 0 1 1
Mutant type (n = 9) 0 0 9
(B) Genetic polymorphisms near the IL28B gene (rs8099917): TG/GG (n = 57)
No-responders (n = 41)
Wild type (n = 20) 19 1 0
Wild + mutant (n = 0) 0 0 0
Mutant type (n = 21) 0 0 21
Relapsers (n = 17)
Wild type (n = 9) 9 0 0
Wild + mutant (n = 1) 0 1 0
Mutant type (n = 7) 0 0 7

HCV, hepatitis C virus.

patients in whom both the wild-type and mutant-type
AAs had been identified at residue 70 of the HCV core
region before treatment, only the mutant-type AA was
identified at this residue after the treatment. All three
of these patients (two no-responders and one relapser)
had the TT genotype of the rs8099917. Both the wild-
type and mutant-type AAs were identified at residue
70 after the treatment in two no-responders in whom
only the wild-type AA had been identified before the
treatment. One of them had the TT genotype at the rs
8099917 and the other patient was TG heterozygous.
No change in the HCV core region residue 70 was
found after the treatment in patients with the mu-
tant-type AA at this residue before the treatment.

DISCUSSION

The present study investigated whether the combi-
nation therapy with PEG-IFN and ribavirin causes
the mutation of residue 70 of the HCV core region,
and whether the genetic polymorphisms of the
rs8099917 locus near the IL28B gene influence
this mutation. It is thought to be important to verify
this issue, because it may be advisable to avoid the
treatment of patients who have the TG/GG genotypes
by the combination therapy with PEG-IFN and
ribavirin so as to avoid an acquisition of the further
resistance to emerging new therapies against HCV,
as well as to avoid a potential enhancement of
hepatocarcinogenesis.

The mutation of the AA at residue 70 was not ob-
served before and after the treatment in all patients
who had failed to achieve a sustained virologic re-
sponse. The mutant-type AA was identified solely at

residue 70 after the treatment in three patients who
had both the wild-type and the mutant-type AAs at
residue 70 before the treatment. This could be due to
the selection of HCV strains with the mutant-type AA
at residue 70 by the combination therapy with PEG-
IFN and ribavirin, as reported previously [Kurbanov
et al, 2010]. In two patients who carried only the
wild-type AA before the treatment, the HCV with the
mutant-type AA at residue 70 was also detected with
the persistence of the wild-type AA at this residue af-
ter the treatment. The very minor HCV strain with
the mutant-type AA at residue 70 which were not
detected before the treatment may have been detected
after the treatment due to the reduction of HCV with
the wild-type AA at residue 70 by the combination
therapy. Indeed, HCV with the mutant-type AA at
core region residue 70 was not detectable in serum
6 months after the end of the combination therapy,
suggesting that it returned to being a very minor pop-
ulation (data not shown). These two phenomena were
observed in patients with both the TT genotype of
the rs8099917, that is associated with a favorable
response to the combination therapy and those with
the TG/GG genotypes that is associated with an
unfavorable response, without difference in the preva-
lence according to the genetic polymorphisms at the
rs8099917 near the IL28B gene.

In conclusion, PEG-IFN/ribavirin combination
therapy does not appear to induce the mutation of the
AA at the HCV core region residue 70 regardless of
the genetic polymorphism near the IL28B gene in
Japanese patients infected with HCV genotype 1b.
The combination therapy can be attempted regardless
of the genetic polymorphisms near the IL28B gene in
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treatment-naive patients without the anxiety for the
acquisition of the further resistance to the antiviral
therapy. However, future studies should be undertak-
en to confirm the absence of the mutation at residue
70 of the HCV core region induced by the combination
therapy with PEG-IFN and ribavirin. In addition,
the effect of the genetic polymorphisms near the
IL28B gene on the mutation of the AA at the HCV
core region residue 70 should be investigated in the
long-term observation of the natural course of chronic
hepatitis C.
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Impact of Genetic Polymorphisms Near the IL28B
Gene and Amino Acid Substitutions in the Hepatitis
C Virus Core Region on Interferon Sensitivity/
Resistance in Patients With Chronic Hepatitis C
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It has been reported that genetic polymor-
phisms near the /L28B gene or amino acid sub-
stitutions in hepatitis C virus (HCV) core protein
are associated with the clinical outcome of
peginterferon (PEG-IFN) and ribavirin combi-
nation therapy. The impact of these factors on
the pure sensitivity/resistance to interferon
was evaluated. Changes in the HCV RNA levels
24, 48, 72, and 120 hr after administering a
single dose of standard interferon (IFN} were
measured in 156 HCV-infected patients. The
changes were compared based on the genetic
polymorphisms near the /L28B gene or amino
acid substitutions in the HCV core region.
Among patients with HCV genotype 1b, there
were differences in the reduction and sub-
sequent increase in HCV RNA levels after
administering [FN based on rs8099917 genetic
polymorphisms. Amino acid substitutions at
residue 70 were associated with differences in
the changes in HCV RNA levels only in patients
with TG/GG genotype. Multivariate analyses
showed that genetic polymorphisms near the
IL28B gene was the sole independent factor
that was associated with the reduction in HCV
RNA levels after administering IFN and the
final response to the combination therapy.
Among patients infected with HCV genotype
2a or 2b, there were no differences in the
changes in HCV RNA levels based on the
genetic polymorphisms near the /L28B gene. In
HCV genotype 1b, genetic variations near the
IL28B gene affected the sensitivity/resistance to
IFN strongly. Genetic polymorphisms near the
IL28B gene did not affect the sensitivity/resist-
ance to IFN in HCV genotype 2. J. Med. Virol.
83:1203-1211, 2011. © 2011 Wiley-Liss, Inc.
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INTRODUCTION

Hepatitis C virus (HCV) causes a chronic infection
that can result in chronic hepatitis, cirrhosis of the
liver, and hepatocellular carcinoma [Niederau et al.,
1998]. The current standard antiviral therapy for
patients with chronic hepatitis C is combination
therapy with peginterferon (PEG-IFN) and ribavirin
[Ghany et al., 2009]. Although the current treatment
regimen has markedly increased the rate of patients
who achieve a sustained virologic response, which is
an eradication of HCV, only approximately 50% of
patients infected with HCV genotype 1 achieved sus-
tained virologic response.

Many studies have examined baseline host- or
virus-related factors that affect potentially the out-
come of IFN-based antiviral therapy. Recently, sev-
eral studies reported that genetic polymorphisms near
the IL28B gene (rs8099917, rs12979860) on chromo-
some 19, which encodes IFN-A-3, affect the virologic
response to a 48-week regimen of PEG-IFN and riba-
virin combination therapy in patients infected with
HCV genotype 1 [Ge et al., 2009; Suppiah et al., 2009;
Tanaka et al.,, 2009; McCarthy et al., 2010; Rauch
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et al., 2010]. In addition, a recent report showed the
effects of genetic polymorphisms near the IL28B gene
on the dynamics of HCV during PEG-IFN and riba-
virin combination therapy in this patient population
[Thompson et al., 2010].

Amino acid substitutions at residue 70 in the HCV
core region of patients with HCV 1b have been ident-
ified as a virus-related factor that affects the virologic
response to combination therapy with PEG-IFN and
ribavirin [Akuta et al, 2005, 2007a; Donlin et al.,
2007]. Additional studies have showed the effects of this
factor on the dynamics of HCV during combination
therapy [Akuta et al., 2007b; Toyoda et al., 2010a].

Although several studies have shown a strong
association between these factors and the final out-
come of PEG-IFN and ribavirin combination therapy
or the HCV viral dynamics during combination
therapy, the mechanisms that contribute to these
assoclations have not been identified. Is the effect of
these factors on the antiviral efficacy of the combi-
nation therapy with PEG-IFN and ribavirin related
mainly to the pure sensitivity/resistance to IFN or rib-
avirin? Or does these factors affect HCV replication?

The aim of the present study was to investigate the
difference in the sensitivity/resistance to IFN based
on these factors. Therefore, the changes in HCV RNA
levels after administering a single dose of standard
IFN were measured and then these results were com-
pared to the genetic polymorphisms near the IL28B
gene and amino acid substitutions at residue 70 of the
HCV core region.

PATIENTS AND METHODS
Patients

In a previous study, a single dose of standard IFN
were administered to 208 patients infected with HCV
and the changes in HCV RNA levels were measured 24,
48, 72, and 120 hr after administration in order to inves-
tigate the pure sensitivity/resistance to IFN [Toyoda et
al., 2009, 2010b). These patients had pretreatment HCV
RNA levels of >100 x 10° IU/ml as determined by a
quantitative polymerase chain reaction (PCR) assay
(Amplicor GT-HCV Monitor, Version 2.0; Roche Molecu-
lar Systems, Pleasanton, CA), and were not coinfected
with hepatitis B virus or human immunodeficiency
virus. None of the patients abused alcohol or were intra-
venous drug users. Among these 208 patients, 156
patients who had provided written informed consent to
use their laboratory data and undergo host genetic
analyses were enrolled to the present study. The study
protocol was in compliance with the Helsinki Declaration
and was approved by the hospital ethics committee.

Single Administration of Standard Interferon
and Measurement of Changes in Serum HCV
RNA Levels to Evaluate the Sensitivity/
Resistance to Interferon

All patients received a single dose of standard IFN-
alpha 2b at least 2 weeks before starting the

oJ. Med. Virol. DOT 10.1002/jmv
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Fig. 1. Schematic representation of administration of standard
IFN-alpha and measurements of HCV RNA levels. The serum HCV
RNA levels were measured before, and 24, 48, 72, and 120 hr after
administration of a singe dose of 6 mega-units of standard IFN-
alpha. IFN, interferon; Sampling*, sampling of serum samples to
measure HCV RNA levels.

combination therapy with PEG-IFN and ribavirin
(Fig. 1). The patients received an injection of six
mega-units of standard IFN-alpha 2b (Intron A;
Schering-Plough). The HCV RNA levels were
measured before and 24, 48, 72, and 120 hr after IFN
was administered, and the changes in HCV RNA
levels were calculated and compared to the HCV RNA
levels before administration.

Antiviral Combination Therapy With
Peginterferon and Ribavirin

After conducting the single administration examin-
ation for standard IFN, all patients started PEG-IFN
and ribavirin combination therapy after at least a 2-
week interval. The initial doses of PEG-IFN and riba-
virin and the dose reductions were according to the
manufacturer’s recommendations. Patients with HCV
genotype 1b were scheduled to receive a 48-week
treatment regimen, and those with genotype 2a or 2b
were scheduled to receive a 24-week regimen. The
outcomes of the combination therapy were classified
as a sustained virologic response when serum HCV
RNA became undetectable during the treatment and
remained undetectable for 6 months after the treat-
ment ended (i.e., eradication of HCV), a relapse when
the serum HCV RNA became undetectable during the
treatment period but was detectable after treatment,
and no response when the serum HCV RNA remained
detectable during and after treatment.

Examination of the Serum HCV RNA Levels,
Genetic Polymorphisms Near the IL28B Gene,
and Amino Acid Substitutions at
Residue 70 of the HCV Core

The HCV genotype was determined by PCR ampli-
fying the core gene sequences using genotype-specific
primers [Ohno et al.,, 1997]. The HCV RNA levels in
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serum samples were measured using a real-time PCR-
based quantitation method for HCV (HCV COBAS
AmpliPrep/COBAS TagMan System; Roche Molecular
Systems; lower limit of quantitation: 1.7 logyo IU/ml,
lower limit of detection: 1.0 logjo IU/ml). The HCV
RNA levels before the administration of a single dose
of IFN and before PEG-IFN and ribavirin combination
therapy were also examined using the same method
on stored serum samples.

Genotyping of rs8099917 polymorphisms near the
IL28B gene was performed using the TagMan SNP
assays (Applied Biosystems, Foster City, CA) accord-
ing to the manufacturer’s guidelines. A pre-designed
and functionally tested probe was used for rs8099917
(C__11710096_10, Applied Biosystems).

Amino acid 70 of the HCV core region was analyzed
by direct nucleotide sequencing as previously
described [Akuta et al., 2007c]. The PCR primer pairs
for direct sequencing of the HCV core region were as
follows:

5-GCCATAGTGGTCTGCGGAAC-3 (outer, sense
primer),

5-GGAGCAGTCCTTCGTGACATG-3' (outer, anti-
sense primer),

5-GCTAGCCGAGTAGTGTT-3 (inner, sense pri-
mer), and

5-GGAGCAGTCCTTCGTGACATG-3 (inner, anti-
sense primer).

Statistical Analyses

Quantitative values are reported as the
means + SD. Between-group differences were ana-
lyzed by a chi-square test. Differences in the quanti-
tative values of two groups were analyzed by the
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Mann-Whitney U-test. Univariate and multivariate
analyses using a logistic regression model were per-
formed to identify factors that were associated with a
decrease in serum HCV RNA levels at 24 hr after
administering standard IFN, including age, sex,
body weight, serum alanine aminotransferase activity,
serum aspartate aminotransferase activity, serum
gamma-glutamyl transpeptidase levels, serum alkaline
phosphatase values, serum albumin levels, total
serum bilirubin values, white blood cell counts, hemo-
globin, platelet counts, hepatitis activity grade (A0
and Al vs. A2 and A3), liver fibrosis grade (FO and F1
vs. F2 and F3), pretreatment HCV RNA levels,
genetic polymorphisms near the IL28B gene, and
amino acid substitutions at residue 70 of the HCV
core region (arginine vs. glutamine). All P-values were
two-tailed, and P < 0.05 was considered as significant
statistically.

RESULTS

Patient Characteristics and
Combination Therapy

The patient characteristics are shown in Table I.
The patients included 69 males (44.2%) and 87
females (55.8%) with a mean age of 58.4 + 9.3 years.
The grade of liver fibrosis according to the METAVIR
score [The French Cooperative METAVIR Study
Group, 1994] was FO in 8 patients (5.1%), F1 in 97
patients (62.2%), F2 in 35 patients (22.4%), and F3 in
16 patients (10.3%). One hundred one patients
(64.8%) were infected with HCV genotype 1b, 42
patients (26.9%) were infected with HCV genotype 2a,
and the remaining 13 patients (8.3%) were infected
with HCV genotype 2b. An analysis of genetic

TABLE I. Baseline Characteristics of Patients Infected With HCV Genotype 1b and Those With Genotype 2a/2b (n = 156)

Genotype 1b (n = 101)

Genotype 2a/2b (n = 55)

Age (years)

Sex (female/male)

Body weight (kg)

Alanine aminotransferase (IU/L)

Aspartate aminotransferase (IU/L)

Gamma-glutamyl transpeptidase (IU)

Alkaline phosphatase (IU/L)

Albumin (g/dD)

Total hilirubin (mg/dl)

White blood cell count (/ul)

Hemoglobin (g/dl)

Platelet count {(x10%/ul)

Liver histology-activity (A0/A1/A2/A3)

Liver histology-fibrosis (FO/F1/F2/F3)

HCV RNA levels (log; IU/ml)?

Amino acid at HCV core 70 (arg‘jnine/glutamine)”

Genetic polymorphisms near the IL28B
gene (TT/TG/GG)®

Response (SVR/relapse/NR)¢

2 (2.0)/64 (63.4)/25 (24.7)/10 (9.9)
4 (4.0)/59 (68.4)/25 (24.7)/13 (12.9)

71 (70.3)/30 (29.7)
76 (75.2)/24 (23.8)/1 (1.0)

38 (38.8)/38 (38.8)/22 (22.4)

59.0 + 8.1 57.1+11.0
51 (50.5)/50 (49.5) 36 (65.5)/19 (34.5)
58.5+ 9.5 578 £8.8
60.9 £ 63.9 47.6 £ 51.1
50.9 + 41.2 40.3 + 36.9
49.0 & 44.3 41.2 £ 68.6
261.3 + 81.8 281.6 + 155.8
4.18 + 0.34 4.25 £ 0.35
0.65 + 0.24 0.62 + 0.24
5169 + 1338 5029 + 1442
142 +1.2 138+ 1.6
166 + 49 201 £ 57

1(1.8)/42 (76.4)/9 (16.4)/3 (5.4)
4 (7.3)/38 (69.1)/10 (18.2)/3 (5.4)
10 £ 0.41 6.04 + 0.57
45 (81.8)/10 (18.2)/0

41 (78.9)/10 (19.2)/1 (1.9)

HCV, hepatitis C virus; SVR, sustained virologic response; NR, no response

Percentages are shown in parentheses.

“Before the administration of standard interferon.
YAnalyzed only in HCV genotype 1b-infected patients.
“rs8099917 genetic polymorphism.

Six patients (three patients with HCV genotype 1b and three patients with genotype 2a) discontinued treatment.
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polymorphisms near the IL28B gene indicated that
121 patients had a TT genotype, 1 patient had a GG
genotype, and the remaining 34 patients were TG het-
erozygous. There were no differences in the distri-
bution of the genetic polymorphisms near the IL28B
gene between patients infected with HCV genotype 1b
and those infected with HCV genotype 2a or 2b. An
analysis of the amino acid substitutions at residue 70
of the HCV core region in HCV genotype 1b-infected
patients showed that 71 and 30 patients arginine and
glutamine at this residue, respectively.

Although all patients started PEG-IFN and riba-
virin combination therapy after receiving single
administration examination of standard IFN, six
patients (three patients with genotype 1b and three
patients with genotype 2a) discontinued the therapy
because of adverse effects (depression in three, severe
general fatigue in one, delirium in one, retinopathy in
one, and thrombocytopenia in one).

Changes in the Serum HCV RNA Levels After
Administering a Single Dose of Standard
Interferon-Alpha to Assess the Sensitivity/
Resistance to Interferon in Patients Infected
With HCV Genotype 1b

Figure 2 shows the changes in the serum HCV RNA
levels after a single dose of standard IFN-alpha in
patients infected with HCV genotype 1b based on both
the genetic polymorphisms near the IL28B gene (left
panel) and amino acid substitutions at residue 70 of
the HCV core region (right panel). Compared to the
pretreatment levels, patients with the TT genotype
had a more marked reduction in HCV RNA levels

—— TT
e TGIGG

2
g
<
P
g 0
k]
s O *p<0.05
2. *4p<0.005
3 #44<0,0005
ST
@ 24 48 72 120

Time after administration of
standard IFN
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than patients with the TG or GG genotype, and this
reduction was more marked in patients with arginine
than glutamine at residue 70 of the HCV core region.
The differences in the reduction in the HCV RNA
levels 24 hr after IFN administration were more pro-
nounced based on the genetic polymorphisms near the
IL28B gene than the amino acid at residue 70 of the
HCV core region. These differences were decreased at
48 and 72 hr after IFN administration and disap-
peared at 120 hr in the case of the TT genotype versus
the TG/GG genotype. In contrast, the differences in
the reduction in HCV RNA levels based on whether
patients had an arginine or glutamine at residue 70 of
the HCV core were maintained at 48, 72, and 120 hr
after IFN administration.

Univariate and multivariate analyses were con-
ducted for factors that are associated with <0.8 logyo
decrease in HCV RNA levels 24 hr after administer-
ing standard interferon alpha, which was associated
strongly with virologic no-response to PEG-IFN and
ribavirin combination therapy in our previous study
[Toyoda et al., 2010b]. Also in the present study, 38 of
82 patients (46.3%) with reductions in serum HCV
RNA levels >0.8 log;o achieved a sustained virologic
response. In contrast, of the 16 patients with
reduction in serum HCV RNA levels <0.8 log;o, none
achieved a sustained virologic response (P = 0.0014).
A univariate analysis indicated that pretreatment
gamma-glutamy! transpeptidase, genetic polymor-
phisms near the IL28B gene, and amino acid substi-
tutions at residue 70 of the HCV core region were
associated significantly with a reduction in HCV
RNA levels 24 hr after the administration of standard
IFN, and pretreatment total bilirubin tended to be

Arginine

e Glutamine

2

£
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S ™ *p<0.05
gz . *45<0.005
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Fig. 2. Changes in HCV RNA levels after administering standard IFN to patients with the TT geno-
type compared to the TG/GG genotype near the IL28B gene (left panel), and in patients with an
arginine compared to a glutamine at residue 70 of the HCV core region (right panel). The decrease in
HCV RNA levels for the TT and TG/GG genotypes was 1.56 i 0.46 logyo IU/ml versus
0.95 & 0.66 logyo IU/ml (P < 0.0001) at 24 hr, 0.98 = 0.50 logi, [U/ml versus 0.56 + 0.62 logio [U/ml
(P = 0.0002) at 48 hr, 0.31 £ 0.42 log;o IU/ml versus 0.11 - 0.44 logyo IU/ml (P = 0.0238) at 72 hr,
and 0.06 - 0.36 logyo [U/ml versus —0.01 L 0.41 logyo IU/ml (P = 0.3856) at 120 hr after adminis-
tration of IFN. The decrease in HCV RNA levels for arginine and glutamine was 1.53 = 0.47 logy, IU/
ml  versus 1.14 & 0.71 logyo IU/ml (P = 0.0013) at 24 hr, 0.96 1+ 0.50 logo IU/ml versus
0.67 4 0.65 logyo IU/ml (P = 0.0058) at 48 hr, 0.32 & 0.39 logo [U/ml versus 0.12 1 0.49 log;o IU/ml
(P = 0.0043) at 72 hr, and 0.09 1 0.32 log;o IU/ml versus —0.08 -t 0.32 logyo [U/ml (P = 0.0289) at

120 hr after administration of IFN.
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associated with this reduction. A multivariate
analysis showed that only genetic polymorphisms n-
ear the IL28B gene was associated independently
with this reduction (Table II).

When patients were stratified according to the TT
or TG/GG genotype, we found that there was a signifi-
cant difference in the reduction in HCV RNA levels
24 hr after IFN administration in patients with TG/
GG genotype based on whether the patients had argi-
nine or glutamine at residue 70 of the HCV core
(Fig. 8, right panel). However, there were no differ-
ences in patients with the TT genotype (Fig. 3, left
panel).

Outcome to Combination Therapy With
Peginterferon and Ribavirin in Patients Infected
With HCV Genotype 1b

As for the final therapeutic outcome, 79 patients
(52.7%) achieved a sustained virologic response, 48
patients (32.0%) relapsed, and the remaining 23
patients (15.3%) had no-response. Among 74 patients
with the TT genotype of rs8099917 polymorphism
near the IL28B gene, 36 (48.6%) achieved a sustained
virologic response, whereas 2 of 24 patients (8.3%)
with TG/GG achieved it. Among 69 patients with argi-
nine at residue 70 of the HCV core region, 32 (46.4%)
patients achieved a sustained virologic response,
whereas 6 of 29 patients (20.7%) with glutamine at
this residue achieved it. The rate of sustained viro-
logic response was significantly higher in patients
with the TT genotype (P = 0.0010) and in patients
with arginine at residue 70 (P = 0.0312). When geno-
type of rs8099917 polymorphism and amino acid at
residue 70 of the HCV core region were combined, the
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rate of sustained virologic response was highest in
patients bearing the TT genotype and arginine
(50.0%), followed by those with the TT genotype and
glutamine (42.8%), those with the TG/GG genotype
and arginine (22.2%), and those with the TG/GG gen-
otype and glutamine in this order. None of 15 patients
bearing both the TG/GG genotype and glutamine
achieved a sustained virologic response.

Univariate and multivariate analyses were con-
ducted for factors that are associated with sustained
virologic response to the combination therapy with
PEG-IFN and ribavirin. A univariate analysis indi-
cated that pretreatment albumin and platelet counts,
genetic polymorphisms near the IL28B gene, and
amino acid substitutions at residue 70 of the HCV
core region were associated significantly with sus-
tained virologic response. A multivariate analysis
showed that genetic polymorphisms near the IL28B
gene and pretreatment platelet counts were associ-
ated independently with this reduction (Table III).

Changes in Serum HCV RNA Levels After
Administering a Single Dose of Standard
Interferon-Alpha to Assess the Sensitivity/
Resistance to Interferon in Patients Infected
With HCV Genotype 2

Figure 4 shows the changes in the serum HCV RNA
levels after a single dose of standard IFN was admin-
istered to patients with HCV genotype 2a or 2b based
on the genetic polymorphisms near the IL28B gene
(left panel) and the subtype of HCV genotype 2 (right
panel). There was a more marked reduction in HCV
RNA levels after IFN administration in patients
infected with HCV subtype 2a than in those infected

TABLE II. Univariate and Multivariate Analyses of Factors Associated With <0.8 log;o Decrease in HCV RNA Levels 24 hr
After Administering Standard Interferon-Alpha

Univariate Multivariate Odds ratio
analysis analysis (95% confidence interval)

Age (years) 0.8801 —

Sex (female/male) 0.9656 —

Body weight (kg) 0.7199 —_—

Alanine aminotransferase (IU/L) 0.9223 —

Aspartate aminotransferase (IU/L) 0.7110 —

Gamma-glutamyl transpeptidase (IU) 0.0290 0.2445

Alkaline phosphatase (IU/L) 0.3261 —_

Albumin (g/dl) 0.4481 —

Total bilirubin (mg/dl) 0.0582 0.7530

‘White blood cell count (/1) 0.9814 —

Hemoglobin (g/dl) 0.6485 —

Platelet count (x10%/l) 0.3020 —

Liver histology-activity (A0-1/A2-3) 0.8062 —

Liver histology-fibrosis (F0-1/F2-3) 0.7220 —

HCV RNA levels (log;p IU/mD)? 0.1954 —

Genetic polymorphisms near <0.0001 0.0005 15.0446 (3.5533-81.5225)

the IL28B gene (TT/TG + GG)°
Amino acid at residue 70 of the 0.0007 0.0983

HCV core region (arginine/glutamine)

HCV, hepatitis C virus.
“Before the administration of standard interferon.
158099917 genetic polymorphism.

J. Med. Virol. DOI 10.1002/jmv



— e —

IL.28B, at HCV Core, and Resistance to IFN

1209

1208 Toyoda et al.
i TGIGG
Arginine e Arginine
samamsnsens. Glutamine e Glutaming
®

> ~ I
5, %
=l . padt3 L
£2 £3

z Sk #
E 5 L "p<0.05

44 p<0.005
3w >
] 13
2 B
[ 24 48 72 120 0 24 48 72 120

Time after administration of
standard IFN

Time after administration of
standard IFN

Fig. 3. Changes in HCV RNA levels after administering standard IFN in patients with an arginine
compared to a glutamine at residue 70 of the HCV core region in patients with the TT genotype
(left panel) and in those with the TG/GG genotype (right pamnel) near the IL28B gene. The
decrease in HCV RNA levels for arginine and glutamine was 1.57 1 0.47 logio IU/ml versus
1.54 + 0.44 log;o [U/ml (P = 0.6292) at 24 hr, 0.98 + 0.51 logyo IU/ml versus 0.95 -1 0.47 logys TU/ml
(P = 0.6810) at 48 hr, 0.32 £ 0.40 log;o [U/ml versus 0.26 + 0.50 logyo IU/ml (P = 0.2745) at 72 hr,
and 0.08 - 0.34 logjo IU/ml versus —0.05 £ 0.43 logyo IU/ml (P = 0.2230) at 120 hr after adminis-
tration of IFN in patients with the 1'T' genotype. The decrease in HCV RNA levels for arginine and
glutamine was 1.29 : 0.42 logyp IU/ml versus 0.73 & 0.70 logyp [U/ml (P = 0.0043) at 24 hr,
0.81  0.42 logyo IU/ml versus 0.39 = 0.69 log;o IU/ml (P = 0.0047) at 48 hr, 0.30 =& 0.36 logio IU/ml
versus ~0.02 L 046 log;o IU/ml (P =0.0327) at 72hr, and 0.14 4 0.25 log;o IU/ml  versus
—0.11 L 0.46 logye IU/ml (P = 0.0672) at 120 hr after administration of IFN in patients with the TG/
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Fig. 4. Changes in HCV RNA levels after administering standard IFN to patients with the T'I' geno-
type compared to the TG/GG genotype near the IL28B gene (left panel) and in patients infected with
HCV genotype 2a compared to HCV genotype 2b (right panel). The decrease in HCV RNA levels for
the TT and TG/GG genotypes was 2.12 £ 0.58 log;o IU/ml versus 2.07 L 0.66 logio IU/ml (P = 0.9652)
at 24 hr, 140 0.561logioIU/ml versus 1.43 4 0.74 logyo IU/ml (P = 0.8872) at 48 hr,
0.73 < 0.53 logyo [U/ml versus 0.85 -t 0.64 logyq TU/ml (P = 0.6005) at 72 hr, and 0.47 - 1.53 logye IU/
ml versus 0.48 = 0.67 logyo IU/ml (P = 0.6372) at 120 hr after administration of IFN. The decrease in
HCV RNA levels in patients infected with HCV genotype 2a and 2b was 2.27 - 0.51 log;y IU/ml versus
1.60 £ 0.59 logys IU/ml (P = 0.0007) at 24 hr, 1.57 £ 0.55 logyo IU/ml versus 0.89 - 0.36 log;o IU/ml
(P = 0.0002) at 48 hr, 0.86 :t 0.55 logy, [U/ml versus 0.38 - 0.33 logyo IU/ml (P = 0.0012) at 72 hr,
and 0.60 -1 1.58 logyo IU/ml versus 0.04 - 0.33 logyp TU/ml (P = 0.0354) at 120 hr after administration
of IFN.

GG genotype.

with HCV subtype 2b. In contrast, there were no
differences in the reduction in the HCV RNA levels
between patients with the TT genotype and the TG/
GG genotype. The final outcome of PEG-IFN and rib-
avirin combination therapy was not different based on
either the genetic polymorphisms near the IL28B
gene or the HCV subtype (data not shown).

DISCUSSION

In the present study, the impact of rs8099917
genetic polymorphisms near the IL28B gene on the
sensitivity/resistance to IFN was investigated by ana-
lyzing the association between genetic polymorphisms
and changes in HCV RNA levels after administering a

TABLE III. Univariate and Multivariate Analyses of Factors Associated With Sustained Virologic Response to the Combi-
nation Therapy With Peginterferon and Ribavirin

Univariate Multivariate Odds ratio
analysis analysis (95% confidence interval)

Age (years) 0.6173 —

Sex (female/male) 1.0000 —_

Body weight (kg) 0.3904 —_

Alanine aminotransferase (IU/L) 0.3630 —

Aspartate aminotransferase (IU/L) 0.4537 —

Gamma-glutamyl transpeptidase (IU) 0.2782 —

Alkaline phosphatase (IU/L) 0.2500 —

Albumin (g/dl) 0.0473 0.1203

Total bilirubin (mg/dl) 0.9748 —

White blood cell count (/1) 0.4362 e

Hemoglobin (g/dl) | 0.5580 —

Platelet count (x10%p]) 0.0445 0.0408 14.9668 (1.2103-230.4323)
Liver histology-activity (A0-1/A2--3) 0.8789 —

Liver histology-fibrosis (F0-1/F2-3) 0.1119 —

HCV RNA levels (logio IU/m})* 0.9591 —

Genetic polymorphisms near the IL28B 0.0025 0.0020 0.06233 (0.00780-0.29468)

gene (TT/TG + GG)°
Amino acid at residue 70 of the HCV 0.0207 0.5067

core region (arginine/glutamine)

HCV, hepatitis C virus.
“Before the administration of standard interferon.
158099917 genetic polymorphism.
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single dose of standard IFN. A previous study by
Thompson et al. [2010] reported that genetic polymor-
phisms near the IL28B gene was associated strongly
with early viral kinetics during the combination
therapy with PEG-IFN and ribavirin. However, the
viral response in their study reflected the response of
HCV to both PEG-IFN and ribavirin that were admin-
istered in combination, and the response did not
represent a pure sensitivity/resistance to IFN in the
absence of ribavirin. In a previous study, the decrease
in HCV RNA levels 24 hr after administering stand-
ard IFN was investigated and the decrease was
shown to be associated strongly with the outcome of
PEG-IFN and ribavirin combination therapy [Toyoda
et al., 2010b]. In the present study, a difference in the
decrease in HCV RNA levels 24 hr after administer-
ing standard IFN was observed in patients with the
TT genotype compared to those with the TG/GG geno-
type. The rs8099917 genetic polymorphisms near the
IL28B gene was an only independent factor that was
associated with a decrease in HCV RNA levels 24 hr
after IFN administration. This finding indicates that
genetic polymorphisms near the IL28B gene affect the
pure sensitivity/resistance to IFN in patients infected
with HCV genotype 1b.

In the absence of subsequent IFN administration,
HCV RNA levels increased after 24 hr and were
restored to the pretreatment levels in both patients
with the TT genotype and those with the TG/GG gen-
otype. The differences in HCV RNA levels between
patients with the TT and TG/GG genotypes decreased
rapidly, and there were no differences in HCV RNA
levels 120 hr after administering standard IFN. Based
on this finding, rs8099917 genetic polymorphisms do
not appear to affect HCV replication.

A difference in the decrease in HCV RNA levels
24 hr after administering a single dose of standard
IFN was observed also based on amino acid substi-
tutions at residue 70 of the HCV core region, although
this difference was less marked compared to the
differences associated with the genetic polymor-
phisms. In contrast to the differences associated with
these genetic polymorphisms, the differences associ-
ated with the amino acid substitutions in the HCV
core region were maintained until 120 hr after IFN
administration. Therefore, the effects on HCV of host
genetic polymorphisms and amino acid substitutions
in the core protein of infected HCV during adminis-
tration of IFN or PEG-IFN may be by a different
mechanism.

When patients were stratified according to the TT
genotype or the TG/GG genotype and the changes in
HCV RNA levels 24 hr after IFN administration were
compared, there were no differences between patients
with arginine and those with glutamine at residue 70
of the HCV core among patients with the TT geno-
type. However, there was a difference in the changes
in HCV RNA levels among patients with the TG/GG
genotype. Therefore, genetic polymorphisms near the
IL28B gene are a strong factor that affects the
reduction in HCV RNA levels and amino acid substi-
tutions at residue 70 of the HCV core region have an
effect only in patients with the TG/GG genotype.
These findings are consistent with the rate at which
patients achieved a sustained virologic response as a
final outcome and a result of the multivariate analysis
for sustained virologic response.

In a previous study by Hayes et al. [2011], genetic
polymorphisms near the IL28B gene, amino acid sub-
stitutions at residue 70 of the HCV core region, and

J. Med. Virol. DOI 10.1002/jmv
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mutations in the interferon sensitivity-determining
region of HCV NS5A region were evaluated as a pre-
dictor of response to the combination therapy with
PEG-IFN and ribavirin in 817 Japanese patients with
chronic HCV genotype 1b infection. They reported
that genetic polymorphisms near the IL28B gene and
amino acid substitutions at residue 70 of the HCV
core contributed independently to a sustained viro-
logic response to the combination therapy, indicating
the different effects of these two factors on the
response to PEG-IFN and ribavirin combination
therapy. In contrast, amino acid substitutions at resi-
due 70 of the HCV core region failed to be an inde-
pendent predictor by multivariate analysis in the
present study. This discrepancy may be simply due to
a small number of patients in our study population.
Indeed, the difference of changes in the serum HCV
RNA levels after administering a single dose of stand-
ard IFN in the present study also indicated the differ-
ent mechanism of resistance to IFN between genetic
polymorphisms near the IL28B gene and amino acid
substitutions at HCV residue 70.

In patients infected with HCV genotype 2a or 2b,
there were no differences in the changes in HCV RNA
levels after a single dose of standard IFN based on
genetic polymorphisms near the IL28B gene. Rather,
there was a significant difference in the reduction in
HCV RNA levels in patients infected with HCV geno-
type 2a compared to those infected with genotype 2b,
as our previous report [Toyoda et al, 2009]. The
genetic polymorphisms near the IL28B gene appeared
to have few effects on the reduction in HCV RNA
levels after IFN administration in patients infected
with HCV genotype 2.

There are several limitations on this study. The
data were based on Japanese patients infected with
HCV genotype 1b, because there are so few patients
infected with HCV genotype la in Japan. Therefore,
these results should be confirmed in patients of other
ethnicities and patients infected with HCV genotype
la. In addition, the number of patients was small in
comparison to previous studies. This was because of
the difficulty to conduct the examination of single
administration of standard IFN and measurement of
changes in serum HCV RNA levels. As a result, only
25 patients with HCV genotype 1b were bearing
minor allele of polymorphisms near the IL28B gene
(GG genotype or TG heterozygote); 10 had arginine
and 15 had glutamine at residue 70 of the HCV core
region. Finally, only standard IFN-alpha 2b and PEG-
IFN-alpha 2b were used in this study. Results may
differ with the use of IFN/PEG-IFN alpha-2a, as the
pharmacokinetics of PEG-IFN are different between
PEG-IFN alpha-2b and PEG-IFN alpha-2a.

In conclusion, rs8099917 genetic polymorphisms n-
ear the IL28B gene are associated with the sensi-
tivity/resistance to IFN in patients infected with HCV
genotype 1b. In addition, amino acid substitutions at
residue 70 of the HCV core region are related to the
sensitivity/resistance to IFN only in patients with the

J. Med. Virol. DOI 10.1002/imv

Toyoda et al.

TG/GG genotype. These associations were not seen in
patients infected with HCV genotype 2.
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Introduction

Hepatitis C virus (HCV) infection affects more than 3% of the
world population. Without suitable treatment, chronic hepatitis C
(CH) frequently leads to the development of chronic liver discases
such as liver cirrhosis (LC) and hepatocellular carcinoma (HCC)
[1). The current standard treatment for CH is a combination of
pegylated-IFN (Peg-IFN)- o and ribavirin (hereafter CH combi-
nation therapy). Over a 15-year observation period, the rate of
hepatocarcinogenesis was found to be significantly lower in
sustained viral responders (SVR) and relapse (R) patients than in
non responders (NR) and interferon (IFN) untreated patients {2].

. PLoS ONE | www.plosone.org

However, CH combination therapy achieves a sustained virolog-
ical response in 50-55% of patients with HCV genotype 1b
infection [3]. Consequently, this creates a pressing need to develop
alternative strategies for treating CH.

IFN Type-I and IIT play various important immunomodulatory
roles in both innate immune and acquired immune responses.
Four main eflector pathways of the IFN-mediated antiviral
response have been recognized by gene targeting studies: the
Mx GTPase pathway, the 2, 5’-oligoadenylate-synthetase-direct-
ed ribonuclease L (OASL) pathway, the protein kinase R (PKR)
pathway and the interferon stimulated gene (ISG) 15 ubiquitin-
like pathway. These ellector-pathways individually block viral
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transcription, degrade viral RNA, inhibit translation and modify
protein function to control all steps of viral replication [4-5].

IFN treatment for CH usually results in a high incidence of side
cffects; therefore, it is important to adjust IFN trecatmem
accurately using a prediction method. Viral factors (HCV
genotype, pretreatment viral load, and sequence of HCV gene
core and NS5A), [6-7] host factors {obesity, cirrhosis, ethnic
background, serum cytokine levels, liver fibrosis grades) [8], and
treatment factors (adequate course of treatment, adherence to the
treatment, management of side elfects) [9] has been utilized in
prior research to predict the outcome of combination therapy.
Hepatic microRNA expression pattern before anti-viral treatment
has also been utilized as a prediction biomarker of drug response
in CH [10], while other studies have shown that there is a possible
association between two SNPs near the gene interleukin 28B
(IL28B) on chromosome 19 and lack of response to combination
therapy [11-13].

In this study, we evaluated the IFN related gene expression
profiles in CH patients before administering CH combination
treatment. Alter the anti-viral therapy, patients were classificd
according to their clinical outcome: sustained viral response
(SVR), relapse (R), and non responder (NR). It was observed that
in the NR group, the expression level of some IFN related genes
was significantly higher than that in normal liver (NL) groups, and
that the expression level of the other IFN related genes was
significantly lower than in NL. Moreover, the significantly high
expression of IFN related genes was associated with low response
to combination therapy. This suggests that dysregulation of the
IFN system can be related to cases of CH combination therapy
failure.

Results

In order to provide specific information with less data analysis,
we developed a custom-made focused DNA microarray called
Genopal (Mitsubishi Rayon, Tokyo, Japan) using genes that target
human innate-immunity. Based on the results from the expression
profiles, we carclully selected 237 gene probes (materials and
methods) by activating RIG-I with Agilent DNA microarray. A
microarray platform was used to establish IFN-related gene
expression profiles in the specimens collected from the 87 CH and
5 NL samples (Table 1). The results of the analysis of these genes
using the DNA chip strongly correlated with those obtained by
real-time PCR  (Pearson’s correlation coellicient R2 =0.996,
P<0.0001; data not shown).

IFN related genes associated with the final response to
combination therapy

We determined unique IFN gene expression patterns for liver
specimens with or without HCV based on the final virological
response to the combination therapy. The expression level of 66
genes significantly differed among NR, R, SVR, and normal liver
(NL) groups (Figure 1). To clearly identify the IFN-rclated genes
associated with the clinical outcome, we extracted genes that
showed significant differences (p<<0.05). It was observed that the
expression level of 5 genes (myxovirus (influenza virug) resistance 1
(MX1), 2,5"-oligoadenylate synthetase 1 (OAS1), ISG15 ubiqui-
tin-like modifier (ISG15), interferon, alpha-inducible protein 27
(IF127), and interferon, alpha-inducible protein 44 (IF144)) were
significantly higher in NR than in SVR samples (Table 2). The
expression levels of 3 genes (MX1, IFI27, and ISG135) were
significantly higher in NR than in R samples (Table 2). We also
analyzed the IFN-related genes expression pattern according to
the grade of inflammation or stage of fibrosis, however, no
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Table 1. Clinical characteristics of patients.

Characteristics SVR(n=38) R(n=26) NR(n=23} NL(n=5)

Age 5672103 72
Male (%) 28 (61%) 9 (36%) 3(60%)
Weight (k). . 505289 : 55727

HCV RNA 200=207  179=102 1552095  ND

(x10° copies/ml)
Fibvosfs s‘tage‘
F

L
Fa
WBC(x10%/mm®
Hemoglobin (g/df)
Platele
(x10%mm?
AST (IU/L)
ALT
+GTP (1U/L)
AP
Total bilirubin
{mg/dl)

Alburnin (g/d) «

0.73x0.31

Abbreviati NR, i ical ; R, relapse; SVR, sustained
virological responder; AST, aspartate aminotransferase;ALT, alanine
aminotransferase; WBC, white blood cell; ALP, alkaline phosphatase; yGTP,
gamma-glutamyl transpeptidase; ND, not detected.
doi:10.1371/journal.pone.0019799.t001

significant differences was observed between the two (data not
shown).

Comparison of IFN related genes between CH and NL

We also compared the gene expression pattern in NR and NL.
After extracting genes with a fold change <1/3, 3< and p-
value<<0.05, we found that the expression level of 6 genes (growth
arrest and DNA-damage-inducible, beta (GADD45B), hairy and
enhancer of split 1 (HESI), B-cell CLL/lymphoma 3 (BCL3),
signal transducer and activator of transcription 3 (STATS),
suppressor of cytokine signaling 3 (SOCS3), and DEAD/H (Asp-
Glu-Ala-Asp/His) box polypeptide 11 (DDX11)) was significantly
lower in NR than in NL. The expression level of SOCS3 and
DDX11 in NR was significantly lower than in SVR. The
expression level of 25 genes were significantly higher in NR than
in NL. The expression levels of most of these genes were
signilicantly higher in NR than in SVR, but the expression level of
tumor necrosis factor (ligand) superfamily, member 10 (TRAIL),
major histocompatibility complex, class I, C (HLA-C), major
histocompatibility complex, class I, B (HLA~B), and chemokine
(C-X-C motif) ligand 10 (CXCL10 (TP10)) were similar in NR and
SVR samples (Table 3).

Validation of the microarray result by real-time gPCR
The five genes (ISG15, MX1, OASI1, IFI27 and IFI44) with the

largest difference in fold change between NR and SVR groups

were chosen to confirm the microarray results using real-time
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Figure 1. Clustering of IFN related gene expression. Clustering of CH patients according to the expression profiles of the 66 genes that
showed significant differences among SVR, R, NR, and NL. Vertical bars represent the IFN related genes and the horizontal bars represent the samples.

Green bars reflect down-regulated genes and red bars up-regulated genes.

doi:10.1371/journal.pone.0019799.g001

qPCR. The result from real-time qPCR supported the results from
the microarray analysis (Figure St).

Prediction of the clinical outcome by DLDA

We attempted to simulate the clinical outcome of the CH
combination therapy using diagonal linear discriminant analysis

. PLoS ONE | www plosone.org

(DLDA). Patients were randomly divided into TS (training set) and
VS (validation set) (Table 4) in the order in which their samples
were obtained. Samples within cach group were then classified as
NR or non-NR (S8VR+R). DLDA showed that the accuracy,
sensitivity, specificity, positive and negative predictive value of
these two classifications were 86.1%, 87.5%, 81.8%, 93.3%, and
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SVR, NR/R) (p<<0.05).
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Table 2. Extracted genes related to the clinical outcome with a fold change greater than or equal to 1.5 between two groups (NR/

Accession No.

fold change (NR/SVR)  p-value

NM_005532.3

1.18E-03

69.2% respectively (Table 5). Additionally, we attempted to
predict (1) SVR and nonSVR (R+NR), and (2) SVR, R, and NR
by DLDA. The accuracy with which patients were classified as
SVR and nonSVR, was 56.8% and as SVR, R, and NR was
56.9%.

Genetic variation of IL28B is correlated with the
expression of IFN related genes

To examine the relationship between the genetic variation of
IL28B and IFN related gene expression, we determined the IL28B
polymorphism in 72 patients (Table 6). Patients with the minor
genotype of IL28B displayed higher levels of hepatic ISGs
expression, whereas patients with the major genotype showed
significantly lower expression levels (Figure 2A). In order to further
widen our understanding of the above relationship, we signifi-
cantly identified individual genetic variations in IL28B at the
clinical outcome (Figure 2B). We then individually compared the
expression level of several TFN-lambda related genes at the clinical
outcome with the genetic variation of IL28B. The expression level
of interleukin 28A (IL28A), IL28B, interleukin 29 (IL29),
interleukin 10 receptor, beta (ILIORB), signal transducer and
activator of transcription 1 (STATI), STATS5A, and tyrosine
kinase 2 (TYK2) in IL28B genotype minor allele and major allele
did not differ; however, the expression level of STAT5A and IRF9
was significantly higher in IL28B minor allele cases than in major
allele (Figure 3A). The expression levels of these nine genes did not
significantly differ among the clinical outcomes (NR, R, and SVR)
(Figurc 3B).

Tinally, in regards to genes which contribute to IFN production
(interferon regulatory factor 7 (IRF7), interleukin-1 receptor-
associated kinase 1 (IRAK1), myeloid differentiation primary
response gene (MyD88), and toll-like receptor 7 (TLR7)) there was
not much difference in their expression level prior to CH
combination treatment and their expression level at the clinical
outcome (Figure 4A) [14]. Unlike IRF7 and MyD88, there was no
significant difference in the expression level of IRAK1 and TLR7
according to the IL28B genetic variation (Figure 4B). When we
attempted to predict NR and nonNR by using ISG genes with and
without IL28B polymorphism using DLDA by using 72 patients
(36 patients for training set, 36 patients for validation set). DLDA
with IFN related gene and IL28B polymorphism showed that the

@ PLoS ONE | www.plosone.org

Asterisk deposits extracted genes that are common to both SVR and NR and to NR and R.
doi:10.1371/journal.pone.0019799.t002

accuracy, sensitivity, specificity, positive and negative predictive
value of these two classifications were 83.3%, 85.1%, 77.8%,
92.0%, 63.6%, respectively (Table 7). DLDA with IFN related
gene only showed that the accuracy, sensitivity, specificity, positive
and negative predictive value were 83.3%, 81.5%, 88.9%, 95.7%,
61.5%, respectively (Table 8).

Discussion

Our comprehensive analysis identilied 66 genes with expression
levels that consistently differed depending on the drug response of
87 CH patients and 5 normal liver specimens (Figure 1).
Comparing the gene expression pattern in NR and NL showed
the expression levels of 31 genes were significantly dilferent
(Table 3). In addition, most genes with expression levels in NR
that were higher or lower than in NL, also differed between NR
and SVR. Therefore, it is possible that innate immunity in the
carly period of HCV infection strongly influences IFN reaction.

HCV infection induces the impairment of cell subset number
and the function of plasmacytoid dendritic cells (PDC) and natural
killer cells {13]. The amount of PDC, which are the most potent
producers ol antiviral Type-I and III TFN [16], decreased in
patients’ peripheral blood [17], however, PDC was trapped in the
HCV infected liver tissue. Therapeutic non-responders  had
increased PDC migration to inflammatory chemokines before
therapy, compared with therapeutic responders  [18]. This
situation resulted in elevated expressions of IFN-related genes in
the CH samples and was associated with their inability to climinate
the virus [19].

Inadequate expression of IFN related genes has been associated
with several diseases. High expression of ISG can induce a
relractory state in IFN therapy [20] and impaired IFN production
leads to high risk of HCV-related hepatocarcinogenesis [21].
Lymphocyte IFN signaling was less responsive in patients with
breast cancer, melanoma, and gastrointestinal cancer and these
defects may represent a common cancer-associated mechanism of
immune dyslunction. Alternately, since immunotherapeutic strat-
cgies require functional immune activation, such impaired IFN
signaling may hinder therapeutic approaches designed to stimulate
anti-tumor immunity [22]. In this way, the dysregulation of the
IFN system can influence the progression ol diseases and decrease
curative effects.
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Table 3. List of genes that had significantly different
expression levels in NR and NL (fold change <1/3, 3<, and
p<<0.05).

NR/NL NR/SVR
{fold NR/NL {fold NR/SVR
symbol change)  (t-test) change) ({t-test}

GADD45B
HES1
BCL3

doi:10.1371/journal.pone.0019799.t003

Genes which participate in IFN production (TLR7, MyD88,
IRAK1, and IRF7) did not show any significant difference in their
expression level prior to GH combination therapy, and their level
at the clinical outcome (Figure 4A and 4B). However, the gene
expression pattern of down-stream IFN pathway genes (IFI127,
1FI44, ISG15, MX1, and OAS1) was significantly dilferent among
SVR, R, and NR (Table 2). IFN is usually up-regulated in HCV
infected cells; however in some cases, the mechanism that controls
IFN becomes abnormal, and the expression levels of IFN and ISG
remain high without any curative ellect [23]. The ISG family was
generally up-regulated in NR compared to SVR {24-27] and this
high expression of ISG related genes was associated with poor
response to IFN therapy in previous, as well as in this present
study. ISG15 has been linked to innate immune response to viruses
and to cellular response to IFN. Although over-expression of
ISG15 enhances the antiviral activity of TFN in vitro in acute

PLoS ONE | www.plosone.org
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infection [28], in chronic infection, extended pre-activation of IFN
induced genes leads to dysregulation of the IFN system.

CH therapy is still imperfect at present and therefore suitable
prediction methods are nccessary to avoid adverse effects.
Treatment failure using CH combination therapy is associated
with up-regulation of a specific sct of IFN-responsive genes therchy
making it possible to predict non-response to exogenous therapy
[29]. Early gene expression during anti-HCV therapy may
clucidate important molecular pathways that might be influencing
the probability of achieving a virological response {30]. Our study
supports this fact by demonstrating that CH and NL differ
fundamentally in their innate response to CH combination
therapy.

IFN related gene expression suggests novel aspects of HCV
pathogenesis, and form the basis for a subsct of genes that can
predict treatment response belore initiation of combination
therapy. After proper external validation, these gene sets may
provide the basis for a diagnostic biomarker that can determine
carly on whether a patient treated with combination therapy is
likely to be NR or not. In this respect, what sets our analysis apart
is the effect of using DLDA to predict final response with high
accuracy in NR and non-NR groups. This prediction showed that
the expectation in NR (proportion of actual non-NR versus the
predicted number of non-NR) was 93.3% and overall accuracy
was 86.1%. In prior report, Dill et al, successfully predicted SVR,
but were unable to predict R and NR with high accuracy [31]. In
our experiments on the other hand, we predicted NR with high
accuracy but were unable to do so for SVR and R. Possible causes
for differences between our results and those received by Dill et al.
may be (1) the differences in the races of subjects; European
patients vs. Japanese patients in our study, (2) the composition of
genotype; genotype 1 and 4 vs. genotype 1h in our study, and (3)
the difference of the ISG genes extracted.

Genome-wide association studies have described alleic variants
near the 11.28B gene that are associated with treatment response
and with spontancous clearance of HCV [11-13]. In order to
clarify the relationship between IL28B polymorphism and drug
response, we compared the expression level of IFN-lambda related
gene at the clinical outcome with any genetic variation in IL28B.
The expression of hepatic ISG and related genes was strongly
associated with treatment response and genetic variation of IL28B
[32]. Classification of the patients into SVR and NR revealed that
ISG expression was conditionally independent ol the IL28B
genotype. In CH patients in Europe, the expression pattern ol
genes induced by IFN more accurately predicts CH combination
treatment clinical outcome than polymorphism of 1L28B [31}. We
observed that curative effect prediction using IFN gene expression
pattern resulted in high level of accuracy, however, IFN with
1L.28B or IFN alone resulted in approximately similar levels of
accuracy, therefore, the polymorphism ol IL28B did not
contribute significantly to our prediction. These findings are
accordance with Dill et al. results (Table 7). There was an
increased expression in NR compared to SVR irrespective of the
IL28B genotype. However, there was no significant difference in
their expression at the clinical outcome or in the genetic variation
of IL28B (Figure 3A and 3B). Genetic variation ol IL28B
polymorphism is eflective in predicting curative cflect; however,
the reason for this is not [ully understood.

In conclusion, comprchensive analysis of TFN related gene
showed that dysregulation of the IFN system might be related to
treatment failure and that IFN related gene expression before
treatment can enable accurate prediction of CH combination
therapy clinical outcome. By locusing the [ull course of treatment
on only those patients who have the highest likelihood of achicving
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Table 4. Characteristics of the training and validation set.

Dysregulation of IFN and CH

non NR (SVR+R) non NR (SVR+R)
group group

NR group NR group

-average

doi:10.1371/journal.pone.0019799.t004

SVR, clinicians could potentially reduce the side effects and costs
assaciated with these regimens and provide a more personalized
approach to treating CH patients.

Materials and Methods

Patients and sample preparation

Eighty seven CH patents with HCV genotype 1b in the
Department of Gastroenterology at the Ogaki Municipal Hospital
were enrolled between 2004 and 2006 (Table 1). Patients with
autoimmune hepatitis, alcohol-induced liver injury, and patients
positive for hepatitis B virus associated antigen/antibody or anti-
human immunodeficiency virus antibody were excluded. None of
the patients had received IFN therapy or immunomodulatory
therapy prior to enrollment. Five normal liver specimens were
obtained by surgical resection. Three of these were obtained from
Osaka City University Hospital and were taken from gall bladder
cancer, cholangiocarcinoma, and hemangioma patients whose
liver tissue were normal based on histological, virological and
blood examination of their liver function. The remaining two
normal liver samples were obtained from the Liver Transplanta-
tion Unit of Kyoto University Hospital.

Patients’ serum HCV RNA was quantified before IFN
treatment using Amplicor-HCV Monitor Assay (Roche Molecular
Diagnostics Co., Tokyo, Japan), Histological grading and staging
of liver biopsy specimens from the CH patients were performed

Table 5. Quality of NR-prediction by DLDA.

according to the Metavir classification system. Pretreatment blood
samples were analyzed to determine the level of aspartate
aminotransferase, alanine aminotransferase (ALT), total bilirubin,
alkaline phosphatase (ALP), gamma-glutamyl transpeptidase
(yGTP), white blood cell (WBC), platelets, and hemoglobin.
Written informed consent was obtained from all patients or their
guardians and provided to the Lthics Committee of the Graduate
School of Kyoto University, Osaka City University and Ogaki
Municipal Hospital, who approved this study in accordance with
the Helsinki Declaration.

Treatment protocol

For all cnrolled patients, treatment with PegIFN-  o-2b
(Schering-Plough Corporation, Kenilworth, NJ, USA) and ribavi-
rin {Schering-Plough) was initiated at the beginning of the Ist week
and lasted for 48 weeks. PegIFN was administrated at a dose of
1.5 ug kg/weck and ribavirin was administrated at the dose
recommended by the manufacturer.

Definition of drug response to therapy

The patients were classified into the [ollowing three groups at
the completion of [ollow-up period (24 weeks): (1) sustained
virological responder (SVR): a patient who was negative for serum
HCV RNA during the 24 wecks following the completion of the

Table 6. Result of the I1L28B polymorphism (rs8099917).

Predicted

Diagnosed  NR 9 2 11

Total 13 30 43

rs8099917

outcome NR

Relapse
SVR
Total.

doi:10.1371/journal.pone.0019799.t005
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Figure 2. The relationship among the expression of IFN-related genes, IL28B polymorphism and clinical outcome. (A) The relationship
between expression of 1SG and five related genes (MX1, OAS1, ISG15, IF127, and IF144) in the liver of CH patients and IL28B with the major (TT) or
minor (TG or GG) genotype (rs8099917) is shown. The p-value of the relationship between gene expression level and IL28B genotype is also depicted.
(B) The relationship among the expression level of the above five genes, clinical outcome, and 1L28 genotype in individual cases. Red square, green
circle, and blue rectangle represent TT, TG, and GG in IL28B genotype, respectively. The p value was calculated from a linear regression employing
outcome as an explanatory variable (in which SVR, R and NR are encoded to 0, 1 and 2 respectively) and expression level as the response variable. We
tested the null hypothesis that the coefficient of the outcome is 0. Summary table of the p-value is also shown. NS shows no significant difference.
doi:10.1371/journal.pone.0019799.g002
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Figure 3. The relationship among the expression of IFN lambda-related genes, 1L28B polymorphism and clinical outcome. (A) The
relationship between the expression level of IFN lambda related genes (TYK2, STATSA, STAT1, IL10RB, IL29, IL28A, 1L28B, JAK1, and IRF9) in the liver of
CH patients and 1L28B with genotype. The p-value of the relationship between gene expression level and IL288 genotype is also presented. (B} The
relationship among IFN lambda related genes, clinical outcome, and IL28 genotype in individual cases. Summary table of the p-value is also shown.
NS was not significantly different.

doi:10.1371/journal.pone.0019799.g003
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combination therapy; (2) relapse (R): a patient whose serum HCV
RNA was negative by the end of the combination therapy but
reappeared during the 24 weck observation period; and (3) non
responder (NR): a patient who was positive for serum HCV RNA
during the entire course of the combination therapy (Figure 5). No
patients were withdrawn from the study due to side effects or any
other reason.

RNA preparation and real-time gPCR

Total RNA f[rom tissuec samples was prepared using a
mirVana miRNA extraction Kit {Ambion, Austin, TX, USA)
according to the manufacturer’s instruction. cDNA  was
synthesized by Transcriptor High Fidelity ¢cDNA synthesis Kit
(Roche, Bascl, Switzerland). Total RNA (2 ug) in 11 ul of
nuclease free water was added to 1 pl of 50 pM random
hexamer and denatured for 10 min at 65°C. The denatured
RNA mixture was added to 4 pl of 5x reverse transcri-
ptase bulfer, 2 ul of 10 mM dNTP, 0.5 ul of 40 U/m] RNasc

Table 7. Quality of NR-prediction by DLDA with IFN related
gene and IL28B polymorphism A.IFN+IL28B.

inhibitor, and 0.5 ul of reverse transcriptase (FastStart Universal
SYBR Green Master (Roche) in a total volume of 20 ul. ¢<DNA
synthesis was performed for 30 min at 50°C, and enzyme
denaturation for 3 min at 85°C. Chromo 4 detector (Bio-Rad,
Hercules, CA, USA) was uscd to detect mRNA expression.
Assays were performed in triplicate, and the expression levels of
target genes were normalized to that of the B-actin gene, as
quantified using real-time qPCR as internal controls. Nucleotide
sequences of primers were as follows: IFI27 (scnse) 5'-
claggeeacggaatiaacee-3', IFI27 (anti-sense) 5'-gactgcagagtage-
cacaag-3', IF144 (sense) 5'-gcatglaacgeatcaggett-3', IFI144 (anti-
sense) 5'-ceacaccageglitaccaac-3', ISG15 (sense) 5'-ctitgecagta-
caggagett-3', ISGI5  (anti-sense)  5'-gecctigttattecteacca-3',
MX]1 (sense) 5'-aatcagectgetgacatigg-3', MXI1 (anti-sense) 5'-
gtgatgagetegelggtaag-3', OAST (sense) 5'-gtgegcteageticgtactg-
3', OASI {anti-sense) 5'-actaggeggatgaggetett-3', and P-actin
(sensc)  3'-ccactggeategtgatggac-3’, P-actin (anti-sense) 5'-
teatigecaatggtgatgacet-3'.

Table 8. Quality of NR-prediction by DLDA with IFN related
gene only.

Predicted

Predicted

Diagnosed NR

Total

Diagnosed NR
“nonNR"
Total

doi:10.1371/journal.pone.0019799.t007
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c¢DNA microarray

RNA was amplified and biotinylated using the MessageAmp-
Biotin Enhanced Kit (Ambion). DNA oligonucleotide probes were
synthesized onto a DNA microarray chip called Genopal
(Mitsubishi Rayon) in order to detect the 237 genes (200 genes
on Chipl and 37 genes on Chip2) related to the innate immune
response. Hybridization was carried out overnight at 65°C using
Genopal in an hybridization buffer{0.12 M Tris-HCI/0.12 M
NaCl/0.05% Tween-20). Afier hybridization, Genopal was
washed with hybridization buffer twice at 65°C for 20 min
followed by washing in 0.12 M Tris-HC1/0.12 M NaCl at 65°C
for 10 min. Genopal was then labeled with streptavidin-Cy5 (GE
Healthcare Bioscience, Tokyo, Japan). The fluorescent labeled-
Genopal was washed for 5 min four times with hybridization
buffer at RT and scanned at multiple exposure times ranging from
0 to 40s by DNA microarray reader (Yokogawa Llectric Co,
Tokyo, Japan). Intensity values with the best exposure condition
for each spot were selected. The data presented here have been
deposited in NCBI's Gene Expression Omnibus and are accessible
through GEO Series accession number GSE20119: http://www.
nchi.nlm.nih.gov/geo/ query/acc.cgi*token=xImbxyyumcwkeba
&acc=GSE20119. All data are MIAME compliant, and are also
registered with GEO.

Statistical analysis

To identify the genes that varied significanly among NR, R,
SVR and NL groups, one-way ANOVA and Turkey’s post hoc
tests were used to assess cach of the 237 IFN related-genes on the
arrays. Benjamini-Hochberg correction for multiple hypotheses
testing was applicd to all tests. P values <0.05 were considered
statistically significant.

Method of predicting prognosis
The patients were randomly divided into two groups: one was
used as a TS and the other VS to caleulate the prediction

discriminant. A prognosis signature (PS) was defined in terms of

the expression levels of the six genes that differed significantly
between NR and non-NR groups using post hoc analysis (IFI27,
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SUMMARY

Antiviral responses are successively induced in virus-infected animals, and include primary innate immune responses
such as type I interferon (IFN) and cytokine production, secondary natural killer (NK) cell responses, and final cytotoxic
T lymphocyte (CTL) responses and antibody production. The endosomal Toll-like receptors (TLRs) and cytoplasmic
RIG-I-like receptors (RLRs), which recognize viral nucleic acids, are responsible for virus-induced type I IFN
production. RLRs are expressed in most tissues and cells and are primarily implicated in innate immune responses
against various viruses through type I IFN pmducrion, whereas nucleic acid-sensing TLRs, TLRs 3,7, 8 and 9, are
expressed on the endosomal membrane of dendritic cells (DCs) and play distinct roles in antiviral immunity. TLR3
recognizes viral double-stranded RNA taken up into the endosome and serves to protect the host against viral infection
by the induction of a range of responses including type I IFN production and DC-mediated activation of NK cells and
CTLs, although the deteriorative role of TLR3 has also been reported in some virus infections. Here, we review the
current knowledge on the role of TLR3 during viral infection, and the current understanding of the TLR3-signalling
cascade that operates via the adaptor protein TICAM-1 (also called TRIF). Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Mammalian cells possess several defense strategies
against viral infection, of which, the type I inter-
feron (IFN) system is most important for innate and
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CT, C-terminal; CTL, cytotoxic T lymphocytes; CVB3, coxsackievirus
group B serotype 3; dsSRNA, double-stranded RNA; DC, dendritic cell;
DUBA, deubiquitinating enzyme A; ECD, ectodomaii; EMCV, ence-
phalomyocarditis vivus; HCV, hepatitis C virus; HSV-1, herpes sim-
plex virus-1; IAV, influenza A virus; IFN, interferon; INAM, IRF-3-
dependent NK-activating molecule; ISG, IFN-stimulated gene; LRR,
leucine-rich repeat; MCMV, murine cytomegarovirus; MDAS, mela-
noma differentiation associated gene 5; NAK, NF-«B activating kinase;
NAP1, NAK-associated protein 1; NK, natural killer; NT, N-terminal;
NTD, N-terminal domain of TICAM-1; pDC, plasmacytoid DC;
poly(I:C), polyriboinosinic:polyribocytidylic acid; PVR, poliovirus
receptor; RIG-1, retinoic acid inducible gene-I; RIP1, receptor-inier-
acting protein 1; ss, single-stranded; TBK1, TANK-binding kinase 1;
TICAM-1, TIR-containing adaptor molecule-1; TIR, Toll-IL-1 recep-
tor; TLR, Toll-like receptor; RLR, RIG-I-like receptor; WNV, West
Nile virus. :

adaptive antiviral responses [1,2]. Type I IFN
induces an antiviral state in uninfected host
cells by upregulating IFN-stimulated genes (ISGs)
through IFN-a/8 receptor signalling, and also
activates innate and adaptive immune cells, such
as dendritic cells (DCs), natural killer (NK) cells
and cytotoxic T lymphocytes (CTLs) [3]. Intrinsic
double-stranded RNA (dsRNA) sensors, dsRNA-
binding protein kinase R and 2'-5’ oligoadenylate
synthetase, are both ISGs, which trigger the shut-
down of protein translation and induce RNA
degradation within virus-infected cells, respect-
ively [4,5]. Recent progressive studies have demon-
strated that the endosomal Toll-like receptors
(TLRs) and cytoplasmic retinoic acid inducible
gene-T (RIG-D)-like receptors (RLRs) are responsible
for virus-induced type I IFN production [6-8].
These receptors recognize viral nucleic acids and
induce type I IEN, inflammatory cytokine and
chemokine production and DC maturation. TLR3
recognizes virus-derived dsRNA and its synthetic
analogue, polyriboinosinic:polyribocytidylic acid
(poly (I:C)) [9-11]. dsRNA is found in some virus
particles as a viral genome and can be generated

Copyright © 2011 John Wiley & Sons, Ltd.

68

m. Matsumoto et al.

during the process of positive-stranded RNA
virus and DNA virus replication [12]. TLR7 and
TLR8 recognize virus-derived single-stranded
(ss) RNA, while TLR9 recognizes non-methylated
CpG-containing DNA that is found in some
microbes [13-15]. Since these TLRs localize to the
endosomal membranes of myeloid or plasmacytoid
DCs (pDCs), they appear to detect extracellular
viral nucleic acids released from infected cells
or virus particles. However, the mechanism by
which TLRs encounter virus-derived nucleic acids
in endosomes remains to be determined. Interest-
ingly, a recent report showed that TLR7-mediated
IFN-a secretion by pDCs in response to ssRNA
virus infection requires the transport of cytosolic
viral RNA into the lysosome via the process of
autophagy [16]. Whether this autophagy-depen-
dent viral recognition is applicable to TLRs 3, 8
and 9 remains unclear.

By contrast, RLRs are expressed in most tissues
and cells and detect viral nucleic acids in the cyto-
plasm. RIG-I recognizes viral RNA genomes
bearing 5'-triphosphates and panhandle structures
and also short-length dsRNAs [17-21], while mela-
noma differentiation-associated gene 5 (MDAD5)
detects long-length dsRNAs and poly(l:C) [22].
Studies using gene-disrupted mice and cells
revealed that RIG-I is essential for the detection
of various negative-stranded RNA viruses includ-
ing influenza A virus (IAV), Sendai virus and
vesicular stomatitis virus and a positive-stranded
RNA virus, hepatitis C virus (HCV), whereas
MDADS plays a key role in sensing encephalomyo-
carditis virus, a member of Picornavilridae
family [23-26]. Thus, multiple innate immune
pathways are implicated in dsRNA responses
and each pathway plays a distinct role in anti-
viral responses. In this review, we focus on TLR3,
whose antiviral function has been controversial,
but recent studies have demonstrated the critical
role of the TLR3-TICAM-1 pathway in antiviral
responses and the induction of adaptive immunity.

Expression and subcellular localization of
TLR3

Human TLR3 mRNA has been detected in
various tissues including the placenta, pancreas,
lung, liver, heart and brain [27]. Interestingly, in the
human central nervous system, TLR3 is expressed
constitutively in neurons, astrocytes and microglia,

suggesting a role in the response to viruses causing
encephalopathy [28-30]. In immune cells, only
myeloid DCs and macrophages express TLR3. The
pDCs, which express TLR7 and TLRY and secrete
large amounts of IFN-a in response to viral
infection, do not express TLR3 [31-35]. TLR3 is
also expressed in fibroblasts and a variety of
epithelial cells, including airway, corneal, cervical,
biliary and intestinal cells [10,36-38], which are
target sites of virus infection. TLR3 localizes both
on the cell surface and endosomes in fibroblasts,
macrophages and some of epithelial cell lines.
Cell surface-expressed TLR3 participates in dsSRNA
recognition, as shown by the finding that an anti-
human TLR3 monoclonal antibody (mAb) (TLR3.7)
inhibits poly(I:C)-induced IFN-8 production by
fibroblasts [10]. By contrast, myeloid DCs only
express TLR3 intracellularly [35]. Subcellular
localization analysis showed that endogenous
human TLR3 localizes to the early endosome but
not to late endosomes/lysosomes in HeLa cells
[39], while transfected human TLR3 predominantly
localizes to multivesicular bodies in the mouse
B-cell line Ba/F3, in which TLR3 was stably
expressed at high levels. In any case, TLR3
signalling arises in the endosomal compartment,
requiring endosomal maturation [35]. The ‘linker’
region consisting of 26 a.a. between the transmem-
brane domain and the Toll-IL-1 receptor (TIR)
domain of TLR3, determines intracellular localiz-
ation of TLR3 [40,41]. An unidentified molecule
associating with the linker region may regulate the
endosomal retention of TLR3 in myeloid DCs.

Notably, TLR3 expression is upregulated by viral
infection and the exogenous addition of poly(I:C)
or type I IFN [42]. The IFN-responsive element
is located at approximately —30bp in the human
TLR3 promoter region [43,44].

Recognition of dsRNA by TLR3

TLR3 recognizes dsRNA through its ectodomain
(ECD), which induces receptor dimerization
required for adaptor-mediated signal transduction
[45]. TLR3 consists of an ECD formed by 23 leucine-
rich repeats (LRRs) and N- and C-terminal flanking
regions, known as the LRR N-terminal (LRR-NT)
and C-terminal (LRR-CT) regions, the transmem-
brane domain and the cytoplasmic TIR domain
[46] (Figure 1A). TLR3-ECD possesses 15 putative
carbohydrate-binding motifs. Structural analyses
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(A) (B)
Human TLR3

TLR3-ECD

HS539, N541

Figure 1. (A) Schematic structure of human TLR3. TLR3 is a type I
transmembrane protein of 904 a.a. TLR3 consists of an ECD formed
by 23 LRRs and N- and C-terminal flanking regions (LRR-NT and
LRR-CT), the t L d in, cytoplasmic linker region
and the TIR domain. H539 and N541 in TLR3-LRR20, H39 in the
LRR-NT, H60 in LRR1 and H108 in LRR3 are essential for dSsSRNA-
binding. (B) Model of the dsRNA-TLR3-signalling complex.
dsRNA interacts with both an N- and a C-terminal binding site
on the glycan-free surface of each TLR3-ECD, which are located on
opposite sides of the dsRNA (53).

of human TLR3-ECD revealed that the LRRs form a
large horseshoe-shaped solenoid of which one face
is largely masked by carbohydrate, while the other
face is unglycosylated [47,48]. By point mutation
analysis, Bell et al. [49] demonstrated that the
His539 and Asn541 residues in TLR3-LRR20,
located on the glycan-free lateral face, are critical
amino acids for dsRNA binding and signalling.
Wild-type TLR3-ECD protein directly binds
poly(I:C) at pH7.6, while mutant proteins H539E
and N541A fail to bind poly(L:C). Based on the
observation that an acidic pH (pH 6.0 and below)
is required for TLR3 recognition of dsRNA, the
N-terminal conserved histidine residues, His39
in the LRR-NT, His60 in LRR1 and His108 in
LRR3, were identified as a second binding site
for dsRNA [50,51]. Protonation of these imidazole
groups under acidic conditions, such as those
found in endosomes, appears to generate an ionic
interaction between the histidine residues and the
negatively charged phosphate backbone of dsRNA.

In addition, Leonard et al. [52], showed that
TLR3-ECD binds as a dimer to 40-50bp length
of dsRNA, and multiple TLR3-ECD dimers bind
to long dsRNA strands. Binding affinities increase
with both buffer acidity and dsRNA length. At
the pH within early endosomes (~6.0-6.5), >90-bp
length of dsRNA is required to form a stable
complex with TLR3. However, at the pH within late
endosomes (~5.5 and below), 40-50-bp length of
dsRNA forms stable complex with dimeric TLR3,
suggesting that dsRNA-induced TLR3-mediated
signalling depends on the length of the dsRNA and
the TLR3 localization site [52]. Finally, structural
analysis of the complex of two mouse TLR3-ECDs
and one 46-bp dsRNA oligonucleotide revealed
that dsRNA interacts with both an N- and a C-
terminal binding site on the glycan-free surface of
each mTLR3-ECD, which are located on opposite
sides of the dsRNA [53] (Figure 1B). The dsRNA
in the complex retains a typical A-form DNA-like
structure. dsRNA has been predicted to adopt a
right-handed A-form helix with 11bp per helical
turn and a 28 A helical pitch [54]. Therefore, two
helical turns would fit between the N- and C-
terminal binding sites of TLR3 [53]. In addition, the
two LRR-CT domains are brought into proximity
and form a series of protein—protein interactions,
which facilitate the dimerization of the cytoplasmic
TIR domain. Funami et al. [40], reported that the
Phe732, Leu742 and Gly743 residues in the TLR3
cytoplasmic linker region are essential for TLR3
signalling, suggesting that the linker region con-
trols the dimerization of the TLR3-TIR domain.

TLR3-TICAM-1-signalling pathway

TLR3 mediates signalling via an adaptor protein,
TIR-containing adaptor molecule-1 (TICAM-1; also
called TRIF) [55,56] (Figure 2A). TICAM-1 activates
the transcription factors IRF-3, NF-kB and AP-1,
leading to the induction of type I IFN, cytokine/
chemokine production and DC maturation, which
then enables the activation of NK cells and CTLs.
TLR3 also associates with c-Src tyrosine kinase
on endosomes in response to dsRNA [57]. The Src
kinase inhibitor markedly inhibits dsSRNA-elicited
phosphorylation of Akt, a downstream target of
phosphatidylinositol 3-kinase (P13-K). In addition,
PI3-K is required for full phosphorylation and
activation of IRF-3 by dsRNA [58]. The precise
role of ¢-Src in IRF-3 activation via the PI3-K-Akt
pathway requires further elucidation.
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Figure 2. (A) TLR3-TICAM-1-signalling pathway. In myeloid
DCs, TLR3 is exp d in the end 1 compartments and
recognizes extracellular viral dsRNA and its synthetic analogue
poly(L:C). Once TLR3 is dimerized by dsRNA, it recruits the
adaptor protein TICAM-UTRIF that activates the transcription
factors, IRF3, NF-xB and AP-1. RIP1 associates with TICAM-1
via the PHIM domain in the C-terminal region and acts as an NF-
kB activator and apoptosis mediator in TICAM-1-mediated signal-
ling. TRAF3 and NAP1 participate in the recruitment and
activation of the IRF-3 kinases TBK1 and IKKe. Phosphorylated
IRF-3 translocates into the 1 and together with NF-xB
and AP-1 induces IFN-B gene transcription. The TICAM-1-
mediated AP-1 activation pathway is unclear. (B) Schematic struc-
ture of human TICAM-U/TRIF. N-terminal domain (NTD) (1-176
a.a), TIR domain (394-533 a.a), RHIM domain (661-699 a.a.),
TRAF6-binding site (248-256 a.a.), TRAF2-binding site (332-336
a.a) and TBK1-binding site (under line) are shown.

TICAM-1 consists of an N-terminal region, a TIR
domain and a C-terminal region (Figure 2B). The
TIR domain of TICAM-1 is essential for binding
to the TIR domain of TLR3 and also to the TLR4
adaptor TICAM-2 (also called TRIF-related adaptor
molecule) [59,60]. TICAM-1 is expressed at a low
level in most tissues and cells and is diffusely
localized in the cytoplasm of resting cells [39].
When endosomal TLR3 is activated by dsRNA,
TICAM-1 transiently co-localizes with TLR3, then
dissociates from the receptor and forms speckled

structures that co-localize with downstream-
signalling molecules [39]. Homo-oligomerization
through the Pro434 residue in the TIR domain and
the C-terminal region is essential for TICAM-1-
mediated activation of NF-«B and IRF-3 [61]. Once
TICAM-1 is oligomerized, the serine-threonine
kinases, TANK-binding kinase 1 (TBK1; also called
NAK or T2K) and IkB kinase-related kinase-¢ (IKK-
g; also called IKK-i), are activated and phosphor-
ylate IRF-3 [62,63]. The ubiquitin ligase of the TRAF
family members, TRAF2, TRAF3 and TRAF6, are
downstream-signalling molecules of TICAM-1.
TRAF2 and TRAF6 directly bind to the N-terminal
region of TICAM-1 [64,65] (Figure 2B). The Lys63-
linked autoubiquitination of TRAF3 is required for
IRF-3 activation [66,67]. Furthermore, NF-«kB-acti-
vating kinase (NAK)-associated protein 1 (NAP1)
participates in the recruitment of IRF-3 kinases to
the N-terminal region of TICAM-1 [68]. Although
both TRAF3 and NAP1 associate with oligomer-
ized TICAM-1 and serve as a critical link between
TICAM-1 and downstream IRF-3 kinases, there is
no evidence that they bind directly to TICAM-1.
Interestingly, recent reports showed that direct
binding of TBK1 to TICAM-1 is necessary for
IRF-3 activation [69]. The Leul94 residue in the
N-terminal region is critical for TBK1 binding to
TICAM-1. In addition, the Ser189, Argl95 and
Ser196 residues are involved in TBK1-TICAM-1
binding.

The N-terminal 176 a.a. of TICAM-1 form a
protease-resistant structural domain, designated
NTD (Figure 2B). Because the crucial amino acids
for TRAF2-, TRAF6- and TBK1-binding reside bet-
ween the NTD and the TIR domain, naive TICAM-
1 may have a closed conformation that covers these
binding sites. Indeed, protein-protein interaction
analysis revealed that the NTD interacts with the
N-terminus of TICAM-1-TIR [69]. Thus, the NTD
folds into the TIR domain structure to maintain the
naive conformation of TICAM-1. Upon stimulation
of TLR3 or TLR4, TICAM-1 oligomerizes through
the TIR domain and the C-terminal region, possibly
breaking the intramolecular association and indu-
cing a conformational change that allows TBK1
access to TICAM-1.

Whereas the N-terminal region is crucial for
TICAM-1-mediated IRF-3 activation, the C-terminal
region of TICAM-1 is involved in NF-kB activation
and apoptosis. Receptor-interacting protein 1 (RIP1),
a kinase containing a death domain, associates with
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TICAM-1 via the RIP homotypic interaction
motif domain in the C-terminal region and acts
as an NF-«xB inducer and apoptosis mediator in
TICAM-1-mediated signalling [70-72]. TRAF6 has
also been implicated in NF-kB activation by
TICAM-1 in a cell-type-dependent manner [64,73].

TLR3-TICAM-1-mediated signalling is nega-
tively regulated by a fifth TIR adaptor protein
SARM [74]. SARM and TICAM-1 have been shown
to interact and SARM strongly suppresses NF-<B
activation, as well as IRF-3 activation by TICAM-1.
Moreover, deubiquitinating enzyme A (DUBA)
negatively regulates TLR3-mediated type I IFN
production. DUBA selectively cleaves the Lys63-
linked polyubiquitin chains on TRAF3, resulting
in its dissociation from the downstream-signalling
molecules [75]. In addition, the ubiquitin-modify-
ing enzyme A20 inhibits TICAM-1-mediated NF-
kB activation by deubiquitinating TRAF6 [76].
However, the precise mechanisms by which
TRAF3 and TRAF6 are ubiquitinated and their
interaction with downstream-signalling molecules
are unknown.

Antiviral function of TLR3
The role of TLR3 in viral infection is complex
(Table 1). Studies in TLR3-deficient (TLR3™/~)
mice showed that the immune response to different
viruses, including lymphocytic choriomeningitis
virus (an ambisense RNA virus), vesicular stoma-
titis virus (a negative-stranded RNA virus), murine
cytomegarovirus (MCMV, a dsDNA virus) and
reovirus (a dsRNA virus), was unaffected in these
mutant mice compared with wild-type mice [77].
By contrast, Hardarson et al. [78] reported
that TLR3 is important in host defense against
encephalomyocarditis virus (EMCV, a positive
sense ssRNA virus belonging to the Picornaviridae
family). When mice were inoculated intra-
peritoneally with 50 plaque-forming units EMCV,
TLR3™/~ mice were more susceptible to EMCV
infection and had a significantly high viral load in
the heart compared with wild-type mice. Opposing
to these data, Kato et al. [24] showed that MDAS
but not TLR3 plays an important role in host
defense against EMCV infection, when mice were
infected with 100 plaque-forming units EMCV
intraperitoneally. It is unclear why these different
results were obtained from similar EMCV infection
studies.

n
Table 1. The role of TLR3 in antiviral
responses
References
Protection
Flaviviridae [+, ss]
West Nile virus (WNV) [84]
Picornaviridae [+, ss]
Encephalomyocarditis (78]
virus (EMCV)
Poliovirus {79,80]
Coxsackievirus group [82]

B serotype 3 (CVB3)

Herpesviridae [dsDNA]
Murine cytomegarovirus (MCMV) 901
Herpes simplex virus 1 (HSV-1) [101]

Deterioration

Flaviviridae [+, ss]
West Nile virus (WNV) [83]

Orthomyxoviridae [—, ss]
Influenza A virus (IAV) [88]

Bunyaviridae [—, ss]
Phlebovirus [89]

More recently, the essential role of the TLR3-
TICAM-1 pathway in protection from poliovirus
infection, a virus belonging to the Picornaviridae
family, has been demonstrated [79,80]. Poliovirus
receptor (PVR)-transgenic/ TICAM-1-deficient mice
are more susceptible than PVR-transgenic mice to
intraperitoneal or intravenous inoculation with a
low titre of poliovirus [79,80]. Forty-eight hours
after infection, virus titres in serum dramatically
increased and mortality greatly decreased com-
pared with PVR-transgenic or PVR-transgenic/
IPS-1 (RLR adaptor)-deficient mice. It is well
known that in cultured mammalian cells, polio-
virus infection results in inhibition of cellular
protein synthesis so-called ‘shut-off’ event [81].
Therefore, mRNA upregulation of RIG-I and
MDAS5 by type I IFN does not link to protein
synthesis at an early stage of virus infection. Thus,
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it appears that the inhibitory effects of viral
multiplication on host cells depend on the TLR3-
TICAM-1 pathway, but not the RLR-IPS-1 path-
way.

In addition, Negishi et al. [82] showed that
TLR3™/~ mice are more vulnerable to coxsackievirus
group B serotype 3 (CVB3, a virus belonging to the
Picornaviridae family) than wild-type mice, in terms
of higher mortality and acute myocarditis. The
expression of IL-12p40, IL-1B and IFN-y mRNAs, but
not IFN-B mRNA, was impaired in the hearts of
CVB3-infected TLR3-deficient mice compared with
those of wild-type mice infected with CVB3. By
contrast, expression of TLR3 by transgene protects
mice from lethal CVB3 infection and hepatitis even
in the absence of type I IFN signalling. Antibody
blocking studies revealed that TLR3-TICAM-I1-
dependent type ITIFN (IFN-v) production is critical
for host defense against CVB3 infection [82].

Remarkably, Wang et al. [83] demonstrated that
TLR3 is involved in the viral pathogenesis of West
Nile virus (WNYV, a positive-stranded RNA virus).
TLR3™/~ mice showed impaired cytokine pro-
duction and enhanced viral loads in the periphery,
whereas in the brain, the viral load, inflammatory
responses and neuropathology were reduced com-
pared with wild-type mice [83]. TLR3-mediated
peripheral inflammatory cytokine production is
critical for disruption of the blood-brain barrier,
which facilitates viral entry into the brain causing
lethal encephalitis. Therefore, TLR3™/~ mice are
more resistant to lethal WNV infection. In contrast,
Deaffis et al. [84] reported the protective role of TLR3
in sublethal WNV infection. The absence of TLR3
enhances WNV mortality in mice and increases
viral burden in the brain after inoculation with the
pathogenic New York strain of WNV, although
there are little differences in WNV-specific anti-
body responses, CD8* T-cell activation, blood-
brain barrier permeability and IFN-a/B induction
in draining lymph nodes and serum, between wild-
type and TLR3~/~ mice [84]. The reason why TLR3
shows the opposite function against WNV infection
remains to be determined.

In other RNA viral infections such as respiratory
syncytial virus, IAV and phlebovirus (all negative-
stranded RNA viruses), TLR3-dependent inflam-
matory cytokine and chemokine production also
appears to affect virus-induced pathology and
host survival [85-89]. TLR3™/~ mice infected with
IAV exhibited reduced inflammatory mediators,

leading to increased survival [88]. It is notable that
experimental conditions using high viral doses
may lead to the over-production of inflammatory
cytokines and chemokines. However, what type
of TLR3-expressing cells that respond to virus-
derived dsRNA in vivo has not been shown in
these studies.

Cellular immunity induced by

the TLR3-TICAM-1 pathway

In addition to type I IFNs, CTLs and NK cells are
also principal effector cells in antiviral immunity.
The contribution of TLR3 to antiviral responses
has been shown in MCMV infection [90], during
which virus clearance is partly dependent on NK
cell activation. TLR3™/~ mice are hypersusceptible
to MCMYV infection. Cytokine (type ITFN, IL-12p40
and IFN-y) production, and NK cell and NKT cell
activation are impaired in TLR3™/~ mice compared
with wild-type mice.

Selective TLR3 expression in myeloid DCs
but not in pDCs raises the possibility that TLR3
also plays a key role in the antiviral response
by induction of adaptive immune responses rather
than primary IFN-o/f production (Table 2).
Myeloid DCs are the most effective professional
antigen-presenting cells, possessing several anti-
gen processing and transporting pathways [91,92].
One of the most notable features of myeloid
DCs is the cross-presentation of exogenous anti-
gens to CD8" T cells. This pathway is important for
effective host CTL induction against viruses that do
not directly infect DCs. Among the myeloid DC
subsets, the splenic CD8a™ DC subset in mice and
the CD141(BDCA3)*DNGR-1(CLEC9A)* DC sub-
set in humans highly express TLR3 and display a
superior capacity for cross-presenting apoptotic
and necrotic cell antigens after TLR3 stimulation
[93-97]. Using TLR3-deficient mice, Schultz ef al.
[98] clearly showed that TLR3 plays an important
role in cross-priming. Mouse CD8a* DCs are
activated by phagocytosis of apoptotic bodies
from virally infected cells or cells containing
poly(I:C) in a TLR3-dependent manner. Further-
more, immunization with virally infected cells or
cells containing poly(I:C), both carrying ovalbumin
antigen, induces ovalbumin-specific CD8* T-cell
responses, which are largely dependent on TLR3-
expressing DCs [98]. In many cases, virally infected
cells produce IFN-o/B which activates DCs to
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Table 2. Expression of nucleic acid-sensing TLRs in DC subsets
DC subset TLR3 TLR7 TLR8 TLR9 References
Human Myeloid DC
MoDC + - + - [31-35]
CD11c*CD1c*DC + - + - [34,35,94,95]
CD141*CLEC9A*DC ++ - + - [94,95]
Plasmacytoid DC - + - + [34,35]
Mouse Myeloid DC
BMDC + - - + [95]
CD8u* DC ++ - + [93,95]
Plasmacytoid DC - + + [93,95]

MoDC, monocyte-derived immature dendritic cells; BMDC, bone marrow-derived DC.

promote CD8*' T-cell cross-priming [99]. Thus,
both TLR3- and IFN-o/B-mediated signalling are
likely implicated in licensing DCs for the cross-
priming of CD8" T cells.

In humans, Ebihara et al. [100] demonstrated the
role of TLR3, expressed in myeloid DCs, in the
immune response to HCV infection. The JFH1
strain of HCV does not directly infect or stimulate
myeloid DCs to activate T cells and NK cells,
but instead the phagocytosis of HCV-infected
apoptotic cells that contain HCV-derived dsRNA
and their interaction with the TLR3 pathway in
myeloid DCs, plays a critical role in DC maturation
and activation of T and NK cells [100]. In addition,
Jongbloed ef al. [94] reported that CD141* DCs
are able to cross-present viral antigens from human
cytomegalovirus-infected  necrotic  fibroblasts.
Physiologically, TLR3 in a DC subset specialized
for antigen presentation appears to encounter
viral dsRNAs in the endosome by uptake of
apoptotic or necrotic virus-infected cells and
signals for cross-presentation of viral antigens.
Furthermore, a dominant-negative TLR3 allele
was found in children with herpes simplex virus
1 (HSV-1) encephalitis [101]. TLR3 is expressed in
the central nervous system, where it is required to
control HSV-1. Interestingly, recent paper demon-
strated that mouse CD8a* DCs and human
CD141" DCs are major producers of IFN-A in
response to poly(l:C), which depends on TLR3
[102]. Thus, TLR3 plays a role in the antiviral res-
ponse, dependent on the viral genome structure,
the route of virus entry into cells, the TLR3-
expressing cell type that encounters viral dsRNA,

and the properties of the host anti-viral effector
functions.

Application of the TLR3 ligand to

adjuvant vaccine therapy

Selective expression of TLR3 in myeloid DCs,
especially human CD141% DCs and mouse CD8a*
DC subsets, is the advantage in employing
TLR3 ligands as adjuvant. In addition to the
TLR3-dependent CTL activation described above,
DC-mediated NK cell activation is also important
for the adjuvancy of TLR3 ligands. Akazawa et al.
[103] showed that the TLR3-TICAM-1 pathway
is essential for poly(I:C)-induced NK-cell-mediated
tumour regression in a syngeneic mouse tumour
implant model. Remarkably, production of IFN-«
is not impaired in TICAM-1"/~ mice compared
with wild-type mice after in vivo poly(I:C) injection
or in vitro bone marrow-derived DC (BMDC)
stimulation, whereas IL-12 production is comple-
tely dependent on TICAM-1, consistent with other
reports [22,104]. Furthermore, NK cell activation
requires cell-cell contact with BMDCs preactivated
by poly(:C) but not IFN-a or IL-12. Thus,
the TLR3-TICAM-1 pathway in myeloid DCs
facilitates the DC-NK cell interaction following
NK cell activation. TICAM-1-IRF3-dependent
expression of a novel molecule, namely IRF-3-
dependent NK-activating molecule (INAM), in
myeloid DCs is required for NK activation [104].
Poly(I:C)-induced MDAS5-dependent myeloid DC
activation is also implicated in NK cell activation
{105,106).
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However, several issues remain unresolved
including a suitable transport system for TLR3
ligands. Poly(I:C) injected intraperitoneally in mice
activates both TLR3 and MDAS5, indicating that
extracellular poly(I:C) is delivered to endosomal
TLR3 and further to cytosolic MDA5 in murine
cells. A recent study demonstrated that CD14
enhances poly(I:C)-mediated TLR3 activation in
bone marrow-derived macrophages by directly
binding to poly(I:C) and mediating cellular uptake
of poly(LC) [107]. The internalized poly(I:C)
then colocalizes with CD14 and TLR3. Since
the extracellular domain of CD14 consists of LRRs
[108], CD14 may associate with TLR3 and transfer
poly(I:C) to TLR3 in macrophage endosomes. In the
case of CD14-negative myeloid DCs, extracellular
dsRNA must be internalized with the putative
uptake receptor. Indeed, it has been demonstrated
by our group and others that poly(L:C) is inter-
nalized into human monocyte-derived immature
DCs and mouse BMDCs via clathrin-dependent
endocytosis, and B- and C-type oligodeoxynucleo-
tides share the uptake receptor with poly(L:C)
[109]. Notably, among various synthetic dsRNAs,
poly(I:C) is preferentially internalized and acti-
vates TLR3 in myeloid DCs. By contrast, in vitro-
transcribed dsRNAs of various lengths (50~
1000bp) cannot be internalized into myeloid
DCs [110]. Thus, uptake of TLR3 ligands largely
depends on the dsRNA structure recognized by the
uptake receptor expressed on myeloid DCs.

The dsRNA structure and the targeting approach
of dsRNA to the endosomal TLR3 in the appro-
priate DC subset, are important factors involved in
generating innate and adaptive immune responses
by TLR3 ligands. Gowen ef al. [111] showed that
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Concluding remarks
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This, in turn, may advance the development of
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