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CONCLUSIONS

SERIES OF studies on response to HCV treatment

revealed one of clinical significance on IL-28B. The
discovered SNP related to PEG-IFN plus RBV therapy
provided the opportunity to investigate the difference
between [FNs-A although these three genes were consid-
ered to have a similar function. Considering the func-
tion of the I1-28B gene, our findings would suggest that
IL-28B behaves as a potentiator of ISG under PEG-IFN
plus RBV combination therapy and/or inhibits viral
replication by itself. On the other hand, these SNP are
useful for the prediction of treatment response because
of high OR. This is a first step in the tailor-made therapy
for HCV infection. Further studies on IFN-A and the SNP
should be investigated including viral factors such as the
mutations in the core and NS5A regions as well as
HCVRNA levels to improve positive predictive value for
applying practical tailor-made therapy.
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Background & Aims: Pegylated interferon and ribavirin (PEG-
IFN/RBV) therapy for chronic hepatitis C virus (HCV) genotype 1
infection is effective in 50% of patients. Recent studies revealed
an association between the I[28B genotype and treatment
response. We aimed to develop a model for the pre-treatment
prediction of response using host and viral factors.

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

Results: The [L28B polymorphism correlated with early virologi-
cal response and predicted null virological response (NVR) (odds
ratio = 20.83, p <0.0001) and sustained virological response (SVR)
(odds ratio=7.41, p <0.0001) independent of other covariates.
Mutations in the ISDR predicted relapse and SVR independent
of IL28B. The decision model revealed that patients with the
minor /L28B allele and low platelet counts had the highest NVR
(84%) and lowest SVR (7%), whereas those with the major [L28B
allele and mutations in the ISDR or high platelet counts had the
lowest NVR (0-17%) and highest SVR (61-90%). The model had
high reproducibility and predicted SVR with 78% specificity and
70% sensitivity.

Keywords: 1L.28B; ISDR; Peg-interferon; Ribavirin; Data mining; Decision tree.
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Conclusions: The IL28B polymorphism and mutations in the ISDR
of HCV were significant pre-treatment predictors of response to
PEG-IFN/RBV. The decision model, including these host and viral
factors may support selection of optimum treatment strategy for
individual patients.

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

Introduction

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

Recently, it has been reported through a genome-wide associ-
ation study (GWAS) of patients with genotype 1 HCV that single
nucleotide polymorphisms (SNPs) located near the IL28B gene are
strongly associated with a response to PEG-IFN/RBV therapy in
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Table 1. Baseline characteristics of all patients, and patients assigned to the model building or validation groups.

All patients
n =496

Validation group
n =165

Model group
n =331

Age (years) 57.1+9.9

GGT (U/L)

56.8 £ 9.7 57.5+10.2

59

Fibrosis: F3-4

ISDR mutation: <1

41 (25%)

145 (88%)
5

Core 91 (Leu/Met) 299 (60%)/197 (40%)

200 (60%)/131 (40%) 99 (60%)/66 (40%)

SVR 194 (39%)

129 (39%) 65 (39%)

NVR 150 (30%)

99 (30%)

51 (31%)

ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase; ISDR, interferon sensitivity determining region; Arg, arginine; Gin, glutamine; His, histidine; Leu, leucine;
Met, methionine; Minor, heterozygote or homozygote of minor allele; SVR, sustained virological response; NVR, null virological response.

Japanese [6], European [7], and a multi-ethnic population [8,9].
The last three studies focused on the association of SNPs in the
1L28B region with SVR [7-9] but we found a stronger association
with NVR [6]. In addition to these host genetic factors, we have
reported that mutations within a stretch of 40 amino acids in
the NS5A region of HCV, designated as the IFN sensitivity deter-
mining region (1SDR), are closely associated with the virological
response to IFN therapy: a lower number of mutations is associ-
ated with treatment failure [10-13]. Amino acid substitutions at
positions 70 and 91 of the HCV core region (Core70, Core91) also
have been reported to be associated with response to PEG-IFN/
RBV therapy: glutamine (GIn) or histidine (His) at Core70 and
methionine (Met) at Core91 are associated with treatment resis-
tance [4,14]. The importance of substitutions in the HCV core and
ISDR was confirmed recently by a Japanese multicenter study
[15]. How these viral factors contribute to response to therapy
is yet to be determined. For general application in clinical prac-
tice, host genetic factors and viral factors should be considered
together.

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

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

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

Materials and methods
Patients

This was a multicentre retrospective study supported by the Japanese Ministry of
Health, Labor and Welfare. Data were collected from a total of 496 chronic hep-
atitis C patients who were treated with PEG-IFN alpha and RBV at five hospitals
and universities throughout Japan. Of these, 98 patients also were included in
the original GWAS analysis [6]. The inclusion criteria in this study were as follows
(1) infection by genotype 1b, (2) lack of co-infection with hepatitis B virus or
human immunodeficiency virus, (3) lack of other causes of liver disease, such
as autoimmune hepatitis, and primary biliary cirrhosis, (4) completion of at least
24 weeks of therapy, (5) adherence of more than 80% to the planned dose of PEG-
IFN and RBV for the NVR patients, (6) availability of DNA for the analysis of the
genetic polymorphism of IL28B, and (7) availability of serum for the determina-
tion of mutations in the ISDR and substitutions of Core70 and Core91 of HCV.
Patients received PEG-IFN alpha-2a (180 pg) or 2b (1.5 pg/kg) subcutaneously
every week and were administered a weight adjusted dose of RBV (600 mg
for <60 kg, 800 mg for 60-80 kg, and 1000 mg for >80 kg daily) which is the rec-
ommended dosage in Japan. Written informed consent was obtained from each
patient and the study protocol conformed to the ethical guidelines of the Decla-
ration of Helsinki and was approved by the institutional ethics review committee.
The baseline characteristics are listed in Table 1. For the data mining analysis, 67%
of the patients (331 patients) were assigned randomly to the model building
group and 33% (165 patients) to the validation group. There were no significant
differences in the clinical backgrounds between these two groups.

Laboratory and histological tests

Blood samples were obtained before therapy and were analyzed for hematologic
tests and for blood chemistry and HCV-RNA. Sequences of ISDR and the core
region of HCV were determined by direct sequencing after amplification by
reverse-transcription and polymerase chain reaction as reported previously
[4,11]. Genetic polymorphism in one tagging SNP located near the IL28B gene
(rs8099917) was determined by the GWAS or DigiTag2 assay [27]. Homozygosity
(GG) or heterozygosity (TG) of the minor sequence was defined as having the
IL28B minor allele, whereas homozygosity for the major sequence (TT) was
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Fig. 1. Association between the IL28B genotype (rs8099917) and treatment response. The rates of response to treatment are shown for each rs8099917 genotype. The
rate of null virological response (NVR), relapse, and sustained virological response (SVR) is shown. The p values are from Fisher's exact test. The rate of NVR was significantly
higher (p <0.0001) and the rate of SVR was significantly lower (p <0.0001) in patients with the /L.28B8 minor allele compared to those with the major allele.

defined as having the IL28B major allele. In this study, NVR was defined as a less
than 2 log reduction of HCV-RNA at week 12 and detectable HCV-RNA by quali-
tative PCR with a lower detection limit of 50 IU/ml (Amplicor, Roche Diagnostic
systems, CA) at week 24 during therapy. RVR (rapid virological response) and
complete early virological response {(cEVR) were defined as undetectable HCV-
RNA at 4 weeks and 12 weeks during therapy and SVR was defined as undetect-
able HCV-RNA 24 weeks after the completion of therapy. Relapse was defined as
reappearance of HCV-RNA after the completion of therapy. The stage of liver
fibrosis was scored according to the METAVIR scoring system: FO (no fibrosis),
F1 (mild fibrosis: portal fibrosis without septa), F2 (moderate fibrosis: few septa),
F3 (severe fibrosis: numerous septa without cirrhosis) and F4 (cirrhosis). Percent-
age of steatosis was quantified in 111 patients by determining the average pro-
portion of hepatocytes affected by steatosis.

Statistical analysis

Associations between pre-treatment variables and treatment response were ana-
lyzed by univariate and multivariate logistic regression analysis. Associations
between the I[28B polymorphism and sequences of HCV were analyzed by Fish-
er's exact test. SPSS software v.15.0 (SPSS Inc., Chicago, IL) was used for these
analyses. For the data mining analysis, IBM-SPSS Modeler version 13.0 (IBM-SPSS
Inc., Chicago, IL) software was utilized as reported previously [26). The patients
used for model building were divided into two groups at each step of the analysis
based on split variables. Each value of each variable was considered as a potential
split. The optimum variables and cut-off values were determined by a statistical
search algorithm to generate the most significant division into two prognostic
subgroups that were as homogeneous as possible for the probability of SVR.
Thereafter, each subgroup was evaluated again and divided further into sub-
groups. This procedure was repeated until no additional significant variable
was detected or the sample size was below 15. To avoid over-fitting, 10-fold cross
validation was used in the tree building process. The reproducibility of the result-
ing model was tested with the data from the validation patients.

Results

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

The rs8099917 allele frequency was 70% for TT (n = 345), 29% for
TG (n=146), and 1% for GG (n=5). We defined the IL28B major
allele as homozygous for the major sequence (TT) and the IL28B
minor allele as homozygous (GG) or heterozygous (TG) for the
minor sequence. The rate of NVR was significantly higher (72%
vs. 12%, p <0.0001) and the rate of SVR was significantly lower
(14% vs. 50%, p <0.0001) in patients with the IL28B minor allele
compared to those with the major allele (Fig. 1).

Journal of Hepatology 2011 vol. 54 | 439-448

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

Patients were stratified according to their IL28B allele type, the
number of mutations in the ISDR, the amino acid substitutions
in Core70 and Core91, and the rate of undetectable HCV-RNA at
4, 8,12, 24, and 48 weeks after the start of therapy were analyzed

‘(Fig. 2A-D). The rate of undetectable HCV-RNA was significantly

96
121

higher in patients with the IL28B major allele than the minor
allele, in patients with two or more mutations in the ISDR com-
pared to none or only one mutation, in patients with arginine
(Arg) at Core70 rather than Gln/His, and in patients with leucine
(Leu) at Core91 rather than Met. The difference was most signif-
icant when stratified by the IL28B allele type. The rate of RVR and
cEVR was significantly more frequent in patients with the IL28B
major allele compared with those with the IL28B minor allele:
9% vs. 3% for RVR (p<0.005) and 57% vs. 11% for cEVR
(p <0.0001). These findings suggest that IL28B has the greatest
impact on early virological response to therapy.

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

Patients were stratified according to the IL28B allele, number of
mutations in the ISDR, and amino acid substitutions of Core70
and Core91, and the rate of relapse was analyzed (Fig. 3A and
B). Among patients who achieved cEVR, the rate of relapse was
significantly lower in patients with two or more mutations in
the ISDR compared to those with only one or no mutations
(15% vs. 31%, p <0.005) (Fig. 3 B). On the other hand, the relapse
rate was not different between the IL28B major and minor alleles
within patients who achieved RVR (3% vs. 0%) or cEVR (28% vs.
29%) (Fig. 3A). Amino acid substitutions of Core70 and Core91
were not associated with the rate of relapse (data not shown).

Factors associated with response by multivariate logistic regression
analysis

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

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

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

Genetic polymorphism of IL28B also was associated with SVR
(OR =7.41, 95% Cl = 4.05-13.57, p <0.0001) independent of other
covariates, such as platelet counts, fibrosis, and serum levels of
HCV-RNA. Mutation in the ISDR was an independent predictor
of SVR (OR=2.11, 95% Cl = 1.06-4.18, p = 0.033) but the amino
acid at Core70 was not (Table 3).

Factors associated with the IL28B polymorphism

Patients with the IL28B minor allele had significantly higher
serum level of gamma-glutamyltransferase (GGT) and a higher

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

Data mining analysis

Data mining analysis was performed to build a model for the pre-
diction of SVR and the result is shown in Fig. 5. The analysis
selected four predictive variables, resulting in six subgroups of
patients. Genetic polymorphism of IL28B was selected as the best
predictor of SVR. Patients with the minor IL28B allele had a lower
probability of SVR and a higher probability of NVR than those
with the major IL28B allele (SVR: 14% vs. 50%, NVR: 72% vs.
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Fig. 3. Association between relapse and the IL28B allele or mutations in the
ISDR. The rate of relapse was calculated for patients who had undetectable HCV-
RNA at serial time points after the start of therapy (4, 8, 12, 24, and 48 weeks).
Patients were stratified according to (A) the IL28B allele (minor allele vs. major
allele) and (B) the number of mutations in the ISDR (0-1 mutation vs. 2 or more
mutations). The p values are from Fisher’s exact test.

12%). After stratification by the IL28B allele, patients with low
platelet counts (<140 x 10°/L) had a lower probability of SVR
and higher probability of NVR than those with high platelet
counts (3140 x 10°/L): for the minor IL28B allele, SVR was 7%
vs. 19%, and NVR was 84% vs. 62%, and for the major [L28B allele,
SVR was 32% vs. 66% and NVR was 16% vs. 8%. Among patients
with the major 1L28B allele and low platelet counts, those with
two or more mutations in the ISDR had a higher probability of
SVR and lower probability of relapse than those with one or no
mutations in the ISDR (SVR: 75% vs. 27%, and relapse: 8% vs.
57%). Among patients with the major IL28B allele and high plate-
let counts, those with a low HCV-RNA titer (<600,000 1U/ml) had
a higher probability of SVR and lower probability of NVR and
relapse than those with a high HCV-RNA titer (SVR: 90% vs.
61%, NVR: 0% vs. 10%, and relapse: 10% vs. 29%). The sensitivity
and specificity of the decision tree were 78% and 70%, respec-
tively. The area under the receiver operating characteristic
(ROC) curve of the model was 0.782 (data not shown). The pro-
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Fig. 4. Associations between the IL28B allele and HCV sequences. The
prevalence of HCV sequences predicting a resistant phenotype to IFN was higher
in patients with the minor IL28B allele than those with major allele. (A) 0 or 1
mutation in the ISDR of NS5A, (B) GIn or His at Core70, and (C) Met at Core91. p
values are from Fisher's exact test.

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

Validation of the data mining analysis

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

Discussion

The rate of NVR after 48 weeks of PEG-IFN/RBV therapy among
patients infected with HCV of genotype 1 is around 20-30%. Pre-
viously, there have been no reliable baseline predictors of NVR or
SVR. Because more potent therapies, such as protease and poly-
merase inhibitor of HCV [28,29] and nitazoxianide [30], are in
clinical trials and may become available in the near future, a
pre-treatment prediction of the likelihood of response may be
helpful for patients and physicians, to support clinical decisions
about whether to begin the current standard of care or whether
to wait for emerging therapies. This study revealed that the
IL28B polymorphism was the overwhelming predictor of NVR
and is independent of host factors and viral sequences reported
previously. The IL28B encodes a protein also known as IFN-
lambda 3, which is thought to suppress the replication of various
viruses including HCV [31,32]. The results of the current study
and the findings of the GWAS studies [6-9] may provide the
rationale for developing diagnostic testing or an IFN-lambda
based therapy for chronic hepatitis C in the future.
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Table 2. Factors associated with NVR analyzed by univariate and multivariate logistic regression analysis.

Univariate

Multivariate

Odds 95%CI
ratio

p value Odds 95%Cl
ratio

p value

0.97-1.01

0.97-1.02

GGT 1.004 1.00-1.01

0.029 1.00 1.00-1.00 0.715

Fibrosis: F3-4 2.23 1.46-3.42

0.0002 1.97 1.09-3.57 0.025

ISDR mutation: <1 2.14 1.08-4.22

0.030 0.96 0.78-1.18 0.707

Core 91 (Met) 0.95-2.06

0.72-2.04

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

allele, heterozygote or homozygote of minor allele,

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

Univariate

Multivariate

Odds 95%ClI
ratio

p value Odds 95%CI
ratio

p value

0.95-0.99

GGT 1.00 1.00-1.00

Fibrosis: F0-2 2.64

1.65-4.22

0.96-1.01

1.00-1.00 0.797

1.07-3.28 0.029

ISDR mutation: 2< 3.78 2.14-6.68

1.06-4.18 0.033

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

major allele.

Among baseline factors, [L28B was the most significant predic-
tor of NVR and SVR. Moreover, the IL28B allele type was also cor-
related with early virological response: the rate of RVR and cEVR
was significantly high for the IL28B major allele compared to the
IL28B minor allele: 9% vs. 3% for RVR and 57% vs. 11% for cEVR
(Fig. 2). On the other hand, the relapse rate was not different
between the IL28B genotypes within patients who achieved
RVR or cEVR (Fig. 3). We believe that optimal therapy should
be based on baseline features and a response-guided approach.
Our findings suggest that the IL28B genotype is a useful baseline
predictor of virological response which should be used for select-
ing the treatment regimen: whether to treat patients with PEG-
IFN and RBV or to wait for more effective future therapy includ-
ing direct acting antiviral drugs. On the other hand, baseline
1L28B genotype might not be suitable for determining the treat-
ment duration in patients who started PEG-IFN/RBV therapy

and whose virological response is determined because the IL28B
genotype is not useful for the prediction of relapse. The duration
of therapy should be personalized based on the virological
response. Future studies need to explore whether the combina-
tion of baseline [L28B genotype and response-guided approach
further improves the optimization of treatment duration.

The SVR rate in patients having the /L28B minor allele was 14%
in the present study while it was 23% in Caucasians and 9% in
African Americans in a study by McCarthy et al. [33]. On the other
hand, the SVR rate in patients having the IL28B minor allele was
28% in genotypes 1/4 compared to 80% in genotypes 2/3 in a
study by Rauch et al. [9]. These data imply that the impact of
the IL28B polymorphism on response to therapy may be different
in terms of race, geographical areas, or HCV genotypes, and that
our data need to be validated in future studies including different
populations and geographical areas before generalization.
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Table 4. Factors associated with IL28B genotype.
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IL28B major allele

1L28B minor allele

Fibrosis: ‘I53-4

HCV-RNA: >600,000 1U/ml 284 (82%)

125 (83%) 1.000

ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase.

Four GWAS studies have shown the association between a
genetic polymorphism near the IL28B gene and response to
PEG-IFN plus RBV therapy. The SNPs that showed significant
association with response were rs12979860 [8] and rs8099917
[6,7,9]. There is a strong linkage-disequilibrium (LD) between
these two SNPs as well as several other SNPs near the IL28B gene
in Japanese patients [34] but the degree of LD was weaker in Cau-
casians and Hispanics [8]. Thus, the combination of SNPs is not
useful for predicting response in Japanese patients but may
improve the predictive value in patients other than Japanese
who have weaker LD between SNPs.

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

There is agreement that the viral genotype is significantly
associated with the treatment outcome. Moreover, viral factors
such as substitutions in the ISDR of the NS5A region [10] or in
the amino acid sequence of the HCV core [4] have been studied
in relation to the response to IFN treatment. The amino acid
Gln or His at Core70 and Met at Core91 are repeatedly reported
to be associated with resistance to therapy [4,14,15] in Japanese
patients but these data wait to be validated in different popula-
tions or other geographical areas. In this study, we confirmed that
patients with two or more mutations in the ISDR had a higher
rate of undetectable HCV-RNA at each time point during therapy.
In addition, the rate of relapse among patients who achieved
cEVR was significantly lower in patients with two or more muta-
tions in ISDR compared to those with only one or no mutations
(15% vs. 31%, p <0.05). Thus, the ISDR sequence may be used to
predict a relapse among patients who achieved virological
response during therapy, while the IL28B polymorphism may be
used to predict the virological response before therapy. A higher
number of mutations in the ISDR are reported to have close asso-
ciation with SVR in Japanese [11-13,15,36] or Asian [37,38] pop-
ulations but data from Western countries have been controversial
[39-42]. A meta-analysis of 1230 patients including 525 patients
from Europe has shown that there was a positive correlation

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

To our surprise, these HCV sequences were associated with
the IL28B genotype: HCV sequences with an IFN resistant pheno-
type were more prevalent in patients with the minor 1L28B allele
than those with the major allele. This was an unexpected finding,
as we initially thought that host genetics and viral sequences
were completely independent. A recent study reported that the
IL28B polymorphism (rs12979860) was significantly associated
with HCV genotype: the IL28B minor allele was more frequent
in HCV genotype 1-infected patients compared to patients
infected with HCV genotype 2 or 3 [33]. Again, patients with
the IL28B minor allele (IFN resistant genotype) were infected with
HCV sequences that are linked to an IFN resistant phenotype. The
mechanism for this association is unclear, but may be related to
an interaction between the IL28B genotype and HCV sequences in
the development of chronic HCV infection as discussed by McCar-
thy et al.,, since the IL28B polymorphism was associated with the
natural clearance of HCV [44]. Alternatively, the HCV sequence
within the patient may be selected during the course of chronic
infection [45,46]. These hypotheses should be explored through
prospective studies of spontaneous HCV clearance or by testing
the time-dependent changes in the HCV sequence during the
course of chronic infection.

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

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

[26]. The top factor selected as significant was the grade of stea-
tosis, followed by serum level of LDL cholesterol, age, GGT, and
blood sugar. The mechanism of association between these factors
and treatment response was not clear at that time. To our inter-
est, a recent study by Li et al. [47] has shown that high serum
level of LDL cholesterol was linked to the IL28B major allele (CC
in rs12979860). High serum level of LDL cholesterol was associ-
ated with SVR but it was no longer significant when analyzed
together with the IL28B genotype in multivariate analysis. Thus,
the association between treatment response and LDL cholesterol
levels may reflect the underlining link of LDL cholesterol levels to
IL28B genotype. Steatosis is reported to be correlated with low
lipid levels [48] which suggest that IL28B genotypes may be also
associated with steatosis. In fact, there were significant correla-
tions between the [L28B genotype and the presence of steatosis
in the present study (Table 4). In addition, the serum level of
GGT, another predictive factor in our previous study, was signif-
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Fig. 6. Validation of the CART analysis. Each patient in the validation group was
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decision tree. The rate of (A) sustained virological response (SVR) and (B) null
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subgroup of patients is closely correlated between the mode] building and the
validation patients (correlation coefficient: r? = 0.98-0.99).

icantly associated with IL28B genotype in the present study
(Table 4). The serum level of GGT was significantly associated
with NVR when examined independently but was no longer sig-
nificant when analyzed together with the IL28B genotype. These
observations indicate that some of the factors that we have pre-
viously identified may be associated with virological response to
therapy through the underlining link to the IL28B genotype.

In conclusion, the present study highlighted the impact of the
IL28B polymorphism and mutation in the ISDR on the pre-treat-
ment prediction of response to PEG-IFN/RBV therapy. A decision
model including these host and viral factors has the potential to
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support selection of the optimum treatment strategy for individ-
ual patients, which may enable personalized treatment.
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Clearance of hepatitis C in chimpanzees is associated
with intrahepatic T-cell perforin expression during the

late acute phase
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SUMMARY. The liver is the primary site of hepatitis C virus
(HCV) replication. Therefore, we undertock detailed intra-
hepatic studies of T-cell dynamics, apoptosis, and gene
expression during the acute phase of infection using liver
biopsies from chimpanzees that developed persistent infec-
tion or spontaneously cleared the virus. We examined more
than 40 liver biopsies histologically and quantitatively for
T-cell infiltration, hepatocyte apoptosis and perforin expres-
sion. These data were correlated with outcome and viral
kinetics. We observed intrahepatic T-cell infiltration in both
groups of animals with CD8™ T cells representing the major
population. The appearance of T cells was always associated
with apoptosis and mild alanine aminotransferase (ALT)
elevations. Apoptosis (5-20% of hepatocytes) always
occurred prior to serum ALT peak. Quantification of intra-
hepatic ALT mRNA revealed no upregulation of gene
expression confirming that serum ALT increases were due to

release of this enzyme from cells. During the late acute
phase, cleared animals showed an increased frequency of
hepatocyte apoptosis relative to persistently infected animals
(P < 0.05). This correlated with a higher intrahepatic CD8"
T-cell frequency in the cleared group (P < 0.01) with a
greater proportion of lymphocytes expressing perforin com-
pared with the persistent group (P < 0.001). All infected
animals mounted intrahepatic immune responses during the
acute phase, but these were not maintained in frequency or
efficacy in persistent infections. There is a reduction in the
numbers of intrahepatic T cells during the late acute phase
in infections that become persistent with significantly fewer
of these cells functional in clearing the virus by killing in-
fected hepatocytes.

Keywords: hepatitis C virus, immune responses, intrahepatic,
perforin, T cells, viral clearance.

INTRODUCTION

Infection with hepatitis C virus (HCV) poses serious public
health problems. It frequently leads to chronic hepatitis and
cirrhosis and is associated with hepatocellular carcinoma.
Infection with this virus is considered to be one of the major
risk factors for primary liver cancer [1]. Persistent infection
occurs in up to 85% of patients [2] and between 30 and 60%
of chimpanzees [3], although the mechanisms that lead up
to this outcome are still undefined. The chimpanzee is the
only animal model available to study pathogenesis of
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this viral disease and represents well the features of HCV
infection in humans, such as the Kkinetics of viraemia
and persistent infection, even in the presence of immune
responses [4,5].

It is assumed that HCV is controlled by a combination of
innate and adaptive immune responses. One possible con-
tributing mechanism is the destruction of infected hepato-
cytes by specific T cells through death receptors or the
perforin/granzyme B pathway [6,7]. We previously showed
through detailed studies of viral kinetics in acute phase
chimpanzee infections that an early (within 1-2 weeks)
type-I interferon (IFN) response contributes to a slowing of
viral replication, but does not lead to reductions in titres
[8,9]. However, a rapid decline in peripheral HCV RNA levels
coincides precisely with increased IFN-y expression in the
livers of chimpanzees and the appearance of CD8" T-cell
responses [8-10].

The analysis of intrahepatic apoptosis during HCV infec-
tion has been mainly confined to the chronic phase, where it
is thought to contribute to long-term liver damage [11,12].
There has been little opportunity to study apoptosis during
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the acute phase in humans because of the lack of tissue
samples, problems identifying acute infections and clinical
complications associated with liver biopsies. It is still
unknown whether the process of hepatocyte apoptosis is
linked to clearance or persistence of HCV and to what extent
hepatocyte death is associated with intrahepatic T-cell infil-
tration or function. It has been suggested that apoptosis
induction upon HCV infection may contribute to liver
pathology, but that inhibition of apoptosis, through viral
mechanisms, may result in persistence of the virus. Chim-
panzee studies are invaluable for analysing acute phase
intrahepatic responses and more specifically the association
between hepatocyte destruction and viral clearance.

Using quantitative methods, we have studied the
dynamics of hepatocyte death, intrahepatic T cells, cellular
signals and gene expression in sequential liver biopsies from
chimpanzees acutely infected with a monotypic virus (1a
genotype). We have been able to address the role of liver
apoptosis in acute phase infection, specifically to determine if
there is a difference in hepatic apoptosis during infections
that clear and those that go on to persist.

MATERIALS AND METHODS

Challenge inoculum

The chimpanzees in this study were challenged intrahepat-
ically with in vitro transcribed RNA [13] or intravenously
with monoclonal HCV [14]. The infection profiles and acute
phase viral kinetics have been previously reported [8].
Table 1 shows challenge inocula together with time and
values of peak ALT and RNA titres. Liver biopsies were
obtained biweekly, portions were formalin-fixed and
paraffin-embedded or snap-frozen liquid nitrogen.
Negative controls for all tests were represented by samples
from each individual animal taken prior to challenge.

in

Chimpanzees

The housing, maintenance and care of the chimpanzees used
in this study met requirements for the humane use of
animals in scientific research as defined by the National
Institutes of Health.

Relative quantification of ALT mRNA

Reverse transcription (RT) of RNA from liver biopsies was
carried out as previously described [14]. Relative mRNA
levels were determined using primer/probe sets for human
ALT and the endogenous control Glyceraldehyde 3-phos-
phate dehydrogenase, obtained from Applied Biosystems
(Foster City, CA, USA) and used according to the manufac-
turer’s instructions. Relative mRNA quantification was
calculated using the comparative Cy method [14].

Histological staining

Formalin-fixed paraffin-embedded liver sections (5 um) were
stained with haematoxylin—eosin for histological assessment.
Unstained sections were treated for antigen retrieval by boil-
ing in citrate buffer (5 x 5 s in a microwave followed by
cooling for 10 min). Sections were blocked with 10% normal
goat serum (2 h) and incubated overnight with primary
antibodies at 4°C. For the laser scanning cytometer (LSC)
analysis (see below), anti-CD4" (clone 4B12) and anti-CD8"
(clone C8/144B) antibodies were used (Dako, Carpinteria, CA,
USA) with Alexa Fluor 647 anti-mouse IgG. Sections were
counterstained with 4’,6-diamidine-2-phenylindole. Perforin
and the cleaved cytokeratin-18 (CK18) were assessed using
the LSAB-HRP staining kit (Dako) and anti-perforin or M30
(anti-CK18 cleavage product) monoclonal antibodies as
previously described [15]. Reaction product was developed
with 3,3’-diaminobenzidine and light counterstaining was
obtained with haematoxylin. Data were expressed as the
percentage of liver infiltrating lymphocytes or hepatocytes
positive for perforin or cleaved CK18, respectively.

Apoptosis analysis: TUNEL staining

DNA fragmentation was visualized using the in situ cell death
detection kit (TMR Red or fluorescein isothiocyanate (FITC);
Roche, Indianapolis, IN, USA). Sections labelled in the
absence of terminal deoxynucleotidyl transferase were used
as negative controls and sections pretreated with DNase I
were used as positive controls. Sections were scanned using
the LSC (see below) and the level of TUNEL staining expressed
as a percentage of the whole surface of the tissue section.

Table 1 Challenge inocula, time and

ALT peak RNA peak values of peak ALT and RNA titres for
Inoculum  Value  Time Titre/mL  Time chimpanzees included in this study
D Sex dosage (IU/mL) (weeks) (LoglO)  (weeks) Outcome
1535 M RNA* 360 17 6.42 14 Persistent
6412 F 100 CIDs, 642 9 7.48 7 Persistent
1605 F 3.2 CIDsg 176 9 6.04 7 Cleared
1606 F RNA* 297 9 5.36 8 Cleared

*In vitro transcribed RNA was delivered intrahepatically.
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Caspase activation in serum

Serum samples diluted at 1:100 were tested for the CK18
cleavage product using the M30-Apoptosense ELISA kit
(PEVIVA, DiaPharma, West Chester, OH, USA) according to
the manufacturer’s instructions.

Laser scanning cytometer analysis

Tissue sections (5 um) were analysed on an LSC2 (Compu-
cyte, Cambridge, MA, USA) [16]. The LSC is equipped with
Argon, Helium/Neon (HeNe) and UV lasers and in a similar
manner to flow cytometry, the machine measures fluores-
cent signal from labelled tissue or cells immobilized on a
glass slide [17]. FITC and APC-annexin were detected
through a 530/30-nm FITC filter and through a 650 long
pass filter, respectively. Data were acquired and analysed
with Wincyte acquisition software version 3.7 (Compucyte).
Measurements of FITC and APC-annexin were made on a log
scale. Data were acquired using phantom contouring that
covered the entire tissue section.

Statistical analyses

The Student’s t-test was used for comparison of the propor-
tion of cells staining positive for specific markers in the two
groups of animals.

RESULTS

Apoptosis in acute phase HCV-infected liver

TUNEL staining in sequential biopsies over a 24-week period
for two chimpanzees that developed persistent infections
(Ch1535 and Ch6412) and for two animals that cleared HCV
(Ch1605 and Ch1606) is shown in Fig. 1. For reference, the
viral RNA titres and ALT elevations over the same time period
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for each animal are shown in the upper panels. As is typically
seem for acute phase infections, viral RNA titres increased
exponentially in the first 2—3 weeks followed by a slower
increase in titres during the following 4-6 weeks [8,9]. Titres
began to decline coincident with ALT elevations and either
reached a plateau (in the persistently infected animals) or
decreased below detectable levels and the virus was eventually
cleared. The proportion of the liver section positive for TUNEL
staining was determined through scanning using the LSC with
background, negative and positive region gates, assigned
using positive and negative control tissue sections. An
example of the histogram data obtained from liver biopsy
sections from Ch1535 is shown in Fig. S1.

Prechallenge liver biopsies from all animals (week 0)
exhibited minimal (<1%) TUNEL staining, but in both
groups apoptosis occurred early after HCV infection, reach-
ing levels between 2 and 7% by week 4 (Fig. 1, lower pan-
els). The maximum apoptosis observed on whole liver biopsy
sections using TUNEL staining was 16%. There was appar-
ently no correlation between peak levels of TUNEL staining
and ALT peaks. There was a trend towards higher levels of
TUNEL staining during the early to middle acute phase in
animals that developed persistent infections than in animals
clearing infection while the reverse was true for the late
acute phase (post week 20).

Although TUNEL staining is widely used for the detection
of apoptosis and can provide useful data, there exist limita-
tions in sensitivity and specificity [18], mainly because of the
fact that this technique only detects fragmentation of the
nucleus which is a late phase event in the apoptotic process.
Therefore, we employed a second, histological staining
method to specifically study hepatocyte apoptosis through
staining with the mAb M30. This recognizes a neo-epitope
exposed when CK18 is cleaved by caspase during the early
stages of apoptotic DNA fragmentation [19]. Figure 2 shows
the level of this early phase caspase activity in hepatocytes.
Overall, we observed higher levels of positive hepatocytes in
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Fig. 1 Apoptosis in liver biopsies from acute phase infections of chimpanzees as assessed by TUNEL assay. TUNEL staining is
shown on the lower panels together with ALT elevations (greyed area under the curve) and viral RNA titres (solid black lines)
on the upper panels. (a) Ch1535; (b) Ch6412; (c) Ch1605; (d) Ch1606.
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Fig. 2 Apoptosis in hepatocytes of biopsies from acute phase infections of chimpanzees as assessed by staining using the
monoclonal antibody M30 that recognizes the neo-epitope of CK18 exposed following caspase cleavage, calculated by dividing
the number of CK18 positive hepatocytes by the total number of hepatocytes counted within a field of view (5—12 fields of view

were counted depending upon the size of the tissue section). Error bars represent SE of the mean.

tissue sections using M30 antibody, up to 50% during the
early acute phase. The frequency of positive cells was higher
using this technique than when using TUNEL staining,
because of the greater sensitivity of M30 antibody staining,
the specific analysis of hepatocytes and the fact that using
the TUNEL technique, the entire liver section, including
nonparenchymal tissue, was stained and assessed for apop-
tosis. However, the pattern of apoptosis was similar using
both methods in that CK18 cleavage is observed early after
infection, within 2-4 weeks, and peak levels did not coincide
with ALT peaks. The CK18 cleavage signal was higher for
the animals that developed persistent infections during the
early to middle acute phase, but lower for these animals
during the late acute phase (Fig. 2).

The levels of CK18 cleavage product in weekly serum
samples were also assessed using an ELISA that selectively
recognizes the proteolytic neo-epitope of CK18. Using this
method, the levels of serum caspase activity have been
shown to correlate with ALT elevations and liver pathology
in chronically infected patients [15]. In our study, no
substantial elevations of antigen in chimpanzee sera were
observed at any point during the first 26 weeks of infection
(data not shown).

ALT elevations are not associated with increased ALT
mRNA expression

In order to confirm the source of serum ALT elevations, we
analysed the ALT mRNA level in sequential liver biopsies
from two animals that developed persistent infections and
from three animals that cleared HCV. We found that ALT
mRNA levels remained at or below baseline throughout the
acute phase infection in the majority of samples regardless of
disease outcome and increases in ALT mRNA (reaching a
maximum of sixfold above baseline) did not coincide with
serum ALT elevations (data not shown).

Intrahepatic T-cell infiltration during acute phase
infections

Sequential liver biopsies were examined for T-cell infiltration
through immunohistological staining using anti-CD4* and
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anti-CD8™" antibodies. The proportion of liver biopsy positive
for these T-cell markers was assessed using the LSC and
phantom contours. We observed increases in intrahepatic
T-cell infiltration (5- to 10-fold above baseline) in both
groups of animals, with CD8* cells representing the major
population throughout infection (Fig. 3). In two animals
[1535 (persistent) and 1605 (cleared)], the onset of T-cell
infiltration was as early as 2 weeks postinfection, but in all
animals the appearance of T cells in the liver was associated
with liver apoptosis and mild ALT elevations (compare
Figs 1-3). Consistent with the data obtained for liver apop-
tosis, cleared animals showed an increased frequency of
intrahepatic T-cell infiltration (8- to 10-fold above baseline)
in the late acute phase. This increase was not observed in the
animals that developed persistent infections.

Liver sections from these same time points were examined
for perforin expression through immunohistochemistry.
Stained sections were visualized by light microscopy and
infiltrating lymphocytes positive for perforin staining were
scored. Data were expressed as the percentage of perforin-
positive cells within 5-12 fields of view (Fig. 4). At time zero,
few or no cells were found to be perforin positive, but
following infection the proportions increased in all animals
with no distinctive pattern during the first 10-12 weeks
associated with outcome. However, at later time points,
weeks 18-24, up to 20% of the infiltrating lymphocytes in
liver sections from the cleared animals stained positive for
perforin, whereas only 1-2% of the intrahepatic cells in the
persistently infected group were positive for this marker. This
frequency of perforin expression is independent of the
number of liver infiltrating lymphocytes, as we performed
direct immunohistochemical staining and expressed the
value as a proportion of total cells counted.

Statistical analyses of CK18 cleavage, T-cell counts and
perforin expression

We made statistical comparisons using the Student’s t-test for
the two groups of animals: hepatocytes staining positive for
the CK18 cleavage product and cells staining positive for CD4*
and CD8" or perforin. To perform this analysis, we divided the
first 24 weeks of acute infection into three phases, early

© 2009 Blackwell Publishing Ltd
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(weeks 0-8), middle (weeks 10-16) and late (weeks 18-24).
We found statistically significant differences for each of the
parameters of CK18 cleavage, intrahepatic CD4" and CD8*
T-cell infiltration and perforin expression at different time
points postinfection (Fig. 5). Moderate variations in the
defined weeks for these time periods were applied such that the
middle and late acute phases were represented by weeks
10-16 and 18-24, respectively. The parameters at each phase
showed similar statistical differences.

CK18 cleavage
As shown above, hepatocytes from both groups of animals

displayed signs of apoptosis from early stages postinfection.

© 2009 Blackwell Publishing Ltd
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When the proportion of hepatocytes positive for CK18
cleavage was compared between the groups (Fig. 5a), we
found a statistically higher level of positive hepatocytes in the
animals that developed persistent infections in the early
(P =0.0003) and middle (P < 0.0001) acute phases,
whereas this pattern was reversed at the late acute phase
with a higher proportion of hepatocytes entering apoptosis in
the livers of the animals that cleared the virus (P = 0.0174).

CD4* and CD8" frequency

CD4" and CD8™ cells were detected in all animals beginning
very early postinfection (Fig. 3). Statistical comparison
showed no significant difference during the first 8 weeks of
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Fig. 5 Statistical comparisons of apoptosis, T-cell infiltration and perforin staining in liver biopsies during acute phase
infection. Early, middle and late acute phases are defined as weeks 1-8 (early), 10-16 (middle) and 18-24 (late). *P < 0.05;
**P < 0.01. Each bar represents the mean value of data collected for the two animals in each group. Black bars represent data
from animals that developed persistent infections; grey bars represent data from animals that cleared virus. Error bars

represent SE of the mean.

infection (Fig. 5b) (P = 0.217), but animals that cleared the
virus had higher numbers of intrahepatic CD4" and CD8" T
cells during the middle (P = 0.0424) and late (P = 0.0006)
phases.

Perforin expression in liver infiltrating lymphocytes

During the early and middle phases of infection, the perforin
expression in cells was not statistically different between the
two groups (Fig. 5¢; P = 0.82 and P = 0.14 for the early and
middle phases, respectively), suggesting that although there
was a slightly higher level of intrahepatic T-cell infiltration in
the cleared group, cells were equally functional regardless of
the disease outcome. The greatest difference for perforin
expression was seen at the late acute phase where there were
~10 times as many cells expressing perforin in the animals
that cleared HCV than in those that did not (P < 0.0001).

DISCUSSION

Intrahepatic events that occur during acute phase HCV
infections are difficult to analyse in detail. Most intrahepatic
studies have been performed in chronically infected patients
and the majority of such studies use biopsy specimens taken
from one sample date. The chimpanzee studies described
here not only provide an opportunity to analyse intrahepatic
events during acute phase infection, but the use of sequential
biopsies provides a measure of consistency between samples
enabling us to correlate these events with viral kinetics and
disease outcome.

Previous analyses of apoptosis in human liver samples
from chronically infected patients have shown an associa-
tion between apoptosis and liver injury [20,21]. Using a
novel ELISA that recognizes the cleaved CK18 product,
caspase activity has also been detected in the sera of HCV
patients with inflammatory and fibrotic liver damage despite
normal aminotransferase levels [15], potentially providing a
sensitive noninvasive method of detecting early liver injury.
In our hands, this ELISA was not sensitive enough to detect
caspase activity in the serum, as it has been shown to do in
chronically infected patients [15]. The levels of cleaved CK18
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in chronic patients were associated with inflammatory and
fibrotic liver damage, suggesting more severe or prolonged
cell death is required for changes in serum caspase levels to
be detectable with this assay.

We found that apoptosis occurs soon after infection in the
chimpanzee livers during acute phase infections and that
this activity preceded ALT elevations in all cases (Figs 1 & 2).
This early acute phase apoptosis is probably because of
innate immune responses induced by the initial viral infec-
tion. The innate immune response can directly activate
macrophages in the liver and natural killer (NK) cells that
can then mediate killing of infected cells [12]. In addition,
viral infections alone can induce type-I IFN that can lead to
cell death through the caspase pathways [22]. We have
previously shown that 2’5 oligoadenylate synthetase, an
IFN-a-induced protein, is detectable within 2 weeks of HCV
infection in chimpanzee liver [8]. This data is consistent with
virus-induced apoptosis occurring in the liver during the
early phase of HCV infection, which although leading to
hepatocyte death and a slowing of HCV replication is
insufficient to decrease the titres or eliminate the virus.

Mild ALT elevations are often observed in chimpanzee
studies during the first few weeks of infection [8] and can be
seen for Ch1535, Ch6412 and Ch1605 in this study (Fig. 1).
However, it appears that the serum ALT peaks, at levels
several fold above baseline, occur as a consequence of earlier
events that cause stress on the liver. An absence of corre-
lation between ALT elevations and liver injury or HCV titres
has been previously reported in chronic patients [20,23,24].
There is also the underlying question of whether ALT
elevations are due to liver stress and hepatocyte killing or to
elevated expression of this gene in liver cells, possibly
because of regeneration of the liver following cell destruc-
tion. Using real-time RT-PCR on liver biopsies, we were able
to establish that there is no correlation between serum ALT
elevations and changes in ALT mRNA levels. In all the
animals studied, ALT mRNA levels remained close to base-
line during the acute phase confirming that ALT elevations
are indeed because of increased secretion of this enzyme by
cells.

© 2009 Blackwell Publishing Ltd



We clearly show in this study that hepatocyte apoptosis
occurs during the acute phase in both groups of animals.
There is a greater frequency of apoptosis during the early
and middle phase of infection in animals where the virus
becomes persistent (P < 0.01, Fig. 5). This higher level of
apoptosis correlates with higher viral titres in the persistent
group and although temporally the ALT peaks do not coin-
cide with apoptosis, we have shown previously that persis-
tent infections are associated with higher ALT elevations and
higher peak virus titres during the acute phase [8]. Thus,
during the early and middle acute phases, persistent infec-
tions are associated with greater levels of apoptosis. How-
ever, we hypothesize that this is more a consequence of
higher viral replication which cannot be completely cleared,
despite intrahepatic T-cell infiltration and hepatocyte killing,
rather than apoptosis directly contributing to the develop-
ment of persistence. This may be a simple case of the
immune system being unable to keep pace with the viral
replication and correlates with previous studies of intra-
hepatic T cells in acute phase chimpanzee infections [10].

In this study, we also show that CD4 and CD8 T-cell infil-
tration is an early event (Fig. 3) with a proportion of these T
cells able to produce perforin (Fig. 4), suggesting functionally
active T cells that lead to the killing of infected hepatocytes.
The perforin/granzyme B pathway has been implicated as one
of the major mechanisms for clearance of noncytolytic viru-
ses [6,7]. Many studies have shown the importance of T cells
in acute phase infection and in prevention of HCV persistence
[10,25-27]. However, as we have hypothesized from our
previous studies of viral kinetics in acute phase chimpanzee
infections [8,9], innate and adaptive immune responses are
induced even in infections that result in persistence and the
clearance or persistence of virus does not hinge on the early
induction of intrahepatic immune responses.

It is during the late acute phase (16-24 weeks postinfec-
tion) where the differences in intrahepatic T-cell infiltration
and function are most striking. At this stage of the infection,
we show that there are significantly fewer T cells in the liver
of animals that develop persistent infections (P < 0.01) and
of these a significantly smaller proportion are functional as
assessed by perforin expression (P < 0.001) (Fig. 5). This
suggests that although an immune response is induced in
those animals that develop persistent infections, it is not a
fully adaptive response with a possible absence of clonal
expansion and differentiation of specific T cells into effector
cells, such that a continued clearance of virus does not take
place. It is also possible that the intrahepatic T cells induced
during the acute phase undergo a high level of apoptosis as
has been described for chronic HCV patients [28], leading to
fewer effector T cells in the liver at the later acute phase time
point. We did not detect a substantially higher level of
apoptosis from late phase liver sections using TUNEL stain-
ing; however, this method which examines the whole tissue
may not be sensitive enough to pick up individual T-cell
apoptosis. Other cells, such as NK cells, can be stained with
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anti-CD8 antibody and can produce perforin. We did not
specifically double stain cells during CD8 and perforin
staining in order to differentiate T cells; however, although
NK cells my play a role early during infection as part of the
innate immune response, the major intrahepatic cell types
involved in the adaptive immune response that controls or
clears HCV are assumed to be T cells.

The normal liver contains significantly higher proportions
of activated, effector and memory cells as well as NK/NK T
cells compared with other tissues [29]. The mechanism for the
retention or recruitment of T cells in the liver from lymphoid
tissue or the circulating blood has not been identified but
preferential recruitment of T cells, based on phenotypic
markers, as they recirculate through the liver may play a
major role [30,31]. During infections, T cells are recruited to
the liver through a multi-step process of cytokine and
chemokine expression [32]. It is still unclear whether T-cell
priming takes place exclusively in the draining lymph nodes or
whether hepatocytes, Kupffer cells, liver sinusoidal epithelial
cells or dendritic cells present in the liver can prime T cells. Our
data indicate differences between the outcome of infection
could be due to T-cell recruitment to the liver and function of
these T cells during the middle and late acute phases. We
previously showed an absence in proliferative capacity of
peripheral blood mononuclear cells in a vaccinated chim-
panzee that developed a persistent infection postchallenge
[33] and an association between proliferative capacity and
perforin expression in CD8™ T cells of HIV nonprogressors has
also been shown [34]. Our data suggest similar mechanisms of
immune evasion and viral persistence may exist in HCV
infections. Further analyses of the intrahepatic T-cell subsets
or intrahepatic chemokine expression in our cohort of animals
during acute phase infection may help to explain the loss of
immune control that leads to persistence of the virus.
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Figure S1. Laser Scanning Cytometry (LSC) histogram
data for sequential liver biopsies from Ch1535. Titles across
the top of each histogram refer to the week number post
infection with the % of positive contours shown in
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