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Abstract

The virologic determinants of progressive liver disease associated with hepatitis B virus (HBV)
remain unclear. Previous investigations have associated HBV disease with specific mutations but
this association may be confounded by HBV genotype, HLA haplotype of the infected individual
or both. The association between non-synonymous mutations located within putative cytotoxic T-
lymphocyte directed epitopes (CDE) of the HBV core region and disease states was investigated.
Subjects infected with HBV were enrolled from a clinical cohort in Seoul, Korea, and HBV core
gene sequences were analyzed for mutational patterns inside and outside of CDE with respect to
subject demographics and HBV-related disease states. No specific mutation or pattern of
mutations were associated with progressive disease states; however, individuals with cirrhosis and
hepatocellular carcinoma had greater numbers of non-synonymous mutations within CDE when
compared to those with chronic HBV infection who were HBeAg positive (P = 0.007 and 0.026,
respectively). In conclusion, this study demonstrates that HBV disease progression is associated
with viral escape mutations that are a marker of CTL activity. These data suggest that the number
of non-synonymous mutations in the HBV core region may predict HBV disease progression
better than any single mutation or pattern of mutations.
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INTRODUCTION

Approximately two billion people have been exposed to Hepatitis B virus (HBV) (Family:
Hepadnavirus, Genus: Orthohepadnaovirus), and an estimated 350 million people have
chronic HBV infection representing country-specific endemic rates of 2-20% [Kao and
Chen, 2002]. In addition, chronic HBV infection is the leading cause of liver cirrhosis and
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hepatocellular carcinoma (HCC) in the world, accounting for 563,000 deaths annually
worldwide [Perz et al., 2006]. Cytotoxic T lymphocytes (CTL) play a primary role in the
host's immune response against HBV infection, which are engaged by HLA Class I-
restricted epitopes of HBV proteins presented on the surface of infected hepatocytes
[Bertoletti et al., 1991; Gehring et al., 2007]. Epitopes within the core region of HBV are
especially important targets for CTL responses [Bozkaya et al., 1996; Lee et al., 1996; Liu et
al., 2003; Whalley et al., 2004; Osiowy et al., 2006; Wang et al., 2010]. Although robust
CTL responses can clear HBV infection [Missale et al., 1993; Maini et al., 2000; Whalley et
al., 2004], inefficient responses result in viral persistence and chronic HBV [Rehermann et
al., 1996; Whalley et al., 2004; Boni et al., 2007]. Continued CTL-associated chronic
inflammation over decades during chronic infection can lead to cirrhosis and HCC [Chisari,
1997; Nakamoto et al., 1998; El-Serag and Rudolph, 2007], and CTL pressure on HBV can
select for mutations within the HBV genome that allow for immune escape [Bertoletti et al.,
1994a,b; Khakoo et al., 2000].

Recent studies have demonstrated that HBV mutations are associated with advanced HBV
disease manifested as HCC and cirrhosis, and various single amino acid changes have been
implicated as being responsible [Ni et al., 2003; Liu et al., 2009]. This cross-sectional study
of patients with various HBV disease states (chronic HBV, HBV with cirrhosis, and HCC)
evaluates how observed non-synonymous mutations within the HBV core gene are
associated with CTL-mediated immune pressure and disease status.

MATERIALS AND METHODS
Study Population

This work received approval from the institutional review boards of the respective
institutions. Serum samples were collected from all patients who visited Kangham St.
Mary's Hospital, Seoul, Korea from 2003 to 2009 and diagnosed clinically with chronic
HBYV, cirrhosis, or HCC. All serum samples were screened initially for HBV viral DNA
using PCR. Data on AST, ALT, and hepatitis B virus e antigen (HBeAg) were obtained
from patient charts. Patients were divided into four groups for analysis: chronic HBV
HBeAg-positive individuals, chronic HBV HBeAg-negative individuals, patients infected
with HBV, cirrhosis, and infected patients with HCC.

Polymerase Chain Reaction (PCR) and Sequencing

Viral DNA was extracted from serum using QlAamp DNA Mini kit (Qiagen, Valencia, CA)
following the manufacturer's protocol. The precore/core gene of HBV (GenBank Accession
No. NC_003977, nt 1901-2452) was amplified via nested-PCR using primers HBC1 and
HBC2 for the first round and primers HBC3 and HBC4 for the second round, as described
previously [Lusida et al., 2008]. The PCR products fragments were purified using QIAquick
Gel Extraction Kit (Qiagen) per manufacturer's protocol and were sequenced directly using
the ABI Prism Big Dye kit version 3.0 (Applied Biosystems, Foster City, CA) on an ABI
3730XL DNA automated sequencer (Applied Biosystems).

Phylogenetic, Mutation, and CTL Analysis

The nucleotide sequences were aligned with ClustalX (ver. 1.81) software and phylogenetic
trees were constructed by neighbor-joining method with other HBV reference strains from
GenBank. Genetic distances between sequences were calculated by bootstrap on 1,000
repeats under a TN 69 model using Geneious Pro software (Biomatters, Auckland, New
Zealand). Nucleotide alignments were translated and analyzed using Geneious Pro software
(Biomatters) [Drummond et al., 2005]. The 9 HLA Class I/CTL-defined epitopes in the core
region analyzed in this study have been described previously [Desmond et al., 2008]. These
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epitopes overlap with each other to form four specific regions within the HBV core protein
(HBcAg), encompassing amino acid (aa) residues 11-27, 88-96, 107-125, and 139-151.
The HLA haplo-types recognizing these epitopes are all found in the Korean population
[Park et al., 1998]. To evaluate sequence changes, a consensus nucleotide sequence for all
subject sequences was generated using Geneious Pro software (Biomatters), and sequences
from individuals were then compared to this consensus sequence and nucleotide mutations
were noted. The mutations resulting in aa changes (i.e., non-synonymous mutations) were
then analyzed both within and outside CDEs.

Selection Analysis and Signature Pattern Analysis

Selective pressure on individual codons was assessed in the sequence data via single
likelihood ancestor counting (SLAC) analysis [Poon et al., 2009], as implemented in the
HyPhy software package on the Datamonkey server [www.datamonkey.org accessed July
26, 2010]. Briefly, likelihood-based selection analyses were performed on sequence
alignments for each codon with a conservative significance threshold of P = 0.1. Next, any
overlap in the codons found to be under selection was compared to the non-synonymous
mutations for each sequence. Sequences were then analyzed for possible patterns of
mutations that were particular to HBV clinical status using viral epidemiology signature
pattern analysis (VESPA) [www.hiv.lanl.gov/content/sequence/\VESPA/vespa; accessed
July 26, 2010]. Briefly, a background group of aa sequences (e.g., sequences from chronic
HBYV infected and e antigen-positive individuals) was compared to a query group of
sequences (e.g., sequences from patients with cirrhosis), and the software identified sites
where the most commonly found aa differed between the background and query sequences
[Korber and Myers, 1992]. As there were only 35 sequences in the baseline group of
individuals with chronic HBV infection and e antigen-positive status, 35 randomly selected
sequences from each group were used for the analysis comparing this group with the
cirrhotic group. Likewise, as the HCC group only had 33 sequences, 33 randomly selected
sequences from both the group of individuals with chronic HBV infection and e antigen-
positive status and the group with HCC groups were used for analysis. Finally, the amino
acid sites noted in the signature patterns for the clinical status groups, the codons noted to be
under selection in the SLAC analysis, and the nucleotide sites noted to contain non-
synonymous mutations were evaluated for overlap.

Statistical Analysis

RESULTS

Statistical analysis was performed with PASW Statistics GradPack 18 for Mac (2009).
Binary logistic regression was used to compare the number of mutations in the above-
defined clinical groups of: chronic HBV with e antigen-positive status, chronic HBV with e
antigen-negative status, HBV infected with cirrhosis and HBV infected with HCC, with age
and sex as covariates and backward likelihood ratio testing to select for the best model. Chi-
squared and Fisher's exact tests were used to compare the mutation profiles of clinical
groups. Bonferroni's correction was used to correct for multiple comparisons. ANOVA was
used to compare means of ALT and age between groups.

Between 2003 and 2009, 132 patients were diagnosed clinically with chronic HBV, HBV
and cirrhosis, or HBV and HCC at the Kangnam St. Mary's Hospital, Seoul, Korea and were
eligible for this study. Nine were excluded from the analysis due to missing HBeAg data.
Patient characteristics are summarized in Table I. All clinical groups were predominantly
male and mean ages for the cirrhosis and HCC groups were greater than for the chronic
HBV group. Similarly, the proportion HBeAg-negative subjects was significantly greater for
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the cirrhosis and HCC groups than for the chronic HBV group. All but one HBV isolate
obtained was of genotype C2.

When investigating the association between potential viral escape (i.e., non-synonymous
changes within the viral HBV core gene) and clinical disease state, we found a median of
three non-synonymous mutations per sequence (range, 0-14). Logistic regression found that
the sequences from the group of patients with chronic HBV and without e antigen, and the
group with cirrhosis had significantly more non-synonymous mutations than those from the
group of individuals with chronic HBV and e antigen-positive status (P = 0.002 and 0.017,
respectively). No such association was found for the HCC group (P = 0.114). To evaluate
more specifically viral CTL escape, we evaluated mutations inside and outside potential
CTL defined epitopes (CDE) and found that overall more non-synonymous mutations were
found outside CDE (median two mutations, range 0-10) versus inside CDE (median zero
mutations, range 0-4) (Fig. 1). Logistic regression found that patients with cirrhosis, HCC
and chronic HBV with e antigen-negative status all had significant odds ratios of having
greater numbers non-synonymous mutations within CDE when compared to the control
group of individuals with chronic HBV and e antigen-positive status (P = 0.007, 0.026, and
<0.003, respectively) (Table I1). Additionally, HBeAg-positive cases of HCC and cirrhosis
had greater numbers of mutations in CDE as compared to the patients with chronic HBV and
e antigen-positive status (P = 0.018 and 0.023, respectively). Notably, the odds ratios
increased exponentially for each additional mutation. Taken together, this indicates that
larger numbers of putative CTL viral escape mutations are associated with progressive
HBV-related liver disease, irrespective of the HBeAg status.

When evaluating if any single viral mutation was associated with clinical status, mutations
in the HBV regions corresponding to amino acids 11-27 and 107-125 were associated
significantly with the group of individuals with chronic HBV and e antigen-negative status
as compared to the individuals with chronic HBV and e antigen-positive status (P < 0.001
for both). Specifically, mutations at residues 13, 21, 26, 27, 113, 116, 147, and 149 occurred
greater than five times among the e antigen-negative group, although no significant
associations were found for any single amino acid mutation and clinical state after
Bonferroni correction. When evaluating for selection among the HBV sequences, seven
positively and 29 negatively selected codon mutations were identified, but there was no
enrichment in these selected sites between the group with chronic HBV and e antigen-
positive group and the groups with chronic HBV and without e antigen, cirrhosis, or HCC
groups (P > 0.1). There was also no pattern for multiple mutations, that is, signature, among
all clinical status groups by VESPA signature pattern analysis.

DISCUSSION

Chronic inflammation of the liver during the host's immune response to chronic HBV is
proposed as a mechanism for the progression of chronic HBV to cirhosis and HCC [EI-
Serag and Rudolph, 2007]. In addition to causing inflammation, the CTL-mediated immune
response directed against the virus can produce a selective pressure on the viral genome. The
virus may evade this immune response via escape mutations in the coding regions encoding
CTL epitopes. Therefore, ongoing CTL immune response to HBV could be associated with
continued liver inflammation and risk of disease progression and also ongoing mutagenesis
and viral escape. Consistent with this hypothesis and relevant to the current investigation, a
study of full-length HBV sequences from a Korean population showed that increased
genetic divergence between HBV sequences was associated with HCC and cirrhosis as
compared to chronic HBV [Ahn et al., 2010]. Additionally, a number of studies have
demonstrated that particular mutations in the HBV genome are associated with advanced
HBYV disease states [21,30] and some of these mutations fall within CTL epitopes [Hosono
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et al., 1995; Maruyama et al., 2000; Sung et al., 2009]. All of these observations are
consistent with the data presented above, but it remains unclear if these mutations cause an
increased risk for disease progression or if they are markers of continued liver inflammation
or both. In particular, mutations at residues 21, 113, 116, and 147 have been reported
previously in association with HCC or cirrhosis, but the only statistically significant
association was between a mutation at residue 21 and HCC [Ni et al., 2003]. Although
mutations were found at each of these sites, no associations were identified between a
mutation at a single site and clinical disease state in this study.

The relationship of e antigen status on viral mutations and the clinical state of the infected
individual was also investigated. Chronic HBV without HBeAg represents an HBV infection
in which actively replicating virus has lost its ability to produce HBeAg [Yim and Lok,
2006]. This is important because the lack of HBeAg expression is associated with HBV-
related disease progression [Lindh et al., 1996; Hadziyannis and Vassilopoulos, 2001; Zarski
et al., 2006], which may confound the associations between mutations and clinical state.
Similar to the above results, previous work has shown that HBeAg seroconversion is
associated with an increased frequency of mutations in CDE [Maruyama et al., 2000; Wang
et al., 2010]; however, in this manuscript these observations are extended to show
associations between increased number of mutations in the coding regions of CDE and
disease progression states regardless of the HBeAg status in the cirrhosis and HCC groups.

A battery of statistical and selection analyses demonstrated that the total number of non-
synonymous mutations within the coding region of CDEs was more important than any
single mutation or group of “signature” mutations. However, most of the described
associations between individual mutations and disease progression states were unable to be
reproduced. This is probably explained by the targeting of different CDEs between study
populations because of differing racial and ethnic groups, that is, HLA haplotypes. Thus,
this work suggests that evidence of cumulative viral escape mutations is a marker of chronic
CTL-induced inflammation, which is a mechanistic link between chronic HBV and disease
progression [Nakamoto et al., 1998].

This study had a number of important limitations. Additional clinical data were not
available, including concurrent viral loads, HBV treatment history, longitudinal disease
course, and alcohol or tobacco use history, all of which could be potential confounders. The
study also lacked a group of subjects in the inactive carrier phase, which would have
provided a useful comparison. The homogeneity of the study population and viral isolates
are both a limitation and strength for this study. A single racial group with very sparse
minorities exists in Korea which is in contrast to other HBV endemic countries, such as
Taiwan, which has at least four major racial groups to take into account with differing HLA
profiles [Shaw et al., 1999]. In addition, Korea has a single circulating major HBV
genotype, C2, in contrast to Taiwan, which has multiple circulating major genotypes [Yang
et al., 2008]. As different genotypes can influence HBV disease progression [Kao et al.,
2000], the homogeneity of viral genotypes reduces these effects on the analysis. However,
this same homogeneity limits the extrapolation of the results of this study outside of Korea.
In the future, additional studies using populations with different HLA haplotypes and HBV
genotypes similar to the present study would validate further this study's findings and make
them more generalizable.

In summary, current treatment guidelines suggest antiviral management based on liver
inflammation markers, viral load, HBeAg status, and histology [Lok and McMahon, 2009].
This work demonstrates that the number of non-synonymous mutations in the coding
regions for the HLA Class | epitopes of the HBV core region are associated strongly with
clinical disease progression. The measurement of these escape mutations may be a clinically
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useful predictor for disease progression, and the finding of even a single such mutation,
regardless of viral load, should direct the clinician to consider the use of antiviral therapy.
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Fig. 1.

Mutations by HBV Disease state. The average number of non-synonymous mutations within
cytotoxic T-lymphocyte directed epitopes (CDES) were higher among progressive disease
states. Individuals with chronic HBV infection and e antigen present (CHBe+) had fewer
mutations than those with hepatocellular carcinoma (HCC) (P = 0.026), and liver cirrhosis
(LC) (P =0.007). Additionally, individuals with chronic HBV infection and e antigen
present (CHBe+) had fewer mutations than individuals with chronic HBV and e antigen
absent (CHBe-) (P = <0.003).
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TABLE |
Patient Characteristics
CHB (n= 46)a LC(n=44) HCC(n=33 P-valueb
Number of male patients (%) 35 (76.1) 25(58.1) 30 (76.2) 0.037
Mean age in years (range) 36.7 (12-68) 49.7 (25-100)  52.1 (35-63) <0.001
Number of HBeAg positive (%) 35 (76.1) 18 (40.9) 19 (57.5) 0.003
Mean ALT (SD) 143.8 (129.1) 62.6 (73.2) 102.5 (140.6) NS

CHB, chronic HBV infection; LC, liver cirrhosis; HCC, hepatocellular carcinoma; HBeAg, hepatitis B virus e antigen; NS, not significant P >
0.05; ALT, alanine aminotransferase; SD, standard deviation.

aNo significant differences between HBeAg-positive CHB and HBeAg-negative CHB groups.

P-value of comparison between groups. Proportions of male patients and percentage of HBeAg-positive individuals were compared using chi-
squared test. Mean age and ALT were compared using Student's t-test.
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Multivariate Analyses Adjusted for Age, Sex, and Mutations Outside Cytotoxic T-Cell Defined Epitopes

Disease state OR fold increase per mutation

95% ClI

P-value

Other covariates (P-value)

HCC 4.70

HBeAg-positive HCC 5.70

LC 4.29

HBeAg-positive LC 4.96

HBeAg-negative CHB 30.21

HBeAg negativeb 1.98

1.20-18.37

1.34-24.22

1.48-12.44

1.24-19.77

3.24-281.28

1.32-2.96

0.026

0.018

0.007

0.023

0.003

0.001

Age (<0.001)
Mutations outside CDE (0.694)a
Sex (0.551)2
Age (0.003)
Mutations outside CDE (0.362)a
Sex (0.603)2
Age (0.002)
Mutations outside CDE (0.550)a
Sex (0.252)2

Age (0.099)%
Mutations outside CDE (0.543)%
Sex (0.099)2

Age (0.711)2
Mutations outside CDE (0.708)a
Sex (0.974)2
Age (0.048)
Mutations outside CDE (0.505)a
Sex (0.710)2

CDE, cytotoxic T-lymphocyte directed epitopes; OR, odds ratio; HBeAg, hepatitis B virus e antigen; HCC, hepatocellular carcinoma; LC, liver

cirrhosis; CHB, chronic hepatitis B.

a ] . A
Excluded from the final selected regression model because of lack of significance.

bComparison of all HBeAg-positive versus all HBeAg-negative subjects.
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