
Antiviral Research 90 (2011) 116–125

lable at ScienceDirect
‘ Contents lists avai
Antiviral Research

journal homepage: www.elsevier .com/locate /ant iv i ra l
Evolutionary pattern of full hepatitis B virus genome during sequential
nucleos(t)ide analog therapy

Ying-Zi Tang, Lin Liu, Mei-Min Pan, Yu-Ming Wang ⇑, Guo-Hong Deng ⇑
Institute for Infectious Diseases, Southwest Hospital, Third Military Medical University, Chongqing 400038, PR China
a r t i c l e i n f o

Article history:
Received 11 November 2010
Revised 13 March 2011
Accepted 21 March 2011
Available online 1 April 2011

Keywords:
Hepatitis B virus
Full genome
Chronic hepatitis B
Mutations
0166-3542/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.antiviral.2011.03.183

Abbreviations: CHB, chronic hepatitis B; HBV, he
os(t)ide analog; RT, reverse transcriptase; LAM, lami
oxil; LDT, telbivudine; ETV, entecavir; ALT, alanine a
reading frame; HBeAg, hepatitis B e antigen; anti-HB
hepatitis B surface antigen; PCR, polymerase chain
basic core promoter.
⇑ Corresponding authors. Tel.: +86 23 68754858; f

Wang); tel.: +86 23 68754289; fax: +86 23 65334998
E-mail addresses: wym417@163.com (Y.-M. Wan

(G.-H. Deng).
a b s t r a c t

The evolutionary and mutational pattern of full hepatitis B virus (HBV) quasispecies during sequential
nucleos(t)ide analog (NUC) therapy remains unclear. In this study, full-length HBV clones were generated
from serial serum samples of five chronic hepatitis B patients who received sequential NUC therapies
(treated patients) and two untreated patients with acute flares. The evolutionary and mutational patterns
of full HBV quasispecies were studied. In the three treated patients who received lamivudine as initial
antiviral therapy, nucleotide polymorphism and nonsynonymous divergence all decreased at lamivudine
breakthrough but increased after rescue therapies. Conversely, two other treated patients showed a dis-
tinct change in divergence during adefovir–telbivudine sequential therapies. Untreated subjects exhib-
ited increased polymorphism and divergence in the preC/C region at ALT flare. Four of the treated
patients presented amino acid changes in the ‘‘a’’ determinant during NUC therapy. All of the treated sub-
jects showed amino acid changes within the known T-cell or B-cell epitopes in the surface or core anti-
gen, most of which were accompanied by mutations in reverse transcriptase (RT) region. Co-variations in
the core promoter, the preC region and in the known epitopes of the preS gene accompanied by RT muta-
tions, were common. In untreated patients, most of these co-variations located in the preC/C gene. In con-
clusion, the distribution of genetic variability of HBV shows remarkably different patterns between the
treated and untreated subjects and the quasispecies divergence of different regions of HBV may vary
remarkably even within a single host.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction lem during the treatment with NUCs. Drug resistance has been
Chronic hepatitis B virus (HBV) infection is a major public
health problem worldwide (Lee, 1997). In recent years, treatment
of chronic hepatitis B (CHB) has been improved with the availabil-
ity of nucleoside/nucleotide analogs (NUCs) such as lamivudine
(LAM), adefovir dipivoxil (ADV), telbivudine (LDT), and entecavir
(ETV). NUCs target the HBV reverse transcriptase (RT), thus inhib-
iting viral replication and leading to virologic, biochemical, and
histological improvement in most patients. However, the emer-
gence of drug-resistant mutations has become an increasing prob-
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associated with the emergence of polymerase gene mutations
and is often followed by viral breakthrough, subsequent increase
in alanine amino transferase (ALT) levels, and, in some circum-
stances, liver failure.

Most studies of HBV drug resistance have focused on the anal-
ysis of the A to D domain of the HBV DNA polymerase gene after
detection of antiviral-resistant HBV mutants and the drug-resis-
tant mutational pattern that occurs in this region has been well
characterized. The HBV genome contains four partially overlapping
open reading frames (ORFs) [Surface (S), Polymerase (P), Core (C),
and X proteins (X)], with no noncoding regions and about 50% of
its genome involved in two overlapping ORFs. Mutations in the
RT domain can affect the amino acid sequence of the surface pro-
tein, especially the ‘‘a’’ determinant or T-cell epitope, leading to
alterations of immunogenicity (Tai et al., 1997; Chisari and Ferrari,
1995). HBV-related hepatitis activity is HLA class I restricted and
T-cell mediated (Chisari and Ferrari, 1995), and previous studies
have found that the immune-escape variants probably appeared
after antiviral-resistant variants emerge; this might be responsible
for the exacerbation of chronic hepatitis B hepatitis (Ehata et al.,
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1993; Liu et al., 2003). Based on these findings, dynamic changes
within other regions (especially in the immune-targeted surface
and core antigen) might also be informative, and investigation of
the mutational pattern of the HBV full genome is necessary.

Although HBV is a DNA virus, it replicates through RNA
intermediates which require reverse transcriptase. Because the
proof-reading function of the reverse transcriptase is insufficient,
mutations occur at a higher rate than in other DNA viruses (Nowak
et al., 1996). As a result, like other RNA viruses, HBV shows quasi-
species distribution in infected patients. Each HBV-infected person
harbors a group of viral quasispecies, or a swarm of genetically dis-
tinct but related variants. Evolution of the HBV genome has proven
to be an informative marker of host–virus interaction. Quasispecies
distributions of HBV facilitate the selection of variants that possess
survival advantages against host immune responses and antiviral
therapeutic agents (Pawlotsky, 2005), thus its evolution and
distribution should be monitored to allow chronic infection
management.

Pallier et al. (2006) showed that quasispecies variants bearing
drug-resistant mutations could be detected at several months be-
fore virologic breakthrough and gradually became predominant.
The dynamic evolution of HBV quasispecies during the commonly
used antiviral therapies have also been investigated in other stud-
ies (Ji et al., 2009; Feng et al., 2008; Villet et al., 2007; Guo et al.,
2009; Yim et al., 2006). These studies focused on the HBV DNA
polymerase gene and did not investigate the mutational pattern
of the HBV full genome. Several recent studies have reported the
mutational pattern of the HBV full genome. Enomoto et al.
(2007) suggested that mutational patterns of HBV DNA at the time
of emergence of YMDD variants were unrelated to clinical out-
comes during lamivudine therapy. Horiike et al. (2007) found no
significant difference of mutations between breakthrough hepatitis
and non-breakthrough hepatitis patients. Chen et al. (2010) found
in LAM/ADV-treated patients that amino acid changes within the
known T-cell or B-cell epitopes of the HBV surface and core anti-
gens might emerge at the LAM and/or ADV resistance. In most of
these studies, the HBV full genome sequences were examined by
direct sequencing, not by cloning. Thus, the evolutionary pattern
of complete HBV quasispecies remains unclear.

In this study, we used full genome sequences generated from
patient sera to assess the quasispecies evolution dynamics of five
CHB patients with sequential NUC therapies, as well as of two
untreated patients with acute flares. The aim of this study is to
elucidate the mutational pattern and quasispecies evolution of
full-length HBV sequences from CHB patients with sequential
NUC therapies.
Table 1
Position and sequences of the primers used for sequencing.

Primer Nucleotide sequence (50–30) Position on HBV genome

P1F AGATCTCCTCGACACCGCCT 1984–2003
P2R GCGAGGGAGTTCTTCTTCTA 2387–2368
P3F CCTGTCTTACTTTTGGRAGAG 2217–2237
P4R CCMGTAAAGTTTCCCACCTT 2488–2469
P5F AGCATTCGGGCCAGGGTTCA 3030–3049
P6R ACAAGAAAAACCCCGCCTGT 218–199
P7F TCCTGCTGGTGGCTCCAGTT 55–74
P8R AGTGACTGGAGATTTGGGA 335–317
P9F TGCCTTTRTATGCATGTATAC 1055–1076
P10R GGTTCCACGCATGCGCYGAT 1245–1226
P11F TGTGCTGCCAACTGGATCCT 1387–1406

R = G or A; M = A or C; Y = T or C; primer M13+ and M13� were also used for
sequencing.
2. Patients and methods

2.1. Source of samples

Sera were obtained from seven patients who were persistently
positive for hepatitis B surface antigen (HBsAg) and who were fol-
lowed at the Institute for Infectious Diseases, Southwest Hospital
of the Third Military Medical University. The seven patients in-
cluded five patients with NUCs therapy and two untreated patients
with acute flare. The untreated patients showed ALT levels that
were within the normal range on regular examinations performed
every 3–6 months for more than 2 years before ALT flare occurred.
None of the patients had a history of hepatitis C virus or hepatitis D
virus co-infection. As for the causes of hepatitis, alcoholic liver dis-
ease and autoimmune hepatitis were ruled out in our patients. All
serum samples were collected and stored at �80 �C until testing.
2.2. HBV markers and HBV DNA detection

HBsAg, HBeAg and anti-HBe were detected by enzyme-linked
immunosorbent assay (ELISA; Abbott Laboratory, North Chicago,
IL). Transaminase levels were determined in a clinical laboratory,
and HBV DNA was measured using the COBAS Amplicor monitor
test (Roche Molecular Systems, Branchburg, NJ), in accordance
with the Manufacturer’s instructions.

2.3. DNA extraction

Two hundred microliters of serum were incubated at 65 �C for
3 h with 600 ll of TES buffer (10 mM Tris–HCl, pH 8.0, 5 mM EDTA,
0.5% SDS, and 50 mg of proteinase K). DNA was extracted using
phenol/chloroform/isoamylalcohol (25:24:1) and precipitated with
isopropylalcohol. DNA pellets were solubilized with 30 ll TE buffer
(10 mM Tris–HCl, 1 mM EDTA, pH 8.0); and 4 ll aliquots of purified
DNA were used as PCR templates.

2.4. Amplification of the HBV full genome

PCR was performed according to the method described previ-
ously (Kim et al., 2007) with modifications. First-round PCR was
performed using the sense primer P1 (50-TTTTTCACCTCTGCC-
TAR(A/G)TCATCTC-30 from 1821 nt to 1845 nt) and the antisense
primer P2 (50-AAAAAGTTGCATGGTGY(C/T)TGGTGM(A/C)AC-30

from 1825 nt to 1,01 nt). Second-round PCR was performed using
the sense primer P3 (50-TTCACCTCTGCCTAR(A/G)TCATCTC-30 from
1824 nt to 1845 nt) and the antisense primer P4 (50-AAAGTTG-
CATGGTGY(C/T)TGGTGM(A/C)AC-30 from 1823 nt to 1801 nt).
PCR was performed using LA Taq (TaKaRa Bio Inc., Ohtsu, Japan)
for 40 cycles in the first PCR and 35 cycles in the second PCR.
The conditions of first and second PCR were an initial denaturation
at 94 �C for 2 min, and 94 �C for 25 s, 58 �C for 40 s, 68 �C for 3 min
30 s for elongation step, followed by a final extension at 68 �C for
10 min in a thermal cycler.

2.5. Cloning and sequencing of the HBV full genome

In order to facilitate the cloning of the full HBV genome, PCR
products were gel purified and cloned by utilizing a TOPO-XL-
PCR cloning kit (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s protocols. Thirty colonies were randomly picked for each
specimen and cultured in 1000 ll of Luria–Bertani broth with
50 lg/ml kanamycin. All 30 clones were stored in 20% glycerol at
�80 �C. All necessary precautions were taken to prevent cross-con-
tamination and negative controls were included in each assay. The
sequencing reaction was performed according to the manufac-
turer’s instruction (ABI Prism BigDye Terminator Cycle Sequencing
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Ready Reaction Kits, Version3.1; Foster City, CA) using an auto-
mated ABI DNA sequencer (Model 3730XL, Applied Biosystems).
Primers used for sequencing are listed in Table 1.

2.6. Phylogenetic analysis

Sequences were assembled and analyzed by using BioEdit
(version7.0.5; http://www.mbio.ncsu.edu/BioEdit/bioedit.html),
with alignment performed using ClustalX (Thompson et al.,
1997). HBV genotype was determined using phylogenetic analysis
of surface antigen genes compared with reference HBV sequences
from the NCBI database (http://www.ncbi.nlm.nih.gov/). To detect
evidence of recombination, similarity scanning, boot scanning, and
informative sites analysis were performed using SimPlot version
3.5.1 (http://sray.med.som.jhmi.edu/SCRoftware/SimPlot) (Lole
et al., 1999). To compare the mutational patterns and genetic
diversities of the clones, the nucleotide and amino acid sequences
of the four HBV coding proteins of the clones were also aligned.
Sequences with recombination or ambiguous nucleotides were
removed from each alignment prior to evolutionary analysis.
Phylogenetic analysis was performed using a Bayesian coalescent
algorithm implemented in the Bayesian evolutionary analysis by
sampling trees (BEAST) software package version1.4.8 (Drummond
and Rambaut, 2007). Dated sequence sets were run using a relaxed
lognormal clock with a Markov Chain Monte Carlo (MCMC) chain
length of 12 million under the general time reversible (GTR) model
of substitution. Output from BEAST was analyzed using the pro-
gram TRACER (http://beast.bio.ed.ac.uk/Tracer). Nonsynonymous
and synonymous distance was calculated by Mega version 4.1
using the modified Nei-Gojobori method with the Jukes-Cantor
correction (Tamura et al., 2007). Sliding window analyses of nucle-
otide polymorphism were performed using DnaSP version 5.0 (Lib-
rado and Rozas, 2009) with a 100-nt-wide sliding window and 1-nt
steps.
3. Results

3.1. Clinical characteristics of study patients

The clinical course of the study patients is shown in Fig. 1. Trea-
ted subjects 1, 2 and 5 received LAM as their initial antiviral ther-
apy; another NUC was administered when virologic breakthrough
occurred. All three patients showed virologic breakthrough to the
rescue therapy. Treated subject 3 showed no response to LAM ther-
apy, and a virologic breakthrough was observed during both the
subsequent rescue therapies, one with ADV and one with LDT.
Treated subject 4 received ADV-LDT sequential therapies and
showed an elevated HBV DNA level to both of the NUCs. Serum
samples were collected from the treated patients prior to NUC
therapy and at the time of virologic breakthrough to each NUCs,
three or four samples were studied for each patient.

The untreated patients showed normal ALT levels and positive-
HBeAg on regular examinations for more than 2 years before ALT
flare. For both of these patients, HBeAg/Anti-HBe status remained
positive/negative during 2 years of follow-up after ALT flare. Two
serum samples from each untreated patient were studied, one ob-
tained during the asymptomatic period and one taken at ALT flare.

The characteristics of the serum samples obtained from the pa-
tients are listed in Table 2.

3.2. Intrapatient HBV full genome evolution

The phylogenetic reconstruction of the complete HBV genome
for each individual is shown in Fig. 2. The HBV genomes from trea-
ted subjects 1, 2 and 3 showed a similar evolutionary pattern;
viruses derived prior to therapy fell into distinct lineages, while
those derived from virologic breakthrough clustered to separate
clades according to time point and showed progressive divergent
evolution. The topologies reconstructed from treated subject 4
showed less evidence of grouping according to time point. Viruses
derived prior to therapy fell into distinct lineages. Two sequences
from the second visit and one from the third formed a distinct
clade, with the remainder forming another group. Treated subject
5 harbored a number of distinct viral populations; four sequences
from the first visit formed a monophyletic clade, while one se-
quence from the first visit and three from the third formed another
clade. All the viruses from the second visit and the remaining
viruses of the third visit clustered to a primary clade. The phylog-
eny reconstructed from viral sequences obtained from untreated
patient 1 showed progressive divergent evolution, and most of
the viruses of the second serum sample, except for one, clustered
to a clade. Viral sequences obtained from untreated patient 2 fell
into three primary clades, and each clade contained sequences
from both the first and the second time point.

3.3. Distribution of genetic variability along the full genome

Sliding-window analysis was performed to examine DNA poly-
morphism across the whole genome (Fig. 3). For each patient, the
full genomes sequenced from each visit were studied. For treated
patient 1, the more highly variable region was distributed evenly
along the preS/S, X and preC/C genes; the level of variation de-
creased at LAM and LAM+LDT virologic breakthrough compared
to the level prior to therapy. Treated patient 2 showed an increased
level of variation in the RT region during NUC therapy. At LA-
M+ADV combination therapy breakthrough, the preC/C gene also
showed a very high level of polymorphism. For treated patient 3,
the level of variation within each region differed remarkably prior
to therapy, with the highest variation occurring in the core gene
and 30 end of the P gene. However, the viral population presented
clearly less variability in these two regions after ADV and LDT ther-
apies. Treated patient 4 showed higher variability in the C gene
prior to therapy, which decreased during NUC therapies. In con-
trast, the RT and preS region exhibited increased variability. For
treated patient 5, the most variable region was the RT region; in-
creased variability in the preC gene and decreased variability in
the C gene was observed during antiviral therapy. Untreated pa-
tients 1 and 2 showed the same trend; in these patients, the poly-
morphism level in the preC gene and at the 50 end of the C gene
increased remarkably when ALT flare occurred.

To determine whether these nucleotide substitutions resulted
in amino acid changes, we examined synonymous and non-synon-
ymous divergence of sequences obtained at each visit by the sub-
jects. Sequences of the HBV surface, core, X genes and the RT
region were examined (Fig. 4). In treated patient 1, non-synony-
mous divergence of all four regions decreased at LAM virologic
breakthrough and increased after LDT add-on therapy. Synony-
mous divergence of the RT region showed the same trend as that
of non-synonymous divergence. For treated patient 2, synonymous
and non-synonymous divergence of the four regions (with the
exception of synonymous divergence of the X gene) decreased to
its nadir at LAM breakthrough but increased during ADV and LA-
M+ADV rescue therapies. Treated patient 3 showed progressively
decreased synonymous and non-synonymous divergence in each
region during antiviral therapy. For treated patient 4, synonymous
and non-synonymous divergence of the preS/S and RT regions in-
creased both at ADV and at LDT breakthrough. The preC/C gene
presented higher synonymous and non-synonymous divergence
level at ADV breakthrough but decreased to nadir at rescue LDT
therapy. The X gene showed an opposite changing trend in synon-
ymous and non-synonymous divergence at ADV breakthrough but
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Fig. 1. Clinical course of the study subjects. HBV DNA levels in solid line and ALT levels in dashed line are plotted against time in months. Antiviral therapies are shown above
each graph. Arrows indicate the timing at which the studied serum samples were taken. ALT, alanine amino transferase; LAM, lamivudine; ETV, entecavir; ADV, adefovir
dipivoxil; LDT, telbivudine.
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also decreased to a nadir at LDT breakthrough. For treated patient
5, non-synonymous divergence of the four genes decreased at LAM
breakthrough, but increased at ETV breakthrough, while the
synonymous divergence change in these regions showed a more
complicated trend. Finally, in both untreated patients, the synony-
mous and non-synonymous divergence levels of the preC/C gene
were higher at ALT flare than during the asymptomatic period.

3.4. Mutational patterns of the HBV full genome

The mutational pattern observed in precore, core promoter, RT
domain and epitopes of the core protein and preS/S gene of treated
subjects are listed in Table 3. Four of the five treated patients (1, 2,
3 and 5) showed NUC-resistant mutations (treated patient 4 did
not show ADV-resistant mutation), and multi-drug resistant muta-
tions were detected in patients 2, 3 and 5. No patients showed
mutations in the ‘‘a’’ determinant (s124–148) prior to antiviral
therapy; however, four subjects (1, 2, 4 and 5) showed amino acid
changes in this region during follow-up after therapy. All treated
subjects showed amino acid changes within the known T-cell or
B-cell epitopes in the preS/S or core antigen, and most of these
were accompanied by mutations in the RT region. In treated pa-
tients 1 and 5, cP135Q and cT147A were detected and were accom-
panied by an rtM204V/I drug-resistant mutation. Treated patients
3 and 5 presented amino acid changes within epitopes of the preS
or core antigen prior to therapy, but these reverted to wild-type
after antiviral therapy. Substitutions in the core promoter or preC
region, accompanied by RT mutations, were also detected in pa-
tients 1, 3 and 5. However, these nucleotide substitutions were
not usually accompanied by changes in HBeAg/anti-HBe status.



Table 2
Summary of patient serum data.

Subject Gender/age (years)/
HBV genotype

Sera isolation date No. of sequences HBV DNA (copies/ml) ALT (IU/L) HBeAg/anti-HBe

Treated-1 M/32/B 2006-08-28 5 9.16E+06 1080 +/�
2007-04-15 5 3.07E+06 39 +/�
2008-07-21 9 4.44E+05 5 +/�

Treated-2 M/41/C 2005-04-07 6 1.11E+04 50 +/�
2006-02-09 10 1.70E+07 203 +/�
2008-01-14 5 4.94E+05 229 +/�
2008-07-15 9 4.37E+04 61 +/�

Treated-3 M/48/B 2004-11-02 6 7.99E+05 54 �/+
2008-03-18 8 3.92E+06 139 +/�
2008-09-22 7 2.14E+08 193 �/+

Treated-4 M/34/C 2006-10-01 7 1.09E+09 173 +/�
2007-10-23 9 3.11E+05 39 +/�
2008-12-23 9 3.76E+06 68 +/�

Treated-5 M/32/B 2003-03-01 5 7.25E+08 60 +/�
2005-01-02 5 1.23E+09 204 +/+
2006-11-23 9 6.36E+08 87 +/�

Untreated-1 F/28/C 2004-10-17 8 1.93E+07 32 +/�
2007-03-08 8 9.24E+06 814 +/�

Untreated-2 M/26/B 2005-12-12 7 5.51E+07 38 +/�
2007-07-17 8 1.32E+06 260 +/�

treated-2 

treated-4 

treated-5 untreated-1 

untreated-2 

treated-3 

0.01 0.01 

10.010.0

0.01 0.01

0.01

treated-1 

Fig. 2. Bayesian phylogenetic trees of the study subjects. Dated sequence sets were run using a relaxed lognormal clock with a MCMC chain length of 12 million under the
general time reversible (GTR) model of substitution. Branch lengths are in accordance with the scale bar. j: first visit; h: second visit; N: third visit; 4: fourth visit.
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Fig. 3. Nucleotide (nt) polymorphism along the HBV genome of the study subjects. The frequency of polymorphic sites in the whole sites in 100-nt-wide windows of the full
genomes sequenced at every time point of each patient is presented. Before: prior to therapy; bre: breakthrough.

Y.-Z. Tang et al. / Antiviral Research 90 (2011) 116–125 121
In untreated subjects, most mutations were located in the core
promoter and preC/C gene. A deletion pattern of nt1758–1777 was
detected in untreated patient 1 at ALT flare and a cluster of amino
acid changes in core protein were detected in both subjects (data
not shown). Co-variation mutations of cY38H, cL60V, a stop codon
mutation of cQ182 and A1846T substitution were detected at ALT
flare in both untreated patients; in untreated patient 2, these co-
variation sites were accompanied by amino acid change of sT140I
in the B-cell epitope and substitution of G1896A.

4. Discussion

This report describes the evolution of the HBV full genome se-
quences in CHB patients receiving sequential NUC therapies during
chronic infection. Two untreated patients with acute flares were
also included in the study.

The divergence of HBV quasispecies in treated patients is inter-
esting. For treated patients 1, 2 and 5 who received LAM initial
therapy, divergence in four ORFs all decreased at LAM break-
through but became elevated after rescue therapies. This pattern
of clustering to a new clade on viral breakthrough followed by sub-
sequent divergence is a classic example of genetic drift where the
founder effect that has been observed when a population is
decimated and then reemerges. Treated patients 3 and 4 showed
distinct divergence change during ADV-LDT sequential therapies.
The divergence in four ORFs all decreased at ADV breakthrough,
with emergence of ADV-resistant mutations in treated patient 3.
Treated patient 4 showed increased divergence at ADV break-
through without detectable ADV-resistant mutations. The diver-
gence change of the latter two subjects also showed different
patterns at breakthrough on LDT rescue therapy.

The requirements of the internal population structure of a viral
quasispecies to adapt to a new or changing environment are
expected to depend on the nature of the selective constraint con-
fronted by the viral population. Adaptation to a single antiviral
inhibitor, which very often represents a highly specific selective
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pressure directed to a defined viral target, may be compatible with
a range of mutation rates and mutant spectrum complexities
similar to or even below the levels commonly seen in viral
populations. A lower than standard (typical of wild-type virus)
mutation rate may be sufficient when one (or very few) muta-
tion(s) can cause a decrease in the sensitivity of the virus to the
inhibitor (Domingo and Gomez, 2007). This theory explains the
phenomenon observed in treated patients 1, 2 and 5, in whom
the diversity of the HBV genome decreased to its nadir at LAM
resistance. HBV resistance to other antiviral drugs involves differ-
ent dynamics and molecular mechanisms. Resistance to ETV often
requires ‘‘secondary’’ mutations combined with the ‘‘primary’’
LAM-resistance mutations. HBV resistance to ADV is even more
complicated. The two ADV-resistance mutations of rtN236T and
rtA181V are associated with different patterns of HBV DNA kinetics
in different patients (Angus et al., 2003; Villeneuve et al., 2003).
Our study suggests that HBV quasispecies may follow a distinct
evolutionary pattern in patients undergoing different NUC therapies.

In the two naïve patients with acute flares, we observed in-
creased divergence in the preC/C region at ALT flare compared to
that in the asymptomatic period. We did not observe this phenom-
enon in treated patients, although patients 2, 3, 4 and 5 also pre-
sented ALT flare during antiviral therapy. This indicates that the
underlying mechanisms of ALT flare are different between treated
and untreated patients. The factors that trigger the hepatitis flare
remains unclear. A prospective study (Liu et al., 2003) suggested
that hepatitis flares are not usually caused by an alteration of
HBV genome, but rather by inadequate host immune control over
the preexisting viral strain. To clarify the mechanisms of hepatitis
flare in detail, a study of viral factors and host immune factors is
required.

A notable finding of this study is that the polymorphism and
divergence of HBV coding regions differed remarkably even within
a single patient, and these changing patterns also differed between
subjects. HBV has overlapping ORFs and this provides a constraint
on divergence. PreC/C gene has a large portion of non-overlapping
region; this region shows an approximately two-fold greater
evolutionary divergence compared to regions where there is
overlap (Zhou and Holmes, 2007). Diverse viral sequences might
be a marker of a more intense immune response, more rapid viral



Table 3
Mutational patterns in precore, core promoter, core protein, surface protein and RT domain of treated patients.

Subject HBe
Ag/Ab

No.
clones

preC Core promotor Core preS Surface RT domain

1896G 1613G 1677G 1762/64A/G 97I 114T 130P 135P 147T 40N 74L 121Q 40N 47T 126T 129Q 138C 140T 145G 80L 106S 122I 125Q 134N 137S 173V 176S 164L 180L 181A 184T 204M 225T 229L 236N 319Q 326T

Treated-1

Prior to therapy +/� 5/5 A T/A
LAM breakthrough +/� 5/5 Q A I I

LAM+LDT
breakthrough

+/� 8/9 Q A I I
+/� 1/9 Q A H I I

Treated-2

Prior to therapy +/� 6/6 T/A K K S I

LAM breakthrough +/� 10/10 T/A K K I S F I

ADV breakthrough +/� 4/5 T/A K R K S I
1/5 T/A K K S I

LAM+ADV
breakthrough

+/� 2/9 T/A M/P T/VV V T
7/9 T/A A L M

Treated-3
Prior to therapy �/+ 2/6 Y K

4/6 L T S

ADV breakthrough +/� 3/8 T/A L V T S S T
3/8 T/A L V T S S
2/8 T/A L V T S

LDT breakthrough �/+ 7/7 T/A L/P V T M S M V V

Treated-4

Prior to therapy +/� 7/7 T/A

ADV breakthrough +/� 8/9 T/A
1/9 T/A A R S

LDT breakthrough +/� 1/9 T/A A
3/9 T/A D N R
5/9 T/A

Treated-5

Prior to therapy +/� 2/5 A T/A T
3/5 A T

LAM breakthrough +/+ 2/5 A A Q A C S A M V
3/5 A A Q A C S M V

ETV breakthrough +/� 1/9 A A Q A C S M L V
3/9 A Q A I I V
5/9 A A Q A C S M V

Y.-Z.Tang
et

al./A
ntiviral

R
esearch

90
(2011)

116–
125

123



124 Y.-Z. Tang et al. / Antiviral Research 90 (2011) 116–125
turnover, and evidence of positive selection pressure. Our study
demonstrates that different regions of the HBV genome confront
distinct evolutionary forces during chronic infection.

Prior to antiviral therapy, no mutations were detected in the ‘‘a’’
determinant of the HBV surface protein in any of the five treated
patients; however, four patients (1, 2, 4 and 5) showed amino acid
changes in this region during follow-up after therapy. The HBV sur-
face proteins containing the vaccine escape mutations in the ‘‘a’’
determinant demonstrated markedly reduced binding to anti-HBs
antibody (Torresi et al., 2002). Our findings indicate that mutants
that possess antigenically distinct HBV surface proteins may arise
during sequential NUC therapies.

In this study, we found that amino acid changes in the T- or
B-cell epitopes of surface antigen and core protein may accompany
RT mutations during virologic breakthrough in NUC-treated
patients. T-cell response to HBV core antigen is important in deter-
mining either the persistence or the clearance of HBV (Salfeld et al.,
1989; Ferrari et al., 1990; Tsai et al., 1992). HBV core gene muta-
tions could allow HBV to escape immune surveillance via loss or
change in immuno-dominant epitopes (Chuang et al., 1993). The
HBV preS region is highly immunogenic, containing both sequen-
tial and conformational epitopes with abundant T- and B-cell
epitopes (Ferrari et al., 1992; Hong et al., 2004; Park et al., 2000;
Maeng et al., 2000; Kuroki et al., 1990). The preS region is essential
for viral assembly (Bruss and Thomssen, 1994) and is believed to
play a major role in mediating virus attachment and entry into
hepatocytes (Blanchet and Sureau, 2007). A previous study found
that combined mutations in the preS/S and core promoter/precore
regions of HBV increase the risk of hepatocellular carcinoma (Chen
et al., 2008). In LAM-ADV treated patients, Chen et al. (2010) found
that amino acid changes within the known epitopes of HBV surface
and core antigens may emerge at LAM and/or ADV resistance. Our
study, which used full length HBV clones generated from sera sam-
ples, allowed us to obtain information regarding the relative
changes in HBV RT regions and in surface and core antigens. We
found that all treated subjects showed amino acid changes within
the known T-cell or B-cell epitopes in the preS/S or core gene and
that these changes were accompanied by mutations in RT region.
Some patients also showed co-variations in core promoter or pre-
core regions, accompanied by RT mutations. Thus, our analyses
indicate that NUC-resistant mutations can cause amino acid
changes within epitopes of other HBV regions and that the charac-
teristics of HBV immunogenicity may change when NUC resistance
emerges. Determination of whether these specific mutations are
randomly or regularly associated with the resistant mutations will
require more research.

In conclusion, our study suggests that HBV quasispecies under-
go a distinct evolutionary pattern in treated and untreated patients
and that different regions of the HBV genome experience distinct
evolutionary forces during chronic infection. Our analysis also indi-
cates that the NUC-resistant mutations can cause amino acid
changes within epitopes of the HBV preS/S or core antigen and that
characteristics of HBV immunogenicity may change when NUC
resistance emerges.
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