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INTRODUCTION

Hepatitis B virus (HBV) infects persistently more than 350 million people worldwide [Liang,
2009], and increases their risk of developing liver cirrhosis, hepatic decompensation, and
hepatocellular carcinoma (HCC) over the typically long disease course. High serum virus titers have
been shown recently to promote significantly disease progression, as well as the development of HCC
[Chen et al., 2006b; Ilogje et al., 2006]. Therefore, effective suppression of the serum viral load by an
antiviral agent might inhibit disease progression [Lim et al., 2009].

Lamivudine was introduced clinically as one of the first-generation nucleoside analogs to
inhibit HBV replication [Liaw et al,, 2004]. Lamivudine is safe [Lok et al., 2003], effectively
decreases serum viral load, improves alanine aminotransferase (ALT) levels and liver fibrosis [Leung,
2000; Villeneuve et al., 2000], and enhances hepatitis B e antigen (HBeAg) seroconversion rates
[Chen et al., 2006a; Leung et al., 2001; Liaw et al., 2000], which lead to the suppression of HCC
development [Liaw et al., 2004]. In contrast, prolonged use of lamivudine may lead to the emergence
of drug-resistant HBV mutants in a substantial percentage of patients. When resistance emerges,
patients should be treated with a different nucleoside analog, which does not show cross-resistance,
alone or in combination with lamivudine [Carey and Harrison, 2009; Chen et al., 2009; Rizzetto et al.,
2005]. Newly introduced second-generation nucleoside analogs, such as entecavir and tenofovir, have
been shown to be superior in suppressing viral load and preventing the emergence of drug-resistant
viruses. However, because of its high economical efficacy compared to other, newer-generation
nucleoside analogs, the appropriate selection of patients suitable for lamivudine therapy by accurate
prediction of the emergence of resistance would benefit economically-challenged patients worldwide.
On the other hand, prediction of the eventual emergence of resistance to lamivadine has been difficult.

Many previous studies have shown a correlation between lamivudine resistance and the HBV
mutations that appear with viral acquisition of lamivudine resistance. These mutations lead to amino
acid mutations in the HBV polymerase, including rt M204I/V in the C domain and rt V173L and rt
L180M in the B domain [Ghany and Doo, 2009; Ling et al., 1996; Tipples et al., 1996]. However, it is

not known whether any specific sequences of viral genomes not exposed to lamivudine might predict
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the development of resistance following the commencement of lamivudine treatment. Typically, the
emergence of lamivudine resistance has been predicted by pretreatment or in-treatment clinical

variables, such as HBeAg positivity, higher baseline HBV DNA levels, female sex, lower ALT levels

OCoO~NOOODWN-=

and a poor early viral response to lamivudine [Andersson and Chung, 2009; Zhou et al., 2009].

11 The present study was conducted to clarify and characterize pretreatment HBV sequences
13 associated with the subsequent emergence of lamivudine resistance by determining the complete
15 sequences of HBV ORFs by direct nucleotide sequencing, using patients’ sera as the source of HBV

17 DNA.
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PATIENTS AND METHODS

Patients

Fifty-nine patients with chronic hepatitis or liver cirrhosis, infected with HBV and who
underwent lamivudine therapy at Yamanashi University Hospital from May 2001 to June 2010 were
enrolled initially in the study. All patients received lamivudine orally, initially at a dosage of 100 mg
per day. Although all 59 patients responded initially to lamivudine therapy and HBV DNA became
undetectable, lamivudine resistance was diagnosed in 28 patients (47%) because HBV DNA
reappeared during the observation period, while in the other 31 patients it did not (Fig. 1). Because
pretreatment serum from 32 of the patients had been preserved adequately for determination of the
complete HBV nucleotide sequence, the final analysis was based on these 32 patients. All patients
included were positive for hepatitis B surface antigen (HBsAg) and were tested for HBV DNA by the
Quantiplex HBV DNA assay (Bayer Diagnostics, Emeryville, CA, USA), transcription-mediated
amplification assay (Chugai Diagnostics Science Co., Ltd., Tokyo, Japan), or COBAS® Amplicor
HBV Monitor Test v2.0 (Roche Diagnostics, Indianapolis, IN, USA). Patients with co-existing
autoimmune hepatitis, alcoholic liver disease, drug-induced liver injury, chronic hepatitis C, or human
immunodeficiency virus infection were excluded from the study. For patients with emerging drug
resistance, adefovir dipivoxil was started at a dosage of 10 mg per day, in addition to lamivudine,
according to the guideline established by a hepatitis study group of the Ministry of Health, Labour,
and Welfare, Japan. A signed consent was obtained for the study protocol that had been approved by

Human Ethics Review Committee of Yamanashi University Hospital.

DNA extraction, PCR, and direct sequencing

Full-length HBV DNA was amplified by two-step PCR from patients’ sera and sequenced
directly as described elsewhere [Sugauchi et al., 2001]. Sequence reads were assembled using Vector
NTI software (Invitrogen, Tokyo, Japan) and base-calling errors were corrected following inspection
of the chromatogram. For ambiguous reads, only the dominant base was assigned after evaluation of

all overlapping fragments. Full-length HBV genome sequences were assembled using this information

5/21
John Wiley & Sons

— 251 —

Page 6 of 21



Page 7 of 21 Journal of Medical Virology
Sueki et al.

and translated in silico and the ORFs of drug-resistant and sensitive genomes were compared.

Statistical analysis

O©CoO~NOOODWN-

Statistical differences in the parameters, including all available demographic, biochemical,
11 hematological, and virological statuses, were determined for the different patient groups by Student’s t
13 test for numerical variables and Fisher’s exact probability test for categorical variables. The odds ratio
15 and 95% confidence intervals were calculated. P values of <0.05 by the two-tailed test were
17 considered to indicate statistical significance. In order to evaluate the contribution of pretreatment
19 viral amino acid sequences to the development of lamivudine resistance, Kaplan-Meier analysis and

21 Cox proportional hazards model was performed.
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RESULTS

Patients’ clinical parameters

The pretreatment clinical and virological characteristics of the 32 patients, prior to starting
lamivudine therapy, are shown in Table I, sorted according to the subsequent emergence of lamivudine
resistance. Although HBV DNA became undetectable initially after the commencement of lamivudine
therapy, drug resistance was diagnosed in 14 patients because of reappearance of HBV DNA during
the observation period. No statistical difference was observed in age, sex, ALT, total bilirubin, choline
esterase, total cholesterol, prothrombin time, platelets, alpha-fetoprotein, HBeAg/anti-HBe positivity,
viral genotypes, liver disease (chronic hepatitis or liver cirrhosis), or pretreatment HBV DNA level.
Genotype C was most prevalent in both groups (16/18 in the non-resistant group and 13/14 in the
resistant group). In contrast, the time for HBV DNA to become undetectable was longer in this group,
compared to that in the susceptible group (P=0.024). Figure 1 shows the length of therapy for all 59
patients; “x” denotes the time of lamivudine resistance onset. Lamivudine resistance was diagnosed in

28 (47%) of 59 patients during a median observation period of 2.45 years.

Comparison of the HBV ORFs of the lamivudine resistant and non-resistant groups

Full-length HBV genomic sequences from the 32 patients were determined by direct
nucleotide sequencing. Conceptual in silico translation of the dominant pretreatment HBV DNA
sequences allowed correlation of the amino acid substitution numbers in each viral ORF with the drug
resistance of the virus. Table II shows that the number of amino acid changes in each viral ORF did
not differ significantly between the two groups. However, although not significant, there was a
tendency that amino acid substitutions in the pre-S2 region were more frequent in patients with
eventual development of lamivudine resistance (the median numbers of non-synonymous mutations
were 0 and 2 in the sensitive and resistant groups, respectively; P=0.06).

Next, the amino acid residues differing between the two groups at each position in each viral
protein were compared. The vertical line representing the P value for each HBV ORF (Figs. 2a—d)
indicates the difference between the two groups. Comparison of the two groups revealed amino acid
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differences at the residues indicated as follows: pre-S1 56, 84, pre-S2 1 and 22, S 130 (Fig. 2a), and
polymerase rt 138, tp 95, spacer 37, 59, 84, and 87(Fig. 2c). The polymerase was numbered according
to the standardized numbering system [Stuyver et al., 2001]. The most significant difference was
observed at polymerase tp 95 in the (Fig. 2¢). In contrast, only a slight difference was observed in the
precore and core and X (Figs. 2b and d). In particular, the changes at pre-S1 84 and polymerase spacer
87 were seen to be coexistent because the pre-S1 and polymerase ORFs overlap. In contrast, the
coding changes at polymerase rt M2041/V, rt L180M, rt 173L, rt A181V, and rt N236T, and at S I195M,
S W196L, and S W196 (stop), previously reported to result from mutations associated with viral
acquisition of resistance to lamivudine or adefovir, were not observed prior to lamivudine therapy in
any patients in this study.

Thereafter, Kaplan-Meier curves were constructed to understand better the potential
influence of the amino acid changes, as revealed above, on the emergence of lamivudine resistance
(Fig. 3, log-rank test). When the time of emergence of resistance was considered, a significant
difference was observed with respect to the substitutions of pre-S1 84 (P=0.042), pre-S2 1 (P=0.017)
and 22 (P = 0.015), and polymerase tp 95 (P=0.046). Figure 4 shows a multiple alignment of amino

acid sequences within the pre-S1, pre-S2, and polymerase ORFs.

Patient characteristics related to HBV ORF substitutions

As shown in Table III, patients with isoleucine, threonine, leucine or valine at pre-S1 84 had
significantly lower HBV DNA levels, which became undetectable earlier than in patients with alanine
at pre-S1 84. There were no evident differences between the characteristics of patients with and
without substitutions at pre-S2 1 of. Patients with substitutions at pre-S2 22 were older (P=0.003,
Table IV). On the other hand, patients with substitutions in the polymerase tp 95 had increased total

bilirubin (P=0.049), ALT values (P=0.495) and alpha-fetoprotein values (P=0.034, Table V).

Multivariate analysis to reveal independent factors predicting lamivudine resistance
In an attempt to define independent factors that might predict the emergence of lamivudine
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resistance, a multivariate analysis using the Cox proportional hazards model was performed. As shown
in Table VI, the duration of lamivudine treatment untili HBV DNA became undetectable, serum
albumin level, pre-S1 84 substitutions or pre-S2 1 and 22 substitutions, and polymerase tp 95
substitution were entered into the analysis. As a result, the pre-S1 84 and pre-S2 1 substitution could

be identified as independent variables.
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DISCUSSION

In this study, the correlation between pretreatment HBV genomic sequences and the
emergence of resistance in patients administered lamivudine to treat chronic HBV infection were
investigated. Investigation was focused on determining whether a correlation exists between the viral
genome diversity and emergence of lamivudine resistance. This was accomplished by determining the
complete nucleotide sequences of HBV genomes amplified from the patients’ pretreatment sera.
Sequence comparisons revealed that substitutions in the pre-S1 and pre-S2 ORFs serve as predictors of
emergence of lamivudine resistance.

In previous studies reporting the correlation between drug resistance and mutations in the
HBV genome, the focus was confined to the HBV polymerase [Ghany and Doo, 2009]. Because the
polymerase protein is the direct target of nucleoside analogues, amino acid residue changes in the
HBYV polymerase are considered to result from selective and mutational pressure exerted by those
agents. Therefore, prominent amino acid sequence changes are generally considered to appear during
therapy [Kobayashi et al., 2009]. However, the emergence of resistance obviously cannot be predicted
by these mutations, and the emergence of resistance usually is predicted by studying clinical factors.
Among these conventional pretreatment and in-treatment predictors of lamivudine resistance, it was
observed that longer periods of HBV persistence (determined by DNA detection) after commencing
lamivudine therapy correlated with the appearance of resistance, an observation that was consistent
with most previous studies.[Andersson and Chung, 2009; Zhou et al., 2009]. This demonstrates that
studied patients did not represent outliers from random populations studied previously.

Here, amino acid differences between patients were compared, according to their responses
to lamivudine treatment, at each position in each viral ORF, and showed that patients who developed
resistance accumulated more substitutions within specific regions of the pre-S1, pre-S2, and
polymerase ORFs. Thereafter, a statistical analysis was conducted to investigate whether these
substitutions correlated with the emergence of drug‘ resistance. It was found that preexisting
substitutions in pre-S1 84 and pre-S2 1 correlated significantly and independently with lamivudine

resistance. Because the HBV polymerase genes evaluated all encoded rt 204V/I mutations at the time
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of appearance of lamivudine-resistance, it is considered that the preexisting substitutions in those
pre-S regions enabled the later mutation of rt 204V/I in the polymerase gene. On the other hand,
although regions of the polymerase gene overlapping with pre-S1 84 and pre-S2 1, 22 genes were
evaluated for their association with lamivudine resistance, the corresponding amino acid changes in
the polymerase gene did not correlate with lamivudine resistance according to Kaplan-Meier analysis,
demonstrating the importance of the pre-S regions in the development of resistance (data not shown).
Interestingly, patients with a substitution in pre-S1 84 exhibited high viral loads and displayed longer
times until HBV DNA became undetectable compared to patients without this substitution. In contrast,
a substitution in pre-S2 22 correlated with increased age, and the substitution in polymerase tp 95 with
advanced disease.

Although the study was focused on the viral amino acid substitutions, viral nucleotide
differences also were compared between patients, according to their responses to lamivudine treatment
(data not shown). In this analysis, pretreatment substitutions at nucleotide position 53 in the
polymerase/pre-S1 region and at nucleotide position 2151 in the core region correlated significantly
with the later appearance of lamivudine resistance. In fact, nucleotide position 53 corresponds to the
pre-S1 84, and its substitution causes an amino acid change at pre-S1 84. On the other hand, the
substitution at nucleotide position 2152 in the core region is synonymous and the role of this
substitution should be investigated in a further study.

The pre-S1/pre-S2/S region encodes the small surface (S), middle (M), and large (L) proteins
using alternative codons for the initiation of translation [Gao et al., 2007]. These proteins are
considered to have crucial functional roles in the life cycle of HBV [Cooper et al., 2003; De Meyer et
al., 1997; Kay and Zoulim, 2007; Lian et al., 2008; Ni et al., ; Watanabe et al., 2007]. Apart from the
HBV life cycle, recent studies have shown that pre-S sequences significantly impact on the
pathogenesis of liver disease [Fang et al., 2008; Sugauchi et al., 2003; Zhang et al., 2007]. The pre-S1
and pre-S2 regions serve as immune targets for T and B cells accumulating in the liver [Bauer et al.,
2002], while mutant HBV pre-S epitopes stimulated a lower T cell response than wild-type HBV. HBV
with pre-S substitutions leads to cellular retention of viral proteins and a dramatic reduction of virion
production [Ni et al.]. The appearance of pre-S substitutions inhibits apoptosis of infected hepatocytes
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[Ni et al.]. Patients with progressive liver disease or HCC experience a higher frequency of pre-S
substitutions or deletions than patients with stable disease [Chaudhuri et al., 2004]. In association with
nucleoside analog therapy, Ohkawa et al. showed the possibility that pre-S2 substitutions might
support the replication capacity of lamivudine-resistant HBV [Ohkawa et al., 2008].

On the other hand, there have been no previous studies reporting the correlation between
pretreatment pre-S substitutions and the development of lamivudine resistance to date. While the
mechanisms need further clarification, it is possible to hypothesize a model explaining the correlation,
considering these previous findings. Because those previous reports indicate that HBVs with pre-S
substitutions function as immune escape mutants, it is possible that HBVs with pre-S substitutions are
advantageous for viral survival and replication in hepatocytes, despite that virion production is
reduced. In addition, those infected cells are themselves protected from apoptosis. In those
circumstances of persistent viral replication, the chances of acquiring the essential substitutions in the
polymerase gene conferring lamivudine resistance might increase.

Before these findings can be applied confidently in clinical settings, some caveats must be
considered. First, the number of patients analyzed in the study was quite small, and therefore the
potential role of the substitutions detected in drug susceptibility must be evaluated by studies of larger
populations. Second, because HBV sequences were determined directly, as opposed to first cloning
multiple genomes, the dynamics of minor HBV populations and their contribution to the appearance of
resistance are not known. Subcloning analysis or deep sequencing might help further to establish the
clinical importance and role of these substitutions in drug resistance. The utility of these viral
substitutions for designing HBV therapies with the second-generation nucleoside analogs requires
additional research. As for the stability of these predictive viral regions during the treatment period,
five patients were available for the analysis of the complete HBV genome sequence after the
acquisition of lamivudine resistance. Interestingly, the predictive positions of Pre-S1 84 and Pre-S2 1
changed after the acquisition of lamivudine resistance in some patients. However, the role of those
changes needs to be further clarified by larger sample sizes.

In conclusion, it was demonstrated that the presence of pre-S1 and pre-S2 substitutions in the
HBV genome prior to treatment might play an important role in the subsequent evolution of
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lamivudine resistance.
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FIGURE LEGENDS

Fig. 1 Clinical course of HBV-infected patients treated with lamivudine. “X” indicates the emergence

of lamivudine resistance. Asterisks indicate patients selected for HBV nucleotide sequence analysis.

Fig. 2 Codon differences in each viral ORF between lamivudine sensitive and resistant groups. The
differences are indicated by a vertical line representing the inverse of the P value. (a) pre-S1/S2, and S
OREF, (b) polymerase ORF, (c) precore and core ORFs, (d) X ORF.

Although a few genotype A and B viruses were included in the analysis, for convenience, the
sequences are numbered according to the system for genotype C HBV. Viral amino acids are numbered
according to the adopted standardized numbering system for the HBV polymerase [Stuyver et al.,

2001].

Fig. 3 Kaplan-Meier analysis of relationship of substitutions with the emergence of lamivudine
resistance.

The sequences are numbered according to the system for genotype C HBV.

Fig. 4 Amino acid sequence alignment of the pre-S1, pre-S2, and polymerase ORFs associated with
the lamivudine resistance. Duration of the LAM administration indicates the period for HBV to
become LAM resistant in the resistant group, while it indicates the overall observation period in the
non-resistant group. Above the sequences observed in each patient, representative viral sequences of
genotype A, B, and C around those areas also are shown to indicate genotype-specific viral amino

acids.

(a) Part of pre-S1 ORF.
(b) Part of pre-S2 ORF.

(c) Part of polymerase ORF.
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2
3 TABLES
4
5 TABLE | . Baseline Clinical Charactaristics
6 - LAM non-resistant LAM resistant

Clinical factor _ P-value
7 n=18 n=14
8 Demographic Characteristics
?O Age, years *' 53.9 (x13.2) 55.6 (£7.7) 0.662
11 Sex, no. maleffemale 13/5 9/5 0.712
12 CH/LC 5113 3/11 0.261
13 HCC (+/-) 11/7 717 0.721
14 Biochemical Characteristics
15 Alanine aminotransferase level, 1U/l *2 91 (13-1780) 70.5 (17-2739) 0.805
16 Platelets count, x10™/ml ™' 11.8 (£5.8) 12.1 (¢5.3) 0.900
17 Total bilirubin, mg/dl *2 0.95 (0.3-19.7) 1.1 (0.4-5.0) 0.634
18 Albumin, g/di *? 3.2 (+0.6) 3.5(x0.9) 0.270
19 ChE, 1un *' 196.4 (£105.0) 207.1 (£92.4) 0.566
20 T-chol, mg/di *' 156.1 (£39.6) 163.6 (£37.4) 0.590
21 Prothrombin time, % *' 64.5 (+16.1) 69.9 (15.9) 0.358
22 a-fetoprotein, ng/ml *2 16.1 (1.9-35194) 11.5 (1.6-611.5) 0.506
23 Virological Characteristics
24 HBV Genotype (A/B/C) 1/1/16 0/1/13 0.662
25 HBV DNA level Log10copies/ml*' 5.80 (+1.45) 6.61 (£0.97) 0.078
26 HBeAg, positive/negative 6/12 8/6 0.283
27 Precore mutation ratio (%) 38.9 28.6 0.712
28 Core promotor mutation 4/14 311 0.880
29 Duration of LAM administration
30 until HBV PCR negative (Month)*2 2.1(04-7.7) 3.7(1.4-69.0) 0.024
31 %1 average ESDS siuaenfs f ﬁi
32 %2 median (range) Mann-Whitney U test
33
34 TABLE II. Amino acid substitution number in each region of the HBV ganome
gg HBV protein LAM non-resisitant LAM resisitant P-value
37 Pre-S1, median (range) 2.0 (0-6) 2.0 (0-11) 0.460
gg Pre-S2, median (range) 0 (0-4) 2.0(0-8) 0.060
40 S, median (range) 3.0 (1-9) 4.0 (2-8) 0.372
2; Pre-S1/Pre-S2/S, median (range) 7.0 (3-15) 7.0 (4-23) 0.206

Polymerase, median (range) 15.5 (9-30) 17.0 (8-35) 0.448
43
2‘51 Precore, median (range) 0.5 (0-1) 0 (0-1) 0.144
46 Core, median (range) 3.5(0-9) 5.0 (0-35) 0.859
47 X, median (range) 4.0(1-7) 3.0 (1-9) 0.706
zg Mann-Whitney U test
50
51
52
53
54
55
56
57
58
59
60 20/21
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TABLE II. Baseline Clinical Charactaristics classified by the mutation at codon 84 in pre-S1
_ Pre-S1 841/TLNV Pre-S1 84A
Clinical factor B — P -value
n=20 n=12
HBV DNA level Log10 copies/ml*' 5.75 (£1.38) 6.83 (+0.86) 0.022
Duration of LAM administration
until HBV PCR negative (Months)*? 2.1(04-76) 4.0(1.969.0) 0.005
%1 average (+SD) student'st test
+2 median (range) Mann-Whitney U test
TABLE V. Baseline Clinical Charactaristics classified by the mutation at codon 22 in pre-S2
- Pre-S2 22F Pre-S2 22L/P
Clinical factor — N P -value
n=21 n=11
Age, years *' 50.7 (+9.6) 62.3 (£9.7) 0.003

*1 average (#SD) student'st test

TABLE V . Baseline Clinical Charactaristics classified by the mutation at tp aa95 in polymerase

Polymerase tp 95Y  Polymerase tp 95F

Clinical factor — _ P -value
n=21 n=11
Alanine aminotransferase level, U/ *' 52 (13-810) 133 (23-2739) 0.0495
Total bilirubin, mg/d! *1 0.9 (0.3-5.0) 1.2 (0.5-19.7) 0.049
a-fetoprotein, ng/ml *1 8 (1.6-35194) 81 (4-214.3) 0.034
*2 median (range) Mann-Whitney U test
TABLE VI. Factors asociated with LAM resistance identified by multivariate analysis
Variable Hazard Ratio (95% ClI) P -value
Duration of LAM administration
until HBV PCR negative 11(10-14) 0.700
Albumin 1.2(06-24) 0.682
Pre-S1 84 8.5(1.5-49.3) 0.017
Pre-S2 1 12.4 (1.1 -139.7) 0.041
Pre-S2 22 1.2(0.2-5.9) 0.833
Polymerase tp 95 0.3(04-322) 0.275

Cl = confidence interval
Cox proportional-hazards regression
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Introduction proteins [3]. The structural proteins, consisting of core, El, and
E2, are located in the N-terminal quarter of the polyprotein,

pa T ] 50 ) followed by viroporin p7, which has not yet been classified into a
Hepacivirus of the Flaviviridae family. More than 170 million patients  yyctural or nonstructural protein. Further cleavage of the

per s%stently I lf_ ected Wlth HQV ha‘ve been re.porte_d wm:ldwidc, remaining portion by viral proteases produces six nonstructural

i‘:adm§ ]331 liver ‘dlseasesl g‘d;‘img steatomsf, Hcér{/'h?mil anc} proteins—NS2, NS3, NS4A, NS4B, NS5A, and NS5B-which form

X °p atgce ar <:larcm<?lcrl}r)a [tr, ]d Rl\? Agenf:;lnc N leotid 1sl ¢ aracf a viral replication complex with various host factors. The viral
erized as a single positive-stran with a nucleotide length o . .

96 Kb, flanke olg bP 5' and 3'-untranslated regions (UTR). The protease NS2 cleaves its own C-te}'rnmal between NS2 and NS3.
: > Y Ch ) After that, NS3 cleaves the C-terminal ends of NS3 and NS4A and

genomic RNA encodes a large polyprotein consisting of approx- o) g1 o complex with NS4A. The NS3/4A complex becomes
imately 3,000 amino acids [3], which is translated under the a fully active form to cleave the C-terminal parts of the

g?%r;‘i{)i?ntﬁﬁtegrslﬂiiog;C[IELSI.V'IS}I:Z %Egjlig;ﬁﬁy‘s:;‘:mﬂi polyprotein, including nonstructural proteins. NS3 also possesses

cleaved by host and viral proteases, resulting in 10 mature viral

Hepeatitis C virus (HCV) is an enveloped RINA virus of the genus
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