OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

Association of Preexisting Drug-Resistance Mutations
and Treatment Failure in Hepatitis B Patients

Jie Ma'?, Yingchun Zhang? Xinyue Chen?, Yi Jin?, Dexi Chen’, Yun Wu?, Jing Cui?, Haitao Wang?,
Jia Liu®, Ning Li'***, Feng Gao®*
1 Beijing Institute of Liver Disease, Beijing, China, 2 Beijing Baihuirui Bio-Technologies Inc, Beijing, China, 3 Department of Medicine, Beijing You’an Hospital, Capital

Medical University, Beijing, China, 4 Department of Surgery, Beijing You’an Hospital, Capital Medical University, Beijing, China, 5 Department of Microbiology, Peking
University Health Science Center, Beijing, China, 6 Department of Medicine, Duke University Medical Center, Durham, North Carolina, United States of America

Abstract

The role of preexisting minority drug-resistance mutations in treatment failure has not been fully understood in chronic
hepatitis B patients. To understand mechanisms of drug resistance, we analyzed drug-resistance mutations in 46 treatment-
failure patients and in 29 treatment-naive patients and determined linkage patterns of the drug-resistance mutations in
individual viral genomes using a highly sensitive parallel allele-specific sequencing (PASS) method. Lamivudine resistance
(LAMr) mutations were predominant in treatment-failure patients, irrespective of the inclusion of LAM in the regimen. The
primary LAMr mutations M204V and M204l were detected in 100% and 30% of the treatment-failure patients, respectively.
Two secondary LAMr mutations (L180M and V173L) were also found in most treatment-failure patients (87% and 78%,
respectively). The linkages containing these three mutations dominated the resistant viruses. Importantly, minority LAMr
mutations present in <2% of the viral population were detected in 83% of the treatment-naive patients. Moreover, the low-
frequency same linked LAMr mutations (<0.15%) were detected in 24% of the treatment-naive patients. Our results
demonstrate that the selection of preexisting minority linked LAMr mutations may be an important mechanism for the rapid
development of LAM resistance, caution the continuous use of LAM to treat drug-experienced and -naive hepatitis B
patients, and underline the importance of the detection of minority single and linked drug-resistance mutations before
initiating antiviral therapy.
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Introduction

Hepatitis B virus (HBV) infection affects ~350 million people
worldwide [1], and 15%-40% of chronic hepatitis B (CHB)
patients can develop cirrhosis, hepatic failure, and hepatocellular
carcinoma in their lifetime [2]. However, disease progression and
quality of life have been significantly improved when patients were
treated with interferon and nucleoside/nucleotide analogs (NAs)
[3]. NAs are currently considered a primary therapeutic option for
CHB patients, and the initial response to this therapy is favorable
in the majority of patients. However, the limitation of long-term
NA treatment is the emergence of drug-resistance mutations,
followed by virological breakthrough and hepatitis flare [4-6].

Among five NAs, lamivudine (LAM) was the first NA to be
approved for the treatment of HBV patients [6,7]. Patients treated
with LAM quickly develop resistance due to the emergence of
primary M204V and M2041 mutations, which can significantly
affect viral fitness [8-11]. Both primary mutations are often
accompanied by secondary/compensatory mutations (L180M/I,
V173L, and L80V/I), which can either increase the level of the
resistance or restore the fitness loss [12-16]. The genetic barrier to
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LAM resistance (LAMr) is considered to be the lowest among all
NAs. However, the mechanisms of such a low genetic barrier have
not been fully elucidated. Because multiple mutations in the same
viral genome are required for viruses to become more resistant to
LAM and other NAs, determining individual and linked drug-
resistance mutations in treatment-failure and -naive patients is
critical to understand the mechanisms of resistance to NAs. We
have recently developed a highly sensitive parallel allele-specific
sequencing (PASS) method to detect minority drug-resistance
mutations (<0.01%) and determine linkage patterns of multiple
drug-resistance mutations in HIV-1-infected individuals [17-19].
Here, we analyzed the HBV drug-resistance mutations in 46
treatment-failure patients and 29 treatment-naive patients using
the PASS assay to study drug-resistance mechanisms in CHB
patients.

Materials and Methods

Study population
Patients who visited You’an Hospital in Beijing, China were
selected from the HBV Patient Sample Repository database after a
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review of the characteristics of their treatment history. All patients
were treated based on the treatment guideline established in China
[20]. Prior treatment history was obtained through hospital
records or questionnaire for the use of prescribed and non-
prescribed drugs. The written consent was obtained from all
patients who participated in the study, and the study was approved
by the ethics committee of You’an Hospital. Consecutive plasma
samples from each patient were collected from 2009-2012 for
routine clinical lab assays, and one residual plasma sample after
treatment failure from each patient was used to analyze drug-
resistant mutations. The treatment-failure patients who had likely
developed drug resistance were included for this study: 21 patients
who developed virological resistance (a viral load [VL] increase
>1.0 logp IU/mL in two consecutive serum samples taken one
month apart), and 25 patients in whom VLs were not decreased
>1.0 logyo IU/mL but persisted at levels >3 log;o IU/mL during
antiviral therapy. The average VL in the treatment-failure patients
was 5.2 (3.0-7.9) log;p IU/mL. The patients were treated with
NAs (individually or in combination) in a single regimen or in
multiple consecutive regimens with LAM, telbivudine (LdT),
entecavir (ETV), and adefovir (ADV). Among 46 treatment-failure
patients, 27 were treated with regimens that contained LAM and
19 were not treated with LAM regimens. Twenty-nine CHB
patients were not treated with NAs. The average VL was 7.2 (5.5~
8.0) log;o IU/mL.

Detection of drug-resistance mutations by PASS

The PASS assay was performed to amplify partial reverse
transcriptase (R'T) gene (1,017 bp) as previously described [17,18].
Briefly, 20 ul of 6% acrylamide gel mix, containing 1 uM
acrydite-modified reverse primer BRTR3 5'Acr-GAGCCA-
CAAAGGTTCCACGCAT-3" (ntl1241-1263), HBV DNA tem-
plate, 0.3% diallyltartramide, 5% rhinohide polyacrylamide gel
strengthener (Molecular Probes, Eugene, OR), 0.1% ammonium
persulfate (APS), 0.1% TEMED (N N,N N -tetramethylethylene-
diamine), and 0.2% bovine serum albumin (BSA), was used to cast
a gel on a bind-silane (Amersham Biosciences, Piscataway, NJ)
treated glass slide. Various amounts of HBV DNA (5 ul to 18.5 ul)
were used for the PASS assay to obtain an optimal number of viral
genomes (between 1,000 and 2,000, or as many as possible with
low VL samples) in each assay. The in-gel PCR amplification was
then performed in a PT'C-200 thermal cycler with a mix of 1 pM
forward  primer BRT! 5-AGTCTAGACTCGTGGTG-
GACTTCTCTCA-3" (nt247-274), 0.1% Tween 20, 0.2% BSA,
I1x PCR buffer, 100 pM deoxynucleoside triphosphate (dNTP)
mix, 3.3 U of Jumpstart 7ag DNA polymerase (Sigma, St. Louis,
MO), and HyO (up to 300 pl) under a sealed SecurSeal chamber
(Grace Bio-Labs, Inc., Bend, OR). The PCR conditions were as
follows: 94°C for 3 min; 65 cycle of 94°C for 30 s, 56°C for 45 s,
and 72°C for 3 min; 72°C for 6 min.

After in-gel PCR amplification, single-base extension (SBE) was
performed using the sequencing primer that was annealed just
upstream of the mutation site with mutant and wild type (wt) bases
that were distinctively labeled with Cy3 and Cy5, respectively. To
detect multiple drug-resistance mutations on the same viral
genome, the immobilized PCR products in each gel were
sequentially interrogated by 13 SBE reactions using the primers
for the following mutations: L80V, L80I, V173L, L180M, A181V,
Al181T, T184G, A194T, S202I, M204V, M204I, N236T, and
M250V [6,21]. After each SBE, the gel was scanned with a
GenePix 4200B Microarray Scanner (Molecular Devices, Sunny-
vale, CA) to acquire images. The two channel images (Cy3 for wt
and Cy) for mutant) that were acquired from each PASS assay
were analyzed with Progenesis PG200 software (Nonlinear
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Dynamics, Durham, NC). After background subtraction and
normalization, only the unambiguous spots at both channels were
included for further analysis. The normalized pixel count data at
multiple mutation sites for each spot were exported into an Excel
file with a unique number. By comparing the normalized values of
each spot at two channels, the position was classified as wt or
mutant. Finally, the linkage pattern of all of the mutations on each
viral genome was determined using the Linksys program as
previously described [17,18].

Detection of drug-resistance mutations by sequencing
The partial RT gene was amplified using the extracted HBV DNA
and the PCR products were directly sequenced as described [22].
The drug-resistance mutations were determined using the HBV-
Resistance Interpretation Tool Algorithm, version 03-2007 (http://
www.hiv-grade.de/hbv_grade/deployed/grade.pl?’program =
hbvalg&action = showSequenceForm). The sequences were aligned
with genotype reference sequences using CLUSTAL W. A
neighbor-joining phylogenetic tree using the Kimura two-param-
eter model was constructed to determine genotypes. The GenBank
accession numbers for the sequences generated in this study are

KC907128-KC907202.

Statistical Analysis

The statistical analysis was performed using SPSS software,
version 16.0. The categorized variable data were analyzed using
Fisher’s exact, Continuity Correction, Pearson Chi-Square tests.
The continuous variable data were analyzed using the Student’s ¢
test when the variables were normally distributed by the non-
parametric Kolmogorov-Smirnov test, or using the non-paramet-
ric Mann-Whitney U test when the variables were not normally
distributed. A p value of less than 0.05 was considered statistically
significant.

Results

LAMr mutations were detected in all treatment-failure

patients

The primary drug-resistance mutations (A181V, Al81T,
T184G, A194T, S202I, N236T, M204V, M204I, and M250V)
and secondary/compensatory mutations (L80V, L80I, L180M,
and V173L) [6,21] associated with four NAs (LAM, ADV, ETV,
and LdT) that were used to treat patients were analyzed using the
highly sensitive PASS assay. An average of 827 (76-1,701) viral
genomes {rom each patient were analyzed, and an average of 4 (2—
7) drug-resistance mutations were detected in each patient
(Table 1). Six predominant drug-resistance mutations (M204V,
L180M, V173L, A181T, M204I and L80I) were detected in 30%—
100% of the patients and they were all associated with LAM
resistance, whereas the other seven mutations (A194T, N236T,
T184G, L80V, M250V, AlI81V and S202I) were detected in
<10% of the patients (Fig. 1A). The percentages of all six
mutations detected in 30%—-100% of the patients were significantly
higher than those of seven mutations detected in <10% of the
patients (»<<0.02). The primary LAMr mutation M204V was
detected in all 46 treatment-failure patients, while the primary
LAMr mutation M204I was found in 30% of the patients. T'wo
secondary/compensatory LAMr mutations, L180M and V173L,
were also detected in most patients (87% and 78%, respectively).
The secondary/compensatory LAMr mutation L80I was present
in relatively fewer patients (30%). The A181T mutation, which is
cross-resistant among LAM, ADV, and LdT [6,21], was frequently
detected (50%). The mean frequencies of four LAMr-associated
mutations (M204V, M204I, L180M, and V173I) were >10%
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Figure 1. Detection of drug-resistance mutations in treatment-
failure patients. HBV genomic DNA was extracted from the plasma
samples of treatment-failure patients, and 13 primary and secondary/
compensatory drug-resistance mutations were analyzed by PASS. The
percentages of patients with individual drug-resistance mutations (A)
and the frequencies of each mutation in the viral population (B) were
determined. Each dot indicates the frequency of a mutation in the viral
population in a patient. The geometric means of the mutation
frequencies in the viral populations are shown as bars.
doi:10.1371/journal.pone.0067606.9001

(11.5%—25.2%) of the viral populations (Fig. 1B). The A181T
mutation was present at a much lower frequency (1.3%).

Nearly half of the patients (41%) were not treated with LAM,
but none of mutations specifically associated with ETV and
ADV resistance (N236T, T184G, M250V, and S202I) were
detected in more than 3 patients (Fig. 1A). However, their
frequencies in the viral populations were relatively high (>8%)
(Fig. 1B). No differences in the percentage of drug-resistance
mutations (26.04% *1.09% versus 21.45%*1.15%; p=0.3) or
in the frequency of mutations in the viral population
(16.70%%2.40% versus 12.98% £2.16%; p=0.5) were observed
in patients who were treated with or without LAM. Less than
7% (1.1%-6.2%) of the viral population was found to contain
drug resistance-associated mutations in six patients (Table 1).
Interestingly, all of the patients were treated with ADV either
individually or in combination with other drugs in the current
regimen when the drug resistance-associated mutations were
analyzed. Overall, there was no correlation between the level of
viremia and percentage of viruses with mutations in the sample

(r=0.068; p=0.66).
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Drug resistance-associated mutations were detected in less than
half (46%) of the treatment-failure patients by population
sequencing (Table S1). 141 mutations detected by PASS were
missed by the sequencing method, while only two mutations
detected by sequencing were missed by PASS due to the variations
at the primer binding sites. This demonstrated that the PASS assay
was much more sensitive for detection of minority mutations than
the commonly used population sequencing method.

Patients in this cohort were infected with three genotypes: B (9),
C (36) and D (1) (Table 1). The frequencies of viruses with drug-
resistant mutations were significantly higher in genotype B than
genotype C  (61.4% verses 23.6%; p=0.007). The AI8IT
mutation was significantly more in genotype C than genotype B
(61% versus 11%; p=0.021). We also observed higher percentage
of the M204I mutation in genotype C (36.1%) than genotype B
(11.1%) as previously reported [23], but the difference was not
statistically significant due to the small sample size (p = 0.3). Three
mutations (L173L, L180M and A194T) were more frequently
detected in genotype B than genotype C, but none of the
differences were statistically significant.

Linked LAMr mutations predominated in treatment-

failure patients

Although multiple drug-resistance mutations are found in
individual treatment-failure patients, the linkage relationships of
these mutations have only been studied with a limited number of
clones from patients in a few studies [23-25]. Recently, the ultra-
deep pyrosequencying (UDPS) method was used to characterize
the linkage patterns; however, this method was limited to
mutations within a short genome region [26]. Therefore, we
sought to characterize the linkage relationship among the 13
mutations and its potential implication in drug resistance. T'wenty-
eight linkage patterns were identified (Fig. 2A) and an average of
2.8 (0-8) linkage patterns were detected in each patient (Table 1).

The most frequent eight linkage patterns exclusively contained
LAMr mutations (M204V, M204I, L180M, V173L, and L80I),
whereas two-thirds of other linkage patterns were only detected in
1-2 patients (Fig. 2A). The two most predominant linkages were
M204V-L180M and M204V-L180M-V173L, which were detect-
ed in 71% and 65% of the treatment-failure patients, respectively.
All other linkages were present in fewer than 22% of the patients.
The percentages of the two predominant linkages were signifi-
cantly higher than those of all the other linkages ($<<0.001). The
M204V-L180M-V173L linkage (9.6%) was present more fre-
quently in the viral population than the M204V-L180M linkage
(3.4%) (Fig. 2B). The next two linkage patterns with higher
percentages were M204V-V173L and M204I-L80I (22% and
17%, respectively; Fig. 2A). The percentage of patients with the
M204V-L180M linkage and the frequency of the M204V-L180M
linkage in the viral population were significantly higher in patients
treated with LAM than in untreated patients (p=0.016 and
p=10.026, respectively), suggesting that this linkage was more likely
selected during treatment regimens containing LAM. The
majority of the patients (87%) had the M204V-L180M linkage
pattern alone or with additional mutations, although nearly half of
the patients (41%) were not treated with LAM. These results
indicate that viruses with linked LAMr mutations were widely
present in treatment-failure patients and will likely be resistant to
LAM regardless of whether patients are on antiviral therapy with
or without LAM.

The linkages between the non-LAMr mutations (T'184G,
A194T, N236T, and M250V) and the primary LAMr mutations
were detected only in a few patients. However, some of these
linked mutations were present at high frequencies in the viral
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average of 1,257 (317-2,772) viral genomes per patient were
characterized. Drug-resistance mutations were detected in most
patients (83%), and an average of 1.3 (0-5) drug-resistance
mutations were detected in each patient (T'able 2). Similar as in the
treatment-failure patients, the LAMr mutations (M204V, L180M,
V173L, A181T, and L80I) were predominant in the treatment-
naive patients (Fig. 3A and Table S2). However, the percentages of
the treatment-naive patients with four LAMr mutations (M204V,
L180M, V173L, and M204I) were significantly lower than those of
the treatment-failure patients (p<<0.001). Moreover, the mean
frequencies of the M204V and L180M mutations in treatment-
naive patients (0.12% and 0.13%, respectively) were more than
100-fold lower than those (13.7% and 16.1%, respectively) in the
treatment-failure patients (p<<0.001). The frequencies of the
V173L and M204I mutations were also significantly lower than
those in the treatment-failure patients ($<<0.001 and p=0.01,
respectively; Fig. 3B). Among the drug-resistance mutations that
were specific to ETV, ADV, and LdT, only the N236T mutation
was detected in one treatment-naive patient. No drug-resistant

PLOS ONE | www.plosone.org 6

Table 2. Detection of drug-resistance mutations in treatment naive patients by PASS.

No. of analyzed % of viruses
Patient Genotype VL (Log,o IU/ml)HBeAg genomes with mutations No. of mutations  No. of linkages
N047 C 8.0 + 2,772 0.44 4 1
N048 C 74 + 1,616 0.19 4 1
NO049 B 7.9 + 1,010 0.20 3 1
NO50 B 7.7 + 644 0.31 3 1
NO51 C 7.7 + 327 0.62 4 1
NO52 C 7.8 + 2,107 0.29 4 1
NO53 D 7.6 + 1,120 0.27 2 0
NO54 B 7.2 + 2,223 0.09 1 0
NO55 C 7.2 + 317 0.00 0 0
NO56 B 7.6 + 444 0.23 1 0
NO57 C 6.9 + 2,352 0.38 1 0
NO58 C 6.6 + 1,269 0.16 2 0
NO59 C 7.7 + 1,179 0.00 0 0
NO60 B 7.6 + 1,141 0.00 0 0
NO061 C 6.0 + 826 0.24 1 0
N062 B 79 + 921 0.11 1 0
NO063 C 5.8 + 1,303 3.15 4 5
N064 C 55 + 1,821 0.16 2 0
N065 C 8.2 + 1,159 0.35 1 0
N066 C 6.1 + 1,323 1.14 2 1
NO67 C 7.7 + 638 0.32 2 0
NO068 C 7.9 + 1,743 0.12 2 0
NO069 C 7.7 + 1,302 0.08 1 0
NO70 C 6.2 - 1,625 0.55 2 1
NO71 C 7.0 + 449 3.79 3 2
NO72 B 6.3 + 1,407 043 2 0
NO73 C 55 + 1,386 0.29 1 0
NO074 B 8.0 + 1,520 0.00 0 0
NO75 C 79 + 881 0.00 0 0
Mean 7.2 (5.5-8.0) 1,257 (317-2,772)  0.32 (0.09-3.79) 1.8 (0-4) 1.3 (0-5)
doi:10.1371/journal.pone.0067606.t002

mutations were detected in any of these treatment-naive patients
by population sequencing.

Although the frequencies of the mutations in the viral
populations of the treatment-naive patients were very low (<2%;
Fig. 3B), seven linkage patterns were detected in 10 patients
(Fig. 4A and 4B). The majority of these linkage patterns (6 of 7)
contained primary LAMr mutations (M204V or M204I). Impor-
tantly, three linkages (M204V-L180M, M204V-L180M-V173L,
and M204I-L80I) were also the predominant drug-resistance
mutations that were detected in the treatment-failure patients and
were significantly more frequently detected than any of the other
linkages (p<<0.01). All linkage patterns were present at very low
frequencies (0.04%-0.14%) in the viral populations (Fig. 4C).
These results indicate that LAMr mutations, especially those
linked mutations among which the secondary mutations can
render drug-resistant viruses more resistant and compensate the
fitness loss caused by M204V/I [12-16], are frequently present in
the treatment-naive patients and may play a critical role in the low
genetic resistance barrier to LAM.
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Figure 3. Detection of drug-resistance mutations in treatment-
naive patients. HBV genomic DNA was extracted from the plasma
samples of treatment-naive patients, and 13 primary and secondary/
compensatory drug-resistance mutations were analyzed by PASS. The
percentages of patients with individual drug-resistance mutations (A)
and the frequencies of each mutation in the viral population (B) were
determined. Each dot indicates the frequency of a mutation in the viral
population in a patient. The geometric means of the mutation
frequencies in the viral populations are shown as bars.
doi:10.1371/journal.pone.0067606.9003

Discussion

We characterized the drug-resistance mutations in both the
treatment-failure and -naive patient groups using the highly
sensitive PASS assay to understand the mechanisms of drug
resistance in HBV infection. We found that LAMr mutations were
present in all of the treatment-failure patients who were treated
with or without LAM, and two linkage patterns of LAMr
mutations (M204V-L180M and M204V-L180M-V173L) predom-
inated the drug-resistance viral populations. These results are in
agreement with previous observations [12-16,23-26] and further
confirm that viruses with M204V-L180M and/or M204V-
L180M-V173L linkage patterns have a major role in resistance
to LAM un vivo. Importantly, LAMr mutations dominated minority
drug-resistance mutations in the treatment-naive patients. More-
over, the minority linked LAMr mutations (M204V-L180M,
M204V-L180M-V173L, and M2041-L80I) that were the same as
those predominant drug-resistance mutations in the treatment-
failure patients were the major linkage patterns in the treatment-
naive patients. Our results strongly suggest that one major
mechanism for CHB patients to develop resistance to LAM is
due to the selection of preexisting linked minority drug-resistance
mutations.
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Previous studies have demonstrated that preexisting drug-
resistance mutations have an important role in the development
of drug resistance in treated AIDS patients [29-33]. It has been
suspected that preexisting drug-resistance mutations have a similar
role in drug resistance in treated CHB patients [14,25,34,35].
However, this hypothesis has not been clearly supported because
minority linked drug-resistance mutations present in less than 1%
of the population could not be reliably detected [22,26,35-37].
Low frequency LAMr mutations have been detected in treatment-
patients by real-time PCR and UDPS methods
[22,26,35,37-39]. However, linked preexisting drug-resistance
mutations have not been detected even when the highly sensitive
UDPS method was used [26]. Thus, the detection of linked LAMr
mutations present at very low frequencies in treatment-naive
patients using the PASS assay in this study strongly suggests that
they play an important role in the development of drug resistance.
This is supported by several lines of evidence. First, secondary/
compensatory mutations (L180M, VI173L, and L80I) always
occurred together with the primary mutations (M204V and
M204I) in the patients who failed the treatment due to drug
resistance [7,12-15,25,40]. Second, the strongest evidence comes
from a study in which multiple clones from longitudinal samples
collected bimonthly at baseline until virological breakthrough were
analyzed in four patients [25]. The study showed that linked
mutations (M204V-L180M and M204V-L180M-V173L) always
appeared earlier than the individual M204V mutation and
predominated the viral population during the entire virological
breakthrough period in three patients [25]. Third, three linkage
patterns of LAMr mutations (M204V-L180M, M204V-L180M-
V173L, and M204I-L80I), which are the most frequently detected
in treatment-failure patients [4-7,12,13,15,25,26,41], were all
found in the treatment-naive patients. Importantly, the viruses
carrying linked primary and secondary mutations will not
significantly lose their fitness and therefore can be frequently
detected because the secondary mutations can compensate the
fitness loss caused by the M204V/I mutations [12-16]. Thus, this
finding strongly suggests that the most plausible explanation for
the low genetic barrier to LAM is due to the selection of
preexisting linked LAMr mutations instead of the sequential
addition of secondary/compensatory mutations after the emer-
gence of the primary M204V mutation [4,7,42].

The UDPS method has recently been used to study minority
drug-resistance mutations in treatment-failure and -naive patients
[22,26,36]. This method can reliably detect minority drug-
resistance mutations present at 0.1%—1% of the viral population,
but the linked mutations cannot be assessed by this method due to
the short read length [22,26,36]. Because the linked mutations
were present at very low frequencies (0.04%-0.31%), these would
not be detected by other assays. In our previous study, we analyzed
all possible mismatches for all four bases by analyzing 1,899,000
sites and found 11 mismatches [19]. This yields an error rate of
6x107° Since extracted HBV DNA genomes were directly
analyzed by PASS, we expected the limit for the detection of
minority populations by PASS was the same as what we reported
earlier (0.0006 %), which is 67-fold lower than the lowest frequency
(0.04%) that was detected in clinical samples in this study. Thus,
the low frequency mutations that were detected by PASS represent
the actual minority drug-resistance populations & vivo.

Drug-resistance mutations (T184G, M250V, N236T, and
S2021) specific to three drugs (ADV, ETV, and LdT) that were
used to treat CHB in this cohort were rare, and few linkages
between these mutations and LAMr mutations were detected in
the treatment-failure patients. The rare detection of individual or
linked drug-resistance mutations in the treatment-naive patients

naive
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Figure 4. Linkage analysis of the drug-resistance mutations in the individual viral genomes of treatment-naive patients. The
immobilized 1010 PCR amplicons from patient N049 were sequentially probed in the same gel with 13 different sequencing primers (A). Drug-
resistance mutations at M204V, L180M, and V173L sites were detected. No drug-resistance mutations were detected at the other 10 sites (L80V, L80I,
A181V, A181T, T184G, A194T, S202I, M204l, N236T, and M250V), and one representative image (T184G) is shown. Each spot represents one individual
wt (green) or mutant (red) base at the analyzed position. Two viruses with linked M204V, L180M, and V173L mutations are indicated by arrows. The
percentages of patients with different linkage patterns (B) and the frequencies of each linkage pattern in the viral population (C) were determined.
Each dot indicates the frequency of a linkage of mutations in the viral population in a patient. The geometric means of the frequencies of viruses with

different linkage patterns in the viral populations are shown as bars.
doi:10.1371/journal.pone.0067606.g004

may explain why the development of drug resistance is less
frequent and much slower in patients who are treated with ADV
and ETV than with LAM. This finding indicates that the
mechanisms of drug resistance for these drugs are different from
those for LAM. One limitation of this study is the analysis of cross-
sectional samples. Future prospective studies using baseline and
longitudinal treatment-failure samples from the same individuals
can further confirm our findings and discover new drug-resistance
mechanisms for other NAs. Linked mutations in genes other than
the RT gene may also play a role in selection of preexisting drug-
resistance mutations or acquisition of insensitivity to NAs, even in
absence of any drug-resistance mutations in the RT gene, during
the development of drug resistance. Since those mutations were
not in the gene fragment amplified in the PASS assay, they were
not investigated in this study.

PLOS ONE | www.plosone.org

Cross resistance is common among NAs [6,21]. However, this
should not significantly affect our results from analysis of five
major LAMr associated mutations (M204V, M2041, L.180M, L80I
and V173L). The M204I mutation is shared by LAM and LdT. It
could be selected by LAM or LdT in treatment-failure patients
since both were used to treat CHB patients in this study. Since the
M2041 mutation was detected at the lowest frequency (30%)
among five mutations in treatment-failure patients (Fig. 1) and
since it is not possible that the M204I mutation in all patients were
due to LdT, it is unlikely that the portion of the M204I mutation
selected by LdT could significantly affect our analysis. Resistance
to ETV requires additional mutations in addition to the LAMr
mutations. Thus, it was expected that when a patient failed ETV
due to development of drug resistance, the LAMr mutations would
be detected and would render LAM ineffective.
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Our findings have important implications for the management
of HBV-infected patients. Due to the low genetic barrier to
LAM resistance, LAM is not recommended to be included in
the first-line drugs or used as monotherapy to treat CHB
patients in the United States [6,42]. However, because LAM is
inexpensive and well tolerated even in patients with decompen-
sated cirrhosis, it was still recommended as the second-line
therapy when more potent dugs with high genetic barriers to
resistance are not available or appropriate in European and
Asia-Pacific countries in the recent treatment guidelines [43].
The majority of the CHB patients (75%) live in the Asia Pacific
region and one-third (~130 millions) of the CHB patients reside
in China [44,45]. However, LAM, like other approved NAs, is
still recommended as the first-line monotherapy to treat CHB
patients in these regions in the recent treatment guidelines
[20,46]. Our findings strongly suggest that the use of LAM will
not benefit treatment-failure or treatment-naive patients. Firstly,
the preexisting minority LAMr mutations can quickly lead to
treatment failure due to drug resistance. Secondly, the
development of LAMr mutations in all treatment-failure
patients, irrespective of the inclusion of LAM in the regimen,
will severely comprise the efficacy of LAM when used as a
second-line drug. Finally, since patients can quickly develop
drug resistance to ETV in the presence of LAMr mutations [4],
the LAMr mutations can significantly compromise the efficacy
of ETV. Moreover, our findings also indicate that minority

References

1. Dienstag JL (2008) Hepatitis B virus infection. The New England journal of
medicine 359: 1486-1500.

2. Bosch FX, Ribes J, Cleries R, Diaz M (2005) Epidemiology of hepatocellular
carcinoma. Clinics in liver disease 9: 191-211, v.

3. Lam YF, Yuen MF, Seto WK, Lai CL (2011) Current Antiviral Therapy of
Chronic Hepatitis B: Efficacy and Safety. Current hepatitis reports 10: 235-243.

4. Locarnini S (2008) Primary resistance, multidrug resistance, and cross-resistance
pathways in HBV as a consequence of treatment failure. Hepatology
international 2: 147-151.

5. Pawlotsky JM, Dusheiko G, Hatzakis A, Lau D, Lau G, et al. (2008) Virologic
monitoring of hepatitis B virus therapy in clinical trials and practice:
recommendations for a standardized approach. Gastroenterology 134: 405-415.

6. Kwon H, Lok AS (2011) Hepatitis B therapy. Nature reviews Gastroenterology
& hepatology 8: 275-284.

7. Zoulim F, Locarnini S (2009) Hepatitis B virus resistance to nucleos(t)ide
analogues. Gastroenterology 137: 1593-1608 e1591-1592.

8. Tipples GA, Ma MM, Fischer KP, Bain VG, Kneteman NM, et al. (1996)
Mutation in HBV RNA-dependent DNA polymerase confers resistance to
lamivudine in vivo. Hepatology 24: 714-717.

9. Allen MI, Deslauriers M, Andrews CW, Tipples GA, Walters KA, et al. (1998)
Identification and characterization of mutations in hepatitis B virus resistant to
lamivudine. Lamivudine Clinical Investigation Group. Hepatology 27: 1670—
1677.

10. Lai CL, Dienstag J, Schiff E, Leung NW, Atkins M, et al. (2003) Prevalence and
clinical correlates of YMDD variants during lamivudine therapy for patients
with chronic hepatitis B. Clinical infectious diseases : an official publication of
the Infectious Diseases Society of America 36: 687-696.

11. Lok AS, Lai CL, Leung N, Yao GB, Cui ZY, et al. (2003) Long-term safety of
lamivudine treatment in patients with chronic hepatitis B. Gastroenterology125:
1714-1722.

12. Ono SK, Kato N, Shiratori Y, Kato J, Goto T, et al. (2001) The polymerase
L528M mutation cooperates with nucleotide binding-site mutations, increasing
hepatitis B virus replication and drug resistance. The Journal of clinical
investigation 107: 449-455.

13. Delaney WEt, Yang H, Westland CE, Das K, Arnold E, et al. (2003) The
hepatitis B virus polymerase mutation rtV173L is selected during lamivudine
therapy and enhances viral replication in vitro. Journal of virology 77: 11833~
11841.

14. Lok AS, Zoulim F, Locarnini S, Bartholomeusz A, Ghany MG, et al. (2007)
Antiviral drug-resistant HBV: standardization of nomenclature and assays and
recommendations for management. Hepatology 46: 254-265.

15. Warner N, Locarnini S, Kuiper M, Bartholomecusz A, Ayres A, et al.
(2007) The L80I substitution in the reverse transcriptase domain of the
hepatitis B virus polymerase is associated with lamivudine resistance and
enhanced viral replication in vitro. Antimicrobial agents and chemotherapy
51: 2285-2292.

PLOS ONE | www.plosone.org

Drug-Resistance Mutations and Treatment Failure

drug-resistance mutations for LAM and other NAs should be
determined prior to initiating or changing antiviral regimens to
most effectively treat CHB patients by selecting only sensitive
drugs.

Supporting Information

Table S1 Frequency of drug-resistance mutations de-
tected in the viral populations in treatment failure
patients by PASS.

(DOCX)

Table S2 Frequency of drug-resistance mutations de-
tected in the viral populations in treatment naive
patients by PASS.

DOCX)

Acknowledgments

We thank Brooke Walker for the preparation of the manuscript.

Author Contributions

Conceived and designed the experiments: NL JM FG. Performed the
experiments: YZ XC Y] DC YW JC HW. Analyzed the data: NL JM FG
YZ JL. Contributed reagents/materials/analysis tools: XC Y] JL. Wrote
the paper: NL JM YZ XC FG.

16. Fu L, Cheng YC (1998) Role of additional mutations outside the YMDD motif
of hepatitis B virus polymerase in L(-)SddC (3TC) resistance. Biochemical
pharmacology 55: 1567-1572.

17. Cai F, Chen H, Hicks CB, Bartlett JA, Zhu J, et al. (2007) Detection of minor
drug-resistant populations by parallel allele-specific sequencing. Nat Methods 4:
123-125.

18. Wang D, Hicks CB, Goswami ND, Tafoya E, Ribeiro RM, et al. (2011)
Evolution of Drug-Resistant Viral Populations during Interruption of Antiret-
roviral Therapy. J Virol 85: 6403-6415.

19. Liu J, Miller MD, Danovich RM, Vandergrift N, Cai F, et al. (2011) Analysis of
low frequency mutations associated with drug-resistance to raltegravir before
antiretroviral treatment. Antimicrob Agents Chemother 55: 1114-1119.

20. Chinese Society of Hepatology and Society of Infectious Diseases (2011)
Prevention and Treatment Guidlinea for Chronic Hepatitis B. Chinese Journal
of Internal Medicine (2010) Chinese Journal of Internal Medicine 50: 168-179.

21. Margeridon-Thermet S, Shafer RW (2010) Comparison of the Mechanisms of
Drug Resistance among HIV, Hepatitis B, and Hepatitis C. Viruses 2: 2696
2739.

22. Margeridon-Thermet S, Shulman NS, Ahmed A, Shahriar R, Liu T, et al.
(2009) Ultra-deep pyrosequencing of hepatitis B virus quasispecies from
nucleoside and nucleotide reverse-transcriptase inhibitor (NRTT)-treated patients
and NRTI-naive patients. The Journal of infectious diseases 199: 1275-1285.

23. Liu Y, Wang C, Zhong Y, Li X, Dai J, et al. (2011) Genotypic resistance profile
of hepatitis B virus (HBV) in a large cohort of nucleos(t)ide analogue-experienced
Chinese patients with chronic HBV infection. Journal of viral hepatitis 18: e29—
39.

24. Yim HJ, Hussain M, Liu Y, Wong SN, Fung SK, et al. (2006) Evolution of multi-
drug resistant hepatitis B virus during sequential therapy. Hepatology 44: 703
712.

25. Pallier C, Castera L, Soulier A, Hezode C, Nordmann P, et al. (2006) Dynamics
of hepatitis B virus resistance to lamivudine. Journal of virology 80: 643-653.

26. Rodriguez-Frias F, Tabernero D, Quer J, Esteban JI, Ortega I, et al. (2012)
Ultra-deep pyrosequencing detects conserved genomic sites and quantifies
linkage of drug-resistant amino Acid changes in the hepatitis B virus genome.
PloS one 7: €37874.

27. Brunelle MN, Jacquard AC, Pichoud C, Durantel D, Carrouee-Durantel S, et
al. (2005) Susceptibility to antivirals of a human HBV strain with mutations
conferring resistance to both lamivudine and adefovir. Hepatology 41: 1391
1398.

28. Inoue J, Ueno Y, Wakui Y, Niitsuma H, Fukushima K, et al. (2011) Four-year
study of lamivudine and adefovir combination therapy in lamivudine-resistant
hepatitis B patients: influence of hepatitis B virus genotype and resistance
mutation pattern. Journal of viral hepatitis 18: 206-215.

29. Yates NL, Lucas JT, Nolen TL, Vandergrift NA, Soderberg KA, et al. (2011)
Multiple HIV-1-specific IgG3 responses decline during acute HIV-1: implica-
tions for detection of incident HIV infection. AIDS 25: 2089-2097.

July 2013 | Volume 8 | Issue 7 | 67606



30.

31.

32.

33.

34.

36.

37.

LiJZ, Paredes R, Ribaudo HJ, Svarovskaia ES, Metzner K], et al. (2011) Low-
frequency HIV-1 drug resistance mutations and risk of NNRTI-based
antiretroviral treatment failure: a systematic review and pooled analysis. JAMA
: the journal of the American Medical Association 305: 1327-1335.

Johnson JA, Li JF, Wei X, Lipscomb J, Irlbeck D, et al. (2008) Minority HIV-1
drug resistance mutations are present in antiretroviral treatment-naive
populations and associate with reduced treatment efficacy. PLoS Med 5: e158.
Metzner KJ (2006) Detection and significance of minority quasispecies of drug-
resistant HIV-1. J HIV Ther 11: 74-81.

Kuritzkes DR, Lalama CM, Ribaudo HJ, Marcial M, Meyer WA 3rd, et al.
(2008) Preexisting resistance to nonnucleoside reverse-transcriptase inhibitors
predicts virologic failure of an efavirenz-based regimen in treatment-naive HIV-
I-infected subjects. The Journal of infectious diseases 197: 867-870.

Menzo S, Vincenti D, Solmone M, Prosperi M, Bruselles A, et al. (2009) Low-
abundance drug resistance mutations: extending the HIV paradigm to hepatitis
B virus. The Journal of infectious diseases 200: 1798-1799; author reply 1799
1800.

. Nishijima N, Marusawa H, Ueda Y, Takahashi K, Nasu A, et al. (2012)

Dynamics of hepatitis B virus quasispecies in association with nucleos(t)ide
analogue treatment determined by ultra-deep sequencing. PloS one 7: €¢35052.
Solmone M, Vincenti D, Prosperi MC, Bruselles A, Ippolito G, et al. (2009) Use
of massively parallel ultradeep pyrosequencing to characterize the genetic
diversity of hepatitis B virus in drug-resistant and drug-naive patients and to
detect minor variants in reverse transcriptase and hepatitis B S antigen. Journal
of virology 83: 1718-1726.

Colonno RJ, Rose R, Baldick CJ, Levine S, Pokornowski K, et al. (2006)
Entecavir resistance is rare in nucleoside naive patients with hepatitis B.

Hepatology 44: 1656-1665.

PLOS ONE | www.plosone.org

10

38.

39.

40.

41.

42.

43.

44.
45.
46.

Drug-Resistance Mutations and Treatment Failure

Svicher V, Cento V, Salpini R, Mercurio F, Fraune M, et al. (2011) Role of
hepatitis B virus genetic barrier in drug-resistance and immune-escape
development. Digestive and liver disease : official journal of the Italian Society
of Gastroenterology and the Italian Association for the Study of the Liver 43:
975-983.

Cuestas ML, Rivero CW, Minassian ML, Castillo Al, Gentile EA, et al. (2010)
Naturally occurring hepatitis B virus (HBV) variants with primary resistance to
antiviral therapy and S-mutants with potential primary resistance to adefovir in
Argentina. Antiviral research 87: 74-77.

Nakanishi H, Kurosaki M, Asahina Y, Onuki Y, Ueda K, et al. (2005)
Polymerase domain B mutation is associated with hepatitis relapse during long-
term lamivudine therapy for chronic hepatitis B. Intervirology 48: 381-388.
Yeh CT, Chien RN, Chu CM, Liaw YF (2000) Clearance of the original
hepatitis B virus YMDD-motif mutants with emergence of distinct lamivudine-
resistant mutants during prolonged lamivudine therapy. Hepatology 31: 1318—
1326.

Bhattacharya D, Thio CL (2010) Review of hepatitis B therapeutics. Clinical
infectious diseases : an official publication of the Infectious Diseases Society of
America 51: 1201-1208.

European Association for the Study of the Liver (2012) EASL clinical practice
guidelines: Management of chronic hepatitis B virus infection. Journal of
hepatology 57: 167-185.

Liaw YF, Chu CM (2009) Hepatitis B virus infection. Lancet 373: 582-592.
Liu J, Fan D (2007) Hepatitis B in China. Lancet 369: 1582-1583.

Liaw Y-F, Kao J-H, Piratvisuth T, Chan H, Chien R-N;, et al. (2012) Asian-
Pacific consensus statement on the management of chronic hepatitis B: a 2012
update. Hepatology international 6: 531-561.

July 2013 | Volume 8 | Issue 7 | 67606



