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The emergence of resistance mutations in the reverse transcriptase gene of hepatitis B virus (HBV) is associated with treat-

ment failure. Entecavir (ETV) is one of the most potent anti-HBV reagents; it has a very low resistance rate and is used as

the first-line treatment for chronic hepatitis B. In this study, we isolated HBVs in 4 ETV-refractory patients (2 with viral

breakthrough, 1 with partial virological response, and 1 with flare-up) and assessed ETV resistance using replication-

competent 1.38-fold HBV genome-length molecular clones. The full genome sequences of infected HBVs in ETV-

refractory patients were determined. The HBV molecular clones were generated with the patient-derived sequences. After

transfection of these molecular clones into HepG2 cells, viral replications and ETV susceptibilities were evaluated by mea-

suring the amount of intracellular core-particle-associated HBV DNA using Southern blotting and real-time polymerase

chain reaction. Among these cases, ETV-resistant variants were detected in 2 patients with viral breakthrough and responsi-

ble amino acid mutations in reverse transcriptase were successfully identified in these variants. No ETV-resistant mutation

was detected in the other cases. The identified ETV-resistant mutations did not confer resistance to tenofovir disoproxil

fumarate. Conclusion: The HBV replication model with patient-derived sequences is useful for assessing replication efficiency,

susceptibility to anti-HBV reagents, and responsible resistance mutations and can aid in choosing the appropriate treatment

strategy for treatment-failure cases of chronic hepatitis B. (Hepatology Communications 2017;1:110-121)

Introduction

H
epatitis B virus (HBV), a member of the
Hepadnaviridae family, has a partially
double-stranded 3.2-kb DNA genome and

comprises four open reading frames coding for hepati-
tis B surface antigen (HBsAg), core protein/hepatitis
B e antigen (HBeAg), viral polymerase, and X pro-
tein.(1,2) Infection with this virus causes severe liver
diseases, including acute, chronic, and fulminant hepa-
titis; cirrhosis; and hepatocellular carcinoma (HCC).(3)

Although effective vaccines against HBV are available

in many countries, chronic hepatitis B (CHB) infec-
tion remains a significant global health problem. The
World Health Organization estimates that approxi-
mately 240 million people are afflicted with CHB
infections, and these people are at risk for cirrhosis and
HCC.(4,5) Currently, two classes of anti-HBV reagents
are clinically available: interferon-a and nucleos(t)ide
analogues (NAs). Interferon treatment can reduce
HBeAg and HBsAg through a combination of direct
antiviral and immunomodulatory effects,(6) but it is
associated with unfavorable side effects. NAs target the
step of reverse transcription and inhibit the production
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of HBV DNA from pregenomic RNA. Although these
reagents ameliorate liver diseases and prevent disease pro-
gression to HCC, such long-term treatment often causes
the emergence of resistance mutations. In Japan, NAs of
lamivudine (LAM), adefovir dipivoxil (ADV), entecavir
(ETV), and tenofovir disoproxil fumarate (TDF) have
been approved. Because these NAs share a common target
for the viral reverse transcriptase (RT), resistance muta-
tions to these reagents have been reported only in RT
domains. Among these NAs, ETV is one of the most
potent anti-HBV reagents; it has a very low resistance rate
in treatment-naive patients(7-11) and has long been used as
a first-line reagent. To date, a limited number of ETV-
resistant mutations have been reported. They include the
LAM-resistant-associated amino acid mutations at rt180
and rt204 and require additional mutations at rt169,
rt184, rt202, or rt250.(8,12) Mutations of rtI163V and
rtA186T in addition to the LAM-resistant mutations
have been reported to confer ETV resistance.(13)

In this study, we isolated HBVs from four ETV-
refractory cases (2 viral breakthrough [VBT] patients,
1 partial virological response patient, and 1 flare-up
patient) and generated replication-competent 1.38-
fold HBV genome-length molecular clones with
patient-derived sequences. After transfection of these
molecular clones into HepG2 cells, viral replication
and ETV susceptibility were evaluated by measuring
the amount of intracellular core-particle-associated
HBV DNA using Southern blotting and real-time
polymerase chain reaction (PCR).

Materials and Methods

PATIENTS

We performed a retrospective analysis of 70 patients
with CHB (male/female, 53/17; mean age, 46.66 8.9

years) who received ETV treatment at Seizankai Kiyo-
kawa Hospital, Tokyo, Japan, from December 2006 to
May 2016. All patients were clinically diagnosed with
chronic hepatitis and were HBsAg-positive and HBV
DNA-positive for at least 6 months prior to the start
of treatment. None were diagnosed with cirrhosis or
HCC. All patients received 0.5mg ETV for more
than 1 year, and no patient had received other NAs.
This study was approved by the Ethics Committees of
our institutions (approval numbers 246 from Seizankai
Kiyokawa Hospital and 377 from the National Insti-
tute of Infectious Diseases), and written informed con-
sent was obtained from each patient. Of the 70
patients with CHB treated with ETV, four cases
appeared to be refractory (Table 1). These four subjects
were male, positive for HBsAg and HBeAg, and
infected with HBV genotype C. Their ages ranged
from 40 to 59 years, and all were negative for serologi-
cal markers of hepatitis C virus and human immuno-
deficiency virus infections. Profiles of the 4 ETV-
refractory patients are as follows: Case A (40-year-old
male; Fig. 1A): The administration of ETV (0.5mg
daily) was started in August 2007. Serum HBV DNA
became undetectable after 3 years of ETV treatment
but re-emerged after 3.3 years of treatment. The HBV
DNA titer was 8.0 log copies/mL at that time. The
increased dosage of ETV (1.0mg daily) was not effec-
tive. This case was diagnosed as a VBT case. HBV was
isolated from serum samples collected at two time
points, at the beginning of treatment (time point 1)
and at VBT (time point 2) (Fig. 1A). The isolated
HBVs were named clones A1 and A2, respectively.
The entire genomes of the isolated HBVs were
sequenced, and the deduced amino acids in the RT
region were aligned and compared with the genotype
C consensus sequence (Supporting Fig. S1). The
known resistance mutation to NAs was not detected in
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clone A1. However, reported LAM-resistant muta-
tions of rtV173L/L180M/M204V emerged in clone
A2. Case B (43-year-old male; Fig. 1B): The adminis-
tration of ETV (0.5mg daily) was started in April
2007. Serum HBV DNA was undetectable after 2.5
years of ETV treatment and remained undetectable
until 6.8 years from the start of ETV when HBV
DNA re-emerged and reached 8.3 log copies/mL.
This case was also diagnosed as a VBT case. HBVs
isolated at the beginning of treatment (time point 1)
and at VBT (time point 2) were sequenced (Fig. 1B).
As in the HBVs isolated in case A, no resistance muta-
tion was detected in clone B1. However, mutations of

rtN238H/L269I accompanied by LAM-resistant
mutations of rtL180Q/M204V emerged in clone B2.
Case C (59-year-old male; Fig. 1C): The administra-
tion of ETV (0.5mg daily) was started in June 2010.
Serum HBV DNA was 9.1 log copies/mL before
treatment and decreased to 5.0 log copies/mL soon
after starting ETV; however, HBV DNA remained
positive for 1.5 years of ETV treatment. This case was
considered to be a partial virological response case.
HBV isolated from serum samples at multiple time
points (time points 1-3 in Fig. 1C) were sequenced.
Of these HBV clones, the deduced amino acid sequen-
ces in the RT region were identical but had several
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FIG. 1. Clinical courses of 4 ETV-refractory patients (A: Case A with VBT, B: Case B with VBT, C: Case C with partial virologi-
cal response, D: Case D with flare-up). Serum HBV DNA titers (solid squares) and ALT levels (open circles) are indicated. The low-
er detection limit of HBV DNA is indicated by the dotted line. The serum samples were collected at the time points indicated by
open arrows with numbers, and the sequences of infected HBV were analyzed. Abbreviation: ALT, alanine aminotransferase.
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TABLE 1. PROFILES OF ETV-REFRACTORY CASES

Patients Case A Case B Case C Case D

Sex male male male male
Age* (year) 40 43 59 53
ALT* (IU/mL) 312 211 291 309
HBV genotype C C C C
HBeAg positive positive positive positive
Core promoter (nt 1762/1764) mutant/mutant mutant/mutant wild/wild mutant/mutant
Precore(nt 1896) wild wild wild wild
HBV DNA*(log copy/mL) 7.6 8.6 9.1 8.7

*Values at the beginning of ETV treatment.
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differences compared with the genotype C consensus
sequence. Case D (53-year-old male; Fig. 1D): The
administration of ETV (0.5mg daily) was started in
June 2007. After 2 years of treatment with ETV,
serum HBV DNA became undetectable. After 3 years
from the start of ETV treatment, HBV DNA sudden-
ly flared up. This flare-up of HBV DNA was transient
and decreased to an undetectable level without addi-
tional treatment. Therefore, this case was defined as a
flare-up case. HBV was isolated at three time points:
the beginning of treatment (time point 1), the flare-up
point (time point 2), and the subsided point (time
point 3) (Fig. 1D). The deduced amino acid sequences
in the RT region were identical in clones D1 and D3
and an amino acid substitution of V191I was detected
in clone D2. All four patients were treatment naive
and confirmed their medication adherence.

VIROLOGICAL MARKERS
FOR HBV

HBsAg and HBeAg were measured by chemilumi-
nescent immunoassay using a commercial assay kit
(Abbott Japan Co., Ltd., Tokyo, Japan). The HBV
genotype was determined by enzyme immunoassay
(IMMUNIS HBV Genotype EIA; Institute of Immu-
nology Co., Ltd., Tokyo, Japan). HBV DNA titer was

determined by the COBAS TaqMan HBV test ver.
2.0 (Roche Diagnostics K.K., Tokyo, Japan) or the
Amplicor HBV Monitor assay (Roche Diagnostics
K.K.); the lower detection limits of these assays were
2.1 and 2.6 log copies/mL, respectively.

SEQUENCE ANALYSIS OF HBV

Total DNA was isolated from 200 mL of patient
serum collected at the indicated time points in Fig. 1
using the QIAamp Blood Mini Kit (Qiagen K.K.,
Tokyo, Japan). The entire genome of HBV was ampli-
fied by PCR using primers as described.(14) Amplified
fragments were sequenced directly with an automated
DNA sequencer (3500 Genetic Analyzer; Applied
Biosystems, Foster City, CA).

CONSTRUCTION OF
REPLICATION-COMPETENT
MOLECULAR CLONES

PCR-amplified fragments were inserted into the
pGEM-T Easy Vector system (Promega, Madison,
WI). At least five clones of each fragment were
sequenced, and the consensus sequence was determined.
Using the obtained clones as templates, two material
fragments (fragment 1, nucleotide [nt] 970-3215/1-178
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FIG. 2. Construction of replication-
competent 1.38-fold HBV genome length
molecular clone. The schema of the con-
structed replication-competent 1.38-fold
HBV genome is indicated. This construct
contains 4,432 bp of HBV genome and
covers all four open reading frames. The
upper panel shows the domain of RT and
the introduced amino acid mutations in
each clone. The lower panel indicates
amino acid mutations in the RT region
and the corresponding surface gene.
Abbreviations: OR, out of region of the
surface gene; AA, amino acid; preC/C,
precore/core region; X, X gene of HBV;
P, polymerase gene of HBV; preS/S,
preS/S region; S, surface gene of HBV.
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and fragment 2, nt 178-2186; the number of nucleotides
was referred from the genotype C prototype clone
[accession number AB246344, https://www.ncbi.nlm.
nih.gov/nuccore/AB246344]) with consensus sequences
for construction generated using the fusion PCR tech-
nique. The replication-competent HBV molecules with
1.38-fold genome length were constructed by ligation of
two material fragments (Fig. 2). The intended mutations
were introduced by site-directed PCR and fragment
swap. Established molecular clones were sequenced and
confirmed to be correctly constructed.

TRANSFECTION INTO
HepG2 CELLS

HepG2 cells were obtained from the European Col-
lection of Authenticated Cell Cultures (Salisbury, UK,
https://www.phe-culturecollections.org.uk/collections/
ecacc.aspx) and cultured at 378C in a 5% CO2 environ-
ment in complete growth medium. HepG2 cells at
80%-90% confluence in 100-mm dishes were trans-
fected with 2.5 mg of HBV molecular clones using Lip-
ofectamine 3000 Reagent (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s
instructions. Twenty-four hours after transfection, cells
were washed and the medium was changed to fresh
medium with or without reagents. The transfected
cells were harvested at 3 days after transfection. The
anti-HBV reagents of ETV and TDF were purchased
from LKT Laboratories, Inc. (St. Paul, MN) and Sell-
eck Chemicals (Houston, TX), respectively.

ISOLATION OF CORE-PARTICLE-
ASSOCIATED HBV DNA

Isolation of intracellular core-particle-associated
HBV DNA was accomplished as described by
G€unther et al. with some modifications.(15) Briefly,
cells were suspended in 500lL of lysis buffer
(100mM Tris-HCl pH8.0, 0.2% Nonidet P40), and
nuclei were pelleted by centrifugation. The supernatant
was transferred and treated with DNase (RQ1 RNase-
free DNase; Promega) and RNase (RNase A; Qiagen
K.K.). Then, proteinase K, 500mM ethylene diamine
tetraacetic acid, 5M NaCl, and 10% sodium dodecyl
sulfate were added and the samples were incubated at
558C for 1 hour. HBV DNA was then recovered by
phenol–chloroform (1:1) extraction and 2-propanol
precipitation.

SOUTHERN BLOT
HYBRIDIZATION OF HBV DNA

The isolated core-particle-associated HBV DNA
was separated on a 1.0% agarose gel and transferred to
a nylon membrane (positively charged; Roche Diag-
nostics, Penzberg, Germany). The transferred mem-
brane was immobilized by an ultraviolet crosslinker
and hybridized by an alkaline- phosphatase-labeled
probe of a full-length HBV DNA fragment (accession
number AB246344, https://www.ncbi.nlm.nih.gov/
nuccore/AB246344) generated with the Gene Images
AlkPhos Direct labeling system (DIG-High Prime
DNA Labeling and Detection Starter Kit II; Roche
Diagnostics). Chemiluminescent detection was per-
formed with CDP-Star (DIG-High Prime DNA
Labeling and Detection Starter Kit II) and analyzed
using an LAS4000 image analyzer (Fuji Photo Film,
Tokyo, Japan).

QUANTIFICATION OF HBV DNA
BY REAL-TIME PCR

The titer of core-particle-associated HBV DNA
was also evaluated by real-time PCR with the TaqMan
Fast Universal PCR Master Mix (Applied Biosystems,
Foster City, CA). The sequences of primers and probe
used have been described.(16) Amplification and detec-
tion were performed with StepOnePlus Real-Time
PCR Systems (Applied Biosystems).

CALCULATION OF 50%
EFFECTIVE CONCENTRATION
VALUE AND FIT MODEL

Dose-response curves were drawn using GraphPad
Prism 6 software (GraphPad Software, Inc., La Jolla,
CA). The effective concentrations required to inhibit
50% (EC50) values were calculated with data obtained
by real-time PCR. The following model was used to
draw the dose-response curve: Y5Bottom1 (Top –
Bottom)/(11 10�((X – logEC50))), where X is the
concentration of the reagent, Y is the response exp-
ressed as the percentage of core-particle-associated
HBV DNA related to the corresponding control,
logEC50 represents the log EC50 control, and Top
and Bottom represent the Y values at the top and bot-
tom plateau of the fitted curve, respectively.
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STATISTICAL ANALYSIS

Statistical analysis was performed using an unpaired
two-tailed Student t test with Welch’s correction. P
values< 0.05 were considered statistically significant.

Results

CONSTRUCTION OF HBV
MOLECULAR CLONES

Using the full genome sequence of HBV isolated
at the beginning of treatment in each case, we
constructed replication-competent 1.38-fold HBV
genome-length molecular clones. These molecular
clones contain the 4,432 bp of HBV genome covering
all four open reading frames (Fig. 2). In cases A, B,
and D, mutations that emerged during ETV treatment
were introduced into the prototype clone (clones A1,
B1, and D1) of each case and generated clones A2,
B2, and D2, respectively (upper panel of Fig. 2; Sup-
porting Fig. S1). Some of these mutations in RT were
accompanied by amino acid mutations of overlapping
surface genes, as indicated in the lower panel of Fig. 2.
In case C, all isolated clones have identical amino acids
in the RT region but have several differences in com-
parison with the genotype C consensus sequence. We
selected the amino acid substitution of I122L/N123H
detected between the RT domains of B and C. We
introduced these mutations into a patient-isolated
clone, clone C-pt, and generated clone C-wt. These
mutations do not affect amino acids in the surface
gene.

ANALYSIS FOR SUSCEPTIBILITIES
TO ETV

Using these generated HBV molecular clones, we
assessed the replication efficiencies and susceptibilities
to ETV in culture cells. Plasmids of HBV clones were
transfected into HepG2 cells, and ETV was adminis-
tered to the transfected cells at concentrations of 500,
50, 5, and 0.5 nM. After 3 days of treatment with
ETV, the cells were harvested and intracellular core-
particle-associated HBV DNA was extracted. The
amounts of core-particle-associated HBV DNA were
assessed by Southern blotting and real-time PCR. All
patient-derived HBV molecules were replicable in
HepG2 cells, and by administration of ETV, HBV
replication was reduced in a dose-dependent manner
(Fig. 3). These reductions of HBV replication were

similarly observed by both Southern blotting and real-
time PCR. To assess the susceptibility to ETV, the
EC50 values were determined by drawing the dose-
response curves with data obtained by real-time PCR
(Fig. 4; Table 2).
In assessments of HBV clones isolated from patients

A and B, HBV DNA titers without ETV treatment
were significantly lower (P< 0.05) in clones of A2 and
B2 in comparison with the prototype clones of A1 and
B1 (0.494-fold and 0.247-fold, respectively), sugges-
ting lower replication efficiencies of emerged clones
during ETV treatment (Table 2). The mutation-
introduced clones of A2 and B2 exhibited significantly
lower susceptibility to ETV in comparison with the
prototype clones (clones A1 and B1). The calculated
EC50 values of clones A2 and B2 were 99.3-fold and
63.9-fold higher than that of clones A1 and B1,
respectively. In assessments of HBV clones isolated
from patient C, HBV DNA titers of clone C-pt with-
out ETV treatment were similar to clone C-wt. How-
ever, in assessments of HBV clones isolated from
patient D, HBV DNA titers of clone D2 without
ETV treatment were significantly higher (1.94-fold)
than that of clone D1. The EC50 values of clone C-pt
and D2 were comparable to those of clones C-wt and
D1, respectively.

IDENTIFICATION
OF RESPONSIBLE MUTATIONS
OF ETV RESISTANCE

In our assessment with patient-derived HBV molec-
ular clones, the clones of A2 and B2 were revealed to
be resistant to ETV. Both clones have key LAM-
resistant mutations plus one or two additional muta-
tions (Fig. 2). To identify the mutation responsible for
ETV resistance, we performed a mapping study by
generating additional clones as follows: Clone A2 has
the mutation rtV173L with the key LAM-resistant
mutations rtL180M/M204V. We generated a clone
that has only the LAM-resistant mutations rtL180M/
M204V and named the clone A11MV. Clone B2 has
the mutations rtN238H/L269I accompanied by the
LAM-resistant mutations rtL180Q/M204V. Thus,
we generated three clones as follows: clone B11QV
(introduced only the LAM-resistant mutations
rtL180Q/M204V to clone A1), clone B11QVH
(introduced rtL180Q/M204V plus rtN238H to clone
A1), and clone B11QVI (introduced rtL180Q/
M204V plus rtL269I to clone A1).
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Using these additional clones, we compared the rep-
lication efficiencies and susceptibilities to ETV with
the prototype of each clone (Fig. 4; Supporting Fig.
S2). In comparison with clone A1, clone A11MV
exhibited resistance to ETV. The EC50 value of clone
A11MV was 115-fold higher than that of clone A1
and was comparable to clone A2 (Table 2). On the
other hand, the replication efficiency of clone
A11MV was substantially lower. The HBV DNA
titer of clone A11MV without ETV treatment was
0.0651-fold lower than that of clone A1. These data
indicate that the introduction of the additional muta-
tion of rtV173L rescued the replication efficiency to
0.494-fold of clone A1. In the case of clone B, the
clone with the LAM-resistant mutations rtL180Q/
M204V (clone B11QV) exhibited slightly reduced
susceptibility to ETV. The EC50 value of this clone
was 3.92-fold higher than that of clone B1. The addi-
tion of rtN238H to this clone (clone B11QVH) did
not enhance the ETV resistance. However, the addi-
tion of the mutation rtL269I (clone B11QVI) caused
severe deterioration of ETV susceptibility. The EC50

value of clone B11QVI was 84.6-fold higher than

that of clone B1 and was comparable to clone B2. The
replication levels of clones B11QV, B11QVH, and
B11QVI were almost identical; however, when these
mutations were combined (clone B2), the replication
efficiency was enhanced to 0.247-fold of clone B1. We
also analyzed the effect of mutation rtL269I alone.
The EC50 value of clone B11I was 0.472 nM (95%
confidence interval [CI], 0.318-0.699) and was 3.50-
fold higher than that of clone B1.

ANALYSIS FOR SUSCEPTIBILITIES
TO TDF OF ETV-RESISTANT
CLONES

To assess the susceptibility to TDF of these ETV-
resistant clones, the clones were transfected into
HepG2 cells and treated with TDF at concentrations
of 500, 50, 5, and 0.5 nM. The replication of these
HBV clones was similarly inhibited by TDF treatment
in a dose-dependent manner (Fig. 5). The EC50 values
of clones A1 and A2 were 10.5 nM (95% CI, 6.65-
16.6) and 10.7 nM (95% CI, 6.41-17.8), respectively.
The EC50 values of clones B1 and B2 were 11.4 nM
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FIG. 3. Replication of patient-
derived HBV molecular clones and
susceptibility to ETV (A: Case A
with VBT, B: Case B with VBT,
C: Case C with partial virological
response, D: Case D with flare-
up). HBV molecular clones were
transfected into HepG2 cells, and
ETV was administered to the
transfected cells at the indicated
concentrations. HBV replication
and its reduction by ETV adminis-
tration were assessed by measuring
the intracellular core-particle-
associated HBV DNA using
Southern blotting (upper panel)
and real-time PCR (lower panel).
The results are shown as the means
6 SD. Abbreviations: DSL, double-
stranded liner HBV DNA; RC,
relaxed circular HBV DNA; SS,
single-stranded HBV DNA.
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(95% CI, 5.45-23.9) and 10.5 nM (95% CI, 3.46-
32.1), respectively. These data indicate that the ETV-
resistant mutations identified in this study do not con-
fer resistance to TDF.

Discussion
HBV is a significant human pathogen that is spread

worldwide. Approximately 240 million people globally

have CHB infection.(4) Although advances have been
made in anti-HBV therapy with NAs, patients
infected with this virus still need many years of treat-
ment or lifelong treatment.(17) Even in treatment with
ETV, one of the most potent anti-HBV reagents with
a very low resistance rate, long-term administration of
this reagent is required, and it often leads to emergence
of resistance-associated variants in refractory cases.
Therefore, the analysis of resistance-associated variants

TABLE 2. REPLICATION EFFICIENCY AND EC50 VALUES FOR ETV OF HBV CLONES

Replication Efficiency ETV Resistance

Clones HBV DNA (copy/mL) Fold EC50 in nM (95% CI) Fold Resistance

Clone A1 8.06 3 107 6 5.06 3 106 1 0.0865 (0.0533-0.141) 1
Clone A2 3.98 3 107 6 2.32 3 106* 0.494 8.60 (5.68-13.0) 99.3
Clone A11MV 5.24 3 106 6 2.78 3 105* 0.0651 9.95 (7.39-13.4) 115
Clone B1 1.80 3 107 6 1.10 3 106 1 0.135 (0.0999-0.182) 1
Clone B2 4.44 3 106 6 3.89 3 105* 0.247 8.63 (3.26-22.8) 63.9
Clone B11QV 1.22 3 106 6 1.14 3 105* 0.0675 0.530 (0.244-1.15) 3.92
Clone B11QVH 8.37 3 105 6 3.17 3 104* 0.0465 0.670 (0.286-1.57) 4.96
Clone B11QVI 1.54 3 106 6 1.15 3 105* 0.0855 11.4 (4.30-30.4) 84.6
Clone C-pt 5.86 3 106 6 1.93 3 105 1 0.271 (0.153-0.480) 1
Clone C-wt 5.88 3 106 6 5.40 3 105 1.00 0.215 (0.132-0.350) 0.794
Clone D1 4.84 3 105 6 4.74 3 104 1 0.377 (0.257-0.552) 1
Clone D2 9.37 3 105 6 5.83 3 104* 1.94 0.454 (0.351-0.587) 1.21

*P< 0.05 in comparison with the prototype of each clone.
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FIG. 4. Dose-response curve analysis of
susceptibilities of patient-derived and
identified mutation-introduced HBV
clones (A: Case A with VBT, B: Case B
with VBT, C: Case C with partial viro-
logical response, D: Case D with flare-
up). The dose-response curves were drawn
with data obtained by real-time PCR
described in Fig. 3 and Supporting Fig.
S2. The amount of core-particle-
associated HBV DNA without ETV
treatment was defined as the untreated
control, and percentages of the amount of
core-particle-associated HBV DNA at the
indicated concentration of ETV were cal-
culated. The results are shown as the
means 6 SD.
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in such cases is indispensable. In this study, to assess
ETV-resistant mutations, we generated replication-
competent HBV molecular clones using sequences
from four ETV-refractory cases and assessed the resis-
tance to NAs, ETV, and TDF after transient transfec-
tion into HepG2 cells. We evaluated the replication
abilities and susceptibilities of these clones by Southern
blotting and found that they could be quantified by
real-time PCR for core-particle-associated HBV
DNA. We used the 1.38-fold-genome length molecu-
lar clone, which contains two copies of the X region
(Fig. 2) and therefore has some advantages in replica-
tion efficiencies in comparison with the minimum-
length molecular clones.(18) We considered it prefera-
ble to obtain sufficient replication efficiency of the
HBV molecular clones with patient-derived sequences.
Among the four ETV-refractory cases, we detected the
ETV-resistant variants in two VBT patients (cases A
and B). The HBV clones isolated from other cases
exhibited susceptibilities to ETV.
ETV-resistant variants were detected in VBT

cases, and the responsible mutations were identified
in both clones. In case A, emerged HBV at VBT
(clone A2) had three mutations compared with the
prototype clone A1 that was isolated at the beginning

of treatment. The identified mutations, rtV173L/
L180M/M204V, are known to be LAM resistant.(19)

Among these, rtL180M/M204V have been reported
previously to confer LAM resistance associated with a
decline in replication efficiency.(20) The rtV173L
mutation did not affect susceptibility to LAM but
instead enhanced viral replication.(19) Similarly, the
introduction of the rtL180M/M204V mutations in
clone A1 could confer ETV resistance. The EC50 val-
ue of the clone with these mutations was 99.3-fold
higher than that of the prototype clone and was not
affected by the introduction of the additional muta-
tion of rtV173L. On the other hand, the replication
efficiency was strongly reduced by mutations of
rtL180M/M204V but rescued by rtV173L. These
observations of compensation by rtV173L were analo-
gous with the case of LAM resistance,(19) and we
could clarify that these mutations are also associated
with ETV resistance. The ETV-resistant level of
clone A11MV seemed to be high, although the
essential role of LAM-resistant mutations to ETV is
well known. Moreover, rtL180M/M204V-associated
high-level resistance to ETV has been reported in
patient-derived strains but not laboratory strains.(21)

Such high-level ETV resistance attributable to these
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FIG. 5. Susceptibilities to TDF of ETV-
resistant clones identified in this study.
HBV molecular clones derived from
patients A and B were transfected into
HepG2 cells, and TDF was administered
to the transfected cells at the indicated
concentrations. (A, B) HBV replication
and its reduction by TDF administration
were assessed by measuring the intracellu-
lar core-particle-associated HBV DNA
using real-time PCR. (C, D) Dose-
response curves were drawn with the
obtained data. The amount of core-
particle-associated HBV DNA without
TDF treatment was defined as the
untreated control, and percentages of the
amount of core-particle-associated HBV
DNA at the indicated concentrations of
TDF were calculated. The results are
shown as the means 6 SD.
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mutations may be peculiar to the ETV refractory
patient-derived clone, and other amino acid residues
in the RT region or other regions may be associated
with this ETV resistance. These data suggest that the
switch to or add-on of ETV to LAM treatment-
failure patients described in reports was not
recommended.(22,23)

In case B, clone B2 with the four mutations
rtL180Q/M204V/N238H/L269I emerged during
ETV treatment. The mapping study of these muta-
tions revealed that the key LAM-resistant mutations
rtL180Q/M204V could confer ETV resistance, simi-
lar to the HBV isolated in case A, but the extent of
resistance was not high. The EC50 value was 3.92-
fold higher than that of the prototype clone. This
lower contribution of these mutations to ETV resis-
tance may be attributed to the difference of the muta-
tions at rt180; M or Q, or to the genetic backgrounds
of strains in other regions. By the addition of rtL269I
to clone B11QV, ETV resistance was enhanced and
EC50 was increased to a level similar to clone B2,
although the addition of the rtN238H mutation had
minimal effects on ETV resistance. The rtN238H
mutation was sometimes detected in NA-treated
patients and has been reported not to influence the
susceptibilities to LAM, ADV, or other NAs.(24-26)

The rtL269I mutation was also detected in NA
treatment-failure patients. This mutation has been
reported to enhance the replication efficiency and to
be associated with enhanced replication efficiency
when combined with the rtM204I mutation,
although rtL269I alone did not alter susceptibilities
to NAs.(25,27) In our experiment, rtL269I but not
rtN238H could enhance ETV resistance when com-
bined with rtL180Q/M204V, which is consistent
with previous data.(27,28)

In this study, we detected two ETV-resistant var-
iants, clones A2 and B2. Clone A2 comprised LAM-
resistant mutations, and clone B2 harbored novel
ETV-resistant mutations. Both clones were isolated at
VBT and exhibited 99.3-fold and 63.9-fold resistance,
respectively, compared with the prototype. In such
clinical situations, selection and administration of oth-
er appropriate NAs will be required. We assessed the
susceptibilities to TDF of these ETV-resistant variants
and found that the replication of these variants was
efficiently suppressed. EC50 values were similar to
those of prototype clones. In fact, the patient of case B
was treated with 300mg TDF daily after VBT and
achieved sufficient reduction of HBV DNA and
HBsAg levels (data not shown). Thus, the HBV

replication system will be useful to determine effective
reagents for treatment-failure cases.
On the other hand, we did not detect ETV-

resistant variants in cases of partial virological response
(case C) and flare-up (case D). We found that the
HBV strain in case C was constant. We selected the
amino acid substitutions in comparison with the geno-
type C consensus sequence and assessed the effects on
susceptibility to ETV by introducing these mutations.
However, no remarkable difference in replication effi-
ciency or susceptibility was detected. Thus, in this
case, other factors for resistance, such as host factors
associated with antiviral responses, were considerable.
Genome-wide association studies have indicated that
genetic variants in the human leucocyte antigen
(HLA)-DP and HLA-DQ are associated with the risk
of persistent infection with HBV.(29,30) The polymor-
phisms in HLA-DP were also reported to be associat-
ed with clearance of HBV by LAM treatment.(31)

Such genetic variations might be related to the partial
virological response to ETV administration observed
in case C, although these variations have not been
investigated.
We detected one amino acid mutation, V191I, in

the RT region of HBV isolated at the time point of
flare-up in case D. In our in vitro assessment with this
mutation-introduced clone, we could not detect any
effect on susceptibility to ETV. rtA181T mutation-
associated ADV resistance has been reported.(28,32-34)

This mutation is often associated with a stop codon at
the overlapping surface gene, and the sW172stop
mutation impairs HBsAg secretion by generating a
truncated protein and also causes the susceptibility to
ADV to deteriorate. The rtV191I mutation is also
associated with a stop codon of the surface gene
(sW182stop), but its influence on ETV resistance was
not confirmed. Instead, we found that this mutation
had an effect on replication efficiency. The introduc-
tion of this mutation into the prototype clone
enhanced replication 1.94-fold. This enhanced replica-
tion might be associated with HBV DNA-titer flare-
up in this case. This mutation is also detected in
ADV-resistant cases,(35,36) although in vitro analysis
revealed that this mutation is not associated with ADV
resistance.
In this study, to evaluate the resistance to NAs, we

used replication-competent HBV molecular clones.
The full genome sequence of infected HBV in each
patient was determined and exploited to make molecu-
lar clones. Using this strategy, we found that the con-
tribution of mutations to ETV resistance was clone
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dependent. The introduction of similar mutations at
positions 180 and 204 in the RT region into the A1
and B1 clones resulted in different resistance levels.
Therefore, the use of patient-derived HBV clones is
important to determine the correct resistance level of
infected HBV in patients.
In conclusion, using the HBV replication model

with patient-derived sequences, we identified ETV-
resistant mutations. The system used in this study is
useful for assessing replication efficiency, susceptibili-
ty to anti-HBV reagents, and responsible resistance
mutations. Such evaluation can provide worthwhile
information when choosing the appropriate treatment
strategy for treatment-failure cases of CHB.
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