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The mechanism by which entecavir resistance (ETVr) substitutions of hepatitis B virus (HBV) can induce
breakthrough (BT) during ETV therapy is largely unknown. We conducted a cross-sectional study of 49
lamivudine (LVD)-refractory patients and 59 naive patients with chronic hepatitis B. BT was observed in 26.8%
of the LVD-refractory group during weeks 60 to 144 of ETV therapy. A line probe assay revealed ETVr
substitutions only in the LVD-refractory group, i.e., in 4.9% of patients at baseline, increasing to 14.6%, 24.4%,
and 44.8% at weeks 48, 96, and 144, respectively. Multivariate logistic regression analysis adjusted for age,
gender, HBV DNA levels, and LVD resistance (LVDr) (L180M and M204V, but not M204I) indicated that T184
substitutions and S202G (not S202C) were a significant factor for BT (adjusted odds ratio [OR], 141.12, and
95% confidence interval [CI], 6.94 to 2,870.20; OR, 201.25, and 95% CI, 11.22 to 3608.65, respectively).
Modeling of HBV reverse transcriptase (RT) by docking simulation indicated that a combination of LVDr and
ETVr (T184L or S202G) was characterized by a change in the direction of the D205 residue and steric conflict
in the binding pocket of ETV triphosphate (ETV-TP), by significantly longer minimal distances (2.2 Aand 2.1
A), and by higher potential energy (—117 and —99.8 Kcal/mol) for ETV-TP compared with the wild type (1.3
A —178 Kcal/mol) and LVDr substitutions (1.5 A —141 Kcal/mol). Our data suggest that the low binding
affinity of ETV-TP for the HBV RT, involving conformational change of the binding pocket of HBV RT by
L180M, M204V plus T184L, and S202G, could induce BT.

Infection with hepatitis B virus (HBV) is extremely wide- type C is associated with more serious liver disease, including
spread and affects more than 350 million people worldwide. LC and HCC, and a poorer response to interferon therapy
Chronic HBV infection leads to the development of compli- than genotype B (5). The ultimate therapeutic goal when treat-
cations, such as liver cirrhosis (LC) and hepatocellular carci- ing chronic HBV infection is to prevent the development of LC

noma (HCC) (12). HBV has been classified into 8 geograph- and HCC by eliminating or producing sustained suppression of
ically, genetically, and clinically diverse genotypes, designated HBYV replication. However, lamivudine resistance (LVDr) was
alphabetically from A to H according to their order of discov- reported to occur in 24% of patients treated for 1 year and in
ery (14). Genotypes B and C are prevalent in Asia, and geno-  74% of those treated for 5 years (16, 26). The rate of adefovir
resistance (ADVr) in nucleoside-naive hepatitis B e antigen
(HBeAg)-negative patients has been reported to be 0% after 1
* Corresponding author. Mailing address: Department of Virology year, but after 5 years of treatment, the rate increases to 28%
and Liver Unit, Nagoya City University Graduate School of Medical to 42% (13). Entecavir (ETV) has been shown to be more
Sciences, Kawasumi, Mizuho, Nagoya 467-8601, Japan. Phone: 81-52- potent in vitro than either LVD or ADV. Results from clinical
853-8191. Fax: 81-52-842-0021. E-mail: ytanaka@med.nagoya-cu.acp. - g die showed that the efficacy of ETV was superior to that of
+ Supplemental material for this article may be found at http://aac . . A .
.asm.org/. the direct comparator, LVD, in both nucleoside-naive and
¥ Published ahead of print on 23 November 2009. LVD-refractory patients (6, 11, 15, 18).
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TABLE 1. Patient characteristics of naive and
LVD-refractory patients

Value
Characteristic Naive LVD refractory
(n = 59)¢ (n = 41y
Male/female no. 41/18 34/7
Mean age (yr) 46.5 = 8.4 48.6 = 8.3
HBeAg positive (%) 33(55.9) 23 (56.1)
Mean ALT (U/liter) 1189 = 108.6  119.8 £99.0
Mean HBV DNA (log,, copies/ml) 6.7+18 6.8+ 1.0
Genotypes (no. A/B/C/D/E) 3/11/43/1/1 5/7/28/1/0

¢ Values are means *+ standard deviations.

The persistence of LVDr substitutions in patients switched
to ETV is worrisome, because LVDr was shown to enhance the
risk of developing ETVr and treatment failure, defined as viral
breakthrough (BT) (an increase in serum HBV DNA of at
least 1 log,, copy/ml compared with the nadir value as ob-
served during ETV therapy) (20). A recent in vitro study
showed that LVDr (L180M and M204V) substitutions confer
an ~8-fold reduction in susceptibility to ETV and that addi-
tional substitutions at residues T184, S202, and M250 are
needed to confer high levels of ETVr and BT (2, 3).

These analyses, however, used a limited number of patient
isolates and/or laboratory HBV clones, and there has been a
paucity of community-based data derived from long-term trials
regarding the clinical outcomes of ETVr variants in naive or
LVD-refractory patients. Therefore, the aim of this study was
to evaluate the incidence of ETVr and BT by comparing out-
comes following 3-year ETV treatment in treatment-naive pa-
tients and LVD-refractory patients. ETVr was assessed by us-
ing a recently reported line probe assay (HBV DR v.3) (7).
Importantly, as the mechanism by which ETVr substitutions
can induce BT during ETV therapy is largely unknown,
changes in the conformation of HBV reverse transcriptase
(RT) arising from LVDr and ETVr substitutions were mod-
eled by using 3-dimensional (3D) docking simulation.

MATERIALS AND METHODS

Study design. We conducted a cross-sectional study of 100 patients (Tables 1
and 2), 45 of whom were from Japan, 25 from the United States, and 30 from
Hong Kong. The patients were subdivided into two groups; treatment-naive (n =
59) and LVD-refractory (n = 41) patients, whose gender, age, HBeAg status, and
mean HBV DNA levels are summarized in Table 1. The patients received 0.5 mg
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or 1.0 mg ETV. The 1.0-mg ETV once-daily (QD) dosage has been approved for
use in LVD-refractory patients, and only patients treated with 1.0 mg per day
were included in resistance assessments. The study protocol conformed to the
1975 Declaration of Helsinki and was approved by the Ethics Committees of the
institutions, and written informed consent was obtained from each participant.

Screening for drug-resistant substitutions. Simultaneous detection of wild-
type HBV and drug-induced substitutions was performed using HBV DR v.3 and
v.2 (Innogenetics, Ghent, Belgium) according to the manufacture’s protocol.
HBV DR v.3 and v.2 were developed for detection of ET Vr-specific substitutions
(T184SCGA/ILFM, S202G/C/1, and M250V/I/L), TDFr-specific substitutions
(A194T), and newly reported ADVr (1233V) substitutions, as well as LVDr
(L80V/I, V/G173L, L180M, and M204V/I) and ADVr (A181T/V and N236T)
substitutions. The HBV DR assay consistently detected ETVr-specific substitu-
tions present in =5% of the virus population when the HBV DNA concentration
was =4 log,, copies/ml (7). The AUTOLIPA (Innogenetics, Ghent, Belgium)
was used for the automated test procedure. An 867-bp-long fragment of the
polymerase gene (domains A to F) was amplified using biotinylated PCR primers
(HBV DR v.3 and v.2). PCR products were directly sequenced.

Statistical analyses. The statistical significance of observed differences was
assessed using the chi-square test and the Mann-Whitney U test, where appro-
priate. In the 67 patients (38 naive and 29 LVD refractory) with 3 years of ETV
treatment (Fig. 1), the logistic regression model was used to assess the factors
associated with BT. STATA 10 (Statacorp LP, TX) and the Statistical Program
for Social Sciences (SPSS 12.0 for Windows; SPSS Inc., Chicago, IL) were used
for all analyses.

HBYV polymerase sequencing. HBV DNA was extracted from serum samples
using a Qiagen QIAamp DNA blood minikit (Qiagen GmbH, Germany), and an
867-bp-long fragment of the polymerase gene (domains A to F) was amplified
using biotinylated PCR primers (INNO-LiPA). PCR products were directly
sequenced. Nucleotide mixtures were reliably detected when they were mixed at
a ratio of approximately 25% or greater.

Three-dimensional-structure-based docking simulation methods. The amino
acid sequence of HBV RT was retrieved from GenBank (gene Pol product of
accession no. X75665), and the 323rd to 697th residues, which correspond to the
finger, palm, and thumb domains, were extracted. The sequence and that of HIV
RT, retrieved from the Protein Data Bank (accession no. 1IRTD), were aligned
using BLASTP (1), and then the resulting alignment was modified manually to
obtain a match of the RT-specific motifs in both sequences. The main-chain
structure of HBV RT was built from the alignment and the 3D structure of HIV
RT (accession no. 1RTD) (8) by the use of the “nest” module (17) in the
JACKAL package (19), where global energy minimization was done to find the
most stable backbone structure. The loop and secondary-structure regions were
then refined (24), after which the side chain structure was refined by the use of
the “scap” module in the package (23). The 3D structures of HBV RT containing
three sets of substitutions, L180M plus M204V, L180M plus S202G plus M204V,
and L180M plus T184L plus M204V, were also designed in the same manner.

The binding site of ETV was searched on the wild-type HBV RT molecule by
docking simulation. First, the structure of ETV triphosphate (ETV-TP) was
designed by a small-molecule-editing function in the SYBYL 8.0 package (Tripos
Inc., St. Louis, MO). Then, the possible binding sites of the ligand were searched
from the surface of the protein by the use of the “Surflex-Dock” (9) module in
the package. Here, the docking candidate area was restricted to the surfaces of
the residues that were within 3 A from L180, T184, S202, Y203, M204, D205, or
D206. The binding potential was estimated from the GOLD score calculated by

TABLE 2. Three-year assessment (HBeAg loss, ALT normalization, and HBV-DNA 2.6) of naive and LVD-refractory patients

Value for follow-up week:

Parameter Naive (n = 59)* LVD refractory (n = 41)°
48 96 144 48 96 144
Follow-up [n (%)] 59 (100) 39 (66.1) 38 (64.4)° 41 (100) 40 (97.6)° 26 (63.4)¢
HBeAg loss [ (%)] 5(15.2) 7(24.1) 9(32.1) 4(17.4) 7 (31.8) 4(22.2)
ALT normalization [n (%)] 24 (40.7) 25 (64.1) 27 (71.1) 16 (39.0) 20 (50.0) 13 (50.0)
HBYV DNA loss [n (%)] 24 (40.7) 28 (71.8) 28 (73.7) 15 (36.6) 19 (47.5) 12 (46.2)

“ Values are means * standard deviations.

 One naive patient (J44) stopped ETV therapy at week 80 (ALT, 119 U/liter, and HBV DNA, 7.6 log,, copies/ml at baseline; ALT, 17, and HBV DNA, <2.6 at
week 80) due to severe headache during therapy. Twenty patients in Hong Kong stopped ETV therapy between weeks 48 and 72.

¢ One LVD-refractory patient (J37) switched from ETV therapy to LVD plus adefovir due to BTH with ETVr before week 96.

4 Two patients (J33 and J40) switched from ETV therapy to LVD plus adefovir due to BTH with ETVr before week 144. Twelve patients in the United States were

treated with ETV for <120 weeks.
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FIG. 1. Flowchart of 100 naive/LVD-refractory patients during ETV therapy.

the “CScore” module (4) in the package. The score was evaluated based on
hydrogen bond energy, the internal energy of molecules, and complex energy
between ligand and protein. The minimal distance between their molecular
surfaces was also calculated.

RESULTS

Clinical efficacy. The clinical backgrounds and the percent-
ages of LVD-naive and LVD-refractory patients who achieved
HBeAg loss, alanine aminotransferase (ALT) normalization,
and non-PCR-detectable HBV DNA levels (<2.6 log;, copies/
ml) during the ETV treatment course are summarized in Table
2. There were no significant differences in clinical data at entry
between the 2 groups. The rates of HBeAg loss, ALT normal-
ization, and HBV DNA loss were significantly higher in naive
patients than in LVD-refractory patients.

Detection of substitutions responsible for ETV resistance in
naive and LVD-refractory patients during treatment for 144
weeks. The characteristics of patients who had ETVr substitu-
tions detected by HBV DR v.3 are summarized in Table 3. The
percentage of the typical LVDr (L180M, M204V, and M204I)
or ETVr observed in naive patients was 0% (0/38) during the
144-week treatment period.

Among the patients examined at entry prior to treatment
with ETV, in 41 LVD-refractory patients, M204V (30/41;
72.4%), M2041 (24/41; 58.5%), L180M (38/41; 92.7%), L8OV
(6/41; 14.6%), L8OI (18/41; 43.9%), and V173L (4/41; 9.76%)
substitutions were detected. In the 41 LVD-refractory patients,
the cumulative ETVr substitutions were detected in 2/41
(4.9%) at baseline and increased to 6/41 (14.6%), 10/41

(24.4%), and 13/29 (44.8%) at weeks 48, 96, and 144, respec-
tively (Fig. 2). In the 29 patients treated with ETV for 3 years,
T184SCGA, T184ILMF, S202G, and S202C were found in 5
(17.2%), 4 (13.8%), 9 (31.0%), and 1 (3.4%), respectively.
Neither S202I nor M250V/I/L substitutions were detected in
this population.

A comparative summary of the ETVr substitutions, detected
by HBV DR v.3 and direct sequencing, during week —8 (8
weeks before the start of treatment) and week 144 is presented
in Table 4. HBV DR v.3 revealed ETVr substitutions earlier
(up to 48 weeks) than did direct sequencing. In addition, HBV
DR v.3 allowed the detection of mixed quasispecies containing
different substitutions.

Viral BT during the 144 weeks on treatment. The rates of
BT among 59 naive and 41 LVD-refractory patients treated
with ETV for 144 weeks are summarized in Fig. 1. There were
no cases of BT in the LVD-naive group during the 144-week
treatment period, whereas in the LVD-refractory group
treated with 1.0 mg ETV, 11 of 13 patients with genotypic
ETVr had evidence of BT after 60 to 144 weeks of treatment,
followed by 7 breakthrough hepatitis (BTH) (defined as a flare
up of ALT) patients (median interval, 11.4 weeks after BT).
The LVDr substitutions (L180M and M204V/I) were detected
in all of the BT patients in specimens obtained at baseline
(Table 3). Among the 11 patients with BT, 8 (72.7%) had an
additional S202G substitution and 7 (63.6%) had a TI84SCGA
or T184ILMF substitution, indicating that the T184 and/or
S202 substitution emerged before BT during ETV treatment
(Table 3 and Fig. 2). Seven patients with BTH had LVDr
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TABLE 3. Characteristics of ETVr detected by HBV DR v3 among 13 patients at week 0, 24, 48, 72, 96, and 144

. HBV DNA
ALT (IU/liter) . Wk No. of wks
Case Age Sex HBV (copies/ml) ETVrto LVDr at baseline ETVr. at ETYI emerged
() genotype BT baseline during therapy
Baseline Nadir Peak Baseline Nadir Peak ETVr BT BTH
J20 34 M C 82 22 131 7.6 4.5 7.4 <92¢ 92 100 <22 M180, V204 ND/ ILMF184, G202
J27 61 M C 79 38 150 7.4 39 7 <128 128 144 <32 M180, V204 ND SCGA184
30 43 M C 95 21 108 76 46 68 48 76 92 28 180, M180, V/I204 ND G202
J33 43 M C 69 21 199 7.6 5.1 71 96 116 128 18 180, L173, M180, ND (ILFM184),© G202
VI204
379 48 M C 465 43 76 7.6 4.7 6 48 60 60 12 180, M180, V204, ND G202
1204
J39 59 M C 35 22 82 7 4.6 8 72 108 128 36 M180, V204 ND SCGA/ILFM184,
G202
Ja0 28 M C 149 15 398 53 3.6 6.6 -8 64 72 72 M180, V204 (G+C) G202
202
22 4 M C 240 17 24 76 35 56 <140° 144 NO <44 MIS80, 1204 ND G202
J28 45 M B 43 15 23 6.9 55 6.5 0 144 NO 144 M180, V204 SCGA184, SCGA184, V233
V233
U72 47 F C 29 25 44 75 38 5 <144 144 NO <48 L+ V80, M180, ND SCGA184,
V204 (S+G)202
H55 47 F C 102 19 20 6.1 3 42 48 88 NO 40 V + 180, M180, ND ILFM184
V204
J19 57 M B 233 29 43 7.4 2.8 33 24 NO NO NO V + 180, M180, ND G202
1204
U2 52 M A 135 3 50 >76 53 58 <8 NO NO NO  MI80, V204 ND SCGA184
“ Not tested during weeks 72 and 92.
 Not tested during weeks 96 and 128.
¢ ILFM184 was detected at week 144.
4 Switch to ADV/LVD at week 60.
¢ Not tested during weeks 96 and 140.
/ND, not detected.
05 (100% for both M180 and V204) at baseline and ETVr sub-
‘ stitutions (S202G, 85.7%; T184SCGA/ILFM, 57.1%) during
i o 3-year ETV treatment. Representative cases with BTH during
g ETV therapy are shown in the supplemental material.
§ 03 Pretreatment status (LVD refractory or naive) was analyzed
- in relation to the occurrence of ETVr, BT, and BTH during the
£ 5% 144-week course of ETV therapy. The log rank analysis of
s pretreatment variables showed that prior refractoriness to
§ oA LVD was associated with more rapid occurrence of ETVr (Fig.
E 2), BT, and BTH (P = 0.001, P < 0.001, and P = 0.0039,
© 345 respectively). Additionally, among the 67 patients receiving
’ 3-year ETV treatment, BT occurred in 10 of 52 (19.2%) pa-
tients with HBV genotype C and 1 of 8 (12.5%) with genotype
0 8 - y % 144 B, whereas no BT was observed in patients with genotypes A,
Ime){weeks) D, and E. No significant association between BT and HBV
LVD-refractory patients genotyp'es was found.. . . . .
Baseline characteristics and factors associated with viral
Weeks 0 48 9% 144 .
No. 1 41 1 29¢ breakthrough. dl.ll'lng 3-year ETV therapy. When non-BT and
ETVr 2 (4.9%) 6 (14.6%) 10 (24.4%) 13 (44.8%) BT groups within the 67 patients treated with ETV for 144
Egﬁﬁ/\ (1) 1 i 3 weeks were compared, no significant baseline differences were
$202G 1 4 7 9 observed in mean age, gender, serum ALT levels, HBV DNA,
gggglc (1) (1) ; (1, or HBeAg status (Table 1), while 2-log,,-unit reductions in
M250VIL 0 0 0 0 HBYV DNA levels or undetectable (<2.6) HBV DNA levels at

*Twelve patients in the US have ETV treatment for <120 weeks.

FIG. 2. Kaplan-Meier plot and tabulated data for time to ETVr
and cumulative ETVr patterns over 144 weeks. Pretreatment variables
(solid line, LVD refractory; broken line, naive) were analyzed in rela-
tion to the occurrence of ETVr. A previous LVD treatment was asso-
ciated with a more rapid occurrence of ETVr (Breslow analysis; P <
0.001). Among the patients examined at entry prior to treatment with
ETV, for the 41 LVD-refractory patients, the cumulative ETVr sub-
stitutions were detected in 2/41 (4.9%) at baseline and increased to
6/41 (14.6%), 10/41 (24.4%), and 13/29 (44.8%) at weeks 48, 96, and
144, respectively. Neither the S202I nor the M250V/I/L substitution
was detected in this population.

the end of year 1 were significantly higher in the non-BT group
(Table 5). Interestingly, the proportion of patients refractory
to LVD with both the L180M and M204V substitutions at
baseline (P < 0.001) and the incidence of S202G or
T184SCGA/ILMF substitutions during the 3-year ETV treat-
ment (P < 0.001) were significantly higher in the BT group.
None of the BT cases reached undetectable HBV DNA
levels at the end of the first year of ETV treatment (BT, 0%,
versus non-BT, 58.9%), but all were refractory to LVD (BT,
100%, versus non-BT, 32.1%) and had the L180M substitution
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TABLE 4. Detection of ETVr mutations by HBV DR v3 and direct sequencing at weeks 0, 24, 48, 72, 96, and 144
INNO-LiPA detection Direct-sequencing detection

Case

Wk ETVr Wk ETVr
J20 96 ILFM184 + G202 96 L184 (L184 and G202 detected at wk 144)
J27 144 SCGA184 + T184 144 S184 + T184
J30 48 G202 96 G202 (ND? at wk 48)
J39 72 SCGA/ILFM184 + G202 96 1184, G202 (ND at wk 72)
J40 -8 G202 0 G202 (ND at wk —8)
J33 96 G202 144 G202 (ND at wk 96)
J19 24 G202 + C202 48 G202 (ND at wk 24)
J22 144 S202 + G202 144 S202
J28 0 SCGA184, V233 0 Al184, V233
J37° 48 S202 + G202 48 S202
U42 80 SCGA184 + T184 80 T184 + A184
u72 144 T184 + SCGA184, S202 + G202 144 T184 + A184, S202
HS55 48 T184 + ILFM184 48 T184

“ Switched from ETV to LVD plus ADV therapy at week 60.
> ND, ETVr was not detected.

at baseline (BT, 100%, versus non-BT, 28.6%) (Table 5). For
other factors, additional analysis showed that ETVr substitu-
tions (i.e., S202G, T184SCGA/ILFM, and M204V) were
strongly associated with BT during the 3-year ETV treatment
(OR, 146.67 [95% CI, 13.55 to 1,587.24], 96.25 [95% CI, 9.38
to 987.41], and 10.91 [95% CI, 4.72 to 354.28]) (Table 5).

After adjustment for age, gender, baseline HBV DNA, and
reduction in HBV DNA, we found that ETVr substitutions
(i.e., TI84SCGA/ILFM and S202G) significantly increased the
risk of BT among patients with LVDr (OR, 141.12 [95% CI,
6.94 to 2,870.20] and 201.25 [95% CI, 11.22 to 3,608.65], re-
spectively).

Mechanism of ETVr assessed by 3D docking simulation.
Modeling of the DNA binding cleft of HBV RT by docking
simulation indicated that ETVr substitutions (T184L and

S$202G), which are located in the palm, were found to change
the direction of the D205 residue (YMDD domain) and to
narrow the binding pocket in comparison with the wild type
and LVDr substitutions (M204V and L180M) (Fig. 3). The
results of docking simulation showed that ETVr substitutions
(T184L and S202G) plus LVDr substitutions (M204V and
L180M) have significantly longer minimal distances between
the molecular surfaces of the protein and the drug (2.2 A and
2.1 A) and higher potential energy (—118 and —99.8 Kcal/mol
[smaller absolute values have a minus sign|) for ETV-TP than
for the wild type (1.3 A; —178 Kcal/mol) and LVDr substitu-
tions (1.5 A; —141 Kcal/mol) (Table 6). Since binding at higher
potential energy creates a less stable structure, the deoxyribo-
nucleotide triphosphate (ANTP)-binding domains of the ETVr
substitutions plus the LVDr substitutions in HBV RT have

TABLE 5. ORs and 95% CIs of BT according to baseline characteristics among 67 patients treated with ETV for 3 years

Characteristic (f‘f'f;a " ET”),, dié’; rfsrrwe Contrast OR 95% CI

Age (mean) 454 = 8.1 454 +9.4 0.932 1-yr increase 1 0.92-1.08
Male (%) 71.4 81.8 0.481 Male vs. female 1.8 0.35-9.26
ALT (mean) 115.9 = 105.6 126.2 = 127.3 0.832 1-U increase 1 0.99-1.00
HBeAg (%) 66.1 81.8 0.307 Positive vs. negative 2.31 0.45-11.78
HBV-DNA
Level (mean) 6.8 * 1.6 71 +08 0.959 1-U increase 1.16 0.72-1.89
2-log-unit reduction at 1 yr (%) 98.2 63.6 <0.001 With vs. without 0.03 0.00-0.33
DNA <2.6 at 1 yr (%) 58.9 0.0 <0.001 With vs. without NA?
LVD refractory (%) 32.1 100.0 <0.001 With vs. without NA
Amino acid substitutions at baseline

V80 (%) 3.6 18.2 0.063 With vs. without 6 0.74-48.17

180 (%) 17.9 36.4 0.171 With vs. without 2.63 0.64-10.72

L173 (%) 3.6 18.2 0.063 With vs. without 6 0.75-48.18

M180 (%) 28.6 100.0 <0.001 With vs. without NA

V204 (%) 19.6 90.9 <0.001 With vs. without 10.91 4.72-354.28

1204 (%) 232 36.4 0.363 With vs. without 1.89 0.48-7.49
Amino acid substitutions during

ETV therapy (3 yr)
SCGA/ILFM184 (%) 1.8 72.7 <0.001 With vs. without 96.25 9.38-987.41
G202 (%) 1.8 63.6 <0.001 With vs. without 146.67 13.55-1,587.24

“ Values are means = standard deviations.
> NA, not applicable.
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FIG. 3. 3D structures of the dNTP-binding domains of HBV RT of the wild type (A), an LVDr substitution (B), and ETVr substitutions (C
and D). The molecular surfaces of the wild type and the LVDr mutant are drawn in green, those of LVDr plus ETVr mutants are drawn in blue,

and that of ETV-TP is drawn in orange.

lower binding affinity for ETV-TP than the wild type. Molec-
ular docking simulation in the present study showed that the
L180M, M204V, S202G, and T184L substitutions can lessen
the affinity of ETV-TP for HBV RT by heightening the poten-
tial energy between them, suggesting that S202G and T184L
substitutions, in addition to M204V in the YMDD motif and
L180M in domain C, could affect the initial polymerase binding
of dNTP analog inhibitors.

DISCUSSION

Based on the combination of clinical observations and 3D
docking simulation, this is the first report to suggest the mech-
anism by which ETVr substitutions (T184SCGA/ILFM and
S202G, but not S202C), in addition to LVDr (L180M and
M204V, but not M204I), can induce BT during ETV therapy.

TABLE 6. Minimal distances and binding potentials between ETV
and the HBV RT domain in the wild type, one LVDr mutant,
and 2 ETVr mutants

Binding potential

. distance Reference
Strain 2 (GOLD score -
() [Kcal/mol]) (Fig. 3)
Wild type 1.3 —178.4 A
L180M, 204V 1.5 —141.3 B
L180M, T184L, 204V 2.2 —-117.9 C
L180M, S202G, 204V 2.1 —99.8 D

First, an assessment of virological and biochemical events dur-
ing a 3-year ETV treatment course showed that ETVr substi-
tutions were absent among treatment-naive patients but were
detected in 44.8% of patients who were refractory to LVD
during the preceding treatment period. Evidence of BT during
ETV therapy was observed in 26.8% of LVD-refractory pa-
tients between weeks 60 and 144 of treatment. All 11 of the BT
cases had both L180M and M204V/I substitutions at baseline
(LVD refractory), as well as additional substitutions, such as
T184 and/or S202G (not S202I/C), during the 3-year ETV
treatment period.

Statistically significant risk factors for BT were the presence
of LVDr (L180M and M204V) at baseline, detection of ETVr
(S202G and T184SCGA/ILFM substitutions) during ETV
treatment, and undetectable HBV DNA (<2.6) or more than
a 2-log,,-unit reduction in HBV DNA levels during the first
year of ETV treatment. Detection of T184SCGA/ILFM and
S202G was significantly associated with BT independent of
age, gender, and LVDr (M204V and/or L180M) at baseline or
nondetection or reduction in HBV DNA at the first year of
treatment, indicating that these substitutions could be used as
predictive markers for BT.

The mechanism by which combinations of ETVr (S202G and
T184 SCGA/ILFM) and LVDr (L180M and M204V) can in-
duce BT during ETV therapy is largely unknown. Note that
T184L and S202G residues are located within domain B and
domain C of the RT/polymerase, respectively, as well as
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L180M and M204V. The modeling of HBV RT indicated that
the combination changed the direction of the D205 residue
(YMDD domain) and narrowed the dNTP-binding pocket in
comparison with the wild type and LVDr substitutions
(M204V and L180M) (Fig. 3). The results of docking simula-
tion of HBV RT and ETV-TP showed that the ETVr (184L
and S202G) plus LVDr (L180M and M204V) substitutions had
significantly longer minimal distances for ETV-TP and steric
conflict with the D205 residue (Fig. 3 and Table 6). These
docking simulation results suggest that nucleotide analogs that
have the exocyclic alkene moiety of ETV-TP replaced by a
smaller atom may retain activity against ETV-resistant mu-
tants. Differences in the mode of binding of nucleotide inhib-
itors to the dNTP-binding pocket of HBV polymerase, as pre-
dicted from the current modeling studies, may account for the
complementary drug resistance profiles seen for different nu-
cleotide analogs. Interestingly, a previous in vitro study showed
that ETVr substitutions (S202I and T184G), in addition to
LVDr (L180M and M204V), were associated with a >1,100-
fold decrease in susceptibility to ET (20). Collectively, these
data indicate that nucleoside-naive patients treated with ETV
were less likely to become resistant to ETV.

In an in vitro assay, the rtA181T/V clinical-isolate genome
from patients refractory to LVD/ADYV induced a decrease in
susceptibility to LVD, ADV, and, to a lesser extent, TDF, but
sensitivity to ETV remained (22). LVDr selected by LVD
exposure may lead to ETV failure. Therefore, for patients
refractory to LVD/ADV, a combination of emtricitabine/TDF
(10) might be an effective option. Furthermore, since sequen-
tial antiviral therapy leads to the selection of multidrug-resis-
tant HBV and fitness or maximal viral resistance (25), combi-
nation therapy using a nucleoside together with a nucleotide
analog, such as emtricitabine/TDF (10), ADV/LVD, ADV/
ETV, ADV/telbivudine, or TDF, would be a more appropriate
treatment strategy for patients with the LVDr substitution.

Based on HBV DR v3, T184SCGA/ILMF and S202G sub-
stitutions were present at baseline in 4.8% of patients and were
detected in 14.6%, 24.4%, and 44.8% during 48, 96, and 144
weeks, respectively, of ETV therapy (Fig. 2). The prevalence of
ETVr in our cohort seems to be higher than that reported in
previous studies, based on assessment of ETV treatment at
weeks 48, 96, 144, 192, and 240 using direct sequencing, where
ETVr emerged in 6%, 15%, 36%, 47%, and 51% of LVD-
refractory patients, respectively (21). The differences might be
attributable to the tools used to detect HBV DNA substitu-
tions associated with drug resistance, which differed between
the studies. HBV DR v.3 and v.2 performed better than direct
sequencing, and monitoring of the nucleoside mutations by
HBYV DR v.3 and v.2 in patients before and during ETV ther-
apy was good for selecting effective therapeutic strategies and
new combination therapies.

In conclusion, the combination of clinical observations and
3D docking simulation in the present study indicated that the
low binding affinity of ETV-TP for the dNTP-binding domains
of HBV RT by the ETVr plus LVDr substitutions could induce
BT and provides the mechanistic foundations for a mechanism
of inhibition of ETV against HBV. This modeling would be
useful for designing new antiviral drugs.
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