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ABSTRACT Mutations in hepatitis B virus (HBV) reverse transcriptase (RT) are associ-
ated with nucleos(t)ide analogue (NA) resistance during long-term antiviral treat-
ment. However, the characterization of mutations in HBV RT in untreated patients
has not yet been well illustrated. The objective of this study was to investigate the
characterization and clinical significance of natural variability in HBV RT in treatment-
naive patients. HBV RT sequences were analyzed in 427 patients by Sanger sequenc-
ing and in 66 patients by next-generation sequencing. Primary or secondary NA re-
sistance (NA") mutations were not found, except A181T in RT (rtA181T) by Sanger
sequencing, but they were detected by next-generation sequencing. Mutations were
found in 56 RT amino acid (aa) sites by Sanger sequencing, 36 of which had muta-
tions that could lead to changes in B or T cell epitopes in the RT or S protein. The
distribution of mutations was diverse in different sections within the RT region. Mul-
tiple mutations showed significant association with HBV DNA, HBsAg, HBeAg, age,
and severity of liver fibrosis. Mutations at rt251, rt266, rt274, rt280, rt283, rt284,
and rt286 were found most in the advanced liver disease (ALD) group by next-
generation sequencing. The present study demonstrates that next-generation se-
quencing (NGS) was more suitable than Sanger sequencing to monitor NA" muta-
tions at a low rate in the treatment-naive patients, and that mutations in the RT
region might be involved in the progression to ALD.

KEYWORDS characterization, HBV, next-generation sequencing, reverse transcriptase,
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epatitis B virus (HBV) is the most common cause of acute and chronic liver disease

in China. Patients infected by HBV during infancy or early childhood are likely to
develop into chronic hepatitis B (CHB) and have an increased risk of progression to liver
cirrhosis (LC) and hepatocellular carcinoma (HCC) (1). HBV is an enveloped partially
double-stranded DNA virus with an approximately 3.2-kb genome encoding four open
reading frames (ORFs), pre-S/S, pre-C/C, HBX, and polymerase. The polymerase gene
consists of four domains, as follows: the terminal protein, spacer, RNase H, and reverse
transcriptase (RT). The HBV genome is replicated through RT using pregenomic RNA
(pgRNA) as the template. However, RT lacks proofreading capacity in the process of
viral replication, resulting in various genomic variants. Under the selective pressure of
antiviral agents and the host immune defense, the fittest variants tend to survive (2).
Nucleos(t)ide analogue (NA) resistance is closely associated with mutations in the RT
region. For instance, M204V/l in RT (rtM204V/l) is a classical lamivudine (LMV) resistance
mutation, which also greatly reduces susceptibility to telbivudine (LdT); rtA181T/V is
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not only reported as an adefovir dipivoxil (ADV) resistance mutation, but rtA181T/V also
confers a decreased susceptibility to LMV, LdT, tenofovir disoproxil fumarate (TDF), and
tenofovir alafenamide (TAF); rtM204V/I and rtL180M together with rtI169T, rtV173L,
rtM250V, rtT184G, or S2021/G can lead to resistance to entecavir (ETV) (3). However,
since the S gene completely overlaps the RT region, the mutations in the RT region can
occur in the absence of antiviral drug selection pressure, which was attributed to
mutations in the envelope (S) gene region under immune selective pressure. For
instance, 1195M in the S protein (sIT95M) and sW196S can produce rtM204| and
rtL180M/rtM204I in RT, which could confer resistance to LMV (3, 4). Indeed, whether the
YMDD motif mutations exist in the treatment-naive patients remains controversial, and
divergent opinions exist in some studies regarding whether drug resistance mutations
can exist as the natural variation (5-13). Since NA resistance (NA") mutations in the RT
region were mostly reported in the posttreatment patients, in this study, we investi-
gated the occurrence frequency of NA" mutations in the absence of the selective
pressure of antiviral drugs in Chinese CHB patients by Sanger sequencing and next-
generation sequencing (NGS).

Several researchers have analyzed spontaneous mutations by Sanger sequencing,
and the results revealed that mutations in pre-S/S, pre-C/C, and X were involved in the
progression of liver disease (14-16). Compared with single-site mutation, multiple-site
mutations in those genes were complicated and often closely linked to the develop-
ment of HCC (16, 17). Furthermore, it has been reported that patients with spontaneous
YMDD mutations had a higher risk of developing HBV-related HCC, suggesting that
spontaneous mutations in the RT region were also related to the progression of liver
disease (14). Given that the results were obtained by Sanger sequencing with a limited
sensitivity, next-generation sequencing could be considered to investigate further the
association between the spontaneous mutations and the progression of liver disease.
In addition, the combination of spontaneous mutations in the RT and their clinical
significance, especially the association between mutations in RT and the progression of
the liver disease, have been relatively less discussed before.

In this study, we analyzed the mutations in the RT region by Sanger sequencing and
next-generation sequencing, aiming to characterize the natural amino acid substitu-
tions in the RT region and further analyze their potential clinical significance especially
associated with the progression of liver disease.

MATERIALS AND METHODS

Patients and blood samples. A total of 493 treatment-naive HBV-infected patients were enrolled at
the First Affiliated Hospital of Fujian Medical University (Fujian, China) from January 2011 to December
2016. Venous blood samples were obtained, and the serum was separated by centrifugation. All serum
specimens were stored at —80°C until used. Both Sanger sequencing and next-generation sequencing
(NGS) were performed on 63 specimens simultaneously, Sanger sequencing was performed on 427
specimens, and next-generation sequencing was performed on 3 specimens. All patients were diagnosed
as having chronic HBV infection according to the criteria suggested by the guideline of prevention and
treatment for chronic hepatitis B in 2015 in China (31). Patients coinfected with the hepatitis A/C/D virus
or human immunodeficiency virus, or other concomitant liver disease such as primary biliary cirrhosis,
autoimmune liver disease, drug abuse, or alcohol abuse were excluded. Written consent was obtained
from each patient, and the study was approved by the ethics committee of the First Affiliated Hospital
of Fujian Medical University.

Laboratory tests. Liver function tests and serum HBV markers were conventionally performed in the
clinical laboratory of the First Affiliated Hospital of Fujian Medical University. Serum hepatitis B s antigen
(HBsAQg), anti-HBs, hepatitis B e antigen (HBeAg), anti-HBe, and anti-HBc were determined on the wholly
automatic immune fluorescence analyzer Abbott Type i4000 (Abbott Laboratories, USA) using the
original attached commercial kits. Serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were assayed using an automated biochemical technique (Siemens Healthcare Diagnostics,
USA). Serum HBV DNA was quantified using the TagMan PCR assay (Sansure Biotech, China) on an ABI
7500 real-time PCR system (Life Technologies, USA) with a lowest detection limit of 20 [U/ml.

Sanger sequencing. HBV DNA was extracted from 500-ul serum samples of patients according to
the protocol of the TIANamp genomic DNA kit (Tiangen Biotech, Beijing, China). The HBV RT gene was
amplified by PCR using forward primer 5'-CTCATGTTGCTGTACAAAACC-3’ (nt 559 to ~nt 579) and
reverse primer 5-CAATTCKTTGACATACTTTCCA-3’ (nt 1000 to ~nt 979). The PCR conditions were as
follows: 94°C for 5 min; 35 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min; and then 72°C for
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TABLE 1 Characteristics of 427 patients tested by Sanger sequencing and 66 patients tested by next-generation sequencing

Data for each group by sequence method?

Sanger sequencing (n = 427) Next-generation sequencing (n = 66)
Characteristic HC (n = 57) CHB (n = 265) ALD (n = 105) HC (n = 15) CHB (n = 41) ALD (n = 10)
Age (mean = SD) (yr) 3532 = 1280 3238 £ 11.76 4510 = 12.67 40.40 = 15.38 44.02 = 13.95 5460 + 14.81
No. of males/females 26/31 185/80 88/17 6/9 31/10 9/1
No. HBeAg positive/negative 39/18 188/77 55/50 6/9 13/28 0/10
Serum HBV DNA concn (mean + SD) 6.50 = 1.83 6.47 + 1.38 5.55 + 1.45 537 = 2.19 541 + 1.39 5.05 + 1.22

(log;o 1U/mI)

ALT concn (mean = SD) (U/liter) 28.95 * 8.89 32332 = 407.52 183.08 £ 246.93 24.40 = 8.00 21633 * 258.66 63.9 * 28.45
No. with genotype B/C 33/24 172/93 41/64 9/6 11/30 4/6

aHC, hepatitis B virus carriers, including immunotolerant carriers and inactive carriers; CHB, chronic hepatitis B; ALD, advanced liver disease, including LC and HCC.

10 min. The PCR products were purified using a QlAquick gel extraction kit (Qiagen, Germany) and
directly sequenced (Beijing Genomics Institute, Shenzhen, China).

Next-generation sequencing. The HBV RT gene was amplified by nested PCR using first-round
primer pairs (forward, 5'-TAGGACCCCTGCTCGTGTTA-3’; reverse primer, 5'-GCTAGGAGTTCCGCAGTATG
G-3') and second-round primer pairs (forward, 5'-GGGCTTTCCCCCACTGTY-3’; reverse, 5'-GRGCAACGGG
GTAAAGGK-3’). Raw data were obtained from the lllumina MiSeq sequencing platform with 2 X 300-bp
dual-end mode sequencing, and the average depth was more than 1,500X. Reads with an average
quality of >Q20 were able to be used for subsequent analysis. After removing the adapter sequences in
the reads, small fragments with a length of less than 25 bp were discarded, with the aim to avoid the
contamination of PCR primers. Subsequently, clean data were obtained using the BWA software for the
final mutation analysis. The real mutation frequency threshold was 0.889%, according to Yang et al. (18).
In brief, any mutation detected from the HBV wild-type (WT) plasmid template by NGS was due to errors.
Therefore, after aligning the sequencing read of the HBV WT plasmid template by NGS with that by
Sanger sequencing, the mean overall error rate was 0.741% (standard deviation, 0.074%) per base. The
frequency threshold was set to two standard deviations higher than the mean error rate, i.e., 0.889%, to
differentiate a real mutation from a sequencing error.

Sequence alignment and HBV genotyping. Mutations were analyzed by aligning HBV RT se-
quences with the consensus sequence generated based on the HBV RT sequences in this study and the
reference sequences in previous studies according to published literature (6, 19). In brief, all of the
sequences in this study were aligned with the previous published HBV wild sequences (20) to obtain
the consensus sequence as the reference sequence, and then each of the sequences was aligned with
the reference sequence described above to analyze the mutation. Shannon entropy was applied as a
measure of variation in RT and calculated by the online tool Entropy (https://www.hiv.lanl.gov/content/
sequence/ENTROPY/entropy.html) (21).

HBV genotyping was performed by the phylogenetic analysis using 17 genotype B DNA sequences
(accession numbers AY217364, AY217358, AY206387, AY206383, AY206380, AY206375, AY206373,
FJ518812, FJ518811, FJ386688, FJ386684, FJ386683, FJ386682, FJ386681, FJ386680, FJ386676, and
FJ386675) and 17 genotype C DNA sequences (accession numbers EU916228, AY217372, EU439025,
EU439012, EU916232, EU916229, EU916227, EU916226, EU916225, EU916224, EU916223, EU916222,
EU916221, EU916220, EU916219, EU916218, and EU916217) in GenBank. An online tool (https://www
.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi) was also applied to verify the accuracy of HBV
genotyping.

Liver inflammation grading and fibrosis staging. Liver biopsies were performed by clinicians.
Then, pathological tissues from the biopsy specimens were analyzed by experienced pathologists. The
severity of liver disease was evaluated according to grade of inflammation (G) and stage of fibrosis (S).
The results were obtained from the electronic medical records (EMR) system.

Statistical analysis. Statistical difference was evaluated by t test, Mann-Whitney U test, Kruskal-
Wallis test, chi-square test (Fisher's exact test was used when needed), one-way analysis of variance, or
multiple comparisons with IBM SPSS Statistics software (version 22.0.0; IBM, Armonk, NY, USA) where
appropriate. All P values were two-tailed. A P value of <0.05 was considered to be statistically significant.

RESULTS

Characterization of mutations in HBV reverse transcriptase gene by Sanger
sequencing. The HBV RT region from rt145 to rt289, covering parts of the A-B
interdomain, domain B, B-C interdomain, domain C, C-D interdomain, domain D, D-E
interdomain, domain E, and parts of the E-RNA H interdomain, was sequenced by
Sanger sequencing in 427 treatment-naive CHB patients, including 57 HBV carriers (HC),
265 chronic hepatitis B (CHB) patients, and 105 patients with advanced liver disease
(ALD). Among these 427 patients, the 57 HBV carriers consisted of 39 immunotolerant
carriers and 18 inactive carriers, and the 105 ALD patients consisted of 83 LC patients
and 22 HCC patients. The characteristics of these patients are shown in Table 1.
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TABLE 2 Genotype-dependent amino acid polymorphic sites found in this study

No. of polymorphic
sites in genotype:

RT Mutation® B © P value
rt151 Y 62 1
F 0 39 <0.0001
rt191 \Y 245 167
| 1 13 <0.0001
rt221 Y 244 12
F 1 174
b 1 0 <0.0001
Ho 2 0
rt222 A 177 4
T 2 182 <0.0001
rt223 A 246 32
S 2 153 <0.0001
To 0 1
rt224 \Y 241 27
I 2 156
Lo 2 0 <0.0001
TO 0 2
rt226 N 225 177
H 19 0 <0.0001
T 2 3
rt238 H 242 14
N 2 168
Q 2 1 <0.0001
Ab 0 1
st 0 2
rt256 S 194 100
C 7 14 0.003
Gb 8 0
rt267 Q 95 9
L 4 60 <0.0001
He 3 0
rt269 | 99 36
L ] 33 <0.0001
rt271 M 78 1
Q 4 65
L 15 0
Kb 1 0
Eb 0 1 <<0.0001
Ho 0 1
Ve 1 0
1 1 0

aY, tyrosine; F, phenylalanine; C, cysteine; H, histidine; A, alanine; T, threonine; S, serine; V, valine; I,

isoleucine; L, leucine; N, asparagine; Q, glutamine; G, glycine; M, methionine; K, lysine; E, glutamic acid.
bDescribed as naturally occurring polymorphic mutations in this study.

As previously reported (6), 12 genotype-dependent amino acid sites were confirmed
in this study (Table 2). The results revealed that the presence of tyrosine or phenylal-
anine at rt151, tyrosine or phenylalanine at rt221, alanine or threonine at rt222, alanine
or serine at rt223, valine or isoleucine at rt224, histidine or asparagine at rt238,
glutamine or leucine at rt267, and methionine or glutamine at rt271 was significantly
correlated (P < 0.0001) with genotype B or C, respectively. Isoleucine at rt191 and
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histidine at rt226 were significantly more associated with genotype B than genotype C
(P < 0.0001), respectively, and cysteine at rt256 was significantly more associated with
genotype C than genotype B (P = 0.003), though valine, asparagine, or serine was
predominant at rt191, rt226, or rt256 for both genotypes, respectively. Isoleucine was
predominant at rt269 for genotype B (P < 0.0001), while isoleucine (36/69) and leucine
(33/69) were comparable at rt269 for genotype C. In addition, although methionine was
predominant at rt271 for genotype B, leucine at rt271 was significantly more associated
with genotype B than with genotype C (P < 0.001). According to previous investiga-
tions (6, 19), the consensus amino acid residue at each of above-described sites was
genotype dependent and regarded as the reference. The other residues at these sites
present at a low frequency were regarded as spontaneous mutations in this study.

On the basis of the consensus amino acid residue mentioned above, mutations in
this study were classified into 4 categories: primary resistance mutations, secondary
resistance mutations, putative resistance mutations, and pretreatment mutations, ac-
cording to previous studies (6, 22). Primary and secondary resistance mutations are well
known as classical antiviral resistance mutations which have been confirmed by phe-
notypic experiments in vitro and vivo, while putative resistance mutations and pre-
treatment mutations remained to be proven by experiments. Moreover, putative
resistance mutations were related to long-term NA therapy, and pretreatment muta-
tions were mainly found in treatment-naive patients. The results in this study showed
that mutations in the RT were found in 36.53% (156/427) of the isolates, and mutations
at 56 amino acid residue sites were involved, including 4 in the A-B interdomain, 8 in
domain B, 1 in the B-C interdomain, 3 in domain C, 15 in the C-D interdomain, 5 in
domain D, 3 in the D-E interdomain, 11 in domain E, and 6 in the E-RNA H interdomain
(Table 3). Of these 56 amino acid residue sites, mutations in 22 sites within the
overlapping region of RT and S led to amino acid mutations in the S region at the same
time. Notably, mutations in 36 amino acid residue sites (36/56 [64.29%)]) could change
B or T cell epitopes (23, 24) in the RT or S protein, and these 36 sites included 4 in the
A-B interdomain (4/4 [100%]), 7 in domain B (7/8 [87.5%)]), 1 in the B-C interdomain (1/1
[100%]), 3 in domain C (3/3 [100%]), 12 in the C-D interdomain (12/15 [80%]), 3 in
domain D (3/5 [60%]), 0 in the D-E interdomain (0/3 [0%]), O in domain E (0/11 [0%]),
and 6 in the E-RNA H interdomain (6/6 [100%)]). In addition, except for only 1 patient
with a mutation at rt181 (A181T) in the ALD group, there was not any primary
resistance mutation (i.e., 1169T, T184A/C/F/G/I/L/M/S, A194T, S202C/G/I, M204I/V/S,
N236T, or M250I/L/V) and secondary resistance mutation (i.e.,, V173L or L180M) found
in treatment-naive patients, while 9 putative resistance mutations and 51 pretreatment
mutations were detected in these patients.

Mutation distribution and frequency in different RT sections. To testify the
difference of the mutation distribution among 3 groups (HC group, CHB group, and
ALD group), the mutation frequency for each section of the RT region was calculated,
referring to the previous study (6). For instance, the mutation frequency of domain D
in the CHB group was calculated with the following formula: 11 mutations detected/(5
studied sites X 265 isolates) X 100% = 11/1,325 X 100% = 0.83%. The detailed results
for each section of the RT region in different groups are shown in Fig. 1. In total, the
mutations analyzed in this study occurred mainly in domain C, the C-D interdomain,
and domain E. In the HC group, the mutation frequency of domain C (2.92%) was
highest (P < 0.05). In the CHB group, significantly higher mutation frequencies were
found in domain E (1.38%) and the C-D interdomain (1.20%) than in other sections
(P < 0.01). In the ALD group, domain C showed the higher mutation frequency (1.90%),
though this difference was not statistically significant. Notably, among these 3 groups,
the mutation frequency of domain C was highest in the HC group, while it was lowest
in the CHB group (P < 0.05).

Correlation between HBV RT mutations and clinical features. To investigate the
clinical influence of HBV mutations in treatment-naive patients, the clinical character-
istics of patients were compared between 271 patients without mutations and 156
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FIG 1 Heat map for mutation frequencies of different sections of the HBV RT region. HC, HBV carriers;
CHB, chronic hepatitis B; ALD, advanced liver disease. The mutation frequency for each domain is
calculated by the number of mutations in each domain/total number of sites in that domain; values in
blue font in each cell represent 100X mutation frequency of that section in the HC, CHB, or ALD group;
*, P<0.05; **, P<0.01; ***, P <0.001.

patients comprising 115 patients with a single mutation and 41 patients with
multiple mutations. The results showed that patients with mutations, especially
with multiple mutations, were significantly older and had significantly lower
HBeAg-positive ratio, HBV DNA loads, and levels of HBsAg quantification than those
without mutations (Table 4).

Additionally, to investigate the relationship between the severity of liver disease and
RT mutations, the results of liver biopsies from 102 patients including 72 patients
without RT mutations, 22 patients with a single RT mutation, and 8 patients with
multiple RT mutations were analyzed. The severity of liver disease was evaluated
according to the grade of inflammation (G) and the stage of fibrosis (S) (Fig. 2). The
results showed that there was no significantly difference in the grade of inflammation
among nonmutation group, single-mutation group, and multimutation group. Al-
though no significant difference was found between the nonmutation group and
single-mutation group, a significant difference in the stage of fibrosis was found
between the nonmutation group and multimutation group (P = 0.030), indicating that
patients with multiple mutations in the RT region had a greater risk of developing more
serious liver fibrosis.

Comparison of mutant characterization in HBV reverse transcriptase gene by
next-generation sequencing and Sanger sequencing. Due to the limited sensitivity
of Sanger sequencing, next-generation sequencing was performed on 66 treatment-

TABLE 4 Comparison of patients with and without HBV RT mutations

Journal of Clinical Microbiology

Mutation

Single mutation  Multimutation Total
Characteristic Nonmutation (n = 271) (n=115) (n = 41) (n = 156) Pa
Age (mean = SD) (yr) 34.71 £ 12.99 37.20 £ 13.86 40.12 = 12.55¢ 37.97 £ 1355 0.014
No. of males/females 187/84 81/34 31/10 112/44 0.544
No. HBeAg positive/negative 191/80 74/41 15/265¢ 89/67 0.005
Serum HBV DNA concn (mean * SD) (log;q IU/ml)  6.36 = 1.45 6.20 = 1.60 5.57 = 1.70b 6.05 = 1.64 0.057
HBsAg concn (mean = SD) (log,o IU/ml) 3.63 = 0.83 2.73 = 1.484 2.05 *+ 1.70b< 2.55 = 1.56 0.000
Anti-HBcAg(mean = SD) (S/CO) 1246 * 3.77 11.80 = 2.66 11.87 £ 2.76 11.82 = 2.67 0.100
ALT concn (mean = SD) (U/liter) 25246 + 373.41 24892 *+ 340.58 226.21 £ 332.09 243.01 £ 33743 0.800
AST concn (mean = SD) (U/liter) 152.89 = 312.97 14496 = 205.48 102.83 £ 144.75 134.07 £ 192.08 0.505
No. of genotype B/C 159/112 61/54 26/15 87/69 0.559

9Nonmutation versus mutation.

bp < 0.0005, single mutation versus nonmutation.
€P < 0.05, multimutation versus nonmutation.
dp < 0.05, multimutation versus single mutation.
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FIG 2 (A) Pattern of distribution according to grade of liver inflammation based on the number of HBV
RT mutations. G1, portal area inflammation; G2, mild piecemeal necrosis (PN); G3, moderate PN; G4,
severe PN. (B) Pattern of distribution according to stage of liver fibrosis based on the number of HBV RT
mutations. SO, no fibrosis; S1, fibrosis was limited to the area around the liver sinuses and in the hepatic
lobule; S2, fibrous septum was formed, but hepatic lobule structures remained; S3, fibrous septum was
formed and hepatic lobules were disorganized; S4, liver cirrhosis.

naive patients with chronic HBV infection from rt201 to rt335 (Table 1), and Sanger
sequencing was also performed on 63 of these 66 patients for comparison (Fig. 3).

The results tested by NGS were consistent with those by the conventional Sanger
sequencing (Fig. 3 and 4). It showed that mutations mainly clustered in rt212 to ~rt228
located in the C-D interdomain, rt247 to ~rt270 located in domain E, and rt295 to
~rt335 located in the E-RNA H interdomain (Fig. 3A and 4A1 to C1). Moreover, the
mutations seemingly tended to occur in patients with negative HBeAg, genotype B
HBV, or CHB (Fig. 3B to D and 4A1 to C1).

Considering that the low sensitivity of Sanger sequencing limited the detection of
NA" mutations with a low rate (<20%), 4 classical drug resistance mutations (5202C/G/I,
M2041/V/S, N236T, and M250I/L/V) and 12 putative NA" mutations (V2071, S213T, V214A,
Q215P/S, L217R, E218D, L229G/V/W/F, 1233V, P237H, N/H238D/S/T, Y245H, and
S/C256G) tested by NGS and Sanger sequencing were compared (Table 5). The classical
drug resistance mutations were not found by Sanger sequencing, while S202C/G/I
(0.92% to ~3.45%), M204I/V/S (0.90% to ~8.32%), N236T (1.16% to ~3.63%), and
M250I/L/V (0.90% to ~1.83%) were found at a low rate by NGS. Also, rtS213T, rtV214A,
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FIG 3 Characteristics of mutations tested by Sanger sequencing in RT region represented by Shannon entropy. (A) Characteristics of mutations in 63 patients
who were tested by NGS at the same time. (B to D) Distribution of mutations in patients with different HBeAg statuses, HBV genotype infections, and liver

disease stages.

rtL229G/V/W/F, N/H238D/T, and S/C256G were detected in 13 patients by both Sanger
sequencing and NGS, including 3 patients with rtS213T (98.44%, 46.88%, and 80.97% by
NGS), 2 with rtV214A (49.18% and 99.24%), 1 with rtL229V (50.84%), 1 with rtN238T
(98.85%), 5 with S/C256G (97.28%, 97.93%, 92.26%, 97.79%, and 98.31%), and 1 with
rtL229V plus rtS/C256G (82.36% for rtL229V and 74.81% for rtS/C256G). Notably, 3
putative NA" mutations (rtL229V, H238Q, and S/C256G) with rates between 20% and
25% tested by NGS in patients 3, 20, and 497, respectively, were not detected by Sanger
sequecing, implying the limitation of Sanger sequencing further.

In addition, the frequencies of mutations dectected by NGS were analyzed in
patients grouped by HBeAg status, HBV genotype, and liver disease progression. RT
sites with significant differences in mutation frequency are shown in Fig. 4A2 to C2. The
frequencies of mutations at 15 sites (rt219, rt224, rt237, rt238, rt239, rt241, rt242, rt251,
rt255, rt256, rt266, rt270, rt271, rt274, and rt295) were significantly different between
HBeAg-positive and HBeAg-negative patients. Significantly higher mutation frequen-
cies were found at rt224 and rt274 in HBeAg-positive patients, while significantly higher
mutation frequencies were found at the other 13 sites in HBeAg-negative patients (Fig.
4A2). Moreover, significantly different mutation frequencies at 23 sites (rt202, rt221,
rt224, rt227, rt230, rt233, rt235, rt237, rt238, rt239, rt240, rt242, rt243, rt246, rt256, rt267,
rt270, rt278, rt279, rt280, rt294, rt332, and rt333) were found between patients infected
with genotype B HBV and those infected with genotype C HBV. In patients infected with
genotype B HBV, the highest mutation frequencies were at rt202, rt221, rt230, rt233,
rt237, rt239, rt240, rt242, rt256, rt270, rt279, rt294, rt332, and rt333, while the highest
mutation frequencies were shown at rt224, rt227, rt235, rt238, rt243, rt246, rt267, rt278,
and rt280 in those infected with genotype C HBV (Fig. 4B2). Among the HC, CHB, and
ALD group, 19 sites with a significant difference in mutation frequency were found,
including rt202, rt204, rt205, rt210, rt220, rt233, rt236, rt238, rt239, rt242, rt251, rt266,
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FIG 4 Mutation frequency of each patient and median of mutation frequency at particular RT sites by next-generation sequencing. HC, HBV carriers; CHB,
chronic hepatitis B; ALD, advanced liver disease. (A1 to C1) Heat map of mutation frequency in patients grouped by HBeAg status, genotype, or disease
progression (n = 19 for HBeAg-positive patients and n = 47 for HBeAg-negative patients; n = 43 for patients infected by genotype B HBV and n = 23 for
patients infected by genotype C HBV; n =15 for chronic HC, n = 41 for patients with CHB, and n = 10 for patients with ALD). (A2) Significantly different
distributions at particular RT sites between HBeAg-positive patients and HBeAg-negative patients (for A2 to C2, the x axis represents RT sites at which mutation
frequency was significantly different and the y axis represents the median of mutation frequency). (B2) Significantly different distributions at particular RT sites
between patients infected by genotype B or genotype C HBV. (C2) Significantly different distributions at particular RT sites among HC, CHB, and ALD group
(a, P < 0.05, HC group versus CHB group; b, P < 0.05, HC group versus ALD group; ¢, P < 0.05, CHB group versus ALD group).

rt274, rt278, rt280, rt283, rt284, rt286, and rt292. Of those sites mentioned above,
mutations at rt202, rt204, rt205, rt210, rt220, rt236, rt238, rt239, rt242, rt278, and rt 292
were most frequent in CHB patients, while mutations at rt233 were most frequent in
those in the HC group. Notably, the highest mutation frequencies were found in ALD
patients at rt251, rt266, rt274, rt280, rt283, rt284, and rt286 in domain E and the E-RNA
H interdomain (Fig. 4C2).

DISCUSSION

With the widespread use of NAs, there has been increasing numbers of nucleot(s)ide
resistance (NAT) mutations reported in the HBV RT region. However, the existence of
drug resistance mutations in treatment-naive patients remains controversial. In this
study, except rtA181T, the classical primary drug resistance mutations (i.e., 1169T,
A181T/V, T184A/C/F/G/I/L/M/S, A194T, S202C/G/I, M204I/V/S, N236T, and M250I/L/V)
were not detected by Sanger sequencing in treatment-naive patients (Table 3), which
was consistent with previous reports (6, 25, 26). Considering that Sanger sequencing is
a population-based sequencing approach used to detect mutations with an intrahost
rate of more than 20% (6, 27), the minor mutations with an intrahost rate of less than
20% were likely to be ignored by Sanger sequencing. In this study, using next-
generation sequencing, mutations were found at rt202 (rtS202R/I/N/C/G), rt204
(rtM204L/R/1), rt236 (rtN236T/K/H), and rt250 (rtM250I/L) (Table 5). Although it was
reported that naturally occurring NA" mutations were not dominant in the treatment-
naive patients, the effect of minor quasispecies with primary NA" mutations on the
subsequent antiviral treatment was worth being further investigated.

In the range of amino acid sequences from rt145 to rt289 tested by Sanger
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TABLE 5 Mutations associated with antiviral therapy analyzed by Sanger sequencing and next-generation sequencing

Classical drug resistance

mutations Putative NA" mutations
Patient Sequencing S$202C/ M204l/ M2501/ L229G/ N/H238D/
no. method G/l V/S N236T L/V V2071 S213T V214A Q215P/S L217R E218D V/W/F 1233V P237H S/T Y245H S/C256G
2 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.00 0.00 1.88 1.83 0.00 1247 0.00 118 000 098 0.96 145 157 2.98 9.50 0.00
3 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.41 0.00 1.94 0.00 0.00 0.00 0.00 1.20 0.00  0.00 2137 140 140 2.61 1.65 0.00
7 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.21 1.18 133 0.00 0.00 0.00 0.00 1.57 0.00 1.20 0.00 1.38 1.54 3.02 1.69 0.00
10 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.18 0.90 1.54 0.00 0.00 0.00 0.00 1.08 0.00 1.14 0.00 1.10 1.14 217 1.71 0.00
17 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 0.00 134 0.00 0.00 0.00 0.00 113 0.00 0.92 0.00 0.00 1.01 1.48 1.31 0.00
18 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.60 1.40 1.56 0.00 0.00 0.00 0.00 1.70 0.00 1.01 0.00 156 1.18 2.60 1.93 1.48
19 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.05 0.00 1.62 0.00 0.00 0.00 0.00 115 0.00  0.00 0.00 099 136 3.00 1.82 3.93
20 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.54 0.95 1.87 0.00 0.00 000 0.00 1.03 0.00 1.1 0.00 126 130 243 1.71 23.49
21 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.73 1.1 1.73 0.00 126 3.71 0.00 117 0.00 0.95 0.00 1.62 1.68 221 1.85 0.00
28 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 0.00 137 0.00 0.00 0.00 0.00 1.43 0.00 0.00 0.00 1.21 1.39 1.46 1.95 0.00
29 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.28 0.00 1.55 0.95 0.00 0.00 0.00 157 0.00 1.05 0.00 155 1.16 2.98 1.49 0.00
30 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.06 0.92 1.63 0.00 0.00 0.00 0.00 134 0.00  0.00 0.00 152 1.00 1.89 2.23 0.00
33 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 0.00 152 0.00 0.00 0.00 0.00 0.00 000 095 0.00 115 1.21 1.28 1.96 0.00
35 Sanger - - - - - - - - - - + - - - - -
NGS (%) 1.18 0.00 153 0.00 0.00 0.00 0.00 118 0.00  0.00 50.84 093 1.18 2.17 1.30 0.00
36 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 0.00 1.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.72  0.00 1.64 1.00 0.00
39 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 0.00 1.34 0.00 0.00 0.00 0.00 0.94 0.00 0.00 0.00 122 092 1.57 1.34 0.00
61 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.44 2.01 1.70 0.98 0.00 0.00 0.00 1.05 0.00 1.16 0.00 126 137 2.16 1.68 0.00
67 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.22 1.19 1.41 0.00 0.00 0.00 0.00 134 0.00 1.15 0.00 129 0.00 1.44 134 0.00
76 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 0.00 1.62 0.00 0.00 0.00 0.00 115 0.00  0.00 0.00 1.00 1.00 1.41 1.68 0.00
87 Sanger - - - - - - + - - - - - - - - -
NGS (%) 1.37 0.00 1.76 0.00 1.02  0.00 4918 117 0.00 342 0.00 129 135 2.66 1.4 0.98
88 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.92 0.90 1.46 0.00 0.00 0.00 243 333 0.00 1.00 1.02 1.72 1.21 245 2.09 0.00
89 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.15 0.00 1.77 0.00 0.00 0.00 0.00 1.39 0.00 0.00 0.00 1.58 1.15 240 1.73 0.00
112 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.19 1.68 1.39 1.06 0.00 0.00 0.00 1.28 0.00 133 0.00 124 1.02 1.66 1.99 0.00
13 Sanger - - - - - - - - - - + - - - - +
NGS (%) 1.22 1.07 1.89 0.00 0.00 0.00 0.00 2.70 0.00 3.88 8236 199 158 2.24 1.89 74.81
114 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 1.36 1.16 1.07 29.87 000 575 0.00 0.00  0.00 0.00 1.02  1.09 1.50 153 0.00
115 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.97 1.04 1.86 0.00 0.00  0.00 1296 132 0.00 1.23 0.00 138 135 1.51 154 0.00
116 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.00 1.38 1.56 1.1 0.00 0.00 0.00 1.1 0.00 1.1 0.00 1.68 1.47 1.68 2.10 0.00
204 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.26 0.00 2.1 0.00 0.00 1.79 0.00 1.25 1.02 1.51 1.04 1.85 2.70 4.50 2.05 0.00
233 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.21 0.99 2.64 0.90 0.00 0.00 0.00 1.55 0.00 1.53 135 169 192 1.48 1.85 0.00
308 Sanger - - - - - - - - - - - - - - - -
NGS (%) 233 1.01 248 0.00 0.00 0.00 0.00 1.83 1.02 1.46 1.01 2,09 248 3.95 2.07 0.00
309 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.46 1.15 1.95 0.00 0.00 0.00 1.46 2.21 1.07 133 2.26 186 217 5.63 1.25 0.00
310 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.21 0.00 2.39 0.94 0.00 000 9.3 2.95 1.40 1.24 0.00 150 231 3.18 175 0.00
316 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.12 0.96 2.74 0.92 0.00 1.82 19.72 1.90 0.92 1.85 5.56 4.19 2.62 3.60 1.85 3.58
326 Sanger - - - - - - - - - - - + - - - +
NGS (%) 2.69 1.38 3.50 1.23 0.00 1.14 0.00 1.88 1.50 1.90 1.05 43.28 3.88 4.22 2.82 97.28

(Continued on next page)
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TABLE 5 (Continued)

Classical drug resistance

mutations Putative NA" mutations
Patient Sequencing S$202C/ M204l/ M2501/ L229G/ N/H238D/
no. method G/l V/S N236T L/V V2071 S213T V214A Q215P/S L217R E218D V/W/F 1233V P237H S/T Y245H S/C256G
411 Sanger - - - - - - - - - - - - - - - +
NGS (%) 2.26 1.39 2.85 0.00 1.03 0.00 0.00 2.03 0.00 1.98 1.30 191 251 3.51 2.46 97.93
412 Sanger - - - - - - - - - - - - - - - -
NGS (%) 248 1.23 222 0.00 1.00 112  0.00 1.80 1.16 1.67 0.94 177 292 4.19 2.20 0.00
413 Sanger - - - - - - + - - - - - - - - -
NGS (%) 3.36 248 2.76 1.49 0.00 0.00 99.24 157 0.00 1.91 1.60 1.49 1.91 2.08 3.06 0.00
425 Sanger - - - - - - - - - - - - - - - -
NGS (%) 345 0.93 2.57 0.00 1.15 0.00 0.00 1.59 0.98 1.57 1.05 1.57 253 4.88 222 0.98
426 Sanger - - - - - - - - - - - - - - - -
NGS (%) 138 0.00 2.50 0.00 0.00 0.00 0.00 1.23 1.13 137 0.93 1.60  2.07 3.61 1.74 0.00
433 Sanger - - - - - - - - - - - - - - - +
NGS (%) 1.38 0.00 2.50 0.00 0.00 0.00 0.00 1.23 113 137 0.93 1.60  2.07 3.61 174 92.26
437 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.74 1.58 3.46 1.05 0.00 1.08 0.00 248 128 213 1.71 3.01 366 4.02 331 3.01
442 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.00 2.58 3.20 173 0.00 094 0.00 1.64 0.96 1.75 1.21 141 262 2.11 345 1.24
447 Sanger - - - - - + - - - - - - - - - -
NGS (%) 335 1.40 3.31 0.00 0.00 9844 0.00 0.00 0.94 1.75 1.10 5.04 3.80 4.29 2.79 2.08
448 Sanger - - - - - - - - - - - - - - - -
NGS (%) 3.24 1.42 3.20 0.00 0.00 0.95 0.00 2.07 1.42 2.26 0.00 200 4.29 4.33 295 3.24
453 Sanger - - - - - - - - - - - - - - - -
NGS (%) 3.38 241 3.63 1.83 127 115  0.00 2.80 139 204 1.22 2,09 4.06 4.72 2.92 2.78
454 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2,65 3.14 2.87 1.61 0.00 0.00 0.00 0.00 000 235 0.00 199 325 4.35 3.14 2.47
455 Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.57 2.12 3.01 1.03 0.00 0.00 0.00 2.05 1.03 1.44 1.40 216 257 1.85 2,67 1.10
461 Sanger - - - - - - - - - - - - - - - +
NGS (%) 1.59 1.16 1.85 1.14 112 000 1573 295 0.00 118 0.00 204 174 2.80 1019  97.79
466 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.47 1.70 1.72 0.00 0.93 0.00 0.00 1.19 0.00 0.00 0.00 1.21 1.61 1.93 2.03 0.00
470 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.18 1.82 1.34 0.00 0.00 0.00 0.00 1.42 0.00 0.00 0.00 1.26 112 3.29 2.09 0.00
475 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.61 0.00 1.78 0.00 0.00 0.00 0.00 1.09 0.00 1.35 0.00 181 165 3.22 2.04 0.00
478 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.94 2.00 1.59 1.46 0.00 0.00 0.00 1.01 0.00  0.00 1.07 135 1.07 1.56 1.69 0.00
481 Sanger - - - - - + - - - - - - - - - -
NGS (%) 1.51 1.65 2.1 1.51 1.04 46.88 0.00 1.48 0.00 113 0.00 217 192 294 1.59 1.07
485 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.39 1.04 172 0.00 0.00 000 0.00 1.06 0.00  0.00 0.00 134 1.29 2.15 217 0.00
491 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.83 2.05 2.05 0.00 1.08  0.00 0.89 1.71 0.00 1.83 0.00 1.94 216 3.28 2.09 1.16
497 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.58 0.00 1.80 0.00 096 092 0.00 1.36 1.01 1.23 1.01 1.75 254 22.27 2.02 1.18
499 Sanger - - - - - - - - - - - - - - - -
NGS (%) 1.1 0.00 1.40 1.03 193 0.00 0.00 2.51 0.00  0.99 3.04 189 152 2.22 1.64 3.08
502 Sanger - - - - - + - - - - - - - - - -
NGS (%) 1.10 0.00 1.60 0.00 0.00 80.97 0.00 845 0.00 1.31 117 135 149 2.27 1.60 0.00
504 Sanger - - - - - - - - - - - - - - - -
NGS (%) 0.97 1.89 1.62 1.44 0.00 1799 0.00 122 0.00  0.00 0.94 117 174 1.22 2.16 0.00
517 Sanger - - - - - - - - - - - - - + - -
NGS (%) 0.00 1.56 2.28 0.92 0.00 187 0.00 1.36 0.00 1.80 0.00 166  1.26 98.85 177 0.00
A309  Sanger - - - - - - - - - - - - - - - +
NGS (%) 3.12 1.20 244 0.00 0.93 0.00 0.00 1.81 1.1 1.47 1.35 2.10 2.86 4.28 213 98.31
A320  Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.09 1.15 2.59 0.00 6.93 0.00 0.00 1.85 0.96 2.03 2.76 1.98 1.87 1.95 1.68 0.00
A328  Sanger - - - - - - - - - - - - - - - -
NGS (%) 2.16 8.32 2.40 0.00 2.05 0.00 0.00 2.54 094 1.82 5.45 150 212 1.58 2.65 0.00

sequencing in this study, 12 genotype-dependent amino acid polymorphic positions
(rt151, rt191, rt221, rt222, rt223, rt224, rt226, rt238, rt256, rt267, rt269, and rt271) were
identified for genotypes B and C; this was important for the definition of genotypic
mutation. For example, rtA (alanine) 222T (threonine) was considered to be a novel
mutation, according to a previous report (28). However, in this study, alanine and
threonine at rt222 were identified to be genotype-dependent wild-type amino acids for
genotypes B and C, respectively. Moreover, a previous document showed that in the
polymorphic positions from rt145 to rt289 which were analyzed in this study, rt221,
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rt224, rt238, and rt256 were identified to be the genotype-dependent amino acid
polymorphic positions for genotypes B and C in patients from Beijing, China (6).
Compared with this result described above, besides rt221, rt224, rt238, and rt256,
another 8 amino acid positions (rt151, rt191, rt222, rt223, rt226, rt267, rt269, and rt271)
were identified as being polymorphic sites in patients from Fujian, China. The difference
implied that even in different areas of the same country, there were also some
differences in the HBV wild-type sequence. Therefore, instead of using the same
reference sequence in different areas, it might be more appropriate for genotypic
mutation analysis that the consensus sequence was obtained from the alignment for
HBV nucleotide sequences among local treatment-naive patients and regarded as the
reference sequence.

Currently, the well-known classical NA resistance mutations are mainly located in
domains B, C, D, and E, such as rtl169T, rtA181T/V, and rtT184A/C/F/G/I/L/M (located in
domain B), rtS202C/G/l and rtM204I/V/S (located in domain C), rtN236T (located
in domain D), and rtM250I/L/V (located in domain E). Therefore, mutations in these
domains have a greater risk of NA resistance. A previous study had shown that the
prevalence of mutations in the A-B interdomain was higher than in the RT domain or
non-A-B interdomains (6). However, the difference in prevalence of mutations between
each other of sections in RT was still unknown. Therefore, we have analyzed a total of
46 mutations in domain B, the B-C interdomain, domain C, the C-D interdomain,
domain D, the D-E interdomain, and domain E from rt164 to rt270 to address that issue
and assess the risk of NA resistance. The results showed that mutant hot spot fractions
were different among the HC, CHB, and ALD groups. Given that some patients in the
CHB group might be eligible for antiviral treatment, mutations in domain E with
significantly higher mutation frequency in the CHB group (Fig. 1), such as rtS/C256G,
which is associated with ETV treatment, should be noticed (29).

In this study, we compared the clinical characteristics of patients with and without
RT mutations. We found that people with RT mutations, especially with multiple
mutations, were apparently older than those without mutations and had a significantly
lower positive ratio of HBeAg, lower HBV DNA load, and lower HBsAg level (Table 4).
Recently, it was documented that HBV seemed to be under host immune pressure in
chronic HBV infection, particularly in the HBeAg-negative status (30). Therefore, in this
study, patients with RT mutations who had lower positive ratios of HBeAg might be
under greater immune pressure. In turn, the greater immune pressure could result in
the decreased HBV DNA load and HBsAg level. Also, under the greater immune
pressure, more mutations might be selected for and accumulate for immune escape
over time. In fact, the results in this study have shown that many mutations in RT sites
(36/56 [64.29%)]) were found to change the B or T cell epitopes in the RT or S protein
(Table 3). Interestingly, although many mutations could change the epitopes, muta-
tions found in the D-E interdomain and domain E appeared not to change the Bor T
cell epitopes in the RT or S protein, implying that mutations in the D-E interdomain and
domain E were not responsible for immune escape. In addition, the correlation be-
tween RT mutations and stage of liver fibrosis was analyzed in this study. The results
have shown that patients with multiple RT mutations have more severe liver fibrosis
than do those without mutations (Fig. 2), implying that mutations in RT might be
involved in the progression of liver disease. However, the mechanism of the relation-
ship between multiple RT mutations and liver fibrosis was still unclear.

Further, next-generation sequencing was performed on 66 treatment-naive patients,
and Sanger sequencing was also performed on 63 of those patients at the same time.
We found that more mutations occurred in HBeAg-negative patients, genotype
B-infected patients, and CHB patients than in HBeAg-positive patients, genotype
C-infected patients, and HC or ALD patients, respectively (Fig. 3A and 4A1 to C1), which
might be attributed to the higher immune pressure. Indeed, Desmond et al. (30)
defined viral adaptation as the presence of the relevant HLA and the escaped amino
acid, and they found that the adaptation was significantly lower in HBeAg-positive than
in HBeAg-negative patients among genotype B-infected patients, while this result was
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not significant among those infected with genotype C HBV. Furthermore, it should be
noticed that more mutations occurred at rt251, rt266, rt274, rt280, rt283, rt284, and
rt286 located in domain E and the E-RNA H interdomain than in the other RT sections
in ALD patients (Fig. 4C2), indicating that those mutations were associated with liver
disease progression. However, the phenotypic mechanisms of those mutations remain
unclear and deserve to be elucidated.
In conclusion, through Sanger sequencing and NGS, the present study realized the
analysis of mutations in the RT region in different liver disease stages, providing a
possible explanation to illuminate the mechanisms of their evolution and selection
under varied levels of immune pressure. Classical primary drug resistance mutations
were found at a low rate by next-generation sequencing in the treatment-naive
patients but were not detected by Sanger sequencing. It was worth investigating the
effect of those NA™ mutations in a low rate on the subsequent treatment. In addition,
the correlation was also discussed between the accumulation of RT mutations and
clinical indexes, including HBeAg, HBV DNA, HBsAg, age, and stage of liver fibrosis,
emphasizing the clinical significance of the overall effect of naturally occurring RT
mutations on the treatment-naive patients. The detailed functional mechanisms of
particular mutations need to be further explored.
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