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Abstract
Background: Hepatitis B surface antigen (HBsAg) and viral load are important clinical indicators for
patients with chronic hepatitis B (CHB) infection treated with antiviral therapy. Few studies have
evaluated viral sequence biomarkers predicting the risk of hepatocellular carcinoma (HCC) in the stage,
which show a low serological response (HBsAg <100 IU/ml) and high viral levels (HBV DNA >2,000
IU/ml). Additionally, point mutations within the pre S/S regions of HBsAg have frequently been reported
to be associated with diagnostic failure, vaccine escape and immunotherapy escape. However, the
prevalence of escape mutations with low levels of HBsAg (<100 IU/ml) in inactive HBsAg carriers has not
been systematically studied within the past decade. Methods: This study aims to determine the trend of
the biological prevalence of escape mutations within the pre S/S regions of special model of inactive
CHB infection. Increased diversity over the complete HBV genome at baseline was associated with
evolutionary characteristics. We used Sanger sequencing, quantitative HBV serology (HBeAg and HBsAg)
and liver function index (aspartate alanine aminotransferase, ALT; alanine aminotransferase, AST) to
identify whether HBV genome sequences are associated with the serological response to long-term host
immunity in special inactive CHB infection.

Results: Compared to HBV in HCC, HBV sequencing analysis of 28 LR/RA CHB patients with genotypes B
and C showed higher genetic diversity among four ORFs, but the two groups presented similar selective
pressure. Seven positive selection sites in the pre-S1 region are potentially associated with immune
evasion. These mutations in the pre-S/S region might be associated with the HCC phenotype of low
HBsAg expression, with the P region possibly impacting high viral loads.

Conclusion: According to the results of this study, LR/RA CHB is characterized by not only genetic
diversity but also positive evolutionary pressure within the pre-S/S regions. Increased viral diversity
across the HBV genome is also associated with low levels of HBsAg. In conclusion, the cumulative
evolutionary changes in the HBV pre-S/S regions that facilitate immune evasion should be monitored
individually. Due to the similarity of evolutionary characteristics in HCC, low serological responses and
high viremia may be associated with the risk of HCC.

Introduction
Hepatitis B virus (HBV) infection has a wide spectrum of clinical manifestations ranging from an
asymptomatic carrier state (immunotolerant state) to acute or chronic hepatitis, with progression to
severe liver disease [1]. Although a vailable therapies are highly effective at controlling viral replication,
they often involve life-long treatment because infections with HBsAg seroconversion are very rarely cured.

Previous studies have reported that the serum HBsAg level is related to intrahepatic covalently closed
circular DNA (cccDNA) [2]. Lowering of serum HBsAg to an undetectable level may indicate that
intrahepatic cccDNA has been eradicated, which is known as a “functional cure”; however, this state is
di�cult to achieve through current antiviral approaches [3, 4]. At the same time, serum HBV DNA levels
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may indirectly re�ect immunological control of HBV infection independent of the HBV DNA viral load,
which is considered to represent viral replication activity [5]. In the present study, we focused on a special
infectious pattern between the low replicative phase (LR, also referred to as the “inactive HBsAg carrier”
state) and the reactivation phase (RA, previously also referred to as “HBeAg-negative/anti-HBe positive
chronic hepatitis B”) CHB that is characterized by a low serological response (HBsAg < 100 IU/ml) and
high viral levels (HBV DNA > 2,000 IU/ml), persistently normal aminotransferase levels and mild
in�ammation and minimal �brosis in the liver; this pattern is herein referred to as LR/RA CHB.

Recent studies have demonstrated that serum HBsAg levels are a highly predictive factor of a sustained
outcomes due to the nature and strength of the host immune response against HBV [6]. Monitoring
qHBsAg levels may aid in tracking the natural history of the disease and in predicting the response to
antiviral treatment and natural immune clearance [7]. Due to low HBsAg levels, the incidence of HBsAg
loss in high genotypes B, C and D patients in CHB is linked with a lower risk of HCC [8]. In this study, we
evaluated whether qHBsAg levels can predict a lower risk for HCC in patients with HBV DNA > 2000 IU/ml
and HBsAg < 100 IU/ml.

The diversity of the HBV genome is important for individualized therapies for CHB patients. HBsAg has a
signi�cant impact on the performance of diagnostic screening tests and the clinical outcome of hepatitis
B infection. Previously, we identi�ed various mutations in patients with a high serum viral load by utilizing
sequencing and bioinformatic analysis. Compared with HCC, the HBV genome, including the P/X/S/C
regions, exhibits greater diversity, and positive selective pressure is observed within the pre-S/S region.
These mutations have been shown to occur within the “a” determinant region of the S region associated
with HCC. Nevertheless, the interaction between pre- S/S region mutations and host immunity in LR/RA
CHB is still unknown. The aim of the present study was to examine whether this infectious module from
LR to RA is related to the risk of developing HCC. We clarify the association between the evolutionary
diversity of the HBV genome (especially pre-S/S mutations) and disease stage under LR/RA CHB,
screening for new molecular markers of HCC. Furthermore, this study provides novel insight into the
mechanism of HBV-related HCC.

Materials And Methods
Patients. For this study, 28 patients with chronic HBV infection were enrolled from the Fourth A�liated
Hospital of Zhejiang University of Medicine in Yiwu. The patients exhibited RA CHB and were treatment-
naïve. All patients met the following criteria: positive for the HBV surface antigen (< 100 IU/ml), HBV DNA
levels > 103 IU/ml, ALT/AST levels (< 50 U/liter), and negative for HBeAg, for antibodies indicating human
immunode�ciency virus, hepatitis C virus, or hepatitis virus coinfection and for decompensated liver
disease. No patients received nucleotide/nucleoside analog therapy prior to blood sampling. Written
informed consent was obtained from all patients, and the study protocol was approved by the Ethics
Committee of Zhejiang University. The experimental methods were carried out in accordance with
approved guidelines.
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Liver biochemistry, HBV serology, and HBV DNA tests. Liver biochemical (ALT, AST and total biliru-binemia
(TB)) parameters were tested using an automated chemistry analysis system (Beckman Coulter, CA,
USA). HBV serological markers were determined with a chemiluminescent microparticle immunoassay
using the Abbott Architect immunoassay system (Abbott Laboratories, IL, USA). HBV DNA levels were
measured by PCR using a Cobas z480 system (Roche Diagnostics, Mannheim, Germany), with a low limit
of quanti�cation of 100 IU/ml. Only patients with RA CHB with serum HBV DNA levels greater than 103

IU/ml and HBsAg levels lower than 100 IU/ml were included in the study.

Extraction of viral DNA and genome-length PCR. HBV DNA was extracted from 200 µl of serum samples
from patients with RA CHB using QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions. We performed seminested PCR to amplify four partially overlapping DNA
fragments that encompass the complete HBV genome sequence using HotStarTaq Plus DNA Polymerase
(QIAGEN, Hilden, Germany), primers, and conditions as previously described. The PCR products were then
sequenced bidirectionally with second-round primers using an Applied Biosystems 3730XL (Applied
Biosystems, CA, USA). The full-length HBV genomic DNA sequence was ampli�ed by an Applied
Biosystems 2720 thermal cycler (Applied Biosystems, CA, USA) in a 25 µl volume containing 1 µl of HBV
DNA template, 0.5 µl of Taq DNA polymerase (5U/µl), 2.5 µl of 10x Taq buffer, 2 µl of 25 mM MgCl2, 0.5 µl
of dNTPs (10 mM each), and 1 µl of each primer. The primers were designed according to the
corresponding reference [27]. The total genomes of 28 viral strains from the 28 patients were sequenced.

Sequence analysis. DNAstar software (DNASTAR Inc., Madison, WI, USA) was used to assemble the
sequences into a complete HBV genome sequence, and all mutations were re�ned manually. HBV
genotyping and phylogenetic analysis were performed using Mega 7.0.

Phylogenetic analysis. Phylogenetic trees were reconstructed from either the full-length HBV genomes or
concatenated nucleotide alignments (four protein-coding: Pol, LHBsAg, HBxAg, and PreC/C). We
employed ModelTest 3.7 to select the (GTR + G) model of sequence evolution for ML analysis, under the
Akaike information criterion. PhyML 3.0 was then applied to create maximum likelihood phylogenies with
1000 bootstrap replicates. MrBayes 3.1.2 was employed for Bayesian inference, which was conducted
twice with four Markov chains each time. The runs were performed for 5 × 106 generations, with sampling
every 100 generations. When the log likelihood scores were found to stabilize, a consensus tree was
calculated after omitting the �rst 25% of the trees as burn-in. As the two phylogenetic methods generated
similar topologies, only the MrBayes phylogeny is presented.

Sequence diversity. Sequence diversity was calculated using Shannon entropy (Sn), which measures the
diversity of the number of haplotypes and their frequencies. The diversity of each nucleotide position (nt1
to 3215) was calculated as the Shannon entropy [Sn = i∑ [A, T, C, G, -] (pilnpi)/lnN], where pi represents
the relative frequency of nucleotides or deletion at this position and N the total number of sequences [28].
The �gure illustrating diversity (Fig. 2) was evaluated in MEGA 7.0 [29] with three parameters, the mean
genetic distance (d), the number of synonymous substitutions per synonymous site (dS), and the number
of non-synonymous substitutions per nonsynonymous site (dN); it was generated using the Circos
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visualization tool [30]. All samples were compared with the HCC reference indicated above to identify
variations in ORFs at the amino acid level.

Analysis of selection pressure and positive selection. We used the dN/dS ratio, a measure of selection, to
assess the selection pressure acting on a lineage of HBV. Dn, dS and the dN/dS ratio were estimated
using the codeML model in PAML4 [31]. Lineage-speci�c mean values were estimated with concatenated
alignments of all orthologs. The KaKs calculator was used to calculate dN/dS in a sliding window and
scale (http://www.bacteriamuseum.org/SWAAP/SwaapPage.htm) using the Nei- Gojobori distance
estimation method (window length, 57 nt; window step, 6 nt). The direction of selection pressure was
determined by measuring the variable ω, representing nonsynonymous/synonymous substitution ratios
(ω = dN/dS) at each codon site, with values of ω < 1, ω = 1, and ω > 1 indicating purifying selection,
neutral evolution, and positive selection, respectively. The extent of positive selection was analyzed using
a site model employing two different pairs of models (M1/M2, M7/M8). Model M1 assumes negative
selection and neutral evolution; model M2 assumes an additional level of positive selection. The M7 and
M8 model pair assumes beta distributions for ω among sites, providing a sensitive test for positive
selection. Likelihood ratio tests were utilized to compare the nested models, and empirical Bayes
methodology was applied to identify the amino acid sites under positive selection due to a more reliable
posterior probability calculation for small datasets [32]. Finally, PyMOL 2.3 software was used to show
amino acid variants in HBV epitopes with a three-dimensional conformation.

Statistical analysis. The distribution of point mutations within the pre-S/S regions at amino acid
substitutions within the large HBsAg antigen in the experimental group was evaluated with a chi-square
test using SPSS 19.0. Sequence complexity or diversity was analyzed with Student’s t-test, and p-values
of < 0.05 were considered signi�cant.

Results
Cohort characteristics. HBeAg-negative CHB patients with coexisting low HBsAg levels (< 100 IU/ml) and
high HBV DNA levels (> 2,000 IU/ml) (n = 28) exhibited similar characteristics and metabolite pro�les,
including their mean age, sex, alanine aminotransferase (ALT) levels, aspartate transaminase (AST)
levels, hepatitis B surface antigen (HBsAg), and hepatitis B DNA (HBV DNA) (Table 1). The experimental
group was in the reactivation phase. HBV-related HCC sequences from NCBI were present in the control
group. The HBV DNA level in the experimental group was signi�cantly higher than that in the regular
reactivation phase (> 2,000 IU/ml), but with low levels of HBsAg (< 100 IU/ml) and ALT, which are not
common. In total, 28 full-length HBV genomes were analyzed for viral diversity, phylogenetic divergence,
selection pressure, and positive selection.

Phylogenetic analysis. We were interested in identifying molecular evolutionary characteristics speci�c to
LR/RA CHB, and employed population sequencing to analyze the relationship between LR CHB and HCC.
The reference sequences of the entire HBV whole genome from HCC patients for HBV genotyping were
downloaded from NCBI as the control group; the accession numbers are EU522069, AF182805,
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AB014368, EF137802, AB014360, AB014367, AB670237, AY206374, JQ429081, JQ429080, JQ027328,
JQ027334, EU660230, AY206380, AB014366, AY206377, EU919174, EU522073, AY206375, AY206373,
EU919161, JQ027329, EU881997, AY206383, JQ027315, EU564822, EU882003, EU919175, AY206391,
EU882001, EU919170, EU919172, EU487257, EU564825, EU564825, JQ027331, JQ027330, EU522067,
AY206390, JQ027325, AY206387 and EU487256. Due to different prognosis risks among HBV genotypes,
the HCC control group was divided into genotypes B and C; the experimental group was similarly divided.
Based on construction of phylogenetic tree, the analytical data indicated the presence of HBV genotypes
B and C in the experimental group (Fig. 1). In general, all sequences clustered together according to
genotype, and there were 22 strains (75%) of genotype B and 6 strains (25%) of genotype C. No other
genotypes were detected. The identi�ed HBV genotypes of group I (A6, A7, A10, A12, A17, A26, HBV DNA,
> 2000 IU/ml and < 20000 IU/ml) and group II (B1, B3, B4, B5, B6, B7, B8, B9, B12, B13, B15, B16, B17, B19,
B21, B23, B24, B25, B26, B27, B28, B29, B30, HBV DNA, > 20000 IU/ml) are the main common genotypes
in China. The results of subgenotyping analysis are illustrated in Fig. 1(B), and the reference sequences
of HBV subgenotypes are AB010289, AP011084, AB115551, AB287314, DQ463787, AB031265,
AF473543, AF182804, AF182804, AB644284 and AB031262. From the identity matrix, genotype B of our
experimental group belongs to HBV B2 (GenBank accession number AP011084); genotype C of our
experimental group shares high identity with HBV C2 (GenBank accession number AY278488.2).)

Diversity of HBV sequences in RA CHB. Comparable sequence diversity was found among the full-length
HBV genomes in RA CHB (Fig. 2) and 4 ORFs (opening reading frames) of HBV genotypes B and C
(Fig. 3). The Shannon entropy (Sn) values of nucleotides and amino acids for the full-length HBV genome
(only at the nucleotide level) and the P/C/S/X genes encoding LHBsAg, MHBsAg, HBsAg, HBxAg, HBcAg,
Pol, reverse transcriptase (RT), and the core promoter (CP) region (only at the nucleotide level) were
signi�cantly greater in the experimental group than in the control group. The sequence distribution
diversity of the P/C/S/X regions was signi�cantly different between the experimental and control groups
according to Shannon entropy analysis by R code (Fig. 3). Compared to the control group, the
experimental group exhibited signi�cantly higher Shannon entropy values (p < 0.05) at both the
nucleotide and amino acid levels. Different from the control group of HCC patients, the sequences
diversity of the P and X regions was signi�cantly different in the experimental group, regardless of
genotype B or C. The control group typically exhibited fewer mutations than did the experimental group,
with an exceptional number of mutations found in the genes encoding LHBsAg, MHBsAg, and HBsAg in
genotypes B and C, located in HLA I T cell epitopes or multiple types of epitopes (Fig. 2).

Selective pressure. The dN/dS ratio was used to measure selective pressure across individual lineages
established with 28 experimental group sequences and control group (HCC group) sequences. The
nonsynonymous/synonymous rate ratio (ω = dN/dS), shows selective pressure at the protein level. If dN 
< dS (then ω < 1) is caculated, purifying selection will reduce their �xation rate. If dN > dS is favored by
Darwinian selection, they will be �xed at a higher rate so that ω > 1 and is considered as adaptive protein
evolution. We utilized the free ratio model (M1) in PAML4 to calculate the dN/dS ratio for 4 protein-coding
genes (Pol, LHBsAg, HBxAg and PreC/C) individually, and the variability of dN/dS in the pre-S/S region
was further detailed using sliding window analysis (Fig. 4A, 4B). Overall, the 4 protein-coding genes in the



Page 7/19

two study groups exhibited negative selection and purifying selection reduced their �xation rate such that
dN / dS < 1. However, the dN/dS ratio of the P/X regions was signi�cantly higher in the control group
(HCC) than in the experimental group (0.1802 ± 0.0003, p < 0.001; 0.0827 ± 0.0011, p < 0.001). In
constrast, the dN/dS values of the pre- S/S region showed little difference between the experimental
group and control group (0.1859 ± 0.0006 vs 0.1534 ± 0.0004, p = 0.06). The sequence mutations between
the P and X regions are related to HCC progression, and the study group may have a low risk. Moreover,
based on dN/dS values in pre-S/S region, more positive selection between nucleotide positions 313 and
547 occurred in the control group, whereas signi�cant selection pressure between nucleotide positions
859 and 1015 occurred in the experimental group. Therefore, it seems that the sequences of experimental
group will evolve differently from those of the control group, avoiding the risk of further HCC progression.

Positive selection. A codon-based molecular evolution model was used to identify positive selection in the
HBsAg protein-coding gene. In both groups, HBsAg was under positive selection according to the M8
model. In the experimental group, LHBsAg, MHBsAg, and HBsAg were all under positive selection
according to the M8 model. Seven positively selected sites were identi�ed in pre-S1, 5 in pre-S2 and 4 in S
using the empirical Bayes method (Table 2). These sites of positive selection among pre-S/S regions
improved the adaptability of HBV and were conducive to its survival.

Homologous modeling analysis of positive selection in HBsAg. The amino acid sequence variations of
HBsAg were modeled by using PyMOL software (Fig. 5). The six sites of positive selection found in
HBsAg are mainly located in antigen epitopes.

Discussion
The coexistence of lower levels of HBsAg and higher levels of HBV DNA was a unique serological pro�le
identi�ed in this study. Low replication activity was observed in the tumors of HCC patients, due to the
low HBV pgRNA-to-DNA ratio, similar to the control group (HCC group). Previous studies have shown that
the levels of HBsAg correlate with HBV DNA and intrahepatic covalently closed circular DNA (cccDNA)
levels. However, some studies have found that serum HBsAg levels corelate weakly or moderately with
serum HBV DNA and are weakly or not associated with intrahepatic cccDNA. Low HBsAg can predict
subsequent HBsAg loss and the risk of HCC [9]. The combination of HBsAg and HBV DNA suppression is
now considered as the most important endpoint for clinical trials and the ultimate short-term goal of
treatments with the medications currently available [10]. Thus, chronic HBsAg carriers may
simultaneously experience a lowering of the viral load to < 2000 IU/ml and the HBsAg level to < 100 IU/ml,
reducing the risk of liver cancer [11]. The purpose of our study was to investigate whether CHB patients in
the LR/RA phase with special serological pro�les require monitoring management.

The natural history of HBV infection can generally be divided into four periods: the immune tolerance
phase, immune clearance phase, inactive phase and reactivation phase. The demographic and clinical
features of our study subjects were in accordance with the classi�cation criteria for the reactivation
phase (Table 1). Previous studies have suggested that patients with inactive HBV infections have a lower
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risk of developing liver cancer because they exhibit lower levels of HBsAg (< 1000 IU/mL) [12] and there is
a probability of spontaneous clearance. In addition, a quantitative HBsAg level less than 100 IU/ml can
be used as the optimal threshold for predictive clearance [13], but no consensus regarding the exact value
of the reference endpoint as an alternative threshold in clinical treatment has been reached [14]. Some
studies have shown that most patients with low-level viremia (LLV; <2000 IU/mL) in the inactive phase of
CHB infection present minimal evidence of liver injury [15]. However, we focused on a CHB cohort with
high-level viremia but low-level HBsAg in this study (HBV DNA > 20000 IU/ml, 42.5%). An undetectable
viral level rather than loss of HBsAg is associated with a lower risk of HCC [16]. Determination of whether
the elimination of HBsAg as the endpoint of long-term antiviral treatment reduces, or merely delays the
occurrence of liver cancer will require the discovery of more biomarkers to support the explanation. A
unique feature of LR/RA CHB observed in this study was that, unlike for the wild-type strain, the serum
HBsAg titer was not related to the HBV DNA load, and there was a possibility of immune escape.
Consistent with previous studies, our results showed a higher level of full-length HBV genomic diversity in
the experimental group than in HCC patients.

Moreover, HBV whole-genome sequences showed greater diversity in LR/RA CHB with lower levels of
HBsAg and higher levels of HBV DNA than in the HCC control group. Additionally, the mean Shannon
entropy score was not different between genotype C and genotype B subjects. Although we did not
identify any hot-spot mutations or pre-S deletions associated with HCC, we found a higher frequency of
P/S/X/pre-C/C mutations in LR/RA CHB based on the mean Shannon entropy. Previous studies have
shown that mutation in the pre-S/S region affects HBsAg expression, with the �nal manifestation being
the immune response between the virus and host; that is, the stronger is the immune response, the lower
is the HBsAg level [17]. The low serum level of HBsAg observed in HBsAg-negative CHB (< 100 IU/mL)
suggests a high probability of negative HBsAg conversion [18]; on the other hand, a negative level of
HBsAg serology suggests that the virus integrates into the host genome to some degree. The analysis of
28 full-length genome sequences from 28 RA CHB patients infected with genotypes B and C (Fig. 1)
showed that the viral diversity of protein-coding genes (LHBsAg, HBxAg, PreC/C, and Pol) was
signi�cantly greater in the experimental group than in the HCC group (Fig. 2). This �nding was consistent
with the higher nucleotide Sn (frequency of mutated positions) and Dn values for these genes in the
experimental group (p < 0.001) (Fig. 3). Previous studies have suggested that increased diversity over the
entire HBV genome at baseline is associated with reduced HBsAg loss under NA therapy in patients with
genotype A and D, but our experimental group consisted of genotype B and C patients with LR/RA CHB
who did not receive NA therapy. Regardless, the mechanism underlying the impact of whole-genome
diversity on low HBsAg and high viral replication in LR/RA CHB remains unclear.

The dN/dS ratio is used to measure the strength of selection acting on protein-coding genes. To estimate
the immune selection pressure on the HBV genome, we calculated the dN/dS ratios of protein-coding
genes (LHBsAg, HBxAg, PreC/C, and Pol). The dN/dS ratios of two genes (HBxAg and polymerase) were
signi�cantly lower in the experimental group than in the control group (p < 0.001), indicating relatively
strong negative selection in the former compared to the latter. However, the dN/dS ratios of the other two
genes (HBsAg and PreC/C) in the experimental group were not signi�cantly different from those in the
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HCC group. In CHB, the frequency of mutations (or deletions) in the pre-S/S region caused by natural
selection or antiviral therapy is very high [19], and the mutation (or deletion) pattern is not only detected in
cirrhotic tissues. More commonly, in liver cancer tissue samples [20], pre-S mutations increase the
incidence of HCC by 377-fold [21], which has been con�rmed in several prospective cohort studies [22]. In
addition, S region mutations are associated with liver �brosis and liver cancer due to HBV RNA splicing
[23]. Similar to the control group, our results suggest immune escape of the S gene in the experimental
group, but the diversity of X gene mutations related to HCC was the same. Subsequently, the dN/dS of the
pre-S/S region was veri�ed by sliding window analysis using the KaKs calculator, and the results were in
agreement with a previous study reporting that HCC patients have different regions of positive selection
due to the special mode of CHB. This may lower the HCC risk in the experimental group and needs further
study in the future. The results of our study were also in accord with the conclusion that CHB patients
who ultimately achieve “functional cure” with loss of HBsAg, an uncommon occurrence with or without
antiviral therapy, remain at risk for HCC development.

Due to the special phenotype of the patients in this study, we analyzed the codons of the HBV pre-S/S
region that were under positive selection. Seven codons under positive selection were found in pre-S1, 5 in
pre-S2 and 4 in S, which suggests that accumulating mutations may provide an opportunity for the virus
to escape from host immune pressure. The expression level of HBsAg in RA CHB is usually low, but there
are many factors in�uencing this phenotype, including nonspeci�c laboratory detection caused by viral
gene mutations. In addition, the “a” determinant (amino acid residues 124–147) of the S region is an
epitope recognized by the antibody, and point mutations in this determinant will result in a low a�nity of
the corresponding antibody [24]. In our study, 5 sites of positive selection with statistical signi�cance
were found in the “a” determinant (128H/135Q/135R/139L/141P), showing evolutionary diversity of HBV
in the experimental group, which would be conducive to the survival of the virus. The combination of
multiple mutations in the HBV pre-S/S region can also affect viral immunogenicity, along with the
methodological limitations of existing commercial HBsAg quanti�cation reagents [25], often delaying or
interfering with clinical diagnosis and treatment. We further speculate that the pre-S/S mutant strains
may lead to disproportionate synthesis and secretion of the virus such that the serum HBsAg titer does
not re�ect the viral replication ability [26]. The preliminary data from this study also indicated that the
HBV genome sequence in LR/RA CHB exhibits more sites of positive selection in the pre-S/S region, and
we must further study the interaction mechanism between the virus and host. As pre-S/S region
mutations have been con�rmed to be associated with HCC, we still need to evaluate the risk of pre S/S
mutant strains for the progression of LR/RA CHB.

It is worth mentioning that the present study is the �rst to describe the characteristics of the full-length
genome of the special mode with coexisting low levels of HBsAg and high levels of HBV DNA. However,
our study has a few limitations. First, the case number was limited, and further large-scale studies are
needed to con�rm the results. Second, as this study used control sequences from databases, clinical
information was not obtained. For example, age is an important factor to consider with regard to the
immune response to HBV. Hopefully, the sites of positive selection identi�ed in the pre-S/S region
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showing signi�cant differences can be used as candidate molecular markers, though further mechanistic
studies are still required.

Conclusion
Understanding the evolution of pre-S/S mutations in patients with LR/RA CHB with a high viral load can
increase our understanding of the pathogenesis of CHB. In our study, we showed that HBV viral diversity
was increased in the experimental group, which was associated with increases in mutations in the pre-
S/S region and the dN/dS of pre-S, followed by increases in HBV DNA levels and positively selected
amino acids. These �ndings suggest that patients with coexisting low levels of HBsAg (< 100 IU/ml) and
high levels of HBV DNA (> 2,000 IU/ml) may harbor mutations in the pre-S/S region. We speculate that
increased positive selective pressure on the HBV pre-S/S region may allow HBV to escape the immune
pressure exerted by the host and lead to possible alterations in HBV physiology. Further insight into the
pathophysiology of these coexisting characteristics will rely on investigating these potential mechanisms,
including the alteration of T and B-cell epitopes, stimulation of innate immune responses, and possible
alterations in HBV physiology.
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Tables

Table 1. Characteristics of the study cohort.  Data are shown as the n (%) and median (IQR). ALT, alanine aminotransferase; AST, aspartate

aminotransferase; HBsAg, hepatitis B surface antigen.
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Characteristics Total(n=28)

Sex, Male(%) 49(69.01)

Age, years, median (IQR) (range) 46(23-82)

ALT, U/L, median (IQR) (range) 29(8-48)

AST, U/L, median (IQR) (range) 26(17-47)

HBsAg, IU/mL, median (IQR) (range) 32.85(0-88.37)

HBV DNA, LogIU/mL, median (IQR) (range) 3.71(3.30-7.25)

HBV DNA >20000 IU/ML(%) 42.25

Table 2. Codons in the HBV pre-S/ S regions under positive selection pressure. 

Positively selected sites based on naive empirical Bayes (NEB) analysis (*, p>95%; **, p>99%). ω > 1, means that significantly positive selection is

for adaptive protein evolution.

Region Codon(pre-S/S) Posterior probability  Omega (±s.e.m.)

pre-S1
47 L 1.000** 4.221 ± 0.830
60 A 0.992** 4.208 ± 1.029
62 A 0.955* 3.984 ± 0.575
73 G 0.984* 3.402 ± 0.592
84 I 0.978* 3.435 ± 0.525
90 A 0.969* 4.132 ± 1.120
128 H 0.979* 3.959 ± 1.284

pre-S2
135 R 0.963* 3.646 ± 1.472
138Q 0.953* 4.217 ± 0.838
139 L 0.950* 4.027 ± 1.230
141 P 1.000** 4.221 ± 0.830
177 N 0.977* 4.159 ± 1.089

S
374 Y 0.998** 4.219 ± 0.835
387 M 0.988* 4.206 ± 0.857
221 T 0.991** 3.441 ± 0.512
300 I 0.957* 3.324 ± 0.717

 

Figures
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Figure 1

Phylogenetic tree of HBV isolates for genotyping and subgenotyping analysis. A. Phylogenetic trees were
constructed for sequences from both the experimental group (red) and the reference sequences of HBV
whole genome downloaded from NCBI (green) with a Bayesian method. Bootstrap values >90% are
shown. From the phylogenetic analysis, 7 viral strains belong to genotype C and the others are genotype
B. B. Subgenotyping analysis is clustered between HBV B2 and C2.
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Figure 2

HBV nucleic acid complexity for the experimental group and control group (HCC). The colored bars
indicate the complexity of each nucleotide for the experimental group (red lines) and control group (blue
lines) for the full-length HBV genome. The insertions were discarded. Epitope distribution is as follows: B
cell epitopes (purple), HLAI T cell epitopes (yellow), HLA II T cell epitopes (carnation), overlap of two types
of epitopes (green), overlap of three types of epitopes (blue).
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Figure 3

Mean sequence diversity across genotypes among baseline sequences identi�ed by Shannon entropy in
different regions of the HBV genome. Error bars indicate SEM; *** indicates p<0.001; * indicates no
signi�cant difference. HBx, hepatitis B X; HBsAg,
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Figure 4

The dN/dS of the S gene was veri�ed by a sliding window analysis using the KaKs calculator (window
length, 57 nt; window step, 6 nt).

Figure 5

Homologous modeling analysis of sites of positive selection in HBsAg. The blue highlights the presence
of point mutations within HBsAg and the green shows the HBsAg structure.


