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Background: Hepatitis B surface antigen (HBsAg) and viral load are important clinical indicators for 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). This study aims to determine the trend of the biological prevalence within the pre-S/S regions of special model of inactive CHB infection.

Methods: We used Sanger sequencing, quantitative HBV serology (HBeAg and HBsAg), and liver function index to identify whether HBV genome sequences are associated with long-term risk of further HCC progression in special inactive CHB infection.

Results: HBV sequencing analysis of 28 CHB patients with special infectious pattern showed higher genetic diversity among four opening reading frames (ORFs) (p < 0.001). However, dN/dS ratios of HBsAg and pre-C/C regions in the experimental group showed no significantly different from those in the HCC group (p = 0.06), while significantly lower in polymerase and HBxAg regions of the experimental group (p < 0.001). In addition, seven positively selected sites were identified in pre-S1, five in pre-S2, and four in S, in which five sites (128H/135Q/135R/139L/141P) were among “α” determinant.

Conclusions: 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. Increased viral diversity across the HBV genome is also associated with low levels of HBsAg. The cumulative evolutionary changes in the HBV pre-S/S regions shows 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 further disease progression.
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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 valuable 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 difficult to achieve through current antiviral approaches (3, 4). At the same time, serum HBV DNA levels may indirectly reflect 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 inflammation and minimal fibrosis 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 HBsAg 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 HBsAg level below 100 IU/ml can predict a lower risk for HCC in patients with HBV DNA > 2,000 IU/ml.

The diversity of the HBV genome is important for individualized therapies for CHB patients. 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 “α” 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 low HBsAg levels.



MATERIALS AND METHODS


Patients

Twenty-eight HBeAg-negative patients with chronic hepatitis B from the Fourth Affiliated Hospital of Zhejiang University were achieved the inclusion criteria, that is, presence of HBsAg (<100 IU/ml) for at least 6 months, high HBV DNA levels (>2,000 IU/ml), elevated or normal serum alanine aminotransferase (ALT)/aspartate transaminase (AST) levels (upper limit of normal, 50 U/L), and no signs of human immuno-deficiency virus, hepatitis C virus, or hepatitis virus coinfection and other liver disease. Patients who received nucleotide/nucleoside analog treatment (i.e., lamivudine, adefovir dipivoxil, telbivudine, or entecavir), and alcohol or drug abuse would be excluded. In our study, all of 28 CHB patients were assigned to an experimental group and the other 45 HBV-related HCC patients (reference to NCBI database) were identified as the control group. Written informed consent was obtained from all patients, and the study was approved by the Ethics Committee of Fourth Affiliated Hospital of Zhejiang University School of Medicine in accordance with the Helsinki Declaration.



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 semi-nested 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 amplified 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 (5 U/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 (9). The total genomes of 28 viral strains from the 28 patients were sequenced.



Phylogenetic Analysis

DNAstar software (DNASTAR Inc., Madison, WI, USA) was used to assemble the sequences into a complete HBV genome sequence, and all mutations were refined manually. Phylogenetic trees were reconstructed from either the full-length HBV genomes or concatenated nucleotide alignments (four protein-coding: Polymerase, LHBsAg, HBxAg, and PreC/C). Mafft v7.0.17 was used for alignment of sequences (10), and ModelFinder was used for nucleotide replacement model selection (11). According to the results, GTR+I+F+G4 model was used for MrBayes tree construction in MRBayes v3.2.7 with 10-milion generation (12).



Sequence Diversity

Sequence diversity was calculated using Shannon entropy (Sn) by R software, which measures the diversity of the number of haplotypes and their frequencies. The diversity of each nucleotide position (nt1 to 3,215) 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 (13). The illustrating diversity (Figure 2) was evaluated in MEGA 7.0 with three parameters (14), the mean genetic distance (d), the number of synonymous substitutions per synonymous site (dS), and the number of non-synonymous substitutions per non-synonymous site (dN); it was generated using the Circos visualization tool (15). 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. The dN, dS, and dN/dS ratio were estimated using the codeML model in PAML4 (16). Lineage-specific 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 non-synonymous/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 (17). 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 significant.




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 clinical profiles, including their mean age, sex, alanine aminotransferase (ALT) levels, aspartate transaminase (AST) levels, hepatitis B surface antigen (HBsAg), and hepatitis B DNA (HBV DNA) (Supplementary Table 1, Supporting Information). The experimental group was in the reactivation phase. HBV-related HCC sequences were present in the control group (HCC group). The HBV DNA level in the experimental group was significantly higher than that in the regular reactivation phase (>2,000 IU/ml), but with low levels of HBsAg (<100 IU/ml) and normal 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 specific to LR/RA CHB, and employed population sequencing to analyze the relationship between LR CHB and HCC. The entire HBV whole genome from HCC patients were to be control group and the accession numbers are showed as supplementary data (Supplementary Table 2, Supporting Information). Due to different prognosis risks among HBV genotypes, the HCC group was divided into genotypes B and C; the experimental group was similarly divided. The analytical data indicated the presence of HBV genotypes B and C in the experimental group (Figure 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 identified HBV genotypes of group I (A6, A7, A10, A12, A17, A26, HBV DNA, >2,000 IU/ml and <20,000 IU/ml) and group II (B1, B3, B4, B5, B6, B7, B8, B9, B13, B15, B16, B17, B19, B21, B23, B24, B25, B26, B27, B28, B29, B30, HBV DNA, >20,000 IU/ml) are the main common genotypes in China.


[image: Figure 1]
FIGURE 1. Bayesian consensus phylogeny of HBV isolates for genotyping analysis. The phylogram represents a consensus of 28 HBV sequences from model of inactive CHB infection. 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. Posterior probabilities exceeding 0.5 are shown in the branches. From the phylogenetic analysis, 7 viral strains belong to genotype C and 21 strains are genotype B.




Diversity of HBV Sequences in RA CHB

Comparable sequence diversity was found among the full-length HBV genomes in RA CHB (Figure 2) and four ORFs of HBV genotypes B and C (Figure 3). The Shannon entropy (Sn) values of nucleotides for the full-length HBV genome and the P/C/S/X genes encoding LHBsAg, MHBsAg, HBsAg, HBxAg, HBcAg, Pol, reverse transcriptase (RT), and the core promoter (CP) region were significantly greater in the experimental group than in the control group. The sequence distribution diversity of the P/C/S/X regions was significantly different between the experimental and control group according to Shannon entropy analysis by R code (Figure 3). Compared to the control group, the experimental group exhibited significantly 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 significantly 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 (Figure 2).


[image: Figure 2]
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. (A–D) Mean sequence diversity across genotypes among baseline sequences identified by Shannon entropy in different regions of the HBV genome. Error bars indicate SEM; *** indicates p < 0.001. HBx, hepatitis B X; HBsAg.




Selective Pressure

The dN/dS ratio was used to measure selective pressure across individual lineages established with 28 experimental group sequences and control group sequences. The non-synonymous/synonymous rate ratio (ω = dN/dS), shows selective pressure at the protein level. If dN < dS (then ω < 1) is calculated, purifying selection will reduce their fixation rate. If dN > dS is favored by Darwinian selection, they will be fixed 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 four 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 (Figure 4). Overall, the four protein-coding genes in the two study groups exhibited negative selection and purifying selection reduced their fixation rate such that dN/dS < 1. However, the dN/dS ratio of the P/X regions was significantly higher in the control group 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 no significant 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 significant selection pressure between nucleotide positions 859 and 1,015 occurred in the experimental group. Therefore, it seems that the pre-S/S sequences of experimental group will evolve similar to those of the control group, associated with the risk of further HCC progression.


[image: Figure 4]
FIGURE 4. (A,B) The dN/dS of the S gene was verified by a sliding window analysis using the KaKs calculator (window length, 57 nt; window step, 6 nt).




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 identified in pre-S1, five in pre-S2, and four in S using the empirical Bayes method (Table 1). These sites of positive selection among pre-S/S regions improved the adaptability of HBV and were conducive to its survival.


Table 1. Codons in the HBV pre-S/S regions under positive selection pressure.

[image: Table 1]



Homologous Modeling Analysis of Positive Selection in HBsAg

The amino acid sequence variations of HBsAg were modeled by using PyMOL software. Six sites of positive selection found in HBsAg are mainly located in antigen epitopes (Figure 5).


[image: Figure 5]
FIGURE 5. (A,B) 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.





DISCUSSION

The coexistence of lower levels of HBsAg and higher levels of HBV DNA was a unique serological profile identified 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. 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 correlate 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 (18). 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 (19). Thus, chronic HBsAg carriers may simultaneously experience a lowering of the viral load to 2,000 IU/ml and the HBsAg level to 100 IU/ml, reducing the risk of liver cancer (20). The purpose of our study was to investigate whether CHB patients in the LR/RA phase with special serological profiles 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. Previous studies have suggested that patients with inactive HBV infections have a lower risk of developing liver cancer because they exhibit lower levels of HBsAg and there is a probability of spontaneous clearance (21). In addition, a quantitative HBsAg level < 100 IU/ml can be used as the optimal threshold for predictive clearance (22), but no consensus regarding the exact value of the reference endpoint as an alternative threshold in clinical treatment has been reached (23). Some studies have shown that most patients with low-level viremia (LLV; <2,000 IU/mL) in the inactive phase of CHB infection present minimal evidence of liver injury (24). However, we focused on a CHB cohort with high-level viremia but low-level HBsAg in this study. An undetectable viral level rather than loss of HBsAg is associated with a lower risk of HCC (25). 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 there was a possibility of immune escape.

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 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 final manifestation being the immune response between the virus and host; that is, the stronger is the immune response, the lower is the HBsAg level (26). The low serum level of HBsAg observed in HBsAg-negative CHB (<100 IU/mL) suggests a high probability of negative HBsAg conversion (27); on the other hand, a negative level of HBsAg serology suggests that the virus integrates into the host genome to some degree. This finding was consistent with the higher nucleotide Sn (frequency of mutated positions) and dN values for these genes in the experimental group (p < 0.001) (Figure 3). Previous studies have suggested that increased diversity over the entire HBV genome at baseline is associated with reduced HBsAg loss under NAs 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 any NAs 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. The dN/dS ratios of two genes (HBxAg and polymerase) were significantly lower in the experimental group than in the HCC 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 pre-C/C) in the experimental group were not significantly different from those in the 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 (28). More commonly, in liver cancer tissue samples (29), pre-S mutations increase the incidence of HCC by 377-fold (30), which has been confirmed in several prospective cohort studies (31). In addition, S region mutations are associated with liver fibrosis and liver cancer due to HBV RNA splicing (32). Subsequently, the dN/dS of the pre-S/S region was verified and the results were in agree with a previous study reporting that HCC patients have different regions of positive selection due to the special mode of CHB. This may result in the risk of HCC in the experimental group and needs further study in the future.

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, five in pre-S2, and four 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 influencing this phenotype, including non-specific laboratory detection caused by viral gene mutations. In addition, the “α” 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 affinity of the corresponding antibody (33). In our study, five sites of positive selection with statistical significance were found in the “α” 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 quantification reagents (34), 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 reflect 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 confirmed to be associated with HCC, we still need to evaluate the risk of pre-S/S mutant strains for the progression of disease.

It is worth mentioning that the present study is the first to describe the genome characteristics 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 confirm the results. Second, as this study used HCC sequences from databases as reference, clinical information was not obtained. Hopefully, the sites of positive selection identified in the pre-S/S region showing significant differences can be used as candidate molecular markers, though further mechanistic studies are still required.



CONCLUSION

We speculate that increased positive selective pressure on the pre-S/S region of HBV may allow immune escape and lead to possible alterations in HBV serotype. Understanding the evolution of HBV in patients with LR/RA CHB with a high viral load can increase our understanding of the pathogenesis of CHB.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The study was approved by the Ethics Committee of Fourth Affiliated Hospital of Zhejiang University School of Medicine.



AUTHOR CONTRIBUTIONS

ZZ performed the sample collection, clonal sequencing and analysis, data interpretation, and drafted the manuscript. JW assisted with the clonal sequencing. WB assisted with the sequencing and data analysis. XX and WX assisted with recruitment of RA CHB patients and clinical data collection. YW was responsible for the study design and data interpretation, and was a major contributor to the manuscript editing and critical revision of the article. All authors read and approved the final manuscript.



FUNDING

This work was supported by grants from Zhejiang Province Public Welfare Technology Application Research Project (No. LBY21H190001 to YW), the Jinhua Science and Technology Bureau (No. 2018-4-141 to YW), and Department of the Education of Zhejiang Province (No. Y201839729 and Y202045827 to YW).



ACKNOWLEDGMENTS

We thank KS Xu for his support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2021.633792/full#supplementary-material



REFERENCES

 1. Bernal W, Auzinger G, Dhawan A, Wendon J. Acute liver failure. Lancet. (2020) 376:190-201. doi: 10.1016/S0140-6736(10)60274-7

 2. Wong DK, Seto WK, Fung J, Ip P, Huang FY, Lai CL, et al. Reduction of hepatitis B surface antigen and covalently closed circular DNA by nucleos (t) ide analogues of different potency. Clin Gastroenterol Hepatol. (2013) 11:1004-10. doi: 10.1016/j.cgh.2013.01.026

 3. Chuaypen N, Sriprapun M, Praianantathavorn K, Payungporn S, Wisedopas N, Poovorawan Y, et al. Kinetics of serum HBsAg and intrahepatic cccDNA during pegylated interferon therapy in patients with HBeAg-positive and HBeAg-negative chronic hepatitis B. J Med Virol. (2017) 89:130-8. doi: 10.1002/jmv.24601

 4. Martinot-Peignoux M, Asselah T, Marcellin P. HBsAg quantifcation to optimize treatment monitoring in chronic hepatitis B patients. Liver Int. (2015) 35:82-90. doi: 10.1111/liv.12735

 5. Belloni L, Allweiss L, Guerrieri F, Pediconi N, Volz T, Pollicino T, et al. IFN-α inhibits HBV transcription and replication in cell culture and in humanized mice by targeting the epigenetic regulation of the nuclear cccDNA minichromosome. J Clin Invest. (2012) 122:529-37. doi: 10.1172/JCI58847

 6. Guidotti LG, Chisari FV. Immunobiology and pathogenesis of viral hepatitis. Annu Rev Pathol. (2006) 1:23-61. doi: 10.1146/annurev.pathol.1.110304.100230

 7. Tseng TC, Kao JH. Clinical utility of quantitative HBsAg in natural history and nucleos(t)ide analogue treatment of chronic hepatitis B: new trick of old dog. J Gastroenterol. (2013) 48:13-21. doi: 10.1007/s00535-012-0668-y

 8. Martinot-Peignoux M, Lapalus M, Laouénan C, Lada O, Netto-Cardoso AC, Boyer N, et al. Prediction of disease reactivation in asymptomatic hepatitis B e antigen-negative chronic hepatitis B patients using baseline serum measurements of HBsAg and HBV-DNA. J Clin Virol. (2013) 58:401-7. doi: 10.1016/j.jcv.2013.08.010

 9. Bayliss J, Yuen L, Rosenberg G, Wong D, Littlejohn M, Jackson K, et al. Deep sequencing shows that HBV basal core promoter and precore variants reduce the likelihood of HBsAg loss following tenofovir disoproxil fumarate therapy in HBeAg-positive chronic hepatitis B. Gut. (2017) 66:2013-23. doi: 10.1136/gutjnl-2015-309300

 10. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol Biol Evol. (2013) 30:772-80. doi: 10.1093/molbev/mst010

 11. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. ModelFinder: fast model selection for accurate phylogenetic estimates. Nat Methods. (2017) 14:587-9. doi: 10.1038/nmeth.4285

 12. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, et al. MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model space. Syst Biol. (2012) 61:539-42. doi: 10.1093/sysbio/sys029

 13. Zagordi O, Däumer M, Beisel C, Beerenwinkel N. Read length versus depth of coverage for viral quasispecies reconstruction. PLoS ONE. (2012) 7:e47046. doi: 10.1371/journal.pone.0047046

 14. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular evolutionary genetics analysis version 6.0. Mol Biol Evol. (2013) 30:2725-9. doi: 10.1093/molbev/mst197

 15. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al. Circos: an information aesthetic for comparative genomics. Genome Res. (2009) 19:1639-45. doi: 10.1101/gr.092759.109

 16. Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol Evol. (2007) 24:1586-91. doi: 10.1093/molbev/msm088

 17. Yang Z, Wong WS, Nielsen R. Bayes empirical bayes inference of amino acid sites under positive selection. Mol Biol Evol. (2005) 22:1107-18. doi: 10.1093/molbev/msi097

 18. Yao CC, Hung CH, Hu TH, Lu SN, Wang JH, Lee CM, et al. Incidence and predictors of HBV relapse after cessation of nucleoside analogues in HBeAg-negative patients with HBsAg ≤ 200 IU/ml. Sci Rep. (2017) 7:1839. doi: 10.1038/s41598-017-02010-w

 19. Wong RJ, Nguyen MT, Trinh HN, Chan C, Huynh A, Ly MT, et al. Hepatitis B surface antigen loss and sustained viral suppression in Asian chronic hepatitis B patients: a community-based real world study. J Viral Hepat. (2017) 24:1089-97. doi: 10.1111/jvh.12736

 20. Yang Y, Gao J, Tan YT, Li HL, Wang J, Ma X, et al. Individual and combined effects of hepatitis B surface antigen level and viral load on liver cancer risk. J Gastroenterol Hepatol. (2018) 33:1131-7. doi: 10.1111/jgh.14032

 21. Honer Zu Siederdissen C, Cornberg M. The role of HBsAg levels in the current management of chronic HBV infection. Ann Gastroenterol. (2014) 27:105-12.

 22. Wang CC, Tseng KC, Hsieh TY, Tseng TC, Lin HH, Kao JH. Assessing the durability of entecavir-treated hepatitis B using quantitative HBsAg. Am J Gastroenterol. (2016) 111:1286-94. doi: 10.1038/ajg.2016.109

 23. Cornberg M, Wai-Sun Wong V, Locarnini S, Brunetto M, Janssen LAH, Chan HL-Y. The role of quantitative hepatitis B surface antigen revisited. J Hepatol. (2017) 66:398-411. doi: 10.1016/j.jhep.2016.08.009

 24. Min AD. Low-level viremia in hepatitis B patients on antiviral treatment: can we ignore it? Hepatol. (2017) 66:312-4. doi: 10.1002/hep.29235

 25. Nathanson MH, Terrault N. Hepatitis B surface antigen loss: not all that we hoped it would be. Hepatol. (2016) 64:328-9. doi: 10.1002/hep.28640

 26. Pollicino T, Amaddeo G, Restuccia A, Raffa G, Alibrandi A, Cutroneo G, et al. Impact of hepatitis B virus (HBV) preS/S genomic variability on HBV surface antigen and HBV DNA serum levels. Hepatol. (2012) 56:434-43. doi: 10.1002/hep.25592

 27. Brouwer WP, Chan HL-Y, Brunetto MR, Martinot-Peignoux M, Arends P, Cornberg M, et al. Repeated measurements of hepatitis B surface antigen identify carriers of inactive HBV during long-term follow-up. Clin Gastroenterol Hepatol. (2016) 14:1481-9. doi: 10.1016/j.cgh.2016.01.019

 28. Velay A, Jeulin H, Eschlimann M, Malvé B, Goehringer F, Bensenane M, et al. Characterization of hepatitis B virus surface antigen variability and impact on HBs antigen clearance under nucleo(t)ide analogue therapy. J Viral Hepat. (2016) 23:387-98. doi: 10.1111/jvh.12498

 29. Abe K, Thung SN, Wu HC, Tran TT, Le Hoang P, Truong KD, et al. Pre-S2 deletion mutants of hepatitis B virus could have an important role in hepatocarcino genesis in Asian children. Cancer Sci. (2009) 100:2249-54. doi: 10.1111/j.1349-7006.2009.01309.x

 30. Liu SJ, Zhang HW, Gu CY, Yin JH, He YC, Xie JX, et al. Associations between hepatitis B virus mutations and the risk of hepatocellular carcinoma: a meta-analysis. J Natl Cancer Inst. (2009) 101:1066-82. doi: 10.1093/jnci/djp180

 31. Fang ZL, Sabin CA, Dong BQ, Ge LY, Wei SC, Chen QY, et al. HBV A1762T, G1764A mutations are a valuable biomarker for identifying a subset of male HBsAg carriers at extremely high risk of hepatocellular carcinoma: a prospective study. Am J Gastroenterol. (2008) 103:2254-62. doi: 10.1111/j.1572-0241.2008.01974.x

 32. Bayliss J, Lim L, Thompson AJ, Desmond P, Angus P, Locarnini S, et al. Hepatitis B virus splicing is enhanced prior to development of hepatocellular carcinoma. J Hepatol. (2013) 59:1022-8. doi: 10.1016/j.jhep.2013.06.018

 33. Ayres A, Yuen L, Jackson KM, Manoharan S, Glass A, Maley M, et al. Short duration of lamivudine for prevention of HBV transmission in pregnancy: lack of potency and selection of resistance mutations. J Viral Hepat. (2014) 21:809-17. doi: 10.1111/jvh.12212

 34. Servant-Delmas A, Mercier-Darty M, Ly TD, Wind F, Alloui C, Sureau C, et al. Variable capacity of 13 hepatitis B virus surface antigen assays for the detection of HBsAg mutants in blood samples. J Clin Virol. (2012) 53:338-45. doi: 10.1016/j.jcv.2012.01.003

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Wu, Zhu, Wu, Bi, Xu, Xia and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-09-633792-g005.gif





OPS/images/fpubh-09-633792-t001.jpg
Region  Codon(pre-S/S)  Posterior probability ~ Omega (s.e.m.)

pre-S1 47L 1.000" 4.221 £+ 0.830
B60A 0.992" 4.208 = 1.029
62A 0.965* 3.984 + 0.575
73G 0.984" 3.402 £ 0.592
841 0.978" 3.435 + 0.525
90A 0.969" 4132 +£1.120
128H 0.979" 3.959 + 1.284
pre-S2 135R 0.963" 3.646 £ 1.472
138Q 0.963* 4217 £0.838
139L 0.950" 4.027 = 1.230
141pP 1.000" 4221 £ 0.830
177N 0.977* 4.159 % 1.089
S 374Y 0.998™ 4.219 + 0.836
387M 0.988" 4.206 + 0.857
221T 0.991* 3.441 £ 0512
3001 0.967* 3.324 £0.717

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





OPS/images/fpubh-09-633792-g003.gif





OPS/images/fpubh-09-633792-g004.gif
P





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Evolutionary Analysis of Pre-S/S Mutations in HBeAg-Negative Chronic Hepatitis B With HBsAg < 100 IU/ml



		Introduction



		Materials and Methods



		Patients



		Extraction of Viral DNA and Genome-Length PCR



		Phylogenetic Analysis



		Sequence Diversity



		Analysis of Selection Pressure and Positive Selection



		Statistical Analysis







		Results



		Cohort Characteristics



		Phylogenetic Analysis



		Diversity of HBV Sequences in RA CHB



		Selective Pressure



		Positive Selection



		Homologous Modeling Analysis of Positive Selection in HBsAg







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Public Health

Evolutionary Analysis of Pre-S/S
Mutations in HBeAg-Negative
Chronic Hepatitis B With HBsAg <
100 IU/ml





OPS/images/fpubh-09-633792-g001.gif





OPS/images/fpubh-09-633792-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Public Health





