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Significance of this study

What is already known about this subject?
 ► Positive hepatitis B e antigen and high hepatitis 
B virus (HBV) DNA load are associated with 
the high risk of mother- to- child- transmission 
(MTCT) of HBV, even though the active and 
passive immunisations were taken to their 
infants timely.

 ► To reduce the risk of HBV MTCT, antiviral 
therapy is recommended in the HBV- infected 
pregnant women with high HBV DNA load in 
the third trimester of pregnancy.

 ► The efficacy and safety of antiviral therapy in 
preventing HBV MTCT remain controversial.

 ► So far, the indicator used for predicting the risk 
of immunoprophylaxis failure for their infants 
has not been found in the pregnancy women 
with high HBV DNA load.

What are the new findings?
 ► HBV evolution patterns were similar 
between mothers whose infants were 
immunoprophylaxis success (control group) and 
those whose infants were immunoprophylaxis 
failure (case group).

 ► The quasispecies characteristics including 
mutant frequency, Shannon entropy and mean 
genetic distance in “a” determinant region of 
HBV genome were significantly lower in case 
group than that of control group.

 ► These HBV quasispecies characteristics are 
the potential markers for predicting the risk of 
immunoprophylaxis failure for their infants in 
the pregnant women with high HBV DNA load.

AbSTrACT
Objective This study was performed to explore the 
correlation between the characteristics of hepatitis 
B virus (hBV) quasispecies in hBV- infected pregnant 
women and the risk of immunoprophylaxis failure for 
their infants.
Design in this prospective nested case–control study, 
the characteristics of hBV quasispecies in mothers whose 
infants were immunoprophylaxis success (control group) 
and those whose infants were immunoprophylaxis 
failure (case group) were analysed by the clone- based 
sequencing of full- length hBV genome and next- 
generation sequencing (ngs) of “a” determinant region, 
and were compared between the two groups.
results The quasispecies characteristics including 
mutant frequency, shannon entropy and mean genetic 
distance at amino acid level of “a” determinant region 
were significantly lower in case group than that in 
control group, using the full- length hBV genome clone- 
based sequencing assay. These results were confirmed by 
ngs assay. notably, we discovered that the differences 
were also significant at nucleotide level by ngs assay. 
Furthermore, the risk of immunoprophylaxis failure could 
be predicted by analysing the three hBV quasispecies 
characteristics either at nucleotide level or at amino acid 
level of “a” determinant region, and the corresponding 
predictive values were tentatively set up.
Conclusions hBV quasispecies with a more complex 
mutant spectrum in “a” determinant region might be 
more vulnerable to extinct through mother- to- child- 
transmission (MTcT). More importantly, analysing hBV 
quasispecies characteristics in pregnant women with 
high hBV Dna load might be helpful to predict the 
high- risk population of immunoprophylaxis failure, and 
consequently provide accurate intervention against MTcT 
of hBV.

InTrODuCTIOn
Chronic hepatitis B virus (HBV) infection remains 
a serious threat to public health and is associated 
with many liver diseases such as chronic hepatitis, 
cirrhosis and liver cancer.1 There are 257 million 
persons chronically infected with HBV in the world, 

and 887 000 people died of HBV- related end- stage 
liver disease including cirrhosis, liver failure and 
liver cancer annually.1 2

Mother- to- child transmission (MTCT) is one 
of the predominant routes of HBV dissemination 
worldwide, especially in the areas with high preva-
lence of HBV. Fortunately, over 90% infants born to 
hepatitis B surface antigen (HBsAg)- positive mothers 
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How might it impact on clinical practice in the foreseeable 
future?

 ► Analysing HBV quasispecies characteristics, including mutant 
frequency, Shannon entropy and mean genetic distance 
in “a” determinant region, may be helpful to predict the 
high- risk populations of immunoprophylaxis failure for their 
infants in pregnant women with high HBV DNA load, and 
consequently provide accurate medication to improve the 
safety and effectiveness in preventing MTCT of HBV.

can be protected from MTCT, due to the universal implementa-
tion of hepatitis B vaccine strategy in newborns.3 In addition, the 
chronically HBV- infected children under 5- year old reduced from 
4.7% to 1.3%,2 which is attributed to the continuous improve-
ments of vaccine immunisation strategies, including three- dose 
coverage, timely birth dose, additional dose of HBV immunoglob-
ulin (HBIG) for neonates born to HBsAg- positive mothers within 
24 hours post- delivery, and post- vaccination serological testing 
(PVST), etc. In 2016, the World Health Assembly endorsed the 
Global Health Sector Strategy on viral hepatitis, with elimination 
of viral hepatitis as a public health threat based on reducing of 
incidence of chronic hepatitis B by 90% and mortality related to 
HBV by 65% (from the 2015 baseline), as well as HBsAg preva-
lence to 0.1% among children under 5 years by 2030.2 4 To achieve 
these goals, MTCT of HBV is still a challenging issue in the world 
because MTCT is responsible for about 50% of HBV new infec-
tion so far.5 Accordingly, preventing HBV infection at birth and in 
the first year of life should be a high priority in the driving towards 
elimination of hepatitis B.

It has been reported that the risks of HBV MTCT are asso-
ciated with maternal hepatitis B e antigen (HBeAg) status and 
serum HBV DNA load.6–8 To reduce the risk of HBV MTCT, 
antiviral therapy is recommended for HBV- infected pregnant 
women with high HBV DNA load during the third trimester 
because some studies have shown its benefits in preventing 
MTCT of HBV.9 10 However, it has also been reported that 
the additional antiviral therapy of tenofovir disoproxil fuma-
rate for pregnant women with high HBV DNA load does not 
result in a significantly lower rate of HBV MTCT compared 
with immunoprophylaxis alone.11 Several reports have also 
shown that the potential severe harms of the antiviral agent to 
mothers or neonates should be a concern based on the limited 
fetal safety data of antiviral agent; thus, the antiviral interven-
tion strategy for preventing MTCT of HBV remains controver-
sial.10 12 13 Moreover, since only 5%–10% of infants born to high 
HBV DNA load mothers without maternal antiviral therapies 
are immunoprophylaxis failure, it warranted to predict these 
mothers with high risk of immunoprophylaxis failure for their 
infants to reduce the medical expenses and the potential side 
effects of antiviral therapy.6 8 14 For virological factors, uncov-
ering the HBV virological mechanisms related to immunopro-
phylaxis failure may help us to predict the high- risk population 
of HBV MTCT, so as to provide precision medication for HBV- 
infected pregnant women with high HBV DNA load. However, 
the exact virological mechanisms associated with immunopro-
phylaxis failure in infants are not well understood yet. Several 
studies have demonstrated that immunoprophylaxis failure is 
associated with mutations of HBV genome, such as the muta-
tions occurring in “a” determinant region may result in immune 
escape, and contribute to immunoprophylaxis failure.15 16 Mean-
while, several studies focus on the comparison of quasispecies 

characteristics between immunoprophylaxis failure infants and 
their mothers to demonstrate the HBV evolution patterns in 
MTCT.17–19 It has been suggested that the evolution patterns 
of HBV quasispecies between genotype B and C during vertical 
transmission were different, which may contribute to the distinct 
prognosis.19 However, the correlation between the maternal 
HBV quasispecies characteristics and the immunoprophylaxis 
outcomes of their infants is still inconclusive.

In this study, using a large prospective cohort of mother–infant 
pairs with positive maternal HBsAg,8 20 a prospective nested 
case–control study was performed to analyse the characteristics 
of HBV quasispecies between the mothers whose infants were 
immunoprophylaxis failure and those whose infants were immu-
noprophylaxis success, and to explore the correlation between 
the maternal HBV quasispecies characteristics and the immuno-
prophylaxis outcomes of their infants.

MATerIAlS AnD MeTHODS
Subject
As previously reported, pregnant women recruited from county- 
level community maternal and child healthcare centres from 
August 2009 to June 2011 in Jiangsu and Henan provinces were 
routinely tested for HBsAg during the first prenatal visit by 
12 weeks of gestation.9 HBsAg- positive pregnant women were 
recommended to join the study at the time of prenatal visits. 
All pregnant women underwent comprehensive evaluation for 
the need of antiviral therapy by clinicians, based on age, family 
history, alanine aminotransferase (ALT), HBeAg status, viral 
load, disease severity and personal willingness. Those with 
severe hepatitis, fibrosis and cirrhosis or at high risk of disease 
progression, and those who commenced antiviral therapy during 
or before pregnancy were excluded. All the enrolled pregnant 
women were negative for hepatitis A virus, hepatitis C virus, 
hepatitis D virus, hepatitis E virus and HIV.

In this study, 1448 mother–infant pairs with positive maternal 
HBsAg were enrolled. In all, 1446 infants were received 
three doses of recombinant yeast- derived hepatitis B vaccine 
(10 µg/0.5 mL; Shenzhen Kangtai Biological Products Co., 
Shenzhen, China or Dalian Hissen Biopharm, Dalian, China) 
intramuscularly at birth (within 12 hours), 1 month and 6 
months, combined with one dosage of HBIG (100 or 200 IU/
bottle; Hualan Biological Engineering, Xinxiang, China) within 
12 hours of birth. In total, 1177 infants were returned for PVST 
at 7 months and were then followed up to 12 months.

Totally, 20 infants were immunoprophylaxis failure after the 
full course of vaccination, 15 of 20 infants were infected with 
genotype C2 HBV. All of the immunoprophylaxis failure infants 
were born to mothers with high viral loads (median, 8.38; range: 
7.82–9.22 log IU/mL), the immunoprophylaxis failure rate was 
6.1% (20/324).9 Since only five infants were infected with other 
genotypes HBV, these five infants were excluded to reduce the 
influence from the high heterogeneity of different genotypes. 
Immunoprophylaxis failure was defined as positive HBsAg and 
antibody to HBsAg (anti- HBs) levels <10 mIU/mL on follow- up 
serological testing at 7 and 12 months after the first dose of 
HBV vaccine.21 22 Based on age, HBeAg status, HBV genotype, 
serum HBV DNA level, ALT level and total bilirubin level, 30 
of 106 eligible mothers were randomly selected in the control 
group matched to 15 mothers in the case group (figure 1). 
Since more HBV full- length genome clones would be needed 
if more controls per case were designed in this study and the 
power gained by increasing to more than two controls per case 
is little for statistical analyses,23 24 the ratio of 1:2 was selected to 
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Figure 1 Flowchart of case and control group selection. HBV, hepatitis B virus; HBsAg, hepatitis B surface antigen.

Table 1 Baseline characteristics of mothers and their infants

Characteristics Case group Control group P value

Mothers

  No. of Mothers 15 30

  Age (years) 23.4±4.067* 23.33±2.339 0.954

  Alanine aminotransferase 
(U/L)

17.75±7.768 18.86±7.392 0.650

  Hepatitis B surface antigen 
(IU/mL)

35766.1±18 249 30243.1±18 035 0.345

  Hepatitis B e antigen (S/CO) 1282.7±293.3 1259.3±314.7 0.807

  Hepatitis B virus DNA- log10 
(IU/mL)

8.41±0.398 8.24±0.414 0.207

Infants

  Gender of infant     

  Male 8 (53.3%) 16 (53.3%) 1.000

  Female 7 (46.7%) 14 (46.7%)

  Method of delivery     

  Caesarean 7 (46.7%) 19 (63.3%) 0.286

  Natural 8 (53.3%) 11 (36.7%)

Type of feeding

  Breast fed 3 (20.0%) 1 (3.3%) 0.127

  Bottle fed 9 (60.0%) 25 (83.3%)

  Mixed 3 (20.0%) 4 (13.3%)

  Weight (kg) 3.52±0.3326 3.32±0.3042 0.061

P values were calculated by student’s t- test and Fisher’s exact test.
*Values were means±SD.

balance the cost- effectiveness of the subsequent full- length HBV 
genome clone- based sequencing assays and sequences analyses 
in this study.

Baseline characteristics of mothers and their infants are 
described in table 1. No significant differences were detected in 
the baseline characteristics of mothers and their infants (Table 1 
and online supplementary table S1).

Amplification, cloning and sequencing
HBV genomes were extracted from 200 µL serum samples using 
QIAamp DNA blood mini kit (Qiagen, Hilden, Germany). The 
full- length HBV genomes were amplified by PCR as described 
by Gunther et al,25 followed by clone- based sequencing. Of 30 
mothers in control group, four mothers failed full- length clone 
amplification. After four mothers excluded also, no significant 
differences were detected in the baseline characteristics of mothers 
and their infants either. A total of 208 clones in case group and 344 
clones in control group were sequenced using seven sequencing 
primers (online supplementary table S2). The detail information is 
described in supplementary materials.

Sequence analyses
Sequence segments were assembled to full- length HBV genome 
using the Contig- Express software (New York, USA) and Codon 
Code Aligner software (Centerville, MA, USA). All mutations 
were checked manually. Sequence alignment and viral quasi-
species analyses were performed by MEGAX software.26 The 
following regions were aligned with the reference sequences 
(genotype C2, GenBank accession no. AB014378 and geno-
type C2, GenBank accession no. AB048705) using Clustal X 
(V.2.0) software: “a” determinant, nt 524–595; HBcAg region 
(HBcAg), nt 1901–2452; polymerase region (P), nt 2307–1623; 
NTCP- binding domain (NTCP- BD), nt 2851–3072; PreC 
region (PreC), nt 1814–1900; PreS1 region (PreS1), nt 2848–
3204; PreS2 region (PreS2), nt 3205–154; RT region (RT), nt 
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https://dx.doi.org/10.1136/gutjnl-2019-318278
https://dx.doi.org/10.1136/gutjnl-2019-318278


936 Xiao Y, et al. Gut 2020;69:933–941. doi:10.1136/gutjnl-2019-318278

Hepatology

Figure 2 The phylogenetic analysis of the HBV genome sequences in mothers between the case group and control group. The maximum likelihood 
phylogenetic trees reconstructed for the cloned HBV genome sequences in mothers of case group (A), control group (B) and two groups (C). The red 
numbers represented the mothers of case group, the blue numbers represented the mothers of control group and the yellow represented the reference 
sequence of genotype B (GenBank accession No. LC057377), C2 (GenBank accession No. AB014378) or D HBV (GenBank accession No. LT718449). 
HBV, hepatitis B virus.

130–1161; HBsAg region (HBsAg), nt 155–835; HBx protein 
region (HBx), nt 1374–1838; enhancer I (EN I), nt 957–1361; 
enhancer II (EN II), nt 1685–1773; basic core promoter (BCP), 
nt 1742–1849; core promoter (CP), nt 1613–1849; S promoter 
I (SP I), 2718–2808; S promoter II (SP II), nt 2983–3210; X 
promoter (XP), nt 1171–1361.27

Viral quasispecies characterisation was evaluated by three 
parameters: mutation frequency, complexity (Shannon entropy) 
and diversity (genetic distance),28 all calculated values are 
shown in online supplementary 2. All the gaps caused by dele-
tion mutation in the aligned sequences were removed, and the 
protein sequences were translated from the processed nucleo-
tide sequences. Subsequently, the amino acid sequences were 
exported to Excel, and the sequences behind the first stop codon 
were removed. These analyses are described in detail in supple-
mentary materials. Phylogenetic analyses were performed by 
maximum likelihood tree constructed by general time revers-
ible (GTR) model given in the MEGAX software. The reliability 
of pairwise comparison and phylogenetic tree analyses were 
assessed by 1000 replicates bootstrapping. Trees were drawn and 
rearranged by MEGAX and Evolview.

next-generation sequencing
The “a” determinant region of HBV was amplified by the PCR 
using PrimerSTAR MAX (TAKARA) under the following PCR 
conditions: 98℃ 2 min; 98℃ 10 s, 55℃ 5 s and 72℃ 5 s for 35 
cycles; 72℃ 5 min. The primers were Af2 (5′-TCCAGGAACA 
TCAACTACCAG-3′; nt 484–505) and Ar2 (5′- AGGG TTCA 
AATG TATA CCCAA-3′; nt 840–820). The 150 bp paired- end 
libraries were sequenced by Illumina Hiseq X. The details of 

NGS workflow are shown in online supplementary figure S1. 
The target reads of “a” determinant region from libraries are 
shown in online supplementary table S3, and there was no 
significant difference (p=0.529) between the two groups. Three 
quasispecies characteristics were calculated by self- written perl 
scripts (provided by Shanghai OE Biotechnology Co.) at nucleo-
tide and amino acid level, respectively. All calculated values are 
shown in online supplementary 2.

Serological assays
Serum HBsAg, HBeAg, anti- HBs, antibody to HBeAg 
(anti- HBe) and antibody to HBcAg (anti- HBc) were tested 
by Abbott chemiluminescent microparticle immunoassay 
(Abbott Diagnostic, Chicago, IL, USA) using Abbott i2000 
system.29 HBV DNA load was measured by Abbott real- time 
HBV DNA assay (Abbott Molecular, IL, USA) using Abbott 
m2000 system. Serum HBV DNA load was reported as ‘not 
detected’ or ‘<1.18 log IU/mL’ when its level was below the 
lower detection limit of 1.18 log IU/mL.29 HBV genotyping 
was performed by a method based on nested PCR as described 
previously.30

Statistical analyses
Categorical variables were expressed as % (m/n) and exam-
ined by χ2/Fisher’s exact test. Normal distributions data were 
expressed as mean±SD and compared by the student’s t-test. 
Non- normal distributions data were expressed as median 
and IQR or (range) and compared by Mann- Whitney U test. 
Non- parametric Spearman and binary logistic regression 
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Table 2 Comparing the quasispecies characteristics in “a” determinant region at amino acid and nucleotide level based on clone- based 
sequencing assay between case group and control group

region of variation (level)
Case group (n=15)
Median (IQr) (range)

Control group (n=26)
Median (IQr) (range) P value

Mutant frequency (nt) 0.0011 (0.0008–0.0016) 0.0024 (0.0008–0.0042) 0.1345

(0–0.0038) (0–0.0135)

Mutant frequency (aa) 0 (0–0.0038) 0.0040 (0.0017–0.0117) 0.0094

(0–0.0066) (0–0.0417)

Shannon entropy (nt) 0.1154 (0.07896–0.1588) 0.1631 (0.07423–0.3664) 0.2165

(0–0.2739) (0–0.6847)

Shannon entropy (aa) 0 (0–0.1391) 0.1341 (0.0557–0.3088) 0.0121

(0–0.2070) (0–0.6847)

Genetic distance (nt) 0.0023 (0.0017–0.0033) 0.0036 (0.0016–0.0081) 0.2115

(0–0.0060) (0–0.0218)

Genetic distance (aa) 0 (0–0.0093) 0.0084 (0.0037–0.0226) 0.0152

(0–0.0187) (0–0.0653)

Pvalues were calculated by Mann- Whitney test.
aa, amino acid; nt, nucleotide.

models were used when appropriate. Logistic regression was 
performed to develop the predictive model. All P values were 
two- tailed and a P value<0.05 was considered significant. 
Statistical analyses were analysed using SPSS software, V.25.0 
(Chicago, IL, USA) and receiver operating characteristic 
(ROC) analyses were performed by MedCalc 18.2.1 software 
(MedCalc software, Mariakerke, Belgium).

reSulTS
no significant differences on the sequences of full-length 
HbV genomes were found in the mothers between case group 
and control group
To compare the HBV genome sequences between the cases and 
controls, the full- length sequences of 3.2 kb HBV genome were 
analysed by PCR- based clone sequencing assays. The phylogenetic 
analysis result revealed that, both in the cases and controls, the 
cloned HBV genome sequences from the same mother were clus-
tered together, and the branches of different mothers were clus-
tered in different clades, which indicated that HBV genome in each 
mother were derived from different ancestor sequences (figure 2A, 
B). Consistently, as shown in figure 2C, such a phenomenon was 
also present when two groups combined together, which indicated 
a close evolutionary relationship of HBV genome in the same 
mother. Furthermore, the overall branch lengths in two groups 
were not obviously different, and there was no any clustering 
sign of the cloned HBV genomes between two groups, suggesting 
that the sequences of HBV genomes in case group were similar to 
those from control group. Moreover, all clones from two groups 
clustered together with the reference sequence of genotypes C2 
HBV (GenBank accession no. AB014378), whereas the reference 
sequences of genotypes B (GenBank accession no. LC057377) 
and D HBV (GenBank accession no. LT718449) were scattered 
throughout the tree, suggesting that all cloned HBV genomes were 
genotype C2 (figure 2C). The detail branch lengths and bootstraps 
of the phylogenetic trees are shown in online supplementary figure 
S2.

The mutant frequency, Shannon entropy and genetic distance 
of HbV quasispecies at amino acid level in “a” determinant 
region were lower in the mothers of case group than that of 
control group in clone-based sequencing
The HBV quasispecies characteristics were calculated and 
compared between the mothers of case group and control 

group. As shown in table 2, the mutant frequency (0 (0–0.0038) 
vs 0.0040 (0.0017–0.0117), p=0.0094), Shannon entropy (0 
(0–0.1391) vs 0.1341 (0.0557–0.3088), p=0.0121) and genetic 
distance (0 (0–0.0093) vs 0.0084 (0.0037–0.0226), p=0.0152) 
at amino acid level of “a” determinant region in the mothers 
of the case group were lower than that of the control group. 
However, there were no significant differences of the mutant 
frequency, Shannon entropy and genetic distance at nucleotide 
level of HBV “a” determinant region between the mothers of 
the case group and the control group (table 2). Meanwhile, no 
differences of these three quasispecies characteristics at amino 
acid level of other HBV coding regions, and at nucleotide level 
of other HBV coding and non- coding regions including PreC, 
PreS1, PreS2, HBsAg, ENII, SPI and SPII regions, were found 
between the mothers of the two groups (online supplementary 
tables S4–S6).

Furthermore, as shown in online supplementary table S7, the 
number of non- synonymous substitutions per non- synonymous 
site (dN) of “a” determinant region in the mothers of the case 
group were lower than that of the control group (0 (0–0.0039) 
vs 0.0035 (0.0015–0.0093), p=0.0179). However, there were 
also no differences of dN of other regions and the number 
of synonymous substitutions per synonymous site (dS) of all 
regions between the two groups (online supplementary table S7). 
Moreover, there were no significant differences of the mutant 
frequency and Shannon entropy at each amino acid position 
of HBV “a” determinant region between two groups (online 
supplementary figures S3 and S4).

HbV quasispecies characteristics in “a” determinant region 
could be used to predict the risk of immunoprophylaxis 
failure
To confirm the differences of three quasispecies characteristics 
in “a” determinant region between two groups found by clone 
sequencing assay, the NGS assay of “a” determinant region in 
HBV genome was performed. As shown in table 3, through the 
NGS assay, the significant differences of three characteristics 
parameters between two groups were found in “a” determi-
nant region at amino acid level, which confirmed the results of 
clone sequencing assay. Notably, significant differences were also 
found at nucleotide level.
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Table 3 Comparing the quasispecies characteristics in “a” 
determinant region at both nucleotide level and amino acid level 
based on NGS assay between case group and control group

region of 
variation (level)

Case group (n=15)
Median (IQr) 
(range)

Control group (n=26)
Median (IQr) (range) P value

Mutant frequency 
(nt)

0 (0–0.0002) 0.0004 (0–0.0027) 0.0210

(0–0.0042) (0–0.0068)

Mutant frequency 
(aa)

0 (0–0.0006) 0.0009 (0–0.0058) 0.0490

(0–0.0126) (0–0.0205)

Shannon entropy 
(nt)

0 (0–0.0055) 0.0105 (0–0.0454) 0.0180

(0–0.046) (0–0.1031)

Shannon entropy 
(aa)

0 (0–0.0055) 0.009 (0–0.0419) 0.0460

(0–0.046) (0–0.0709)

Genetic distance 
(nt)

0 (0–0.014) 0.0258 (0–0.1919) 0.0210

(0–0.3026) (0–0.4927)

Genetic distance 
(aa)

0 (0–0.014) 0.0224 (0–0.1381) 0.0490

(0–0.3026) (0–0.4927)

P values were calculated by Mann- Whitney test.
aa, amino acid; NGS, next- generation sequencing; nt, nucleotide.

Figure 3 The predictive values of HBV quasispecies characteristics in “a” determinant for immunoprophylaxis failure using NGS assay were 
analysed by ROC curves. (A) The ROC curve of the mutant frequency in “a” determinant for predicting the risk of immunoprophylaxis failure at 
nucleotide level (AUC=0.713, 95% CI: 0.550 to 0.843, p=0.0076). (B) The ROC curve of the Shannon entropy in “a” determinant for predicting the 
risk of immunoprophylaxis failure at nucleotide level (AUC=0.718, 95% CI :0.556 to 0.847, p=0.0055). (C) The ROC curve of the quasispecies genetic 
distance in “a” determinant for predicting the risk of immunoprophylaxis failure at nucleotide level (AUC=0.713, 95% CI: 0.550 to 0.843, p=0.0076). 
(D) The ROC curve of the mutant frequency in “a” determinant for predicting the risk of immunoprophylaxis failure at amino acid level (AUC=0.677, 
95% CI: 0.513 to 0.814, p=0.0247). (E) The ROC curve of the Shannon entropy in “a” determinant for predicting the risk of immunoprophylaxis failure 
at amino acid level (AUC=0.679, 95% CI: 0.516 to 0.816, p=0.0215). (F) The ROC curve of the quasispecies genetic distance in “a” determinant for 
predicting the risk of immunoprophylaxis failure at amino acid level (AUC=0.677, 95% CI: 0.513 to 0.814, p=0.0247). Blue curve represents the ROC 
curve of HBV DNA levels for predicting the risk of immunoprophylaxis failure (AUC=0.546, 95% CI: 0.383 to 0.702, p=0.639). Red dot indicated 
the point of the proposed optimum cut- off value. AUC: area under the curve; HBV, hepatitis B virus; NGS, next- generation sequencing; ROC: receiver 
operating characteristic.

Furthermore, the correlations between the immunoprophy-
laxis failure and HBV quasispecies characteristics were anal-
ysed by Spearman correlation analyses. The result revealed that 
there were negative correlations between the immunoprophy-
laxis failure and HBV quasispecies characteristics including the 
mutant frequency (r=−0.311, p=0.048), Shannon entropy 
(r=−0.316, p=0.044) and genetic distance (r=−0.311, 
p=0.048) at amino acid level, as well as the mutant frequency 
(r=−0.364, p=0.019), Shannon entropy (r=−0.373, p=0.016) 
and genetic distance (r=−0.364, p=0.019) at nucleotide level of 
“a” determinant region, respectively.

Next, the potential predictive values of quasispecies charac-
teristics and HBV DNA level for immunoprophylaxis failure 
were analysed by the ROC curves. As shown in figure 3, the 
area under the ROC curve (AUC) for immunoprophylaxis 
failure due to the HBV quasispecies including mutant frequency, 
Shannon entropy and genetic distance were 0.677 (95% CI: 
0.513 to 0.814, p=0.0247), 0.679 (95% CI: 0.516 to 0.816, 
p=0.0215) and 0.677 (95% CI: 0.513 to 0.814, p=0.0247) 
at amino acid level, as well as were 0.713 (95% CI: 0.550 to 
0.843, p=0.0076), 0.718 (95% CI: 0.556 to 0.847, p=0.0055) 
and 0.713 (95% CI: 0.550 to 0.843, p=0.0076) at nucleotide 
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Table 4 The adjusted ORs of immunoprophylaxis failure according 
to the cut- off values of these quasispecies characteristic in “a” 
determinant region using NGS assay

Characteristic (level)
Cut- off 
value Or (95% CI) β Se P value

Mutant frequency (nt) 0.0002 0.132 (0.029 to 
0.594)

−2.022 0.766 0.008

Mutant frequency (aa) 0.0006 0.183 (0.042 to 
0.810)

−1.696 0.758 0.025

Shannon entropy (nt) 0.0055 0.132 (0.029 to 
0.594)

−2.022 0.766 0.008

Shannon entropy (aa) 0.0055 0.183 (0.042 to 
0.810)

−1.696 0.758 0.025

Genetic distance (nt) 0.014 0.132 (0.029 to 
0.594)

−2.022 0.766 0.008

Genetic distance (aa) 0.014 0.183 (0.042 to 
0.810)

−1.696 0.758 0.025

β, regression coefficient; aa, amino acid; NGS, next- generation sequencing; nt, 
nucleotide.

level of “a” determinant region, respectively. Meanwhile, the 
AUC for immunoprophylaxis failure due to the baseline HBV 
DNA level was 0.546 (0.383–0.702, p=0.639), suggesting that 
baseline HBV DNA level could not predict the risk of immuno-
prophylaxis failure for their infants in the pregnant women with 
high HBV DNA load.

Moreover, the predictive values of these HBV quasispecies 
characteristics for immunoprophylaxis failure were also anal-
ysed by binary logistic regression assays. As shown in table 4, 
the cut- off values of these HBV quasispecies in predicting immu-
noprophylaxis failure were 0.0006 (mutant frequency), 0.0055 
(Shannon entropy) and 0.014 (genetic distance) at amino acid 
level, and were 0.0002 (mutant frequency), 0.0055 (Shannon 
entropy) and 0.014 (genetic distance) at nucleotide level of “a” 
determinant region. According to the cut- off values of these 
HBV quasispecies characteristic, the corresponding adjusted 
ORs of immunoprophylaxis failure were (0.183, 95% CI: 0.042 
to 0.810, p=0.025), (0.183, 95% CI: 0.042 to 0.810, p=0.025) 
and (0.183, 95% CI: 0.042 to 0.810, p=0.025) at amino acid 
level, and were (0.132, 95% CI: 0.029 to 0.594, p=0.008), 
(0.132, 95% CI: 0.029 to 0.594, p=0.008) and (0.132, 95% CI: 
0.029 to 0.594, p=0.008) at nucleotide level of “a” determinant 
region, respectively (table 4).

DISCuSSIOn
Currently, the exact virological mechanism that leads to the 
immunoprophylaxis failure of infants born to mothers with high 
HBV DNA load remains a hot topic. Theoretically, the fidelity 
of HBV DNA polymerase is low during the reverse transcription 
of HBV pregenomic RNA; thus, the mutation rate during HBV 
replication is 10 times higher than that of other DNA viruses. 
Accordingly, HBV strains are also considered to be present as 
quasispecies in the HBV- infected individuals.31 32 For HBV quasi-
species, the characteristics of HBV quasispecies were generally 
analysed to demonstrate the evolution patterns of HBV under 
selective pressures, such as antiviral therapy, and the population 
characteristics of HBV among different hosts.33 34 However, it 
has not yet reached a definitive conclusion on the role of quasi-
species characteristics in the immunoprophylaxis failure of 
infants during HBV MTCT.

In this prospective nested case–control study, all the enrolled 
pregnant women did not receive antiviral treatment so that HBV 
strains could be better used to explain the virological mechanism 

that leads to the immunoprophylaxis failure in infants. Since 
the short read of ultra- deep pyrosequencing was not suitable 
for analysing the full- length sequence of HBV genome,35 the 
full- length HBV genome clone- based sequencing assay was 
considered the ‘gold standard’ for assessing HBV quasispecies 
characteristics. In this study, all of the full- length HBV genome 
clones derived from the same mother were clustered together, 
indicating that there was no contamination during the acquisi-
tion of clones. Furthermore, the sequences of full- length HBV 
genome in the mothers of two groups were evenly distributed in 
the phylogenetic tree, which indicated the good generalisability 
in the origin of HBV sequences and the similar HBV evolution 
pattern between the mothers of immunoprophylaxis failure 
infants and the mothers of immunoprophylaxis success infants.

In the mutant spectrum of quasispecies theory, the wild- type 
virus is no longer equated with a genome of a defined nucleo-
tide sequence, but is defined as a steady- state mutant distribution 
dominated by a master sequence that displays the highest repli-
cation rate among the components of the mutant spectrum.32 36 
In this study, we selected HBV quasispecies as a unit to explore 
the relationship between the quasispecies characteristics and 
immunoprophylaxis failure. Interestingly, compared with the 
mothers of immunoprophylaxis failure infants, higher mutant 
frequency, Shannon entropy and mean genetic distance at amino 
acid level in “a” determinant region of HBV genome were found 
in the mothers of immunoprophylaxis success infants. Such 
phenomena were not due to the differences of a single site or 
some special sites in “a” determinant region between two groups 
(online supplementary figures S3–S6), even in the whole large 
HBsAg region (online supplementary figures S7–S10). Mean-
while, such phenomena were neither due to the differences of 
selection pressure of a single site nor the entire “a” determi-
nant region between two groups (online supplementary table 
S8). Furthermore, NGS assay of “a” determinant region which 
could be sequenced within one reaction using Illumina Hiseq X 
confirmed the significant differences of the three quasispecies 
characteristics between two groups at amino acid level, as well 
as at nucleotide level. The observation at nucleotide level which 
was different from the clone sequencing assay (online supple-
mentary figure S11, online supplementary table S9). Since a 
limited number of clones in each sample may be responsible for 
the absence of difference at nucleotides level, the huge reads of 
“a” determinant region in NGS assay might be closer to represent 
the real population than that in clone- based sequencing assay.

As we know, fitness represents a kind of ability to produce 
the stable infectious progeny in a given environment, which also 
includes viral replication capability, secretion, antigenicity and 
infectivity during the production of viral progeny.37 38 It has been 
shown that a decreasing fitness of several viruses is always be 
resulted in bottleneck event.39–41 MTCT of HBV is a popula-
tion bottleneck event for HBV proliferation, which may result 
similarly in the decrease in HBV population fitness.32 42 The 
reduction of virus population fitness can be compensated by the 
subsequent enlargement of virus population like multiple rounds 
of virus replication, whereas it may be needed to overcome the 
effect of Muller’s ratchet.32 43 Otherwise, high mutation rate will 
make virus population unable to maintain the dominant pheno-
types of the quasispecies, and the virus population will enter into 
the error catastrophe and eventually extinct if the mutation rate 
is beyond threshold.44 45 It has been proved that the enhanced 
mutagenesis and the increased quasispecies complexity can result 
in the reduction of virus infectivity or lead to virus extinction in 
vitro, which supported the above interpretations.46 47 Accord-
ingly, the new antiviral strategies are aimed to decrease the virus 
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Figure 4 Management of pregnant women with positive HBsAg. HBIG, HBV immunoglobulin; HBV, hepatitis B virus; HBeAg, hepatitis B e antigen; 
HBsAg, hepatitis B surface antigen.

population fitness by increasing the lethal mutagenesis.32 42 In this 
study, HBV quasispecies mutant frequency, Shannon entropy and 
mean genetic distance of “a” determinant region in the mothers 
of immunoprophylaxis success infants were higher than those 
in the mothers of immunoprophylaxis failure infants, indicating 
that the HBV quasispecies in the mothers of immunoprophylaxis 
success infants had the lower capacities of survival and infec-
tion through MTCT. It was suggested that HBV population with 
low fitness was difficult to overcome the Muller’s ratchet and 
establish HBV infection in the infants with immunoprophylaxis, 
and the low fitness might work together with the deleterious 
effects of Muller’s ratchet and error catastrophe for contributing 
to immunoprophylaxis success; thus, these HBV- infected preg-
nant women with low fitness of virus population might not need 
to receive antiviral therapy during the third trimester. More-
over, the ROC curve and the binary logistic regression analyses 
revealed that HBV quasispecies characteristics including mutant 
frequency, Shannon entropy and genetic distance in “a” deter-
minant region were the potential predictors for the infants with 
high risk of immunoprophylaxis failure either at amino acid level 
or at nucleotide level. However, the predictive value of three 
quasispecies characteristics were higher at nucleotide level than 
that of amino acid level using NGS assay. We recognised one 
of the limitations in this study is the relatively small number of 
samples, which were derived from 1177 infants born to HBsAg- 
positive pregnant women without antiviral therapy. Therefore, 
large- scale multi- centre prospective studies are warranted to 
further confirm our findings in the future.

In conclusion, our study provides a new insight into the 
correlation of HBV quasispecies characteristics and immunopro-
phylaxis failure. Previous studies have shown that the mutations 
in “a” determinant region of HBV genome may induce confor-
mational changes of HBsAg so that it may not be recognised 
by the neutralising anti- HBs antibodies and lead to immuno-
prophylaxis failure.48 49 However, the immune escape muta-
tions between the case group and control group, as well as the 
mother–child pairs were not found to be a significant factor of 

immunoprophylaxis failure in this study (online supplementary 
tables S10–S15). Significantly, a more complex mutant spectrum 
in “a” determinant region was found in the mothers of immu-
noprophylaxis success infants, which indicated that HBV quasi-
species in these mothers were more vulnerable to extinct during 
MTCT, and, in turn, lead to the eventual immunoprophylaxis 
success. Accordingly, the mutations in “a” determinant region 
of HBV genome might be a double- edged sword for the MTCT 
of the HBV. More importantly, the mutant frequency, Shannon 
entropy and genetic distance in “a” determinant region might be 
helpful to predict the infants with high risk of immunoprophy-
laxis failure in the pregnant women with high HBV DNA load. 
In conjunction with our previous study,8 50 we proposed a flow-
chart (figure 4) for the management of pregnant women with 
positive HBsAg, which may be helpful to provide the precise 
medication to HBV- infected pregnant women with high HBV 
DNA load, and help the HBV- infected pregnant women who 
should not need antiviral therapy saving medical expenses and 
reducing the potential side effects of antiviral therapy.
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