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Identification of immunogenic targets against hepatitis B virus (HBV)-encoded proteins will
provide crucial advances in developing potential antibody therapies. In this study, 63
treatment-naïve patients with chronic HBV infection and 46 patients who achieved hepatitis
B surface antigen loss (sAg loss) following antiviral treatment were recruited. Moreover, six
patients who transitioned from the hepatitis B e antigen-positive chronic infection phase
(eAg+CInf) to the hepatitis phase (eAg+CHep) were enrolled from real-life clinical practice.
Additionally, telbivudine-treated eAg+CHep patients and relapsers or responders from an off-
treatment cohort were longitudinally studied. The frequencies and function of B cells were
assessed by flow cytometry. We devised a peptide array composed of 15-mer overlapping
peptides of HBV-encoded surface (S), core (C), and polymerase (P) proteins and performed a
screening on B-cell linear epitopes with sera. Naïve B cells and plasmablasts were increased,
whereas total memory, activated memory (AM), and atypical memory (AtM) B cells were
reduced in sAg- patients compared with sAg+ patients. Importantly, longitudinal observations
found that AtM B cells were associated with successful treatment withdrawal. Interestingly,
we identified six S-specific dominant epitopes (S33, S34, S45, S76, S78, and S89) and one
C-specific dominant epitope (C37) that reacted with themajority of sera from sAg- patients. Of
note, more B-cell linear epitopes were detected in CHep patients with alanine
aminotransferase (ALT) flares than in nonflare CInf patients, and five B-cell linear epitopes
(S4, S5, S10, S11, and S68) were overwhelmingly recognized by ALT flare patients. The
recognition rates of epitopes on C and P proteins were significantly increased in CHep
patients relative to CInf patients. Strikingly, a statistically significant elevation in the number of
positive epitopes was observed when ALT nonflare patients shifted into the flare phase.
Moreover, S76 identified at baseline was confirmed to be associated with a complete
response after 48 weeks of telbivudine therapy. Taken together, we identified several
functional cure-related B-cell linear epitopes of chronic HBV infection, and these epitopes
may serve as vaccine candidates to elicit neutralizing antibodies to treat HBV infection.
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INTRODUCTION

Although an effective preventative vaccine has successfully
protected newborns from hepatitis B virus (HBV) infection,
approximately 300 million people with persistent positivity of
hepatitis B surface antigen (sAg) are at high risk of developing
HBV-related liver diseases worldwide (1). Currently, widespread
application of interferon and nucleos(t)ide analogs (NUCs)
attains significant improvement in restraining HBV replication,
decreasing the rates of hepatocellular carcinoma and hepatic
failure in patients with chronic hepatitis B (CHB); however,
achieving sAg loss as an optimal endpoint is still burdensome
and challenging (2, 3). Therapeutic vaccine development is
needed to accelerate the goal of “the elimination of viral
hepatitis as a public health threat by 2030” proposed by the
World Health Organization.

HBV is a member of the family Hepadnaviridae with an
appropriate 3.2 kb genome encoding four open reading frames,
which are translated into the viral surface (S), core (C),
polymerase (P), and X proteins; each can elicit specific
immune responses against HBV (4). Cumulative data have
highlighted the critical role of antibodies specific against the S,
C, and P proteins triggered by HBV-specific B cells. The
detection of hepatitis B surface antibody (sAb) is associated
with virus control and disease resolution, and hepatitis B core
antibody (cAb), a marker of past or current HBV exposure, is
associated with acute liver damage. Meanwhile, antibodies
against the P protein were reported to exert antiviral effects (5–
7). The large S protein is further divided into 3 domains, PreS1,
PreS2, and S, in which the chief immunogenic target, “a
determinant region” is located (8). Epitope-based therapeutic
vaccines and corresponding neutralizing antibodies have shown
unique advantages in suppressing virus replication and
decreasing sAg levels (9–12). However, the persistent existence
of sAg and apparent discrepancies between animal models and
clinical patients limit their clinical application. In addition, a
recent phase 2, randomized, controlled open-label study showed
that a designed therapeutic vaccine targeting HBV-encoded S, C,
and X proteins failed to decrease the levels of sAg, despite
inducing robust immunologic enhancement (13). Therefore,
promising alternative novel epitopes urgently need to be
identified as immunotherapeutic targets to eradicate HBV.

Chronic HBV infection is a long-term dynamic process of the
interaction between the virus and host immunity. This infection is
systematically divided into five phases based on alanine
aminotransferase (ALT), HBV DNA level, the presence or
absence of hepatitis B e antigen (eAg) and liver inflammation (2).
High viremia and antigen load hamper both adaptive and innate
immunity (14, 15). Persistent exposure to high sAg loading is
associated with a dysfunctional HBV-specific immune response
(16, 17). Conversely, patients who achieve sAg loss following
antiviral treatment always have a satisfactory off-treatment
response and a low incidence of hepatocellular carcinoma (18–
20). Hence, it is necessary to explore the dominant B-cell epitopes
on HBV proteins among patients in different phases and evaluate
the association between dominant epitopes and powerful immune
responses or favorable treatment responses. The dominant B-cell
Frontiers in Immunology | www.frontiersin.org 2
epitopes in sAg loss patientsmay be amore promising candidate to
boost the HBV-specific immune response and achieve a functional
cure. Unfortunately, to date, there is a lack of comprehensive
investigation of B-cell epitopes in patients with different
natural histories.

In this study, using a peptide array composed of 15-mer
overlapping peptides of HBV-encoded S, C, and P proteins and
screening with sAg loss sera, we identified 6 S-specific dominant
epitopes (S33, S34, S45, S76, S78, and S89) and one C-specific
dominant epitope (C37) that reacted with the majority of sera
from patients with a functional cure. These data provide
information for developing novel epitope candidates to elicit
neutralizing antibodies to treat HBV infection.
MATERIALS AND METHODS

Study Subjects
The participants who provided written informed consent in this
study consisted of 4 groups. In the first group, a total of 109
chronic HBV infection patients and 18 sAg-negative healthy
individuals with normal ALT levels were enrolled for a cross-
sectional study. Sixty-three treatment-naïve patients were
classified into eAg-positive chronic infection (eAg+CInf, n=21),
eAg+ chronic hepatitis (eAg+CHep, n=21), and eAg-CInf (n=21)
based on an issued clinical practice guideline (2). Forty-six CHB
patients who achieved sAg loss following antiviral treatment were
recruited. The second group enrolled six patients who
transitioned from the ALT nonflare phase to the flare phase
from real-life clinical practice. The third group recruited twelve
eAg+ CHB patients treated with NUCs and fulfilled the criteria by
the stopping rule of APASL from a prospective observational
cohort. In this off-treatment cohort, six patients were sustained
responders. The other six patients were defined as relapsers who
experienced clinical relapse (HBVDNA>2000 IU/mLandALT>2
times the upper limit of normal during follow-up discontinuing
therapy). In the fourth group, eAg+ CHB patients who participated
in a clinical trial of telbivudine (trial number: CLDT600ACN07T)
were longitudinally studied. Three telbivudine-treated subjects
were defined as the complete response (CR) group (with normal
ALT, HBeAg seroconversion, and HBV DNA level < 1000 copies/
mL) at week 48, and the other subjects were classified as the
noncomplete response (NCR, n=2) group. Patients who suffered
from autoimmune diseases, other active diseases, or coinfection
with HAV, HCV, HDV, or HIV were excluded. All subjects were
recruited atNanfangHospital (Guangzhou, China). This studywas
conducted in compliance with the Declaration of Helsinki and
approved by the Ethical Committee of Nanfang Hospital.
Serological Assays and HBV DNA Assays
The levels of human serum sAg, sAb, eAg, and eAb were
quantitatively determined using the Roche COBAS® 6000
analyzer (Roche Molecular Diagnostics, Rotkreuz, Switzerland).
The sAg had a lower limit of detection of 0.05 IU/mL. For the
cross-sectional cohort, the levels of serum HBV DNA were
quantified by the Roche LightCycler® 480 II (Roche Molecular
October 2021 | Volume 12 | Article 767000
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Diagnostics, Pleasanton, CA) with a Hepatitis B Viral Quantitative
Fluorescence Diagnostic Kit (Sansure Biotech, Hunan, China),
with a lower limit of quantitation of 100 IU/mL. For detection in
the longitudinal cohort, serum HBV DNA was quantified by a
Roche Cobas Amplicor PCR assay (Roche Molecular Systems,
Branchburg, NJ, USA). The detection limit of HBV DNA was no
lower than 300 copies/mL. The normal ranges for ALT and AST
levels were 9–50 U/L and 15–40 U/L, respectively.

Phenotype Analysis and Intracellular
Cytokine Staining (ICS)
Peripheral blood mononuclear cells (PBMCs) were isolated from
fresh heparinized blood by Ficoll-Hypaque density gradient
centrifugation, and some cells were cryopreserved in liquid
nitrogen for further analysis. After staining with a Live/Dead
Fixable Near-IR Dead Cell Stain kit (Life Technologies), thawed
PBMCs (5 × 105 cells/tube) were stained with fluorescence
phenotype antibodies (CD19-BV510, 562947, BD; CD10-PE-
CF594, 562396; CD21-BV421, 562966, BD; CD27-Per-Cy5.5,
560612, BD; CD38-PE-Cy7, 560677, BD; or CD150-BV421,
562875, BD) at 4°C for 30 minutes and analyzed on a BD Aria
III flow cytometer (BD Bioscience). To assess the function of B
cells, PBMCs were stimulated with PMA (50 ng/mL), ionomycin
(0.75 µg/mL), CPG (10 µg/mL, InvivoGen), CD40L (1 µg/mL,
PeproTech), and BFA (1 µg/mL). The ICS was performed as
previously described (21). Briefly, cells were stained with CD19-
BV510, fixed and permeabilized using a Cytofix/Cytoperm kit
(BD Bioscience), and then staining was performed with the
corresponding intracellular antibody (IFN-g-PE/Dazzle™ 594,
562875, Biolegend). All flow cytometric analyses were performed
using FlowJo V10.0.7 software (Treestar).

Peptide Array and Serum Screening
Ninety-eight 15-mer peptides overlapping by 11 residues
covering large surface (S) proteins (PreS1, PreS2, and S region)
were selected for the assay (Supplementary Table 1). In
addition, the top response rates of 15-mer peptides in the C
protein (top 18) and P protein (top 16) from our previous
cultured T-cell enzyme-linked immunospot assay (ELISpot)
were also included for the assay (Supplementary Table 1). The
peptides covering the entire sequence of HBV genotypes B and C
were gifts from Johnson & Johnson. The peptide array was
manufactured by Suzhou Epitope Biotechnology Co., Ltd.
(Suzhou, China). Approximately 0.6 nL of each peptide with a
concentration of 0.1 mg/mL was printed onto activated
nanomembranes by SmartArrayer 48 as previously described
(22, 23). Serum was immediately withdrawn and frozen at -20°C
until use. Sera were diluted (1:100) and incubated with a peptide
array at 37°C for 30 minutes. Diluted sera without precoated
peptide (buffer dot) in each microarray were used as a negative
control. After washing, the peptide arrays were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-human IgG.
Dots were visualized by Super Signal Femto Maximum
Sensitivity Substrate for Chemiluminescence (Thermo Fisher),
and images were captured by a cool CCD. The mean +3 SD of the
buffer dot was used as the background intensity. A signal above
Frontiers in Immunology | www.frontiersin.org 3
1500 was considered positive. Positive peptide coverage was
defined as the ratio of the number of peptides recognized by at
least one serum sample to the total number of peptides in each
subpartition. The average recognition rate was generated to
define the average peptide reaction capacity of patients
in subpartitions.

Statistical Analysis
Data are expressed as median (interquartile range). The Mann–
Whitney U test or Wilcoxon signed-rank test was used when two
groups were compared. For multiple group comparisons, the
Kruskal–Wallis H test and post hoc test (Dunn’s test) were
performed. Correlations between variables were assessed with
Spearman’s rank-order correlation coefficient. Categorical
variables were compared by the chi-square test. SPSS Statistics
20.0 (Chicago, IL) and GraphPad Prism 8 software were used for
statistical analysis. All statistical analyses were based on two-
tailed hypothesis tests, and a P value < 0.05 was considered
statistically significant.
RESULTS

B-Cell Subsets Varied in sAg Loss and
Were Associated With Successful
Treatment Withdrawal
First, we investigated the percentage of total B cells, naïve B cells,
plasmablasts, total memory, resting memory (RM), activated
memory (AM), and atypical memory (AtM) B-cell subsets in
patients with different immune statuses of HBV infection as well
as healthy controls (HCs) (Table 1 and Supplementary
Figure 1A). The frequency of total CD19+ B cells in PBMCs
was significantly higher in sAg+ patients than in HCs
(Figure 1A). The frequency of naïve B cells and plasmablasts
was preferentially increased, whereas total memory B cells were
significantly reduced in sAg- patients compared with sAg+

patients (Figure 1A). In addition, a decreased proportion of
AM or AtM B cells was observed in patients who achieved sAg
loss, and RM B cells were the dominant phenotype in all phases
(Figure 1B and Supplementary Figure 1B). We next examined
whether the frequency of AtM B cells was correlated with
virological parameters. The frequency of AtM B cells was
positively correlated with serum sAg and HBV DNA levels
(Figure 1C). In addition, a similar positive correlation was
detected between the expression of SLAM on CD19+ B cells
and serum eAg levels. In contrast, inverse correlations were
found between IFN-g-expressing CD19+ B cells and eAg and
HBV DNA levels (Figure 1D). The expression of SLAM on
CD19+ B cells was similar among all phases, but IFN-g-
expressing CD19+ B cells were expanded in eAg-CInf patients
(Supplementary Figure 1C). An increased frequency of CD19+

B cells and naïve B cells within the cohort studied was found in
responders at week 48 after NUCs discontinuation (Table 2 and
Figure 1E). Notably, AtM B cells were dramatically enriched in
responders 8 and 12 weeks after stopping treatment compared to
relapsers (Figure 1F). Together, these results indicated that
October 2021 | Volume 12 | Article 767000
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alteration of the distribution and function of B-cell subsets might
be associated with the outcome of HBV infection.

Identification of Dominant S-Specific
Linear B-Cell Epitopes of Chronic HBV
Infection by a Peptide Array
Detection of sAbs produced by B cells is associated with disease
resolution and virus control in chronic HBV infection. To map
the dominant linear B-cell epitopes of sAbs recognized by these
patients, a peptide array composed of 98 overlapping 15-mer
peptides covering the large S protein was conducted (Figure 2A).
According to the classical regions of the large S protein, these
peptides were classified into 8 subpartitions: PreS1 (S1–31),
PreS1-S2 (S28–31), PreS2 (S28–44), PreS2-S (S41–44), S (S41–
98), Pre a (S72–75), a (S72–80), and Suf a (S78–80). Then, we
used this peptide array to perform serum screening for a total of
59 serum samples from patients with chronic HBV infection,
including 17 sAg loss patients. The design of the 5*5 peptide
array and representative results were shown in Figure 2B. In
summary, the positive peptide coverage of each subpartition
varied from 47.1% to 100%, although the recognition rate of each
peptide was low (Figure 2C).

sAg Loss Patients Have Fewer B-Cell
Linear Epitopes but a Higher
Recognition Rate
Then, we attempted to identify the dominant B-cell epitopes shared
by patients in different immune phases. The peptide array showed
that the dominant linear B-cell epitopes mainly lay in the S
subpartition in all stages. An increasing recognition rate of the
PreS1 subpartition was also observed in eAg+CHep and sAg loss
patients (Figure 3A and Supplementary Figure 2). We next
compared the recognition rate and positive peptide coverage of
subpartitions between patients with sAg+ and sAg-. The
subpartition recognition rate was comparable in these two groups;
however, the positive peptide coverage of the total large S protein and
S subpartitionwas lower in sAg- patients (Figure 3B). In contrast, six
peptides (S33, S34, S45, S76, S78, and S89) reacted with the majority
of sera from patients who achieved sAg loss (Figure 3C). Overall,
these data implied that the dominant linear B-cell epitopes appear to
be associated with the prognosis of chronic HBV infection.
Frontiers in Immunology | www.frontiersin.org 4
A Specific Linear Epitope on the “A
Determinant Region” Identified by sAg
Loss Sera Is Associated With a Favorable
Treatment Response
Considering the pivotal role of antibodies against the “a
determinant region” during vaccination, we then investigated the
dominant linear B-cell epitopes in “a” subpartition (Figure 4A).
Relative to patients with sAg+, the recognition rates of S76 and S78
were significantly increased in patients with sAg- (Figure 4B). In
addition, the proportion of sAg- patients in the S76- or S78-positive
group was significantly higher than that in the S76- or S78-negative
group (Figure 4C). Intriguingly, the longitudinal analysis showed
an expansive tendency of positive epitopes inpatientswho achieved
complete response (CR) after 48 weeks of telbivudine treatment. In
addition, all patients with S76 positivity at baseline achieved CR
after therapy (Table 3 and Figure 4D). These results suggested that
the S76 linear B-cell epitope may be a good marker to predict a
favorable treatment response to telbivudine.
Dominant Linear B-Cell Epitopes Are
Expanded in Chronic HBV-Infected
Patients With Liver Inflammation
Chronic HBV infection is an extremely complicated dynamic
process, especially in the hepatitis phase, in which elevated ALT
reflects inflammatory activity accompanied by immune
activation. We further characterized the distribution of linear
B-cell epitopes between patients with CInf and CHep. We found
that more linear B-cell epitopes of sAbs were detected in CHep
patients, and five linear B-cell epitopes (S4, S5, S10, S11, and S68)
were overwhelmingly recognized by CHep patients (Figure 5A).
Strikingly, the results also showed an elevated intensity of linear
epitope signals in CHep patients (Figure 5B). Subsequently, we
explored linear B-cell epitopes from six eAg+CInf patients with
normal ALT levels who shifted into the eAg+CHep phase with
ALT flares during the follow-up. As shown in Figure 5C, new
epitopes appeared in the flare phase of these patients. Of note,
there was a statistically significant elevation in the number of
positive epitopes when patients shifted into the ALT flare phase
(Figure 5C). Collectively, these results showed that dominant
linear B-cell epitopes could reflect immune activation in CHB.
TABLE 1 | Clinical characteristics of the cross-sectional study subjects.

Group eAg+ chronic infection eAg+ chronic hepatitis eAg- chronic infection sAg loss Healthy controls

No. of patients (M/F) 21 (12/9) 21 (17/4) 21 (14/7) 46 (41/5) 18 (8/10)
Age (year) 30.00 (24.75-36.00) 30.00 (25.50-33.50) 37.00 (33.75-46.00) 41.00 (35.00-53.00) 24.00 (23.00-27.00)
HBV DNA (lg IU/mL) 8.23 (7.78-8.53) 7.91 (7.62-8.24) 2.00a T.N.D n.d.
ALT (ULN) 0.45 (0.37-0.59) 3.14 (1.90-6.34) 0.40 (0.24-0.53) 0.44 (0.31-0.61) 0.28 (0.18-0.30)
AST (ULN) 0.56 (0.51-0.57) 2.20 (1.23-3.40) 0.50 (0.41-0.64) 0.50 (0.45-0.58) 0.35 (0.37-0.67)
sAg (P/N) 21/0 21/0 21/0 0/46 0/18
sAb (P/N) 0/21 0/21 0/21 22/24 18/0
eAg (P/N) 21/0 21/0 0/21 2/44 0/18
eAb (P/N) 0/21 0/21 21/0 27/19 0/18
October 2021 | Volume
Data were shown as median (25-75% percentile).
aEighteen subjects were lower than 2.0 in HBeAg- chronic infection.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; eAb, hepatitis B e antibody; eAg, hepatitis B e antigen; sAb, hepatitis B surface antibody; sAg, hepatitis B surface antigen;
n.d., not determined; P/N, positive or negative; T.N.D, target not detected; ULN, the upper limit of normal.
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A

B
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FIGURE 1 | Analyses of the B-cell subsets in the cross-sectional cohort and NUCs withdrawal cohort. (A) Comparison of the frequencies of total CD19+ B cells,
naïve B cells, plasmablasts, and memory B cells in patients with chronic HBV infection and HCs. According to the EASL clinical practice guideline, these subjects
were classified into 4 groups: hepatitis B e antigen-positive chronic infection (eAg+CInf, n=21), eAg-positive chronic hepatitis (eAg+CHep, n=21), eAg-CInf (n=21), and
hepatitis B surface antigen-negative (sAg-, n=46). (B) Frequency of resting memory (RM), activated memory (AM), and atypical memory (AtM) B cells among CD19+

B cells in HBV patients and HCs. (C) Spearman’s correlation between the frequency of AtM B cells among CD19+ B cells and the levels of serum virological
parameters. (D) The correlation between the expression of SLAM and IFN-g on CD19+ B cells and the levels of serum virological parameters. (E, F) Longitudinal
analysis of B-cell subsets after stopping NUCs therapy. (A, B) Kruskal–Wallis H test and Dunn’s multiple comparisons test. (C, D) Spearman’s rank correlation test.
(E, F) Mann–Whitney U test. *P < 0.05.
Frontiers in Immunology | www.frontiersin.org October 2021 | Volume 12 | Article 7670005
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A Higher Linear B-Cell Epitope
Recognition Rate on C and P
Proteins in CHep
Additionally, we tested the dominant linear B-cell epitopes of the C
and P proteins in chronic HBV infection. The top 18 response rates
of 15-mer peptides in the C protein and the top 16 in the P protein
Frontiers in Immunology | www.frontiersin.org 6
from our earlier cultured T-cell ELISpot were selected, and all can be
identified in the array (Supplementary Figures 3A, B).
An increasing number of positive epitopes on the P protein were
shown in eAg+CHep patients relative to patients with sAg loss
(Supplementary Figure 3C). Patients carrying sAg displayed a
higher recognition rate of the selected peptides on the P protein
TABLE 2 | Clinical characteristics of responders and relapsers with chronic HBV infection at the end of treatment.

Group responder relapser

No. of patients (M/F) 6 (6/0) 6 (5/1)
Age (year) 32.00 (29.25-37.50) 42.00 (37.00-48.25)
ALT (ULN) 0.40 (0.37-0.57) 0.44 (0.36-0.84)
Quantitative sAg (IU/mL) 232.50 (20.91-1787.00) 1553.00 (76.20-5325.00)
eAg (P/N) 0/6 0/6
eAb (P/N) 6/0 6/0
HBV DNA (lg IU/mL) T.N.D T.N.D
Median duration of medication (weeks) 188.00 (107.00-264.00) 290.00 (200.00-374.00)
Median time to virological relapse (weeks) NA 107.00 (12.00-150.00)
October 2021 | Vo
Data were shown as median (25-75% percentile).
ALT, alanine aminotransferase; eAb, hepatitis B e antibody; eAg, hepatitis B e antigen; sAg, hepatitis B surface antigen; NA, not applicable; P/N, positive or negative; T.N.D, target not
detected; ULN, the upper limit of normal.
A

B

C

FIGURE 2 | General recognition of linear B-cell epitopes on S protein by peptide array. (A) Schematic of the large surface proteins PreS1, PreS2, and S. In the
diagram of S, the “a determinant region” is red. Design of peptide array. Fifteen-mer overlapping peptides covering the entire S protein were shown. According to the
classical regions of the large S protein, these peptides were classified into 8 subpartitions: PreS1 (S1–31), PreS1-S2 (S28–31), PreS2 (S28–44), PreS2-S (S41–44), S
(S41–98), Pre a (S72–75), a (S72–80), and Suf a (S78–80). (B) Representative peptide array. Design of the 5*5 peptide array; for each subarray, there were negative
and positive controls (top). Five representative subarrays with positive results (bottom). (C) Positive peptide coverage in subpartitions and recognition rate of each
peptide in patients with chronic HBV infection.
lume 12 | Article 767000
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than those with sAg-; correspondingly, the positive peptide coverage
of the C and P proteins in sAg+ patients was higher than that in sAg-

patients (Figure 6A). Strikingly, C37 on the C protein stood out
from the selected peptides; its recognition rate was significantly
increased in patients with sAg-; moreover, the proportion of sAg-

patients in the C37-positive group was significantly higher than that
in the C37-negative group (Figures 6B, C). We also examined the
variation in linear B-cell epitopes between CInf patients and CHep
patients. A higher recognition rate of the selected peptides on C and
P proteins was observed in CHep patients, along with higher
positive peptide coverage (Figure 6D). Compared with CInf
patients, the recognition rate of C15 on C protein and P167 on P
protein were significantly increased in CHep patients (Figure 6D).
The proportion of CHep patients in the C15- or P167-positive
Frontiers in Immunology | www.frontiersin.org 7
group was significantly higher than that in the C15- or P167-
negative group (Figures 6E, F). Notably, a remarkable decrease in
the proportion of P188 was found in the flare phase compared to
the nonflare stage in these six patients during follow-up
(Figure 6G). These findings indicated a broad value of linear B-
cell epitopes on HBV proteins to evaluate the prognoses of patients.
DISCUSSION

Previous studies have identified several neutralizing antibodies
against HBV protein from a small number of HBV vaccinees or
controllers (9, 24). In contrast, we screened sera from 59 patients
with chronic HBV infection, including 17 patients who achieved
A

B

C

FIGURE 3 | Screening sera from patients with chronic HBV infection. (A) Sera from patients with chronic HBV infection were diluted (1:100) and incubated with a
peptide array, followed by incubation with HRP-conjugated anti-human IgG. The peptide array was visualized by chemiluminescent reagents, scanned, and
quantified. Peptides with a signal above 1500 (mean +3 SD of the negative control) were counted as positive (blue and red bars). The positive peptides for each
subject were plotted. Comparing the average recognition rate of each peptide in subpartitions in patients with chronic HBV infection. (B) Comparison of the
subpartition recognition rate (a set of recognition rates in the subpartition of each patient) and positive peptide coverage between the sAg+ and sAg- groups.
(C) Comparison of the recognition rate of each peptide between sAg+ and sAg- groups. (A) Kruskal–Wallis H test and Dunn’s multiple comparisons test. (B) Mann–
Whitney U test (left) and Chi-square test (right). (C) Chi-square test. *P < 0.05, **P < 0.01.
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sAg loss by a peptide array. The same strategy has been used to
identify dominant epitopes in other infectious diseases (22, 23, 25,
26). To learn the profile of the B-cell linear epitopes recognized by
chronic HBV infection for guiding vaccine design, we devised a
peptide array composed of 15-mer overlapping peptides of HBV-
encoded S, C, and P proteins and performed a screening on B-cell
linear epitopes with sera from patients in different phases of the
natural history. The data presented in this study provide
information for developing novel epitope candidates to
potentially elicit neutralizing antibodies to treat chronic HBV
Frontiers in Immunology | www.frontiersin.org 8
infection. First, the proportion of dysfunctional AtM B cells was
decreased inpatientswhoachieved sAg loss andwasassociatedwith
successful treatment withdrawal. Second, we identified seven
dominant epitopes recognized by sAg loss patients (S33, S34, S45,
S76, S78, S89, and C37), and a specific epitope, S76, at baseline was
associated with a favorable treatment response to telbivudine
therapy. Third, dominant linear B-cell epitopes are expanded in
chronic hepatitis B. Future studies are needed to further
comprehend the role and neutralization capacity of antibodies
against these epitopes.
A

B

C D

FIGURE 4 | Distribution of linear B-cell epitopes on “a determinant region”. (A) The amino acid sequence of “a determinant region”. The dotted boxes indicate the
corresponding peptides. The “a determinant region” was in red. (B) The recognition rate of each peptide in “a determinant region”. (C) The proportion of patients
with detectable sAg or sAg loss in the S76+/- or S78+/- groups. (D) Comparison of the number of positive peptides between the complete response (CR) and
noncomplete response (NCR) groups (left). The proportion of patients with different treatment responses in the S76+/- group (right). (B–D) Chi-square test.
*P < 0.05.
TABLE 3 | Clinical characteristics of the study subjects with telbivudine therapy for the longitudinal study.

Group CR NCR P value

No. of patients (M/F) 3 (1/2) 2 (2/0) 0.136a

Age (year) 34.00 (24.00-35.00) 25.50 (25.00-26.00) 0.800b

0 weeks HBV DNA (lg copies/mL) 8.63 (8.38-8.88) 8.18 (8.04-8.32) 0.800b

ALT (U/L) 253.00 (159.00-256.00) 258.00 (222.00-294.00) 0.983b

eAg (P/N) 3/0 2/0
48 weeks HBV DNA (lg copies/mL) n.d. n.d.

ALT (U/L) 14.00 (10.00-18.00) 19.00 (15.00-23.00) 0.400b

eAg (P/N) 0/3 2/0 0.025a
October 2021 | Volume 12 | Article
Data were shown as median (25-75% percentile).
aChi-squared test.
bMann-Whitney U test.
ALT, alanine aminotransferase; CR, complete response; eAg, hepatitis B e antigen; NCR, non-complete response; P/N, positive or negative.
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Clinically, sAg is a sensitive diagnostic marker for HBV
infection. Serum sAg titers are highly correlated with reactivity
to antiviral therapy and prognosis. Moreover, the incapacitated
immune system induced by overwhelming sAg was the real
culprit for the unsatisfactory effect of anti-HBV therapy (27,
28). Therefore, sAg is becoming the most promising target for
epitope-based therapy to achieve a functional cure. Three forms
of HBV S protein were displayed on HBV virions: the large S
(PreS1+PreS2+S), the middle S (PreS2+S), and the small S (S).
Antibodies against the prime target “a determinant region” in the
S domain, the antigenic loop and central immunodominant
region for HBV prevention and therapy, conferred efficient
viremia suppression: E6F6-like mAbs targeted epitope on “a
determinant region” (recognize aa 119–125 of S) strikingly
suppressed HBV DNA and HBsAg levels in an HBV mouse
model (10). To attain more aggressive HBV-specific immune
responses and therapeutic effects, they further designed S-aa
119–125-containing B cell epitope-based therapeutic vaccines.
The remarkable and prolonged suppression effects on sAg and
viral loading in HBV carrier mice confirmed its potential in
therapeutic vaccine design for CHB treatment (11). However,
antibodies against a similar recognition site were not found in a
Frontiers in Immunology | www.frontiersin.org 9
human counterpart (12). In the present study, we demonstrated
that the recognition rates of S76 and S78 on “a determinant
region” were distinctly higher in sAg loss patients despite
decreased positive peptide coverage of the S domain. Total
memory B cells and AtM B cells, the main component of sAg-
specific B cells (29–31), were reduced in sAg loss, which mainly
resulted from the decline of sAg and eAg. Combined with the
findings that an increasing proportion of plasmablasts in sAg loss
could differentiate into antibody-producing cells and an inverse
association between the frequency of immunoregulatory IFN-g-
producing B cells and virological parameters, it is reasonable to
speculate that fewer defective B cells in sAg loss may produce
effective neutralizing antibodies against these two epitopes in
conquering sAg seroclearance. To further investigate the
relationship between these epitopes and treatment response, we
longitudinally analyzed the dominant linear B-cell epitope in
patients treated with telbivudine for 48 weeks. Notably, patients
identified as S76, S1, or S9 at baseline were more likely to achieve
CR after the entire therapy (Figure 4D and Supplementary
Figure 4). It should be emphasized that small quantity of
longitudinal participants and patients with sAg loss might
cause potential bias, which makes it difficult to match all
A

B

C

FIGURE 5 | Linear B-cell epitope variation between chronic HBV infection (CInf) and chronic hepatitis B (CHep). (A) Comparison of the recognition rate of each
peptide between CInf and CHep patients. (B) The original signal change of each peptide between CInf and CHep patients. (C) Distribution of linear B-cell epitopes of
six patients who transitioned from the nonflare eAg+CInf phase to the eAg+CHep phase with ALT flares. Positive epitopes were plotted in the nonflare (light blue bar)
and flare (dark blue bar) phases (left). Comparing the number of positive peptides between ALT nonflare and flare phases (right). (A) Chi-square test. (B) Mann–
Whitney U test. (C) Wilcoxon signed-rank test. *P < 0.05, **P < 0.01.
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A

B C

D
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F G

FIGURE 6 | Distribution of linear B-cell epitopes on core (C) and polymerase (P) proteins. (A) Comparison of the recognition rate and positive peptide coverage on C
or P between sAg+ and sAg- groups. (B) The recognition rate of the selected peptide on C or P. (C) Proportion of patients with detectable sAg or sAg loss in the
C37+/- group. (D) Comparison of the recognition rate and positive peptide coverage on C or P proteins between CInf and CHep patients. (E) Comparison of the
recognition rate of the selected peptides between CInf and CHep patients. (F) The proportion of patients with CInf or CHep in the C15+/- or P167+/- groups.
(G) The proportion of P188 was positive or negative in the ALT nonflare and flare phases of those six patients. (A, D) Mann–Whitney U test (left) and Chi-square test
(right). (B, C, E–G) Chi-square test. *P < 0.05, **P < 0.01.
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comparisons; further investigation is warranted to verify this
preliminary conclusion.

Recently, an increasingnumberofpublications identified several
epitopes besides S76 or S78 that play a pivotal role in inducing the
HBV-specific immune response. Further in vivo preclinical
experiments also confirmed the neutralizing ability of epitope-
corresponding antibodies (9, 12, 32). However, the persistent
existence of sAg restricted their clinical application. The
discrepancies possibly resulted from the various natural histories
of selected individuals. In this study, we focused on pursuing
candidate epitopes that drove the transformation to sAg
seroclearance. The straightforward comparison between sAg loss
and sAg-positive patients may make it easier to identify the pivotal
epitopes that may play critical roles in achieving a functional cure
while neglected under various alternative epitopes in other studies.
Of note, the dominant epitopes on the C protein in patients who
achieved a functional cure were also consistent with our previous
finding that HBV C-specific T-cell responses played an essential
role in HBV control (33). To our knowledge, few studies have
documented sAg loss-relateddominant epitopes,whichwouldhave
potentially far-reaching ramifications for immunotherapy of
chronic HBV infection. Further experiments are needed to clarify
this hypothesis, and the therapeutic effect of antibodies against
nominated epitopes remains to be elucidated.

Dozens of resources and efforts have been devoted to developing
anti-HBV therapy; nevertheless, progress is still tortuous due to the
difficulty of overcoming immune tolerance in chronic HBV
infection. The natural history of chronic HBV infection is a long-
term dynamic process and consists of five discontinuous phases.
HBV-specific adaptive immunity can also change from immune
tolerance to progressive immune activation, inactivation,
reactivation, and exhaustion (34). Emerging evidence has shown
that “immune tolerant” CInf patients tend to develop hepatocellular
carcinoma compared with “immune active” CHep patients (12% vs.
6% per 10 years) (34, 35). In addition, the diverse immune status
may be a consequence of the abundance of dominant epitopes,
which may strongly influence immune activation signaling (36).
Hence, it is essential to explore the epitope variation between CInf
and CHep patients. Our peptide array data demonstrated that S4,
S5, S10, S11, S68, C15, and P167 were the most distinguishable
dominant epitopes in CHep patients relative to CInf patients.
Additionally, we longitudinally analyzed the dynamic variation of
epitopes in six patients who transitioned from the ALT nonflare
eAg+CInf phase to the flare eAg+CHep phase. Emerging epitopes in
the ALT flare phase of these patients further confirmed that
dominant linear B-cell epitopes could reflect immune activation
in CHB. Interestingly, we found that the majority of dominant
epitopes in immune-active CHep patients were located in the PreS1
domain. Antibodies against S regions are believed to elicit
neutralizing infectivity. Meanwhile, the PreS1 domain interacts
with the HBV receptor NTCP on hepatocytes (37, 38). Thus, it is
reasonable to speculate that the abundance of epitopes reflecting
immune activation during chronic HBV infection may activate the
HBV-specific immune response, elicit neutralizing antibodies,
inhibit virus replication, and disrupt susceptibility to NTCP for
HBV entry, which should be elucidated in future studies.
Frontiers in Immunology | www.frontiersin.org 11
In summary, we identified the dominant B-cell linear epitopes
of chronic HBV infection by a peptide array. These results will be
essential to guide the therapeutic vaccine design for chronic
HBV infection.
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plasmablasts (CD19+CD10-CD21-CD27+CD38+), resting memory (RM,
CD21+CD27+), activated memory (AM, CD21-CD27+), and atypical memory (AtM,
CD21-CD27-) B-cell subsets. (B) Frequency of RM, AM, and AtM B cells among
CD19+ B cells in patients with chronic HBV infection. (C) The expression of SLAM and
IFN-g on CD19+ B cells within patients with chronic HBV infection and HCs. (B, C)
Kruskal–Wallis H test and Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01.

Supplementary Figure 2 | Comparing the number of positive epitopes in
patients with chronic HBV infection in different subpartitions.
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Supplementary Figure 3 | General recognition of linear B-cell epitopes on C
and P proteins. (A) The recognition rate of the selected peptide on C and P
proteins in patients with chronic HBV infection. (B) Positive peptide coverage on
C and P. (C) Comparison of the number of positive epitopes on the C or P protein
in patients with chronic HBV infection. (B) Chi-square test. (C) Mann–Whitney U
test. *P < 0.05.

Supplementary Figure 4 | The proportion of patients with different treatment
responses in the S1+/- or S9+/- groups. Chi-square test. *P < 0.05.
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