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Abstract

Background and Aim: Long-term maintenance of viral control, even HBsAg

loss, remains a challenge for chronic hepatitis B (CHB) patients undergoing

nucleos(t)ide analogue (NA) discontinuation. This study aimed to investigate

the relationship between HBV-specific T-cell responses targeting peptides

spanning the whole proteome and clinical outcomes in CHB patients after

NA discontinuation.

Approach and Results: Eighty-eight CHB patients undergoing NA

discontinuation were classified as responders (remained relapse-free up to

96 weeks) or relapsers (relapsed patients who underwent NA retreatment for

up to 48 weeks and reachieved stable viral control). HBV-specific T-cell

responses were detected at baseline and longitudinally throughout the fol-

low-up. We found responders had a greater magnitude of HBV polymerase

(Pol)-specific T-cell responses than relapsers at baseline. After long-term NA
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discontinuation, simultaneously enhanced HBV Core-induced and Pol-

induced responses were observed in responders. Particularly, responders

with HBsAg loss possessed enhanced HBV Envelope (Env)-induced

responses after short-term and long-term follow-up. Notably, CD4+T cells

accounted for the predominance of HBV-specific T-cell responses. Corre-

spondingly, CD4-deficient mice showed attenuated HBV-specific CD8+T-cell

responses, reduced HBsAb-producing B cells, and delayed HBsAg loss; in

contrast, in vitro addition of CD4+T cells promoted HBsAb production by B

cells. Besides, IL-9, rather than PD-1 blockade, enhanced HBV Pol-specific

CD4+T-cell responses.

Conclusion: HBV-specific CD4+T-cell responses induced by the targeted

peptide possess specificities for long-term viral control and HBsAg loss in

CHB patients undergoing NA discontinuation, indicating that CD4+T cells

specific to distinct HBV antigens may endow with divergent antiviral

potential.

INTRODUCTION

Chronic HBV infection remains a severe public health
care problem. Current therapies for chronic hepatitis
B (CHB) remain limited to pegylated interferon (IFN)-
α or approved nucleos(t)ide analogue (NA).[1] Con-
sidering the side effects and the inconvenience of
pegylated IFN-α administration, well-tolerated NA
with potent antiviral activity is the most commonly
used. Nevertheless, NA therapy discontinuation can
result in the relapse of HBV and the risk of liver
failure.[2] The overall goal of treating CHB is to
achieve a functional cure characterized by prolonged
HBsAg loss, which remains rare with the currently
available antiviral therapies. It has been documented
that HBsAg loss is associated with a reversion of
liver fibrosis, a reduction in the risk of HCC, and
a lower rate of HBV reactivation.[1,3] Therefore,
the achievement of sustained viral control, and
even functional cure, remains a challenge for CHB
patients after treatment withdrawal. To this end,
investigating the factors that are closely related to
sustained HBsAg loss after therapy withdrawal is
warranted.

The HBV-specific cellular immune response plays a
critical role in determining the outcome after NA
discontinuation. It has been shown that patients with a
higher frequency of HBV-specific T-cell responses are
less likely to develop HBV flares when stopping NA
therapy.[4,5] HBV-specific T-cell responses targeting the
Envelope (Env), Core, Polymerase (Pol), and HBx
proteins can be induced. Data from HBV-infected
patients reported that CD8+ T cells specific to Core
and Pol exhibited distinct phenotypic, transcriptional,

and functional features.[6,7] Compared with Pol, Env-
specific CD8+ T cells were more protective and capable
of recognizing HBV-producing hepatocytes in HBV
transgenic mice.[8] Thus, T-cell immune response
targeting different HBV antigens might possess a
distinct ability against HBV and be associated with
divergent outcomes of CHB patients after therapy
withdrawal.

In recent years, the effects of HBV-specific CD4+ T
cells have been increasingly valued. Previous studies
have shown that HBV-specific CD4+ T cells serve as
major regulators of the CD8+ T-cell–mediated adap-
tive immune response.[9] A lack of CD4+ T cells may
result in HBV persistence in patients with HBV/HCV
coinfection.[10] HBV-specific IFN-γ producing CD4+ T
cells are associated with HBV clearance.[11] These
findings suggest that CD4+ T cells might also serve
as an indispensable part in the functional cure of HBV
infection. Apart from the well-established cellular
immune response, an effective humoral arm is also
essential for preventing HBV flare. Indeed, it has
been shown that humoral immune responses mainly
contribute to the prevention of HBV reactivation
decades after HBsAg clearance.[12] Since CD4+ T
cells are essential for the differentiation and matura-
tion of B cells, factors that promote CD4+ T-cell
response may aid humoral immunity against
HBV. However, reports have shown that B cells
can enhance primary and memory CD4+ T-cell
responses,[13,14] suggesting the importance of B cells
in conditioning T-cell responses. Thus, the influence
of cooperation between specific CD4+ T cells and B
cells in the functional cure of HBV infection needs to
be further elucidated.
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In this study, we longitudinally analyzed the function of
HBV-specific T cells targeting different HBV peptides in
CHB patients after NA therapy withdrawal in a single-
center, noninterventional, retrospective, and prospective
cohort. It was observed that HBV Core-specific and Pol-
specific CD4+ T cells were mainly related to sustained
viral control after therapy withdrawal. More importantly,
we found HBV Env-specific CD4+ T-cell responses were
associated with HBsAg loss. This report emphasizes a
differential protective role of HBV-specific CD4+ T cells in
sustained response and even functional cure after
therapy withdrawal in CHB patients.

METHODS

Patients

Eighty-eight CHB patients were enrolled in an
observational clinical trial (CON Study, ChiCTR-
OOC-17013970) focused on the sustained response
after discontinuation of NA therapy (Table S1 and S2,
http://links.lww.com/HEP/E8). Patients were originally
HBeAg-positive and received at least 48 weeks of NA
therapy; subsequently, they would discontinue anti-
viral therapy if they achieved HBV DNA < 300 copies/
mL and HBeAg seroconversion at 2 consecutive time
points at least 6 months apart. After NA therapy
discontinuation, patients were followed monthly
during the initial 3 months and then were monitored
at 3-month intervals for at least 96 weeks (0, 4, 8, 12,
24, 36, 48, 60, 72, 84, and 96 wk, respectively).
According to clinical characteristics, patients were
divided into 2 groups: responders and relapsers
(Figure S1, http://links.lww.com/HEP/E8). Respond-
ers were patients who maintained HBV DNA ≤ 104

copies/mL, achieved alanine aminotransferase (ALT)
normalization, and achieved HBeAg seroconversion
for more than 96 weeks after therapy withdrawal. In
addition, according to serum HBsAg levels after
therapy withdrawal, responders were divided into
responders with HBsAg loss and responders with
HBsAg-positive. Relapsers were patients with con-
firmed relapse defined as HBV DNA > 104 copies/mL
and ALT > 2× upper limit of normal detected at 2
consecutive time points within 1 month. Relapsers
were subsequently treated with NA agents for at least
48 weeks and achieved clinical stability with HBV
DNA < 300 copies/mL, ALT normalization, and
HBeAg negativity. In adition, 88 patients with HBV
infection from an observational clinical trial (SEARCH-
B Study, NCT02167503) were recruited, including 60
HBsAg-positive and 28 HBsAg loss patients (Table
S3, http://links.lww.com/HEP/E8). The exclusion cri-
teria were HAV, HCV, HDV, HIV infection, auto-
immune diseases, immunosuppressive conditions,
and other severe illnesses or cancer. All experiments

with human samples were approved by the Ethical
Committee of Nanfang Hospital, and all subjects
provided informed consent.

Synthetic peptides

A total of 393 15-mer overlapping single peptides
(3D single peptides) covering the whole sequence of
HBV were designed and synthesized. The overlapping
peptides were assigned to a 2-dimensional (D) matrix
system using a concept according to that previously
described.[15] Within a given protein matrix, each 3D
single peptide was represented in 2 different peptide
pools (2D matrix peptides), allowing for the identification
of the respective peptide by responses in the 2
corresponding pools. As shown in Figure S2 (http://
links.lww.com/HEP/E8), the Env 3D single peptides
were mixed into 20 2D matrix peptides (9 or 10 3D
single peptides in each Env 2D matrix peptide). Core
3D single peptides were mixed into 15 2D matrix
peptides (6 or 9 3D single peptides in each Core 2D
matrix peptide). Considering the length of the whole
HBV Pol protein, it was divided equally into Pol1 and
Pol2. Pol 3D single peptides were mixed into 21 2D
matrix peptides (10 or 11 3D single peptides in each Pol
2D matrix peptide), while HBx 3D single peptides were
mixed into 12 2D matrix peptides (6 3D single peptides
in each HBx 2D matrix peptide). In addition, each 1D
peptide pools (Env, Core, Pol1, Pol2, and HBx)
contained all 3D single peptide mixtures (Env peptide
pool contained 98 3D single peptides, Core peptide
pool contained 51 3D single peptides, Pol1 peptide pool
contained 104 3D single peptides, Pol2 peptide pool
contained 104 3D single peptides, and HBx peptides
pool contained 36 3D single peptides). HBV 1D peptide
pools (Env, Core, Pol1, Pol2, and HBx) were used in
peripheral blood mononuclear cells (PBMCs) in vitro
expansion experiments (Figure S3, http://links.lww.
com/HEP/E8).

In vitro expansion

PBMCs were isolated by the Ficoll-Hypaque centrifu-
gation and used directly or cryopreserved. PBMCs were
stimulated with 1D peptide pools (Env, Core, Pol1, Pol2,
and HBx) in RPMI medium 1640 complete medium
(Gibco; Thermo Fisher Scientific) supplemented with
10% AB (human serum AB). After PBMCs were pulsed
with 1D peptide pools (4 μg/mL) for 1 hour at 37 °C in an
incubator, IL-7 (25 ng/mL; PeproTech) was added. Cells
were then cultured for 10 days with recombinant IL-2
(10 ng/mL; PeproTech) added on days 3 and 7 (Figure
S3, http://links.lww.com/HEP/E8). Cells were collected,
washed 6 times on day 10, and rested in a 37°C
incubator for 24 hours for subsequent experiments.
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An enzyme-linked immunosorbent spot (ELISpot) assay
was performed to screen responsive peptides, followed
by intracellular cytokine staining confirmation with a
single peptide.

Additional supporting information and reagents used
in this study are included in Supplementary Materials
and Methods (Table S10, http://links.lww.com/HEP/E8).

RESULTS

HBV Env-specific T-cell responses are
associated with HBsAg loss after treatment
withdrawal

First, we investigated the dynamic changes in the
specific T-cell responses targeting peptides spanning
the whole HBV proteome; a cultured ELISpot
assay was performed to detect IFN-γ-producing HBV-
specific T cells according to the procedure we have
established previously (Figure 1A).[16] It revealed that
HBV Pol-specific T-cell response was higher in
responders relative to relapsers at baseline (0 wk) of
withdrawal (Figure 1B). Intriguingly, the frequency of
HBV Pol-specific T cells at the flare time point
(median: 20 wk) was decreased compared with that
at baseline in relapsers (Figure S4, http://links.lww.
com/HEP/E8), suggesting attenuated HBV-specific
T-cell responses might not maintain viral control after
therapy discontinuation. Notably, with the prolongation
of NA discontinuation, responses against the Core
and Pol proteins were markedly increased in res-
ponders compared with relapsers at 96 weeks of
withdrawal, while similar patterns were not observed
for the Env-induced or HBx-induced responses.
These findings indicated that HBV Pol-specific
T cells might associate with short-term response upon
therapy discontinuation. In contrast, HBV Core-
specific and Pol-specific T cells might associate with
long-term virological control. Next, we explored
whether patients with HBsAg loss during follow-up
exhibited a distinct T-cell response. Of note, the
frequency of Env-specific T cells at 4, 48, and 96
weeks of discontinuation, but not those of Pol-specific,
or HBx-specific T cells, was significantly higher
in responders with HBsAg loss than those
with HBsAg-positive (Figure 1C). Further analysis
showed that the frequency of HBV Env-specific
IFN-γ-producing T cells at 4 weeks or 96 weeks of
discontinuation was negatively correlated with HBsAg
levels at 0 weeks of therapy withdrawal (Figure S5,
http://links.lww.com/HEP/E8), suggesting that Env-
specific T cells might associate with HBsAg loss after
therapy withdrawal. Taken together, these data
indicated that T cells specific to distinct HBV antigens
might endow with divergent antiviral potential.

The breadth of HBV Env-specific T-cell
responses is associated with HBsAg loss
after NA discontinuation

To investigate the breadth of specific T-cell responses
against the HBV peptides, we performed a systematic
mapping of the single peptide to confirm specificity. A total
of 393 single peptides spanning the whole HBV proteome
were tested by T-cell ELISpot at 96 weeks of withdrawal.
We found the coverage of responsive peptides targeting
the Core (45%) was higher than that of the Env (20%),
indicating that Core-specific T cells were more easily
detected than Env-specific T cells (Figure 2A). Further
analysis focusing on single responsive peptides in different
groups revealed that responders and relapsers established
a hierarchy of dominant and subdominant epitopes. As
shown in Figure S6A (http://links.lww.com/HEP/E8), the
frequencies of Pol026 (VNEKRRLKLIMPARF) and Pol105
(NLLSSNLSWLSLDVS) were elevated with marginal
significance in relapsers. Notably, for responder subjects,
the frequencies of Env87 (SWLSLLVPFVQWFVG) and
Env95 (PSLYNILSPFLPLLP) were significantly higher in
those with HBsAg loss than in HBsAg-positive subjects
(Figure S6B, http://links.lww.com/HEP/E8). We next ana-
lyzed the responsive peptide coverage among sex-
matched and age-matched patients. The coverage of
responsive peptides was comparable in responders and
relapsers (Figure 2B). Of particular interest was that the
responsive peptide coverage of the Env, but not those of
the Core, Pol, or HBx, was significantly higher in HBsAg
loss than HBsAg-positive responders (Figure 2C), which
indicated that, besides the magnitude, the breadth of Env-
specific T-cell responses might also be related to
HBsAg loss.

HBV-specific CD4+ T cells account for the
predominance of HBV-specific T cell
responses and are closely related to
HBsAg loss

We next explored which subset of HBV-specific T cells
dominates after therapy withdrawal. As shown in
Figure 3A and B, the coverage of single responsive
peptides in CD4+ T cells targeting the Env was
comparable to that in CD8+ T cells at 96 weeks of
discontinuation. In contrast, the coverage of responsive
peptides in CD4+ T cells targeting the Core, Pol, and
HBx (79%, 65%, and 80%, respectively) was higher
than that in CD8+ T cells. We then assessed the
magnitude of HBV-specific CD4+ and CD8+ T-cell
responses in responders and relapsers (Figure 3C
and Figure S7, http://links.lww.com/HEP/E8). Com-
pared with relapsers, responders showed an upregu-
lated frequency of Core-specific CD4+ T cells at 96
weeks of discontinuation (Figure 3D). Especially,
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the frequencies of Env-specific, Core-specific, and
Pol-specific CD4+ T cells were significantly higher
than in CD8+ T cells in responders (Figure 3D).

Combined with the above results, these findings
suggested that Core-specific CD4+ T cells play a vital
role in the sustained response after therapy withdrawal.

F IGURE 1 HBV-specific T-cell responses are related to viral control and HBsAg loss after treatment withdrawal. IFN-γ ELISpot assay was
performed to assess HBV-specific T-cell responses. (A) Experimental procedures of the cultured ELISpot assays. (B and C) Dynamic view of the
frequency of HBV Env-, Core-, Pol1-, Pol2-, and HBx-specific T cells in responders and relapsers, or in responders with HBsAg loss and
responders with HBsAg-positive at 0, 4, 8, 24, 48, and 96 weeks after therapy withdrawal. (B and C) Mann–Whitney U test. *p < 0.05.
Abbreviations: ELISpot, enzyme-linked immunosorbent spot; Env, Envelope; PBMCs, peripheral blood mononuclear cell; Pol, Polymerase; SFCs,
spot-forming cells.

596 | HEPATOLOGY



F IGURE 2 Analyzing the breadth of HBV-specific T-cell responses in patients with different outcomes after therapy withdrawal. A total of 393
single peptides were tested by T-cell ELISpot. The recognition rate was calculated as the number of patients who were responsive to one single
peptide relative to all detected patients. The coverage of responsive peptides was the number of single responsive peptides divided by the number
of corresponding peptides pool, including Env (98), Core (51), Pol (208), and HBx (36). (A) The recognition rate and the coverage of responsive
peptides in all patients (n= 51). The coverage of responsive peptides in (B) sex-matched and age-matched responders (n= 11) and relapsers
(n= 11), or (C) HBsAg loss (n= 12) and HBsAg-positive (n=12) responders at 96 weeks after therapy withdrawal. The number of patients with
specific single responsive or nonresponsive peptides was noted in the bar. (A–C) Chi square test or Fisher test. *p < 0.05. Abbreviations: Env,
Envelope; Pol, Polymerase.
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F IGURE 3 HBV-specific T-cell responses are predominantly mediated by CD4+ T cells. (A) The number of CD4+ and CD8+ T-cell responses
targeting all HBV proteins was displayed for patients at 96 weeks of withdrawal. (B) The coverages of indicated peptides (Env, Core, Pol, and HBx)
responding to CD4+ T cells (red), CD8+ T cells (orange), and both CD4+ and CD8+ T cells (gray) are shown and compared. Annotation represents
the coverage of responsive peptides targeting CD4+ T cells. The coverage of responsive peptides was calculated as the number of single peptides
responding to CD4+ or CD8+ T cells divided by the number of single responsive peptides. (C) Representative FACS plots showed the gating
strategy and the staining of IFN-γ-producing HBV-specific T cells. The frequency of IFN-γ-producing HBV-specific T cells in CD4+ or CD8+ T cells
in (D) responders and relapsers at 96 weeks of withdrawal, or (E) HBsAg loss and HBsAg-positive patients. (B) Chi square test or Fisher test.
(D and E) Mann–Whitney U test. *p < 0.05. Abbreviations: Env, Envelope; Pol, Polymerase.
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Interestingly, the secretions of IFN-γ by Env-specific
CD4+ T cells were upregulated in HBsAg loss compared
with HBsAg-positive patients (Figure 3E). Furthermore,
the frequencies of IFN-γ-producing HBV Env-specific,
Core-specific, and Pol-specific CD4+ T cells were
higher than the corresponding CD8+ T cells in
patients with HBsAg loss (Figure 3E). These findings
demonstrated that the majority of HBV-specific T-cell
epitopes were related to CD4+ T-cell responses.

Since the interaction of CD4+ T lymphocytes with
MHC II molecules is crucial for T-cell activation, we next
investigated the relationship between human leukocyte
antigen (HLA) alleles and outcomes after NA discontin-
uation. The frequencies of the C*03:04 and DPB1*02:02
alleles showed a higher trend in responders (Table S4,
http://links.lww.com/HEP/E8). Patients with HBsAg loss
showed higher frequencies of HLA class II DQB1*05:01,
DRB1*14:05, and DRB1*15:02 alleles, while the frequen-
cy of the HLA class I A*11:01 allele was lower (Table S5,
http://links.lww.com/HEP/E8). Besides, similar results
were observed in Table S6 and Table S7 (http://links.
lww.com/HEP/E8) by performing the Cochran-Armitage
trend test to test for a trend in patients with different
genotypes (wild type, heterozygous, and homozygous
allele). In addition, we also found a close association
between genetic variation in the CD4 or HLA-DR region
(Table S8 and Table S9, http://links.lww.com/HEP/E8)
and the relapse or HBsAg loss, suggesting that CD4-
associated genetic markers might serve as potential
predictors of the clinical outcomes when considering anti-
HBV therapy discontinuation.

CD4+ T cell deficiency resulted in
attenuated HBV-specific CD8+ T-cell
responses

The above-mentioned results highlighted the impor-
tance of HBV-specific CD4+ T cells in maintaining
HBsAg loss after therapy discontinuation; we then
investigated whether CD4+ T cells could favor HBsAg
loss by affecting CD8+ T-cell–mediated immune
responses. We first found that HBsAg loss patients
possessed a higher frequency of IL-21-producing Env-
specific CD4+ T cells than HBsAg-positive patients
(Figure 4A). In vitro addition of IL-21 augmented IFN-γ-
producing Env-specific CD8+ T cells (Figure 4B).
Furthermore, IL-21R-KO mice with the HBV model
showed reduced Env-specific CD8+ T cells compared
with the WT mice (Figure 4C). Thus, we speculated that
CD4+ T cells might affect CD8+ T cells in an IL-21-
involved manner. We next investigated the effect of
CD4+ T cells on CD8+ T cells; we performed in vitro
assays in the context of CD4+ T-cell depletion, as
shown in Figure 4D, decreased effector memory
CD8+ T cells, CD69 expression, and elevated naïve
CD8+ T cells were found in patients with therapy

discontinuation, indicating that CD4+ T cells induced a
strong effector phenotype on CD8+ T cells. In addition,
CD4+ T-cell–depleted PBMCs showed reduced
Granzyme B+CD8+ T cells and HBV-specific IFN-
γ+CD8+ T cells. We next analyzed the impact of
different CD4+ T cell subsets on CD8+ T cells.
Compared with relapsers, responders had a higher
frequency of effector memory CD4+ T cells but a lower
frequency of naïve CD4+ T cells at 4 and 8 weeks after
treatment discontinuation (Figure S8A, http://links.lww.
com/HEP/E8). Transcriptome analysis from liver tissue
revealed that, compared with CHB patients without
memory-activated CD4+ T cells infiltration, upregulated
CD8+ T-cell activation and differentiation were detected
in those patients with infiltrating memory-activated
CD4+ T cells (Figure 4E, upper panel). In comparison,
hepatic infiltrating naïve CD4+ T cells downregulated
the activation and differentiation of CD8+ T cells
(Figure 4E, lower panel). Notably, CD4+ T-cell–
deficient mice showed delayed HBsAg clearance and
reduced IFN-γ-producing HBV-specific CD8+ T cells
(Figure 4F). These data indicated that CD4+ T cells
promote CD8+ T-cell–mediated immune responses.

CD4+ T-cell–involved humoral immune
response favors HBsAg loss

We then investigated whether CD4+ T cells could favor
HBsAg loss by affecting B-cell–mediated humoral
immune response; we first quantified HBV-specific B
cells. As shown in Figure 5A, HBsAg loss patients
showed an elevated frequency of HBsAg-specific
memory B cells and decreased HBsAg-specific atypical
memory B cells. In addition, we found HBsAg-specific B
cells had downregulated the expression of inhibitory
molecular CD32 and upregulated IL-6 expression in
HBsAg loss patients (Figure 5B). Of note, the frequency
of HBsAg-specific memory B cells was inversely
correlated with serum HBsAg quantification and HBV
DNA levels (Figure 5C). Further analysis of B cell
function revealed an increased frequency of HBsAb-
producing B cells in HBsAg loss patients at 96 weeks
after therapy withdrawal (Figure 5D). These observations
indicated that HBsAg-specific memory B cells might play
an essential role in HBsAg loss.

We next evaluated the cognate CD4+ T cell/B cell
interactions. To investigate whether B cells were involved
in specific CD4+ T-cell responses, B cells were depleted
from PBMCs. We observed that HBV-specific CD4+

T-cell responses were significantly lower in B cell-
depleted PBMCs than in integrated PBMCs. In contrast,
the levels of specific CD8+ T cells were comparable in the
2 groups (Figure 5E). Furthermore, B cell-deficient μMT
mice showed markedly reduced production of IFN-γ by
intrahepatic HBV-specific CD4+ T cells, and B cell
deficiency caused a delay in HBsAg clearance and a
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F IGURE 4 CD4+ T cells favor CD8+ T-cell–mediated cellular immune responses. Representative FACS plots showed the staining of IL-21-
producing HBV-specific CD4+ T cells. The frequency of IL-21-producing HBV-specific CD4+ T cells in HBsAg loss and HBsAg-positive patients
with 96 weeks of therapy discontinuation. (B) The frequency of IFN-γ-producing HBV Env-specific CD8+ T cells from patients with chronic HBV
infection after stimulated with recombination human IL-21 (IL-21) and PBS (control), respectively (n=8) for 10 days. (C) WT and IL-21R-KO mice
were injected with pAAV-HBV1.2 HDI. Splenic lymphocytes were stimulated with HBV Env peptide pools for 6 hours; the frequency of IFN-γ-
producing HBV-specific intrasplenic CD8+ T cells was detected at indicated time points. (D) Bulk PBMCs and corresponding PBMCs with CD4+

T-cell depletion from patients with therapy withdrawal (n= 12) were cultured without a stimulant for 5 days, or stimulated with anti-CD3/CD28 for
3 days, or stimulated with HBV peptides for 10 days. The cell subset, CD69, PD-1, granzyme B, and IFN-γ expression on CD8+ T cells in bulk
PBMCs and PBMCs without CD4+ T cells were compared. (E) The data analysis from NCBI’s Gene Expression Omnibus (GSE83148) included
122 CHB patients. Hepatic infiltrated immune cells (memory-activated CD4+ T cells and naïve CD4+ T cells) and uninfiltrated immune cells were
compared in liver tissues using the CIBERSORT web portal. GSEA was conducted to evaluate the effect of memory-activated CD4+ T cells (pink,
upper panel) and naïve CD4+ T cells (gray, lower panel) on CD8+ T-cell activation and differentiation gene ontology pathway. (F) WT and CD4-/-

mice were injected with pAAV-HBV1.2 HDI. Concentrations of HBsAg (20×, IU/mL) were measured. The frequency of total and HBV-specific
IFN-γ+CD8+ and IL-21+CD8+ T cells were detected in WT and CD4-/- mice. (A–D, and F) Mann–Whitney U test or paired Wilcoxon test. *p < 0.05,
**p < 0.01. Abbreviations: Env, Envelope; GO, gene ontology; GSEA, gene set enrichment analysis; HDI, hydrodynamic injection; PBMCs,
peripheral blood mononuclear cell; Pol, Polymerase; TCM, central memory T; TEM, effector memory T; WT, wild type.
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F IGURE 5 CD4+ T-cell-involved humoral immune response favors HBsAg loss. (A) Representative plots of HBsAg-specific B cells. The
frequency of (A) HBsAg-specific memory B cells and atypical memory B cells, (B) surface markers and IL-6 of HBsAg-specific B cells in HBsAg
loss (n=20) and HBsAg-positive (n=20) patients (n=20). (C) Spearman correlation analysis of HBsAg-specific memory B cells with HBsAg or
HBV DNA levels (n=40). (D) Representative plots of B cell ELISpot assays. HBsAb-producing B cells in responders (n= 18) and relapsers
(n= 13) or HBsAg loss (n=9) and HBsAg-positive patients (n=9) at 96 weeks of discontinuation. (E, left panel) Bulk PBMCs or B cell-depleted
PBMCs were stimulated with HBV peptides for 10 days; subsequently, IFN-γ-producing HBV-specific T cells in CD4+ and CD8+ T cells were
assessed. (E, right panel) WT and μMT mice were injected with pAAV-HBV1.2 HDI. HBV-specific IFN-γ+ intrahepatic CD4+ T cells in WT and μMT
mice were detected. Dynamic changes in concentrations of HBsAg (20×, IU/mL) and the OD values of HBsAb in WT and μMT mice were
measured. (F, left panel) B cells were cocultured with or without CD4+ T cells, and HBsAb-producing and IgG-producing cells were detected by
ELISpot. (F, right panel) WT and CD4-/- mice were injected with pAAV-HBV1.2 HDI. The activation markers (FAS, GL7, CD80, and CD86) of B
cells, GC (FAS+GL7+), plasma cells (CD19+CD138+), and the OD values of HBsAb were measured. HBsAb-producing and IgG-producing splenic
mononuclear cells were detected by ELISpot. (A–F) Mann–Whitney U test or paired Wilcoxon test. *p < 0.05. Abbreviations: HDI, hydrodynamic
injection; OD, optical density; PBMCs, peripheral blood mononuclear cells; SFCs, spot-forming cells; WT, wild type.
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lack of HBsAb production (Figure 5E). Next, we
assessed the effect of CD4+ T cells on HBV-specific B
cell responses; it was observed that IgG- and HBsAb-
secreting B cells in autologous B and CD4+ T-cell
cocultures were significantly enhanced compared with
those in B cell monocultures (Figure 5F). As expected,
CD4+ T-cell–deficient mice showed downregulated
expression of activation markers of B cells, plasma
cells, and production of HBsAb (Figure 5F). These
findings indicated that CD4+ T cells favor HBsAg loss
by contributing to B cell–mediated humoral immune
response.

IL-9 augments HBV-specific CD4+ T-cell
responses in patients after therapy
discontinuation

Since HBV-specific CD4+ T cells were crucial for
sustained viral control and HBsAg loss after therapy
discontinuation, we sought to explore the potential factors
that influence HBV-specific CD4+ T-cell responses. We
first performed the MILLIPLEX assay to detect the serum
levels of 16 checkpoint proteins at the baseline of therapy
withdrawal in responders and relapsers. There was no
statistical significance in responders and relapsers
(Figure 6A). Higher expressions of PD-1, 2B4, and
CD160 on total T cells and Eomes on CD8+ T cells
were observed in relapsers than in responders at 8 or 12
weeks after treatment discontinuation (Figure S8B, http://
links.lww.com/HEP/E8). These observations indicated
that persistent exposure to HBV might gradually lead to
the evolution of exhausted phenotypes. Nevertheless,
PD-1 blockade did not restore HBV-specific T-cell
response (Figure 6B).

We next evaluated the expressions of 38 cytokines
and chemokines at the baseline of therapy withdrawal
by the MILLIPLEX assay. CXCL13, Fractalkine, and IL-
9 levels were significantly higher in responders than
relapsers, while the levels of TGF-α and GRO were
lower in responders (Figure 6C). Of note, CD4+ T cells
were the primary source of IL-9 and showed elevated
expression of IL-9 receptors (Figure 6D). As IL-9 has
been reported to promote the growth of a T helper cell
line and the expansion of antigen-specific T cells,[17] we
assessed the effect of IL-9 on HBV-specific CD4+ T
cells. We found IL-9 augmented Pol-specific CD4+

T-cell responses (Figure 6E). These findings indicated
that elevated IL-9 might maintain HBV-specific CD4+

T-cell responses after anti-HBV treatment interruption.

DISCUSSION

The maintenance of viral control and HBsAg loss
remains a challenge in CHB patients after discontin-
uation of antiviral treatment. In this study, using a series

of samples from a longitudinal cohort of CHB patients
with NA discontinuation and peptides spanning the
whole HBV genome, we found boosted HBV Pol-
specific CD4+ T cells at baseline withdrawal; Core-
specific and Pol-specific CD4+ T-cell responses are
related to sustained viral control after long-term
treatment withdrawal. Importantly, Env-specific CD4+ T
cells and Env-specific memory B cells are associated
with HBsAg loss, and CD4+ T cells can dominate the
production of anti-HBs from B cells. These find-
ings suggest that robust HBV-specific CD4+ T-cell
responses are critical for maintaining favorable out-
comes in CHB patients after antiviral treatment
withdrawal.

It is widely accepted that HBV-specific T cells are
associated with HBV elimination. Nevertheless, a small
number of HBV-specific effector T cells could be
detected in ex vivo ELISpot. After in vitro expansion,
central memory T cells were activated and underwent
proliferation. Cultured ELISpot is more sensitive to
HBV-specific T-cell detection (Figure S3B, http://links.
lww.com/HEP/E8). Thus, we speculated that a more
significant pre-expansion effector T-cell population and
greater expansion capacity of central memory T cells
might account for the higher numbers in cultured
ELISpot. Besides, it has been documented that HBV-
specific T cells targeting different proteins possess
distinct features. Herein, we found that Core-specific
and Pol-specific T cells exhibited a more robust
response than Env-specific T cells both in responders
and relapsers (Figure S9, http://links.lww.com/HEP/E8).
More importantly, we also verified that the magnitude of
Core-specific and Pol-specific T cells were associated
with the sustainability of viral control, which is in line
with previous research showing increased Core-specific
and Pol-specific T cells in nonflare patients compared
with flare patients receiving NA.[4] It should be noted
that relative to 0 weeks of withdrawal, Core-specific and
Pol-specific T cells in relapsers had a higher trend at the
last time point. We speculated that NA retreatment for
those patients might partially restore the T-cell
response. For another, the duration of cell preservation
should also be considered. At this point, we mainly
focused on the difference between the responder and
the relapser at corresponding time points. Although no
significant difference was found among patients of
different ages (Figure S10A and B, http://links.lww.
com/HEP/E8), responders with strong HBV Core-
specific and Pol-specific T-cell responses showed a
decreased trend of age (Table S1, http://links.lww.com/
HEP/E8); this finding indicates age might be an
important factor that influences HBV-specific T cells.
Indeed, a new perspective regarding age, in other words,
the duration of HBV exposure exerts a major effect on
HBV-specific immunity has been proposed by different
research groups.[18–20] In addition, sex is also a factor that
affects HBV-specific T cells (Figure S10C and D, http://
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links.lww.com/HEP/E8); therefore, young female CHB
patients should be considered as the optimal candidates
for anti-HBV therapy and might have a greater chance of
achieving safe discontinuation of antiviral therapy.

As persistent exposure to HBsAg may cause the
deletion of Env-specific T cells,[21] Env responses are

particularly compromised in CHB patients. Interest-
ingly, data from our cohort has shown that HBV Env-
specific T-cell responses were closely related to
baseline HBsAg levels after therapy withdrawal (Fig-
ure S5 and Figure S10F, http://links.lww.com/HEP/
E8). A previous report has shown that patients with

F IGURE 6 IL-9 augments HBV-specific CD4+ T-cell responses after therapy discontinuation. (A) Concentrations of checkpoint proteins in the
serum at the baseline (0 wk) of therapy withdrawal in responders and relapsers. (B) The frequency of IFN-γ-producing specific T cells in the
presence/absence of PD-1 blockade in patients at 96 weeks of therapy withdrawal. (C) Concentrations of serum CXCL13, Fractalkine, TGF-α,
GRO, and IL-9 in responders and relapsers at the baseline (0 wk) of therapy withdrawal. (D) Quantitative real-time PCR for IL-9 and IL-9R
expression (n=6) was performed among CD4+ T cells, CD8+ T cells, CD19+ cells, and other cells (activated PBMCs with CD4+, CD8+, and CD19+

cell depletion). (E) The frequency of IFN-γ-producing specific CD4+ T cells was assessed after in vitro expansion for 10 days in the presence/
absence of IL-9 in patients at 96 weeks of therapy withdrawal. (B and E) Paired Wilcoxon test; (A, C, and D) Mann–Whitney U test. *p < 0.05.
Abbreviations: Env, Envelope; IL-9R, IL-9 receptor; Pol, Polymerase; rhIL-9, recombinant human IL-9; SFCs, spot-forming cells.
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baseline lower HBsAg levels are more likely to achieve
functional cure,[5,22] which is in line with our results
(Table S2, http://links.lww.com/HEP/E8). These obser-
vations might explain a close association between
Env-specific T-cell responses and HBsAg loss in CHB
patients after treatment withdrawal and highlight
HBsAg levels as a key point for the clinical decision
of therapy withdrawal. Indeed, although HBsAg-pos-
itive patients possessed lower Env-specific T-cell
responses than Core-specific and Pol-specific T-cell
responses, the magnitude of specific T-cell response
was comparable among Env, Core, and Pol in HBsAg
loss in CHB patients (Figure S9, http://links.lww.com/
HEP/E8). The divergent capacity of distinct HBV-
specific T cells might relate to their affinity for the
target antigen and the quantity of HBV protein
produced by infected hepatocytes. A report from a
model of HBV transgenic mice showed that Env-
specific CD8+ T cells had a higher affinity and were
more capable of recognizing antigens than Pol-
specific CD8+ T cells.[8,23] Thus, we speculated that
T cells from HBsAg loss in CHB patients could
recognize more epitopes derived from the Env, and
the multispecificity of T-cell response may favor
HBsAg clearance. Our research highlights the critical
role of different peptides in sustained response or
functional cure. In addition, individual HBV epitopes
might be beneficial to engineer HBV-specific T cells
utilizing a classical T-cell receptor, which might
provide a functionally enhanced population of HBV-
specific T cells.[24,25] Thus, it is also critical to
investigate how specific T-cell responses targeting
individual HBV epitopes impact clinical outcomes. This
study found that patients with HBsAg loss showed an
enhanced response to Env87 (Env 334–348) and
Env95 (Env 366–380) exclusively. These observations
might provide clues for designing and synthesizing
pentamers and subsequent T-cell receptor clones,
which are expected to be used for T-cell receptor
T-cell immunotherapy of chronic HBV infection.

The function of HBV-specific T cells is closely
related to cytokines or chemokines. Herein, we found
increased expressions of serum CXCL13, fractalkine
(CX3CL1), and IL-9 in responders at the baseline of
therapy withdrawal. IL-9 was initially reported as a
T-cell growth factor because it promotes the growth of
a T helper cell line.[17,26] Its expression is related to the
expansion of antigen-specific Th2 cell populations.
Previous studies have reported that HBV-specific IL-9-
producing CD4+ T cells are downregulated in CHB and
HCC patients.[27] Our findings found that IL-9 aug-
mented HBV-specific CD4+ T cells in patients after
treatment discontinuation, indicating that IL-9 may play
an essential role in promoting adaptive immunity
against HBV. It should be noted that HBV-specific
CD8+ T cells present in the blood of CHB patients, who
did not suffer from relapse after treatment withdrawal

were selectively enriched for a PD-1+ T-cell population
and these cells were functional,[4] and blockade of
PD-L1 enhanced HBV-specific T-cell responses,
especially after discontinuation of therapy.[28] Never-
theless, we found that the PD-1 blockade did not
improve HBV-specific T-cell responses (Figure 6C).
This divergence may be related to population
heterogeneity and the duration of therapy discontinua-
tion. Besides, as HBV-specific T cells can be more
easily rescued by PD-L1 blockade in CHB patients
with low levels of HBsAg and HBcrAg,[18] a more
precise stratification of CHB patients might help reach
a consistent conclusion.

It is commonly recognized that cytotoxic CD8+ T
cells play a significant role in HBV clearance; in
contrast, the effect of HBV-specific CD4+ T cells has
been underestimated. Our data demonstrated that
most HBV-specific T cells present in the blood of CHB
patients who stopped antiviral therapy were CD4+ T
cells. A recent study in HBV transgenic mice has
revealed that peripheral HBsAg clearance does
not promote in vivo HBV-specific CD8+ T-cell
responses,[29] and CD8+ T-cell response against
HBV Core could continuously decline after HBsAg
clearance in HBV-infected patients.[12] Thus, we
speculated that HBV-specific CD4+ T or CD8+ T cells
might perform a predisposed role in different stages.
CD4-aided humoral immune responses may mainly
contribute to the prevention of HBV reactivation after
HBsAg clearance. More importantly, Env-specific
CD4+ T cells were associated with HBsAg loss upon
therapy withdrawal. Similarly, patients with HBsAg
loss undergoing NA therapy show a higher trend in
CD4+ T cells specific to the HBV Env than HBsAg-
positive patients.[30] Thus, a therapeutic intervention
targeting the improvement of the Env-specific CD4+

T-cell responses might favor achieving a higher rate of
HBsAg clearance. Previous research has shown that
HBV-specific CD4+ T-cell responses primarily target
epitopes of the Pol, Core, and X proteins in HBeAg-
negative patients,[11] which support our data. More-
over, their research revealed overlapping Tfh and Th1
lineage commitments of HBV-specific CD4+ T cells.
This finding might explain why the levels of IL-21
secreted by Env-specific CD4+ T cells in the HBsAg
loss group were significantly higher than those in the
HBsAg-positive group. IL-21, a cytokine mainly pro-
duced by activated CD4+ T cells, plays a vital role in
promoting B cell responses and reinvigorates the
antiviral activity of specific CD8+ T cells in CHB
patients.[31] Furthermore, CD4+ T cells facilitated HBV-
specific CD8 responses and the production of HBsAb
by B cells, which is in line with a previous report that
anti-HBs production is thought to be T-cell–dependent.
[23,32] Our study indicated synergistic effects of cellular
immunity (specific CD4+ T cells), and humoral immun-
ity (specific B cells) might promote HBsAg clearance.
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Therapeutic intervention targeting the improvement of
Env-specific CD4+ T-cell responses might aid in the
functional cure of HBV.

In summary, our study highlights the relationship
between CD4+ T-cell responses targeting different
HBV peptides and outcomes of CHB patients after
therapy discontinuation. HBV Core-specific and Pol-
specific CD4+ T cells are mainly related to the
sustainability of response after drug withdrawal, while
Env-specific CD4+ T cells are associated with HBsAg
loss. These results may contribute to a better under-
standing of the mechanism of sustained response and
functional cure after discontinuation of anti-HBV
therapy and help identify more effective immunother-
apeutic approaches.
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