EBioMedicine 69 (2021) 103464

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom

Research paper
Check for
updates

Longitudinal characterization of phenotypic profile of T cells in chronic
hepatitis B identifies immune markers associated with HBsAg loss

Shue Xiong™', Dan Zhu™', Boyun Liang®, Mingyue Li®, Wen Pan?, Junyi He?, Hua Wang?,
Kathrin Sutter™<, UIf Dittmer™<, Mengji Lu™, Di Liu’, Dongliang Yang®“"*, Jia Liu®“'"*,
Xin Zheng™“!*

2 Department of Infectious Diseases, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430022, China

Y Institute for Virology, University Hospital of Essen, University of Duisburg-Essen, Essen 45147, Germany

¢ Joint International Laboratory of Infection and Immunity, Huazhong University of Science and Technology, Wuhan 430022, China
4 Pritzker School of Medicine, University of Chicago, Chicago, USA

ARTICLE INFO ABSTRACT

Am’C{e History: Background: The current desirable endpoint of treatment against chronic hepatitis B virus infection (cHBV) is
Received 27 January 2021 to achieve a functional cure, which is defined as HBsAg loss (sAg-L) with or without anti-HBs seroconversion.
Revised 10 June 2021 However, the immunological features that are associated with functional cure have not been studied in
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Methods: 172 cHBV patients (67 HBeAg+ and 105 HBeAg-), including 141 HBsAg retained (sAg-R) patients
(115 chronic hepatitis and 26 asymptomatic carriers), 31 sAg-L patients, and 24 healthy individuals (vacci-
nated but not infected with HBV) were examined for their T cell phenotypic profile and HBV-specific T cell
responses by flow cytometry. 18 cHBV patients with low serum HBsAg levels were also longitudinally fol-
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HBsAg lowed for their T cell phenotypic profile and HBV-specific T cell responses up to 60 weeks.
T cell phenotype Findings: sAg-L patients showed distinct CD4" and CD8" T cell phenotype fingerprints compared to those of
HBV-specific T cell sAg-R patients, as mainly indicated by the upregulation of HLA-DR on both CD4" and CD8" T cells, and a

potent HBcAg-specific CD8* T cell response. The changes in the T cell phenotype in cHBV patients were even
more profound during rapid HBsAg decrease and was associated with interferon « treatment. The expression
of HLA-DR (r = 0-3269, p = 0-0037), CD95 (r = 0-2796, p = 0.0151), CD40L (r = 0-2747, p = 0-0156), CTLA-4
(r=0-2786, p = 0-0148), TIM-3 (r = 0-3082, p = 0-0068), CD107a (r = 0-3597, p = 0-0013) on CD4" T cells, and
HLA-DR (r = 0-3542, p = 0-0016), CD69 (r = 0-2507, p = 0-0279), CD107a (r = 0-2875, p = 0-0112) on CD8" T cells
were positively correlated with the rate of HBsAg decrease. The expression of HLA-DR (r = 0-2846, p = 0-0009)
and CD95 (r = 0-2442, p = 0-0049) on CD8" T cells were positively correlated with the magnitude of the
HBcAg-specific T cell responses in cHBV patients. Importantly, CTLA-4, CD95 and CD107a expression on CD4*
T cells, as well as HLA-DR and TIM-3 expression on CD8"* T cells in combination with HBsAg quantification
were identified as potential predictive factors for sAg-L within 48 weeks in cHBV patients.
Interpretation: The onset of HBsAg decrease and subsequent loss in cHBV patients on treatment is associated
with significant alterations of both CD4* and CD8" T cell phenotypes. Characterization of the T cell phenotype
in cHBV patients may present predicative value for sAg-L.
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1. Introduction

The World Health Organization has implemented a Global Strat-
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Research in context

Evidence before this study

T cells are believed to play an irreplaceable role in HBV clear-
ance and determine the outcome of HBV infection. Previous
studies demonstrate that the quantity and function of HBV-spe-
cific T cells are associated with the outcome of HBV infection.
Thus, a better understanding of HBV-specific T cell biology is
believed to have significant implications for guiding clinical
practice in cHBV treatment and for developing effective immu-
notherapy to cure cHBV. However, available data on T cell
responses related to cHBV functional cure mainly come from
cross-sectional studies, there is currently a lack of longitudinal
analysis of the T cell phenotype and function during the course
of HBsAg loss and seroconversion in cHBV patients.

Added value of this study

Our study analyzed T cell phenotype profiles and HBV-specific T
cell responses in a group of 31 HBsAg loss patients and com-
pared with 141 HBsAg-positive patients. We also characterized
T cell phenotype profiles and HBV-specific T cell responses dur-
ing the course of HBsAg loss, rapid decrease and seroconversion
in the peripheral blood mononuclear cells (PBMCs) of 18 cHBV
patients. The results indicate that cHBV patients with HBsAg
loss showed distinct CD4* and CD8" T cell phenotype profiles
and the alteration of T cell phenotype in cHBV patients with
HBsAg loss was associated with IFN-« therapy. Monitoring T
cell phenotype combined with HBsAg quantification possesses
potential predictive value for predicting HBsAg loss in cHBV
patients.

Implications of all the available evidence

The findings of our study provide incremental evidence to mon-
itor T cell phenotype during the course of HBsAg decrease and
subsequent loss in cHBV patients. This knowledge may assist in
developing assays to precisely evaluate immune status and to
improve treatment strategies for achieving functional cure in
cHBV patients.

HBsAg seroclearance with or without anti-HBs seroconversion [2,3].
This is based on the observation that the HBsAg seroclearance is asso-
ciated with a beneficial effect on disease progression and reduced risk
of hepatocellular carcinoma (HCC) development [4]. Spontaneous
HBsAg seroclearance is common in acute HBV infection in immuno-
competent adults, but it is a rare clinical event in untreated chronic
HBV infected patients with annual clearance rates ranging from 0-7%
to 2-26% [4,5].

T cells are believed to play an irreplaceable role in HBV clearance
and determine the outcome of HBV infection as demonstrated in the
HBV chimpanzee model [6,7]. Therefore, T cells from patients at dif-
ferent stages of HBV infection have been intensively characterized for
their phenotypic profile and function [8,9]. Available data indicate
that the quantity and function of HBV-specific T cells are associated
with the outcome of HBV infection [10,11]. Strong HBV-specific CD4*
and CD8" T cell responses were frequently detected in patients who
spontaneously cleared the virus during acute HBV infection, but were
not found in cHBV patients [10,12]. During cHBV infection, an associ-
ation between increased HBcAg/HBeAg-specific T cell responses and
HBeAg seroconversion was also reported [13]. Moreover, the recov-
ery of HBV-specific T cell responses was observed in cHBV patients
after long-term effective therapy with nucleos(t)ide analogues
(NUGs), and in patients who achieved a functional cure either

spontaneously or under antiviral treatment [14]. A recent study also
demonstrated that the presence of functional HBV-specific T cells
may serve as a potential immune system biomarker to safely discon-
tinue NUC therapy in chronic hepatitis B (CHB) patients [11]. Thus, a
better understanding of HBV-specific T cell biology is believed to
have significant implications for guiding clinical practice in cHBV
treatment and for developing effective immunotherapy to cure cHBV.
However, current available data on T cell responses related to cHBV
functional cure mainly come from cross-sectional studies [15—17],
and a longitudinal analysis of the T cell phenotype and function dur-
ing the course of HBsAg loss (sAg-L) and seroconversion in cHBV
patients is still lacking. In this study, T cell phenotype profiles and
HBV-specific T cell responses were longitudinally analyzed in a group
of cHBV patients prior to, during and after achieving functional cure
upon treatment and compared with HBsAg-positive patients. Fur-
thermore, T cell features correlating with rapid HBsAg decrease, loss
and seroconversion in cHBV patients were characterized.

2. Methods
2.1. Subjects

A total of 24 healthy controls (HC) vaccinated but not infected
with HBV, 141 HBsAg retained (sAg-R) cHBV patients, and 31 sAg-L
cHBV patients were recruited by the Department of Infectious Dis-
eases, Union Hospital, Tongji Medical College, Huazhong University
of Science and Technology from June 2016 to March 2019. The diag-
nosis and phase classification of chronic HBV infection were based on
the EASL 2017 Clinical Practice Guidelines on the management of
hepatitis B virus infection [3]. All patients tested negative for HIV,
HCV, hepatitis E virus, and hepatitis delta virus. Patients with alco-
holic liver disease, autoimmune disease, malignancy, or serious ill-
ness of other systems were excluded. Written informed consent was
obtained from each patient, and the study protocol was approved by
the local medical ethics committee of Union Hospital, Tongji Medical
College, Huazhong University of Science and Technology (S016) in
accordance with the guidelines of the Declaration of Helsinki.

2.2. Characteristics of study cohort

Demographic profiles and detailed patient characteristics are
listed in Tables 1 and S1. There were 67 HBeAg-positive and 105
HBeAg-negative patients. At the time of recruitment, serum HBV
DNA levels of 6 cHBV patients surpassed 200,000 IU/mL, 10 patients
were between 2000 and 200,000 IU/mL, 9 patients were between
100 and 2000 IU/mL, and 147 patients were below 100 IU/mL. 11
patients were analyzed for HBV genotypes, 7 were genotype B and 4
were genotype C, which is consistent with previous reports that the
dominant genotypes of HBV prevalence in China are B and C [18]. All
cHBV patients were monitored for serum HBV virology markers dur-
ing the observation period between 2 and 18 times. Eighteen cHBV
patients who met the following criteria have been longitudinally
monitored for their T cell phenotype profile and HBV-specific T cell
response for 60 weeks: (1) NUCs treated patients with undetected
serum HBV DNA; (2) experienced sharp decline of serum HBeAg lev-
els (over 500 index/mL) or HBeAg seroconversion after NUCs treat-
ment; (3) serum HBsAg below 1000 IU/ml. All patients in the sAg-R
group remained serum HBsAg positive during the observation period
of 60 weeks. Six patients in the sAg-L patient group were serum
HBsAg positive at the start of the study and experienced HBsAg loss
during the observation period within 48 weeks, and 3 of them
showed HBsAg seroconversion. Twenty-five patients were already
serum HBsAg negative at the time of recruitment, including 5 became
sAg-L within 3 months, 10 within 12 months, 7 within 2 years, and 3
within 5 years. A significantly higher percentage of patients in the
sAg-L group compared to the sAg-R group (58-07% vs 9-93%) had
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Table 1
Demographics and baseline characteristics of study subjects.

Healthy controls

HBsAg retained

HBsAg loss

sAg-L at enrolment

sAg-L during follow up

Number of subjects 24
Age, years, median (IQR) 25 (24-27)
Male sex,% (n) 33.33%(8)

ALT, U/L, median (IQR) n.d.
HBeAg-positive,% (n) n.d.
HBeAg, logo index/mL, median (IQR)  n.d.
HBsAg, log1o IU/mL, median (IQR) n.d.
HBV DNA- negative% (n) n.d.
HBV DNA, log;o IU/mL, median (IQR) n.d.
anti-HBs-positive,% (n) n.d.
Treatment, IFN,% (n) n.d.
Treatment, NUCs+IFN,% (n) n.d.
Treatment, NUCs,% (n) n.d.
Without treatment,% (n) n.d.

141 25 6
32(27-39) 40 (30—43-50) 30 (24-75—46)
76-60% (108) 88.00% (22) 66.67% (4)

24 (14-36.50) 23 (17-46.50) 24(16-72.75)
47.52% (67) nd. nd.
1.73(130-2.96) nd. nd.
2.61(1.64-2.92) nd. 0.78 (~0-35-1.30)
82.98% (117) nd. 83.33% (5)
3.60(3-18-4.98) nd. 5.86

nd. 52.00% (13) n.d.

1.42%(2) 20.00% (5) 0(0)

8.51%(12) 28.00% (7) 100% (6)

71.63% (101) 24.00% (6) 0(0)

18.44% (26) 28.00% (7) 0(0)

The cutoff values between positive and negative for HBsAg, anti-HBs, and HBeAg are 0-1 [U/mL, 10 mIU/mL, and 2.5 index/mL,

respectively.

Abbreviations: sAg-L, HBsAg loss; IQR, interquartile range; ALT, alanine aminotransferase; IFN, interferon; NUCs, nucleos(t)ide ana-

logues; n.d., not detectable.

received interferon o (IFN-¢) treatment either alone or in combina-
tion with NUCs for more than 24 weeks. For cHBV patients, 107 of
them received NUCs monotherapy treatment, 32 received interferon
o (IFN-o) combined or monotherapy treatment and the others
received no antiviral treatment.

2.3. Serological assays

Sera of study subjects were tested for routine hepatitis B serologi-
cal markers (HBsAg, anti-HBs, HBeAg, anti-HBe, anti-HBc) by com-
mercial methods (Maglumi X8, SNIBE Co. Ltd., Shenzhen, China). A
quantitative assay for HBsAg was conducted using the fully auto-
mated MAGLUMI HBsAg (SNIBE Co. Ltd., Shenzhen, China) assay with
a detection range of 0-02- 250 IU/mL. If the HBsAg level was higher
than 250 IU/mL, the samples were diluted 1:100—1:1000 to obtain a
reading within the range of the calibration curve. A concentration
higher than 0-10 IU/mL was considered HBsAg positive.

2.4. Isolation of peripheral blood mononuclear cells (PBMCs)

PBMCs of healthy controls and patients were isolated using Ficoll
density gradient centrifugation (DAKEWE Biotech, Beijing) and were
freshly used for flow cytometry analysis.

2.5. Flow cytometry

Surface and intracellular staining for flow cytometry analysis were
performed as described previously [19,20]. The antibodies used for
surface and intracellular staining are listed and their Research
Resource Identifiers (RRID) tags are provided in Table S3. For surface
staining, cells were incubated with relevant fluorochrome-labelled
antibodies for 20 min at 4 °C in the dark. For intracellular cytokine
staining (ICS), cells were fixed and permeabilized using the Intracel-
lular Fixation & Permeabilization Buffer Set (Invitrogen, USA) and
stained with FITC-anti-IFN-y, PE-anti-IL-2, or APC-anti-TNF-« (eBio-
science, San Diego, USA). Freshly isolated cells were used for all
assays, and approximately 20 000—40 000 T cells were acquired for
each sample using a BD FACS Canto II flow cytometer. Data analysis
was performed using Flow Jo software V10.0.7 (Tree Star, Ashland,
OR, USA). Cell debris and dead cells were excluded from the analysis
based on scatter signals and Fixable Viability Dye eFluor 506 (Thermo
Fisher Scientific).

2.6. Analysis of the HBV-specific CD8™ T cell response in patients

The HBV-specific CD8" T cells were detected after antigen-specific
expansion as previously described [21]. Briefly, PBMCs were resus-
pended in complete medium (RPMI 1640 containing 10% fetal calf
serum, 100 U/ml penicillin, 100 pg/ml streptomycin, and 100 uM
HEPES) and stimulated with overlapping peptide pools covering the
entire sequences of HBcAg or HBsAg (genotype B and C, GeneBank
accession number: AF121243 and AF112063), anti-CD28/CD49d
(0.5 ug/ml; BD Biosciences), and recombinant interleukin-2 (20 U/
ml; Hoffmann-La Roche). Fresh medium containing IL-2 was added
twice per week. On day 10, the cells were tested for the expression of
IFN-y, TNF-« and IL-2 after re-stimulation with corresponding pep-
tide pools by intracellular cytokine staining and subsequent flow
cytometry analysis.

2.7. Statistical analysis

Statistical significance was determined by GraphPad Prism ver-
sion 8.3 (GraphPad Software, Inc., CA, USA) or SPSS version 26 (IBM,
Chicago, IL, USA) using tests as stated in the figure legends. Significant
differences between three or more groups were determined by the
Kruskal-Wallis test followed by Dunn's multiple comparisons test.
Significant differences between two groups were determined by the
Mann-Whitney test. The percentages of T cell markers were log2-
transformed and presented as z-scores in the heat maps to demon-
strate the expression intensities of the markers. Correlations between
variables were performed by Spearman’s Rank correlation test.
Binary logistic regression analysis was performed to fit immunologi-
cal parameters with HBsAg quantification, and the power of the
selected parameters for predicting HBsAg loss in cHBV patients were
assessed by receiver operating characteristic (ROC) and area under
the ROC curve (AUC). All reported P values were two-sided, and a P
value less than 0-05 was considered statistically significant.

2.8. Role of the funding source

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. The
corresponding author had full access to all the data in the study and
had final responsibility for the decision to submit for publication.
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3. Results

3.1. Alteration of the T cell phenotype in sAg-L patients and patients
experiencing rapid HBsAg decrease

First, we characterized ex vivo whether immune cell populations
and the T cell phenotype in PBMCs changed in sAg-L patients after
HBsAg loss compared to sAg-R patients and HC by flow cytometry (as
depicted in Figs. 1a and S1). There were no significant differences in
age, ALT levels, and sex between the sAg-R and sAg-L patient groups.
However, the HC group had significantly lower age and higher per-
centage of females than the other two groups. The absolute numbers
of total T cells as well as CD4* T cells in sAg-R (45-80x10%/mm? vs
70-70x10%mm?, p = 0-0010; 19-77x10%/mm> vs 36-52x10%/mm?>,
p = 0.0004, Kruskal-Wallis test) and sAg-L (46-64x10*/mm> vs
70-70x10*mm?> p = 0-0290; 18-74x10*/mm?> vs 36-52x10%/mm?>,
p = 0-0059, Kruskal-Wallis test) patients were significantly lower
than those in HC. sAg-R but not sAg-L patients also showed signifi-
cantly lower frequencies of total T cells (31.68% vs 39-99%,
p = 0-0126, Kruskal-Wallis test) as well as absolute numbers of CD8"
T cells (17-74x10%*/mm> vs 24.94x10%/mm?, p = 0-0097, Kruskal-
Wallis test) and monocytes (5-46x10%/mm> vs 8-82x10%/mm?>,
p = 0-0200, Kruskal-Wallis test) than HC. sAg-L patients showed sig-
nificantly higher CD8" T cell frequencies than HC (46-70% vs 39-10%,
p = 0-0280, Kruskal-Wallis test) (Fig. 1a and S1c). sAg-R patients also
showed lower absolute numbers and frequencies of B cells and den-
dritic cells (DCs) than sAg-L patients and HC, however, the differences
were not statistically significant (Fig. 1a and S1c).

Next, we analyzed the T cell phenotype by staining cell surface
and intracellular markers associated with T cell activation (CD69,
HLA-DR, CD95, CD25 and CD40L), exhaustion (PD-1, TIM-3 and CTLA-
4) and effector function (Granzyme B and CD107a). As shown in
Fig. 1b and 1c, both CD4* and CD8" T cell phenotype fingerprints of
sAg-L patients were distinct from those of sAg-R patients and HC. Sta-
tistical analysis of the percentage of cells expressing each marker
revealed that CD4" T cells of sAg-L patients had significantly
increased expression of the activation markers HLA-DR (sAg-L vs
sAg-R and HC: 10.60% vs 7-40% and 5-38%, p<0-0001, Kruskal-Wallis
test) and CD25 (sAg-L vs sAg-R and HC: 7-48% vs 4.95% and 4-66%,
p<0-0001, Kruskal-Wallis test) compared to those from sAg-R
patients and HC (Fig. 1b). HLA-DR expression on CD8" T cells in sAg-L
patients was also significantly increased compared to sAg-R patients
and HC (sAg-L vs sAg-R and HC: 15.50% vs 9-25% and 7-11%,
p<0-0001, Kruskal-Wallis test) (Fig. 1c). The expression of the T cell
exhaustion marker PD-1 on both CD4" (sAg-R and sAg-L vs HC: 5-43%
and 6-89% vs 3-01%, p = 0-0005, Kruskal-Wallis test) and CD8" T cells
(sAg-R and sAg-L vs HC: 5-24% and 6-22% vs 2-45%, p = 0-0001, Krus-
kal-Wallis test) and CD95 (sAg-R and sAg-L vs HC: 46-15% and 49-20%
vs 36.70%, p = 0-0027, Kruskal-Wallis test) on CD4" T cells in sAg-R
and sAg-L patients was significantly higher than those in HC (Fig. S2).
No significant differences in CD69, TIM-3, Granzyme B, CD40L, CTLA-
4 and CD107a expression on both CD4" and CD8" T cells were
observed between sAg-L, sAg-R patients, and HC (Fig. S2). Moreover,
no significant differences in CD4* and CD8" T cell phenotypes were
observed between sAg-L patients with or without seroconversion to
anti-HBs (Fig. S3).

We subsequently examined whether cHBV patients experiencing
a rapid HBsAg decrease (sAg-RD) also had an alteration of the T cell
phenotype compared to cHBV patients with no decrease of serum
HBsAg levels during the observational period. There were 19 sAg-R
patients whom sustained greater than 30% decrease in HBsAg levels
from the baseline within 6 months (sAg-RD30), 30 sAg-R patients
demonstrated comparable or higher serum HBsAg levels during the
follow-up period compared to the baseline were considered as HBsAg
no decrease group (sAg-ND) (Table S1). As shown in Fig. 2, sAg-RD30
patients showed significant increases in HLA-DR (8-70% vs 6-18%,

p = 0-0141; 10-90% vs 6-97%, p = 0-0127, Kruskal-Wallis test) and
CD107a (4-89% vs 2-22%, p = 0-0003; 4-67% vs 2-21%, p = 0-0225, Krus-
kal-Wallis test) expression on both CD4" and CD8" T cells compared
to sAg-ND patients. TIM-3 (1-58% vs 0-94%, p = 0-0047, Kruskal-Wallis
test), CD40L (1-87% vs 1.03%, p = 0-0213, Kruskal-Wallis test) and
CTLA-4 (1.55% vs 1-02%, p = 0-0052, Kruskal-Wallis test) expression
on CD4" T cells as well as CD69 (2-63% vs 1-52%, p = 0-0240, Kruskal-
Wallis test) expression on CD8* T cells in sAg-RD30 patients were
also significantly higher than those in sAg-ND patients (Fig. 2). No
significant differences in CD25, CD95, PD-1, and Granzyme B expres-
sion on T cells were observed between the two groups of patients
(Fig. S4). The differences in the T cell phenotype became even more
evident when we examined a cohort of 8 patients with a more pro-
found HBsAg decrease (greater than 50% decrease, sAg-RD50). sAg-
RD50 patients showed significant increases in HLA-DR (11-99% vs
6-18%, p = 0-0306, Kruskal-Wallis test), TIM-3, (1-59% vs 0-94%,
p = 0-0195, Kruskal-Wallis test), CTLA-4 (2-12% vs 1-02%, p = 0-0318,
Kruskal-Wallis test), and CD107a (4-65% vs 2-22%, p = 0-0065, Krus-
kal-Wallis test) expression on CD4", as well as HLA-DR expression on
CD8" T cells (15-35% vs 6-97%, p = 0-0488, Kruskal-Wallis test) com-
pared to sAg-ND patients (Fig. 2). No significant differences in CD95,
CD25, CD69, CD40L, PD-1 and Granzyme B expression on T cells were
observed between the two groups of patients (Fig. S4).

Overall, these data demonstrated that cHBV patients experiencing
a rapid HBsAg decrease or loss have altered T cell phenotypes com-
pared to HBsAg retaining patients mainly associated with cell activa-
tion.

3.2. Association of HBV-specific T cell responses with alteration of T cell
phenotype in sAg-L patients

During the natural history of cHBV, the quantity and function of
HBV-specific T cells are shown to correlate with HBV control [22].
Thus, we next examined how HBV-specific CD4" and CD8" T cell
response change in our patient cohorts and how this correlated with
T cell phenotypes. The PBMCs from cHBV patients were stimulated
for 10 days with overlapping peptide pools spanning the HBcAg or
HBsAg to induce HBV-specific CD4" and CD8" T cell expansion. Subse-
quently, the frequencies of IFN-y, TNF-« or IL-2-producing HBV-spe-
cific CD4" or CD8" T cells were detected by FACS. sAg-L patients
showed significantly increased frequencies of IFN-y (1-21% vs 0-79%,
p = 0-0442; 1-59% vs 0-86%, p = 0-0490, Mann-Whitney test) but not
TNF-, or IL-2-producing HBcAg-specific CD4"and CD8" T cells, com-
pared to sAg-R patients (Fig. 3b). Although sAg-L patients that sero-
converted to anti-HBs showed higher frequencies of [FN-y, TNF-c, or
IL-2-producing HBcAg-specific CD8" T cells than non-seroconverters,
the differences were not statistically significant (Fig. S5a). Upon HBV
core peptide stimulation, sAg-ND, sAg-RD30 and sAg-RD50 patients
showed no differences in their capability of CD4" or CD8" T cells to
produce IFN-y, TNF-« and IL-2 (Fig. S5b). No significant increases in
the frequencies of IFN-y, TNF-«, or IL-2-producing HBsAg-specific
CD4" and CD8" T cells were observed in sAg-L patients compared to
sAg-R patients (Fig. S5c).

Next, we set out to explore potential correlations between the
alterations in T cell phenotype and the virological and clinical
markers by Spearman’s Rank correlation test (Fig. 3c). We observed
that HLA-DR (r = 0-3269, p = 0.0037), CD95 (r = 0-2796, p = 0.0151),
CD40L (r = 0-2747, p = 0.0156), CTLA-4 (r = 0-2786, p = 0-0148), TIM-3
(r=0-3082, p = 0-0068), and CD107a (r = 0-3597, p = 0.0013) expres-
sion levels on CD4" T cells, as well as HLA-DR (r = 0-3542, p = 0-0016),
CD69 (r =0-2507, p = 0-0279), and CD107a (r = 0-2875, p = 0-0112) on
CD8" T cells, were positively correlated with the intensity of HBsAg
reduction in cHBV patients (Fig. 3c). We also found that HLA-DR
expression on both CD4" (r = 0.2150, p = 0.0058) and CD8"
(r=0-1710, p = 0-0290) T cells, were positively correlated with serum
ALT levels (Fig. 3c). No correlations between the T cell phenotype and
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Fig. 1. Characterization of lymphocyte subsets and T cell phenotype profiles in cHBV patients with HBsAg loss. Radar plots depicting the fold changes of the median numbers of
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< 0-0001. Abbreviation: ns, not significant.



S. Xiong et al. /| EBioMedicine 69 (2021) 103464
a CD4 T cells
sAg-ND sAg-RD30 sAg-RD50
HLA-DR 2 °
B cD107a 8
H» TIM-3 N
CTLA-4 H
CD40L o« 5
cD95
[ | | cD25
wm PD-1
: Granzyme B
. | || CD69
* *k * * ns
% * ns 20 Kk ns . * ns N dok ns 5- —_—— DS
o %]
a o
15 5} ] (5] . - - ]
P Bn . ® ® 2 ot
g = = Fw Geg 2 3’ & 2| 3 ®
o a ©
B et L IR B £ S+ I U
o
Q10 a o 2 —0— 82 =N g a 2 o Qo - gl:l
5 - £ L oo I B 0 2 3 2 e?
;' Ogof Og g g é o® g, g < o -?-?EB- - g ] oge "o
o a
2" g g “ £, DEID =11 g gofg @ 2 |8 "8 g° ®, oe® @
o
o © @ % 8 6
sAg-ND sAg-RD30 sAg-RD50 SAgND sAg-RD30 sAg-RD50 SAGND SAg-RD30 SAG-RDS0 sAg-ND sAg-RD30 sAg-RD50 SAGND SAG-RD30 sAG-RDSO
(n=30) (n=18) n=8) (n=30) (n=19) (n=8) (n=30) (n=18) (n=8) (n=30) (n=18) (n=8) (n=30) (n=18) (n=8)
b CD8 T cells
sAg-ND sAg-RD30 sAg-RD50
3
| Tl || || | m N || HLADR 2
= || ] I cp107a 9
[ | || ] TIM-3 N
N | [ ] m cTLA4 3
. u F | cosor W
[m I ] 1 1= cD95
] B cD25
J [ | ] PD-1
Granzyme B
| CD69

. ry ns 20 * ns 20 ns
5] =] o
304 o =} 13
N - 212 8B @g o "
® 20 o 8 o 3 6 oo
in 5 Lo 2 g S
% Opo o® 3 o £ B
o) 2 o a 2
O 154 L of a o , o D'-'h 8
- :
% B gm g g & 3 Hopll Bam
3 101 L) g oo -se- O 2 G @
£ Og 2 o ® 8 B
- om @m 2] - po% @ ' n
[=] 5} a
sAg-ND -RD30 sAg-RD50 Ag-ND -RD30 sAg-RD50
SAZND sAg-RD30 sAg-RDS0 Pty Mot e e e

Fig. 2. Characterization of T cell phenotype profiles in cHBV patients with HBsAg rapid decrease. Percentages of HLA-DR, CD107a, TIM-3, CTLA-4, CD40L, CD95, CD25, PD-1,
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serum HBV-DNA levels were observed (Fig. 3c). Moreover, the corre-
lation between HBV-specific T cell responses and T cell phenotype
was analyzed. We found that HLA-DR (r = 0-2846, p = 0-0009) and
CD95 (r = 0-2442, p = 0-0049) expression on CD8* T cells were posi-
tively correlated with the intensities of HBcAg-specific CD8* T cell
responses (Fig. 3¢). Besides, PD-1 expression on CD4'T cells and Gran-
zyme B expression on CD8'T cells were positively correlated with the
intensities of HBsAg-specific responses of corresponding CD4" and
CD8" T cells (Fig. 3c).

Collectively, these data show that the activated phenotype of T
cells is associated with the intensities of HBsAg reduction and HBV-
specific T cell responses during the course of rapid HBsAg decrease
and loss.

3.3. Alteration of the T cell phenotype in sAg-L patients is associated
with IFN-o treatment

Accumulating clinical experience and increasing data from clinical
trials have demonstrated that peg-IFN--containing therapy in cHBV
significantly increased the rates of functional cure in selected cHBV
patient cohorts [23]. Our data also shows an increased percentage of
patients receiving peg-IFN--containing therapy in the sAg-L group
compared to the sAg-R group (58-07% vs 9-93%, Table 1). Therefore,
we next examined whether the treatment strategy with IFN-« had
an influence on the T cell phenotype and function. In total, 97 HBeAg-
cHBV patients with undetectable serum HBV-DNA levels were
divided into 3 groups based on their treatment strategies, including
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no treatment group (NT, n = 24), NUC treatment alone group (NUC,
n = 48), and peg-IFN-a-containing treatment group (either alone or
in combination with NUCs, IFN, n = 25).The IFN group showed signifi-
cant increases in HLA-DR (IFN group vs NT and NUC group: 11.60% vs
7-69% and 5-75%, p<0-0001, Kruskal-Wallis test), CD25 (IFN group vs
NT and NUC group: 7-64% vs 5-24% and 6-61%, p = 0-0079, Kruskal-
Wallis test) expression on CD4" T cells, as well as HLA-DR (IFN group
vs NT and NUC group: 18-55% vs 9-41% and 9-48%, p<0-0001, Krus-
kal-Wallis test) expression on CD8* T cells, compared to the NT or
NUC group (Figs. 4a and 4b, S6). The IFN group also showed signifi-
cantly higher CTLA-4 (1-54% vs 0-89%, p = 0-0071, Kruskal-Wallis test)
expression on CD4'T cells and CD69 (2-49% vs 1.55%, p = 0.0124,
Kruskal-Wallis test) expression on CD8'T cells than the NUC group,
but not the NT group (Fig. 4a and 4b, Fig. S6). We also observed that
the NUC and IFN group expressed higher levers of PD-1 on both CD4"
(NUC and IFN group vs NT group: 7-10% and 8.97% vs 4.92%,
p<0.-0001, Kruskal-Wallis test) and CD8* (NUC and IFN group vs NT
group: 6-12% and 8-65% vs 3-83%, p = 0-0004, Kruskal-Wallis test) T
cells than the NT group. However, no changes in the frequency of
HBcAg-specific T cell responses were detected between the three
groups (Fig. 4c).

These results suggest that alterations of the T cell phenotype in
sAg-L patients is partially associated with peg-IFN-« treatment,
which is known to exhibit immunomodulatory function and known
to be beneficial for achieving HBsAg loss in cHBV patients.

3.4. Kinetics of the T cell phenotype during rapid HBsAg decrease, loss,
and seroconversion

Next, the kinetics of T cell phenotype changes during rapid HBsAg
decrease and loss was characterized by analyzing the longitudinal
data obtained from 7 sAg-ND, 5 sAg-RD50, and 6 sAg-L patients
(Table S2, Fig. 5). These patients were followed up to 60 weeks, moni-
tored for virological and clinical markers, and sampled 2—8 times for
T cell phenotype and HBV-specific T cell response analysis. No signifi-
cant differences in CD69, HLA-DR, CD95, PD-1, CD25, CD40L, Gran-
zyme B, and CD107a expression on CD4" and CD8" T cells were
observed between the sAg-ND, sAg-RD50, and sAg-L groups at base-
line (Figs. 5 and S7). Interestingly, the sAg-L group showed signifi-
cantly higher CTLA-4 expression on CD4" T cells and TIM-3
expression on CD8* T cells compared to the sAg-ND group at baseline
(Fig. 5a and 5b). The phenotypes of CD4* and CD8" T cells in the sAg-
ND patient group remained relatively stable during the entire obser-
vational period. In contrast, the phenotypes of CD4" and CD8" T cells
in both the sAg-RD50 and sAg-L patients group showed significant
alterations during the follow-up period (Fig. 5a and 5b). The expres-
sions of HLA-DR, CD25 on CD4" T cells and HLA-DR on CD8" T cells
from sAg-RD50 patients were significantly higher than sAg-ND
patients during the follow-up, which was the period of rapid HBsAg
reduction (Fig. 5a and 5b). Significant increases in the expression of
(D25, PD-1 on CD4" T cells, as well as HLA-DR on CD8" T cells were
observed in sAg-L patients both before and after HBsAg loss during
the follow-up period. Furthermore, sAg-L patients showed significant
upregulation of CD95, TIM-3 on CD4" T cells and TIM-3, PD-1 on CD8"
T cells only before but not after HBsAg loss compared to sAg-ND
patients (Fig. 5a and 5b). An upregulation of HLA-DR on CD4" T cells
was observed in sAg-L patients only after but not before HBsAg loss
(Fig. 5a and 5b). Next, the kinetics of the HBcAg-specific CD4" and
CD8" T cell response were also analyzed. In general, no significant dif-
ferences in HBcAg-specific CD4" T cell responses were observed dur-
ing the entire observation period. Intriguingly, the sAg-ND group
showed even significantly increased HBcAg-specific CD8'T cell
responses compared to the sAg-L group at baseline (Fig. 5c). The
HBcAg-specific CD8* T cell responses in sAg-ND and sAg-RD50
patients remained relatively stable during the entire observation
period, while sAg-L patients showed increases in HBcAg-specific

CD8" T cell responses only at later time points of the observation
period (37—48 weeks of follow-up; Fig. 5¢). However, no statistically
significant differences in HBcAg-specific CD8* T cell responses were
observed in sAg-L patients before and after HBsAg loss (Fig. 5c).

Next, the kinetics of T cell phenotype and serum HBsAg level were
plotted individually for representative patients from each group. As
shown in Fig. 6a and S8a, sAg-ND patients showed a minor alteration
of the T cell phenotype and weak or undetectable HBcAg-specific
CD8" T cell responses. An association of altered T cell phenotypes, as
mainly represented by increasing HLA-DR expression on both CD4*
and CD8" T cells, with a decrease in serum HBsAg levels was observed
in sAg-RD50 patients. However, HBcAg-specific CD8* T cell response
was also barely detected in sAg-RD50 patients during rapid HBsAg
decrease (Fig. 6b). In sAg-L patients, an alteration of the T cell pheno-
type was observed during the course of HBsAg loss. Additionally,
HBcAg-specific CD8" T cell responses were more frequently detected
in sAg-L patients during and after HBsAg loss (Fig. 6¢). The correlation
of the T cell phenotype change with the HBsAb titer was also kineti-
cally analyzed in 6 cHBV patients with seroconversion to anti-HBs. In
most of the cases, the upregulation of HLA-DR expression on CD4*
and CD8" T cells was accompanied by an increase in HBsAb levels
(Fig. S8b).

3.5. Predicting HBsAg loss in cHBV patients by T cell surface markers

Our data demonstrate that the alteration of T cell phenotype
might occur prior to HBsAg loss, therefore, we next evaluated the
predictive performance of T cell phenotype, as well as the frequencies
of IFN-y producing HBcAg-specific CD8" T cells in predicting HBsAg
loss within 48 weeks of follow-up, which was the time frame that all
incidents of HBsAg loss in our patient cohort occurred. Patients with
low levels of serum HBsAg (<1000 IU/ml) are more likely to sustain
HBsAg loss [24]. The receiver operator characteristic (ROC) curve
analysis was performed in a total of 109 cHBV patients with HBsAg
less than 1000 IU/ml. Since previously it has been demonstrated that
serum HBsAg level is a predictive biomarker for HBsAg loss [25], we
firstly examined the predictive efficiency of HBsAg quantification
(qHBsAg) in our patient cohort. Our result showed that the area
under the ROC curve (AUC) of qHBsAg for predicting 48-week HBsAg
loss was 0-806 (95% CI, 0-620—0-992; p = 0-0120) (Fig. 7a and Table 2),
suggesting qHBsAg is a significant predictor for 48-week HBsAg loss.
Our further analysis with all detected immune markers showed that
HLA-DR (AUC, 0-769; 95% confidence interval [CI], 0-601 to 0-938;
p = 0-0270), CTLA-4 (AUC, 0-821; 95% CI, 0-668 to 0-974; p = 0-0084),
CD95 (AUC, 0-785; 95% (I, 0-549 to 1-000; p = 0-0194), CD107a (AUC,
0-759; 95% CI, 0-598 to 0-920; p = 0.0335), and TIM-3 (AUC, 0-769;
95% CI, 0-600 to 0-939; p = 0-0270) expression of CD4 T cells, as well
as HLA-DR (AUC, 0-819; 95% CI, 0-658 to 0-980; p = 0-0089), and TIM-
3 (AUC, 0-903; 95% CI, 0-794 to 1-000; p = 0-0009) expression of CD8*
T cells were also significant predictors for 48-week HBsAg loss
(Fig. 7b and Table 2). Then we investigated whether combining both
virological and immunological biomarkers possess a greater power to
predict HBsAg loss. ROC curves for the combined detection of each
marker for HBsAg loss in cHBV subjects were constructed based on
binary logistic regression. The combination of the aforementioned
immune markers with qHBsAg resulted in increased AUC values to
predict HBsAg loss, in comparison to when either was analyzed inde-
pendently, and among which TIM-3 expression of CD8" T cells plus
qHBsAg possessed the highest predictive efficiency (AUC, 0-976; 95%
(I, 0-948—1-000; p<0-0001) (Fig. 7c and Table 2).

4. Discussion
In the current study, we longitudinally characterized T cell pheno-

type profile and HBV-specific response during HBsAg rapid decrease,
loss and seroconversion. Importantly, all analyses were performed
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Fig. 4. Characterization of T cell phenotype and HBcAg-specific T cell responses in cHBV patients received IFN-« treatment. (a and b) CD4" and CD8" T cell phenotypes were
compared between HBV patients received no therapy (NT, n = 24), NUC monotherapy (NUC, n = 48) and peg-IFN-« contained therapy (IFN, n = 25). Percentages are represented by
the heat map as Z scores of log2 transformed. Each column represents a single patient and patients with undetected T cell markers did not show on the heatmap. (c) HBcAg-specific
T cell responses were compared between HBV patients received no therapy (NT, n = 24), NUC monotherapy (NUC, n = 48) and peg-IFN-« contained therapy (IFN, n = 25). Data are
presented as median and statistical analysis was performed by GraphPad Prism using Kruskal-Wallis test followed by Dunn's multiple comparisons test; *P < 0-05; **P < 0.01; ***P

< 0-001; ***P < 0-0001; ns, not significant.

directly ex vivo, since freezing and thawing T cells before analysis
may induce profound changes in their functionality [11]. Our findings
reveal that the courses of HBsAg rapid decrease and loss in cHBV
patients is associated with significant alteration of both CD4" and
CD8" T cell phenotypes. We identify that T cells upregulate the
expression of a panel of surface molecules, including CD25 expres-
sion on CD4" T cells, and HLA-DR on both CD4" and CD8" T cells. The
expression of HLA-DR, CD95, CD40L, CTLA-4, CD107a, TIM-3 on CD4*

T cells, and HLA-DR, CD69, CD107a on CD8" T cells are positively cor-
related with the extent of HBsAg decrease. Our data demonstrates
that the courses of HBsAg rapid decrease and loss are associated with
T cell activation as indicated by the upregulation of HLA-DR and
CD107a on T cells. This is in line with a recent report showing that
global T cells of patients with subsequent HBsAg loss showed a more
activated phenotype compared to patients with retained HBsAg [26].
Our data also suggested that the detection of T cell phenotype
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Fig. 5. Kinetic analysis of T cell phenotypes and HBcAg-specific T cell responses in cHBV patients during HBsAg rapid decrease and loss. The phenotypes of CD4" T cells (a),
CD8" T cells (b), and HBcAg-specific T cell responses (c) were longitudinally analyzed during the observation period. Left: Data were pooled and compared at either baseline (green
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Kinetic changes of T cell phenotype and HBcAg-specific T cell responses were demonstrated at indicated time points for sAg-ND, sAg-RD50, and sAg-L patients. Data are presented
as median and statistical analysis was performed by GraphPad Prism using Kruskal-Wallis test followed by Dunn's multiple comparisons test; sAg-.-Be, before HBsAg loss; sAg-1-Af,

after HBsAg loss; *P < 0-05; ***P < 0.001.

demonstrated an excellent predictive value for 48-week HBsAg loss
in cHBV patients, especially when combined with qHBsAg.

Successful HBV clearance in patients is associated with robust and
broad HBV-specific proliferative and IFN-y* effector T cell responses
compared with weak, dysfunctional responses in cHBV patients. We
found that HBcAg-specific responses were more likely to be detected
in the blood of patients with HBsAg loss. A significant higher fre-
quency of HBcAg-specific IFN-y producing CD4* and CD8" T cells
were found in patients with HBsAg loss in comparison with HBsAg

positive patients, suggesting that strong HBcAg-specific IFN-y pro-
ducing T cell responses are required for HBsAg loss, as observed by
previous study which analyzed HBV specific T cell response in cHBV
patients with different outcomes [27]. Further analysis revealed that
the expression of HLA-DR and CD95 on CD8" T cells were positively
correlated with the intensity of HBcAg-specific T cell response.

The presence of functional HBV-specific T cells is considered as a
potential immunological biomarker to evaluate the immune status of
cHBV patients and to guide clinical practice, such as safe NUC therapy
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Figure 6

Fig. 6. Kinetic analysis of T cell phenotypes and HBcAg-specific T cell responses in individual cHBV patients. HBsAg, HBcAg-specific T cell response, frequency of HLA-DR"CD8'T
cells, TIM-3"CD8'T cells, HLA-DR*CD4T cells and CD25'CD4T cells were longitudinal analyzed with 5 representative patients with no HBsAg reduction (a, sAg-ND), 5 patients who
experienced greater than 50% decrease of HBsAg levels than the baseline within 6 months (b, sAg-RD50) and 6 patients who experienced HBsAg loss (c, sAg-L). Graphical inserts are

depicting the quantity of HBsAg, anti-HBs and ALT.

discontinuation [11]. However, the process of detecting HBV-specific
CDS8* T cell responses in cHBV patients is relatively complicated to be
broadly applied for diagnostic purposes. In this study, we have identi-
fied that HLA-DR expression on CD8" T cells is positively correlated

with the intensity of HBcAg-specific CD8" T cell response, and thus it
might serve as an easy surrogate detection marker for HBcAg-specific
CD8" T cell response in cHBV patients. Besides, we have also identi-
fied HLA-DR, CTLA-4, CD95, CD107a and TIM-3 expression on CD4" T
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Fig. 7. Predictive factors for HBsAg loss within 48 weeks in cHBV patients. Receiver operator characteristic (ROC) curve analyses of HBsAg quantification (a), the expression of
indicated CD4" and CD8" T cell markers (b), and a combination of both HBsAg quantification and indicated T cell markers (c) were performed to predict HBsAg loss by using SPSS.

Table 2
The area under the receiver operating characteristic curve (AUC) of predic-
tive parameters.

Parameters AUC 95% Cl P

Virological marker

qHBsAg (log IU/mL) 0806 0620100992  0.0120
Immunological markers

CD4" T cells

HLA-DR" CD4" T cells (%) 0.769 0-601 to 0-938 0-0270
CTLA-4" CD4" T cells (%) 0-821 0-668 to 0-974 0-0084
CD95" CD4" T cells (%) 0.785 0-549 to 1-000 0-0194
CD107a* CD4" T cells (%) 0.759 0-598 to 0-920 0-0335
TIM-3* CD4" T cells (%) 0-769 0-600 to 0-939 0-0270
PD-1" CD4" T cells (%) 0-667 0-405 to 0-928 0-1712
CD25" CD4" T cells (%) 0-622 0-360 to 0-884 0-3158
Granzyme B* CD4" T cells (%) 0-547  0-274to0 0-820 0-7000
CD40L"* CD4" T cells (%) 0.702 0-521 to 0-884 0-0968
CD69+ CD4+ T cells (%) 0-502 0-327 to 0-677 0-9894
CD8* T cells

HLA-DR* CD8" T cells (%) 0-819 0-658 to 0-980 0-0089
TIM-3* CD8" T cells (%) 0-903 0-794 to 1-000 0-0009
PD-1" CD8" T cells (%) 0-686 0-435 to 0-937 0-1265
CD25" CD8" T cells (%) 0-694 0-469 to 0-919 0-1109
CTLA-4" CD8" T cells (%) 0-652 0-374 to 0-930 02117
CD95" CD8" T cells (%) 0-694 0-481 to 0-907 0-1109
Granzyme B* CD8" T cells (%) 0594  0-321t0 0-867 0-4409
CD40L" CD8* T cells (%) 0-557 0-386 to 0-727 0-6419
CD107a* CD8* T cells (%) 0-670 0-508 to 0-832 0-1630
CD69" CD8* T cells (%) 0-633 0-415t0 0-851 0-2759
Combination

qHBsAg + CTLA-4" CD4" T cells 0917 0-850 to 0-985 0-0010
qHBsAg + CD95" CD4" T cells 0-871 0-731 to 1-000 0-0020
qHBsAg + CD107a" CD4" T cells 0.945 0-900 to 0-990 <0-0001
qHBsAg + HLA-DR* CD8" T cells 0-825 0-606 to 1-000 0-0080
qHBsAg + TIM-3" CD8" T cells 0.976 0-948 to 1-000 <0-0001

Abbreviations: CI, confidence interval.

cells, as well as HLA-DR and TIM-3 expression on CD8" T cells, as can-
didate immunological biomarkers for predicting HBsAg loss within
48 weeks. Previous studies have indicated that a lower HBsAg level
and HBV DNA level at baseline and older age may predict HBsAg loss
and seroconversion [28,29]. Our data also indicate that HBsAg quanti-
fication is a promising diagnostic marker for HBsAg loss. Further eval-
uation of biomarker combination using binary logistic regression
model showed that the combination of CTLA-4, CD95, CD107a
expression on CD4" T cells or HLA-DR, TIM-3 expression on CD8" T
cells and qHBsAg had a higher predictive accuracy. Therefore, it
appears plausible that utilizing immunological biomarkers combina-
tion were complimentary to clinical parameters and contributed sig-
nificantly to the prediction of HBsAg loss.

Functional cure is a rare clinical event in cHBV patients, with an
annual clearance rate of 0-33% taking on average more than 50 years
to clear the virus [30]. Previous studies have shown that improved
peg-IFN-a-containing treatment strategies, such as “adding-on” or
“switching to” peg-IFN-o in patients who achieved long-term

effective virological remission by NUCs, may significantly increase
the HBsAg loss rates to more than 20% [23,31]. In line with these
reports, an increased rate of receiving peg-IFN-«-containing therapy
in sAg-L patients than sAg-R patients was observed in the patient
cohort of this study. Peg-IFN-« has been shown to have both direct
antiviral and immunomodulatory effects for the treatment of CHB,
and it is conceivable that treatment outcome may be mostly triggered
by the immunomodulatory effects of peg-IFN-« on the innate and
adaptive immune responses [32]. The mechanisms responsible for
the peg-IFN-o mediated restoration of anti-HBV immune functions
are not fully understood. Treatment with peg-IFN-« in CHB patients
has been shown to lead to a significant functional augmentation of
NK cells, however, quite different effects were observed on T cells
[33]. IFN-« therapy led to a striking reduction of CD8" T cells and
showed no effect on the restoration of frequency and early effector
functions of HBV-specific CD8" T cells [33,34]. In our study, we
observed patients who received IFN-« treatment demonstrated a
more active phenotype of global T cells than IFN-o untreated
patients, although no significant increases in HBcAg-specific CD8* T
cell responses were found in patients who received IFN-« treatment
compared to those without. This is probably due to the majority (>
70%) of the IFN-« treated patient in our study also received NUCs
treatment, while all patients in previous studies [33,34] only received
IFN-oe monotherapy. It has been shown that HBV-specific CD8" T cell
functions could be restored, at least in part, after long-term treatment
with NUCs [14]. Therefore, it is assumed that peg-IFN-o could
improve the immunomodulatory action of NUCs and vice versa [35].
Our observation supports this assumption and indicates that IFN-o
therapy may also be favorable for the T cell arm of immune system to
control HBV infection in long-term NUC treated patients. However,
analysis of larger prospective group of patients is needed to define
more precisely the immunomodulatory power of peg-IFN-« therapy
to predict clinical outcome.

Interestingly, we observed that markers usually used to represent
CD8'T cell exhaustion statues during chronic viral infection, such as
PD-1 and TIM-3, were also upregulated on CD8" T cells during peg-
IFN-« therapy. Previous studies have shown that PD-1 is not a defini-
tive marker for complete functional exhaustion but can also be
expressed on at least partially functional T cells in the context of a
chronic infection [11,36,37]. Patients with partial immune control of
HBV infection display higher levels of intrahepatic PD-1"CD39" tis-
sue-resident CD8" T cells that possess the capacity to mount immedi-
ate and strong cytokine responses [38]. PD-1 has also been shown to
prevent virus-specific CD8" T cells from terminal exhaustion and to
contribute to the survival of memory T cell populations [39]. Intrigu-
ingly, a recent study has demonstrated that almost all HBV core- and
polymerase-specific CD8" T cells in cHBV patients were PD-1 positive
[40]. Similar results were observed by us in an HBV replication mouse
model. Also, the upregulation of PD-1 and TIM-3 expression on T cells
during acute-resolving HBV infection has been reported [41—-44], and
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higher TIM-3 expression on CD8" T cells was found to be associated
with elevated serum anti-HBs production in HBV-carrying mice [52].
The reasons underlying these discrepancies are not fully understood,
further studies are needed to elucidate these processes underlying
peg-IFN-« treatment.

There are several limitations of the current study. First is the lack
of access to hepatic tissue samples, and thus we cannot compare the
phenotypes of intrahepatic T cells with their peripheral counterparts.
However, previous reports have shown that the immunologic
changes of T cells and NK cells in peripheral blood could closely mir-
ror those in the liver in cHBV patients [45, 46]. Second is the lack of
analyzing phenotypes of HBV-specific T cells. Due to the low fre-
quency of HBV-specific T cells present in cHBV patients, phenotype
analysis of such rare cell populations requires large volume of periph-
eral blood and applying a pMHC tetramer-based technic to enrich the
cells [36,40]. We were unable to perform such an analysis due to the
limitation of sample volume we were allowed to take from patients.
It would be important to compare whether the phenotype change of
global T cells represents that of the HBV-specific T cells. It has been
previously shown by Miller et al. that the CD8+ T cells specific for yel-
low fever vaccine can be mapped by CD38 and HLA-DR co-expression
[47]. Therefore, the changes in the fingerprint phenotype of global T
cells that we observed in sAg-L patients are most likely due to the
expansion and activation of HBV-specific T cells, rather than T cell
bystander activation. Thirdly, the majority of the study subjects are
Chinese. It remains unclear whether the findings of our study can be
generalized to other populations, such as Caucasians and Africans.
Previous studies have demonstrated that there is an association of
specific HLA-DP polymorphisms with spontaneous HBsAg seroclear-
ance in various populations [48—-50], suggesting that the immunolog-
ical mechanisms of HBV clearance might be universal. Future studies
are necessary to demonstrate the validity of our current findings in
diverse populations. Moreover, we observed that sAg-L patients had
higher absolute numbers and frequencies of B cells and DCs than
sAg-R patients, which implies that T cells may not be the only driver
of HBsAg loss in CHB patients. The differences in B cells and DCs
between sAg-L and sAg-R patients were not statistically significant,
which is probably due to the sAg-R patient group in our cohort being
more heterogeneous in B cells and DCs than the sAg-L patient group
and the HC group. It was recently reported that maturation of HBsAg-
specific B cells also played a vital role in HBV clearance [51]. Thus, a
thorough examination on other components of the immune system
and their complex network should also be considered in future stud-
ies.

In the current study, we present the longitudinal characteristics of
T cell phenotypes and responses during the course of HBsAg rapid
decrease, loss and seroconversion in the peripheral blood of cHBV
patients and identified potential immunological biomarkers to pre-
dict HBsAg loss. This knowledge may assist in developing assays to
precisely evaluate immune status and to improve treatment strate-
gies for achieving functional cure in cHBV patients.
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