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Abstract

Restoring antiviral immunity is a promising immunotherapeutic approach to the treatment of chronic hepatitis B virus (HBV)
infection. Dendritic cells play a crucial role in triggering antiviral immunity. In this study, we identified immunodominant
epitopes prevalent in CD8* T cell responses. We characterized the hierarchy of HBV epitopes targeted by CD8* T cells
following autologous monocyte-derived dendritic cell (moDC) expansion in HBV-infected subjects with distinct disease
stages: treatment-naive (TN group, n = 168), treatment with complete virological response (TR group, n = 72), and resolved
HBYV infection (RS group, n = 28). T cell responses against 32 HBV epitopes were measured upon moDC expansion. Several
subdominant epitopes that triggered HBV-specific CD8* T cell responses were identified. These epitopes’ responses varied
in individuals with different disease stages. Moreover, the most immunodominant and immunoprevalent epitope included
the envelope residues 256-270 (Env,se_»70), corresponding to amino acid residues 93-107 in the small HBV surface protein
(SHBs) across three patient groups. The frequency of Env,s¢ »7-specific interferon-y-producing T cells was the highest in
the RS group and the lowest in the TN group. In addition, individuals with HLA-A*02:03/02:06/02:07 were capable of
responding to Env,sg »70. Envys o7o-specific CD8* T cells tolerated amino acid variations within the epitope detected in HBV
genotypes B and C. This suggests that Env,s 7, in SHBs is crucial in HBV-specific T cell immunity following autologous
moDC expansion. It might be a potential target epitope for dendritic-cell-based immunotherapy for CHB patients with com-
plete viral suppression by long-term NAs treatment.

Introduction

Over 240 million people worldwide are chronically infected
with hepatitis B virus (HBV), resulting in about 1 million
deaths per year due to liver failure or liver cancer [1]. Inter-
feron (IFN) and nucleot(s)ide analogues (NAs) are currently
approved for antiviral treatment of chronic HBV infection.
IFN has many side effects, and NAs require life-long use.
Moreover, even the most potent antiviral agents cannot elim-
inate the risk of liver cancer [2], and the combination of NAs
does not completely eliminate the virus [3, 4]. Thus, there
remains an urgent need for novel therapies for this disease.

Immunotherapy has demonstrated some clinical effective-
ness in tumors that are associated with an inflammatory or
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immune response, such as liver cancer, melanoma, and renal
cell carcinoma [5-7]. It has also shown effects on chronic viral
infection, including chronic hepatitis B (CHB) [8]. HBV repli-
cates non-cytopathically in hepatocytes, and the virus-related
diseases are attributed to chronic immune-mediated inflamma-
tory events [9]. An inflammatory liver associated with HBV
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infection possesses characteristics that render it a potential tar-
get for immunotherapeutic manipulation. For example, lym-
phocytes are actively recruited to the infected liver [10], and
their specific mechanisms to recognize and induce the death of
infected hepatocytes suggest the potential for cytotoxic effec-
tor cell activation [11]. In addition, circulating lymphocytes
derived from CHB display antiviral activity after expanding
with HBV peptides ex vivo [12]. However, these virus-specific
lymphocytes in CHB patients are only partially activated and
proliferate only at very low levels, suggesting that immuno-
suppressive mechanisms prevent T cells from maturing into
antiviral effector cells [13].

Dendritic cells (DCs) are the most potent professional
antigen-presenting cells (APCs) that can capture, process,
and present antigens to naive T cells, thereby stimulating
their proliferation and activation [14, 15]. They provide the
optimal co-stimulatory environment, with high levels of
major histocompatibility complex (MHC) class I and class II
co-stimulatory molecules, adhesion molecules, and stimula-
tory cytokines to evoke an immunostimulatory signal against
the antigen [16]. DC-based immunotherapy has been tested
in clinical trials in melanoma, prostate cancer, and hepa-
tocellular carcinoma [17-20]. Currently, in vitro-cultured
monocyte-derived DCs (moDCs) loaded with recombinant
antigens have been used to vaccinate CHB patients [21, 22].
These studies show that DC vaccines effectively restore
immunity and improve viral control, serological response,
and biochemical normalization in some CHB patients.
Safety with variable efficacy has been demonstrated.

Although the potential efficacy of DC vaccine immuno-
therapy has been demonstrated in CHB patients, results vary
among patients with different disease phases. It is unclear
whether viral factors affect the antiviral efficacy of the DC
vaccine. More importantly, there have been only a limited
number of studies investigating the prevalence and domi-
nance of HBV-specific T cell responses against different
viral epitopes in moDC expansion. It is also unknown how
the vertical immunodominance of these HBV-specific T cells
changes after moDC expansion in the same CHB individuals
before and after antiviral therapy. The aim of this study was
to compare patients with chronic HBV infection to those
with resolved infection in terms of their HBV-specific T cell
repertoire following moDC expansion. We also set out to
identify the immunodominant HBV epitopes recognized by
HBV-specific T cells in CHB after moDC in vitro expansion.

Materials and methods
Study subjects

This study was conducted on 268 individuals, including 168
CHB-treatment-naive patients who were HBeAg positive
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(TN group), 72 CHB-NA-treatment responders (including
57 patients who received entecavir and 15 patients who
received telbivudine) with complete suppression of HBV
replication (HBV DNA < 20 IU/ml) for at least one year and
HBeAg-negative status but sustained HBsAg-positive status
(TR group), and 28 patients with resolved HBV infection
(including 18 who received pegylated IFN (Peg-IFN) ther-
apy and 10 who spontaneously resolved an acute hepatitis
B infection) and HBsAg seroconversion within two months
(RS group). Twenty healthy subjects (HBsAg, anti-HBs,
HBeAg, anti-HBe and anti-HBc negative) served as healthy
controls (HC group). Another nine CHB patients who have
been on tenofovir disoproxil fumarate (TDF) treatment for
two years (96 weeks) were also included. All subjects were
enrolled at the Department of Infectious Diseases of the
Third Affiliated Hospital of Sun Yat-sen University from
January 2013 to July 2016. Patients who were coinfected
with human immunodeficiency virus, hepatitis C virus, or
hepatitis D virus or had been treated with immunosuppres-
sive drugs for other diseases were excluded.

Time points for blood sample collection were as follows:
i) during the first visit for the TN group, ii) after one year
of NA antiviral treatment for the TR group, iii) at the 24th
week after HBsAg clearance for the RS group. Unfortu-
nately, serial blood samples were not collected at baseline
or other time points during antiviral treatment for the TR
and RS groups.

Clinical, virological and serological parameters (see
Supplementary Materials).

PBMC isolation and flow cytometry sorting (see Sup-
plementary Materials).

HBsAg-pulsed PBMCs or autologous moDCs expan-
sion (see Supplementary Materials).

Autologous moDC phenotyping (see Supplementary
Materials).

Synthetic peptides and expansion of HBV-specific T
cells by autologous moDCs

A library of 313 synthetic 15-mer peptides overlapping by
10 amino acid residues covering the whole HBV genotype
B and C proteome sequences, was purchased from Mimo-
topes Pty Ltd (Clayton, Victoria, Australia). The pools of
core and X peptides were made into a 9-by-8 matrix con-
taining eight or nine peptides per pool. Envelope peptides
were pooled in a 9-by-9 matrix containing nine peptides
per pool. Polymerase peptides formed a 14-by-12 matrix
containing 12 or 14 peptides per pool [23]. For expansion
of HBV-specific T cells, large panels of all 313 synthetic
peptides were pooled in four mixtures covering the entire
core, envelope, X, and polymerase proteins of different HBV
genotypes. On day 6, the autologous PBMCs were thawed
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and recovered overnight in RPMI 1640 medium containing
10% Gibco fetal bovine serum (Thermo Fisher Scientific,
MA, USA). Then, these cell populations were mixed with
autologous moDCs at a 10:1 (lymphocyte/DC) ratio. The
cells were incubated for 10 days in Aim-V + 2% human AB
serum + IL-2 (20 U/ml). After 10 days of incubation, T cell
responses were tested using IFN-y enzyme-linked immuno-
spot (ELISPOT) assay with the incubation of overlapping
viral peptides for 18 hours as described previously [24]. A
positive response for moDC-expanded T cells was defined as
more than two times the mean of spots in unstimulated wells
or more than 10 spots per 1 X 10° cells. Whenever enough
cells were available, intracellular cytokine staining (ICS)
for IFN-y by flow cytometry analysis was used to confirm
positive responses to moDC expansion by ELISPOT assay.

Peptide-HLA class | tetramers

Phycoerythrin (PE)-labeled tetrameric synthetic peptide-
HLA class I complexes representing HLA-A2-restricted
epitopes within the core, envelope, and polymerase pro-
teins of HBV genotype B and C were purchased from Pro-
immune (Oxford, UK). The amino acid sequences of these
HBV tetramers (HBV-TET) are shown in Supplementary
Table 1. For immunophenotyping, PBMCs were incubated
for 15 minutes at room temperature with individual core
or polymerase tetramers (Core g ,; or Polys3 44;) or with a
pool of envelope tetramers (Env g, 500 Envayg 354, BNV 354
and Env;sq 345). Fluorescent antibodies were then added, and
incubation was continued for 15 minutes. After washing with
PBS containing 0.1% fetal calf serum, HBV-specific CD8* T
cells were immediately sorted on a FACSCanto flow cytom-
eter (Becton Dickinson, CA, USA) and analyzed using BD
FACSDiva software (Becton Dickinson, CA, USA). Then,
ICS for IFN-y in HBV-TET* CD8" T cells was carried out
to confirm the response to moDC expansion as described
below.

Intracellular cytokine staining for IFN-y

In vitro-expanded peripheral blood mononuclear cells
(PBMCs) plus moDCs were incubated in medium alone
(control) or with viral peptides (5 pg/ml) for 1 hour, brefel-
din A (10 mg/ml) was added, and incubation was continued
for an additional 4 hours. The cells were washed and stained
with anti-CD8-PE-Cy7 and anti-CD3-PerCp-Cy5.5 mono-
clonal antibodies (BD Bioscience-Pharmingen, CA, USA)
for 30 minutes at 4°C and then were fixed and permeabilized
using Cytofix/Cytoperm Fixation/Permeabilization solution
(BD Biosciences, CA, USA) according to the manufacturer’s
instructions. Cells were stained with anti-IFN-y-V450 (BD
Biosciences, CA, USA) for 30 minutes on ice, washed, and

then analyzed by flow cytometry as described elsewhere
[25].

Statistical analysis

The Mann-Whitney U test and Wilcoxon paired rank sum
test were used to compare the parameters between two
unpaired and paired groups, respectively. The Kruskal-
Wallis H test was conducted for multiple comparisons. The
Pearson chi-square test or Fisher’s exact test was applied
to analyze the enumeration data. Data were expressed as
a frequency (percentage), mean + standard error (SE) or
median (interquartile range/IQR) as appropriate. Associa-
tion between two continuous variables was determined using
the Pearson correlation coefficient and a linear regression
model. All statistical tests were performed using SPSS 22.0
(SPSS Inc. Chicago, IL, USA). A P-value less than 0.05 was
considered statistically significant.

Results

Generation of autologous moDCs and phenotyping
in HBV-infected subjects

We studied 268 HBV-infected individuals, including 168 in
the TN group, 72 in the TR group, and 28 in the RS group.
Another 20 healthy subjects served as healthy controls (HC
group). The clinical characteristics of the patients are shown
in Table 1. Cell-surface markers in the moDC population,
including MHC-I, CD11c, CD80, CD83 and CD86, were
analyzed. The frequencies of these markers did not show
any significant differences among these four groups (Supple-
mentary Fig. 1). These data indicated that these autologous
moDCs have a similar ability to differentiate regardless of
disease stages in HBV infection, and moDC differentiation
in the different HBV-infected groups was comparable to that
in the uninfected HC group.

Induction of HBV-specific CD8* T cells by autologous
moDCs to produce IFN-y

A previous study showed robust activation of DCs via
T-cell-receptor-redirected CD8™ T cells upon their differen-
tiation in CHB patients [12]. We examined whether mature
HBsAg-pulsed moDCs could also be used to expand autolo-
gous HBV-specific T cells in CHB by testing 80 patients (40
from the TN group and 40 from the TR group) (Supplemen-
tary Table 2). A pool of all six HLA-A2-restricted tetramers
(Supplementary Table 1) was used to assess the frequency
of HBV-specific CD8* T cells from PBMCs directly (PBMC
only) or PBMCs after expansion for 10 days with HBsAg-
pulsed moDCs (PBMC+DC). Unlike the dysfunctional/

@ Springer



486

L.Chenetal.

Table 1 Characteristics of the
study populations

Characteristics

TN (n= 168) TR (n="72)

RS (n =28) P value

TNvs. TR TNvs.RS TRvs. RS

Male gender? 108 (64%) 51 (71%) 21 (75%) NS NS NS
Age (years)° 28 (19-37) 38(29-48)  30(21-38) NS NS NS
HBeAg (+)* 168(100%) 0 (0%) 0 (0%) < 0.0001* < 0.0001* NA
Anti-HBe (+)* 0 (0%) 51(71%) 28 (100%) < 0.0001* < 0.0001* 0.0013*
ALT (U/L)° 47 (17-170) 32 (25-40)  29(20-38)  0.0420*  0.0336* NS
HBV DNA (log,, IU/ml)* 7.3(4.6-8.9) ND ND <0.0001* <0.0001% NA
HBsAg (log,, IU/ml)® 4.73.0-5.1) 3.7(24-45) ND 0.0330* < 0.0001* < 0.0001%*
Genotypes®

B 114 (68%) 40 (56%) 15 (54%) NS NS NS

C 54 (32%) 31 (43%) 8 (29%) - - -

Others 0(0%) 1 (1%) 5 (18%) - - -
FibroScan (kPa)® 6.3 (4.5-8.8) 6.2(5.6-8.8) 5.2(4.2-5.8) NS NS NS

Abbreviations: HBeAg, hepatitis B e antigen; anti-HBe, hepatitis B e antibody; ALT, alanine aminotrans-
ferase; HBV, hepatitis B virus; HBsAg, hepatitis B surface antigen. ND, not detectable (HBsAg < 0.05 U/
ml; HBV DNA < 20 IU/ml); NA, not applicable; NS, not significant (P > 0.05)

*Statistically significant (P < 0.05)

“Data were expressed as frequency (percentage)

"Data were expressed as median (interquartile range)

deleted HBV-specific T cell responses observed in chronic
HBYV infection [23], our data revealed that HBV-specific
CD8™ T cells were significantly enhanced by moDC antigen
presentation as detected by flow cytometry with HBV-TET
staining (Fig. 1a). The percentage of HBV-TET* CD8* T
cells expanded by PBMC + DC was about 3.9-fold and 4.6-
fold greater than that by PBMC only in the TN (median:
3.5% vs. 0.9%, P < 0.0001) and TR (median: 14.4% vs. 3.1%,
P < 0.0001) group, respectively (Fig. 1b). More importantly,
the difference in the proportion of IFN-y-producing cells in
HBV-TET* CD8" T cells measured by ICS indicated border-
line significance between these two groups (median: 17.0%
vs. 8.0%, P = 0.0525) (Fig. 1c). These findings imply that
antiviral therapy may increase the number of DC-expanded
HBV-specific CD8" T cells in CHB patients.

IFN-y produced by HBV-specific CD8* T cells was meas-
ured by ICS using the pool of all 313 overlapping peptides
as the stimulant in these 80 patients, 28 subjects from the RS
group and 20 subjects from the HC group. The percentage
of IFN-y-producing cells in total CD8* T cells was signifi-
cantly increased after expansion by PBMC + DC compared
to PBMC only across the TN, TR, and RS groups, but it was
not in the HC group (Fig. 2a). Better responses to autologous
moDC expansion were observed in the RS and TR groups
than in the TN and HC groups. The percentage of detectable
IFN-y-producing cells in total CD8* T cells was the highest
in the RS group and the lowest in the HC group (medians:
4.48% in RS, 1.91% in TR, 0.45% in TN, 0.09% in HC).
The difference between each pair of groups was statistically
significant (P < 0.0001) (Fig. 2b).
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Immunoprevalence and immunodominance
of the HBV-specific CD8* T cell response to HBV
epitopes upon autologous moDC expansion

Considering that moDCs from CHB patients stimulated
expansion of autologous HBV-specific T cells, we next
assessed the response to CD8* T cell epitopes in the current
cohort (TN = 168, TR = 72, RS = 28). After in vitro moDC
expansion for 10 days, HBV-specific responses against the
HBYV core, envelope, polymerase, and X proteins could be
detected by IFN-y ELISPOT using the corresponding pools
of viral peptides as the stimulants, with the weakest response
against epitopes in the X protein (data not shown). A total
of 20 (11.9%), 19 (26.4%), and 15 (53.6%) subjects showed
HBV-specific cytotoxic T cells (CTLs) directed against the
core protein in the TN, TR, and RS group, respectively.
There were 30 (17.9%), 24 (33.3%), and 16 (57.1%) subjects
showing HBV-specific CTLs against polymerase protein,
while the envelope protein was recognized by 43 (25.6%),
40 (55.6%), and 28 (100%) subjects in the TN, TR, and RS
group, respectively (Fig. 3a).

The discrepancy in the immunoprevalence profile of
CD8* T cell responses was observed in patients with dif-
ferent disease stages. Notably, the most prevalent immune
response was against residues 256-270 in the envelope
protein (Env,s4 ,7¢) in three groups (Fig. 3b). Other main
prevalent immune epitopes included Coreg,_;o5 and Pol;g6 10
in the TN group, and Core 4159 and Polss4 39 in the TR
group, Core ¢ 3, and Polsg; 395 in the RS group. These data
suggest that HBV-specific CD8* T cells recognize multiple
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Fig. 1 Frequency of HBV-specific T cells upon expansion by PBMC
only or PBMC plus moDC (PBMC + DC) in CHB patients. (a) Rep-
resentative example of HBV-specific CD8' T cells after expansion
with moDCs ex vivo (by FCS with HBV-TET). (b) Percentages of
HBV-TET" HBV-specific cells in total CD8+ T cells after expansion
with PBMC only or PBMC + DC in the TN and TR groups. (c) Per-
centages of IFN-y-producing cells in HBV-TET+ HBV-specific CD8*
T cells after expansion with PBMC + DC in the TN and TR groups.
FCS with HBV-TET (a, b) or ICS (c) was performed to measure the
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Fig.2 Responses of HBV-specific T cells expanded by PBMC only
or PBMC plus moDC (PBMC + DC). (a) Percentages of IFN-y-
producing cells among the total CD8 T cells expanded by PBMC +
DC were much higher than those by PBMC only in the TN, TR and
RS groups, but not in the HC group. (b) The percentage of IFN-y-
producing cells among the total CD8 T cells expanded by PBMC +
DC was the highest in the RS group and the lowest in the HC group

epitopes within the envelope, core, and polymerase proteins
during chronic HBV infection upon moDC expansion, while
Env,s4 57 is the most prevalent one.
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frequency of HBV-specific T cells. Differences within the TN or the
TR group (b) were assessed by the Wilcoxon paired rank sum test.
Differences between the TN and TR groups (b, ¢) were analyzed by
the Mann-Whitney U test. P < 0.0001. HBV, hepatitis B virus;
PBMC, peripheral blood mononuclear cell; moDCs, monocyte-
derived dendritic cells; DC, dendritic cell; CHB, chronic hepatitis B;
FCS, flow cytometry sorting; HBV-TET, HBV tetramer; IFN-y, inter-
feron-gamma; ICS, intracellular cytokine staining
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(differences between any two groups are significant). The frequency
of HBV-specific CD8* T cells was measured by FCS after ICS for
IFN-y. Wilcoxon paired rank sum test (a). Mann-Whitney U test
(b). ™", P < 0.0001. NS, not significant; PBMC, peripheral blood
mononuclear cell; moDCs, monocyte-derived dendritic cells; DC,
dendritic cell; IFN-y, interferon-gamma; ICS, intracellular cytokine
staining

We then evaluated these HBV-specific CD8" T cell
immunodominant epitopes separately. After in vitro stim-
ulation with these main immunoprevalent peptides with

@ Springer



488 L.Chenetal.
(@ Core Polymerase Envelope
*k*x
ek | ———— |
3 1007 —— 1007 —— 100 — O TN(n=168)
5 80 . 80 . 80 B TR(n=72)
g 60 60 — 60— m RS(n=28)
o *
S 404 —— 404 — 40
¥ 20 20 20
0 0 0
TN TR RS TN TR RS TN TR RS

_
O
N

TR group(n=72)

w714

O TN(n=168)
= TR$n=72§
B RS(n=28

O O W O VWO VLW O WO WOo v Ww
QOT T T TRNNTLL T YNRR
- © - O = - © = «— © O N« © — —
Lugaa:ﬂﬂigcc;‘;;’g
88588ededsuuzEze

088 ITRITRTTRIT]

RS group(n=28)

N 80 * k% l
o\o * * %%

° 60 - 47.2
2 40

5 24.4

F 20 16.7

2 119 107 H 111

4 AE=EN Riceln -

S O S o A N O O A N
ST®9 8 55T 38d°8 N
siEss pe2gipiizg
—7= A > > [ORN) =Sy > > >
38255 S855TRRYSSES

0O
(c) TN group(n=168)
o
g 120—_ C 240-_
w100 = 200+
o -4 o i
‘; 80—_ r 160-_
E 60—_ C 120-_
5 404 C 80
& 201 - 40
Z>" 0 B 04
T
q\' Qb’
s s®
(@)

(d)
. 100 | * %k |
o [ ]
<= 80 |
2 60 —
[
% 40 [
o 20
o

0 T
TN TR RS

(n=168) (n=72) (n=28)

Fig.3 Immunoprevalence and immunodominance of HBV-specific
T cell response to HBV epitopes upon autologous moDC expansion.
(a) The percentage of HBV-specific CD8" T cells against core, poly-
merase or envelope protein was the highest in the RS group and the
lowest in the TN group. (b) Env,sq 57, from envelope protein was the
most immunoprevalent epitope in the TN, TR and RS groups. (c)
ELISPOT assay for IFN-y release indicated that Env,ss ,70 was the
most immunodominant epitope against HBV by HBV-specific CD8*
T cells in the TN, TR or RS group. (d) The percentage of response
to Env,s¢ 7o peptide was the highest in the RS group and the lowest
in the TN group. (e) The frequency of IFN-y-producing cells against
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the Env,s4 579 peptide was the highest in the RS group and the low-
est in the TN group. A positive response was defined as a frequency
of IFN-y-producing cells more than two times the mean of spots in
unstimulated wells or more than 10 spots per 1x10° cells (a, d). Pan-
els d and e are excerpts from panels b and c. IFN-y ELISPOT assay
was applied to assess the specific T cell response. Pearson chi-square
test (a, b, d), Wilcoxon paired rank sum test (c¢), Mann-Whitney U
test (e). *, P < 0.05; °, P < 0.01; ™, P < 0.001; ™, P < 0.0001. HBV,
hepatitis B virus; moDC, monocyte-derived dendritic cell; Env,sq 590,
envelope residues 256-270; ELISPOT, enzyme-linked immunospot
assay; IFN-y, interferon-gamma
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PBMC + DC on CD8" T cells, ELISPOT assay was per-
formed to determine the frequency of IFN-y-producing
cells. We found that Env,se ,7o-specific CD8* T cells were
dominant over CD8" T cells against epitopes of HBV core
protein and polymerase. The level of IFN-y release elicited
by Env,s¢.07¢ Was significantly higher than that elicited by
the other immunoprevalent epitopes in the TN, TR or RS
group (Fig. 3c). These data clearly indicate that the CD8"
T cell response against the Env,s, 57, epitope sequence was
immunodominant in the majority of HBV-infected subjects
in our patient cohort.

Particularly, the proportion of patients recognizing the
most common envelope epitope, Env,s¢ 579, was the high-
est in the RS group (71.4%), intermediate in the TR group
(47.2%), and the lowest in the TN group (24.4%) (Fig. 3d).
Similar findings were obtained for IFN-y release elicited by
Env,s6.979 (Fig. 3e).

Vertical immunodominance of the HBV-specific T
cell response

We also evaluated the vertical immunodominance of the
above major epitopes’ response to HBV-specific T cells. For
this purpose, the whole HBV-specific T cell repertoire was
studied in nine CHB patients before and after two years of
TDF therapy. Patients’ clinical characteristics are listed in
Supplementary Table 3. ELISPOT assays were performed
after in vitro expansion to detect IFN-y-producing cells. The

responses to epitopes of core, envelope, and polymerase
after TDF antiviral treatment are shown in Fig. 4. Activated
Env,s6 570-specific CD8* T cell responses were seen in five
out of nine patients after two years of TDF treatment, com-
pared to three out of nine patients before treatment. A posi-
tive response was defined as >10 spots per 1 x 10° cells).
The responses of patients 3 and 5 were notably enhanced
(Fig. 4c).

Influence of mutations in Env,, ,,, on the specific
CD8" T cell response

Having demonstrated the immunodominance of the
Env,s4 570-specific T cell response in CHB, we next ana-
lyzed whether amino acid (aa) mutations in this region, cor-
responding to aa residues 93-107 in the small HBV surface
protein (SHBs), can alter T cell recognition. The wild-type
(WT) aa sequence FLLVLLDYQGMLPVC corresponding to
the Env,s4 ,7, epitope is located within the second trans-
membrane domain of the S region of the HBV envelope
protein (schematic representation in Supplementary Fig. 2).

A recent study has shown that mutations in this region
(at positions 258 and 261, corresponding to 95 and 98 in
the SHBs) are able to block S synthesis and subviral par-
ticle production [26]. We therefore analyzed whether
Env,s¢ »70-specific CD8 T cells similarly recognized the
sequences FLWVLLDYQGMLPVC (L95W; mutant 1, MT1)
and FLLVLYDYQGMLPVC (L98V; mutant 2, MT2) (aa
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substitutions are underlined), corresponding to the envelope
region of residues 256-270 of the HBV genome. Twenty
HBV-infected subjects were randomly selected from the
TN, TR, and RS groups. Information about these 60 cases
is shown in Supplementary Table 4. PBMCs were used to
test whether the synthetic mutated type (MT=MT1+MT2)
peptides are similar to the WT peptide in their ability to
expand Env,sq o790 CD8" T cells in vitro. Interestingly, the
CD8* T cell response measured by IFN-y ELISPOT was
comparable within the TN, TR or RS group following T
cell expansion against synthetic WT, MT1 or MT2 peptide.
This demonstrated that the proportion of response against
Env,s4 570 with WT, MT1 or MT2 was significantly higher
in the RS group than in the TN group (Fig. 5a), but there
was borderline significant difference in response against

Fig.5 Influence of muta-

tions in the HBV genome on
the Env,s4 ,7¢-specific T cell
response. (a) Response to WT,
MT1 or MT2 Env,s¢ 57 pep-
tides among the TN, TR and RS
groups (°, P < 0.05; * P <001
compared to the TN group). The
frequency of IFN-y-producing
cells within (b) or among

(c) the TN, TR or RS group
against the WT, MT1 or MT2
Env,s 570 peptide. (d and e)
Percentage of response (d) and
frequency of IFN-y-producing
cells (e) against the Env,s4 57
peptide in the TN group with
WT or MT infection. A posi-
tive response was defined as a
frequency of IFN-y-producing
cells more than two times the
mean of spots in unstimulated
wells or more than 10 spots

per 1x10° cells (a). IFN-y
ELISPOT assay was applied

to assess the specific T cell
response. Fisher’s exact test (a),
Wilcoxon paired rank sum test
(b), Mann-Whitney U test (c,
e), Pearson Chi-square test (d).
NS, not significant; ®, P < 0.05;
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among the TN, TR and RS groups against WT, MT1 or MT2
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We also performed sequence analysis on a full-length HBV
S gene fragment amplified from 168 serum samples from
the TN group, which revealed that eight (4.8%) patients had
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We then compared the virus-specific response in patients
carrying the WT or MT epitope at aa residues 93-107 in
the SHBs. As expected, we found comparable proportions
of patients with a detectable Env,ss ,7-specific CD8* T
cell response in patients infected with WT or MT muta-
tions (22.0% vs. 27.8%, P = 0.5597) (Fig. 5d). The levels
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of IFN-y released from patients infected with WT and MT
mutations were not significantly different (median: 6.0 vs.
6.5, P =0.2127) (Fig. 5e).

Finally, we correlated the frequencies of HBV-specific
IFN-y-producing CD8* T cells with viral loads and antigen
titers in 168 untreated CHB patients from the TN group.
Univariate analysis showed that higher levels of HBsAg (HR
=2.41, 95% confidence interval [CI]: 1.31-4.20, P = 0.0370)
and HBV DNA (HR = 2.04, 95% CI: 1.29-3.54, P = 0.0412)
significantly hindered the production of Env,sc ,7-specific
IFN-y. Multivariate analysis showed that the HBsAg titer
was the only factor significantly associated with impaired
HBV-specific IFN-y release (HR =2.72,95% CI: 1.37-5.11,
P =0.0211) (Table 2).

Effect of HBV genotypes and HLA-A2 subtypes
on CD8* T cell responses against the Env,¢ ,,,
epitope

A previous study showed that HLA subtypes and HBV
genotypes affect the diversity of the HBV-specific CD8*
T cell repertoire [23]. Therefore, we investigated whether
HLA-A2 subtypes and HBV genotypes can influence CD8"
T cell responses against Env,s¢ 7o in 28 RS subjects. High-
resolution HLA-A2 typing was performed on the subjects
to determine their HLA-A2" subtypes. The data showed the
RS individuals displayed different HLA-A?2 subtypes (HLA-
A*02:01, n = 2; HLA-A*02:03, n = 8; HLA-A*02:06, n
= 5; HLA-A*02:07, n = 13). After in vitro moDC expan-
sion for 10 days with the peptides corresponding to the
sequence of the HBV genotype, the frequency of the HBV-
specific CD8" T cells was determined by ICS for IFN-y
production. The data showed that CD8" T cell responses
to the Env,s4 ,-, epitope were highly influenced by HLA-
A2 micropolymorphisms (6/8 of HLA-A*02:03, 4/5 of
HLA-A*02:06, and 10/13 of HLA-A*02:07) (Fig. 6a and
b). However, none of the HLA-A*(02:01 patients responded
to this epitope. In addition, there was no significant differ-
ence in the response to Env,s4 57 between the subgroups of
patients who had received Peg-IFN treatment and those who

had spontaneously resolved infection within the RS group
(Responders: 12/18 vs. 8/10, Fisher’s exact test, P = 0.6692)
(Fig. 6a). Figure 6¢ shows the CD8* T cell responses against
the Env,s4 7o peptides differing by one amino acid between
HBYV genotype B and genotype C (Supplementary Table 1).
Interestingly, five of the six subjects with of HLA-A*02:03,
all four with of HLA-A*02:06, and seven of the ten with of
HLA-A*02:07 in the RS group responded to the Env,s 57
epitope from HBV genotype B, and one of the two with
HLA-A*02:03 and all three with HLA-A*02:07 were capa-
ble of responding to the Env,s ,,, epitope from HBV geno-
type C. These results implied that HLA-A2 subtypes and
HBYV genotypes may influence the Env,s¢ ,-4-specific T cell
response.

Discussion

DCs are professional APCs with the ability to take up, pro-
cess, and present antigen, which in the right context can
stimulate both CD4* and CD8" antigen-specific T cell
responses. During HBV infection, CD8" T cells target mul-
tiple epitopes and establish a hierarchy of dominant and
subdominant HBV-specific CD8* T cell responses in the
infected subjects. In the present study, we showed that in
vitro autologous moDC expansion can enhance the stimu-
latory capacity of HBV-specific T cells in treatment-naive
patients, patients receiving antiviral therapy, and individuals
with resolved HBV infection. In our CHB patient cohort,
the percentage of IFN-y-producing cells among the HBV-
specific CD8* T cells from the TR group was higher than
that in the TN group. This difference with borderline sig-
nificance might be attributed to the small sample sizes of
these two groups. The CD8* T cells obtained by moDC
expansion were found to target multiple HBV epitopes on
the core protein, polymerase and envelope protein. These
epitopes’ responses to HBV-specific CD8" T cells varied in
individuals at different disease stages. Among the identified
epitopes, the most common immunodominant epitope upon
autologous moDC expansion was Env,s4 7, corresponding

Table 2 Univariate and

i Parameters Univariate analysis P value Multivariate analysis P value

multivariate analyses of HR (95% CI) HR (95% CI)

virological features correlating

with IFN-y rele'rllise fronﬁ HBV DNA level 2.04 (1.29-3.54) 0.0412%* 1.42 (0.82-2.47) 0.0892

Env,s¢ 57¢-specific T cells upon ) " : s

DCs differentiation in the TN HBsAg level 2.41 (1.31-4.20) 0.0370 2.72 (1.37-5.11) 0.0211

group (n=168) Genotypes 1.26 (0.58-2.64) 0.4504 0.52 (0.15-1.84) 0.2381
LI9SM (MT1) 1.62 (0.68-3.47) 0.5210 1.83 (0.63-4.91) 0.5032
LISV (MT2) 1.30 (0.69-2.24) 0.4107 1.36 (0.69-2.71) 0.6118

Abbreviations: HBV, hepatitis B virus; HBsAg, hepatitis B surface antigen. MT1, mutant-1; MT2,
mutant-2; 95% CI, 95% confidence interval

*Statistically significant (P < 0.05)
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Fig.6 CD8" T cell response against the Env,s¢ ,7 epitope in HLA- Frequency of response to the Env,s »7 epitope in subjects infected

A2* subjects from the RS group infected with different HBV geno-
types. (a) Percentage of IFN-y-producing T cells among the CD8*
T cells against the Env,s4 55, epitope from each subject (labels of
x-axis: the number represents the HLA-A2 subtype of each subject
and a capital letter represents the HBV genotype. “X” indicates no
response). (b) Percentage of Env,ss ,7-specific IFN-y-producing
CD8" T cells in subjects with the indicated HLA-A2 subtypes. (c)

to residues 93-107 in the SHBs. A negative correlation
between HBsAg titer and the frequency of HBV-specific
IFN-y-producing CD8* T cells was observed in treatment-
naive patients.

HBYV antigens are known to have an immune regula-
tory function in promoting viral persistence through the
modulation of the immune response to viruses [27]. Indeed,
HBeAg and HBsAg were found here to be crucial viral fac-
tors determining patients’ ability to elicit anti-HBV immune
responses upon moDC stimulation. The HBV-specific CD8*
T cell response progressively increased from untreated HBV
patients with a high viral load who were positive for HBeAg
to patients with completely depressed HBV DNA replica-
tion who were negative for HBeAg, and reached highest
level in those with resolved HBV infection. Five out of
nine patients in our cohort exhibited a change in their abil-
ity to respond to moDC expansion and presented multiple

@ Springer

with HBV genotype B or C according to different HLA-A2 subtypes
(GT-B, genotype B; GT-C, genotype C. The number in the box indi-
cates the corresponding case). Frequency of Env,ss »7o-specific CD8*
T cells measured by FCS after ICS for IFN-y. Kruskal-Wallis H test
(b). NS, not significant; Env,s¢ 7, envelope residues 256-270; HLA,
human leukocyte antigen; HBV, hepatitis B virus; IFN-y, interferon
gamma

epitopes against core, polymerase, and envelope after two
years of TDF treatment. This was accompanied by changes
in HBeAg seroconversion and decreased titers of HBsAg.
In accordance with our findings, plasmacytoid DCs pulsed
with HBV-derived peptides elicited a stronger anti-HBV
immunity in HBeAg-negative patients than in HBeAg-pos-
itive patients [28]. Moreover, antiviral therapy may depress
PD-L1 expression on myeloid DCs and restore T cell func-
tion [29]. In addition, our results demonstrated that other
clinical parameters such as HBV viral load and genotype,
and the patient’s alanine aminotransferase level did not cor-
relate with the ability of chronic HBV patients to respond
to moDC stimulation. Several peptides of HBV, including
envelope (Env, g3 191), pre-S (Env,yy.553), core (Core,g 57),
and polymerase (Pols;5_s43) have been used in DC vaccines
in patients [21, 30]. However, these peptide-pulsed DC
immunotherapies depressed HBV replication, they had no
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effect on HBsAg levels. Identifying the optimal antigens for
incorporation into a DC vaccine is crucial for HBV control.
By analyzing the HBV-specific CD8" T cell responses to
overlapping epitopes in HBV infection at different stages,
we identified several new immunodominant epitopes and
found high immunoprevalence of T cell responses target-
ing Coreg;_jos5. Polygg.g10, and Env,s4 570 in the TN group,
Cores.120- Pols76.390, and Env,s6 540 in the TR group, and
Core 439, Pol3g| 305, and Env,s4 54, in the RS group. The
immunodominance of the Env,ss,7, T cell response in
comparison to other HBV-specific CTL responses can be
explained by virological and immunological features. First,
Env,s¢ 570 resides in the second transmembrane domain
(TM2) region of the HBV envelope. TM2 is essential for
the stable assembly of S chains by establishing intramem-
brane interactions. A mutagenesis approach indicated TM?2
is required as a component of the type II signal in the S pro-
tein, which is crucial for the formation of stable multimers
during subviral particle morphogenesis [31]. Studies have
indicated high levels of conservation and infectivity in the
transmembrane domains of the HBV envelope among vari-
ous HBV genotypes [31, 32] and, hence, the frequent T cell
response against it.

Many studies have shown that mutations in the HBV
genome were significantly associated with disease patho-
genesis and clinical outcome. HBV-specific CD8* T
cells play an important role in HBV control. Some stud-
ies have found that the T-cell response against Core g »;
was reduced in patients with aa mutation in the region of
this core epitope [23]. Moreover, mutations in SHBs are
able to block HBV surface protein synthesis and subvi-
ral particle production [26]. In current study, we found
that a novel epitope comprising Env,ss 70 in the SHBs
was immunoprevalent and immunodominant in HBV-
infected subjects who were able to control HBV infec-
tion. To investigate whether mutations in this epitope
affect its functional recognition by T cells, we performed
HBV DNA sequencing and found only two types of
amino acid substitutions, corresponding to the enve-
lope region of Env,ss 570 We further demonstrated that
Env,se »7o-specific CD8* T cells were able to be activated
by both variants of this epitope at residue positions of 258
and 261, corresponding to the mutations L95W and L98V
in the SHBs. Therefore, the Env,s4 57 T cell response is
an important component of HBV-specific adaptive T cell
immunity in HBV-infected subjects. We also found that
Env,s¢ 570 epitopes induced more responses in patients
with HLA-A*02:03/02:06/02:07, while it seemed not to
be able to induce a CD8" T cell response in patients with
HLA-A*02:01. This discordance may be due to the bind-
ing deficiency of HLA-A*02:01 with peptides or an altera-
tion in the T-cell-receptor-recognition site. Whether these
findings can be extrapolated to other epitopes and whether

these responses are significantly involved in viral control
clearly requires broader analyses with larger cohorts and
a more diverse HLA background.

HBsAg clearance is correlated with higher PBMC
responsiveness to HBV core 5,7 in CHB patients receiving
combined antiviral treatment with lamivudine and IFN-«
[33]. In our study, the HBV-specific CD8" T cell response
against Env,s4 540 in the Peg-IFN treated subgroup of the
RS group was comparable to that in the spontaneously
resolved subgroup. This implies that the breakthrough of
immune tolerance contributes to viral clearance. Unfortu-
nately, serial blood samples were not collected at baseline
or other time points during antiviral treatment for PBMC
isolation to assess the HBV-specific CD8* T cell response
in the subgroup that received Peg-IFN treatment. Although
we cannot assess the longitudinal change in the response
before and after 48 weeks of Peg-IFN treatment, there was
a trend for the antiviral treatment to improve immunologic
reconstitution in chronic HBV infection.

Of note, our data do not address whether the CD8T T
cells specific for these epitopes stimulated by autologous
moDCs have a protective or pathogenic role during HBV
infection. However, the superior antiviral activity of ver-
tical immunodominant epitopes has been demonstrated
recently in a study that investigated the effect of HIV-
specific CTL responses on HIV control and showed that
vertical immunodominant epitopes exerted more pressure
on HIV variability [34]. Therefore, the vertical immu-
nodominance of epitopes on specific CD8* T cells upon
moDC expansion suggests the important antiviral activity
of such a response during HBV infection.

In conclusion, we confirm the ability of expanded autol-
ogous moDCs to stimulate HBV-specific T cells and pro-
vide the profiles of HBV epitopes recognized by specific
CTLs. Env,s4 57, corresponding to residues 93-107 in the
SHBs, is a new T-cell-responding epitope in the HBV S
protein outside the “a” domain, and it is associated with
HBV-specific T cell immunity and disease stages. It might
be a potential target epitope for DC-based immunotherapy
for CHB patients with complete viral suppression by long-
term NAs treatment.
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