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Graphical abstract

Time-resolved analysis of the immune response to therapeutic HBV
vaccination in low- and high-titer carrier mice
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High HBV titer

By demonstrating how and when high HBV load impairs vaccine-induced CD8 T-cell responses over time, our findings guide
the design of more effective immunotherapies for chronic hepatitis B

Highlights:

e Baseline HBV antigen load determines durability of vaccine-
induced CD8" T cells.

e Therapeutic vaccination induces CD8" T-cell infiltration into
the liver regardless of titer.

e High antigen load drives CD8"* T-cell dysfunction, deletion,
and treatment failure.

e FEarly immune modulation during the therapeutic vaccina-
tion may enhance durable HBV control.

https://doi.org/10.1016/j.jhepr.2026.102033

Impact and implications:

This study demonstrates that baseline HBV antigen load criti-
cally determines the durability of vaccine-induced CD8* T-cell
immunity. Although therapeutic vaccination initially elicited
liver-infiltrating, HBV-specific CD8" T cells irrespective of the
viral titer, only low-titer infection permitted sustained viral
clearance and memory T-cell formation. In high-titer HBV
carriers, persistent antigen exposure drove progressive T-cell
exhaustion and deletion, resulting in transient viral control and
treatment failure. Importantly, the data identify a critical time
window in which early intervention to prevent or reverse T-cell
dysfunction may be decisive. Clinically, these findings support
combining therapeutic vaccination with antigen-lowering or
immunomodulatory strategies applied early to achieve durable
immune control in chronic HBV infection.
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Background & Aims: Chronic HBV infection persists because of the dysfunction of virus-specific CD8" T cells. High HBV
antigen levels impair the success of therapeutic vaccination. The influence of viral titers on vaccine-induced immunity remains to
be fully elucidated. We compared the kinetics of vaccine responses in low- and high-titer HBV carrier mice to identify tipping
points and dissect the decisive steps determining the outcome of therapeutic vaccination.

Methods: We established low- and high-titer persistent HBV replication in the livers of immunocompetent C57BL/6J mice using
adeno-associated-virus (AAV)-HBV and administered TherVacB, a heterologous protein prime/modified vaccinia Ankara boost
vaccine. Serum and liver samples were collected during vaccination and subsequently longitudinally to analyze HBV-specific
immune responses and viral parameters.

Results: HBV antigen levels before vaccination did not significantly influence the hepatitis B surface antibody (anti-HBs)
response (p >0.9); however, they had a significant effect on the vaccine-induced CD8 T-cell response. TherVacB induced
activated core-specific CD8" T cells that efficiently infiltrated the liver in low- and high-titer HBV carriers. Low-titer HBV carrier
mice achieved sustained viral clearance and memory T-cell formation, whereas high-titer mice exhibited only transient viral
reduction, followed by CD8" T-cell dysfunction and failure to clear the infection. The persistence of HBV infection and constant
exposure to high antigen levels led to the overexpression of exhaustion markers, such as PD-1 and TOX (p <0.01), as well as the
co-stimulatory receptor 4-1BB (p <0.01). Core-specific CD8" T cells remained trapped in the liver, progressively lost their effector
function, and were eventually eliminated.

Conclusions: These findings identify critical time points that influence vaccine-induced CD8 T-cell responses, suggesting that
early intervention targeting T-cell dysfunction may enhance therapeutic vaccination outcomes in chronic HBV infection.

© 2026 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction vaccine to control chronic HBV infection is a promising strat-
egy for achieving a cure for HBV.®

We developed a therapeutic hepatitis B vaccine, TherVacB,
which follows a heterologous protein prime/recombinant
modified vaccinia Ankara (MVA) boost scheme’ that is
currently under evaluation in clinical trials. For prime immuni-
zation, recombinant HBV S and core antigens, which form
virus-like particles (VLPs), are used to induce neutralizing an-
tibodies that capture circulating HBsAg, prevent virus spread,
and prime HBV-specific CD4* and CD8* T cells. The subse-
quent boost with recombinant MVA, designed to target 95% of
circulating HBV isolates, aims to expand virus-specific CD8 T-
cell responses.®'° In preclinical mouse models with low to
intermediate HBV levels, TherVacB elicited strong HBV-
specific immune responses and long-term immune control of
HBV.®"" However, high levels of HBV antigens impaired
vaccine-induced HBV-specific CD8 T-cell response and anti-

Chronic HBV infection affects 254 million people worldwide. It
is associated with a high risk of developing HBV-associated
liver cirrhosis and hepatocellular carcinoma, leading to 1.1
million deaths annually." Currently available treatments for
chronic hepatitis B with pegylated-interferon-a or nucleos(t)ide
analogs are either inapplicable for many patients or rarely
achieve HBV cure.?®

Chronic HBV infection is associated with inadequate acti-
vation of both innate and adaptive immunity, resulting in a
scarcity and dysfunction of virus-specific CD8" T cells that are
unable to eliminate infected hepatocytes and clear the infec-
tion.*® In contrast, acute HBV infection—and, in sporadic
cases, chronic HBV infection—is resolved by effective, multi-
specific virus-specific CD8 T-cell responses.® Therefore, acti-
vating the patient’s immune system with a potent therapeutic
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viral efficacy. Reducing HBV antigen levels using siRNA tar-
geting HBV improved the vaccine efficacy, indicating that low
antigen levels are required for effective CD8 T-cell response
and viral clearance.’”'® Subsequent studies have demon-
strated that the level of antigen expressed in the liver, rather
than circulating antigen levels, is decisive for T-cell func-
tion.""® Nevertheless, in clinical studies, siRNA-mediated
HBV reduction alone had only limited effects on restoring
HBV-specific immunity,’® highlighting that additional mecha-
nisms contribute to vaccine unresponsiveness in high-titer
HBV carriers. This remains to be fully elucidated.

In this study, we longitudinally compared antiviral immune
responses induced by therapeutic vaccination in low- and
high-titer HBV carrier mice across the consecutive stages of
immunization, with a particular focus on liver-associated virus-
specific CD8 T-cell responses. We confirmed that persistent
exposure to high antigen levels is a decisive determinant of
vaccine efficacy. Our immunologic and viral analyses revealed
the kinetics of HBV-specific CD8* T-cell expansion, functional
loss, and upregulation of inhibitory markers in high-titer
infection. By time-resolved analysis of CD8"* T-cell impair-
ment, we identified a critical window for therapeutic interven-
tion that could enhance the efficacy of therapeutic vaccination
in high-titer carriers.

Material and methods

Ethical statements and animal experiments

Animal experiments were conducted in accordance with the
German regulations of the Society for Laboratory Animal Sci-
ence (GV-SOLAS) and the European Health Law of the
Federation of Laboratory Animal Science Associations
(FELASA) and were reported according to the ARRIVE (Animal
Research: Reporting of in vivo Experiments) guidelines. Ex-
periments were approved by the District Government of Upper
Bavaria (permission number: ROB-55.2-2532.Vet_02-18-24).
Mice were housed under biosafety level 2 and specific
pathogen-free conditions, in accordance with institu-
tional guidelines.

Eight-to ten-week-old male C57BL/6J mice were pur-
chased from Janvier Labs (Le Genest-Saint-Isle, France) and
acclimatized for at least 7 days. To establish persistent low-
and high-titer persistent HBV replication, mice were intrave-
nously injected with 2 x 10° or 1 x 10'° genome equivalents of
the adeno-associated-virus (AAV)-HBV1.2 vector encoding a
1.2-fold over-length HBV genome of genotype D (AAV-HBV) 6
weeks before vaccination. Low-titer mice were defined by an
HBsAg level of 133.9 (+69.7) IU/ml, whereas high-titer mice
were defined by an HBsAg level of 1093.8 (+665.2) IU/ml at
baseline. The animals’ overall well-being and weight were
monitored weekly. The group size (n 24) was determined by a
statistician to ensure adequate power for reliable statisti-
cal analyses.

Heterologous protein prime/MVA boost
vaccination regimen

Mice received the therapeutic heterologous protein prime/MVA
boost vaccine (TherVacB) as previously described.” In brief,
each mouse was intramuscularly injected into both hind limbs
with a dosage of 10 pg each of VLPs consisting of HBV S

Therapeutic HBV vaccine in low- and high-titer mice

(genotype A; Biovac, Cape Town, South Africa) and core (ge-
notype D; APP Lativijas Biomedicinas, Riga, Latvia) proteins
formulated with 10 g of c-di-AMP as an adjuvant (InvivoGen,
San Diego, CA, USA) at Weeks 0 and 2. A booster immuni-
zation was administered at Week 4, with each mouse receiving
an intramuscular injection of 3 x 107 infectious units of re-
combinant MVA expressing the corresponding HBV S and core
proteins (MVA-S and MVA-core, respectively).'”

Isolation of splenocytes and liver-associated lymphocytes
and flow cytometry analysis

Single-cell suspensions of murine splenocytes and liver-
associated lymphocytes (LALs) were isolated as previ-
ously described.”'?

HBV-specific CD8* T cells were detected through staining
with MHC class | multimers conjugated with the H-2X°-
restricted HBV-specific Sigo_197 (S190; VWLSAIWM) or
COregs_100 (Coz; MGLKFRQL). MVA-derived multimer B8Rxp_o7
(MVAggr; TSYKFESV) was used as a control. Multimers were
prepared as previously described.'® Before use, multimers
were labeled with streptavidin-APC (Thermo Fisher Scientific,
Waltham, MA, USA) as previously described.’ Cell surface
staining was performed using anti-CD4, anti-CD8, anti-LAGS,
anti-PD1, anti-4-1BB, anti-CXCR6, and anti-CD44 antibodies
(Table S1). The lymphocyte populations were characterized
using anti-CD45.2, anti-CDS3, anti-CD19, anti-CD4, anti-CD8,
anti-NK1.1, and anti-CD25 antibodies (Table S1). Dead cells
were excluded from analysis by staining with Fixable Viability
Dye eF780 (Thermo Fisher Scientific). For intranuclear staining,
cells were washed and fixed using the FOXP3 Fixation/Per-
meabilization kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Cells were then permeabilized for
4 h and stained intranuclearly with anti-TOX or anti-
FOXP3 antibodies.

For intracellular cytokine staining (ICS), splenocytes and
LALs were stimulated overnight with HBsAg-derived (Table S2)
and HBcAg-derived (Table S3) overlapping peptide pools® or
with the control OVAgg. peptide (SIINFEKL). Cell surface
staining was performed using anti-CD4 and anti-CD8 anti-
bodies (Table S1). interferon y (IFNYy), tumor necrosis factor
(TNF), and granzyme B (GzmB) were detected intracellularly as
previously described.”

Absolute cell numbers were determined using Count-
Bright™ counting beads (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Data were acquired using a
CytoFlexS flow cytometer (Beckman Coulter, Indianapolis, IN,
USA) and analyzed using FlowJo software v10.8 (Tree Star,
Woodburn, OR, USA).

Serological and viral analyses

Serum HBsAg, HBeAg, hepatitis B e antibody (anti-HBe), and
hepatitis B surface antibody (anti-HBs) levels were quantified
on an Architect™ platform (Abbott, Wiesbaden, Germany),
and hepatitis B core antibody (anti-HBc) levels were measured
using the LIAISON® (DiaSorin, Saluggia, ltaly) as previously
described.” Serum alanine aminotransferase (ALT) activity was
determined using the Reflotron® GPT/ALT tests (Roche Di-
agnostics, Mannheim, Germany) or the Respons910 ALAT/
GPT kit (DiaSys, Holzheim, Germany) according to the manu-
facturer’s instructions.
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H&E staining of deparaffinized liver sections was performed
according to standard protocols. Histopathological evaluation
and inflammation scoring were performed as previously
described, using the Desmet grading system,’® which has
been adapted for murine hepatitis. For immunohistochemistry,
formalin-fixed liver sections were stained with an anti-HBcAg
antibody (LS Bio, Newark, CA, USA; 1:50 dilution) as previ-
ously described.’® The number of core-positive hepatocytes
was determined in 10 randomly selected fields at 20
x magnification and quantified per square millimeter (mm?).

Intrahepatic HBV DNA and RNA were extracted from 20 and
30 mg of liver tissue, respectively, using Nucleospin Tissue kits
(Macherey-Nagel, Diren, Germany) according to the manu-
facturer’s instructions. HBV DNA (rcDNA) was quantified using
PCR with SYBR Green on a LightCycler instrument (Roche
Diagnostics, Rotkreuz, Switzerland) and normalized to the Prp
gene (Table S4). The 3.5-kb pregenomic RNA (pgRNA) was
quantified using real-time PCR with SYBR Green and
normalized to GAPDH (Table S5).

HBV neutralization assay

HBV neutralization assay was performed as previously
described.?’22 In brief, HepG2-NTCP (in-house produced)
cells were seeded at 70-80% confluency in 2.5% DMSO
(Merck, Darmstadt, Germany) 3 days before infection with
purified NanoLuc-expressing HBV (rHBV). Pooled mouse sera
from each vaccination group were serially diluted in medium
with 2.5% DMSO and 4% PEG-6000 (Merck), mixed with
rHBV, and incubated for 30 min at room temperature. Cells
were inoculated overnight, washed with PBS, and cultured in
fresh medium with 2.5% DMSO. Supernatants were collected
on day 7 after infection. Luminescence was measured using an
Infinite F200 Tecan plate reader (Tecan Group, M&nnedorf,
Switzerland) with 10 pl of supernatant and 100 pl of substrate
solution (1 UM coelenterazine dissolved in acidified methanol,
diluted 1:1,000 in PBS supplemented with 0.1% Tween-20;
PJK, Kleinblittersdorf, Germany). Inhibition of infection was
normalized to naive serum controls, and half-maximal inhibi-
tory concentration (ICsp) values were determined using four-
parameter nonlinear regression in GraphPad Prism (Graph-
Pad Software Inc., San Diego, CA, USA).

Statistical analyses

In all graphs, data are presented as mean + SEM. Analyses
were conducted using GraphPad Prism version 9.5 or 10.1
(GraphPad Software Inc.), applying one- or two-way ANOVA or
the Mann-Whitney U test. Values of p <0.05 were considered
significant, and only statistically significant differences
are shown.

Results

High HBV titers prevent HBsAg and HBeAg seroclearance
after therapeutic vaccination

To dissect differences in TherVacB-mediated antiviral re-
sponses between mice with low and high HBV levels, we
performed a longitudinal, time-resolved analysis of HBV-
related serological parameters during and after therapeutic
vaccination. Eight-to ten-week-old C57BL/6J male mice were
infected with different AAV-HBV doses to establish low- and
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high-level persistent HBV replication. Subsequently, the mice
were immunized with adjuvanted core- and S-VLPs at Weeks
0 and 2 and boosted with MVA expressing HBV core and S
proteins at Week 4 (Fig. 1A). Analyses were performed before
initiating TherVacB (Week 0), during the immunizations (Weeks
2 and 3), and early (Week 5) and later (Weeks 8, 12, and 18)
after completing the vaccination scheme.

With each vaccination, antigen levels decreased in both
low- and high-titer mice, reaching their lowest values at Week
5, that is, 1 week after the MVA boost (Fig. 1B). Although in
low-titer HBV carriers HBsAg levels remained below the
detection limit, HBsAg levels quickly rebounded in high-titer
mice, resulting in only a 1-logo lower level at Week 18 than
at baseline. Nevertheless, the amount of anti-HBs antibodies
induced was comparable between low- and high-titer mice
over the monitoring period (Fig. 1C). To further investigate
whether vaccine-induced anti-HBs differ in their neutralization
capacity between low- and high-titer mice, we performed a
neutralization assay in HepG2-NTCP cells using reporter HBV
expressing NanoLuc luciferase. Although sera from low-titer
mice demonstrated approximately fivefold stronger HBV
neutralization than the sera from high-titer mice at Week 3, this
difference was not sustained at Week 5 (Fig. 1D) or Week 18
(Fig. S1). As with anti-HBs antibodies, anti-HBc antibodies
were first detected after the second protein vaccination at
Week 3 (Fig. 1C,E), indicating that at least two vaccinations are
required to induce effective antibody responses. In low-titer
mice only, anti-HBc levels further increased after the MVA
boost (Fig. 1E).

In contrast to patients with chronic hepatitis B, serum
HBeAg is not spontaneously cleared in AAV-HBV-transduced
mice; HBeAg seroconversion indicates the elimination of
persistent HBV infection.”'? Low-titer HBV carriers sero-
converted to anti-HBe already after the second protein vacci-
nation (Fig. 1F). Consequently, HBeAg dropped below the
detection limit in low-titer mice after the MVA boost (Fig. 1G),
which was preceded by a transient serum alanine trans-
aminase (sALT) flare, indicating the elimination of HBV-positive
hepatocytes (Fig. 1H). In contrast, high-titer mice showed no
detectable increase in ALT except at Week 2, suggesting that
the short-term antiviral effect may be induced even in the
presence of high HBV levels.

High HBYV titers prevent efficient elimination of the infected
hepatocytes after therapeutic vaccination

To further substantiate our findings and confirm the effects of
TherVacB on HBYV infection status in low-vs. high-titer mice, we
assessed liver inflammation and analyzed viral parameters in
liver tissue collected at consecutive time points.

Although we observed immune cell infiltration into the liver
parenchyma in both low- and high-titer mice following the
TherVacB vaccination (Fig. 2A), no significant histopathological
changes were detected, with only minimal or mild inflammation
scores (Fig. 2B). Although low-titer mice exhibited a gradual
decrease in the number of core-positive hepatocytes during
vaccination, ultimately becoming negative after completion of
the entire TherVacB scheme, the number of HBV-positive he-
patocytes remained high throughout the monitoring period in
high-titer mice (Fig. 2C,D). Although the clearance of HBV from
the liver took longer than from the blood, TherVacB ultimately
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Fig. 1. Effect of TherVacB on the HBV-related serological parameters. (A) C57BL/6J mice were intravenously injected with AAV-HBV1.2 6 weeks before
vaccination to establish low- and high-level persistent HBV replication. Mice were then immunized intramuscularly (black arrows) following the TherVacB regimen,
twice using a combination of adjuvanted HBV S- and core-VLPs (Weeks 0 and 2) (10 pig each) and once with MVA expressing HBV-core and -S proteins (Week 4) (3
x 107 IFU each). The final analyses were performed at the indicated time points (gray triangles). Time kinetics of serum (B) HBsAg and (C) anti-HBs in low-vs. high-titer
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resulted in the clearance of HBV DNA and pgRNA in low-titer
mice by Week 18 (Fig. 2E,F). Interestingly, the amount of
intrahepatic HBV DNA and pgRNA decreased at Week 2 in
high-titer mice but eventually rebounded to almost the starting
level by Week 18 (Fig. 2E,F).

These results demonstrate that TherVacB rapidly eliminates
HBV from the livers of low-titer carriers but fails to do so in
high-titer HBV carrier mice.

Therapeutic vaccination triggers lymphocyte infiltration
into the liver

To investigate how TherVacB modulates the dynamics of the
immune response in low-vs. high-titer HBV carriers in the
secondary lymphoid organs, the spleen, and the site of infec-
tion, the liver, we compared counts of relevant immune cell
populations during and after vaccination.

Six weeks after establishing low- and high-titer persistent
HBYV replication, before we applied TherVacB (Week 0), there
were no significant differences in the counts of B cells, CD4*
and CD8" T cells, and natural killer (NK) cells between the
groups of mice, in either the spleen or the liver (Fig. 3A-D). One
week after the complete TherVacB, at Week 5, the numbers of
all examined effector cell populations increased substantially,
regardless of the initial infection levels. The only differences
observed were higher CD8* T cell counts (Fig. 3C) and NK cell
counts (Fig. 3D) in the spleen at Week 5 and B cell counts in
the liver at Week 18 (Fig. 3A) in high-titer mice, whereas the
counts of NK cells were significantly increased in the livers of
low-titer mice at Week 5 (Fig. 3D).

Given that high-titer mice were unable to resolve persistent
HBV infection after TherVacB, we next investigated whether
regulatory T cells (Tregs) could play a role in suppressing
vaccine-mediated immunity in high-titer HBV carriers. We
compared the numbers of Tregs between low- and high-titer
carriers but found no difference in the counts of splenic or
intrahepatic Tregs at any of the time points examined (Fig. 3E).

These data demonstrate that TherVacB resulted in rapid
expansion of the major immune cell populations in the spleens
and livers of all immunized mice, with only subtle differences in
the counts of hepatic NK and B cell populations that could be
detected between low- and high-titer mice. Moreover, our data
suggest that Tregs are unlikely to limit the efficacy of TherVacB
in high-titer AAV-HBV mice.

Vaccine-induced HBV-specific CD8" T cells experience
different fates depending on the initial HBV levels

Given that HBV-specific CD8" T cells are key to viral clear-
ance,® we examined how HBV infection levels shape vaccine-
induced CD8* T-cell immunity during and after vaccination. We
first compared the numbers of HBV core- and S-specific CD8"
T cells in the livers and spleens of low- and high-titer HBV
carriers, using Cgs and Si99 MHC class | multi-
mers, respectively.

Research article

In the liver, counts of Cgs-specific CD8* T cells steadily
increased after each protein immunization in low- and high-
titer HBV carriers, achieving similar numbers at Weeks 2 and
3 (Fig. 4A), indicating that TherVacB is capable of expanding
HBV-specific CD8" T cells in both settings. In low-titer HBV
carriers, intrahepatic Cgsz-specific CD8" T cells vigorously
expanded following MVA booster vaccination, reaching peak
levels at Week 5. Following HBV elimination, the Cgs-specific
CD8* T cell population contracted but then stabilized (Fig. 4A).
In high-titer carriers, by contrast, Cgz-specific CD8" T cells did
not further expand after MVA boost vaccination, but instead
gradually declined in numbers and were barely detectable by
Week 18. In low-titer carriers, Cgz-specific CD8" T cells
became detectable in the spleen at Week 5, correlating with
the resolution of persistent HBV infection (Fig. 4B). In the
spleens of high-titer carriers, no Cgsz-specific CD8* T cells
could be detected at any time point. Counts of MVA-specific
CD8* T cells were comparable between low- and high-titer
carriers and readily detected in spleen and liver (Fig. S2A
and B), demonstrating that the observed differences in
numbers of Cgs-specific CD8* T cells were strictly
HBV specific.

Surprisingly, Sqg0-specific CD8 T cells were detected only
after a complete vaccination scheme at Week 5 in both low-
and high-titer HBV carrier mice (Fig. 4C,D). The number of
S4g90-specific CD8* T cells in the livers and spleens of low- and
high-titer carriers remained significantly lower than that of Cgs-
specific cells and, interestingly, showed only minor differences
between both groups.

We next investigated how different levels of pre-existing
HBV replication influence the activation and memory forma-
tion of liver-infiltrating vaccine-elicited HBV-specific CD8" T
cells. Because the number of S¢go-specific CD8* T cells in both
groups of mice was too low to allow a reliable phenotypic
analysis, we focused instead on Cgs-specific CD8* T cells
associated with the liver. We analyzed the expression of Cxcr6,
a chemokine receptor that helps guide CD8* T cells to the
liver,?*?° and found significantly more Cxcr6* T cells in livers
with high HBV antigen expression (Fig. 4E). Interestingly, not
only the fraction of Cxcr6-positive Cgs-specific CD8" T cells
but also the expression levels of Cxcr6 per cell (mean fluo-
rescent index [MFI]) were significantly higher in high-titer than
in low-titer HBV carriers (Fig. 4E). In contrast, we found a very
low frequency of Cxcr6* MVA-specific CD8* T cells (Fig. S2C).

We found that almost all TherVacB-induced Cgs-specific
CD8" T cells in the liver showed an effector/effector memory
phenotype (CD44*CD62L°) in both groups of mice. The
expression of activation marker CD44 on Cgs-specific CD8" T
cells isolated from high-titer carriers increased at Weeks 5 and
8 (Fig. 4F and Fig. S2D). Most of the Cgz* CD8" T cells co-
expressed Cxcr6é and CD44, particularly in high-titer HBV
carrier mice, suggesting an enrichment of activated liver-
resident CD8" T cells upon vaccination (Fig. 4G). After clear-
ance of HBV in low-titer carriers, almost all Cos-specific CD8" T

HBV carrier mice. (D) The percent inhibition of infection sera from low- and high-titer mice collected at Weeks 3 and 5 was determined by a neutralization assay using
recombinant HBV expressing NanoLuc luciferase. ICs, values determined from neutralization curves are shown. Time kinetics of serum (E) anti-HBc, (F) anti-HBe, (G)
HBeAg, and (H) sALT levels in low-vs. high-titer HBV carrier mice. Statistical analyses were performed using two-way ANOVA. Asterisks mark statistically significant
differences: *p <0.05; **p <0.001. Data are presented as mean and SEM (n 25). AAV, adeno-associated virus; anti-HBs, hepatitis B e antibody; IFU, infectious units;
MVA, modified vaccinia Ankara; sALT, serum alanine transaminase; TherVacB, therapeutic hepatitis B vaccine; VLP, virus-like particle.
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B, (B) CD4*

Fig. 3. Changes in lymphocyte numbers in the spleen and liver during and after TherVacB vaccination. High- and low-titer HBV carriers were immunized with
TherVacB, as shown in Fig. 1A; analyses were performed at the indicated time points. Numbers of (A)
and the liver detected by multicolor flow cytometry. Cell counts were determined using CountBrightTM absolute counting beads. Statistical analyses were conducted
using one-way or two-way ANOVA, comparing groups at each independent time point and with Week 0. Asterisks mark statistically significant differences: *p <0.05;
**p £0.01; **p <0.001; ***p <0.0001. Data are presented as e mean and SEM (n >4). NK, natural killer; TherVacB, therapeutic hepatitis B vaccine; Treg, regulatory

T, (C) CD8* T, (D) NK, and (E) Treg cells in the spleen
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cells detected in the spleen initially showed an effector-
memory phenotype, but the proportion of central-memory T
cells steadily increased (Fig. 4H).

Taken together, these results demonstrate that TherVacB
initially induced comparable numbers of HBV-specific
effector CD8" T cells in low- and high-titer HBV carrier
mice. The MVA boost only increased the numbers of intra-
hepatic Cgz-specific CD8* T cells in low- but not in high-titer
HBV carriers. Liver-associated Cgs-specific CD8* T cells
showed an effector phenotype and expressed the liver-
residency marker Cxcr6. In the presence of high HBV anti-
gens, these cells remained in the liver and were gradually
eliminated over time, whereas those in low-titer carrier mice
established a memory phenotype.

Vaccine-induced HBV-specific CD8* T cells from high-titer
HBYV carriers lose their effector functions over time

Although TherVacB efficiently activated substantial numbers
of liver-associated HBV-specific CD8" T cells in high-titer
carriers, it still failed to eliminate persistent HBV infection.
Thus, we examined how the effector functions of Ther-
VacB-induced HBV-specific CD8" T cells were modulated
by low and high HBV levels over time. To dissect the
critical time points influencing HBV clearance, we analyzed
HBV core- and S-specific IFNy, TNF, and GzmB production
using ICS.

Shortly after the first and second protein immunizations, at
Weeks 2 and 3, we found low but comparable numbers of
core-specific IFNy*, TNF*, and GzmB* CD8"* T cells in the
livers of both low- and high-titer HBV carrier mice (Fig. 5A). At
Week 5, following booster vaccination, the numbers of IFNy*
CD8" T cells reached their highest values in the low-titer
mice, whereas in the high-titer mice, the numbers of func-
tional core-specific CD8* T cells decreased and became
undetectable at subsequent time points. In low-titer HBV
carriers, a strong and multifunctional core-specific CD8 T-cell
response was detected in the spleens after Week 5, charac-
terized by high numbers of IFNy*, TNF*, and GzmB* CD8* T
cells (Fig. 5B).

Low-titer mice exhibited a transient effector S-specific
CD8 T-cell response, albeit at a significantly lower level than
the core-specific response, with IFNy* cells detected in the
liver and spleen at Weeks 5 and 8, whereas GzmB™ cells were
found only in the liver at Week 5 (Fig. 5C,D). Functional
TherVacB-induced S-specific CD8" T cells could not be
detected in the livers or spleens of high-titer carrier mice
at all.

Taken together, these results indicate that vaccine-elicited
CD8* T cells were initially functional in the livers of high-titer
mice but lost their ability to produce antiviral cytokines after
the MVA boost. In contrast, functional CD8" T cells were
readily detected in the livers and spleens of low-titer HBV
carriers that cleared HBV after vaccination. The detection of
only low S-specific CD8 T-cell responses, even in low-titer
carriers, suggested a primary role for core-specific CD8" T
cells in resolving the infection.

Research article

TherVacB-induced HBV-specific CD8* T cells exhibit
differences in the expression of immune
checkpoint markers

We hypothesized that the subsequent loss of effector func-
tions of Cgsz-specific CD8* T cells in the livers of high-titer
carriers may be attributed to either T-cell exhaustion or the
upregulation of markers reported to mediate T-cell dysfunction
in response to antigen stimulation in the liver. We analyzed
liver-associated Cgsz-specific CD8" T cells for their expression
of the exhaustion-related transcription factor TOX, immune
checkpoint receptors PD-1 and LAG-3,°2” and the co-
stimulatory molecule 4-1BB, which has recently been re-
ported to modulate HBV-specific CD8 T-cell functions in
the liver.?%2°

At Week 3, after protein prime vaccination, there was no
significant difference in the expression levels of PD-1, LAG-3,
and TOX (Fig. 6A) on Cgz-specific CD8" T cells or in the fre-
quencies of cells expressing PD-1 or co-expressing PD-1 and
LAG-3 or TOX between low- and high-titer HBV carriers
(Fig. 6B). Starting at Week 5 after the MVA boost, however, the
expression of PD-1, LAG-3, and TOX on Cgz-specific CD8" T
cells increased considerably in high-titer carriers, correlating
temporally with their loss of cytokine production. Moreover,
the fraction of Cgs-specific CD8* T cells positive for one or
more of these molecules remained significantly elevated in
high-titer carriers, whereas their frequencies gradually
decreased in the livers of low-titer mice and were barely
detectable on liver-infiltrating MVA-specific CD8* T cells
(Fig. S3). Interestingly, we found that the co-stimulatory
molecule 4-1BB was also significantly upregulated on Cgs-
specific CD8* T cells in high-titer carriers following the com-
plete vaccination scheme, with kinetics resembling those
observed for the co-inhibitory markers (Fig. 6C). Moreover,
most 4-1BB* Cg3™ CD8"* T cells co-expressed PD-1 (Fig. 6D).

Taken together, our results indicate that vaccine-induced
CD8" T cells exposed to high levels of HBV antigens in the
liver overexpress markers associated with T-cell dysfunction,
thereby suppressing their antiviral function and preventing
them from eliminating HBV-infected hepatocytes.

Discussion

High HBV antigen levels remain the major obstacle to suc-
cessful therapeutic vaccination, as they suppress vaccine-
elicited CD8 T-cell responses, thereby limiting the antiviral
effect. For the first time, we demonstrate that immunization
with our clinical candidate therapeutic vaccine, TherVacB,
could induce HBV-specific CD8" T cells in the presence of high
HBV loads as efficiently as in low-level persistent infection.
Although vaccine-elicited CD8" T cells in high-titer HBV car-
riers initially displayed some antiviral efficacy, they remained
trapped in the liver, progressively became dysfunctional, and
were ultimately eliminated. Loss of CD8 T-cell effector func-
tions in high-titer HBV carriers correlated with overexpression
of checkpoint inhibitors, such as PD-1, exhaustion-related
transcription factor TOX, and co-stimulatory molecule 4-1BB.

CD44*Cxcr6* CD8" T cells. (H) Frequencies of splenic Cgs-specific effector and effector memory (CD44*CD62L") and central memory (CD44*CD62L") CD8" T cells in

low-titer mice. Statistical analyses were performed using two-way ANOVA. Asterisks mark statistically significant differences: *p <0.05; **p <0.01; **p <0.001; ***p

*

<0.0001. Data are presented as mean and SEM (n 24). MFI, mean fluorescent index; n.a., not applicable; TherVacB, therapeutic hepatitis B vaccine.
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Fig. 5. Effect of TherVacB on the functionality of HBV-specific CD8" T cells. High- and low-titer HBV carriers were immunized with TherVacB, as shown in Fig. 1A;
analyses were performed at the indicated time points. Numbers of (A) liver-associated and (B) splenic core-specific IFNy*, TNF*, and GzmB* CD8* T cells; (C) liver-
associated and (D) splenic S-specific IFNy*, TNF*, and GzmB* CD8* T cells detected by intracellular cytokine staining after 16-h stimulation with corresponding HBV
S- or core-derived peptide pools. Statistical analyses were performed using two-way ANOVA. Asterisks mark statistically significant differences: *p <0.05; **p <0.01;
***p <0.001; ****p <0.0001. Data are presented as mean and SEM own (n 24). GzmB, granzyme B; IFNy, interferon y; TherVacB, therapeutic hepatitis B vaccine; TNF,

tumor necrosis factor.

This comprehensive and longitudinal study clearly defines a
period during which vaccine-induced HBV-specific CD8 T cells
lose effector function, potentially informing the timing of
additional immunostimulatory therapies.

HBV-specific CD8* T cells constitute a functionally and
phenotypically heterogeneous population that varies with an-
tigen specificity.>° We found that the TherVacB-elicited core-
specific CD8 T-cell response displayed dynamic changes

JHEP Reports, mmm 2026. vol. 8 | 102033

over time in quantity, function, and signature, which signifi-
cantly differed between low- and high-titer HBV carrier mice
and closely correlated with the antiviral effect of the vaccina-
tion. By contrast, the S-specific CD8 T-cell response remained
much less prominent than the core-specific CD8 T-cell
response and, surprisingly, did not depend on the initial HBV
titer. This implies that core-specific CD8" T cells play a key role
in clearing persistent HBV infection following TherVacB in our
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Fig. 6. Expression of immune checkpoint markers on TherVacB-induced CD8* T cells. High- and low-titer HBV carriers were immunized with TherVacB, as
shown in Fig. 1A; analyses were performed at the indicated time points. (A) MFIs of PD1, Lag3, and TOX and (B) frequencies of Cgs-specific liver-associated PD-1",
PD-1*TOX*, and PD-1"LAG-3* CD8" T cells. (C) MFI of 4-1BB and frequencies of Cgz-specific liver-associated 4-1BB* PD1* CD8" T cells. Statistical analyses were
performed using two-way ANOVA. Asterisks mark statistically significant differences: *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. Data are presented as mean and
SEM (n 24). MFI, mean fluorescent index; TherVacB, therapeutic hepatitis B vaccine.

mouse model. It has been previously demonstrated that the immunodominant core-derived epitope in the livers of C57BL/
HBV S protein is less immunogenic and less accessible to 6J mice replicating HBV of genotype D. Chronic exposure to
CD8* T cells than the core protein.'* The disparity between S-  the antigen can lead to the functional impairment or deletion of
and core-specific CD8 T-cell responses observed in this study antigen-specific CD8" T cells.>' Our data demonstrate that the
may also be a result of increased presentation of presence of high HBV antigen does not prevent the induction
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of virus-specific CD8" T cells or inhibit their antiviral functions
during protein immunizations with TherVacB. The booster
vaccination with MVA, specifically designed to stimulate and
expand HBV-specific CD8 T-cell responses,”'® was a pivotal
moment determining the outcomes of the therapeutic vacci-
nation. In low-titer carriers, the MVA boost led to rapid
expansion of liver-associated core-specific effector CD8* T
cells, which correlated with the elimination of persistent HBV
infection. Interestingly, these highly functional Cxcr6* CD8* T
cells detected in the livers of low-titer mice during and after
HBV clearance resembled, in their characteristics, a distinct
population of protective liver-resident memory (Tgry) CD8* T
cells, which were also described in patients with immune
control of chronic hepatitis B.*> Although the MVA boost
resulted in strong upregulation of Cxcr6 on vaccine-induced
CD8" T cells in high-titer carriers, these cells failed to control
HBV infection and completely lost their effector functions. In
addition, without efficient elimination of HBV-positive hepato-
cytes, a rebound in circulating HBsAg levels was observed in
high-titer mice despite the presence of anti-HBs antibodies,
which were of comparable quantity and neutralization capacity
to those detected in low-titer mice. Simultaneous detection of
HBsAg and neutralizing anti-HBs antibodies was previously
reported in patients immunized with a therapeutic vaccine
containing Pre-S1, Pre-S2, and S antigens but lacking a HBV-
specific CD8* T-cell response.’® This underlines the role of
vaccine-induced cytotoxic CD8* T cells in reducing HBsAg
reservoir in the liver and sustaining functional HBV cure.

Our previous studies have clearly shown that the antiviral
effect of therapeutic vaccination depends strictly on the
amount of antigen presented in the liver.” %% We assume that
increased antigen recognition in the livers of high-titer mice
provided additional stimulatory signals, which in turn ‘shut
down’ the antiviral immune response. Moreover, a strong
elevation of Cxcr6 on core-specific CD8" T cells in the livers of
high-titer carriers, as compared with low-titer carriers, could
act as a ‘trap’ for activated CD8" T cells, preventing their
homing to the spleens. Instead, vaccine-elicited cells pro-
gressively perished in the liver of high-titer carriers, resembling
the scenario of patients with chronic hepatitis B who demon-
strate only very scarce S-specific CD8" T cells after long-term
exposure to high levels of HBsAg.*®

There is increasing evidence that high HBV antigen load is a
key determinant limiting the efficacy of therapeutic vaccination,
not only in mouse models'?**%° but also in patients with chronic
hepatitis B.*® Chronic HBV carriers, who display HBsAg levels
over 1,000 1U/ml, would most likely require a combination of
therapeutic vaccination with antiviral drugs or immunomodula-
tors to achieve HBV control. We previously reported that a

Therapeutic HBV vaccine in low- and high-titer mice

combination of specific siRNAs and TherVacB could induce a
sustained antiviral effect in high-titer mice, owing to enhanced
functionality of vaccine-induced CD8* T cells and low expres-
sion of checkpoint markers.'”> More recently, high antigen
burden was shown to drive rapid CD8" T cell dysfunction, with
increased PD-1 expression and reduced cytokine production in
AAV-HBV mice.®” Here, we demonstrate that almost all Ther-
VacB-elicited CD8" T cells in high-titer carriers not only contin-
uously upregulated PD-1 but also co-expressed high levels of
TOX, a transcription factor associated with persistent antigen
stimulation and the severity of T-cell dysfunction in chronic
hepatitis B.%” TOX causes epigenetic changes to maintain the
exhausted state in virus-specific CD8" T cells.*® This epigenetic
imprinting implies that once vaccine-elicited CD8" T cells ex-
press TOX, they may not regain function, even with further
treatments. This supports our previous findings that combina-
torial treatment of TherVacB with siRNA targeting PD-L1 allowed
for a more sustained HBV control when applied during priming
rather than boosting of TherVacB'® and may also explain the low
efficacy of PD-1 blockade in patients during boost vaccina-
tion.®® Thus, we propose that additional immune modulation
during therapeutic vaccination should be applied early, before
CD8 T-cell function is lost.

Recent evidence suggests that dysfunction of HBV-specific
CD8* T cells during chronic infection may result from several
novel mechanisms that differ from classical exhaustion. Virus-
specific CD8" T cells can be attenuated through (i) increased
TGF-B signaling;*® (i) upregulation of co-stimulatory TNF re-
ceptors,®® particularly 4-1BB; and (jii) a liver-immune rheostat,
which enhances activity of transcription factor CREM and in-
hibits T-cell receptor signaling.?® We found that significantly
elevated expression of 4-1BB on liver-associated vaccine-eli-
cited CD8* T cells in high-titer carriers closely correlated in
time with a loss of cytokine production. Expression of 4-1BB
may not only directly influence the function of vaccine-elicited
HBV-specific CD8" T cells in the liver but may also suggest
involvement of the immune rheostat, as 4-1BB is one of the
main effector molecules regulated by CREM.?® This suggests
that targeting 4-1BB may be a promising approach to enhance
the efficacy of therapeutic vaccination in high-titer HBV
infection. Moreover, most of the 4-1BB* CD8* T cells also co-
expressed PD-1, suggesting that multiple mechanisms
contribute to the dysfunction of HBV-specific CD8* T cells in
high-titer carriers.

In conclusion, our study elucidates how high HBV antigen
load suppresses antiviral CD8 T-cell immunity after therapeutic
vaccination, providing valuable insights for the design of more
effective immunotherapeutic strategies against chronic hepa-
titis B.
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