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ARTICLE INFO ABSTRACT

Keywords: Immune tolerance to the hepatitis B virus (HBV) is crucial for developing chronic hepatitis B, and the HBV
HBV surface antigen (HBsAg) produced and secreted in high amounts is regarded as a key contributor. HBsAg is

Chronic hepatitis B expressed in HBV-infected hepatocytes and those carrying an HBV integration. Whether either HBsAg secretion

HBsAg or the high antigen amount expressed in the liver determines its immunomodulatory properties, however, re-
Immunotolerance . .
SIRNA mains unclear. We, therefore, developed a novel HBV animal model that allowed us to study the role of secreted

HBsAg. We introduced a previously described HBs mutation, C65S, abolishing HBsAg secretion into a replication-
competent 1.3-overlength HBV genome and used adeno-associated virus vectors to deliver it to the mouse liver.
The AAV-HBV established a carrier state of wildtype and C65S mutant HBV, respectively. We investigated
antiviral B- and T-cell immunity in the HBV-carrier mice after therapeutic vaccination. Moreover, we compared
the effect of a lacking HBsAg secretion with that of an antiviral siRNA. While missing HBsAg secretion allowed
for higher levels of detectable anti-HBs antibodies after therapeutic vaccination, it did neither affect antiviral T-
cell responses nor intrahepatic HBV gene expression, irrespective of the starting level. A treatment with HBV
siRNA restricting viral antigen expression within hepatocytes, however, improved the antiviral efficacy of
therapeutic vaccination, irrespective of the ability of HBV to secrete HBsAg. Our data indicate that clearing
HBsAg from blood cannot significantly impact HBV persistence or T-cell immunity. This indicates that a re-
striction of hepatic viral antigen expression will be required to break HBV immunotolerance.

Therapeutic vaccination

Dual-phase combinatorial treatment regimens that include a pre-
treatment with a direct-acting antiviral drug followed by an immunos-
timulatory agent have emerged as one of the most promising strategies
to cure chronic hepatitis B (CHB) (Lim et al., 2023). It is assumed that a
crucial characteristic of the direct-acting antiviral should be to lower the
high levels of viral antigens that are believed to cause immunotolerance
to hepatitis B virus (HBV). While reverse-transcriptase inhibitors or core
assembly modifiers primarily inhibit viral replication and only indi-
rectly affect viral protein expression, monoclonal antibodies neutralize
secreted hepatitis B surface antigen (HBsAg) (Lempp et al., 2023; Burm
et al.,, 2023), nucleic acid polymers (NAPs) inhibit HBsAg secretion
(Bazinet et al., 2020), and oligonucleotides such as short interfering (si)
RNA (Yuen et al., 2023a; Gane et al., 2023) and antisense

oligonucleotides (ASO) (Yuen et al., 2022) target HBV transcripts and
prevent protein expression. However, none of these targets the HBV
persistence form, the covalently closed circular DNA (cccDNA). Other
strategies are trying to eliminate cccDNA (e.g. CRISPR/Cas,
non-cytolytic effects of cytokines) or to kill virus-infected hepatocytes
(e.g. bispecific antibodies, immunotoxins). While these approaches
could theoretically achieve an HBV cure, they require that every single
HBV-infected cell is targeted and all cccDNA can be successfully cleared.
Thus, a curative therapy is still missing.

Immune-stimulatory approaches activate innate or adaptive immu-
nity to control or even cure the HBV infection. Agents such as TLR ag-
onists (Yuen et al., 2023b; Gane et al., 2021) or interferon « trigger the
innate immune system but do not act in an HBV-specific fashion.
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Because T-cell responses strongly correlate with spontaneous HBV cure,
alternative approaches are aiming at stimulating the adaptive immune
system, such as PD-1/PD-L1 checkpoint inhibitors (Gilead Sciences,
2021; Bunse et al., 2022), antibodies with T cell stimulatory properties
(Bournazos et al., 2020), adoptive T-cell therapy, or therapeutic vac-
cines (Brii et al., 2021; Cargill and Barnes, 2021).

We previously reported that combining an HBV-specific shRNA
(Michler et al., 2016) or siRNA (Schlegel et al., 2022) followed by a
therapeutic hepatitis B vaccine (TherVacB), developed in our group
(Backes et al., 2016), achieved a cure in HBV-carrier mouse models
(Michler et al., 2020). Two monthly injections of a liver-targeted siRNA
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that suppresses all HBV proteins preceded the immunization. A third
siRNA injection was applied with the first vaccine injection. TherVacB
consists of two i.m. injections of particulate, recombinant protein
(HBsAg and HBcoreAg) formulated with ci-di-AMP as an adjuvant, fol-
lowed by a Modified Vaccinia Virus Ankara (MVA) vector expressing
HBs and HBcore (for further details, see Michler and Kosinska et al.
(Michler et al., 2020)).

While the combination of an siRNA and a therapeutic vaccine is
entering clinical evaluation (Brii et al., 2021), it remains unclear which
drug classes would best synergize to break HBV immunotolerance. In
this regard, key questions are (i) which viral protein the antiviral drug
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Fig. 1. Effect of HBsAg secretion on viral persistence and efficacy of TherVacB in mice expressing low levels of HBV. C57/BL6 mice were infected with 10e9
genome equivalents of Adeno-Associated Virus vectors carrying a 1.3 overlength genome of wildtype (HBVyr) or C65S-mutant HBV (HBVgss). Eight weeks later,
half of the mice (n = 5) from each group were immunized with TherVacB consisting of two bi-weekly intramuscular (i.m.) injections of ci-diAMP-adjuvanted HBsAg
and HBcAg followed two weeks later by a boost with a recombinant Modified Vaccinia Ankara Virus expressing HBsAg and HBcAg. Course of HBV infection was
evaluated by measuring serum (A) HBsAg, (B) HBeAg, (C) anti-HBs antibody, (D) anti-HBe antibody, and (E) ALT activity levels at indicated time points. (F,G)
Intrahepatic virus-specific CD8 T cell responses were evaluated by ex vivo stimulation of liver-associated lymphocytes with (F) HBcAg derived C93 epitope, or (G)
HBsAg derived S190 epitope and reactive CD8 T cells determined by flow cytometry following intra-cellular cytokine styining for IFNy. Intrahepatic HBV gene
expression was assessed by measuring (H) total HBV RNA from liver lysate, and (I) quantifying HBV-infected hepatocytes by immunohistochemical stainings for HBc.

ns, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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should target and (ii) in which compartment (i.e., liver or blood circu-
lation) the respective viral protein must be reduced. The siRNAs used in
our study targeted a common region of HBV transcripts and prevented
the expression of all viral proteins, which were consequently absent
from the liver and blood. Thus, it remains unclear which viral antigen
caused immunotolerance and whether the local expression in the liver or
the antigen secretion in large amounts was decisive.

To gain a better understanding of the role of secreted HBsAg, we
developed a novel HBV-carrier mouse model in which HBsAg is
expressed but not released from hepatocytes. For this, we used a pre-
viously described mutation that abolishes HBsAg secretion (Mangold
and Streeck, 1993). Mangold et al. described that exchanging the
cysteine at amino acid (aa) 65 of HBs to serin (C65S) completely pre-
vented HBsAg secretion, while intracellular HBs protein levels remained
unaffected.

We successfully introduced the T193A mutation in the S open
reading frame, causing a C65S exchange in a plasmid carrying a 1.3-
overlength genome of HBV genotype D by site-directed mutagenesis.
We could confirm that HBsAg was expressed in hepatocytes but not
secreted from cells that were either transfected with the HBV-expressing
plasmid or transduced by an adeno-associated virus (AAV) vector car-
rying the mutated HBV genome (Suppl. Figs. S1A-C). We next evaluated
how missing HBsAg secretion would impact viral persistence and
immune-mediated HBV clearance in a setting of low-level HBV gene
expression. The relatively low antigen level expressed results in a mild
immunotolerance, which can be broken by therapeutic vaccination
(Michler et al., 2020). Therefore, C57/BL6 mice were infected with a
relatively low dose (10° genome equivalents [geq]) of AAV-HBV
expressing either wildtype (HBVyr) or C65S mutant (HBV¢gss) HBV.
Animals carrying HBVyr displayed serum HBsAg levels around 200
IU/ml and HBeAg levels of 10-15 PEI U/ml. As expected, no HBsAg was
detected in the serum of mice carrying HBVgss, while HBeAg levels of
20-30 PEI U/ml indicated persistent HBV gene expression over the
whole course (16 weeks) of the experiment (Fig. 1A and B). We
confirmed the expression of HBsAg in the liver of these mice by
immunohistochemical staining (Suppl.Fig. S1D).

To evaluate how missing HBsAg secretion would affect the efficacy of
therapeutic vaccination, we immunized half of the mice with TherVacB
starting eight weeks after the AAV-HBV injection. Vaccination resulted
in a loss of serum HBsAg and anti-HBs seroconversion in all mice. Anti-
HBs serum titers were approximately ten times higher in HBV¢gsg.carrier
mice, probably because HBsAg-antiHBs complexes in mice replicating
HBVwr reduced the detectable anti-HBs. TherVacB induced an anti-HBe
seroconversion with loss of HBeAg irrespective of whether mice repli-
cated HBVyr or HBVgss (Fig. 1B-D). Immunized mice presented with
mildly elevated ALT activities (Fig. 1E). These correlated with the in-
duction of intrahepatic virus-specific CD8 T-cell responses detected in
all vaccinated mice. S- and core-specific T-cell responses were similar in
mice replicating HBVyr and HBV¢gss (Fig. 1F and G).

We next assessed intrahepatic HBV gene expression after vaccination
of HBVyr- and HBV¢gss-carrier mice. HBsAg secretion did not affect
intrahepatic HBV-RNA levels (Fig. 1H) or the number of HBc-expressing
hepatocytes (Fig. 11). TherVacB suppressed both intrahepatic viral RNA
and HBc™ hepatocytes to below the detection limit in almost all vacci-
nated mice, irrespective of which HBV variant the mice carried. In
summary, this showed that HBsAg secretion had no significant impact
on HBV persistence or virus-specific immune responses, neither in un-
treated nor in immunized mice carrying HBV at low to intermediate
levels.

We next evaluated if inhibition of HBsAg secretion would benefit in a
setting of high-level HBV gene expression in which TherVacB alone
would not suffice to break immunotolerance. For this, we infected ani-
mals with a ten-fold higher dose of AAV-HBV (10'° geq). In addition, we
directly compared the effects of missing HBsAg secretion and pre-
treatment with an antiviral siRNA reducing HBs expression on the effi-
cacy of TherVacB.
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High-level HBVyy-carrier mice displayed HBsAg levels above 1.000
IU/ml. At the same time, HBsAg remained negative in HBVgss-carriers
(Fig. 2A). Both groups of mice presented HBeAg levels around 200 PEI
U/ml (Fig. 2B). Eight weeks after AAV-HBV injection, we initiated a
combinatorial siRNA and vaccination treatment. Mice received three
monthly subcutaneous (s.c.) injections of either an HBV-specific siRNA
(siHBV) or a control siRNA (siCtrl) followed by immunization with
TherVacB. Treatment with siHBV reduced serum HBeAg by 1.5 log; and
serum HBsAg in HBVyq-carrier mice by almost 3 log;o (Fig. 2A and B).
As described before (Michler et al., 2020), siHBV-pretreated animals
responded better to TherVacB. This was illustrated by the loss of serum
HBsAg in HBVyr-infected mice and an additional decline of HBeAg
levels in HBVgss and HBVyr-infected mice that had received siHBV
before TherVacB. Similar to our first experiment, anti-HBs titers were
10-fold higher in HBVgss-infected mice, with no difference between
siCtrl- and siHBV-pretreated groups (Fig. 2C). Two of the
siHBV-pretreated mice (one replicating HBV¢gss and the other HBVyy)
seroconverted to anti-HBe (Fig. 2D).

Animals from siHBV-treated groups developed mild hepatitis, which
was independent of the type of HBV they carried (Fig. 2E). This corre-
lated with increased HBc-specific CD8 T-cell responses in siHBV-
pretreated mice, which was statistically significant in HBVyr and a
clear trend in HBVgss-infected animals. No differences were seen in the
HBs-specific CD8 T cell responses between both treatment groups
(Fig. 2G). When assessing viral gene expression in the liver, we once
again found that HBsAg secretion did not affect the clearance of HBV.
Pre-treatment with siHBV, however, significantly suppressed HBV gene
expression, irrespective of whether HBsAg was secreted or not. This was
illustrated by nearly equal levels of intrahepatic HBV RNA (Fig. 2H) and
HBc" hepatocytes (Fig. 2I) in both HBVgss and HBVyyr carrier mice.

In summary, this experiment showed that in a setting of high-level
HBV gene expression where TherVacB alone did not suffice to control
HBV, blocking HBsAg secretion had no significant impact on the efficacy
of therapeutic vaccination while reducing HBV protein expression
improved vaccine efficacy.

Extensive efforts are currently being made by academia and industry
to develop a curative, finite treatment for CHB that enables sustained
HBV control after the stoppage of antiviral therapy. Directly acting an-
tivirals neither eliminate HBV cccDNA nor activate the endogenous
immune response. Therefore, they could only achieve a cure if cccDNA
was spontaneously lost (e.g., through cell division) or by a spontaneous
reconstitution of antiviral immunity. Immunotherapies, in contrast, aim
at reconstituting antiviral immunity or inducing new B- and T-cell re-
sponses. However, immunotherapies face HBV-induced immunotol-
erance, which prevents the generation of curative immune responses,
especially under high-level HBV antigen production persisting for a long
time (lannacone and Guidotti, 2022) supported by the integration of
defective HBV genomes (Wooddell et al, 2017). Consequently,
dual-phase combinatorial therapies that first reduce viral antigens fol-
lowed by an immunostimulatory approach are in focus.

In our study, we evaluated how HBsAg secretion affects the course of
HBV infection alone or in the context of therapeutic vaccination.
Because there are no drugs available that block HBsAg secretion in ro-
dents, we generated a genetic model that prevents HBsAg secretion by
HBV but does not affect antigen expression in the liver (Mangold and
Streeck, 1993). We compared the effect of a lack of HBsAg secretion with
an antiviral siRNA and assessed possible synergistic effects of inhibiting
HBsAg secretion and reducing HBV antigens by an antiviral siRNA.
While missing HBsAg secretion led to higher levels of detectable
anti-HBs antibodies, it did not affect virus-specific T-cell responses,
intrahepatic HBV persistence, or the efficacy of therapeutic vaccination.
This finding was independent of the level of HBV infection or whether
mice were treated with a therapeutic vaccine alone or combined with an
antiviral siRNA.

Several approaches are being developed to reduce the induction of
immune tolerance by high levels of HBV antigens. ASOs and siRNAs
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Fig. 2. Comparison of the effects of inhibition of HBsAg secretion with antiviral siRNA on efficacy of therapeutic vaccination for CHB. C57/BL6 mice were
infected with 10e10 genome equivalents of Adeno-Associated Virus vectors carrying a 1.3 overlength genome of wildtype (HBVyr) or C65S-mutant HBV (HBVgss).
Starting eight weeks later, mice were treated with three monthly subcutaneous injections of an HBV-specific siRNA (siHBV) with half of mice (n = 5) receiving a
control siRNA (siCtrl). Together with the last siRNA application, immunization with TherVacB was initiated in all mice. Course of HBV infection was evaluated by
measuring serum levels of (A) HBsAg, (B) HBeAg, (C) anti-HBs antibodies, (D) anti-HBe antibodies, and (E) ALT activity. (F,G) Intrahepatic virus-specific CD8 T cell
responses were evaluated by ex vivo stimulation of liver-associated lymphocytes with (F) HBcAg derived C93 epitope, or (G) HBsAg derived S190 epitope and the
fraction reactive CD8 cells determined by flow cytometry following intra-cellular cytokine staining for IFNy. Intrahepatic HBV gene expression was assessed by
measuring (H) total HBV RNA from liver lysate, and (I) quantifying HBV-infected hepatocytes by immunohistochemical stainings for HBc. ns, non-significant; *, p <

0.05; **, p < 0.01.

reduce HBV proteins in the liver and blood; monoclonal antibodies or
HBsAg secretion inhibitors mainly affect serum HBsAg levels. Mouse
studies in which neutralizing antibodies were used to lower serum
HBsAg levels reported conflicting data regarding their effect on HBV
immunotolerance. While an initial study reported that pretreatment
with a neutralizing antibody enhanced the efficacy of a therapeutic
vaccine (Zhu et al., 2016), another study reported that HBsAg clearance
had minimal impact on antiviral CD8 T cell responses (Fumagalli et al.,

2020). A drug class whose effect on HBV immunotolerance is unclear is
NAPs. NAPs are thought to act primarily as HBsAg secretion inhibitors.
As they lack activity in preclinical animal models (Schoneweis et al.,
2018), knowledge of their mode of action and their immune-stimulatory
properties is scarce.

A crucial question is whether viral antigens expressed within hepa-
tocytes, in contrast to secreted antigens, cause HBV-specific T-cell
tolerance. We found that circulating HBsAg did not impact CD8 T cell
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responses induced by therapeutic vaccination or its antiviral activity.
Reducing intrahepatic antigen levels by siRNA, in contrast, led to an
improved HBcore-specific T-cell response and an improved antiviral
effect. Our data are in accordance with Fumagalli et al. (2020), who
reported that reducing circulating HBsAg by neutralizing antibodies has
only a minimal effect on the expansion of HBV-specific naive CD8 T cells
undergoing intrahepatic priming. The current study alone, however,
does not allow to completely disentangle the roles of secreted compared
to locally expressed HBV antigens, as the siRNA did not only restrict the
expression of HBsAg but also of all other viral proteins. Due to the highly
condensed HBV genome with largely overlapping open reading frames,
it is not possible to target the HBs-encoding transcripts selectively. Thus,
the expression of HBV core and polymerase, and the secretion of HBeAg,
are also affected by a siRNA, so we cannot exclude that they mediate the
antiviral effect. In a prior study, however, we have already demon-
strated that HBeAg expression does not affect the efficacy of therapeutic
vaccination (Kosinska et al., 2021). HBeAg-positive and HBeAg-negative
HBV carrier mice responded equally well. We, therefore, reason that
viral proteins within hepatocytes crucially contribute to HBV
immunotolerance.

A consequence of the small size of the HBV genome and its
condensed organization is that the mutation, which we introduced in the
S open reading frame, not only results in the desired exchange of
cysteine to serine at position 65 of HBsAg but also inserts a stop codon at
position 408 of the polymerase open reading frame. However, this was
not a major confounding factor in the context of our study because both
changes prevent the secretion of mature virions. While HBV transcripts
are transcribed by the cellular DNA-depended RNA Polymerase II (Rall
etal., 1983), the HBV polymerase reversely transcribes HBV pregenomic
RNA to relaxed circular DNA within newly assembled capsids. Thus, the
main effect of a lacking HBV polymerase function would be a higher rate
of RNA-containing, immature capsids and no secretion of mature vi-
rions. The mutated HBV genome persisted in hepatocytes as long as the
wild-type HBV genome and T-cell responses targeting both variants were
very comparable. Thus, we concluded that the defective polymerase is
not relevant to the conclusions drawn from our study.

While our study was only designed to determine the role of secreted
HBsAg, our data fits with numerous other studies that show that
reducing viral antigens within the liver may be key to breaking HBV
immunotolerance. First, exhaustion of virus-specific CD8 T cells by high
viral antigen levels is a well-known phenomenon affecting even viruses
that do not secrete antigens (Utzschneider et al., 2016). The influence of
a high-antigen load on CD8 T cell fate has been confirmed for
hepatocyte-primed CD8 T cells (Tay et al., 2014). However, the liver has
a unique and important role in inducing immunotolerance, particularly
in viral hepatitis (Knolle and Thimme, 2014). Interestingly, tolerance to
an exogenous antigen occurs especially if antigens are presented to CD8
T cells by hepatocytes (Morimoto et al., 2007; Wiegard et al., 2007).
Such hepatocyte-primed T cells are unable to differentiate into effector
cells (Benechet et al., 2019) and become highly prone to apoptosis
(Lopes et al., 2008), reducing their survival (Bertolino et al., 1998).
Moreover, hepatocytes can also directly kill T cells through emper-
iopolesis (Benseler et al., 2011). HBV proteins were reported to reduce
MHC-I expression on hepatocytes (Chen et al., 2006), manipulate the
innate immune system (Kuipery et al., 2020), and induce the immuno-
suppressive cytokine TGFf-1 (Yoo et al., 1996), all of which may
contribute to immunotolerance.

However, our model does not completely reflect the properties of
drugs targeting HBsAg secretion or neutralizing serum HBsAg. For
instance, neutralizing monoclonal antibodies have immunostimulatory
properties by stimulating T cells via their Fc region (Bournazos et al.,
2020). It cannot be excluded that NAPs affect cellular processes that
promote HBV clearance. Furthermore, Bulivertide, which inhibits viral
entry and spread, will likely lower the intrahepatic HBV antigen load in
the long run by reducing the number of HBV-infected hepatocytes and
may induce immunity against the HBV preS. Thus, clinical studies
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investigating respective drugs must thoroughly evaluate whether the
treatment affects antiviral T-cell immunity by applying elaborate assays.

Another conclusion from our study is that for antiviral drugs with
novel modes of action, the predictive power of established diagnostic
markers might lose prognostic value. For example, serum HBsAg and
even anti-HBs seroconversion in our study neither reflected intrahepatic
HBV replication nor the state of immunotolerance. With the repertoire
of HBV drugs becoming more complex, the role of novel and individu-
ally applied diagnostic markers will become more important.

In summary, we present a novel animal model for CHB, which
allowed us to study the effects of HBsAg secretion on viral persistence,
antiviral immunity, and efficacy of therapeutic vaccination. Our data
indicate that clearing HBsAg from serum alone has no impact on HBV
persistence or the ability to induce HBV-specific immunity with thera-
peutic vaccination. It further indicates that restriction of hepatic viral
antigen expression may be key to breaking HBV immunotolerance and
developing curative combinatorial therapies for CHB.
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