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Abstract (edited version)

Background & Aims: Hepatitis B virus (HBV) infection persists because the virus-specific
immune response is dysfunctional. Therapeutic vaccines might be used to end immune tolerance
to the virus in patients with chronic infection, but these have not been effective in patients. In
patients with chronic HBV infection, high levels of virus antigens might prevent induction of HBV -
specific immune responses. We investigated whether knocking down expression levels of HBV
antigens in liver might increase the efficacy of HBV vaccines in mice.

Methods: We performed studies with male C57BL/6 mice that persistently replicate HBV
(genotype D, serotype ayw)—either from a transgene or after infection with an adeno-associated
virus that transferred an overlength HBV genome—and expressed HB surface antigen (HBsAQ)
at levels relevant to patients. Small hairpin or small interfering (si)RNAs against the common 3’-
end of all HBV transcripts were used to knock-down antigen expression in mouse hepatocytes.
siRNAs were chemically stabilized and conjugated to N-acetylgalactosamine to increase liver
uptake. Control mice were given either entecavir or non-HBV specific siRNAs and vaccine
components. Eight to twelve weeks later, mice were immunized twice with a mixture of adjuvanted
HBV S and core antigen, followed by a modified vaccinia virus Ankara vector to induce HBV-
specific B- and T-cell responses. Serum and liver samples were collected and analyzed for HBV-
specific immune responses, liver damage, and viral parameters.

Results: In both models of HBV infection, mice that express hepatocyte-specific small hairpin
RNAs or that were given subcutaneous injections of siRNAs had reduced levels of HBV antigens,
HBV replication, and viremia (1-3 logio reduction), compared to mice given control RNAs.
Vaccination induced production of HBV-neutralizing antibodies, and increased numbers and
functionality of HBV-specific, CD8+ T-cells in mice with low, but not in mice with high levels of
HBV antigen. Mice with initially high titers of HBV and knockdown of HBV antigen expression, but
not mice with reduced viremia following administration of entecavir, developed polyfunctional,

HBV-specific CD8+ T cells and HBV was eliminated.
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Conclusions: In mice with high levels of HBV replication, knockdown of HBV antigen expression
along with a therapeutic vaccination strategy, but not knockdown alone, increased numbers of
effector T cells and eliminated the virus. These findings indicate that high titers of virus antigens
reduce the efficacy of therapeutic vaccination. Anti-HBV siRNAs and therapeutic vaccines are

each being tested in clinical trials—their combination might cure chronic HBV infection.

Keywords

Viral hepatitis, immunization, siRNA, immunotherapy, immune tolerance
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Main Text

Chronic HBV infection affects 260 million humans and causes 880,000 deaths per year1 with still
rising numbers2. Current treatment options are nucleos(t)ide analogues (NUC) that efficiently
control HBV replication, reduce liver inflammation and limit progression of liver pathology, but do
not affect virus persistence. More importantly, such treatment leaves infected individuals at risk
to develop hepatocellular carcinomas. Treatment with interferon alpha can be curative in a low
number of patients by influencing the activation status of differentimmune cells4 and by its antiviral
activity, e.g. by inducing degradation of the viral persistence form, HBV cccDNAs, but has severe
side effects. In the absence of a curative antiviral therapy, induction of protective antiviral B- and
T-cell responses either by deliberate stimulation of innate or adaptive immunity or by spontaneous

immune recovery after antiviral therapy are essential to cure HBV infection.

How HBYV prevents successful immune control remains unclear. While HBV-specific CD8 T cells
are key to limit acute HBV infections, HBV persistence is characterized by scarcity and dysfunction
of virus-specific T cells7 and by a lack of neutralizing antibodies. Spontaneous immune control is
observed in 0.5% chronically infected patientss with neutralizing antibodies and HBV-specific CD4
and CD8 T-cell responses becoming detectable. Although prophylactic vaccination using
recombinant hepatitis B surface antigen (HBsAg) very efficiently induces neutralizing antibodies,
attempts to establish a therapeutic vaccine breaking immune tolerance in chronic hepatitis B have
failed so fare, 10. We reasoned that the extraordinarily high levels of viral antigens may contribute
to HBV-specific immune tolerance and decided to explore the potential of RNAI to control hepatic
HBV-antigen expression to render therapeutic hepatitis B vaccination more successful in

particular in high-antigenemic HBV carriers.

To improve therapeutic vaccination, we developed a therapeutic hepatitis B vaccination scheme,
TherVacB, which employs a heterologous prime-boost strategyi1. A protein prime using
particulate, recombinant HBsAg and HBV core antigen and an adjuvant allowing an activation of
B and T cell responses is designed to induce antibodies that capture viral antigens and prevent

5
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virus spread, and to prime CD4 and CD8 T cells. A vector-boost vaccination using modified
vaccinia virus Ankara (MVA) expressing HBV envelope and core proteins shall amplify HBV-

specific B- and T-cell responses.

To evaluate the effect of viral antigen levels on vaccine efficacy, we used two murine immune-
competent models of persistent HBV infection: HBV-transgenic mice reflecting vertical
transmission from mother to child12, and the Adeno-associated virus (AAV)-HBV model in which
adult mice develop persistent HBV infection1s. In this study, we demonstrate that reducing HBV
antigen expression by RNAIi enabled a therapeutic, heterologous prime-boost vaccine to control

and finally eliminate HBV in high-antigenemic carrier mice.
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Material and methods

Ethical statement and animal experimentation. HBsAg levels from patient sera were measured
between May 2011 and June 2017 as part of clinical routine patient care and are summarized in
Figure 1A after approval by the ethics committee of the University Hospital rechts der Isar of the
Technical University of Munich (approval No. 621/19 S). Animal experiments were conducted in
strict accordance with the German regulations of the Society for Laboratory Animal Science (GV-
SOLAS) and the European Health Law of the Federation of Laboratory Animal Science
Associations (FELASA). Experiments were approved by the local Animal Care and Use
Committee of Upper Bavaria (permission number: 55.2-1-54-2532-202-12) and followed the 3R
rules. Mice were kept in a specific-pathogen-free (SPF) facility under appropriate biosafety level
following institutional guidelines. The experiments were performed during the light phase of the

day.

Animal models. HBV-transgenic (HBVtg) HBVxfs male mice, carrying a 1.3-fold overlength HBV
genome (genotype D, serotype ayw) on a C57BL/6J background [haplotype H-2bwl12, were
selected to express high HBsAg levels between 103 and 104 IU/ml and HBeAg levels 2200 PEI
U/ml. Treatment was started at age 8 to 12 weeks, and litter mates were distributed throughout
experimental groups. Alternatively, persistent HBV replication was established by intravenous
injection of an Adeno-associated virus (AAV) serotype 2 genome encoding a 1.2-fold overlength
HBV genome (AAV-HBYV) of genotype D and pseudotyped with an AAV serotype 8 capsidis into
8-weeks-old male C57BL/6J mice (Charles River Laboratories, Schulzfeld, Germany). AAV-HBV
dose was established by a titration experiment and selected to reach HBsAg levels detected in
the majority of our HBV-infected patients (Figure 1A). Animals were bled one day before start of
treatment and allocated into age-matched groups with similar HBsAg and HBeAg levels.

According to animal protection law, each experiment was performed once.
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Therapeutic hepatitis B vaccine (TherVacB). Mice were immunized with a heterologous
protein-prime / recombinant Modified Vaccinia Ankara virus (MVA) vector-boost vaccination
scheme, as described11. Briefly, mice were immunized intramuscularly (i.m.) twice with 15 ug of
particulate HBsAg (genotype A, adw) expressed in yeast and 15 ug of HBV core protein (genotype
D, ayw) particles purified from E. coli (kindly provided by APP Latvijas Biomedicinas, Riga, Latvia)
adjuvanted with 10 ug cyclic di-adenylate monophosphate (c-di-AMP) (InvivoGen, San Diego,
CA, USA). Two weeks after the second protein vaccination, mice were boosted by i.m. injection
of 5x107 plaque-forming units (PFU) each of recombinant MVA vectors expressing HBV S or HBV
core protein (both genotype D, ayw). Control vaccination consisted of two i.m. injections of the
adjuvants without HBV proteins and a boost with an MVA not expressing any transgene. Mice
were sacrificed one week (HBVtg mice) or 18 weeks (long-term efficacy study in AAV-HBV model)

after MVA boost immunization. Blood and organs were collected for further analysis.

Suppression of HBV-antigen expression by HBV-specific RNA interference (RNAI). Self-
complementary AAV vectors co-expressing a H1 promoter-driven shRNA designed to target the
common 3’-end of all HBV transcripts together with a U6 promoter-driven cognate shRNA sense
strand decoy ("TuD") were pseudotyped with a serotype 8 capsid and purified to generate AAV-
shHBV (described before as shHBV7/TuDHBV7)1s. AAV-shCtrl (described before as
sha1AT/TuDa1AT14) encodes a shRNA targeting human ai-antitrypsin and the respective decoy.
Per vector, 1x1011 genome equivalents (geq) were injected intravenously (i.v.).

Stabilized, liver-targeted siRNAs were chemically modified and conjugated to N-
acetylgalactosamine (GalNAc) to increase their stability and liver uptake1s. HBV-specific sSiRNAs
(siHBV1 and siHBV2) were designed to target the common 3’-end of all HBV transcripts. The
Control siRNA (siCtrl) targeted human a-antitrypsin. Three mg/kg body weight of GalNAc-siRNAs

were injected subcutaneously (s.c.) every 4 weeks.
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NUC therapy. For antiviral treatment, HBVtg mice received 1 ug/ml Entecavir (ETV, Baracludetv
oral suspension; Bristol-Myers Squibb, Munich, Germany) in drinking water throughout the

experiment.

Detection of HBV-specific T cells by MHC class | multimers and intracellular cytokine
staining. Splenocytes and liver-associated lymphocytes (LAL) were isolated and LAL were
purified by density gradient centrifugation and stained with MHC class | multimers as described11.
Multimers conjugated with Ko-restricted HBV-derived peptides S190-197 (S190; VWLSAIWM), coregs-
100 (Co3; MGLKFRQL), MVA-derived peptide B8R2027 (MVAssr; TSYKFESV) and as control
ovalbumin-derived peptide S8L2s7-264 (OVAssL; SIINFEKL) were kindly provided by Dirk Busch
(Technical University of Munich, Germany). Per sample, 0.4 ug multimer was labeled with 0.4 pl
Streptactin-PE (IBA Lifesciences, Gottingen, Germany) in 30 yl FACS buffer and incubated for
30 min on ice before adding to the cells.

For intracellular cytokine staining, CD8 T cells were stimulated overnight in the presence of 1
mg/ml Brefeldin A (Sigma-Aldrich, Taufkirchen, Germany). For stimulation, either 1 ug/ml of the
indicated synthetic peptide MVAgsr, OVAss. and HBV S190, Cos or S20s-215 (S208; IVSPFIPL) or
peptide pools covering HBV core (genotype D, aa 70-157) or S (genotype D, aa 145-226)
containing the dominant CD8 as well as CD4 T-cell epitopes were used.

Cell-surface staining was performed using anti-CD8 (clone 56.6-7; BD Biosciences, Heidelberg,
Germany), anti-CD4 (clone L3T4; BD Biosciences), anti-PD1 (clone J43; Invitrogen) and anti-
TIM3 (clone B8.2C12; BioLegend) antibodies. Dead cells were excluded from analysis by
ethidium monoazidebromide (Invitrogen, Karlsruhe, Germany) or fixable viability dye eF780
(eBioscience, Frankfurt, Germany) staining. Intracellular cytokine staining was performed as
described previously11 using an anti-IFNy antibody (clone XMG1.2; eBioscience) and anti-TNF
antibody (clone: MP6-XT22; BD Biosciences). Data were acquired on a FACSCanto Iltm (BD
Biosciences) or a CytoflexS (Beckmann Coulter) flow cytometer and analyzed using FlowJo

software (Tree Star, Ashland, OR, USA). Gating strategy of flow cytometric analysis is presented

9
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in Supplementary Figure 7. Data from multimer and intracellular cytokine staining are presented
as relative values after background subtraction determined using OVAssL peptide. Absolute T-cell
numbers per liver or spleen were determined using CountBright absolute counting beads

(Invitrogen, Karlsruhe, Germany) according to the manufacturer’s instructions.

Serological analyses. Serum HBsAg, HBeAg and anti-HBs levels were quantified on an
Architecttm platform after dilution with the Architect HBsAg Manual Diluent (lowest dilution 1:5)
using the quantitative HBsAg test (Ref.: 6C36-44; Cutoff: 0.25 1U/ml), the HBeAg Reagent Kit
(Ref.: 6C32-27) with HBeAg Quantitative Calibrators (Ref.: 7P24-01; Cutoff: 0.20 PEI U/ml) and
the anti-HBs test (Ref.: 7C18-27; Cutoff: 12.5 mlU/ml) (all Abbott Laboratories, Wiesbaden,
Germany), respectively. Anti-HBe levels were determined after 1:6 dilution in phosphate-buffered
saline (PBS) plus 10% fetal calf serum (FCS) using the Enzygnosttm anti-HBe monoclonal test
(data given in Relative Light Units [RLU] with >0.832 RLU considered negative) on the BEPIII
platform (Siemens Healthcare, Eschborn, Germany). Serum alanine aminotransferase (ALT)
activity was measured in a 1:4 dilution in PBS using the Reflotrone GPT/ALT test (Roche
Diagnostics, Mannheim, Germany). Values and cutoffs of quantitative tests are given after

correction for the respective dilution.

Analysis of HBV DNA in serum and liver. DNA was extracted from 25 ul of serum using the
QlAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol and eluted into 50 pl H20. For gPCR analysis from liver tissue, DNA was extracted using
the NucleoSpin Tissue kit (Macherey-Nagel, Diren, Germany). Quantitative HBV-specific real-
time PCR (lower limit of quantification [LLOQ]: 1.705 copies / pl serum) was performed on an
Applied Biosystems® 7500 Real-time PCR system (Thermo Fisher Scientific, Darmstadt,
Germany) using primers HBV1464_fw / HBV1599_rev and a Tagman probe. To determine HBV
genome copy numbers per cell in the transgenic mouse model, numbers of diploid cell genomes
were subtracted as the HBV-specific PCR also amplifies the HBV integrate. Values determined

for HBV genome copy numbers per cell in the AAV-HBV model were corrected for the AAV-HBV

10
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by subtracting AAV-copies using AAV_ITR primers. Cell numbers were determined by real-time
PCR for the single-copy mouse prion protein gene (mPrp). For primer/probe sequences and
cycling conditions, see Supplementary Table 1. For Southern blot analysis, frozen liver samples
were lysed using the Tissue Lyser LT (Qiagen), and after adding 20% SDS and digestion with
proteinase K and RNase A, DNA was extracted with phenol-chloroform. Equal amounts of DNA
extracted from individual animals within the same treatment group were pooled, digested
overnight with Hind /Il (Thermo Fisher Scientific), separated through a 1.0% agarose gel,
transferred onto a nylon membrane and UV cross-linked prior to overnight hybridization with a
digoxigenin-labeled DNA probe at 65°C. HBV-DNA was visualized using the DIG Luminescent
Detection kit (Roche Diagnostics) on an ECL Chemocam (INTAS Science Imaging Instruments,

Géttingen, Germany).

Analysis of HBV transcripts. RNA was extracted from livers using the RNeasy Mini kit (Qiagen).
cDNA was reverse transcribed using the SuperScript Ill kit (Thermo Fisher Scientific) and HBV
transcripts were amplified by real-time RT-PCR on a LightCyclere 480 Instrument Il (Roche
Diagnostics) with primers to detect only HBV 3.5 kb transcripts that mainly consist of HBV
pregenomic RNA. Results were normalized to expression of Glyceraldehyde 3-phosphat
dehydrogenase (GAPDH). For primer sequences and cycling conditions, see Supplementary

Table 1.

Histology and immunohistochemistry. Livers were fixed in 4% buffered formalin for 48 h,
dehydrated and embedded in paraffin before serial 2 um-thin sections were prepared.
Hematoxylin-Eosin (HE) staining was performed on deparaffinized sections with Eosin and
Mayer’s Haemalaun according to standard protocols. Histopathological evaluation was performed
by an experienced liver pathologist in a blinded manner. A general description of histopathological
findings was provided as well as a grading system including severity of inflammation, necrosis
and fibrosis ranging from 0 (=none) to 3 (=very strong). For immunohistochemistry, rabbit anti-

CD3 (Zytomed Systems GmbH, Berlin, Germany; #RBK024-05; 1:250 dilution; retrieval at 95°C

11



10

- Michler, Kosinska et al.: siRNA enables therapeutic hepatitis B vaccination-

for 30 min with EDTA), rat anti-CD4 (eBioscience, Frankfurt a. Main, Germany; #14-9766-82;
1:1,000 dilution; retrieval at 100°C for 30 min with EDTA) or rabbit anti-HBV core (Diagnostic
Biosystems, Pleasanton, CA, USA; #RP 017; 1:50 dilution; retrieval at 100°C for 30 min with
EDTA) were used on a Leica Bond MAX system (Leica Biosystems, Nussloch, Germany). Anti-
CD8 stains were performed on cryo-conserved tissue using rat primary anti-CD8 (BD Bioscience;
#553027; 1:200 dilution). For analysis, tissue slides were scanned using a SCN 400 slide scanner
(Leica Biosystems). Positive cells were quantified from at least three tissue areas adding up to

210 mm2 using the integrated Tissue Al software (Leica Biosystems).

Statistical analyses. Statistical analyses were performed using GraphPad Prism version 6.0.
Data sets were initially analyzed for Gaussian distribution with D'Agostino-Pearson omnibus test.
Depending on the results, parametric student t test, 1- or 2-way Anova with Tukey’s, Dunnett’s
or Sidak’s multiple comparison correction or non-parametric Mann-Whitney U or Kruskal-Wallis
with Dunn’s multiple comparison correction tests were used. Linear regression was analyzed

using two-tailed Pearson correlation. p-values <0.05 were considered significant.
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Results

HBYV antigen titers determine the antiviral effect of therapeutic vaccination.

In sera of 354 patients sent in for routine HBsAg quantification, the majority of HBsAg titers were
between 103 and 104 IU/ml (Figure 1A) matching titers observed in other clinical cohortsis, 17.
These levels exceeded HBsAg levels in mice used in previous studies evaluating therapeutic
vaccination11 by = 2log10. To investigate the effect of clinically relevant antigen levels on the
induction of HBV-specific immune responses, we chose HBV-transgenic mice with HBsAg levels
of 103-104 IU/ml and reduced antigenemia by RNAi using an AAV vector expressing a shRNA that
targets all HBV transcripts (shHBV)14. AAV-shHBV stably suppressed HBsAg and hepatitis B e
antigen (HBeAg) levels and viremia by 1-2 logio (Figure 1B-D), but neither antibodies against
HBsAg (anti-HBs; Figure 1E) nor antibodies against HBeAg (anti-HBe, data not shown) became

detectable.

Eight weeks after AAV-shRNA application, heterologous protein prime - MVA vector boost
vaccination scheme TherVacB was initiated. TherVacB, but not control vaccination, reduced
HBsAg and viremia by 1-2log1o (Figure 1B,D; Supplementary Figure 1A-C) and induced high titers
of anti-HBs (Figure 1E; Supplementary Figure 1D) in all animals. Without shHBV pretreatment,
however, TherVacB failed to reduce HBeAg levels when applied to mice replicating HBV at high
levels (Figure 1C; Supplementary Figure 1B,E). Strikingly, TherVacB after shHBV was able to

reduce HBsAg, HBeAg and viremia significantly to levels hardly detectable (Figure 1B-D).

To compare the antiviral effect of either treatment, we analyzed HBV gene expression and
replication in the liver. Cytoplasmic staining of HBV core protein that reflects active viral
replicationtis was reduced in hepatocytes of mice expressing shHBV but dropped even further
after TherVacB (Figure 1F,G). Southern blot and PCR analyses revealed that both, shHBV and
TherVacB reduced HBV replication while sequential application of shHBV and TherVacB — except

in one animal — was able to completely stop it (Figure 1H,/). Thus, reducing HBV antigen
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expression by RNAIi enabled therapeutic vaccination to efficiently control HBV.

Therapeutic vaccination triggers T-cell infiltration into the liver.

After vaccination, only those HBV-transgenic animals that were pretreated with shHBV before
TherVacB showed a moderate, two-fold increase of serum alanine transaminase (sALT) activity
(Supplementary Figure 2A). We therefore analyzed liver biopsies of animals from the different
treatment groups for the infiltration of T cells by immunohistochemistry staining of CD3, CD4 and
CD8 (Figure 2A-C). Matching the sALT increase, T cell infiltration was most pronounced in
animals starting to express shHBV before TherVacB (Figure 2A). While all animals that received
TherVacB showed a T-cell infiltration into the liver, this was not the case in animals that solely
expressed shRNA (Figure 2C, Supplementary Figure 2B). CD4 T cells were detected in similar
numbers in all TherVacB-treated animals irrespective of shRNA expression. However, only
animals that expressed shHBV before receiving vaccination showed a significantly stronger CD8
T-cell infiltration (Figure 2B,C). Therapy with AAV-shHBYV as well as TherVacB was well tolerated,

and neither was associated with histopathological changes (Figure 2D).

From these results we concluded that reducing virus and antigen load by RNAI neither activates
antibody responses nor T-cell infiltration into the liver. TherVacB is able to induce antibody
responses, and RNAi combined with therapeutic vaccination resulted in a CD8 T-cell infiltration

into the liver.

HBV-specific shRNA enables TherVacB to induce HBV-specific CD8 T-cell responses.

Lowering HBV-antigen expression in HBV-transgenic mice by shHBV enabled TherVacB to break
HBV-specific immune tolerance and to induce a more prominent HBV-specific effector CD8 T-cell
response than delivery of a control shRNA (shCtrl) (Figure 3A-F). TherVacB alone activated HBV-

specific CD4 T cells that could be detected in liver and spleen, but was only able to induce a minor

14
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HBV-specific CD8 T-cell response (Figure 3A,C,D, Supplementary Figure 3A). MVA-specific T-
cell responses were equally strong in all vaccinated groups (Figure 3A,B) proving that CD8 T-cell

tolerance is induced by HBV antigens and is specific for HBV.

Reducing virus and antigen load by RNAI neither on its own (Figure 3A,C) nor in combination with
stimulating innate immunity by control vaccination (Supplementary Figure 3B) resulted in
activation of HBV-specific CD4 or CD8 T-cell responses. Only the combination of shHBV and
TherVacB led to profound hepatic HBV S- and core-reactive, polyfunctional CD8 T-cell immunity
(Figure 3E,F) proving that antigen-specific immune activation was required to induce HBV-specific
immunity. A mild elevation of serum ALT activity indicated a cytotoxic effector function of HBV-
specific T cells in vivo (Figure 3G). Overall, high serum HBV-antigen levels (HBsAg>500 IU/ml,
HBeAg > 200 PEI U/ml) at the start of therapeutic vaccination negatively correlated with the ability
to mount HBV-specific CD8 T-cell responses (Figure 3H,/). Taken together, our results indicate
that CD8 T cells induced by TherVacB can overcome HBV-specific immune tolerance and control
HBV replication without prominent liver damage, but only when HBV-antigen expression is low,

e.g. after suppression by RNA..

In contrast to nucleoside analogues, RNAi enables TherVacB to break HBV-specific

immune tolerance.

To facilitate clinical translation of sequential RNAi and therapeutic vaccination, we developed
GalNAc-conjugated siRNAs that target hepatocytes following s.c. application1s and are optimized
to silence all HBV transcripts and to inhibit HBV replication. Two different HBV-siRNAs (siHBV1
and siHBV2) were selected. Monthly s.c. injections of siHBV1 or siHBV2 lowered serum HBsAg
by 2 log1w, HBeAg by 1 logio and viremia by 1-2 logio, which was comparable to the effect
observed with continuous expression of shHBV by the AAV vector in HBV-transgenic mice (Figure
4A-D). No antiviral effect was observed after application of the control siRNA (siCtrl). The

standard-of-care oral nucleoside analogue Entecavir inhibited HBV replication and reduced HBV

15
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viremia to undetectable levels (Figure 4C), but did not affect HBsAg or HBeAg levels (Figure
4A,B). Again, TherVacB induced seroconversion to anti-HBs (>1,000 1U/ml) irrespective of pre-
treatment (Supplementary Figure 4A) and consistently reduced HBsAg levels and viremia (Figure
4A,D), but did not reduce HBeAg (Figure 4B). Importantly, after siHBV- or shHBV-mediated RNAI,
but not in Entecavir-treated animals, TherVacB generated high numbers of functionally active,
HBV-specific CD8 T cells (Figure 4E; Supplementary Figure 4B), controlled HBV-core expression
in hepatocytes (Figure 4F,G) and reduced HBV-DNA in the liver to undetectable levels in all but
two animals (Figure 4H). MVA-directed CD8 T-cell responses were not affected by any pre-
treatment (Supplementary Figure 4C). None of the treatment combinations induced significant
liver damage (Supplementary Figure 4D). This demonstrates that reducing HBV-antigen
expression is necessary to allow TherVacB to break HBV-specific immune tolerance and control

HBYV replication while inhibiting HBV replication is not sufficient.

Combination of siHBV with TherVacB achieves sustained control of HBV in AAV-HBV-

infected mice.

To finally evaluate the potential of siHBV in combination with TherVacB to achieve a “cure” of
HBV, we employed the AAV-HBV model of chronic HBV infection, in which HBV-specific immune
tolerance develops and HBYV replication persists for several months1s. In AAV-HBV-transduced
mice the nuclear HBV-transcription template remains episomalis, 20 and can be lost and - in

contrast to HBV-transgenic mice - HBV-replicating hepatocytes can be eliminated.

We infected mice with ascending amounts of AAV-HBYV (Figure 5A,B) to achieve stable antigen
titers at different levels and, four weeks later, vaccinated the same mice with TherVacB. TherVacB
controlled HBV only in mice expressing low- but not in those expressing high-level HBV-antigens
(Figure 5A,B). This correlated with the induction of HBV-specific immune responses. Anti-HBs
was induced in all animals. However, anti-HBs titers as well as HBV-specific CD8 T-cell responses

inversely correlated with HBV antigen titers, and were not detected anymore in mice expressing
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HBV at high levels (Figure 5C,D). This demonstrated that in AAV-HBV-infected mice, HBV-

specific T-cell tolerance was already established after four weeks.

To investigate whether pretreatment with siRNA may enable TherVacB to cure higher-titer HBV
carriers, we infected a new set of mice with AAV-HBV to establish persistent HBV replication with
HBsAg levels detected in the maijority of patients in Western countries (103-104 IU/ml, see Figure
1A). Four weeks after AAV-HBV infection, when HBV-specific T-cell tolerance was established
(Figure 5A-D), siHBV1, siHBV2 or siCtrl were injected three times at four-weekly intervals and
TherVacB was initiated together with the last siRNA dose. siHBV1 and siHBV2 rapidly reduced
HBsAg by 2-3logw and HBeAg by =1logio (Figure 5E-F). All TherVacB-vaccinated animals
developed anti-HBs (Figure 5G) and showed a moderate, maximally 1log1o drop in HBsAg. Again,
HBV-specific siRNAs alone failed to trigger HBV-specific immunity and consequently viral
parameters returned to pre-treatment levels over 18 weeks after siHBV was stopped in all mice
(Figure 5E,F). In contrast, siHBV1 or siHBV2 pre-treatment followed by TherVacB resulted in a
loss of serum HBsAg, HBeAg and HBV-DNA, development of high anti-HBs titers and anti-HBe
seroconversion (Figure 5E-/), indicating a “cure” of HBV infection through induction of potent HBV-

specific immunity.

Overall, the sequential treatment with siHBV1/2 and TherVacB was well tolerated, as neither
caused significant liver damage nor affected body weight of mice and resulted in only moderate
serum ALT elevation (<100 U/l, i.e. max. 2.5-fold ULN) (Figure 5J-L; Supplementary Figure 5E).
Slightly elevated sALT levels were observed over a period of three months before they normalized
indicating that vaccine-induced, HBV-specific effector T cells targeted and eliminated HBV-
infected hepatocytes over time. In three out of twelve mice that had received siHBV1 or siHBV2
before TherVacB, we observed a transient rebound of HBeAg with a concomitant decrease of
anti-HBe when siRNA effects weaned (blowouts in Figure 5F,H; Supplementary Figure 5 showing
individual mice). This, however, was rapidly contained most likely by vaccine-induced HBV-

specific T cells.
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TherVacB after siRNA treatment achieves long-lasting T cell responses that eliminate HBV.

Twenty-two weeks after the start of TherVacB, we detected HBV-specific T cells in livers and
spleens of all vaccinated, AAV-HBV-infected mice. While HBV S190-specific T cells were increased
in the liver (Figure 6A,B) and in the periphery (Supplementary Figure 6; gating strategy shown in
Supplementary Figure 7) in particular after siHBV2 pre-treatment and subsequent TherVacB, only
a tendency was observed for core(Coes)-specific T cells. However, also core-specific T cells
showed a higher functionality and more T cells stained positive for IFN-y, TNF and granzyme B
upon ex vivo peptide re-stimulation (Figure 6C). In addition, we detected lower levels of co-
inhibitory receptor PD1, but not TIM-3 (Figure 6D-F). As expected, siRNA pretreatment had no
effect on the MVA-specific T-cell response (Supplementary Figure 6D-G). Interestingly, animals
in which a transient HBeAg rebound was observed showed higher expression of PD1 and TIM3
and lower HBV-specific CD8 T-cell responses, correlating with decreased HBV control

(Supplementary Figure 5).

The sequential siHBV and TherVacB treatment resulted in HBV control in the majority of animals,
including suppression of HBV pregenomic RNA expression (Figure 7A), elimination of HBV core-
expressing hepatocytes (Figure 7B,C) and elimination of HBV-DNA from the liver (Figure 7D).
This demonstrates that the combination of siHBV with TherVacB is able to overcome HBV-specific

immune tolerance and can achieve a cure of HBV infection in mice.
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Discussion

Our study demonstrates that high level antigen expression is a most relevant factor causing HBV-
specific immune tolerance and preventing successful therapeutic vaccination in mice. At HBsAg
levels found in the majority of patients with chronic hepatitis B, i.e. between 1,000 to 10,000 1U/ml,
the inhibition of HBV antigen expression in hepatocytes using long-lived, hepatocyte-targeted
siRNAs enabled a therapeutic vaccine approach to elicit its fullimmunogenic capacity. Application
of TherVacB alone in two preclinical mouse models of chronic HBV infection with corresponding
viral antigen levels induced high-titer anti-HBs and detectable CD4 T cell responses but failed to
induce HBV-specific CD8 T-cell immunity and thus did not achieve control over HBV infection.
Reducing HBV-antigen expression first by HBV-specific RNAi, however, allowed TherVacB to
overcome HBV-specific CD8 T-cell tolerance in the AAV-HBV model reflecting vertical and in
HBV-transgenic mice reflecting horizontal transmission of HBV. This demonstrates that lowering
high-level HBV antigen expression is a key factor in overcoming immune tolerance and achieving

immune control of chronic HBV infection through therapeutic vaccination.

While the AAV-HBV model is currently the most suited model of persistent HBV infection1s to
investigate the effect of immunotherapies, it still has limitations. It uses fully immunocompetent
mice in which the infection can be “cured”, but unlike in natural infections, HBV cannot spread.
HBV is expressed from an episomal AAV-HBV transcription template, and even cccDNA-like
molecules are formed in the nucleus of infected hepatocytes2i. Its control, however, will very likely
differ from that of cccDNA established after natural infection in human hepatoctyes1s. In addition,
the duration of antigen exposure in these models substantially differs from that in chronically
infected patients, who often have been infected for decades. We cannot exclude that a longer
antigen exposure might induce an even more profound HBV-specific immunotolerance which
cannot be broken by reducing antigen levels and stimulation of HBV-specific B- and T-cell
responses by therapeutic vaccination. The fact that we were also able to break immunotolerance

in HBV-transgenic mice, which were exposed to HBV antigens since birth, supports the notion
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that a substantial HBV-specific immunotolerance may be broken by the combination of siHBV and

TherVacB. This, however, needs to be evaluated in clinical studies.

Activating the patient’s immune system to gain control over persistent HBV is the ultimate goal of
an immune therapy for chronic hepatitis B, to which virus-specific CD8 T cells are contributing by
either secreting antiviral cytokines or by killing infected hepatocytes1s, 22. Several mechanisms,
however, may prevent immune-mediated control of HBV: (i) HBV circumvents triggering innate
immunity and inflammation2s-2s that is required by dendritic cells for antigen-presentation and
appropriate activation of CD8 T cellszs; (ii) local elimination by hepatic NK cells27 or hepatocyteszs
results in scarcity of virus-specific CD8 T cells; (iii) regulatory cell populations act locally in the
liver to curtail the function of virus-specific effector CD8 T cellsz29; and (iv) high-level viral antigens
render virus-specific CD8 T cells dysfunctionalso, 31. It has not been possible to ascertain which of
these factors promoting HBV-specific immune tolerance is most decisive for the failure of
therapeutic vaccination. In our study, failure of TherVacB to induce effective HBV-specific CD8 T-
cell responses in high-titer mice correlated with high-level PD1 expression. In particular the mice
in which HBeAg rebounded when siHBV effects had faded-out showed elevated PD1 levels.
Using two different siRNAs, the slightly more effective one (siHBV2) resulted in a more
pronounced reduction of PD1 and a complete loss of HBV. This indicated that PD1
overexpression in HBV-specific CD8 T cells may result from high hepatic HBV-antigen expression

and be responsible for dysfunction of HBV-specific T-cell responses after TherVacB.

siRNAs constitute a very promising, potential therapeutic approach to limit HBV antigen
expression in infected hepatocytes. Since all HBV RNAs terminate at the same polyadenylation
site, an appropriately designed single siRNA is sufficient to target the 3’ end of all HBV RNAs14.
Systematic screening of target sites resulted in selection of siRNA candidates that successfully
target the major HBV strains found world-wide. Coupling of these selected HBV-specific siRNAs
to GalNAc for efficient delivery into hepatocytesis enhanced metabolic stability and resulted in

long duration of actionsz, 33, allowing for injection intervals to once every four weeks. Importantly,
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neither reduction of HBV antigen levels by RNAIi alone nor in combination with innate immune
stimulation using a control vaccination scheme sufficed to break HBV-specific immune tolerance.
This demonstrates that high-level HBV antigens do not simply actively suppress already existing
HBV-specific immunity. It rather indicates that presentation of HBV antigens by dendritic cells in
the context of an inflammatory microenvironment induced by therapeutic vaccination is required
to newly prime protective HBV-specific T-cell immunity. We also show that controlling the virus
load only with nucleoside analogues or capturing circulating HBV antigens by inducing anti-HBs
antibodiess4 failed to enable therapeutic vaccination to control HBV. This strongly indicates that
hepatocyte expression of viral antigens and MHC-restricted presentation of peptides derived from
HBV antigens governs downregulation of HBV-specific CD8 T-cell immunity generated by
therapeutic vaccination. The reduction of HBV antigen expression in hepatocytes followed by
heterologous prime-boost therapeutic vaccination therefore function synergistically to achieve full
immune control over HBV replication, reach a sustained reduction of HBsAg and HBeAg to
undetectable levels, and finally eliminate HBV-positive hepatocytes from the livers of HBV carrier

mice.

Elimination of HBV-infected hepatocytes following sequential therapy with siHBV and TherVacB
was a process that occurred over weeks and was accompanied by low-grade hepatitis. This is
consistent with vaccination-induced HBV-specific CD8 T cells gradually eliminating hepatocytes
presenting HBV antigen-derived peptides on MHC class | molecules once RNAIi suppression of
HBV-antigen expression waned. Such sustained execution of antiviral immunity over prolonged
periods of time may help to avoid overzealous immune pathology, and provides the basis for a
potential immune therapy in patients with chronic hepatitis B. Particulate HBsAg and HBV core
antigen and MVA-based vaccine vectors comparable to the components used in TherVacBss, as
well as GalNAc-coupled siRNAsss have already been applied safely to humans, suggesting that

clinical translation of the approach presented is possible.
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In conclusion, our study showed that high-level HBV-antigen expression causes HBV-specific
immune tolerance in two relevant, preclinical models of persistent HBV infection. It provides
preclinical proof-of-concept that a well-designed therapeutic hepatitis B vaccine has the potential
to achieve immune control of HBV infection in the 25-30% patients with low HBsAg levels (HBsAg
<1,000 IU/ml). In patients with higher antigen levels, however, a combination with siRNA pre-
treatment may be required to enable therapeutic vaccination to control HBV. Therefore, a
combination of siRNA and therapeutic vaccination represents a potential treatment option for the

majority of chronically HBV-infected patients, and should be evaluated in clinical trials.
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Figure Legends

Figure 1. HBV antigen titers determine the antiviral effect of therapeutic vaccination. (A)
Distribution of serum HBsAg levels quantified in chronically HBV-infected patients in a clinical
routine laboratory at the University Hospital rechts der Isar of Technical University of Munich. (B-
/). High-viremic and -antigenemic, HBV-transgenic mice (n26/group; HBsAg 103 - 104 IU/ml;
HBeAg >200 PEI U/ml) were transduced with a hepatotropic AAV vector expressing shRNA
against HBV (shHBV) or a control shRNA (shCtrl). Eight weeks after shHBV, HBV-transgenic
mice received a therapeutic hepatitis B vaccine (TherVacB; details see materials and methods).
shRNA-treated control mice received adjuvant only and an MVA not expressing any transgene
(ConVac) or no vaccine. Start of vaccination was week 0. (B,C) time kinetics, (D-I) endpoint
analysis performed at day 7 after boost vaccination. Serum levels of (B) HBsAg, (C) HBeAg, (D)
HBV-DNA and (E) anti-HBs antibodies. (F) Representative images of liver immunohistochemistry
staining for HBV core (brown) and (G) quantification of cytoplasmic core-positive hepatocytes per
mmz2. Scale bar 100 ym. (H) Southern blot analysis of pooled liver DNA per treatment group using
an HBV-specific DNA probe. The HBV transgene (to control equal sample loading), relaxed
circular and linear HBV genomes as well as HBV replication intermediates are indicated. Scans
were cut at dotted lines to rearrange the order of groups. (/) Intrahepatic HBV-DNA levels of
individual mice determined by quantitative PCR. Values corrected for the HBV transgene are
given. (B,C) Mean+SEM is shown. (D,E,G,/) Values of individual mice are shown. Horizontal lines
in (D,E) indicate mean and in (G,/) median values. Dotted lines indicate lower level of
quantification (LLOQ) in (D) and sensitivity cut-off of the assay in (E). Statistical analysis was
performed using (B,C) repeated measure 2-way Anova with Tukey’s multiple comparison
correction, (D) Mann Whitney U test, (E,G) 1-way Anova with Sidak’s multiple comparison
correction, or (/) Kruskal-Wallis with Dunn’s multiple comparison correction. Numbers in graphs

indicate p values.
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Figure 2. T-cell infiltration into the liver following therapeutic vaccination. High-viremic and
-antigenemic, HBV-transgenic mice (see Figure 1) were transduced with an AAV expressing
shHBV or a control shRNA (shCtrl). After 8 weeks mice received therapeutic vaccination and were
sacrificed 7 days later. Representative pictures of liver sections stained with (A) haematoxylin-
eosin (HE, upper row) or anti-CD3 (lower row), or (B) anti-CD4 or CD8 antibodies. Scale bars
represent 100 ym, arrows mark exemplary positive cells and inlets show magnification of
indicated areas. (C) Quantification of CD3-, CD4- and CD8-positive cells in liver sections of
individual mice, horizontal lines indicate mean values. Statistical analysis was performed using 1-
way Anova with Sidak’s multiple comparison correction, numbers in graphs indicate p values. (D)

Histological scoring to assess liver pathology of individual mice.

Figure 3. Induction of HBV-specific CD8 T-cell responses by therapeutic vaccination after
RNA.I. High-viremic and -antigenemic, HBV-transgenic mice (see Figure 1) were transduced with
an AAV expressing shHBV or a control shRNA (shCtrl). Eight weeks later, mice received
therapeutic vaccination, and T-cell responses were analyzed 7 days thereafter by flow cytometry
of intracellular cytokine staining following ex vivo peptide stimulation. To analyze CD8 T-cell
responses, cells were stimulated with HBV peptides S20s or Coz or MVA peptide MVAgsr. To
analyze CD4 T-cell responses, cells were stimulated with overlapping HBV S- and core-specific
peptide pools. (A) Exemplary flow cytometry of liver-associated CD8 T cells staining positive for
IFN-y (vertical) or TNF (horizontal). (B-/) Proportion of cells staining positive for indicated
cytokines. Dots or triangles represent individual mice, horizontal lines indicate mean values. (B)
MVAssr-reactive, IFN-y+ CD8 T cells isolated from liver (upper panel) or spleen (lower panel).
(C,D) HBV-reactive CD4 (upper panel) or CD8 (lower panel) T cells isolated from (C) liver or (D)
spleen. (E-I) Comparison of mice expressing either shCtrl (open triangles) or shHBV (filled dots)
before TherVacB. Liver-associated CD8 T cells staining positive for indicated cytokines after
stimulation with (E) Sz20s- or (F) Ces-peptide. Dots represent individual mice, horizontal lines
indicate mean. (G) Correlation of serum ALT activity with HBV-specific (Szos-reactive) intrahepatic

CD8 T cells. Correlation of frequencies of TherVacB-induced (H) S20s- or (/) Cos-reactive
27
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intrahepatic CD8 T cells with serum HBsAg or HBeAg levels before vaccination. Statistical
analysis was performed using (B-D) 1-way Anova with Sidak’s multiple comparison correction,
(E,F) student T test and (G-/) two-tailed Pearson correlation. Numbers in flow cytometry blots

indicate percentage of parental population and in diagrams p values.

Figure 4. Comparison of RNAi and antiviral treatment before therapeutic vaccination. High-
antigenemic, HBV-transgenic mice (n=6 / group) received four s.c. injections of GalNAc-coupled
HBV-specific siRNAs, siHBV1 or siHBV2, or a control siRNA (siCtrl) every four weeks.
Intravenous injection of AAV-shHBV or standard-of-care oral antiviral therapy with nucleoside
analogue Entecavir (ETV) served as control. Twelve weeks after start of siHBV, shHBV or
Entecavir treatment, TherVacB was initiated in all animals. Kinetics of (A) HBsAg and (B) HBeAg
serum levels, mean+SEM is given. HBV viremia determined by quantitative PCR (C) before start
of vaccination and (D) 7 days after boost vaccination. Dotted lines indicate lower level of
quantification (LLOQ) of the assay. (E-H) Endpoint analyses performed at day 7 after boost
vaccination. (E) Flow-cytometry analysis of intracellular cytokine staining of intrahepatic CD8 T
cells after ex vivo stimulation with HBV-peptides S20s-215 (S208) or coress-100 (Ces). (F)
Representative images of liver immunohistochemistry staining for HBV core protein (brown).
Scale bars indicate 100 pm. (G) Quantification of cytoplasmic HBV core-positive hepatocytes. (H)
HBV DNA levels determined in liver tissue lysates. (C-E,G,H) Values of individual mice are given,
horizontal lines indicate median. Numbers in graphs indicate p values. Statistical analysis was
performed using (A,B) 2-way repeated measure Anova with Dunnett’'s multiple comparison
correction, (C,H) Kruskal-Wallis test with Dunn’s multiple comparison correction or (E,G) 1-way

Anova with Sidak’s multiple comparison correction.

Figure 5. Sustained control of HBV in AAV-HBYV infected mice. (A-D) C57BL/6J mice were
intravenously injected with indicated doses of an AAV vector carrying a 1.2-fold overlength HBV
genome (AAV-HBYV) to establish different levels of HBV replication. Vaccination with TherVacB
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was started 4 weeks after AAV-HBYV infection. Kinetics of (A) HBsAg and (B) HBeAg serum levels;
mean + SEM per group (n=4) is shown. At week 5 after start of TherVacB, animals were sacrificed
and analyzed. (C) Serum anti-HBs titers. (D) HBV-specific, liver-associated CD8 T cells detected
by flow cytometry after intracellular cytokine staining following ex vivo stimulation with HBV-
derived peptide coregs-100 (Cos). (C,D) Diamonds represent individual mice, horizontal lines
indicate mean.

(E-L) Persistent, high-titer HBV replication was established in a new set of C57BL/6 mice (n=6 /
group) by intravenous injection of the second highest dose of AAV-HBV. After 4, 8 and 12 weeks,
GalNAc-coupled siHBV1, siHBV2 or siCtrl were injected s.c.. Together with the last siRNA dose,
TherVacB was initiated (week 0). Mice receiving no vaccination served as controls. (E-H) Kinetics
of (E) HBsAg, (F) HBeAg, (G) anti-HBs, (H) anti-HBe serum levels; mean + SEM is shown.
Blowouts show HBeAg (upper panel) and anti-HBe (lower panel) serum levels detected for
individual mice with HBeAg rebound (colored lines indicate identical animals). (/) Serum HBV-
DNA determined at sacrifice (week 22). (J) Body weight determined at indicated time points. (K)
Median ALT activity in serum / group. (L) Histological scoring to assess liver pathology of
individual mice. Dotted lines indicate sensitivity cut-off of the assay in (A,B,C,E,G,H) and lower
level of quantification (LLOQ) in (/). Statistical analysis was performed using (G,F,K) 2-way
repeated measure Anova with Dunnett’s or 1-way Anova with (C,D) Dunnett’s or (/) Sidak’s

multiple comparison correction. Numbers in graphs indicate p values. n.d.: not determined.

Figure 6. Induction of long-lasting, polyfunctional and polyspecific T-cell responses.
Identical experimental groups as in Fig. 5 E-M. Persistent, high-titer HBV replication (HBsAg 103-
104 IU/ml) was established in C57BL/6 mice by infection with AAV-HBV. GalNAc-coupled siHBV1,
siHBV2 or siCtrl were injected s.c. 4, 8 and 12 weeks after AAV-HBV. Together with the last
siRNA dose, TherVacB was initiated (week 0). Endpoint analysis was at week 22. Mice receiving
no vaccination served as controls (A,B) Liver-associated T cells were stained directly ex vivo
using S208-215 (Sz208) and core93-100 (Ce3) multimers. (A) Exemplary flow-cytometry results. (B)

For each animal the fraction of multimer-positive CD8 T cells is given. (C) Fraction of intrahepatic
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CD8 T cells staining positive for indicated cytokines after ex vivo stimulation with S- (upper panel)
or core- (lower panel) specific overlapping peptide pools. (D,E) Surface staining of intrahepatic,
Cos-multimer positive CD8 T cells for PD1 and Tim3. (D) Exemplary flow cytometry results with
gating on total PD1+ (thin line) or PD1nigh (bold line) fractions. (E) Quantification of PD1nigh and/or
TIM3+ Coes-specific CD8 T cells (left panel) and mean fluorescence intensity (MFI) of PD1 staining
(right panel). (F) Correlation of PD1 expression levels on Ces-multimer+ CD8 T cells with cytokine
production following ex vivo stimulation with a core-specific peptide pool. In (B,C,E,F), values of
individual mice are shown, horizontal lines indicate median. Statistical analysis was performed
using Kruskal-Wallis test with Dunn’s multiple comparison correction. Numbers in flow cytometry

blots indicate percentage of parental population, numbers in diagrams show p values.

Figure 7. A combination of siRNA and TherVacB eliminates HBV. Experimental set-up as in
Figure 5E-M and 6. Endpoint analysis was performed 22 weeks after the start of TherVacB. (A)
Levels of 3.5 kb HBV-RNA (indicated as pregenomic HBV RNA) were quantified in livers lysates
by PCR. (B) Representative images of liver immunohistochemistry staining for HBV core protein
(brown). (C) Quantification of hepatocytes with core-positive nuclei. Mean numbers per mm2
within three tissue areas of at least 10 mmz are given. Scale bars indicate 100 um. (D) Intrahepatic
HBV-DNA levels quantified by PCR. Values corrected for the AAV-HBV DNA template are given.
In (A,C,D), values of individual mice are shown, with horizontal lines indicating median. Statistical
analysis was performed using Kruskal-Wallis test with Dunn’s multiple comparison correction.

Numbers in graphs indicate p values.
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Supplementary Materials and Methods

Therapeutic hepatitis B vaccine (TherVacB). Mice were immunized with a heterologous
protein-prime / recombinant Modified Vaccinia Ankara virus (MVA) vector-boost vaccination
scheme, as described11. Briefly, mice were immunized intramuscularly (i.m.) twice with 15 ug of
particulate HBsAg (genotype A, adw) expressed in yeast and 15 ug of HBV core protein (genotype
D, ayw) particles purified from E. coli (kindly provided by APP Latvijas Biomedicinas, Riga, Latvia)
adjuvanted with 10 ug cyclic di-adenylate monophosphate (c-di-AMP) (InvivoGen, San Diego,
CA, USA). Two weeks after the second protein vaccination, mice were boosted by i.m. injection
of 5x107 plaque-forming units (PFU) each of recombinant MVA vectors expressing HBV S or HBV
core protein (both genotype D, ayw). Control vaccination consisted of two i.m. injections of the
adjuvants without HBV proteins and a boost with an MVA not expressing any transgene. Mice
were sacrificed one week (HBVtg mice) or 18 weeks (long-term efficacy study in AAV-HBV model)

after MVA boost immunization. Blood and organs were collected for further analysis.

Serological analyses. Serum HBsAg, HBeAg and anti-HBs levels were quantified on an
Architectrm platform after dilution with the Architect HBsAg Manual Diluent (lowest dilution 1:5)
using the quantitative HBsAg test (Ref.: 6C36-44; Cutoff: 0.25 IU/ml), the HBeAg Reagent Kit
(Ref.: 6C32-27) with HBeAg Quantitative Calibrators (Ref.: 7P24-01; Cutoff: 0.20 PEI U/ml) and
the anti-HBs test (Ref.: 7C18-27; Cutoff: 12.5 mlU/ml) (all Abbott Laboratories, Wiesbaden,
Germany), respectively. Anti-HBe levels were determined after 1:6 dilution in phosphate-buffered
saline (PBS) plus 10% fetal calf serum (FCS) using the Enzygnosttv anti-HBe monoclonal test
(data given in Relative Light Units [RLU] with >0.832 RLU considered negative) on the BEPIII
platform (Siemens Healthcare, Eschborn, Germany). Serum alanine aminotransferase (ALT)
activity was measured in a 1:4 dilution in PBS using the Reflotrone GPT/ALT test (Roche
Diagnostics, Mannheim, Germany). Values and cutoffs of quantitative tests are given after

correction for the respective dilution.
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Analysis of HBV DNA in serum and liver. DNA was extracted from 25 ul of serum using the
QlAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol and eluted into 50 pl H20. For gPCR analysis from liver tissue, DNA was extracted using
the NucleoSpin Tissue kit (Macherey-Nagel, Diren, Germany). Quantitative HBV-specific real-
time PCR (lower limit of quantification [LLOQ]: 1.705 copies / pyl serum) was performed on an
Applied Biosystems® 7500 Real-time PCR system (Thermo Fisher Scientific, Darmstadt,
Germany) using primers HBV1464 fw / HBV1599 rev and a Tagman probe. To determine HBV
genome copy numbers per cell in the transgenic mouse model, numbers of diploid cell genomes
were subtracted as the HBV-specific PCR also amplifies the HBV integrate. Values determined
for HBV genome copy numbers per cell in the AAV-HBV model were corrected for the AAV-HBV
by subtracting AAV-copies using AAV_ITR primers. Cell numbers were determined by real-time
PCR for the single-copy mouse prion protein gene (mPrp). For primer/probe sequences and
cycling conditions, see Supplementary Table 1. For Southern blot analysis, frozen liver samples
were lysed using the Tissue Lyser LT (Qiagen), and after adding 20% SDS and digestion with
proteinase K and RNase A, DNA was extracted with phenol-chloroform. Equal amounts of DNA
extracted from individual animals within the same treatment group were pooled, digested
overnight with Hind /Il (Thermo Fisher Scientific), separated through a 1.0% agarose gel,
transferred onto a nylon membrane and UV cross-linked prior to overnight hybridization with a
digoxigenin-labeled DNA probe at 65°C. HBV-DNA was visualized using the DIG Luminescent
Detection kit (Roche Diagnostics) on an ECL Chemocam (INTAS Science Imaging Instruments,

Gottingen, Germany).

Analysis of HBV transcripts. RNA was extracted from livers using the RNeasy Mini kit (Qiagen).
cDNA was reverse transcribed using the SuperScript Il kit (Thermo Fisher Scientific) and HBV
transcripts were amplified by real-time RT-PCR on a LightCyclere 480 Instrument Il (Roche
Diagnostics) with primers to detect only HBV 3.5 kb transcripts that mainly consist of HBV

pregenomic RNA. Results were normccccvalized to expression of Glyceraldehyde 3-phosphat
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dehydrogenase (GAPDH). For primer sequences and cycling conditions, see Supplementary

Table 1.

Histology and immunohistochemistry. Livers were fixed in 4% buffered formalin for 48 h,
dehydrated and embedded in paraffin before serial 2 pm-thin sections were prepared.
Hematoxylin-Eosin (HE) staining was performed on deparaffinized sections with Eosin and
Mayer’s Haemalaun according to standard protocols. Histopathological evaluation was performed
by an experienced liver pathologist in a blinded manner. A general description of histopathological
findings was provided as well as a grading system including severity of inflammation, necrosis
and fibrosis ranging from 0 (=none) to 3 (=very strong). For immunohistochemistry, rabbit anti-
CD3 (Zytomed Systems GmbH, Berlin, Germany; #RBK024-05; 1:250 dilution; retrieval at 95°C
for 30 min with EDTA), rat anti-CD4 (eBioscience, Frankfurt a. Main, Germany; #14-9766-82;
1:1,000 dilution; retrieval at 100°C for 30 min with EDTA) or rabbit anti-HBV core (Diagnostic
Biosystems, Pleasanton, CA, USA; #RP 017; 1:50 dilution; retrieval at 100°C for 30 min with
EDTA) were used on a Leica Bond MAX system (Leica Biosystems, Nussloch, Germany). Anti-
CD8 stains were performed on cryo-conserved tissue using rat primary anti-CD8 (BD Bioscience;
#553027; 1:200 dilution). For analysis, tissue slides were scanned using a SCN 400 slide scanner
(Leica Biosystems). Positive cells were quantified from at least three tissue areas adding up to

=10 mm2 using the integrated Tissue Al software (Leica Biosystems).
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Supplementary figure legends and table

Supplementary Figure 1. Effects of therapeutic hepatitis B vaccine TherVacB in high-viremic
and -antigenemic HBV-transgenic mice. High-viremic and -antigenemic HBV-transgenic mice
(n=6/group) received therapeutic hepatitis B vaccine TherVacB at week 0. Control mice received
adjuvant only and a MVA vector not expressing any transgene (ConVac) or no vaccine. Endpoint
analysis was performed at day 7 after boost vaccination. (A-C) Kinetics of the effect of TherVacB
on serum (A) HBsAg, (B) HBeAg and (C) HBV-DNA levels. (D) Serum anti-HBs and (E) anti-HBe
levels at the endpoint. (A-C) MeantSEM is shown. (D,E) Values of individual mice are shown,
bars indicate mean values. (D,E) Negative values are displayed below cutoff line. Statistical
analysis was performed using (A) 2-way repeated measured Anova with Sidak’s multiple
comparison correction and (C) 1-way Anova with Dunnett’s multiple comparison correction.

Numbers in graphs indicate p values.

Supplementary Figure 2. Effects of shRNA pre-treatment and therapeutic hepatitis B vaccine
TherVacB. High-viremic and -antigenemic HBV-transgenic mice (n26/group; HBsAg 103 - 104
IU/ml; HBeAg >200 PEI U/ml) were transduced with a hepatotropic AAV vector expressing shRNA
against HBV (shHBV) or a control shRNA (shCtrl). Eight weeks after AAV transduction,
vaccination with TherVacB was started. Control mice received no vaccine. (A) Kinetics of serum
ALT activity. (B) Endpoint analysis was performed at day 7 after boost vaccination.
Representative photographs of CD4 and CD8 stainings of liver sections. Scale bars indicate 100
pum, arrows positive cells. In (A) Mean+SEM is shown. Statistical analysis was performed using

1-way Anova with Dunnett’s multiple comparison.

Supplementary Figure 3. Effect of vaccination on HBV-specific T-cell response. High-viremic
and -antigenemic HBV-transgenic mice (n=6/group; HBsAg 103 - 104 IU/ml; HBeAg >200 PEI
U/ml) were treated with TherVacB, a control vaccine consisting of adjuvant only and a MVA vector
not expressing any transgene (ConVac), or no vaccine. Seven days after boost vaccination, T

5
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cells were isolated from liver and stimulated ex vivo with HBV- or MVA-derived peptides and
analyzed via intracellular cytokine staining. (A) Results of animals which only received vaccination
but were not treated with an AAV-shRNA vector. (upper panels) CD4 T cells staining positive for
TNF or IFN-y after stimulation with overlapping HBV S- and core-specific peptide pools. (lower
panels) CD8 T cells staining positive for IFN-y after stimulation with HBV peptides Szos-and Cos.

(B) CD8 T-cell responses of animals which were treated with an AAV-shRNA vector and ConVac
in liver (upper panels) or spleen (lower panels) determined after ex vivo stimulation with HBV-
specific (Sz208 and Coe3) or MVA-specific (B8R) peptides. Values of individual mice are shown, bars
indicate mean values. Statistical analysis was performed using 1-way Anova with Sidak’s multiple

comparison correction. Numbers in graphs indicate p values.

Supplementary Figure 4. Effect of RNAi or Entecavir pre-treatment and TherVacB vaccination.
High-antigenemic HBV-transgenic mice (n=6/group) were pretreated with four subcutaneous
injections of GalNAc-coupled HBV-specific SiRNAs (siHBV1/siHBV2) or a control siRNA (siCtrl)
every four weeks. Intravenous injection of an AAV vector expressing shHBV, or standard-of-care
oral antiviral therapy with nucleoside analogue Entecavir (ETV) were additional controls. Twelve
weeks after the start of HBV siRNA/shRNA or Entecavir, TherVacB was initiated in all animals.
Endpoint analysis was performed 7 days after boost vaccination. (A) Serum anti-HBs levels, (B)
intrahepatic CD8 T cell numbers determined by immunohistochemistry staining of liver sections
and (C) MVAesr-reactive intrahepatic CD8 T cells detected by intracellular cytokine staining after
ex vivo peptide stimulation. (D) Histological scoring to assess pathologic changes in liver tissue.
Score of 0 represents no changes, score of 3 distinct alterations. (A-D) Values of individual mice
are shown, bars indicate (A-C) mean or (D) median values. Statistical analysis was performed
using 1-way Anova with Sidak’s multiple comparison correction. Numbers in graphs indicate p

values.

Supplementary Figure 5. Analysis of individual mice receiving HBV siRNA and TherVacB:

HBeAg rebounder versus controller. Results of individual, AAV-HBV-transduced mice which
6
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received GalNAc-coupled siHBV1 or siHBV2 followed by TherVacB are shown (grouped analysis
of the different treatment groups is shown in Figure 5E-M and Figures 6,7). Animal showing an
HBeAg rebound are highlighted in color in all graphs. (A-D) Kinetics of serum levels of (A) HBsAg,
(B) HBeAg, (C) anti-HBs and (D) anti-HBe. n.d.: not determined. (E) Serum ALT activity started
at week 4, when MVA-boost vaccination was applied. (F-/) Endpoint analysis was performed 22
weeks after the start of TherVacB. (F) Intracellular cytokine staining (IFN-y upper row; TNF lower
row) of intrahepatic CD8 T cells after ex vivo stimulation with HBV S- or core-specific overlapping
peptide pools. (G) Flow cytometry analysis of intrahepatic T cells staining positive for PD1- and/or
Tim3, gated on Ces-multimer-positive CD8 T cells. For gating on total PD1 positive or PD1high
fractions see Figure 6D. MFI, Mean fluorescence intensity. (H) Levels of 3.5 kb HBV-RNA
(including pregenomic RNA) were determined in liver lysates by real time (RT-)PCR and
normalized to GAPDH. (/) Quantification of hepatocytes expressing core in nucleus as determined
by immunohistochemistry stainings. Bars indicate (F,H,/) median or (G) mean values. (A,C,D,/)
Negative values are displayed below cutoff line. Statistical analysis was performed with Kruskal-

Wallis test with Dunn’s multiple comparison correction. Numbers in graphs indicate p values.

Supplementary Figure 6. Combination of HBV siRNA and TherVacB induces HBV-specific T-
cell responses in AAV-HBV mouse model. Persistent, high-titer HBV replication (HBsAg 103 - 104
IU/ml; HBeAg >100 PEI U/ml) was established in C57BL/6 mice (n=6/group) by intravenous
injection of 2x1010 genome equivalents of an AAV vector carrying a 1.2-fold overlength HBV
genome (AAV-HBV). Starting at 4 weeks after AAV-HBV transduction, HBV-specific GalNAc-
coupled siHBV1, siHBV2 or siCtrl were injected subcutaneously three times every four weeks.
Together with the last siRNA dose, TherVacB was initiated. Mice receiving no vaccination served
as controls. Endpoint analysis was performed 22 weeks after the start of TherVacB. (A-C)
Absolute numbers of CD8 T cells in (A) liver or (B) spleen or of (C) HBV-specific CD8 T cells in
liver (left graph, S1so-multimers+; right graph, Ces-multimer+) were determined by flow cytometry
using counting beads. (D,E) T cells isolated from liver were ex vivo stimulated with overlapping

HBV S- and core-specific peptide pools or MVAssr and cytokine production measured by
7
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intracellular staining. (D) Exemplary flow-cytometry results. (E) Quantification of CD8 T cells
staining positive for IFN-y. (F) HBV S190-, Ce3- and MVAsgsr-specific CD8 T cells in spleen were
determined by multimer staining directly ex vivo and (G) cytokine production (IFN-y upper row;
TNF lower row) after ex vivo stimulation with the respective peptide was measured by intracellular
cytokine staining. (A-G) Values of individual mice are shown, bars indicate mean values.
Statistical analysis was performed with Kruskal-Wallis test with Dunn’s multiple comparison
correction. Numbers in flow cytometry blots indicate percentage of parental population and in

diagrams p values.

Supplementary Figure 7. Gating strategy of flow cytometric analysis. (A) Lymphocyte population
was defined using forward-scattered-light-height (FSC-H) and side-scattered-light-height (SSC-
H) parameters (left diagram). Doublets were excluded from lymphocyte population by plotting
forward-scattered-light height (FSC-H) against area (FSC-A) and gating on the diagonal
population (middle diagram). Dead cells were excluded from analysis by gating on fixable viability
dye (FVD-eFluor780-A)-negative cells (right diagram). (B) CD4 or CD8 T cells were gated within
the viable lymphocyte population using CD4 APC-A and CD8 PB450-A for intracellular cytokine
staining (ICS), and CD8 K0O525-A for multimer staining. (C) To determine IFN-y+, TNF+ single- or
double-positive cells via ICS, populations of CD4 or CD8 T cells were plotted using IFN-y-FITC-
A against TNF-PE-Cy7-A. (D,E) IFN-y+ or multimer+ CD8 T cells were evaluated by plotting (D)
IFN-y-FITC-A or (E) multimer-PE-A against CD8. Positioning of gates was determined using

controls stimulated with ovalbumin-derived peptide S8L2s7-264 (OVAssL; SIINFEKL) for ICS or

staining with OVAssL-conjugated MHC class | multimers. H = height; A = area; APC

Allophycocyanin; PB450 = Pacific Bluetm 450; FITC = Fluorescein isothiocyanate; PE-Cy7

Phycoerythrin-Cyanin 7; PE = Phycoerythrin.
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Supplementary Table 1: Oligonucleotides and cycling conditions used for PCR

Oligonucleotide Target Sequence (5’ to 3’)

HBV1464 fw* HBV DNA GGACCCCTTCTCGTGTTACA

HBV1599 rev* HBV DNA ACTGCGAATTTTGGCCAAGA

HBV1529 probe* HBV DNA FAM-TCTAGACTCGTGGTGGACTTCTCTCAATTTTCT-
TAMRA**

Cycling conditions: 2 min 50°C, 10 min 95°C followed by 45x (15 s 95°C, 1 min 60°C)

mPrp_fw murine prp gene GCGGTACATGTTTTCACGGTAGTA
mPrp_rev murine prp gene GAGCAGGCCCATGATCCA
mPRP_probe murine prp gene VIC-CGGTCCTCCCAGTCGTTGCCAAAA-TAMRA**

Cycling conditions: 2 min 50°C, 10 min 95°C followed by 45x (15 s 95°C, 1 min 60°C)

AAV_ITR_fw AAV ITR AACCCGCCATGCTACTTATCTACCT

AAV_ITR rev AAV ITR CAAACAGTCTTTGAAGTATGCC

Cycling conditions: 5 min 95°C followed by 40x (15 s 95°C, 10 s 60°C, 25 s 72°C)

HBV3.5kbRNA_fw HBV 3.5 kb RNA GAGTGTGGATTCGCACTCC

HBV3.5kbRNA_rev HBV 3.5 kb RNA GAGGCGAGGGAGTTCTTCT

Cycling conditions: 5 min 95°C followed by 40x (3 s 95°C, 30 s 60°C)

mGAPDH_fw murine gapdh gene ACCAACTGCTTAGCCC

MmGAPDH_rev murine gapdh gene CCACGACGGACACATT

Cycling conditions: 5 min 95°C followed by 40x (15 s 95°C, 10 s 60°C, 25 s 72°C)

*numbering of HBV primers refers to the 5’ nucleotide with the A in core ATG set to 1.
**FAM = 6-Carboxyfluorescein; TAMRA= Tetramethylrhodamine; VIC= 4,7,2 trichloro-7"phenyl-6-

carboxyfluorescein.
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