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Abstract: During the natural course of chronic hepatitis B virus (HBV) infection, the hepatitis B e
antigen (HBeAg) is typically lost, while the direct transmission of HBeAg-negative HBV may result
in fulminant hepatitis B. While the induction of HBV-specific immune responses by therapeutic
vaccination is a promising, novel treatment option for chronic hepatitis B, it remains unclear whether
a loss of HBeAg may influence its efficacy or tolerability. We therefore generated an adeno-associated
virus (AAV)-vector that carries a 1.3-fold overlength HBV genome with a typical stop-codon mutation
in the pre-core region and initiates the replication of HBeAg(−) HBV in mouse livers. Infection
of C57BL/6 mice established persistent HBeAg(−) HBV-replication without any detectable anti-
HBV immunity or liver damage. HBV-carrier mice were immunized with TherVacB, a therapeutic
hepatitis B vaccine that uses a particulate HBV S and a core protein for prime vaccination, and a
modified vaccinia Ankara (MVA) for boost vaccination. The TherVacB immunization of HBeAg(+)
and HBeAg(−) HBV carrier mice resulted in the effective induction of HBV-specific antibodies and
the loss of HBsAg but only mild liver damage. Intrahepatic, HBV-specific CD8 T cells induced in
HBeAg(−) mice expressed more IFNγ but showed similar cytolytic activity. This indicates that the
loss of HBeAg improves the performance of therapeutic vaccination by enhancing non-cytolytic
effector functions.

Keywords: hepatitis B virus; chronic hepatitis B; therapeutic vaccination; prime/boost vaccination;
hepatitis B virus e antigen; pre-core mutation

1. Introduction

Chronic HBV infection is the leading cause of liver cirrhosis and hepatocellular car-
cinoma (HCC), resulting in 880.000 deaths annually [1]. Recent reports estimate that
approximately 3.5% of the world population suffers from chronic hepatitis B (CHB) [1].
Spontaneous resolution of the infection occurs only in less than 1% of these individuals [2].
In addition, treatment with available antivirals is rarely curative [3]. This poses an urgent
medical need for the development of novel therapeutic strategies against CHB.

Increasing evidence suggests that immunotherapeutic approaches aiming to induce
long-term HBV-specific immune control and the elimination of infected hepatocytes might
achieve a hepatitis B cure (reviewed in [4]). This notion is supported by the fact that effective
antiviral B cell, CD4, and CD8 T cell responses are capable of clearing HBV during acute
self-limiting infection [5,6]. In contrast, HBV persistence correlates to poor B- and T cell
responses; CD4+ and CD8+ T cells are scarce and partially dysfunctional [7–9], thereby
restoring HBV-specific immunity by means of a potent and rationally designed therapeutic
vaccine (reviewed in [10,11]) might be an effective treatment option for CHB patients.
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We have previously developed a therapeutic hepatitis B vaccine, termed TherVacB,
which follows a heterologous prime–boost regimen [12]. There are two injections of
adjuvanted, particulate, recombinant HBV S (HBsAg) and core antigens (HBcAg) that are
used to activate CD4 T cells, to induce neutralizing antibodies that capture circulating
HBsAg, to prevent virus spread, and to simultaneously prime CD8 T cell responses. This is
followed by one injection of an MVA vector expressing HBV antigens to selectively boost
HBV-specific T cells [12]. In preclinical mouse models of persistent infection with low-to-
intermediate HBV levels, TherVacB elicited strong HBV-specific immune responses, which
resulted in the long-term immune control of HBV [12,13]. Nevertheless, high HBV antigen
expression levels in the liver negatively influence vaccine-induced CD8 T cell response and
interfere with the antiviral effect [12,13]. Whether and to which extent circulating HBsAg
and HBeAg contribute to the low TherVacB efficacy remains unclear.

Mouse studies underline the role of HBeAg in the establishment of persistent HBV
infection and the induction of virus-specific T cell tolerance [14,15]. In contrast to HBsAg,
HBeAg becomes undetectable over-time during the course of CHB in a high proportion
of patients [16]. The seroconversion of HBeAg to the corresponding anti-HBe antibodies
is preceded by the reactivation of the host immune responses and is associated with a
decrease in HBV DNA levels, liver disease remission, and a lower HCC incidence [17].
However, some HBeAg-negative chronic carriers may maintain high-level HBV repli-
cation and may show active liver disease [17]. This correlates to the emergence of the
HBeAg(−) strains of HBV, which harbour mutations in the pre-core region and/or the core
promoter of viral genome [18,19]. Previous reports suggest that alterations in the HBV
pre-core/core region might result in the development of fulminant and severe hepatitis
upon new infection [20,21] or might affect the response to antiviral treatment [22–24]. This
indicates that HBeAg-negative HBV may activate stronger immune responses. However,
how HBeAg modulates immune responses and the efficacy of therapeutic vaccination has
not been systematically investigated. According to current knowledge, we have reasoned
that a lack of HBeAg expression might result in an enhanced vaccine-mediated immuno-
genicity and antiviral effects. Nevertheless, this raises the concern whether inducing highly
effective HBV-specific CD8 T cells via therapeutic vaccination might enhance liver damage
and might result in liver failure in HBeAg(−) hepatitis B patients. In this study we there-
fore investigated how HBeAg status influences TherVacB-mediated HBV-specific immune
responses and the elimination of persistent HBV-infection using a novel AAV-HBV mouse
model.

2. Materials and Methods
2.1. Generation and Production of AAV-HBV WT and AAV-HBV-E(−)

AAV transfer plasmid encoding for the WT HBV sequence, pAAV-HBV1.3WT, was
generated by inserting 1.3 copies of genotype D of the HBV genome (GenBank accession
number: V01460.1) amplified by the pT-HBV1.3WT plasmid into an AAV2 ITR containing
plasmid using the HindIII and SacI restriction enzyme site. To obtain the HBeAg(−)
variant of pAAV-HBV1.3-e(−), typical point mutation G1896A in the pre-core region of the
HBV genome was introduced by a polymerase chain reaction (PCR)-based site directed
mutagenesis. This mutation generates a stop-codon in the E protein open reading frame
and abolishes HBeAg expression [19].

The AAV-HBV and AAV-HBV-e(−) vector genomes of Serotype 2 were packaged in an
AAV Serotype 8 capsid and produced using a standard triple transfection as described [25].
Briefly, HEK239T cells were transfected with the HBV-encoding AAV transfer plasmid
(pAAV-HBV1.3-WT or pAAV-HBV1.3-e(−)), the AAV packing plasmid, and the adenovirus
helper plasmid (pXX6-80 and pXR8) using linear polyethylenimine (Polysciences, Warring-
ton, PA). After 72 h of transfection, cells were lysed by three times through a freeze–thaw
cycle (−80 ◦C/37 ◦C each for 15 min) in lysis buffer (50 mM Tris-HCl (pH7.5)), 150 mM
NaCl, and 5 mM MgCl2). The cell lysate was incubated with benzonase (Sigma, St. Louis,
MI) at 37 ◦C for 30 min and was subjected to iodixanol gradient ultracentrifugation after-
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wards. The recombinant AAVs were recovered from the 40% iodixanol layer and titrated
by means of quantitative PCR using an AAVpro Titration Kit Ver.2 (Takara Bio, Kusatsu,
Japan) according to the manufacturer’s protocols.

2.2. Ethical Statement

Animal experiments were conducted in strict accordance with the regulations of the
German Society for Laboratory Animal Science (GV-SOLAS) and the health laws of the Fed-
eration of European Laboratory Animal Science Associations (FELASA). Experiments were
approved by the District Government of Upper Bavaria (permission numbers: 55.2-1-54-
2532-120-12 and 55.2-1-54-2532-112-13). Following 3R principles, each in vivo experiment
was performed once. Mice were kept in a specific pathogen-free facility under appropriate
biosafety levels, following institutional guidelines.

2.3. AAV-HBV Transduction

Wild-type C57BL/6 mice (haplotype H-2b/b) were purchased from Charles River
Laboratories (Schulzfeld, Germany). Persistent HBV replication in wild-type mice was
established by the intravenous injection of either 3 × 1010 or 1 × 1010 genome equivalents
(geq) of AAV-HBV WT and AAV-HBV ∆E.

2.4. Therapeutic Hepatitis B Vaccination

Mice were immunized with a protein prime followed by a recombinant modified
vaccinia Ankara (MVA) vector boost vaccination scheme, as described previously [12,13].
Mice were immunized intramuscularly into the quadriceps muscles of both hind limbs
while under isoflurane anaesthesia. Protein immunization with 10 µg of particulate HBsAg
(genotype A, adw) and HBV core protein (genotype D, ayw, kindly provided by APP Latvi-
jas Biomedicinas, Riga, Latvia) adjuvanted with 10 µg cyclic di-adenylate monophosphate
(c-di-AMP) (InvivoGen, San Diego, CA, USA) was administered twice at a 2-week interval.
After a period of two weeks after the second protein vaccination, mice received 3 × 107

infectious units each of recombinant MVA vectors expressing HBV S or the HBV core
protein (both genotype D, ayw).

2.5. Isolation of Lymphocytes from Spleen and Liver

Splenocytes were isolated as described previously [12]. Liver-associated lymphocytes
were isolated and were purified by density gradient centrifugation, as described in [12].
Briefly, mouse liver was perfused with pre-warmed PBS and forced through a 100 µm
nylon cell strainer (BD Falcon, Franklin Lakes, NJ, USA). Cell pellets were suspended
in 10 mL of prewarmed enzyme solution containing 1 mg/mL of collagenase type IV
(Worthington, Lakewood, NJ, USA) in RPMI 1640 medium supplemented with 10% fetal
bovine serum (Gibco, Thermo Fischer Scientific, Darmstadt, Germany) and were digested
for 30 min at 37 ◦C. Cell pellets were then resuspended in 40% Percoll (GE Healthcare,
Munich, Germany) and were layered on 80% Percoll solution and centrifuged at 1600× g
for 20 min without brakes for density separation.

2.6. Detection of HBV-Specific CD8 T Cells by Multimer and Intracellular Cytokine Staining

Core-specific CD8 T cells were detected through staining with MHC class I multimers
conjugated with the H-2Kb-restricted HBV core-derived peptide C93–100 (C93, MGLKFRQL),
as described previously [13,26]. As a control, staining with multimer conjugated with the
ovalbumin-derived peptide S8L257 (OVAS8L, SIINFEKL) was performed. Prior to use, C93
and OVAS8L multimers (kindly provided by Dirk Busch, Technical University of Munich,
Germany) were labeled with Streptactin-PE (IBA Lifesciences, Göttingen, Germany), as
previously described [13,26].

For intracellular cytokine staining, cells were stimulated for 16h in the presence of
1 mg/mL Brefeldin A (Sigma-Aldrich, Taufkirchen, Germany) with the synthetic core-
derived peptide C93, the S-derived peptide S190-197 (S190, VWLSAIWM), or the control



Vaccines 2021, 9, 841 4 of 17

ovalbumin-derived peptide (OVAS8L) added to a final concentration of 1 µg/mL. Cell sur-
face staining was performed using the anti-CD8 (clone 56.6–7; BD Biosciences, Heidelberg,
Germany) and the anti-CD4 (clone L3T4; BD Biosciences) T cell antibodies. Dead cells were
excluded from analysis by Fixable Viability Dye eF780 (eBioscience, Frankfurt, Germany)
staining. Intracellular cytokine staining was performed using a Cytofix/Cytoperm Kit
(BD Biosciences, Heidelberg, Germany) according to the manufacturer’s instructions with
the anti-IFNγ (clone XMG1.2; eBioscience) and the cross-reactive anti-human granzyme B
(clone: GRB04; Invitrogen, Carlsbad, CA) antibodies. Data were acquired on a CytoflexS
(Beckmann Coulter) flow cytometer. Analyses were performed using FlowJo-Version10
software (Tree Star, Ashland, OR).

2.7. Serological and vVirological Analyses

HBsAg and HBeAg levels were quantified on an Architect platform using the quanti-
tative HBsAg test (Ref.: 6C36-44) and the HBeAg reagent kit (Ref.: 6C32-27) with HBeAg
quantitative calibrators (Ref.: 7P24-01). Anti-HBs and anti-HBe antibodies were determined
using anti-HBs (Ref.: 7C18-27) or anti-HBe (Ref.: 6C34-25) tests for an Architect platform
(all: Abbott Laboratories, Wiesbaden, Germany). Anti-HBc were detected using an Enzyg-
nost anti-HBc monoclonal test (Siemens Healthcare Diagnostics, Erlangen, Germany). ALT
activity was measured in serum samples diluted 1:4 with PBS using a Reflotron GPT/ALT
test (Roche, Mannheim, Germany).

DNA was extracted from 100µL mouse serum or 20 mg of liver tissue using a Nu-
cleoSpin Tissue DNA Kit (Macherey-Nagel, Dueren, Germany) according to the manufac-
turer’s instructions.

Quantitative PCR for HBV DNA in mouse serum was performed on an Applied Biosys-
tems 7500 Real time PCR system using the primers HBV-1464-Fw: 5′-GGACCCCTTCTCG-
TGTTACA-3′, HBV-1599-Rev: 5′- ACTGCGAATTTTGGCCAAGA-3′, and the HBV-specific
Taqman probe 5′-CTAGACTCGTGGTGGACTTCTCTCAATTTTCT-3′ (lower limit of quan-
tification: 150 copies/mL serum). The amplification conditions were: 50 ◦C for 120 s and
95 ◦C for 600 s followed by 45 × (95 ◦C for 15 s, 60 ◦C for 60 s).

The quantification of intrahepatic HBV DNA was performed through real-time PCR
with SYBR green according to the manufacturer’s instructions using a LightCycler 480 PCR
system (both: Roche, Mannheim, Germany) and following the primers HBV-1745-Fw: 5′-
GGAGGGATACATAGAGGTTCCTTGA-3′ and HBV-1844-Rev: 5′-GTTGCCCGTTTGTCC-
TCTAATTC-3′ (lower limit of quantification: approximately 10-100 copies/100 ng of liver
tissue). The results were normalized to a single copy prion protein (PrP) gene (primers: PrP-
Fw 5′-TGCTGGGAAGTGCCATGAG-3′ and PrP-Rev 5′- CGGTGCATGTTTTCACGATAGTA-
3′). The amplification conditions for both of the PCR reactions were 95 ◦C for 300 s followed
by 45 × (95 ◦C for 15 s, 60 ◦C for 10 s, and 72 ◦C for 25 s).

2.8. Immunohistochemistry

Liver tissue samples were fixed in 4% buffered formalin for 48 h and were paraffin
embedded. Liver sections that were2-µm-thin were then prepared with a rotary microtome
(HM355S, ThermoFisher Scientific, Waltham, USA). Immunohistochemistry was performed
using a Bond Max system (Leica, Wetzlar, Germany, all reagents from Leica) with the anti-
HBcAg primary antibody (Diagnostic Biosystems, Pleasanton, CA; 1:50 dilution) and a
horseradish peroxide coupled secondary antibody. Briefly, the slides were deparaffinized
using deparaffinization solution pre-treated with epitope retrieval solution (corresponding
to citrate buffer pH6) for 20 min. Antibody binding was detected with a polymer refine
detection kit without post primary reagent and was visualized with DAB as a dark brown
precipitate. Counterstaining was done with haematoxylin. Slides were scanned using
a SCN 400 slide scanner (Leica Biosystems, Nussloch, Germany), and HBcAg-positive
hepatocytes were determined based on the localization, intensity, and distribution of the
signal in 10 random view fields (40× magnification). The mean numbers of the HBcAg-
positive hepatocytes were quantified per mm2.
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2.9. Statistical Analyses

Statistical analyses were performed using GraphPad Prism version 5 (GraphPad Soft-
ware Inc., San Diego, CA, USA). Statistical differences were analyzed using the Kruskal–
Wallis test with Dunn’s multiple comparison correction, 2-way ANOVA with Bonferroni
multiple comparison correction, and the Mann–Whitney test. p-values < 0.05 were consid-
ered significant.

3. Results
3.1. Generation and In Vivo Characterization of AAV Vectors Encoding 1.3 Overlength WT HBV
Genome and Corresponding HBeAg(−) Variant

To establish a mouse model that allows for the persistent replication or HBV that lacks
the expression of HBeAg, we first generated AAV-HBV vector encoding for a wild-type
1.3-overlength of genotype D of the HBV genome (WT). Next, the dominant pre-core
stop-codon mutation at position 1896 (G to A), which abolishes the expression of HBeAg,
was inserted into the 1.3-fold HBV genome in both the 5′ and 3′ ORFs [19] to obtain
AAV-HBV-e(−).

To verify whether the new AAV-HBV1.3 vectors were capable of establishing persistent
HBV replication in vivo, we infected immunocompetent C57BL/6 mice with equal doses
of WT or e-minus variants. We monitored HBV parameters in the serum of the mice for
12 weeks after infection. After AAV-HBV-e(−) transduction, no HBeAg was detected in the
sera of the mice (Figure 1A), confirming the functionality of HBeAg knock-out. In contrast,
high serum HBeAg levels were detected in mice receiving AAV-HBV WT and remained
stable over the monitoring period.

Both groups of mice demonstrated long-term stable HBsAg levels in the serum
(Figure 1B), indicating the establishment of persistent HBV replication in the liver. Of
note, serum HBsAg levels detected for HBeAg(−) mice were on average 0.5 log10 lower
than the levels detected in the mice infected with the WT HBV genome, although these
differences were not statistically significant. Serum alanine transaminase values (sALT)
remained normal at all of the examined time points (Figure 1C), suggesting that no immune-
mediated liver damage was neither induced upon infection with WT AAV-HBV nor with
HBeAg(−) AAV-HBV-e(−). Consistently, no antibodies directed against HBsAg (anti-HBs;
Figure 1D), the HBV core protein (anti-HBc; Figure 1E), or HBeAg (anti-HBe; Figure 1F)
could be detected up to 12 weeks after AAV-HBV infection.

At week 12, we sacrificed the mice to investigate whether the G1896A stop codon
mutation introduced in the pre-core region of AAV-HBV-e(−) could interfere with HBV
replication or expression of core protein in the liver. The quantification of intrahepatic
HBV DNA demonstrated no significant differences between the mice infected with either
AAV-HBV WT or AAV-HBV-e(−) (Figure 1G). Immunohistochemistry staining of the liver
tissue displayed a weaker core-specific signal in some HBV-positive hepatocytes of mice
replicating HBeAg(−) HBV compared to WT HBV (Figure 1H). However, the quantification
of the core-positive hepatocytes demonstrated only minor differences in their numbers
between the two groups of mice (Figure 1I).

These results demonstrate that the AAV-mediated transfer of HBV genomes into the
mouse liver allows the establishment of the persistent replication of WT and HBeAg(−)
HBV in immunocompetent C57BL/6 mice. The minor differences in serum HBsAg and
intrahepatic HBV core expression we observed maybe attributed to differences in the
quality of the AAV-HBV vector preparation. Importantly, the transduction of mouse
livers with HBeAg(−) HBV did neither activate strong anti-HBV immunity nor cause
liver damage or the fulminant hepatitis, indicating that cofounding factors are required to
explain the observation of fulminant and acute HBeAg-negative hepatitis B in humans.
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3.2. TherVacB-Mediated Immunogenicity and Antiviral Efficacy in AAV-HBV Mice Deficient
for HBeAg

Having established a suitable mouse model, we wanted to investigate the effect of
TherVacB in HBeAg-negative, chronic HBV infection, which is observed in most patients
eligible for therapeutic vaccination. To address the concern that TherVacB might induce
liver damage in HBeAg(−) HBV carriers and to mimic a clinical situation, we aimed to
establish HBV replication with low viremia and relatively low-level antigen expression, as
this was expected to facilitate the induction of strong effector CD8 T cell responses [13].
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After two weeks of AAV-HBV infection, we confirmed comparable but low-level HBV
replication by determining HBsAg levels in serum of mice infected with AAV-HBV and
AAV-HBV-e(−) (Figure 2A). As expected, in mice infected with AAV-HBV-e(−), serum
HBeAg remained negative, whereas all mice who received WT AAV-HBV were positive for
HBeAg (Figure 2B).
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Mann–Whitney test, (C,D), the Kruskal–Wallis test with Dunn’s multiple comparison correction, and (E) two-way ANOVA
with Bonferroni multiple comparison correction. Asterisks mark statistically significant differences: *** p < 0.001; ** p < 0.01;
* p < 0.05; ns—not significant.

At four weeks post-infection, TherVacB immunization began (week 0). Mice received
two protein immunizations with adjuvanted, particulated HBsAg and HBcAg at week 0
and 2, followed by a boost with recombinant MVA expressing HBV S and core proteins at
week 4. End-point analyses were performed one week later, at the peak of the TherVacB-
mediated effector immune responses. AAV-HBV or AAV-HBV-e(−) infected mice who
were not vaccinated served as controls.

We compared the induction of HBV-specific B cells by determining antibody responses
after TherVacB in mice replicating WT or HBeAg(−) HBV. TherVacB elicited equally high
levels of anti-HBc (Figure 2C) and anti-HBs (Figure 2D) in HBeAg(−) and HBeAg(+)
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mice. A strong TherVacB-mediated anti-HBs response in immunized mice resulted in a
rapid decrease of serum HBsAg, which dropped below the level of detection at week 4
(Figure 2E). Interestingly, the time kinetics of serum HBsAg clearance after the initiation
of TherVacB observed in HBeAg(−) and HBeAg(+) mice was comparable, suggesting that
HBeAg-negativity does not influence vaccine-mediated HBsAg to anti-HBs seroconversion.
In the absence of vaccination, neither HBeAg(+) nor HBeAg(−) mice developed antibodies
against HBV antigens (Figure 2C,D) and showed stable serum HBsAg levels throughout
the experiment (Figure 2E). This confirms that although AAV-HBV infection resulted in a
low-level of HBV infection, it could not be spontaneously resolved, even in the absence
of HBeAg.

Shortly after the initiation of TherVacB, a peak in serum ALT levels was observed in
mice replicating HBeAg(+) and HBeAg(−) HBV variants (Figure 3A), indicating that the
vaccine induced effector CD8 T cell responses in the liver. There was no enhanced liver
damage detected in mice infected with the HBeAg(−) mutant. The increase in the ALT
mice demonstrated a tendency towards lower values in e(−) than in the WT AAV-HBV
infected mice. In mice receiving WT AAV-HBV variant, a TherVacB-mediated increase in
ALT levels correlated in time with a significant decrease of serum HBeAg levels (Figure 3B),
which further confirmed the elimination of HBV-infected hepatocytes. Since this analysis
was not possible in the AAV-HBV-e(−) mice, we have further investigated the antiviral
efficacy of TherVacB through the quantification of HBV DNA in mouse serum and liver
tissue. In both groups of mice, immunization with TherVacB efficiently reduced serum
HBV DNA to levels below the limit of detection (Figure 3C). Moreover, intrahepatic HBV
DNA significantly dropped in TherVacB-immunized mice compared to the corresponding
unvaccinated controls, but most likely due to the fact that the remaining AAV-HBV DNA
did not become negative (Figure 3D).

3.3. TherVacB Induces T Cell Responses in Mice Replicating HBeAg(+) and HBeAg(−) HBV

As the MVA vaccination aims to expand the effector T cell responses, we investigated
whether HBV core-specific T cells were induced by TherVacB in mice replicating HBeAg(−)
HBV, compared to those replicating WT HBV one week after MVA boost. Determining the
frequencies of the total CD8 T cells in freshly isolated splenic and hepatic lymphocytes, we
found a high number of CD8 T cells in the spleens of mice receiving TherVacB (Figure 4A).
In addition, TherVacB led to an impressive infiltration of CD8 T cells into the liver, re-
sulting in a 4-fold increase in CD8 T cells frequencies compared to the non-vaccinated
mice (Figure 4A). These results were independent of HBeAg status since no significant
differences were observed between the HBeAg(+) and HBeAg(−) mice.

To detect and characterize HBV-specific T cells, we used MHC multimers loaded with
a peptide covering the HBV core amino-acid 93-100 (C93) that allows for the direct ex vivo
staining of HBV-specific CD8 T cells without prior manipulation. Ex vivo C93-multimer
staining of liver-infiltrating lymphocytes revealed that a significant amount of core-specific
CD8 T cells was induced by vaccination, whereas only background responses were detected
in the non-vaccinated animals (Figure 4B). Overall frequencies of C93-specific CD8 T cells
after TherVacB were not different between the HBeAg(+) and HBeAg(−) mice (Figure 4C).
In addition, no C93-specific CD8 T cells could be detected in the livers of mice who did
not receive TherVacB, confirming that without vaccination, no HBV-specific CD8 T cell
response was induced in the AAV-HBV mouse model.

We next investigated the expression of inhibitory programmed death receptor-1 (PD-1)
on hepatic C93-specific CD8 T cells in the TherVacB-immunized mice since it was previously
reported that PD-1 plays a key role in regulating the functionality of HBV-specific T cells
in the liver [13]. We demonstrated that the fraction of PD-1-expressing C93-specific CD8
T cells was reduced in the livers of the mice replicating HBeAg(−), compared to those
replicating HBeAg(+) HBV (Figure 4D). Moreover, the expression levels of PD-1 per cell
were significantly lower in the C93-specific CD8 T cells isolated from the mice which were
deficient for HBeAg (Figure 4D).
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In splenocytes, which represent lymphocytes that circulate systemically, the proportion
of C93-specific T cells was significantly lower than in the liver-associated lymphocyte
population (Figure 4E). In addition, in splenocytes, the proportion of PD-1 expressing
C93-specific T cells as well as the expression level was markedly reduced, and no difference
between the HBeAg(+) and HBeAg(−) mice was detected (Figure 4F).
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Figure 3. Antiviral effect of therapeutic vaccination in mice replicating HBeAg(+) and HBeAg(−) HBV. Persistent HBV
replication was established in C57BL/6 mice using AAV-HBV encoding for a wild-type (WT) or AAV-HBV-e(−) encoding for
an HBeAg(−)HBV variant (E(−)) (see Figure 2). Vaccination with TherVacB was initiated at week 4 after AAV-HBV infection
(week 0). End-point analyses were performed at week 5, i.e., one week after MVA-boost. Kinetics of (A) ALT and (B) HBsAg
levels in serum are given; black arrows indicate TherVacB immunizations. (C,D) HBV DNA levels were determined at week
5 in serum (C,D) liver tissue lysates through quantitative PCR. (A,B) Mean value of n ≥ 4 mice per group ± standard error
of mean is shown and (C) symbols represent individual mice. Dotted lines in (B) indicate the sensitivity cut-off of the assay
and (C) the lower quantification limit. Statistical analyses were performed using (A,B) two-way ANOVA with Bonferroni
multiple comparison correction and (C,D) the Kruskal–Wallis test with Dunn’s multiple comparison correction. Asterisks
mark statistically significant differences: ** p < 0.01; * p < 0.05; ns—not significant.
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Figure 4. Phenotype of hepatic core-specific CD8 T cells after therapeutic vaccination in in AAV-HBV-infected HBeAg+ and
HBeAg(−) mice. Persistent HBV replication was established in C57BL/6 mice by infection with AAV-HBV encoding for a
wild-type (WT) or AAV-HBV-e(−) encoding for an HBeAg(−) HBV variant (E(−)). Analyses of CD8 T cell responses were
performed at week 5 after the start of TherVacB, i.e., one week after MVA-boost vaccination. (A) Frequencies of CD8 T cells
directly detected ex vivo in splenic and hepatic lymphocyte fractions by flow-cytometry. (B,C,E) HBV-core-specific CD8 T
cells detected by flow-cytometry directly ex vivo through staining with C93 multimer: (B) exemplary flow cytometry results
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and (C) overall frequencies of hepatic core-specific CD8 T cells; (E) frequencies of splenic core-specific CD8 T cells (n ≥ 3 mice
per group). (D,F) Frequencies and expression levels of PD-1 on (D) liver-associated and (F) on splenic, HBV-core-specific
CD8 T cells. (A,C–F) Symbols represent individual mice. Statistical analyses were performed using (A,C,E) the Kruskal–
Wallis test with Dunn’s multiple comparison correction and (D,F) the Mann–Whitney test. Asterisks mark statistically
significant differences: * p < 0.05; ns—not significant.

3.4. Vaccine-Induced T Cell Function Differs in Mice Replicating HBeAg(+) and HBeAg(−) HBV

Since functional HBV-specific CD8 T cells are crucial for the elimination of an estab-
lished HBV infection [13,26], we next examined the functionality of TherVacB-induced CD8
T cell responses in the presence or absence of HBeAg.

We studied whether the high numbers of CD8 T cells elicited via therapeutic vaccina-
tion were HBV-specific and showed an antiviral effector function. For this purpose, we
restimulated CD8 T cells from the liver or spleen ex vivo in the presence of the HBV core-
and the S-derived peptides C93 and S190. In splenocytes, effector T cell responses indicated
by core-specific IFNγ+ CD8 T cells were detected in all of the mice after TherVacB vaccina-
tion (Figure 5A), while circulating S-specific IFNγ+ CD8 T cells were barely detectable. In
the liver, very high frequencies of HBV-specific, IFNγ+ CD8 T cell responses were detected,
particularly in HBeAg(−) mice (Figure 5B,C). As was the case for circulating T cells, core-
specific CD8 T cell responses were dominant in the liver, and significant S-specific CD8 T
cell response were only detected in the HBeAg(−) mice (Figure 5B,C).

Because effector function is not only determined by cytokine secretion but also by cyto-
toxic T cell function, we also determined the secretion of granzyme B (GzmB). Frequencies
of HBV core-specific GzmB+ CD8 T cells were significantly higher than background levels
detected in the corresponding unvaccinated controls, whereas only low levels of S-specific
IFNγ+ CD8 T cells were detected in the WT AAV-HBV group (Figure 5C,D). While the
frequencies of IFNγ+ CD8 T cells were higher in the HBeAg(−) mice than in the HBeAg(+)
mice, there was no difference in the frequencies of hepatic granzyme B-expressing core-
and S-specific CD8 T cells between both groups of mice after TherVacB (Figure 5D). Taken
together, the observed T cell phenotype suggested that the lack of HBeAg expression
influences the functionality of HBV-specific T cells locally in the liver.
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Figure 5. Functionality of HBV-specific CD8 T cells after therapeutic vaccination of mice replicating HBeAg(+) and
HBeAg(−) HBV. Persistent HBV replication was established in C57BL/6 mice by infection with AAV-HBV encoding for a
wild-type (WT) or AAV-HBV-e(−) encoding for an HBeAg(−)HBV variant (E(−)). Analyses of CD8 T cell responses were
performed at week 5 after the start of TherVacB, i.e., one week after MVA-boost vaccination. Frequencies of core-specific and
S-specific effector CD8 T cells detected by intracellular cytokine staining after 16h ex vivo stimulation with C93 and S190

peptides: (A) IFNγ+ CD8 T cells in spleen; (B) exemplary flow cytometry results of hepatic CD8 T cells; (C) IFNγ+ CD8 T
cells, and (D) GzmB+ CD8 T cells detected in the liver. (A,C,D) Symbols represent individual mice. Statistical analyses
were performed using the Kruskal–Wallis test with Dunn’s multiple comparison correction. Asterisks mark statistically
significant differences: * p < 0.05; ns—not significant.
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4. Discussion

In this study, we reported that therapeutic vaccination in the absence of secretory
HBeAg is as effective as it is in HBeAg(+) HBV infection. The vaccination of HBeAg(−)
mice with TherVacB resulted in the induction of strong HBV-specific antibody and CD8
T cell responses, which were comparable to those in the HBeAg(+) mice and led to a
loss of HBsAg and intrahepatic HBV-DNA after a transient, moderate increase of ALT
activity, indicating very limited liver damage. In the HBeAg(−) mice, interestingly, T cell
functionality seemed improve because a higher expression of IFNγ was accompanied by
lower PD-1 expression levels in hepatic HBV-specific CD8 T cells compared to HBeAg(+)
infected mice. Importantly, the lack of HBeAg did not result in increased granzyme
B expression, which could be attributed to the enhanced cytotoxicity of virus specific
CD8 T cells. This demonstrated that the TherVacB is able to induce strong HBV-specific
CD8 T cell responses in HBeAg(+) as well as HBeAg(−) HBV infection, leading to the
significant elimination of infected hepatocytes. Consistently, the therapeutic vaccination
primed effector HBV-specific CD8 T cell responses were equally strong in HBeAg(−) and
HBeAg(+) mice and led to in comparable amounts of these cells in the liver. Interestingly, a
difference in the functionality and the phenotype of the hepatic HBV-specific cells could
be observed between the mice actively expressing HBeAg and mice deficient for HBeAg.
Vaccine-induced HBV-specific CD8 T cells in HBeAg- mice produced more IFNγ and
had lower PD-1 expression levels. However, no difference in the cytolytic functions of
these cells was observed, as shown by comparable GzmB expression and serum ALT
elevations. This means that while HBeAg(−) HBV carrier mice showed stronger hepatic
IFNγ responses, this did not lead to enhanced liver damage, at least in the AAV-HBV
mouse model. Independent of the HBeAg status, TherVacB induced a predominantly
core-specific CD8 T cell response, which most likely are main players responsible for HBV
clearance. This is supported by the notion that core-specific CD8 T cells have been proven
to be associated with HBV control in chronic hepatitis B patients [9].

The loss of HBeAg expression during the natural course of chronic HBV infection
might be associated with the development of mutations in the pre-core region [18,19]. In
our study we have established an HBeAg(−) AAV-HBV mouse model through the insertion
of the of the most commonly observed stop-codon mutation, G1896A, which abolishes
HBeAg expression [18]. Our results clearly demonstrate that the infection of immuno-
competent mice with an HBeAg(−)-HBV variant results in the establishment of long-term
persistent replication, and neither the spontaneous development of HBV-specific immu-
nity, nor any significant liver damage could be observed. Several studies demonstrated
that infection with the G1896A HBV variant might result in fulminant hepatitis [20,21].
However, more recent findings have demonstrated that in chronic hepatitis B, additional
mutations occurring in the basal core promoter are required to enhance HBV virulence and
exacerbate liver disease [27]. The accumulation of mutations in the pre-core region and/or
the core promoter of the HBV genome occurs naturally during the years of persistent HBV
replication [28].

Although our results are certainly very interesting for the future clinical development
of therapeutic vaccination, they have to be interpreted with some caution. In our model,
HBV replication mainly depends on the HBV genome initially being transferred by the
AAV-HBV vector and thus does not fully reflect the pre-core/core promoter mutation rates
occurring in chronic hepatitis B patients. In addition, in the HBeAg(−) AAV-HBV mouse
model, no development of anti-HBe or serum ALT flares associated with liver inflammation
due to the activation of HBV-specific immune response was detected, which constitutes
another important limitation of the model compared to HBeAg(−) chronic hepatitis B [17].

Triggering HBV-specific adaptive immune responses via therapeutic vaccination,
which may achieve sustained control of virus replication and an HBV cure, represents a
novel treatment option for chronic hepatitis B. The investigated G1896A HBeAg mutation
has been shown to be associated with an improved response to interferon-alpha treatment
in CHB patients [24], underlying the immunosuppressive role of HBeAg during HBV
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infection [14]. TherVacB vaccination of HBeAg(−) HBV carrier mice did not reveal a stronger
antiviral effect compared to HBeAg(+) HBV replication. The therapeutic vaccination
resulted in a comparable HBV-specific antibody response, HBsAg seroconversion, and the
induction of HBV-specific CD8 T cell responses in HBeAg(−) and HBeAg+ mice, showing
that HBeAg expression did not influence peripheral HBV-specific immune tolerance in our
model. However, HBeAg expression influenced the functionality of the HBV-specific CD8
T cells in the liver, suggesting that the absence of HBeAg may improve the non-cytolytic
activity of vaccine-elicited hepatic CD8 T cells.

HBV-specific CD8 T cells play a crucial role in the elimination of HBV infection [5,6],
which could be achieved by non-cytolytic and cytolytic mechanisms [29]. The secretion
of antiviral cytokines, especially IFNγ, targets the intrahepatic persistent HBV form of
covalently closed circular DNA (cccDNA) in a non-cytolytic fashion [30]. As HBV is
a non-cytopathic virus, CD8 T cell-mediated lysis of infected hepatocytes is associated
with the elevation of serum ALT levels observed at different stages of HBV infection [17].
We have previously shown that effective HBV immune control mediated by therapeutic
vaccination relies on both effector functions of antiviral CD8 T cells in preclinical mouse
models [12,13,26]. Here, we demonstrated that TherVacB resulted in the induction of
comparable HBV-specific CD8 T cell responses in HBeAg(−) and HBeAg(+) mice, as shown
by T cell analyses in the spleen. The HBeAg status did not influence the infiltration of
HBV-specific CD8 T cells into the liver, nor did it influence their early cytolytic activity, as
confirmed by the detection of a moderate serum ALT peak shortly after the initiation of
TherVacB in the WT and e(−) AAV-HBV-infected mice.

HBeAg is produced from the mRNA initiating 29 codons upstream of the HBV core
protein and in frame with the core protein start codon [31]. Hence, HBeAg and the core
protein share the same amino acid sequence. We reasoned that the stop-codon mutation,
carrying by HBeAg(−) AAV-HBV variant, not only abolishes HBeAg secretion into the
blood but also reduces the protein level expressed in the hepatocytes, thereby resulting in a
lower level of antigen presentation of the CD8 T cell epitopes, which are identical between
HBeAg and the core protein. We have previously demonstrated that the functionality of
intrahepatic HBV-specific CD8 T cells strongly correlates to the liver antigen expression
levels [13]. This suggests that stronger IFNγ secretion by core-specific CD8 T cells in
HBeAg(−) mice can be contributed to the less frequent recognition of the C93-epitope in
the liver, which might also explain the lower PD-1 expression levels.

The influence of HBeAg expression on increased IFNγ production by hepatic S-specific
CD8 T cells is more difficult to address. It is known that the local liver microenvironment
significantly shapes intrahepatic HBV-specific immunity [32]. We can only speculate that
the secretion of antiviral cytokines and inflammation in the liver elicited by highly activated
core-specific CD8 T cells could trigger stronger IFNγ expression in S-specific CD8 T cells.

There is increasing evidence that the coinhibitory receptor PD-1 is associated with
T cell exhaustion and plays a central role inducing T cell tolerance in the liver and in
down-regulating intrahepatic antiviral responses, e.g., responses to HBV [33,34]. The
lower levels of PD-1 expression on HBV core-specific CD8 T cells in the livers of the
vaccinated HBeAg(−) mice could be an additional explanation for the differences in IFNγ

secretion. However, the fact that HBV infection was eliminated equally efficiently in both
mouse models demonstrated that upon TherVacB, the intrahepatic HBV-specific CD8 T
cells isolated from HBeAg(+) were still functional, indicating that PD-1 expression could
also merely be a sign of T cell activation. This is in concurrence with the observation that
increased PD-1 expression on HBV-specific CD8 T cells during acute HBV infection did
not impair the resolution of the infection [35]. Moreover, recent reports have demonstrated
high PD-1 expression on HBV-specific liver-resident memory T cells, which were capable of
producing high levels of effector antiviral cytokines such as IFNγ and tumor necrosis factor
(TNF) upon restimulation [36]. Our findings may thus indicate that the lack of HBeAg
expression accelerated memory T cell formation due to the lower antigen load, which
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might explain the differences in PD-1 expression on core-specific CD8 T cells. Nevertheless,
this issue requires more detailed immunological analyses.

5. Conclusions

Taken together, one the one hand, our study demonstrates that infection of fully
immune competent mice with an HBeAg(−) strand of HBV does not induce spontaneous T
cell responses that clear the virus or cause liver damage. On the other hand, it demonstrates
that therapeutic vaccination in HBeAg(−) HBV carrier mice is safe and efficacious, induces
strong B and T cell responses, and may even result in improved T cell functionality than in
HBeAg(+) carriers. Our data encourage the use of TherVacB in clinical trials in HBeAg(−)
chronic hepatitis B patients

Author Contributions: A.D.K., J.F., and U.P. designed the study; A.D.K., J.F., M.M.-H., M.M.F., and
T.A. performed the experiments; A.D.K. and J.F. analysed the experiments; A.D.K. and U.P. wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German research foundation (DFG) via TRR179, project
TP18, the German Center for Infection research (DZIF) via project TTU05.803 “HBV Cure”, the
proof-of-concept initiative by the Helmholtz and Fraunhofer Associations, and the EU Horizon 2020
consortium TherVacB.

Institutional Review Board Statement: The study was conducted in strict accordance with the
regulations of the German Society for Laboratory Animal Science (GV-SOLAS) and the health law of
the Federation European of Laboratory Animal Science Association (FELASA). Experiments were
approved by the District Government of Upper Bavaria (permission numbers: 55.2-1-54-2532-120-12
and 55.2-1-54-2532-112-13).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon appropriate request
from the corresponding author. The data are not publicly available to ensure IP protection.

Acknowledgments: The authors would like to thank Dieter Hoffman, Philipp Hagen Romina Bester
and Pamela Heide for their assistance and support during this study.

Conflicts of Interest: Ulrike Protzer, Anna D. Kosinska, and Martin Mück-Häusl are named as
the inventors of a patent application describing the therapeutic vaccination scheme of TherVacB
(PCT/EP2017/050553). The authors declare no other conflicts of interest concerning the reported
study. The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Hepatitis B Fact Sheet. Available online: https://www.who.int/news-room/fact-sheets/detail/hepatitis-b (accessed on 10

March 2021).
2. Liaw, Y.F.; Sheen, I.S.; Chen, T.J.; Chu, C.M.; Pao, C.C. Incidence, determinants and significance of delayed clearance of serum

HBsAg in chronic hepatitis B virus infection: A prospective study. Hepatology 1991, 13, 627–631. [CrossRef]
3. Lok, A.S.; McMahon, B.J.; Brown, R.S., Jr.; Wong, J.B.; Ahmed, A.T.; Farah, W.; Almasri, J.; Alahdab, F.; Benkhadra, K.; Mouchli,

M.A.; et al. Antiviral therapy for chronic hepatitis B viral infection in adults: A systematic review and meta-analysis. Hepatology
2016, 63, 284–306. [CrossRef] [PubMed]

4. Gehring, A.J.; Protzer, U. Targeting Innate and Adaptive Immune Responses to Cure Chronic HBV Infection. Gastroenterology
2019, 156, 325–337. [CrossRef]

5. Maini, M.K.; Boni, C.; Ogg, G.S.; King, A.S.; Reignat, S.; Lee, C.K.; Larrubia, J.R.; Webster, G.J.; McMichael, A.J.; Ferrari, C.; et al.
Direct ex vivo analysis of hepatitis B virus-specific CD8(+) T cells associated with the control of infection. Gastroenterology 1999,
117, 1386–1396. [CrossRef]

6. Rehermann, B.; Ferrari, C.; Pasquinelli, C.; Chisari, F.V. The hepatitis B virus persists for decades after patients’ recovery from
acute viral hepatitis despite active maintenance of a cytotoxic T-lymphocyte response. Nat. Med. 1996, 2, 1104–1108. [CrossRef]

7. Boni, C.; Fisicaro, P.; Valdatta, C.; Amadei, B.; Di Vincenzo, P.; Giuberti, T.; Laccabue, D.; Zerbini, A.; Cavalli, A.; Missale, G.; et al.
Characterization of hepatitis B virus (HBV)-specific T-cell dysfunction in chronic HBV infection. J. Virol. 2007, 81, 4215–4225.
[CrossRef] [PubMed]

https://www.who.int/news-room/fact-sheets/detail/hepatitis-b
http://doi.org/10.1002/hep.1840130403
http://doi.org/10.1002/hep.28280
http://www.ncbi.nlm.nih.gov/pubmed/26566246
http://doi.org/10.1053/j.gastro.2018.10.032
http://doi.org/10.1016/S0016-5085(99)70289-1
http://doi.org/10.1038/nm1096-1104
http://doi.org/10.1128/JVI.02844-06
http://www.ncbi.nlm.nih.gov/pubmed/17287266


Vaccines 2021, 9, 841 16 of 17

8. Burton, A.R.; Pallett, L.J.; McCoy, L.E.; Suveizdyte, K.; Amin, O.E.; Swadling, L.; Alberts, E.; Davidson, B.R.; Kennedy, P.T.;
Gill, U.S.; et al. Circulating and intrahepatic antiviral B cells are defective in hepatitis B. J. Clin. Investig. 2018, 128, 4588–4603.
[CrossRef] [PubMed]

9. Webster, G.J.; Reignat, S.; Brown, D.; Ogg, G.S.; Jones, L.; Seneviratne, S.L.; Williams, R.; Dusheiko, G.; Bertoletti, A. Longitudinal
analysis of CD8+ T cells specific for structural and nonstructural hepatitis B virus proteins in patients with chronic hepatitis B:
Implications for immunotherapy. J. Virol. 2004, 78, 5707–5719. [CrossRef]

10. Kosinska, A.D.; Bauer, T.; Protzer, U. Therapeutic vaccination for chronic hepatitis B. Curr. Opin. Virol. 2017, 23, 75–81. [CrossRef]
11. Liaw, Y.F.; Tai, D.I.; Chu, C.M.; Pao, C.C.; Chen, T.J. Acute exacerbation in chronic type B hepatitis: Comparison between HBeAg

and antibody-positive patients. Hepatology 1987, 7, 20–23. [CrossRef]
12. Backes, S.; Jager, C.; Dembek, C.J.; Kosinska, A.D.; Bauer, T.; Stephan, A.S.; Dislers, A.; Mutwiri, G.; Busch, D.H.; Babiuk,

L.A.; et al. Protein-prime/modified vaccinia virus Ankara vector-boost vaccination overcomes tolerance in high-antigenemic
HBV-transgenic mice. Vaccine 2016, 34, 923–932. [CrossRef]

13. Michler, T.; Kosinska, A.D.; Festag, J.; Bunse, T.; Su, J.; Ringelhan, M.; Imhof, H.; Grimm, D.; Steiger, K.; Mogler, C.; et al.
Knockdown of Virus Antigen Expression Increases Therapeutic Vaccine Efficacy in High-Titer Hepatitis B Virus Carrier Mice.
Gastroenterology 2020, 158, 1762–1775. [CrossRef]

14. Chen, M.T.; Billaud, J.N.; Sallberg, M.; Guidotti, L.G.; Chisari, F.V.; Jones, J.; Hughes, J.; Milich, D.R. A function of the hepatitis B
virus precore protein is to regulate the immune response to the core antigen. Proc. Natl. Acad. Sci. USA 2004, 101, 14913–14918.
[CrossRef]

15. Tian, Y.; Kuo, C.F.; Akbari, O.; Ou, J.H. Maternal-Derived Hepatitis B Virus e Antigen Alters Macrophage Function in Offspring
to Drive Viral Persistence after Vertical Transmission. Immunity 2016, 44, 1204–1214. [CrossRef] [PubMed]

16. Liaw, Y.F.; Pao, C.C.; Chu, C.M.; Sheen, I.S.; Huang, M.J. Changes of serum hepatitis B virus DNA in two types of clinical events
preceding spontaneous hepatitis B e antigen seroconversion in chronic type B hepatitis. Hepatology 1987, 7, 1–3. [CrossRef]
[PubMed]

17. Hsu, Y.S.; Chien, R.N.; Yeh, C.T.; Sheen, I.S.; Chiou, H.Y.; Chu, C.M.; Liaw, Y.F. Long-term outcome after spontaneous HBeAg
seroconversion in patients with chronic hepatitis B. Hepatology 2002, 35, 1522–1527. [CrossRef] [PubMed]

18. Carman, W.F.; Jacyna, M.R.; Hadziyannis, S.; Karayiannis, P.; McGarvey, M.J.; Makris, A.; Thomas, H.C. Mutation preventing
formation of hepatitis B e antigen in patients with chronic hepatitis B infection. Lancet 1989, 2, 588–591. [CrossRef]

19. Lok, A.S.; Akarca, U.; Greene, S. Mutations in the pre-core region of hepatitis B virus serve to enhance the stability of the
secondary structure of the pre-genome encapsidation signal. Proc. Natl. Acad. Sci. USA 1994, 91, 4077–4081. [CrossRef]

20. Hasegawa, K.; Huang, J.K.; Wands, J.R.; Obata, H.; Liang, T.J. Association of hepatitis B viral precore mutations with fulminant
hepatitis B in Japan. Virology 1991, 185, 460–463. [CrossRef]

21. Omata, M.; Ehata, T.; Yokosuka, O.; Hosoda, K.; Ohto, M. Mutations in the precore region of hepatitis B virus DNA in patients
with fulminant and severe hepatitis. N. Engl. J. Med. 1991, 324, 1699–1704. [CrossRef]

22. Bayliss, J.; Yuen, L.; Rosenberg, G.; Wong, D.; Littlejohn, M.; Jackson, K.; Gaggar, A.; Kitrinos, K.M.; Subramanian, G.M.; Marcellin,
P.; et al. Deep sequencing shows that HBV basal core promoter and precore variants reduce the likelihood of HBsAg loss following
tenofovir disoproxil fumarate therapy in HBeAg-positive chronic hepatitis B. Gut 2017, 66, 2013–2023. [CrossRef]

23. Brunetto, M.R.; Giarin, M.; Saracco, G.; Oliveri, F.; Calvo, P.; Capra, G.; Randone, A.; Abate, M.L.; Manzini, P.; Capalbo, M.; et al.
Hepatitis B virus unable to secrete e antigen and response to interferon in chronic hepatitis B. Gastroenterology 1993, 105, 845–850.
[CrossRef]

24. Fried, M.W.; Piratvisuth, T.; Lau, G.K.; Marcellin, P.; Chow, W.C.; Cooksley, G.; Luo, K.X.; Paik, S.W.; Liaw, Y.F.; Button, P.; et al.
HBeAg and hepatitis B virus DNA as outcome predictors during therapy with peginterferon alfa-2a for HBeAg-positive chronic
hepatitis B. Hepatology 2008, 47, 428–434. [CrossRef] [PubMed]

25. Penaud-Budloo, M.; Francois, A.; Clement, N.; Ayuso, E. Pharmacology of Recombinant Adeno-associated Virus Production. Mol.
Ther. Methods Clin. Dev. 2018, 8, 166–180. [CrossRef]

26. Kosinska, A.D.; Moeed, A.; Kallin, N.; Festag, J.; Su, J.; Steiger, K.; Michel, M.L.; Protzer, U.; Knolle, P.A. Synergy of therapeutic
heterologous prime-boost hepatitis B vaccination with CpG-application to improve immune control of persistent HBV infection.
Sci. Rep. 2019, 9, 10808. [CrossRef]

27. Tseng, T.C.; Liu, C.J.; Yang, H.C.; Chen, C.L.; Yang, W.T.; Tsai, C.S.; Kuo, S.F.; Verbree, F.C.; Su, T.H.; Wang, C.C.; et al. Higher
proportion of viral basal core promoter mutant increases the risk of liver cirrhosis in hepatitis B carriers. Gut 2015, 64, 292–302.
[CrossRef]

28. Hur, G.M.; Lee, Y.I.; Suh, D.J.; Lee, J.H.; Lee, Y.I. Gradual accumulation of mutations in precore core region of HBV in patients
with chronic active hepatitis: Implications of clustering changes in a small region of the HBV core region. J. Med. Virol. 1996, 48,
38–46. [CrossRef]

29. Thimme, R.; Wieland, S.; Steiger, C.; Ghrayeb, J.; Reimann, K.A.; Purcell, R.H.; Chisari, F.V. CD8(+) T cells mediate viral clearance
and disease pathogenesis during acute hepatitis B virus infection. J. Virol. 2003, 77, 68–76. [CrossRef] [PubMed]

30. Xia, Y.; Stadler, D.; Lucifora, J.; Reisinger, F.; Webb, D.; Hosel, M.; Michler, T.; Wisskirchen, K.; Cheng, X.; Zhang, K.; et al.
Interferon-gamma and Tumor Necrosis Factor-alpha Produced by T Cells Reduce the HBV Persistence Form, cccDNA, Without
Cytolysis. Gastroenterology 2016, 150, 194–205. [CrossRef] [PubMed]

31. Tong, S.; Revill, P. Overview of hepatitis B viral replication and genetic variability. J. Hepatol. 2016, 64, S4–S16. [CrossRef]

http://doi.org/10.1172/JCI121960
http://www.ncbi.nlm.nih.gov/pubmed/30091725
http://doi.org/10.1128/JVI.78.11.5707-5719.2004
http://doi.org/10.1016/j.coviro.2017.03.011
http://doi.org/10.1002/hep.1840070106
http://doi.org/10.1016/j.vaccine.2015.12.060
http://doi.org/10.1053/j.gastro.2020.01.032
http://doi.org/10.1073/pnas.0406282101
http://doi.org/10.1016/j.immuni.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27156385
http://doi.org/10.1002/hep.1840070102
http://www.ncbi.nlm.nih.gov/pubmed/2433201
http://doi.org/10.1053/jhep.2002.33638
http://www.ncbi.nlm.nih.gov/pubmed/12029639
http://doi.org/10.1016/S0140-6736(89)90713-7
http://doi.org/10.1073/pnas.91.9.4077
http://doi.org/10.1016/0042-6822(91)90799-H
http://doi.org/10.1056/NEJM199106133242404
http://doi.org/10.1136/gutjnl-2015-309300
http://doi.org/10.1016/0016-5085(93)90903-P
http://doi.org/10.1002/hep.22065
http://www.ncbi.nlm.nih.gov/pubmed/18220290
http://doi.org/10.1016/j.omtm.2018.01.002
http://doi.org/10.1038/s41598-019-47149-w
http://doi.org/10.1136/gutjnl-2014-306977
http://doi.org/10.1002/(SICI)1096-9071(199601)48:1&lt;38::AID-JMV6&gt;3.0.CO;2-M
http://doi.org/10.1128/JVI.77.1.68-76.2003
http://www.ncbi.nlm.nih.gov/pubmed/12477811
http://doi.org/10.1053/j.gastro.2015.09.026
http://www.ncbi.nlm.nih.gov/pubmed/26416327
http://doi.org/10.1016/j.jhep.2016.01.027


Vaccines 2021, 9, 841 17 of 17

32. Protzer, U.; Maini, M.K.; Knolle, P.A. Living in the liver: Hepatic infections. Nat. Rev. Immunol. 2012, 12, 201–213. [CrossRef]
[PubMed]

33. Fisicaro, P.; Valdatta, C.; Massari, M.; Loggi, E.; Biasini, E.; Sacchelli, L.; Cavallo, M.C.; Silini, E.M.; Andreone, P.; Missale, G.;
et al. Antiviral intrahepatic T-cell responses can be restored by blocking programmed death-1 pathway in chronic hepatitis B.
Gastroenterology 2010, 138, 682–693. [CrossRef] [PubMed]

34. Isogawa, M.; Furuichi, Y.; Chisari, F.V. Oscillating CD8(+) T cell effector functions after antigen recognition in the liver. Immunity
2005, 23, 53–63. [CrossRef]

35. Zhang, Z.; Zhang, J.Y.; Wherry, E.J.; Jin, B.; Xu, B.; Zou, Z.S.; Zhang, S.Y.; Li, B.S.; Wang, H.F.; Wu, H.; et al. Dynamic programmed
death 1 expression by virus-specific CD8 T cells correlates with the outcome of acute hepatitis B. Gastroenterology 2008, 134,
1938–1949. [CrossRef] [PubMed]

36. Pallett, L.J.; Davies, J.; Colbeck, E.J.; Robertson, F.; Hansi, N.; Easom, N.J.W.; Burton, A.R.; Stegmann, K.A.; Schurich, A.; Swadling,
L.; et al. IL-2(high) tissue-resident T cells in the human liver: Sentinels for hepatotropic infection. J. Exp. Med. 2017, 214, 1567–1580.
[CrossRef] [PubMed]

http://doi.org/10.1038/nri3169
http://www.ncbi.nlm.nih.gov/pubmed/22362353
http://doi.org/10.1053/j.gastro.2009.09.052
http://www.ncbi.nlm.nih.gov/pubmed/19800335
http://doi.org/10.1016/j.immuni.2005.05.005
http://doi.org/10.1053/j.gastro.2008.03.037
http://www.ncbi.nlm.nih.gov/pubmed/18455515
http://doi.org/10.1084/jem.20162115
http://www.ncbi.nlm.nih.gov/pubmed/28526759

	Introduction 
	Materials and Methods 
	Generation and Production of AAV-HBV WT and AAV-HBV-E(-) 
	Ethical Statement 
	AAV-HBV Transduction 
	Therapeutic Hepatitis B Vaccination 
	Isolation of Lymphocytes from Spleen and Liver 
	Detection of HBV-Specific CD8 T Cells by Multimer and Intracellular Cytokine Staining 
	Serological and vVirological Analyses 
	Immunohistochemistry 
	Statistical Analyses 

	Results 
	Generation and In Vivo Characterization of AAV Vectors Encoding 1.3 Overlength WT HBV Genome and Corresponding HBeAg(-) Variant 
	TherVacB-Mediated Immunogenicity and Antiviral Efficacy in AAV-HBV Mice Deficient for HBeAg 
	TherVacB Induces T Cell Responses in Mice Replicating HBeAg(+) and HBeAg(-) HBV 
	Vaccine-Induced T Cell Function Differs in Mice Replicating HBeAg(+) and HBeAg(-) HBV 

	Discussion 
	Conclusions 
	References

