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Abstract

Chronic infection with the Hepatitis B virus (HBV) remains a major global health threat, which
currently affects approximately 240 million individuals. Chronic Hepatitis B (CHB) patients
are at risk of premature death from cirrhosis with liver failure or hepatocellular carcinoma,
which causes more than 0.6 million deaths annually. Due to unsatisfactory current treatment
options with interferon or nucleos(t)ide analogues, novel approaches for the treatment of
CHB patients are required. CHB patients show only weak or undetectable T cell responses,
whereas acutely infected patients show strong polyclonal and multispecific T cell responses
that result in clearance of HBV. Therefore, the aim of the present work was to develop a
therapeutic vaccination which might mount broad and strong virus-specific T cell responses
in CHB patients and additionally induces specific neutralizing antibodies for viral control and
clearance.

In order to develop a powerful vaccination strategy, different adjuvants (CpG, PCEP,
aluminum hydroxide) were tested in protein-vaccine formulations combined with recombinant
Modified Vaccinia virus Ankara (MVA) expressing the HBV antigens HBsAg or HBCAg in
C57BL/6 wildtype mice in a prime-boost vaccination scheme. Recombinant MVA were
previously generated by Dr. Simone Backes and further improved during this thesis. The
most promising strategy was identified in a prime immunization with a protein-vaccine
consisting of HBsAg and HBcAg including the adjuvants PCEP and CpG, followed by a boost
immunization with MVA expressing HBcAg or HBsAg, which resulted in the successful
induction of strong T cell responses against HBsAg and HBcAg as well as high amounts of
the HBV-specific antibodies anti-HBs and anti-HBc. This vaccination strategy was further
shown to be successful in HHDII mice, which were used as a model of human MHC-
dependent antigen-presentation.

Further studies were performed in the CHB model of HBV1.3.32 transgenic (tg) mice that
present peripheral immunological tolerance to HBV upon predominantly hepatic replication of
HBV with the subtype ayw (HBV4y,) starting around birth. This model was used to identify the
most suitable combination of HBV antigens, promoters for expression of recombinant HBV-
proteins by MVA as well as the vaccination scheme that induces broad immune responses
against HBV. Furthermore, it was used for comparing different subtypes of HBsAg (ayw and
adw) used in vaccinations. The hereby induced immune responses were examined at day 6,
14 and 56 days post final immunization. In general, the vaccination scheme including
HBsAga.qw induced higher frequencies of polyfunctional T cells against HBSAgayw, indicating
the induction of cross-reactive T cells. HBcAg-specific T cells were mostly induced at lower
frequencies. The vaccination strategy including HBsAga.qw further induced neutralization of

HBV.yw by anti-HBs antibodies shown in vitro, supporting the hypothesis of an induction of a
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cross-reactive immune response in case of HBsAg. On T cell level, the induced immune
responses were detected until day 14 post boost immunization. On 56 days post boost
immunization, HBsAg-levels remained significantly reduced and high levels of anti-HBs as
well as anti-HBc antibodies were detected, suggesting that the established vaccination
strategy had a sustained effect on humoral level in HBVtg mice. Moreover, histological
analysis of liver sections showed a higher influx of B and T cells as well as proliferation of
hepatocytes in HBV-vaccinated mice compared to mock-vaccinated mice.

In addition to T cell responses determined by intracellular cytokine staining, the cytolytic
properties of HBV-specific T cells that were induced by vaccination were tested by in vivo
killing assays. Eradication of splenocytes loaded with HBcAg-derived peptide in wildtype
mice, which were immunized specifically against HBcAg with the established vaccination
strategy, suggested that the induced T cells were not only polyfunctional in terms of secreting
cytokines but were furthermore able to kill effectively their target cells.

In conclusion, the vaccination strategy established in this work was able to overcome
tolerance in a mouse model of CHB and provides a promising scheme for therapeutic

vaccination in future clinical trials.




Abstract

Zusammenfassung

Die chronische Infektion mit dem Hepatitis B Virus (chronische Hepatitis B) stellt eine globale
Bedrohung der Gesundheit dar, von der 240 Millionen Menschen derzeit betroffen sind.
Patienten mit chronischer Hepatitis B haben ein erhdhtes Risiko fUr die Entwicklung einer
Leberzirrhose oder hepatozellularem Karzinom, welches zum Tod durch Leberversagen
fuhren kann. Jahrlich sterben etwa 600 000 Menschen an den Folgen einer chronischen
Hepatitis B. Patienten werden derzeit entweder mit Nukleosid/Nukleotid-Analoga oder
Interferon behandelt. Diese Therapien sind allerdings nicht zufriedenstellend, da sie das
Virus nicht eliminieren und starke Nebenwirkungen haben kénnen. Daher ist es wichtig neue
Therapieansétze zu entwickeln. In den vergangenen Jahren wurde beschrieben, dass in
chronischen Hepatitis B Patienten nur schwache oder keine T Zellantworten detektiert
werden konnten. Im Gegensatz dazu wurde in Patienten, die eine akute Hepatitis B
Uberstanden haben, eine starke, multispezifische T Zellantwort gefunden. Aufgrund dieser
Erkenntnisse ist die Entwicklung einer therapeutischen Impfstrategie, die sowohl spezifische
T Zellantworten als auch Antikérper induzieren kann, eine erfolgsversprechende
Therapiemdglichkeit.

In der vorliegenden Arbeit wurden verschiedene Adjuvantien (CpG, PCEP und
Aluminiumhydroxid) in Kombination mit den Hepatitis B Virus (HBV) Antigenen HBs und HBc
in einer ,prime-boost* Impfstrategie mit rekombinanten ,Modified Vaccinia virus Ankara“
(MVA) getestet, um eine effektive Vakzinierungsstrategie zu entwickeln. Die rekombinanten
MVAs exprimierten hierbei entweder das HBsAg oder HBcAg des HBV aquivalent zu den
Antigenen, die bei der ,prime“-Immunisierung verwendet und von Dr. Simone Backes oder
im Rahmen dieser Arbeit generiert wurden. Etabliert wurde die Impfstrategie in C57BL/6
Wildtyp-Mausen. Als aussichtsreichste Kombination stellte sich die Verwendung von PCEP,
CpG sowie HBsAg und HBcAg in der ,prime“-Immunisierung sowie die Injektion von MVA-S
und MVA-C in der ,boost‘-Immunisierung heraus, da diese Impfstrategie sowohl eine
multispezifische HBV-spezifische T Zellantwort als auch eine starke Antikérperproduktion
induzierte. Diese Strategie wurde zusatzlich erfolgreich in HHDII-Mausen getestet, die als
Modell fir humane MHC-Antigenpréasentation verwendet wurden.

Weitere Tests wurden in HBV1.3.32-transgenen Mausen durchgefihrt, einem Modell fir
chronische HBV Infektion. Diese Mause replizieren HBV des Subtyps ayw (HBV,y,) ab der
Geburt hauptsachlich in ihren Lebern und entwickeln daher eine periphere Toleranz gegen
HBV. Da HBV nicht in der Lage ist Mause zu infizieren, ist dieses transgene Modell das
verlasslichste um chronische Hepatitis B im Kleintiermodell zu simulieren. Dies wurde
herangezogen um die optimale Kombination von HBV-Antigenen, die Promotoren fur die

Expression der rekombinanten HBV-Proteine in MVA sowie das Impfschema, welches eine
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breite Immunantwort induziert, zu ermitteln. Des Weiteren konnten in diesem Modell die
Subtypen ayw und adw des HBsAg verglichen werden. Die im Zuge der Impfung induzierten
Immunantworten wurden an Tag 6, 14 und 56 nach der finalen Immunisierung analysiert.
Grundsatzlich wurden die hochsten Frequenzen an polyfunktionalen T Zellen gegen
HBSAgaw durch das Impfschema hervorgerufen, das HBSAQ.q. enthielt, was auf die
Induktion von kreuzreaktiven T Zellen hinwies. Gegen HBcAg konnten T Zellantworten mit
vergleichsweise niedrigeren Frequenzen detektiert werden. Die Impfstrategie mit HBSAQagw
induzierte zusatzlich HBV,-neutralisierende anti-HBs Antikorper. Dies unterstitzt die
Annahme, dass es sich um eine kreuzreaktive Immunantwort im Falle des HBsAg handelte.
Wahrend auf T Zellebene die Immunantworten bis Tag 14 detektiert wurden, konnten HBV-
spezifische Antikérper und signifikant reduzierte HBsAg Levels bis zu Tag 56 nach finaler
Immunisierung nachgewiesen werden. Dies lasst auf einen langer anhaltenden Effekt der
Impfstrategie auf humoraler Ebene schlie3en. Ferner zeigten die histologischen Analysen in
HBV-vakzinierten im Vergleich zu Mock-geimpften Mausen einen tendenziell verstarkten
Influx von B und T Zellen sowie eine erhdhte Proliferation von Hepatozyten. Zusatzlich zur
intrazellularen Zytokinfarbung wurden die zytotoxischen Eigenschaften der Vakzine-
induzierten HBV-spezifischen T Zellen mit Hilfe eines in vivo killing Assays untersucht.
Hierbei konnte beobachtet werden, dass die mit einem HBcAg-spezifischen Peptid
beladenen Milzzellen in Wildtyp-Mausen, die zuvor mit der etablierten Impfstrategie gegen
HBcAg behandelt wurden, effektiv reduziert wurden. Dies zeigte, dass die Vakzine-
induzierten T Zellen nicht nur polyfunktional beziglich der Zytokinexpression sondern
zusatzlich effektive zytotoxische Eigenschaften besafien.

Zusammenfassend konnte mit der in dieser Arbeit etablierten Impfstrategie die Toleranz
gegen HBYV in einem Modell fir chronische Hepatitis B Virus Infektion Giberwunden werden,
was einen vielversprechenden Ansatz fir eine therapeutische Impfung fir zukinftige

klinische Studien darstellt.
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Introduction

1. Introduction

1.1 Hepatitis B Virus

One of the most important infectious diseases worldwide is hepatitis B which is caused by
hepatitis B virus (HBV). There are approximately 2 billion people infected and currently
more than 240 million people are chronic carriers and thus at high risk to develop liver
cirrhosis or hepatocellular carcinoma (HCC). It is assumed that 30% of all cases of
cirrhosis and 53% of HCC worldwide are caused by HBV (Robert-Koch-Institut, Germany).
According to the World Health Organization 600 000 deaths per year are related to
infection with HBV (WHO, July 2013).

1.1.1 Classification

HBV belongs to the family “hepadnaviridae” that contains two genera,
orthohepadnaviruses which are found in mammals and avihepadnaviruses that are found
in birds. The name “hepadnavirus” contains the hepatrophic tropism of the virus and its
genomic structure which is partially double stranded DNA. Compared to other viruses, its
genome is one of the smallest. 8 genotypes are described for HBV (A-H) based on more
than 8% difference in genome sequences. These genotypes can be further subdivided
into subgenotypes that differ by at least 4% in genome sequences (Schaefer 2007).
Several related viruses, woodchuck hepatitis virus (WHB), chimpanzee hepatitis B virus
(HBVcpz), duck hepatitis B virus (DHBV) and others have been discovered since the

sequence of the HBV genome is known.

1.1.2 Structure of the virus particle and genomic 0 rganization

In the serum of HBV infected patients three different structures of viral particles can be
detected by electron microscopy (Fig. 1.1.2.1). There are non-infectious long filaments
and small spheres that contain only hepatitis surface proteins (Gerlich 2013) and

infectious particles which are the so-called Dane particles (Dane 1970).




Introduction

Fig. 1.1.2.1: Electron microscopy
images of the three different
viral particle structures.
Numbers indicate the observed
frequency of the structures in 1
ml serum of a high-viremic
chronic HBV carrier (Gerlich
2013).

filaments spheres Dane particles
1010 1013 10°

The Dane particle (Fig 1.1.2.2 A) is a spherical enveloped nucleocapsid structure with a
diameter of 42-44 nm that contains the partially double stranded relaxed circular DNA
(rcDNA) genome. It has a size of about 3200 nucleotides, but the number of nucleotides
varies between genotypes and subgenotypes (Schaefer 2007). The nucleocapsid that
encloses the genome consists of core proteins (HBcAg) and forms its structure via self-
assembly. The complete genetic information is present in the negative strand of the viral
DNA that is covalently bound to the viral polymerase and contains small redundancies of
8-9 nucleotides at the 5’- and 3’ end which are called R region and are essential for viral
replication (Nassal 2008, Seeger 1986, Seeger 2000). The positive strand covers only
about 2/3 of the genome length with a 3’ end that is variable in size (Lutwick 1977,
Summers 1988). A short RNA oligomer originating from the pre-genomic RNA (pgRNA)
remains covalently bound to the 5’ end of the positive strand after viral DNA synthesis.

The HBV genome (Fig. 1.1.2.2 B) consists of four open reading frames (ORFs). Due to its
identical orientation and partial overlap they are organized in a characteristic and highly
condensed way (Block 2007). It contains six start codons, four promoters and two

transcription-enhancing elements.
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preS1 L-protein
A é preS2 / \
v
2 ¥ 1 )] HBcAg

PKC Primase

M-protein

Fig. 1.1.2.2: Schematic illustration of a Dane part icle (A). The nucleocapsid consisting of 120 dimers of
HBcAg contains the viral genome, the HBV polymerase with the primase, the reverse transcription
domain and the cellular protein kinase C alpha (PKC ). (B) Open reading frames for encoding proteins

of the HBV genome (adapted from (Gerlich 2013, Rehe rmann 2005).

The viral surface proteins are encoded in the first ORF called preS1/preS2/S. It contains
three start codons but only two mRNAs of 2.4 kb and 2.1 kb called preS and S are
transcribed (Glebe 2007). These two mRNAs are translated into the small (S), the middle
(M) and the large (L) surface proteins. The S-protein is also called HBsAg which can be
detected with standardized diagnostic methods. The stoichiometric ratio of the produced
S, M and L is 4:1:1. Subviral particles that are secreted in much higher numbers
compared to Dane-particles contain mainly S-protein and only traces of L-protein (Bruss
2007). The structure containing S, M and L forms the envelope of the virus. The infectivity
of the virion is established by glycosylation of the surface proteins (Glebe 2005, Nassal
2008, Schildgen 2004, Schmitt 2004, Schulze 2010).

HBcAg and HBeAg which is also known as precore protein are encoded in the ORF
preC/C. The HBcAg has a size of 183 amino acids and forms the icosahedral
nucleocapsid via self-assembly in the cytoplasm. In addition it contains a nucleic acid-
binding domain which is crucial for packaging of the pgRNA together with the viral
polymerase. The reverse transcription takes place in newly formed capsids where the
pPgRNA is converted into the partially double stranded DNA genome (Daub 2002, Kann
1994, Kann 2007, Kann 1999). The HBeAg is a non-structural protein that has no function
in viral infection or replication, but is important in promoting viral persistence through its
tolerogenic functions (Chen 2005, Visvanathan 2006). In the hepatocyte it may interfere

with TLR signaling pathways and thereby inhibit innate immune responses of the host
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(Lang 2011). Like HBsAg, it is also secreted into the bloodstream and therefore used in
molecular diagnostics as marker for viral replication (Chen 2005, Hadziyannis 2006).

The pol ORF encodes the viral polymerase which possesses the activities of the reverse
transcriptase, the DNA polymerase and the RNAse H. It is the only enzymatic protein that
is encoded in the viral genome. The polymerase domain is located at the N-terminus of
the protein and includes the terminal protein that serves as a primer for the reverse
transcriptase that transcribes the pgRNA into the negative-strand DNA (Nassal 2008,
Zoulim 1994). The RNAase H domain is located at the C-terminus of the viral polymerase
and it cleaves the RNA strand of the RNA/DNA complex during reverse transcription. The
DNA polymerase synthesizes the positive-strand DNA after reverse transcription during
maturation of the nucleocapsid.

The fourth ORF is called X and encodes the regulatory non-structural X protein. It was
shown that the X protein is essential for viral replication in vivo (Lucifora 2011, Zoulim
1994) and it is able to transactivate cellular and viral genes.

All ORFs have a common polyadenylation signal motif and all transcripts are capped and

polyadenylated (Nassal 2008).

1.1.4 Replication cycle of HBV

The first step of HBV infection is a cell type unspecific binding to heparin sulfate
proteoglycans that are present on the surface of cell membranes (Schulze 2007). This
step is reversible and if the virus is attached by chance to a hepatocyte it binds to a cell
type specific receptor (Glebe 2007, Urban 2010) with a region in the preS1 domain of the
L-protein and a region in the S-protein (Engelke 2006, Gripon 2005). The cell type specific
receptor is a sodium taurocholate cotransporting polypeptide (NTCP) which is
predominantly expressed in the liver of mammalians but has a high diversity between
species in the protein sequence and thus is responsible for the species tropism of the
virus (Yan 2012). Since NTCP is localized on the sinusoidal basolateral side of the plasma
membrane (Stieger 1994) and is mostly expressed in differentiated hepatocytes (Liang
1993, Rippin 2001), a successful infection requires polarized and differentiated
hepatocytes (Schulze 2012).

After initial binding to the receptors of the hepatocyte it is believed that the virus can enter
the cell by 2 ways: It can either pass the cell membrane via endocytosis which is followed
by a release of nucleocapsids from endocytotic vesicles or via fusion with the plasma
membrane of the hepatocyte. Both pathways lead to release of the viral capsid containing

the circular partially double stranded DNA genome.
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To establish a persistent infection the viral genome needs to be transported into the
nucleus. Therefore, the viral capsid is transported via microtubules to the nuclear
periphery (Rabe 2006). The capsid then interacts with nuclear transport receptors and
adaptor proteins of the nuclear pore complex which leads to trapping of the nucleocapsid
in the nuclear basket and release of viral DNA into the nucleus (Kann 2007, Schmitz
2010). The plus strand of the rcDNA is completed by the viral polymerase. The viral
polymerase and the short RNA primer are removed and the persistent genomic structure
called covalently closed circular (ccc) DNA is formed. Enzymes involved in DNA repair of
the host cell convert the relaxed circular form into a minichromosome consisting of
cccDNA molecules with histone and non-histone proteins (Bock 1994, Bock 2001, Levrero
2009, Seeger 2000). It serves as a template for all viral mMRNAs. Up to 50 cccDNA
molecules can be accumulated in one cell. Integration of cccDNA into the host genome
can occur particularly in the presence of DNA damage (Dandri 2002) but is not a regular
step in the replication cycle of HBV. The viral genome is transcribed by the cellular
transcription machinery and is regulated by host transcription factors and the viral proteins
core and X (Levrero 2009). The four mRNAs preS1l/preS2/S, preC/C, pol and X are
produced, encoding all viral proteins with the largest encoding for the capsid, the
polymerase and the pgRNA. Translation of the viral RNAs takes place in the cytoplasm
and is performed by enzymes of the host. Once the core proteins and the polymerase are
generated the complex formation starts with attachment of the polymerase to the pgRNA.
The pgRNA has a secondary structure called € which is present at the 5’ and at the 3’ end.
At the 5’ end it forms a hairpin structure which is recognized by the viral polymerase and
serves as initial packaging signal (Bartenschlager 1992). The nucleocapsid is formed by
self-assembly of core proteins. During maturation of the nucleocapsid, the pgRNA is
converted into rcDNA with the incomplete positive strand by the reverse transcriptase and
DNA polymerase activity of the viral polymerase. The mature nucleocapsids can either be
re-imported into the nucleus or enveloped to form Dane particles. The envelopment is not
fully understood. It requires a balanced co-expression of S- and L-proteins which are co-
translationally inserted into the ER membrane. Binding of the nucleocapsid to the L-
protein initiates budding into the ER lumen and formation of viral particles that are
secreted (Beck 2007, Bruss 2007). In the absence of L-protein subviral particles are

secreted to a 10° to 10° higher rate compared to Dane particles (Fig. 1.1.4).
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Fig. 1.1.4: Schematic illustration of the replication cycle of HBV. rcDNA = relaxed circular DNA, cccDNA
= covalently closed circular DNA, pgRNA = pregenomic RNA, AAA = polyadenylation of RNA.

1.2 HBV infection

1.2.1 Epidemiology
The prevalence of HBV infections varies from below 2% in Western Europe, Central- and
North-America, Australia and New Zealand to more than 8% up to 20% in Southeast Asia,

China and most parts of Africa (Fig. 1.2.1.1).
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Prevalence of hepatitis B surface antigen

Low <2%
Intermediate 2% - 7%
— High 28% Acknowledgment: Adapted from Centers for Disease Control and Prevention

Fig. 1.2.1.1: Prevalence of chronic HBV infection from 2006 (adap  ted from Centers for Disease Control
and Prevention).

Since effective prophylactic vaccination strategies were introduced in developed countries
in 1982 (Francis 1982) the number of newly detected infections decreased (Rantala
2008). However, it is difficult to generate exact data due to the asymptomatic course of
disease. In contrast to a decrease of new infections, the number of HBV-related diseases
like cancers and deaths increased (Gooma 2008, Hatzakis 2011). The reasons might be
improved diagnosis and documentation of HBV infections.

Not only HBV infection rates differ among countries but also the prevalence of genotypes
of the virus. As described above there are 8 different genotypes (A-H). The most common
genotypes in Europe and North-Africa are A2 and D, whereas in China and Southeast
Asia genotypes B and C are predominant (Fig. 1.2.1.2).
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Fig. 1.2.1.2: Geographic distribution of HBV genotypes and subgen otypes (modified from (Schaefer
2007) with information of JHSPH 2011).

1.2.2 Transmission routes

In general HBV is transmitted via blood. However, HBV can survive outside the human
body for several days and can be transmitted from contaminations (WHO).

In low prevalence areas like in Western Europe and North America most of the patients
get infected through unprotected sexual intercourse and intravenous drug use. In high
prevalence areas the main route is vertical through perinatal infection. Here, the
transmission from an HBV-infected mother to her neonate occurs in utero, at time of birth
or after birth. The infection rate in this case is about 90% depending on the HBV
replication rate in the mother (Burk 1994, Li 2004, Zhang 2012). Transmission routes like
transfusions or organ transplantation play a minor role.

1.2.3 Courses of HBV infection

Vertical transmission from mothers to neonates or infection during the first year of life
results in chronic infection in more than 90% of cases. In adults the chronicity rate is about
5% whereas infection between the age of 1 and 5 years leads in 20-50% of the cases to
chronic infection (Ganem 2004, Kutscher 2012, McMahon 1985) (WHO).

1.2.3.1 Course of acute hepatitis B infection
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According to the WHO, HBV is 50 to 100 times more infectious than the human
immunodeficiency virus (HIV). Studies in chimpanzees showed that one HBV particle is
sufficient to establish an infection (S. Wieland, F. Chisari personal communication 2007).

In figure 1.2.3.1 the course of disease of an acute hepatitis B is shown.

log
titer

A
HBsAg

HBV-DNA

____Anti-HBs______

Occult HBV infection

0 2 4 6 8 10 12
Incubation Hepatitis Recovery, protective immunity
phase

Fig. 1.2.3.1: Course of disease of an acute HBV infection (modified from (Gerlich 2013, Rehermann
2005)).

In general, an infection with HBV starts with an incubation phase that lasts for 1 up to 2
months. During the first months of infection, HBV-DNA and HBsAg-levels increase
exponentially in the serum. The peak of those markers is reached before the outbreak of
hepatitis B. About 70% of patients with an acute infection have a subclinical hepatitis and
only 30% develop an icteric hepatitis with constitutional symptoms like nausea and
jaundice. The alanine and aspartate aminotransferase levels (ALT and AST) can rise to
1000-2000 IU/L in an acute phase. The elevated ALT-, HBV-DNA- and HBsAg-levels
normalize in recovering patients within 1 to 4 months. The first HBV-specific antibodies
that can be detected are directed against the HBcAg whereas the neutralizing antibodies
against HBsAg appear 9 months post infection (Gerlich 2013). Although the course of
disease in adults is in 95% acute and the patients recover with detectable seroconversion
from HBsAg positive to anti-HBs positive, the virus can still persist lifelong in form of
cccDNA in hepatocytes. This occult infection is controlled by a T cell response that
controls the virus but does not lead to inflammation (Guner 2011, Yotsuyanagi 1998).

Therefore, a reactivation of HBV during immunosuppression after organ transplantation or
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during chemotherapy is possible. Total clearance of the virus is observed rarely (Gerlich
2013, Michalak 1994).

1.2.3.2 Course of chronic hepatitis B infection

In most patients a chronic course of disease is clinically asymptomatic. Chronic infection
is divided into three phases of variable length (Fig. 1.2.3.2).

The first phase is characterized by high levels of HBV-DNA, HBsAg and HBeAg that are
detected in the serum of a patient. The ALT levels are not elevated at this stage. This
phase can last for decades and is also characterized by the absence of an immune
response. The second phase is the immune elimination or immunoactive phase where
levels of HBV-DNA, HBsAg and HBeAg decrease and antibodies against HBcAg are
detectable. ALT-levels increase during that period due to an immune response which
results in a more severe liver disease and can progress to liver cirrhosis and
hepatocellular carcinoma. Alternatively it can progress to a low-viremic phase where
HBeAg-levels are below detection limit, antibodies against HBeAg are detectable and
ALT-levels restored. This low replicative phase can last for life, but in patients that
undergo immunosuppressive therapy, the virus replication can elevate to high levels again
(Gerlich 2013).

Inactive immune
system
High infectivety

Immune elimination Low-viremic
Chronic Hepatitis HBsAg carrier

HBV-DNA BV
HBsAg >30 000 IU/ml
HBeA highly positive
& Sl <3000 IU/ml
<10% 1U/ml
negative
ALT normal normal

Anti-HBe

Fig. 1.2.3.2: Course of disease of chronic hepatiti s B (Gerlich 2013, Rehermann 2005).
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1.3 Standard of care and its limitations

The two standard options to treat HBV infection are: interferon a (IFNa) in standard or
pegylated form or nucleos(t)ide analogs. In an acute hepatitis B infection treatment is
generally not advised due to a clearance of the virus in 95-99% of cases (Liaw 2009,
McMahon 1985). However, recent studies showed that patients with fulminant hepatitis B
benefit from treatment with the nucleoside analog Lamivudine (Kumar 2007, Yu 2010).
Therefore, treatment with Lamivudine is recommended by the “European Association for
the Study of the Liver” (EASL 2012). In contrast, treatment with IFNa is not recommended
since it increases the risk of hepatitis (Tassopoulos 1997). Endpoints of treatment are
suppression of HBV replication, induction of HBeAg seroconversion and most importantly
HBsAg clearance (EASL 2012, (Cornberg 2011, Lok 2009).

Treatment of chronic HBV carriers aims to control virus replication and lower the risk to
develop liver cirrhosis and hepatocellular carcinoma through liver damage (EASL 2012,
(Cornberg 2011, Lok 2009). According to guidelines of national and international societies,
treatment should be performed if HBV-DNA levels are higher than 2000 IU/ml and
elevated ALT-levels are detected independent of the presence or absence of HBeAg.
Combination of treatments with nucleos(t)ide analogs or IFNa together with nucleos(t)ide
analogs are not recommended (Mauss 2013).

IFNa is an immune modulator and belongs to the type | IFNs that are also known as viral
IFNSs. It is produced by precursor dendritic cells (Foster 2000) but can also be produced
by other cell types like leukocytes, fibroblasts and endothelial cells. It leads to the
activation of interferon stimulate genes (ISGs) that encode antiviral proteins like Myxoma
resistance protein 1 (MxA) (Li 2012) and Apolipoprotein B mRNA-editing enzyme-catalytic
polypeptide-like (APOBEC) (Harper 2013) that are known to have antiviral effects against
HBV (Bonvin 2006, Bonvin 2008, Lucifora 2014, Suspene 2005, Turelli 2008, Vartanian
2010, Xu 2007). However, if IFNa is applied over a long period of time, only about 20% of
patients still respond to the treatment (Wong 1993). Other disadvantages are side effects
of the drug like fever, headache, fatigue, arthralgais and myalgais. However, these side
effects do not lead to a change in the dosage of the drug. More severe side effects
especially of neuropsychiatric nature and irritability are more problematic. Since IFNa has
strong immunomodulatory properties, it can induce autoimmune diseases like
hypothyroidism or hyperthyroidism. Up to 1% of patients treated with IFNa suffer from
severe or even life-threatening side effects like thyroid, visual, auditory, renal and cardiac
impairment and pulmonary interstitial fibrosis. Overall, these side effects lead to limitation
of dose or duration of the therapy (Dusheiko 1997). Another limitation of IFNa is its

dependency on the viral genotype. Patients infected with HBV genotypes A and B
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respond better than those infected with genotypes C or D (Kao 2000, Zhang 1996). Due to
the limited tolerability the treatment period is restricted to usually 6-12 months.
Nucleos(t)ide analogs are inhibiting the reverse transcription of the viral polymerase
leading to reduced viral replication and decrease of HBV-DNA levels in serum of treated
patients. In contrast to IFNa, nucleos(t)ides are well tolerated and the responsiveness is
independent of viral genotypes (Nafa 2000, Pichoud 1999, Seigneres 2000, Westland
2003). A prolonged antiviral treatment is needed which can lead to cell curing by inhibiting
the intracellular recycling of cccDNA. It was shown that viral persistence is linked to the
half-life of cccDNA in woodchuck models (Fourel 1994, Mason 1998, Moraleda 1997).
Although nucleos(t)ide treatment is very promising, long-term application can induce
resistant viral mutants. These mutants emerge because the HBV polymerase has no proof
reading function and thus nucleotides can be exchanged by accident (Park 2003).

To prevent disease progression and complications treatment with the available drugs
needs to be introduced early after HBV infection which is hard to realize in most cases.
Due to the fact that nucleos(t)ide analogs and IFNa do not target the formation of cccDNA
or cccDNA itself, there is a high risk of renewed viral replication, clinical reactivation and
loss of viral control (Zoulim 2004). Therefore, it is necessary to find new treatment

strategies that can eradicate the virus and cure the patient.

1.4 Immune system and liver

1.4.1 Innate immune system

The innate immune system is the first line of host defense which acts immediately and
leads to acute inflammation induced by microbial infection or tissue damage (Akira 2006,
Beutler 2006). Importantly, it is also required for the activation and modulation of the
adaptive immune system. Its components are epithelial barriers, cytokines, complement,
the cell-autonomous defense system and cells like macrophages, dendritic cells (DC),
granulocytes and natural killer cells. Also nonprofessional immune cells contribute to
innate immunity such as epithelial cells, endothelial cells and fibroblasts. Both the
professional and nonprofessional immune cells can be activated via direct recognition of
microbes by germline-encoded pattern recognition receptors (PRR) that detect pathogen-
associated molecular patterns (PAMP). There is evidence that they can also recognize
endogenous molecules that are released from damaged cells that are called damage-

associated molecular patterns (DAMP) (Takeuchi 2010).
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The members of the PRR family are transmembrane proteins such as Toll-like receptors
(TLR) and C-type lectin receptors, as well as cytoplasmic proteins Retinoic acid-inducible
gene (RIG)-I-like receptors (RLR) and NOD-like receptors (NLR). The sensing of PAMPs
or DAMPs leads to an upregulation of proinflammatory cytokines like tumor necrosis factor
(TNF), interleukin (IL)-1 and IL-6, type | interferons, chemokines and antimicrobial proteins
dependent on the activated PRR. The induction of TNF, IL-1 and IL-6 leads to cell death
of inflammatory tissues, increase of vascular endothelial permeability, recruitment of blood
cells to inflamed tissue and production of acute-phase proteins (Takeuchi 2010).

In an immune-privileged organ like the liver, specific cells play important roles in innate
immunity. First of all there are hepatocytes that represent the most predominant cell
population of the organ. On the one hand, they play an important part in immunity by
activating T cells and producing proteolytic plasma proteins that belong to the complement
system and acute-phase response. On the other hand, they play a major role in the
tolerogenicity of the liver by ectopic expression of auto-antigens and B7-H1 which leads to
inhibition of cytotoxic T cell effector functions. Liver sinusoidal endothelial cells (LSEC) are
covering the hepatic sinusoid, separating hepatocytes and stellate cells from circulating
leukocytes and build the space of Dissé. LSECs, hepatocytes and stellate cells can all
function as antigen presenting cells (APC). Another cell type which has an APC function is
the Kupffer cell. Kupffer cells represent the macrophages of the liver which patrol through
the sinus and have a strong impact on tolerance by producing anti-inflammatory cytokines
such as IL-10 and transforming growth factor (TGF) B. Natural killer (NK) cells, natural
killer T (NKT) cells, DCs and T cells the latter from the adaptive immune system, belong to
the liver associated lymphocytes (LAL) which are located in the liver interstitium (Thomson
2010).

Effective activation of the innate immune system is important to elicit a strong adaptive

immune response, especially in immune-privileged organs like the liver.

1.4.2 Adaptive immune system

Antigen-specific immune responses are mediated by the acquired or adaptive immune
system. It is inducible and can be subdivided into a cellular and a humoral response. The
key players of the cellular response are T cells. T cells recognize antigens that are
presented on major histocompatibility complex (MHC) class | or Il via T cell receptors
(TCR). B cells are responsible for the humoral response. B cells recognize antigens via B
cell receptors (BCR) and produce antigen-specific antibodies. Since both responses are

antigen-specific the immune system needs to adapt to the specific pathogen.
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1.4.2.1 Generation of a lymphocyte repertoire

During development of the adaptive immune system the generation of a lymphocyte
repertoire is a major task. In this process, central tolerance is established that ensures
that the lymphocytes are not reactive to self-antigens. The origin of T and B cells are
pluripotent hematopoietic stem cells from the bone marrow.

The proliferation and differentiation of progenitor T cells takes place in the thymus (von
Boehmer 1990) where the cells undergo different phenotypic stadiums that can be
determined by specific expression patterns of surface markers CD4, CD8, CD3, CD25
and CD44. Gene segments of TCRs undergo a set of rearrangements which result in a
huge amount of progenitor T cells each of them with a single specificity. TCRs recognize
antigens that are presented on MHCs which are expressed on almost every cell of the
organism. MHC class | molecules are present on all nucleated cells and present antigens
that are recognized by TCRs accompanied by the coreceptor CD8 of cytotoxic T cells
(CD8 T cells). MHC class Il molecules are usually expressed on the surface of APCs that
present antigens to TCRs accompanied by the coreceptor CD4 of helper T cells (CD4 T
cells). During the differentiation process epithelial cells of the thymic cortex present self-
antigens on both MHC types for positive selection and co-receptor specificity
determination (Anderson 1993). The result is a peripheral repertoire of CD4 or CD8
positive T cells that recognize antigens bound to self MHC class | or class Il. To prevent
autoreactivity of positively selected T cells there are three mechanisms: clonal deletion,
clonal anergy and functional inhibition of autoreactive T cell clones. Clonal deletion is the
negative selection process in the thymus that leads to apoptosis of T cells that recognize
self-antigens presented on self-MHC by APCs and medullary thymic epithelial cells
(Blackman 1990). Cells that survived the selection process are called naive T cells. Each
individual naive T cell recognizes one specific antigen, but in total the whole population is
specific for millions of antigens. This is called clonal diversity. Naive T cells are circulating
through the lymphatic system and the blood (Murphy 2011).

The development of B cells takes place in the bone marrow. The first step is antigen-
independent but requires interaction with bone marrow stromal cells which produce cell
adhesion molecules (CAM) and cytokines like stem cell factor (SCF) and IL-7 (Osmond
1990). During this phase rearrangements in the antibody gene loci occur which result in
expression of mono-specific BCRs on the surface of so called immature B cells. On
molecular level BCRs are membrane bound immunoglobulins (Ig) which are also called
antibodies. The next phase is the induction of tolerance to self-antigens by clonal deletion
which is similar to the negative selection of T cells (Nemazee 1991). B cells that recognize
self-antigens which are bound to a cell surface are eliminated via apoptosis. If they bind

soluble antigen they migrate to the periphery (lymph nodes and spleen) and become
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inactive, a state of anergy and die. B cells that do not bind to self-antigens migrate to the

periphery and develop into mature naive B cells (Murphy 2011).

1.4.2.2 Peripheral Tolerance

As described earlier T and B cells undergo a negative selection during their development.
However, in the thymus this process is not complete and some self-reacting T cells are
able to migrate to the periphery (Gallegos 2006, Mathis 2010, Mueller 2010, Redmond
2005). Additionally, there are T cells that are specific for antigens from food, commensal
bacteria or have a weak avidity against self-antigens (Mowat 2003, Zehn 2006). To control
these T cells and inhibit autoimmunity there are several mechanisms leading to peripheral
tolerance.

One of the key players in the liver are CD4 and Foxp3 positive regulatory T cells (Treg)
and APCs that inhibit activation of effector T cells (Vignali 2008). Tregs can develop either
in the thymus as a population or through antigenic stimuli that lead to transformation of
naive effector T cells into adaptive Tregs (Miyara 2007). Tregs suppress the proliferation,
cytokine production and cytotoxic activity of T cells (Billerbeck 2007). Additionally, Tregs
can inhibit APCs (von Boehmer 2005) and modulate T cells and APCs through expression
of molecules like TGFf, cytotoxic T-lymphocyte antigen 4 (CTLA-4), TLR-2 and -8 and
others (Miyara 2007).

Another important factor of peripheral tolerance is the surface protein PD-1 and its ligands
PD-L1 and PD-L2. PD-1 can be expressed on activated T-, B- and NKT-cells (Nishimura
1996) as well as activated monocytes and DCs. The two ligands PD-L1 and PD-L2 have
different expression patterns. PD-L1 is expressed on murine T and B cells, DCs,
macrophages and interestingly nonparenchymal cells of the liver (Yamazaki 2002). PD-L2
is only expressed on DCs, macrophages and bone marrow derived mast cells (Zhong
2007). In a T cell, PD-1 stimulation results in downregulation of IL-2 and IFNy and is the
counterpart of the co-stimulatory signaling via CD28 and thereby inhibits T cell responses
(Nurieva 2006).

Another mechanism to induce tolerance in the periphery is depending on APCs. In the
absence of inflammation APCs express only low amounts of co-stimulatory molecules
which are important for activation of T cells. A T cell recognizing a peptide presented on
an APC that is not providing a co-stimulation at the same time does not receive activation-
or survival-signals and becomes anerg which is an irreversible state of the cell (Hamilton-
Williams 2005, Hernandez 2001, Schietinger 2012, Steinman 2003).

With these mechanisms of peripheral tolerance it is possible to prevent T cell

hyperactivation, diminish chronic inflammatory reactions and maintain tolerance to self-
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antigens (Rouse 2006). However, peripheral tolerance can prevent immune responses

that are necessary to clear pathogens like HBV from the host.

1.4.2.3 T cell response

The most important cells for clearing pathogens from the host are T cells. Cytotoxic CD8 T
cells destroy infected cells that present antigens on MHC |, CD4 T cells control cell-
mediated-, humoral immune responses and cells like macrophages that produce
cytokines to activate other cells.

As mentioned above components of the innate immune system are necessary for the
development of an adaptive immune response. Immature professional APCs such as DCs
circulate through the body and constantly sample the environment for pathogens through
PRRs and endocytosis. Upon detection of a presentable antigen the DC becomes
activated and turns into a mature DC. In contrast to an immature DC, the endocytic
activity of a mature DC is low but co-stimulatory molecules CD80, CD86 and CD40 that
are necessary for T cell activation and MHCs that present antigens to T cells are
upregulated. They migrate to lymph nodes and present the antigens to CD4 T cells and
via cross-presentation to CD8 T cells (Guermonprez 2002). The specific T cell clones then
start to proliferate, a process that is called clonal expansion and differentiate into effector
cells which are the basis for an effective primary immune response. There are three kinds
of T effector cells: cytotoxic CD8 T cells, Tyl and Ty2 cells that are CD4 positive. There
are also other T helper cells like Ty9 and Ty17 (Jager 2009) which will not be described in
more detail. Depending on the pathogen a T cell response can involve predominantly
cytotoxic CD8 T, Tyl or T2 cells. In case of intracellular pathogens like HBV CD8 T cells
are the most important effector cells because they eliminate infected cells that present
antigens that are endogenously expressed on MHC class | by inducing apoptosis,
secretion of lytic granula or via induction of apoptosis with the Fas/FasL-system and
thereby clear HBV from the host (Russell 2002). But also Tyl cells contribute in this
matter since they detect exogenous antigens that were endocytosed and presented on
MHC class Il. They activate macrophages that upregulate MHCs and co-stimulatory
molecules which leads to enhanced antigen-presentation. Ty2 cells are necessary to
activate B cells which play also an important role in successful clearance of the virus
(Murphy 2011).

1.4.2.4 B cell response
B cells can be activated by the antigen itself or more commonly in a T2 cell dependent

manner via their BCRs. For a Ty2 cell dependent activation both cells need to recognize
R
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the same antigen. The B cell itself presents peptides from internalized antigens on MHC
class Il to a T cell that recognizes the peptide with its TCR. Additionally the T cell binds
with its CD40 ligand to CD40 on the surface of the B cell and secretes cytokines that
activate the B cell (Parker 1993). The activated B cell in return provides signals via
upregulated CD80 and CD86 surface molecules to the T cell and therefore prolongs its
activation state. Upon this interaction the activated B cell forms a germinal center where
the B cell proliferates and differentiates into antibody-secreting plasma cells or memory B
cells. In the germinal center somatic hypermutation (French 1989) and selection for high
affinity clones takes place. The highly specific plasma cells migrate to the bone marrow
and secrete huge amounts of antibodies. Antibodies can function in three different ways.
The first is neutralization by inactivating or blocking binding sites of the pathogen or
binding toxins. The second is opsonization by covering the pathogen and promote
phagocytosis. The third includes a component of the innate immune system. Antibodies
can trigger the activation of the complement system which can kill pathogens directly or
enhance opsonization (Klaus 1979). B cell responses that develop without the help of T
cells are only including the formation of plasma cells but not memory cells (Murphy 2011).
In case of HBV infection, the neutralizing function of antibodies plays an important role to

prevent infection or spread of the virus.

1.5 Therapeutic vaccination

Clearance of pathogens like HBV requires a broad immune response. The induction of
potent CD8 T cell responses including cytotoxic Killing of infected cells as well as non-
cytolytic antiviral responses like secretion of IFNy and TNFa are necessary. Cell lysis
leads to a turnover of hepatocytes and repopulation of the liver. Additionally, B cell
responses resulting in secretion of neutralizing antibodies prevent spread of virions. As
described above, innate immunity is crucial to trigger adaptive immune responses. Direct
effects of NK- and NKT cells are also important for successful clearance (Bertoletti 2003).
In chronic infectious diseases the pathogen successfully inhibits these immune responses
or tolerizes the immune system. The aim of therapeutic vaccination is to overcome
pathogen-specific peripheral tolerance and activate the immune system which eventually
leads to elimination of the pathogen. In case of HBV, there are different therapeutic
vaccination strategies such as protein- or peptide-based, DNA- and cell-based vaccines
that have been investigated in different animal models like woodchucks and transgenic

mice (Buchmann 2013, Kosinska 2013, Kosinska 2010). Some vaccination strategies
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were also tested in clinical trials with encouraging but not satisfying outcomes (Mancini-
Bourgine 2006, Vandepapeliere 2007, Xu 2013).

Protein- or peptide-based vaccines consist of complete proteins or synthetic peptides
which are thought to be immunogenic. They can be administered together with adjuvants
which give the opportunity to additionally activate specific types of immune responses.
While protein- or peptide-based vaccines need to be taken up by antigen presenting cells,
genetic vaccines lead to expression of a polypeptide that is presented on MHCs of
transfected cells. Genetic vaccines can be either plasmids (DNA vaccines) or recombinant
viral vectors. DNA vaccines have been tested for their efficacy against several viral
infections (Liu 2011).

Protein- or peptide-based and also DNA vaccines can be additionally combined with
cytokines or recombinant viral vectors in heterologous prime-boost vaccinations to
enhance immune responses efficiently (Woodland 2004).

All these options present a wide range of possibilities to develop vaccines that might be

capable of curing patients from chronic infections.

1.5.1 Adjuvants

Adjuvants play an important role in vaccination. Due to their different functions they can
be grouped into delivery systems and molecules that lead to modulation of the
microenvironment and thus to activation of immune cells.

Particle-based delivery systems, such as liposomes and microparticles are suitable for
antigen delivery. The antigen is presented on MHC class Il upon phagocytosis by
macrophages and DCs (Lutsiak 2002, Newman 2002). This process is controlled by TLR
ligands and allows DCs to discriminate between self and non-self antigens (Blander
2006). Due to the presence in early and late endosomes various TLRs can be stimulated
which leads to a stronger activation of the DC and therefore to an enhanced response to
the antigen (Trinchieri 2007). As described earlier, TLRs belong to the pattern recognition
receptor family. There are 10 different TLRs in humans and 11 in mice (Murphy 2011).
Each of them is specific for one or more microbial molecular pattern. Some of them form
heterodimers to be functional like TLR-1/TLR-2 and TLR-2/TLR-6) (Murphy 2011). In case
of antigens that are applied in combination with particle-based delivery systems TLR-3, -7
and -9 that are located in endosomes can be activated.

An example for a potent immune modulator are CpG-oligodeoxynucleotides (CpG-ODN)
that occur naturally in bacterial DNA and are detected by TLR-9 of B cells and DCs. Used
in vaccinations they stimulate B cells (Lipford 1997), NK cells, DCs and macrophages. In

these cells CpG-ODNs activate NFkB that leads to upregulation of several other
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transcription factors (Krieg 2002). This leads to increased expression of IFNy, TNFa, IL-
1B, IL-6, IL-12, type | interferons, several co-stimulatory molecules such as CD80, CD86,
and CD40, and MHC class Il (Anitescu 1997, Jakob 1998, Krug 2001, Sparwasser 1998,
Stacey 1996, Sun 1998). In general it was shown that CpG-ODNs promote Tyl type
immune responses (Klinman 2006, Klinman 2004) that are crucial for clearance of
pathogens like HBV.

Polyphosphazenes can function as immune modulators as well as delivery-vehicles. They
are synthetic, water-soluble polymers with a long backbone of alternating nitrogen and
phosphorous atoms with two side groups attached to each phosphorous (Andrianov 2006,
Andrianov 2004). They can also be formulated as microspheres and are biodegradable.
Complexed with antigen by non-covalent binding, it induces the formation of nanopores in
the membrane of cells leading to activation of cellular pumps and therefore activation of
the whole cell. In case of APCs, MHCs and co-stimulatory molecules are upregulated
(Andrianov 2005, Kabanov 2004). The use of polyphosphazenes like poly[di(sodium
carboxylatophenoxy)phosphazene] (PCPP) and poly[di(sodium carboxylatethylphenoxy)-
phosphazene] (PCEP) in vaccinations show their strong adjuvant activity with several viral
and bacterial antigens (McNeal 1999, Payne 1998, Wu 2001). PCEP does not only
enhance the magnitude but also the quality of the immune response in case of an
influenza antigen (Mutwiri 2007) and leads to higher antibody responses compared to
alum in case of HBsAg (Mutwiri 2008). PCEP induces mixed Tyl /Ty2-type immune
responses in a study using HBsAg (Dar 2012). Its adjuvant activity is the consequence of
a strong activation of the innate immune system which leads to upregulation of adjuvant
core response genes at the site of injection like Ty1-type IL-2 and IFNy, T2 type IL-4, IL-
13 and also TNFa and NFkB. Thus, application of PCEP creates a milieu that attracts
monocytes to the site of injection and activates them. In DCs this leads to enhanced
antigen presentation (Awate 2012). Most interestingly it upregulates the expression of
TLR9 and therefore enhances the effect of CpG if combined in a vaccination. Due to their
inability to induce systemic cytokine production and their water-soluble nature,
polyphosphazenes are considered to be safe compared to adjuvants like mineral oil or
alum that induce reactions at the side of injection (Payne 1998). Their immune stimulatory

and safety properties make them interesting candidates to include in vaccinations.

1.5.2 MVA
Modified Vaccinia virus Ankara (MVA) is a strain of vaccinia virus originated from
Chorioallantois vaccinia virus Ankara (CVA) that was passaged over 570 times in chicken

embryo fibroblasts (CEFs) and has a double-stranded DNA genome. Through the
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passaging process the virus lost about 15 percent of its parental genome including genes
for virus host range regulation and evasion of host immune responses (Antoine 1998,
Meyer 1991). The result is a highly attenuated virus which is strongly restricted to avian
cells and unable to replicate in most mammalian cell lines (Meyer 1991, Ramirez 2000,
Sutter 1992). The cause of this growth deficiency is a defect during the assembly process
of the virus that leads to immature viral particles. Thus, translation of early, intermediate
and late genes is not disturbed which allows strong expression of recombinant antigens
(Kastenmuller 2006, Moss 1996). In recombinant MVAs, genes of interest are placed
under transcriptional control of the viral promoters and can be expressed in distinct levels
depending on strong or weak promoters with different activity profiles. The packaging
capacity is approximately 50 kb (Staib 2003) which allows expression of several antigens
in one viral vector. Expressed antigens are presented on MHC class | by the infected
cells, but can also be cross-presented on MHC class Il by professional APCs which can
directly activate CD8 and CD4 T cells. Since it infects and activates efficiently professional
APCs, preferentially DCs, it is highly immunogenic and leads to strong activation of the
immune system (Drillien 2004, Liu 2008). Because replication of MVA is strictly located in
the cytosol of the host cell, there is no possible integration of viral genes in the host
genome. This contributes to an excellent safety profile that is also confirmed in studies
using immunodeficient animals (Ramirez 2000, Wyatt 2004). Therefore, MVA can be used
under bio-safety level (BSL)-1 conditions and its stability allows freeze-thaw cycles which
makes it easy to handle.

Due to its safety but still excellent immunogenicity profile and packaging capacity MVA is
widely used in many clinical trials dealing with infectious diseases like HBV, HIV, Malaria
(Afolabi 2013, Cavenaugh 2011, Dorrell 2006, Dunachie 2006, Goonetilleke 2006) and
also cancer like melanoma, prostate cancer, colon cancer, cervical cancer and lung
cancer (Acres 2008, Ramlau 2008). MVA is often used in prime-boost vaccination
schemes with DNA or protein prime and MVA boost to overcome weak priming abilities
and anti-vector immunity in additional MVA vaccinations (Dunachie 2006, Ramshaw
2000).

1.5.3 Animal models for HBV

As described earlier HBV has a strong host tropism and can only infect chimpanzees and
humans. However, chimpanzees are not suitable for large scale experiments due to
ethical aspects and high costs. Therefore, some research groups use woodchuck and
Peking duck as models to investigate HBV-related hepadnaviruses. Both models

contributed to basic knowledge about Hepatitis B (Mason 1983, Summers 1978) and are
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also used to study treatments for chronic Hepatitis B (Foster 2003, Kosinska 2013). Not
only are these animals difficult to keep and expensive, but the main disadvantage is that
therapeutic vaccinations established in these models cannot be used against HBV directly
and are therefore more difficult to transfer into human clinical trials.

The most convenient animal for large scale studies is the mouse. It is a well-established
animal model which is genetically well characterized. Thus, there are many tools and
methods established to investigate processes like immune responses in or ex vivo. To
investigate HBV in the context of a mouse, transgenic lineages expressing partial or
complete HBV genomes have been generated (Chen 2000, Chisari 1985, Guidotti 1995).
These inbred models are especially suitable for testing new therapies against chronic
hepatitis B (CHB) because they provide a well-defined immune system. A lot was learned
about viral pathobiology, hepatocellular injury and mechanisms of immune cells
responding to HBV antigens (Ando 1993, Guidotti 1994, Guidotti 1996, Milich 1998). But
being transgenic and not susceptible to HBV infection there are disadvantages that
remain. In mice there is no establishment of cccDNA which limits there applicability for
understanding mechanisms of the immune system to eradicate the natural template of
HBV replication. Another disadvantage is that treatment can never result in clearance of
the virus since every hepatocyte expressing HBV antigens that is eliminated will be
replaced with a new transgenic hepatocyte. However, they present a suitable model for
studying new therapeutic approaches against CHB since they provide an immune system
that is peripheral tolerant to HBV antigens and thus mimics the situation of patients that
were infected perinatally with HBV.

To solve these problems and to be able to study acute HBV infections in mice, two
additional mouse models were established. The first is a genome transfer via adenoviral
vectors and the second by hydrodynamic injections (Huang 2012, Sprinzl 2001, von
Freyend 2011, Yang 2002). The main advantage is that these models allow observing
clearance of the virus upon “acute HBV infection”. They also mimic the generation of a
cccDNA because the transfer plasmid stays in an extra-chromosomal organization. But
these models do not overcome the problem that it is not a natural HBV infection and
therefore not the whole life cycle is performed. With the adenoviral vector it is also
possible to generate a model of chronic HBV infection. Here, the titer of recombinant
adenovirus is chosen in such a manner that only low titers of antigens are present on cells
and in serum of the mice and therefore the immune system does not respond to HBV
antigens (Huang 2012). However, this model is difficult to handle and mice are challenged
by two different viruses.

To overcome this issue a model with a chimeric mouse with humanized hepatocytes was

generated. Here, the full replication cycle from infection to establishment of cccDNA and
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the release of infectious particles can be studied. However, this model is very complex
and the mice are immunodeficient (Dandri 2001, Katoh 2008, Mercer 2001) and therefore
not suitable for addressing immunological questions.

In this study, the HBV1.3tg mouse was used as a model for CHB which is the most

challenging model for inducing immune responses against HBV.

1.6 Aim of the study

Up to date treatment of CHB is not sufficient to cure the patient. Antivirals do control but
not eliminate HBV and need to be applied for many years. Due to the long treatment with
nucleos(t)ide analogs, escape mutants can develop which leads to loss of viral control.
Furthermore patients suffer from severe side effects from IFN-treatment. Therapeutic
vaccination represents a promising strategy to eradicate HBV and thus end treatment.
Previous work performed in the group was successful in establishing a protein prime /
MVA boost vaccination strategy to break immune tolerance in low and intermediate, but
not in high antigenemic HBV1.3tg mice.

The aim of this study was to further develop the vaccination strategy to break immune
tolerance in high antigenemic HBV1.3tg mice. Therefore, the adjuvant PCEP was tested
for its potency to induce CD8 T cell and B cell responses in wildtype and HBV1.3tg mice.
Additionally a suitable antigen combination was defined and new recombinant MVAs were
generated to elicit a polyclonal and multispecific immune response in high antigenemic
HBV1.3tg mice.
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2. Results

2.1 Construction of plasmids encoding for HBV prote ins core (C) and L

For preparation of new recombinant MVAs expressing HBcAg of subtype adw (C.qw) and Lagw
under control of the strong early/late PH5-promoter, the coding sequences of those proteins
were amplified by PCRs (described in 4.4.1). The blunt-ended PCR-products were purified
and dephosphorylated. The transfer plasmid pllIIAHR-PH5 (Fig. 2.1.1) which was used for
generation of modified MVA genomes by homologous recombination with the wild-type MVA

genome was linearized by Pmel-digest and dephosphorylated to exclude self-ligation.

i o0y 2.~ PH5
amp / Q\
A
4~ Del Il flank-1

pllldeltaHHR-PHS5 'I

LacZ

2N /
Del III flank-2 .

PHS — 0/l

LacZ

Fig. 2.1.1: Scheme of the transfer plasmid plll AHR-PH5, which was used for generation of modified
MVAs by homologous recombination with the MVA genome. The plasmid contains an ampicillin
resistance cassette for selection of transformed wi ld-type bacteria and the K1L gene for selection of
recombinant MVA generated in RK-13 cells.

Before ligation was performed, PCR products and linearized plasmid were analyzed by gel-

electrophoresis on a 1% agarose gel (Fig. 2.1.2).
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After verification of expected sizes of the genes of interest and the cut transfer-plasmid,
ligations were performed and subsequently E. coli DH10B cells were transformed by
electroporation with the respective ligation products.

After selection on LB-agar plates containing ampicillin, eight different clones per construct
were picked, plasmid DNA was extracted from respective overnight liquid culture and tested

for integration of the genes of interest by control-digestion with Pmel (Fig. 2.1.3).

pllIAHR-PH5-C,,, pIlIIAHR-PH5-L, 4,

6000

3000

1500

1000
750

500

Fig. 2.1.3: Control -digestion of newly const ructed transfer plasmids plll AHR-PH5-Core aqw and plll AHR-
PH5-Lagw Plasmid DNA extracted from 8 clones for each const  ruct were digested with Pmel and
resulting parts were analyzed by gel-electrophoresi s. The upper part shows the digested plasmids and
the lower part the inserts of the respective clones

All clones of each transfer plasmid were positive indicating successful ligations. 4 clones of
each construct were sent for sequencing and subsequently clone 3 of pllIAHR-PH5-Cq4, as
well as clone 4 of pllIAHR-PH5-L,4, were chosen for large scale amplification and DNA

preparation. The purified plasmids were stored at -20°C.
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2.2 Generation of MVA PH5-S 4

To perform vaccination studies in HBVtg mice using the heterologous subtype adw of the
HBsAg in protein-prime/MVVA-boost immunizations, MVA PH5-S,, was generated by
infection of CEF cells with MVA-wt and co-transfection with the transfer plasmid pllIAHR-
PH5-S,q4» Which was produced by Simone Backes.

Recombinant MVA was selected by plaque picking on RK-13 cells and tested by Del llI-
specific primers to verify the presence of the inserted gene encoding HBsAQg.qw. After several
passages on RK-13 cells with subsequent passaging on CEF cells, a limiting dilution was
performed on CEF cells to identify recombinant MVAs that performed a second homologous
recombination and thereby lost the K1L marker gene. Clones of the limiting dilution were
tested by Del IlI-PCR and K1L-PCR. As positive control for insertion in deletion Ill and
presence of K1L, a transfer plasmid pllIAHR-PH5-C which included K1L was used and the
MVA-wt genome was used as negative control.

2000
1500

Del lll-PCR 3000

750

500

K1L-PCR
250

Fig. 2.2.1: PCRs for selecting MVA PH5 -Sauw clones that lost the marker gene K1L  after limiting
dilution. The result of the deletion lll-specific (Del 1) PCR is shown in the upper part and the re  sult of
the K1L-PCR is shown in the lower part for respecti  ve clones.

As shown in Fig. 2.2.1, MVA clones 1 to 6 were positive for the Del llI-PCR and negative for
the K1L-PCR indicating that these clones performed the second homologous recombination
and lost the K1L-gene. Clone 7 was positive for both PCRs and was therefore not used in
further steps.

A 6-well cell culture plate with 90 to 100 % confluent CEF cells was infected with clones 1 to
6. Subsequently, the clone which showed the best infection properties was then amplified in
large scale and purified by sucrose gradients.
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The prepared MVA PH5-S,q4, stock was then titrated and tested for HBsAg expression by
measuring HBsAg in supernatant of infected HuH 7 cells 48 h post infection with the AXSYM
HBsAg (V2) Reagent Pack (Fig. 2.2.2).

Fig. 2.2.2: HuH 7 cells were

50-
infected with MVA PH5-S aqw
40- (MOI=100) for 48 h. HBsAg was
o determined in supernatant of the
% 304 cell culture in a 1:20 dilution.
= S/CO = signal to cutoff
f,E’ 204
M
T
104
0 T
Q
S
1)
S
<
R\g

As indicated by high HBsAg levels in the supernatant of the infected cell culture, the selected
and purified recombinant MVA expressed the protein of interest and was therefore suitable

for subsequent in vivo vaccination studies.

2.3 Vaccination studies in C57BL/6 (wt) mice

In previous studies by Dr. Simone Backes, it was shown that protein-prime / MVA-boost
vaccinations using HBsAg/HBcAg supplemented with adjuvant CpG and MVA-S/MVA-C
induced strong HBV-specific CD8 T cell responses in wt mice. Importantly this regimen also
induced HBV-specific CTL responses in low (HBeAg = 0 S/CO) and intermediate (HBeAg < 7
S/CO) antigenemic HBVtg mice, which serve as models for CHB. However, it was found that
high antigenemia (HBeAg > 7 S/CO) prevented the induction of HBV-specific immune
responses. Thus it was necessary to find adjuvants or a combination of adjuvants that would
be able to induce a stronger HBV-specific immune response which could overcome tolerizing

effects caused by high antigenemia.

2.3.1 Comparison of different adjuvants and theirc ~ ombinations
To test which combination of adjuvants would improve the vaccination strategy, adjuvants
CpG and PCEP were tested either individually or in combination in 8 week old female

C57BL/6 mice according to the vaccination scheme depicted in Fig. 2.3.1.1 A. The
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combination of the two antigens HBs and HBc was expected to induce a broader HBV-
specific immune response and also to benefit from the immunogenicity of HBcAg and its
effect on B cells which is similar to effects of an adjuvant (Milich 1997).0n day 0, the first
group of mice (1) received 31.91 pg CpG (which is equivalent to 5 ul of a 1 mM solution of
CpG in sterile H,0), 16 ug HBsAg and 16 ug HBcAg; the second group (2) received 50 g
PCEP, 16 ug HBsAg and 16 ug HBcAg whereas the third group (3) received 31.91 ug CpG,
50 pug PCEP, 16 pg HBsAg and 16 pug HBcAg. All groups of mice were boosted on day 28
with 5x10° IU MVA P7.5-S and 5x10” MVA PH5-C. On day 8, three mice of each group were
sacrificed, splenocytes were purified and analyzed by ICS after stimulation with HBV-derived
peptides (Kuhober 1996, Schirmbeck 2003, Tscharke 2005). Antibody titers were determined
in sera of the remaining mice on day 28 prior to the boost vaccination. On day 34, mice were
sacrificed, splenocytes were purified and analyzed by ICS after stimulation with HBV- and
MVA-derived peptides and antibody-titers were determined in sera.
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Fig. 2.3.1.1: Comparison of adjuvants CpG, PCEP and the combination of both. Wt mice were
vaccinated as shown in (A). On day 8, isolated sple  nocytes were stimulated with HBV-derived peptides
S190, S208 or C93 and analyzed for IFN y (B) and TNFa (C) expression by ICS. On day 34 post prime,
splenocytes were stimulated with HBV-derived peptid es S190, S208 or C93 and MVA-derived peptide
B8Ry and analyzed for IFN y (D) and TNFa (E) expression by ICS. Titers of anti-HBs (F) and an  ti-HBc
(G) were measured in sera on day 28 and 34. S/CO =s ignal to cutoff; dashed line = limit of detection;
frequencies of IFN y+ and TNFa+ CD8+ T cells are background subtracted.

As shown in Fig. 2.3.1.1 B and C, HBV-specific CD8 T cells producing IFNy and TNFa were
detected on day 8 post prime immunization. Mice of all groups developed CD8 T cell
responses against both HBsAg-epitopes with a stronger response against S208 (Fig. 2.3.1.1
B and C). IFNy producing T cells against HBcAg-derived peptide C93 were detected in group
2 and 3 (Fig. 2.3.1.1 B), but TNFa-producing T cells were not found (Fig. 2.3.1.1 C). Group 3
which received the combination of PCEP and CpG showed the strongest CD8 T cell
responses. At day 34, all groups showed enhanced total HBV-specific CD8 T cell responses
(Fig 2.3.1.1 D and E) with the weakest response in group 2. In group 3 a shift in the response
directed against the endogenous S190 epitope was observed. Post prime the T cell response
against the exogenous S208-epitope was stronger compared to the endogenous S190-
epitope. In contrast the T cell response against S190 was stronger than against S208 post
boost (Fig. 2.3.1.1 B and D). Similar T cell responses in all groups against B8R, the MVA-
derived peptide (Fig. 2.3.1.1 D and E) indicated comparable efficiency of the boost
vaccination. 28 days post prime, antibodies against HBs- and HBcAg were detected in
groups 2 and 3 which received a vaccine formulation containing PCEP, whereas no
antibodies were present in group 1 (Fig. 2.3.1.1 F and G). Due to the MVA boost, the
antibody titers were increased on day 34 (Fig. 2.3.1.1 F and G).

In summary, the T cell response of group 1 was slightly stronger compared to group 3 post
boost, but anti-HBs titers were twice as high in groups 2 and 3. Therefore, the overall

immune response of group 3 was considered stronger than the one of groups 1 and 2.
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To investigate whether the adjuvant alum has an additional effect on the induction of immune
responses, the commercial vaccine Engerix B containing HBsAg and aluminum hydroxide
was tested in 8 week old female C57BL/6 mice within an analog experiment depicted in Fig.
2.3.1.2 A. For priming, the first group of mice (1) received 31.91 pug CpG, 16 pg HBcAg and
10 pl Engerix B containing 0.2 pg HBsAg; the second group (2) received 50 ug PCEP, 16 ug
HBcAg and 10 pl Engerix B whereas the third group (3) received 31.91 pg CpG, 50 ug
PCEP, 16 pg HBcAg and 10 pl Engerix B. All groups of mice were boosted on day 28 with
5x10° MVA P7.5-S and 5x10° MVA PH5-C. On day 8, three mice of each group were
sacrificed; splenocytes were purified and analyzed by ICS after stimulation with HBV-derived
peptides. Antibody-titers were determined in sera of the remaining mice on day 28 prior to
the boost vaccination. On day 34, mice were sacrificed, splenocytes were purified and
analyzed by ICS after stimulation with HBV- and MVA-derived peptides and antibody-titers
were determined in sera.
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Fig. 2.3.1.2: Comparison of adjuvants aluminum hydroxide, CpG, PCEP and their combinations. Wt
mice were vaccinated as shown in in (A). On day 8, splenocytes were stimulated with HBV-derived
peptides S190, S208 or C93 and analyzed for IFN y (B) and TNF a (C) expression by ICS. On day 34 post
prime, splenocytes were stimulated with HBV-derived peptides S190, S208 or C93 and MVA-derived
peptide B8R 2, and analyzed for IFN y (D) and TNFa (E) expression by ICS. Titers of anti-HBs (F) and
anti-HBc (G) were measured in sera on day 28 and 34  (F) and (G). S/CO = signal to cutoff; dashed line
= limit of detection; frequencies of IFN  y+ CD8+ T cells are background subtracted.

In contrast to vaccinations tested within the first experiment including recombinant HBsAg
and HBcAg without the adjuvant alum, the vaccinations containing Engerix B did not result in
T cell responses against HBs-specific epitopes. Addition of PCEP induced a weak T cell
response against C93 (Fig. 2.3.1.2 B and C). After Engerix B prime, MVA boost was not able
to elicit a strong T cell response against HBsAg, but efficiently enhanced the T cell response
against C93 (Fig. 2.3.1.2 D and E). The T cell responses against MVA-B8R,, were similar in
all groups (Fig. 2.3.1.2 D and E) demonstrating similar infection rates of MVA in all groups.
Interestingly, while anti-HBs antibody titers in all investigated groups were only slightly
above background, anti-HBc antibodies were readily detectable in groups 2 and 3 which
received vaccines containing PCEP (Fig. 2.3.1.2 F and G). The titers of anti-HBs and anti-
HBc antibodies were increased in all groups post boost (Fig. 2.3.1.2 F and G).

The outcome of above experiments suggested that vaccine formulations containing Engerix
B were not suited to elicit T cell responses against HBsAg. Most likely the amount of HBsAg
in Engerix B was not sufficient to elicit a Tyl-type T cell response against HBsAg. More

interestingly, addition of the adjuvant aluminum hydroxide did not enhance the efficiency of
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the vaccine formulation with respect to the induction of HBcAg-specific CD8 T cell

responses.

2.3.2 Effects of multiple immunizations with the pr otein vaccine

To test if multiple immunizations with the protein vaccine would enhance HBV-specific
cellular and humoral immune responses to a similar extent like boost vaccinations with
recombinant MVA, six 8 week old female wt mice were vaccinated on day 0, 28 and 49 with
31.91 pg CpG, 50 pg PCEP, 16 ug HBsAg and 16 pg HBcAg (Fig. 2.3.2 A). Titers of anti-
HBs antibodies were determined on day 21 and 28 before immunization in sera of the mice.
Three mice were sacrificed on day 36 and the remaining three mice on day 55. At both time
points, splenocytes restimulated ex vivo with HBV-derived peptides and CD8 T cell
responses were analyzed by ICS.

As shown in Fig. 2.3.2 B, the frequency of HBV-specific CD8 T cells was not increased after
three vaccinations. These data indicate that a boost immunization with recombinant MVA is
necessary to induce a significantly stronger T cell immune response. In contrast, anti-HBs
antibody titers were boosted by factor 2 after the second immunization, and remained stable

at high levels after the third protein vaccination (Fig. 2.3.2 C).
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Fig. 2.3.2: Multiple immunization of C57BL/6 mice. (A) Experimen tal setup for immunizations of mice
with the protein vaccine formulation containing 31. 91 ug CpG, 50 ug PCEP, 16 ug HBsAg and 16 ug
HBcAg. On day 36 and 55, splenocytes were stimulate  d with HBV-derived peptides S190, S208 or C93
and analyzed for IFN y expression by ICS (B). Titers of anti-HBs were meas ured in sera on day 21, 28,
36 and 55 (C). Frequencies of IFN y+ CD8+ T cells are background subtracted.
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Taken together, multiple protein-based immunizations were able to induce strong antibody
but rather weak T cell responses. Thus, the heterologous protein-prime / MVA-boost

vaccination regimen described above proved to be the superior strategy.

2.3.3 Investigation of effects by endotoxin contami nation of HBCAg

The provider of HBcAg that was produced in E. coli changed after the first experiments and
there was no information available about endotoxin levels of the new HBcAg. Therefore, the
new HBcAg as well as the protein vaccine containing CpG, PCEP, HBsAg and the new
HBcAg were tested with a Toxinsensor Chromogenic LAL Endotoxin Assay Kit. Both were
tested in two dilutions (1:1000 and 1:15000). The calculated value was 134.5 EU (endotoxin
units) per vaccine dose. To investigate whether these endotoxin levels might be sufficient to
induce an HBcAg-specific T cell response, female 8 week old wt mice were immunized with
either (1) 16 pg HBcAg without adjuvants or (2) 16 pg HBcAg adjuvanted with 31.91 ug CpG
and 50 ug PCEP. On day 8 post immunization, splenocytes were analyzed for IFNy, TNFa
and IL-2 secretion upon stimulation with HBcAges peptides or the HBc peptide pool 3 (Fig.
2.3.3A).
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Fig. 2.3.3: Comparison of T cell responses upon immunization wi th HBcAg without ajuvants and
HBcAg adjuvanted with CpG and PCEP in C57BL/6 mice. (A ) Vaccination scheme. On day 8, isolated
splenocytes were stimulated with HBcAg-derived pept ide C93 or HBc Pool 3 containing HBCcAg-
derived 15mers and CD8 T cells (B and C) aswellas CD4 T cells (D) were analyzed for IFN y, TNFa, IL-2
expression by ICS. Frequencies of IFN y+ CD8+ and CD4+ T cells are background subt racted.

FACS analysis of ICS (Fig. 2.3.3 B, C and D) showed that HBcAg alone was not sufficient to
elicit an HBcAg-specific CD8 T cell response since IFNy-producing T cells were hardly
detected in mice immunized with HBcAg without adjuvants. Pie charts indicating the relative
fractions of polyfunctional (black: expression of 3 cytokines), multifunctional (dark grey:
expression of 2 cytokines) and monofunctional (light grey: expression of 1 cytokine) CD8 T
cells among the total population of responding CD8 T cells showed differences for the cells
stimulated with HBc Pool 3, but not with peptide C93. Splenocytes from immunized mice with
adjuvanted HBcAg showed a stronger polyfunctionality than those isolated from mice
immunized only with HBcAg (Fig. 2.3.3 C and D). The frequency of cytokine producing CD4
T cells was very low overall (Fig. 2.3.3 D).

Taken together, endotoxin present in the HBcAg solution used for vaccinations plays only a

minor role in inducing T cell responses.

2.3.4 Test of vaccination strategy in HHDII mice

To test the vaccination strategy in a setting of human MHC molecules, HHDII mice were
used as model organisms. HHDII mice are transgenic for human MHC HLA-A2 but are
deficient in 2m and H-2D® expression, which prevents antigen presentation on murine MHC
class | molecules. As depicted schematically in Fig. 2.3.4, 6 week old mice were vaccinated
on day O with 31.91 pg CpG, 50 ug PCEP, 16 pg HBsAg and 16 pg HBcAg and boosted on
day 28 with 5x10" MVA P7.5-S and 5x10° MVA PH5-C. On day 34, mice were sacrificed,

splenocytes were isolated and analyzed by ICS after stimulation with HBV- and MVA-derived
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peptides (Drexler 2003, Nayersina 1993, Zhang 2007) and antibody-titers were determined in

sera.
A 1 1
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Fig. 2.3.4: Vaccination study in HHDII mice. (A) Vaccination sche me. On day 34, splenocytes were
stimulated with indicated HBV-derived peptides and MVA-derived peptide H3L. (B) CD8 T cells were
analyzed for IFN y expression by ICS. (C) Titers of anti-HBs and anti- HBc were measured in sera on day
34 (C). SICO = signal to cutoff; frequencies of IFN  y+ CD8+ T cells are background subtracted.

As shown in Fig. 2.3.4 B, HBV-specific CD8 T cell responses were induced in this mouse
model and T cell responses were strongest upon stimulation with epitopes C120 and S183.
Moreover, high titers of anti-HBs antibodies were measured and anti-HBc antibodies were
detected (Fig. 2.3.4 C).

Taken together, the results show that the established vaccination protocol was also able to
elicit HBV-specific immune responses in a mouse model with human MHC HLA-A2

molecules.

2.4 Vaccination studies in HBVtg mice
Since the aim of this study was to develop a vaccination strategy which is effective against
HBV in a setting of chronic infection, the protein-prime, MVA-boost vaccination scheme was

tested in our model of chronic HBV infection: the HBVtg mouse.
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2.4.1 Comparison of different antigen combinations and MVA promoters

The first step to establish a vaccination protocol that is able to induce cellular and humoral
immune responses in high antigenemic HBVtg mice was to test different antigen
combinations and different promoters used to express HBV antigens by MVA. Therefore,
HBVtg mice with an HBeAg titer higher than 10 S/CO were vaccinated on day 0 with (1)
31.91 pg CpG, 50 pg PCEP, 16 pg HBsAga.w and 16 pg HBcAg; (2) 31.91 pg CpG, 50 pg
PCEP, and 16 pg HBSAgayw; (3) 31.91 pg CpG, 50 ug PCEP and 16 ug HBcAg; (4) 31.91 pg
CpG, 50 pug PCEP, 16 pg HBSAQgaaw and 16 pg HBcAg or (5) 31.91 pug CpG, 50 ug PCEP and
16 ug HBsAg.q.. On day 28, groups of mice were boosted as follows: (1) 5x10” MVA P7.5-
Sayw and 5x10” MVA PH5-C; (2) 1x10° MVA P7.5-S,,; (3) 1x10° MVA PH5-C; (4) 5x10" MVA
PH5-S,qw and 5x10° MVA PH5-C or (5) 1x10®* MVA PH5-S.q, as shown in Fig. 2.4.1 A. An
additional group of HBVtg mice (6) was vaccinated with adjuvants PCEP and CpG on day 0
and boosted on day 28 with MVA-wt to study if adjuvants together with MVA-wt and HBV-
antigens circulating in the mouse are sufficient to induce an HBV-specific immune response.
On day 34, splenocytes and liver-associated lymphocytes (LAL) were purified and stimulated
with HBs-derived peptides S190, S208 and the HBc-derived peptide C93. The frequency of
IFNy-producing CD8 T cells was determined by ICS and subsequent FACS analysis. The
presence of HBsAg and titers of antibodies against HBs and HBc were measured on day 0

and 34 in sera of vaccinated mice.
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Fig. 2.4.1: Comparison of T cell responses upon immunization wi
MVA with different promoters. (A) Vaccination scheme. On day 34, splenocytes were stimulated with
HBV-derived peptides S190, S208 or C93 and CD8 T cell s were analyzed for IFN y, TNFa and IL-2 (B)
expression by ICS. The pie chart indicates T cells that produce 3, 2 and 1 cytokines (B). Titers of
HBsAg (C), anti-HBs and anti-HBc in pooled sera wer e measured on day 0 and 34 (D). dashed line =
threshold of T cell responses (B) or detection limi t (C and D); S/CO = signal to cutoff; frequencies of
IFNy+ CD8+ T cells are background subtracted.

th different antigens and recombinant

Group 4 that received CpG, PCEP, HBsSAQ.qw and HBcAg in prime and MVA PH5-Syuw
together with MVA PH5-C in boost vaccination was the only group that showed a
polyfunctional CD8 T cell response in spleen meaning splenocytes produced more than 1
cytokine (Fig. 2.4.1 B) against one of the used HBV-derived peptides upon stimulation.
Interestingly, the detected CD8 T cell response was directed against the S208-peptide of
subtype ayw which is heterologous to the subtype included in the vaccine formulation but
homologous to the subtype that is expressed in the HBVtg mice. HBsAg levels decreased in

all groups with the strongest decrease observed in group 4 (Fig. 2.4.1 C). Antibodies against
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HBs were detected in mice vaccinated with HBsAg.qw, Whereas antibodies against HBc were
detected in all groups that were vaccinated with HBcAg (Fig. 2.4.1 D). Vaccination with
adjuvants and MVA-wt did not lead to HBV-specific immune responses.

From these experiments it was concluded that prime immunization with heterologous
HBsAg.qw protein followed by boosting with recombinant MVA constructs expressing
HBsAgadw and HBcAg under control of the strong viral promoter PH5 was most the effective

strategy for the induction of HBV-specific immune responses in HBVtg mice.

2.4.1.1 Neutralization of HBV subtype ayw with HBSA g4 induced antibodies

Since the AXSYM kit used for determination of anti-HBs antibodies detects antibodies against
the subtypes ayw and adw of HBsAg and anti-HBs antibodies were only detected in groups
that were vaccinated with HBsAg subtype adw, sera of mice containing anti-HBs vaccinated
on day 0 with 31.91 pg CpG and 50 ug PCEP, 16 ug HBSAQauw,16 pg HBCcAg and on day 28
with 5x10" MVA PH5-S,q4, and 5x10" MVA PH5-C of the experiment shown in Fig. 2.4.1.1
were tested for their ability to neutralize HBV subtype ayw in an in vitro neutralization assay
described in 4.6.13.

Neutralization Assay

positive control
1:33

1:100

1:333

1:1000
negative control

BEON00

HBsAg (S/CO)

day 4 day 7 day 10

Fig. 2.4.1.1: Produced HBsAg by differentiated HepaRG cells infect  ed with HBV subtype ayw in the
presence of serum containing anti-HBs. Titers of HB ~ sAg in supernatants of cultured cells were
measured on day 4, 7 and 10. dashed line = detectio  n limit; s/co = signal to cutoff

As shown in Fig. 2.4.1.1, the levels of HBsAg in the supernatant of cultured HepaRG cells
that were infected in the presence of 1:33 diluted anti-HBs containing serum decreased over
time. HBsAg levels were increased at day 10 if anti-HBs containing serum was diluted
further.

This indicated that antibodies secreted upon vaccination with HBsAg.qw were able to

neutralize HBV subtype ayw. However, the neutralizing capacity of anti-HBs containing sera

e
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derived from HBsAQayw vaccinated wt mice was found to be three times higher at the same

dilution (personal communication with Dr. Claudia Dembek).

2.4.2 Comparison of vaccination schemes with two or three injections

To test if it is beneficial for the induction of HBV specific immunity to have two immunizations
with the protein vaccine instead of one, HBVtg mice vaccinated with 31.91 pg CpG, 50 pg
PCEP, 16 ug HBsAg.q and 16 ug HBcAg (1) on day 0 and 5x10" MVA PH5-S,4, and 5x10’
MVA PH5-C on day 28 were compared to HBVtg mice vaccinated on day O and day 14 with
31.91 pg CpG, 25 pg PCEP, 16 pg HBsAgaqw and 16 pg HBcAg, followed by immunization
with 5x10” MVA PH5-S,4, and 5x10" MVA PH5-C (2) as shown in Fig. 2.4.2 A. The dosage
of PCEP was 50 pg per mouse in total because a small granuloma-like structure was
observed at the injection side of the protein vaccine. Mice were sacrificed on day 34;
splenocytes and LALs were purified and analyzed for immune responses by ICS after
stimulation with HBV- and MVA-derived peptides. HBe- and HBsAg levels as well as HBV-
specific antibody titers in sera were determined on day 0 and day 34.

As shown in Fig. 2.4.2 B and C, the vaccination strategy with three immunizations did not
enhance HBV-specific immune responses compared to the vaccination strategy with two
immunizations. In more detail, one individual immunized two times responded better than the
others from the same group upon stimulation with S208,,,, and S208,4,. The response of one
individual that received three immunizations was weaker than the response of the other mice
of the same group upon stimulation with the MVA-derived peptide B8R, that is considered to
be a marker for successful vaccination. Interestingly this individual showed similar responses
upon stimulation with HBsAg-derived peptides compared to the rest of the group (Fig. 2.4.2 B
and C). The qualities of the T cell responses in both groups were similar as indicated by the
pie charts (Fig. 2.4.2 B and C). HBsAg levels decreased in both groups, whereas HBeAg
levels were not significantly affected (Fig. 2.4.2 D and E). Titers of HBV-specific antibodies

were comparable in both groups (Fig. 2.4.2 F and G).
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Fig. 2.4.2: Comparison of T cell responses upon immunization wi th different vaccination schemes
shown in (A). On day 34, splenocytes (B) and LALs ( C) were stimulated with indicated peptides and
CD8 T cells were analyzed for IFN y, TNFa and IL-2 expression by ICS. Pie charts are shown for
immune responses against HBsAg-derived peptides S20 84w and S208.qw. Titers of HBsAg (D), HBeAg
(E), anti-HBs (F) and anti-HBc (G) were measured in  sera on day 0 and 34. dashed line = detection limit
(G); SICO = signal to cutoff; frequencies of IFN  y+ CD8+ T cells are background subtracted.

Taken together, the induced HBV-specific immune responses were similar after treatment
with both vaccination schemes. The granuloma-like structures were found to be smaller in
mice receiving three immunizations after the first, but reached equal size after the second

injection.

2.4.3 Comparison of HBsAg subtypes ayw and adw

Since the protein formulation containing HBsAga, Was boosted with a MVA that expressed
HBsAga.yw under the control of the weak early/late promoter P7.5 in HBVtg mice (shown in
2.4.1), | wanted to evaluate the impact of the promoter used for expression in the MVA
vector. Therefore, MVA PH5-S,,, was prepared to study whether stronger expression HBsAg
might be crucial for eliciting an HBsAg-specific T cell response. Two groups of HBVtg mice
were vaccinated on day O and day 14 with either 31.91 pg CpG, 25 pg PCEP, 16 pg
HBSAQgayw and 16 pg HBcAg (1), or 31.91 pg CpG and 25 pg PCEP, 16 pg HBSAQaqw and 16
Hg HBcAg (2) followed by an immunization on day 28 with 5x10” MVA PH5-S,,, and 5x10’
MVA PH5-C (1) or 5x10" MVA PH5-S,q, and 5x10° MVA PH5-C (2). As a control, a third
group of mice was immunized with adjuvants on day 0 and 14 and MVA-wt on day 28 (3).

e
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Mice were sacrificed on day 34 and splenocytes as well as LALs were purified and analyzed
for T cell responses by ICS after stimulation with HBV-derived peptides. HBe- and HBsAg

levels as well as HBV-specific antibody titers in sera were determined on day 0 and 34 (Fig.
243.1A).
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Fig. 2.4.3.1: Comparison of HBsAg subtype effects on eliciting HB V-specific immune responses upon
immunization. Vaccinations were performed as depicte d in (A). On day 34, splenocytes (B) and LALs
(C) were stimulated with HBV-derived peptides S190, S208 or C93 of subtype ayw and CD8 T cells
were analyzed for IFN y, TNFa and IL-2 expression by ICS. Pie charts are shown for strong T cell
responses found in group 1 and 2. A typical CD8 T ¢ ell response of LALs against S208ayw and the
negative ovalbumin-derived control peptide SIINFEKL is shown in (D). CD4 T cells of spleens and
livers were stimulated with HBV  aw-derived S pool 3 and analyzed for IFN y (E). Titers of HBsAg (F),
HBeAg (G) were measured in sera on day 0 and 34. An ti-HBs (H) and anti-HBc (I) were measured in
sera on day 34. dashed line = detection limit (I); S/CO = signal to cutoff; frequencies of IFN  y+ CD8+
and CD4+ T cells are backaround subtracted.
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As shown in 2.4.3.1 B and C, group 2 (S adw + C) developed a stronger CD8 T cell response
in spleen and liver against S208 and C93 upon immunization than group 1 (S ayw + C). The
CD8 T cell responses in group 2 showed greater polyfunctionality in spleens and more IFNy-
only producing cells in livers upon stimulation with S208,,,, compared to group 1 indicated by
the pie charts (2.4.3.1 B and C). The arcs showed that responding T cells lost the ability to
express IL-2 in both groups which is also depicted in Fig. 2.4.3.1 D. Group 3 did not develop
an HBV-specific immune response which indicated that non-specific immune activation by
adjuvants and MVA-wt failed to induces a cellular response against circulating HBV antigens
that are constantly expressed. While the CD8 T cell response was not significantly stronger
in spleens and livers of group 2 compared to group 1, the CD4 T cell response detected
upon stimulation with HBV,y-derived S Pool 3 peptides was significantly stronger in spleens
of group 2 (Fig. 2.4.3.1 E). HBsAg levels decreased in all groups but stronger in group 1
compared to group 3 and significantly in group 2 (Fig. 2.4.3.1 F). HBeAg levels were not
significantly changed in group 1 and 3, whereas in group 2 significantly lower HBeAg levels
were found (Fig. 2.4.3.1 G). Anti-HBs and anti-HBc antibodies were detected in groups 1 and
2, but not group 3 (Fig. 2.4.3.1 H and ). Moreover, mice group 2 had significantly higher
titers of anti-HBs antibodies compared to group 1.

Taken together, these results showed that a MVA with a strong early/late promoter
controlling the expression of the gene of interest enables to overcome tolerance in the HBVtg
mouse-model. Using the subtype adw of HBsAg that was heterologous to the subtype ayw

expressed in the transgenic mouse enhanced the effect of the vaccination.

Immunohistological analyses were performed for mice of group 2 (S adw + C) and 3 (Control)
to investigate effects of the vaccination in the livers regarding influx of neutrophils, B and T
cells as well as proliferation and apoptosis of hepatocytes. Liver sections of vaccinated mice
were compared to liver sections of untreated HBVtg mice. As shown in Fig. 2.4.3.2 A,
vaccination led to an influx of B cells indicated by staining of the B cell-specific surface
marker B220. This influx was significantly higher in group “S adw + C” compared to untreated
mice, but not compared to group receiving only adjuvants and MVA-wt without an HBV-
specific trigger (Control). Furthermore, in livers of both groups an influx of T cells was
observed, as demonstrated by staining of CD3 (Fig. 2.4.3.2 B). Staining of the proliferation
marker Ki67 revealed comparable numbers of proliferating hepatocytes between the two
groups (Fig. 2.4.3.2 C). However, a tendency towards higher numbers of infiltrating B and T
cells in livers derived from mice of group “S adw + C” (HBV-specific trigger) compared to
group “Control” (unspecific trigger) was observed. Interestingly, infiltrates of leukocytes were
found in both vaccinated groups (Fig. 2.4.3.2 A and B), but no difference regarding the

number of neutrophils was seen by staining of the surface marker Ly6G which is specific for
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granulocytes and neutrophils (data not shown). Despite an increase
in treated animals when compared to untreated mice, no increase

was seen by staining cleaved caspase 3 (data nor shown).
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Fig. 2.4.3.2: Immunohistological analysis of livers from HBVtg mic e vaccinated with PCEP+CpG+

HBSAQ agw+HBCAQ/MVA-S a2gw+MVA-C  or  with
Quantifications and representative stainings of B22
(C) are shown. Quantifications were performed using
Arrow-heads depict positive cells. Stars indicate i

PCEP+CpG/MVA-wt
0+ cells (A), CD3+ cells

Taken together, the stainings demonstrated that vaccination

lymphocytes to the liver and enhances proliferation of hepatocytes.
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2.4.4 Analysis of immune responses upon vaccination at later time points

Since the immune response was analyzed at day 6 post boost in previous experiments,
vaccination studies were performed with analysis 14 days post boost vaccination, to
investigate whether the adaptive immune response elicited in HBVtg animals might be lost
or suppressed/decreased over time.

A group of three mice was vaccinated on day 0 and 14 with 31.91 pg CpG, 25 pg PCEP, 16
Hg HBSAQ.s and 16 pg HBcAg, followed by an immunization on day 28 with 5x10° MVA
PH5-S.qw and 5x10° MVA PH5-C (Fig. 2.4.4.1 A). Mice were sacrificed on day 42 and
splenocytes as well as LALs were isolated and analyzed for T cell responses by ICS after
stimulation with HBV-derived and MVA-derived peptides. Sera taken on day 0 and 42 were
analyzed for HBe- and HBsAg levels as well as HBV-specific antibody titers. Furthermore,
levels of alanine-transaminase (ALT) were measured on day 42.

As shown in Fig. 2.4.4.1 B and C, CD8 T cell responses were detected 14 days post boost in
spleens and livers against S208,,, peptides of S pool 3, S208.4, and the MVA-derived
peptide B8R,,. T cell polyfunctionality in spleen and liver correlated with frequencies of IFNy
producing CD8 T cells upon stimulation with respective peptides/peptide pools indicated by
depicted pie charts. Furthermore, the arcs indicate that responding CD8 T cells lost the
ability to express IL-2 except upon stimulation with peptides S208,4, and B8R,, which are not
expressed endogenously by HBVtg mice.

HBsAg levels were decreased at day 34 (Fig. 2.4.4.1 D), but HBeAg levels were found to be
unaffected by the vaccination (Fig. 2.4.4.1 E). Moreover, high titers of anti-HBs and anti-HBc
antibodies were detected (Fig. 2.4.4.1 G and F), but the vaccination did not cause elevated
ALT levels (Fig. 2.4.4.1 H) indicating no liver damage.

Taken together, the results show that although HBVtg mice constantly produce HBV patrticles
and antigens, vaccination-induced T cells activated remained functional until at least 14 days
post boost. Furthermore, vaccinated HBVtg animals maintained detectable levels of anti-HBV

antibodies.
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Fig. 2.4.4.1: Analysis of HBV -specific immune responses 14 days post boost. The e xperimental setup
is depicted in (A). On day 42, splenocytes (B) and LALs (C) were stimulated with indicated HBV-
derived peptides and peptide pools and analyzed for IFNy, TNFa and IL-2 expression by ICS. Pies are
shown for T cell responses upon stimulation with S2 08ayw, S Pool 3, S208 .qw and B8R ao. Titers of
HBsAg (D), HBeAg (E), anti-HBs antibodies (F) and an ti-HBc antibodies (G) were measured in sera on
day 0 and 42. ALT levels were determined in sera at  day 42 (H). dashed line = detection limit (G); S/ICO

= signal to cutoff; frequencies of IFN  y+ CD8+ T cells are background subtracted.

To investigate the persistence of the HBV-specific humoral and cellular response as well as
the impact of the vaccination on expression of HBV proteins, HBVtg mice were analyzed 8
weeks after booster immunization. As depicted in Fig. 2.4.4.2 A, a group of mice was
vaccinated on day 0 and 14 with 31.91 pg CpG, 25 pug PCEP, 16 pg HBsAQ.qw and 16 pg
HBcAg, followed by an immunization on day 28 with 5x10° MVA PH5-S,4, and 5x10° MVA
PH5-C. Mice were sacrificed on day 84 and splenocytes as well as LALs were isolated and
analyzed for T cell responses by ICS after stimulation with HBV- and MVA-derived peptides.
HBe- and HBsAg levels as well as HBV-specific antibody titers in sera were determined on
day 0, 42 84.
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Fig. 2.4.4.2: Analysis of HBV -specific immune responses 56 days post boost. The e  xperimental setup
is depicted in (A). On day 84, splenocytes (B) and LALs (C) were stimulated with indicated HBV-
derived peptides or peptide pools and CD8 T cellsw  ere analyzed for IFN y expression by ICS. Titers of
HBsAg (D), HBeAg (E), anti-HBs anibodies (F) and ant i-HBc antibodies (G) were measured in sera
taken on day 0, 42 and 84. dashed line = threshold  of T cell responses (B) and (C) or detection limit
(G); SICO = signal to cu toff ; frequencies of IFN y+ CD8+ T cells are background subtracted.

As shown in Fig. 2.4.4.2 B and C, a weak CD8 T cell response was detected 56 days post
boost upon stimulation with the S pool 3. Strong CD8 T cell responses were directed against
the MVA-derived peptide B8R,,. However, HBsAg and HBeAg levels were significantly
reduced when compared to the levels at the start of vaccination (Fig. 2.4.4.2 D and E). High
anti-HBs and anti-HBc antibody titers were detected in all mice (Fig. 2.4.4.2 F and G).

Taken together, HBV-specific T cell responses seemed to be almost completely lost two
months after vaccination. However, the effect on serological markers was sustained post
boost with significantly decreased HBsAg and HBeAg levels and sustained high antibody

titers.

2.5 Killing capacity of vaccination-induced CD8 Tc  ells

The experiments performed in C57BL/6 and HBVtg mice showed that the established
heterologous prime-boost vaccination strategy induced polyfunctional HBV-specific CD8 T
cells. To investigate whether these CD8 T cells are able to specifically lyse target cells in

their natural environment, in vivo killing assays were performed.

2.5.1 In vivo killing assay in C57BL/6 mice
To investigate, if HBV-specific CD8 T cells with full effector functions are induced by the

vaccination strategy, an in vivo killing assay was performed in wt mice. In this model, there is
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no endogenous tolerance with respect to HBV-antigens which might limit functionality of
activated, HBV-specific CD8 T cells.

4 mice were vaccinated on day 0 with 31.91 pg CpG, 16 pg HBSAgaw and 16 pg HBcAg
followed by a boost immunization on day 28 with 5x10" MVA PH5-S,,w and 5x10" MVA PH5-
C. The protein vaccine formulation contained only CpG because the vaccination study
performed earlier (Fig. 2.3.1.1) showed that the CD8 T cell response was stronger without
PCEP and induced antibodies played an underpart in this study. In the control group 4 mice
were immunized with 31.91 pg CpG on day 0 and 1x10°® MVA-wt on day 28. On day 34,
CFSE""-labeled unloaded control cells and CFSE""-labeled C93-loaded target cells were
co-transferred at a ratio of 1:1 intravenously into the vaccinated mice. To distinguish the
transferred cells from the endogenous cells, the donor mice carried the congenic marker
CD45.1 whereas cells from the recipient mice carried the congenic marker CD45.2. Mice
were sacrificed on day 35, splenocytes were isolated and analyzed for HBV-specific T cell
responses by ICS after stimulation with HBV- and MVA-derived peptides. Additionally, the
number of CFSE,q.- and CFSEgh-cells were detected by FACS (Fig. 2.5.1 A).

A 1. , HBsAg, HBcAg 5x107 MVA PH5-S, 5x107 MVA PH5-C
2. 1x 108 MVA-wt
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