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Zusammenfassung 

Das Hepatitis B Virus (HBV) ist ein behülltes Virus, das ein partiell doppelsträngiges DNA-

Genom von 3.200 Basenpaaren innerhalb eines ikosaedralen Kapsids enthält. Nach der 

parenteralen Übertragung über Blut oder andere Körperflüssigkeiten verursacht HBV eine 

akute oder chronische Hepatitis B Infektion, die sich zu einer Leberzirrhose oder einem 

hepatozellulären Karzinom weiterentwickeln kann. Durch weltweit 240 Millionen chronisch 

infizierte Menschen und jährlich 780.000 durch HBV verursachte Todesfälle stellen 

Infektionen mit HBV ein großes Gesundheitsproblem dar. Als Ursache für die Entstehung der 

chronischen Hepatitis B Infektion gilt eine unzureichende HBV-spezifische T-Zellantwort, 

wessen zugrunde liegenden Mechanismen mithilfe von unterschiedlichen HBV-Modellen 

aufzuklären versucht werden. 

Frühere Studien lieferten Indizien dafür, dass B Zellen in der Lage sind externe Antigene wie 

das HBV Kapsid zu internalisieren und zu präsentieren. Weitere Studien zeigten, dass HBV 

Kapside aus apoptotischen Hepatozyten freigesetzt werden und dass zudem ein Fehlen des 

CD95 Apoptoseweges die Aktivierung der HBV Immunantwort verhindert. Auf dieser 

Grundlage wurde in dem ersten Teil dieser Dissertation das Potenzial von HBV Kapsiden zur 

Aktivierung von T-Zellen in einer in vitro Co-Kultivierungsstudie untersucht. Die 

Funktionalität des Assays wurde durch die erfolgreiche T-Zellaktivierung durch kapsid-

stimulierte Dendritische Zellen (DC) bestätigt. Im Gegensatz dazu führte die Co-Kultivierung 

von kapsidstimulierten B-Zellen zu keiner Aktivierung der T-Zellen. Dieses Ergebnis stimmt 

mit dem allgemeinen Verständnis von DC als den wichtigsten antigen-präsentierenden Zellen 

zur T-Zellaktivierung während einer natürlichen HBV Infektion überein. 

HBV hat einen engen Wirtstropismus, sodass neben Menschen nur Menschenaffen und 

Spitzhörnchen infiziert werden. Durch die Verwendung eines adenoviralen (Ad) Vektors, der 

ein 1,3-faches Überlängengenom von HBV enthält, kann das AdHBV Mausmodel die 

Artengrenze überwinden und ermöglicht dadurch die Untersuchung der Immunantwort 

während einer selbstlimitierend verlaufenden akuten Hepatitis B Infektion im Kleintier-

modell. Um die T-Zellantwort während einer AdHBVx- Infektion untersuchen zu können, 

sind präzise Kenntnisse von immundominanten spezifischen Epitopen notwendig, welche die 

separate Analyse der HBV- und Ad-spezifischen T-Zellantwort ermöglicht. Da solche 

Epitope für dieses Model bisher nicht identifiziert wurden, befasste sich der zweite Teil dieser 
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Dissertation mit der Identifizierung von HBV- und Ad-spezifischen T-Zellepitopen in 

AdHBVx- infizierten Mäusen. Unter Verwendung von Programmen zur Vorhersage von 

Epitopen konnte das neue immundominante Epitop des Ad Hexonproteins ‚RNFLYSNI’ an 

der Aminosäureposition 470–477 identifiziert werden. Zudem konnten durch das Testen 

verschiedener Peptidpools, welche aus überlappenden Peptiden des ‚hepatitis B virus core 

antigens’ (HBcAg) bestehen, immunogene HBcAg Peptide identifiziert werden. Die Kenntnis 

dieser HBcAg und Ad Hexon Peptide ermöglicht künftig die separate Analyse von HBV- und 

Ad-spezifischen T-Zellantworten in dem AdHBVx- Mausmodell. 

Während einer HBV Infektion schwächt die immunsuppressive Umgebung der Leber massive 

Gewebeschäden ab, welche durch die antivirale Immunantwort des Wirts verursacht werden. 

In dem dritten Teil dieser Dissertation wurde die Rolle des antientzündlichen Zytokins 

Interleukin (IL)-10 bei dem Entgegenwirken der auftretenden Immunpathogenese untersucht. 

Mithilfe einer IL-10 Reportermaus wurde die Kinetik der IL-10 Produktion in verschiedenen 

Leukozytenpopulationen während einer akuten AdHBVx- Infektion untersucht. An Tag fünf 

nach Infektionsstart korrelierte der auftretende Leberschaden mit einer starken Infiltration von 

antigenunspezifischen mononukleären Zellen, wovon CD8+ T-Zellen und B-Zellen als die 

Hauptproduzenten von IL-10 identifiziert wurden. Des Weiteren wurde die Rolle von 

regulatorischen T Zellen (Treg) in der Regulation der IL-10 Produktion von Zellen der 

angeborenen und adaptiven Immunantwort in neu gezüchteten DEREG/ITIB Mäusen 

untersucht, welche die Untersuchung der IL-10 Produktionslevel in An- und Abwesenheit von 

Tregs ermöglichen. Der adoptive Treg-Transfer in AdHBVx- infizierte Mäuse mit vorheriger 

Depletion von Tregs, zeigte, dass die Anwesenheit von Tregs zu Beginn der Infektion eine 

essentielle Voraussetzung für die Rekrutierung von Leukozyten in die Leber ist. Darüber 

hinaus wurde gezeigt, dass die Abwesenheit von Tregs die IL-10 Produktion von  

CD8+ T-Zellen und CD4+ T-Zellen, jedoch nicht die von Monozyten und Makrophagen, 

beeinträchtigt. Die verminderte IL-10 Produktion von CD8+ T-Zellen sowie CD4+ T-Zellen 

konnte durch einen adoptiven Transfer von Tregs behoben werden. Dieses Ergebnis indiziert, 

dass die zu Beginn der Infektion anwesenden Tregs eher Einfluss auf die Zellen des adaptiven 

als auf die des angeborenen Immunsystems ausüben. 

Zusammenfassend ermöglichen die Ergebnisse dieser Dissertation die separate Analyse der 

HBV- und Ad-spezifischen T-Zellantwort während einer AdHBVx- Infektion, sowie liefern 

sie neue Erkenntnisse über die durch Treg-vermittelte Regulation der IL-10 Produktion zur 

Abschwächung der antiviralen Immunantwort. 
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Summary 

The hepatitis B virus (HBV) is an enveloped virus with an icosahedral capsid that contains the 

partially double stranded DNA genome of 3,200 base pairs. HBV is transmitted parenterally 

via infected blood or other body fluids inducing an acute or chronic viral hepatitis B infection, 

which can progress to liver cirrhosis or hepatocellular carcinoma. The world health 

organization reports of annually 780,000 HBV related deaths and of more than 240 million 

people, which are chronically infected with HBV worldwide. In order to address the health 

burden that is caused by HBV, more research is needed to elucidate the interactions of HBV 

with the host immune system in order to provide a good basis for the development of new and 

more effective treatment strategies. 

Previous studies have shown that B cells are able to take up and present external antigens like 

HBV capsids. Further studies provide evidence that HBV capsids are released from apoptotic 

hepatocytes and that ablation of the CD95 pathway of apoptosis prevents the induction of the 

anti-HBV immune response. Therefore, the potential of HBV capsids in T cell priming was 

examined in an in vitro co-culture study in the first part of this thesis. The functionality of the 

assay was demonstrated, as capsid stimulated dendritic cells (DC) successfully primed  

T cells. To the contrary, co-culture of capsid stimulated B cells with T cells did not result in  

T cell priming, thus supporting the notion of DC being the most important antigen presenting 

cells for T cell priming during an HBV infection. 

HBV has a narrow host tropism, infecting apart from humans only humanoid primates and 

tree shrews. By making use of an adenoviral (Ad) vector, which contains a 1.3-fold 

overlength genome of HBV, the AdHBV mouse model is able to overcome the species barrier 

and allows to examine the immune response during a self-limiting acute hepatitis B infection 

in a small animal model. In order to monitor the T cell response during the AdHBV infection, 

precise knowledge of immunodominant specific epitopes is required to allow the accurate 

separation of HBV specific T cell responses and Ad specific T cell responses. As such 

epitopes have not yet been identified in this model, the second part of this thesis was 

dedicated to identify HBV and Ad specific T cell epitopes in AdHBVx- infected mice.  

By means of epitope prediction software, the new immunodominant Ad hexon epitope 

‘RNFLYSNI’ on amino acid position 470–477 was identified. Furthermore, testing of 

overlapping peptide pools revealed immunogenic peptides, which are derived from the 

hepatitis B virus core antigen (HBcAg). Owing to the identification of this Ad hexon and the 
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HBcAg peptides, it will be from now on possible to accurately separate HBV and Ad specific 

T cell responses in the AdHBV mouse model. 

During HBV infection, the immunosuppressive environment of the liver prevents massive 

tissue damage, which is induced by the antiviral host immune response. In order to examine 

the role of the anti-inflammatory cytokine Interleukin (IL)-10 in counteracting the occurring 

immunopathogenesis, a new IL-10 reporter mouse was used during the third part of this 

thesis, which allowed monitoring of the IL-10 production kinetic in various leukocyte 

populations during an acute AdHBVx- infection. On day five post infection, the established 

liver damage correlated with the large infiltrate of non-antigen specific mononuclear cells, 

from which CD8+ T cells and B cells were identified to be the main producers of IL-10. 

Furthermore, the role of regulatory T cells (Treg) in regulation of IL-10 production by cells of 

the innate and adaptive immune response was examined in newly crossbred DEREG/ITIB 

mice, which enable the detection of IL-10 production levels in presence and absence of Tregs. 

An adoptive Treg transfer in previously Treg depleted AdHBVx- infected mice showed the 

need of Tregs being present at the very onset of the infection for recruitment of leukocytes 

into the liver. Moreover, the absence of Tregs impaired the IL-10 production of CD8+ T cells 

and CD4+ T cells, but not of monocytes and macrophages. This reduced IL-10 production by 

CD8+ T cells and CD4+ T cells was rescued after the adoptive transfer of Tregs, suggesting 

that the initial presence of Tregs rather affects cells of the adaptive than cells of the innate 

immune response. 

Taken together, the findings of this thesis enable the separate readout of HBV and Ad specific 

T cell responses during AdHBVx- infection and furthermore consolidate the understanding of 

the role of Tregs in mitigation of the anti-HBV immune response via regulation of the IL-10 

production. 
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List of abbreviations 

aa amino acid 
AAV Ad associated viral 
Ad adenoviral 
Ad5 adenovirus type 5 
AdEmpty adenoviral vector construct without insert 
AdH # Ad hexon derived peptide 
AdH P Ad hexon derived peptide pool 
AdHBV adenoviral vector construct with HBV insert 
AdHBVx- adenoviral vector construct with HBVx- insert 
AdOVA adenoviral vector construct with OVA insert 
AFP alpha-fetoprotein 
ALT alanine aminotransferase 
APC antigen presenting cell(s) 
ARD arginine-rich domain 
BAC bacterial artificial chromosome 
BCR B cell receptor 
BFA brefeldin A 
bla β-lactamase gene 
Bla β-lactamase 
bp base pairs 
Bregs regulatory B cells 
BSA bovine serum albumine 
°C degree Celsius 
cccDNA covalently closed circular DNA 
CD cluster of differentiation 
CCF4-AM coumarin-cephalosporin-flourescin-acetoxymethyl 
CCF4 
CO2 

coumarin-cephalosporin-flourescin 
carbon dioxide 

CsCl cesium chloride 
CSIF cytokine synthesis inhibitory factor 
CTL cytotoxic T cells 
DEREG/ITIB crossbred mouse derived from DEREG and ITIB mice 
DC dendritic cells 
DEREG depletion of regulatory T cell mouse 
DHV duck hepatitis virus 
DMSO dimethyl sulfoxide 
DNA desoxyribonucleic acid 
DT diphtheria toxin 
DTR diphtheria toxin receptor 
E early region 
EBV Epstein Barr virus 
EDTA ethylenediaminetetraacetic acid 
eGFP enhanced green flourescent protein 
ELISA enzyme-linked immunosorbent assay 
EMA ethidium monoazid 
ER endoplasmatic reticulum 
FACS fluorescence-activated cell sorting 
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Foxp3 factor forkhead box protein 3 
fwd forward 
FRET fluorescence resonance energy transfer 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
h hour(s) 
HBcAg hepatitis B virus core antigen 
HBc # HBcAg derived peptide 
HBc P HBcAg derived peptide pool 
HBeAg hepatitis B virus e antigen 
HBsAg hepatitis B virus surface antigen 
HBs P HBsAg derived peptide pool 
HBV hepatitis B virus 
HBVx- hepatitis B virus with stop codon in the HBxAg ORF 
HBxAg hepatitis B virus x protein 
HCC hepatocellular carcinoma 
HCMV human cytomegalovirus 
HCl hydrochloric acid 
HCV hepatitis C virus 
HDI hydrodynamic injection 
HEK cells human embryonic kidney cells 
HLA human leukocyte antigen 
HPRT Hypoxanthine-guanine phosphoribosyltransferase 
hTCM human T cell medium 
ICS intracellular cytokine staining 
IEDB Immune Epitope Database and Analysis Resource 
IFN interferon 
Ii invariant chain 
IL interleukin 
i.p. intraperitoneally 
IRES internal ribosome entry side 
ITIB IL-10–bla reporter mouse 
iTreg induced Treg 
IU infectious units 
i.v. intravenously 
l liter 
L-protein large surface envelope protein 
LAL liver associated lymphocytes 
LSEC liver sinusoidal endothelial cells 
M mol per liter 
M-protein middle surface envelope protein 
MACS magnetic activated cell sorting 
MCMV murine cytomegalovirus 
mDC myeloid DC 
MgCl2 magnesium chloride 
MIIC MHC class II loading compartment 
min minute(s) 
MHC major histocompatibility complex 
mg milligram 
µM mikromol per liter 
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ml milliliter 
mM millimol per liter 
MOI multiplicity of infection 
mRNA messenger RNA 
mTCM murine T cell medium 
µl microliter 
mRNA messenger RNA 
NaCl sodium chloride 
nd not determined 
NF-κB nuclear factor kappa-light chain-enhancer of activated B cells 
NIR Near-IR 
NK natural killer cells 
NH4Cl ammonium chloride 
NKT natural killer T cells 
nm nanometer 
NTCP sodium taurocholate cotransporting polypeptide 
nTreg natural Treg 
ORF open reading frame 
OVA ovalbumin 
PBMC peripheral blood mononuclear cells 
PBS phosphate buffered saline 
pDC plasmacytoid DC 
PFA paraformaldehyde 
pgRNA pregenomic RNA 
p.i. post infection 
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PRR pattern-recognition receptors 
qPCR quantitative real time PCR 
rcDNA relaxed circular DNA 
rec recombinant 
rev reverse 
RNA ribonucleic acid 
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RT room temperature 
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S-protein small surface envelope protein 
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TAP transporter associated with antigen processing 
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1 Introduction 

1.1 Hepatitis B virus 

Although an effective prophylactic vaccine is available, hepatitis B virus (HBV) remains the 

cause of a most common virus infection, occurring as acute or chronic hepatitis B. Most 

adults with an acute infection can eliminate the virus. Nevertheless, 5–10 % of infected adults 

and even 90 % of infected children and newborns fail to eliminate the virus and thus develop 

a chronic disease, which may lead to liver cirrhosis and hepatocellular carcinoma (HCC). The 

world health organization (WHO) reports of annually 780,000 HBV related deaths and of 

more than 240 million people, which are chronically infected with HBV worldwide  

(WHO 2014). Understanding the immunopathogenesis of HBV infection is an essential  

pre-requisite for the development of new, more effective treatment strategies (Lavanchy 2005, 

WHO 2014). 

HBV is transmitted by parenteral route via infected blood or other body fluids. The route of 

transmission is shown to correlate with the seroprevalence of the HBV marker hepatitis B 

virus surface antigen (HBsAg). HBsAg is an indicator of hepatitis B endemicity in a defined 

population (Shepard et al. 2006). High endemic regions (≥ 8 %) are sub-Saharan Africa and 

East Asia, where transmission of the virus occurs mainly from mother to child at birth or 

person-to-person contact during childhood. In regions with intermediate HBsAg prevalence 

(2–7 %) like Latin America, Mediterranean countries or the Middle East, or low HBsAg 

prevalence (< 2 %) like Western Europe and North America, transmission occurs more often 

sexually or by the use of contaminated syringes or medical equipment (Liaw et al. 2009, Ott 

et al. 2012). 

Since 1969, a prophylactic HBV vaccine is available and since the early 1990s worldwide 

vaccination programs aim to prevent further HBV infections. In addition to this, an effort is 

made to raise awareness of HBV transmission and the importance of HBV screenings using 

accurate diagnostic assays (Fung et al. 2012, WHO 2009). Treatment with antiviral agents 

such as the nucleoside and nucleotide analogues Entecavir and Tenofovir as well as interferon 

injections are used to alleviate the progression of liver cirrhosis and HCC formation of 

chronically HBV infected patients but do not succeed to eliminate HBV and bear the risk of 

resistance (Hadziyannis 2011, Liaw et al. 2009). New therapeutic approaches including 

inhibition of viral replication, therapeutic vaccinations and activation of the host’s innate and 
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adaptive immune response are being tested in order to eliminate infected cells and ultimately 

eradicate HBV (Grimm et al. 2013, Pourkarim et al. 2014, Shimizu 2012). 

1.1.1 HBV classification and replication cycle 

Discovered in 1967 by B.S. Blumberg, HBV is a noncytopathic, enveloped virus with a 

partially double stranded desoxyribonucleic acid (DNA) enclosed by an icosahedral capsid 

(Blumberg et al. 1967). HBV belongs to the genus of the orthohepadnaviruses within the 

family of the Hepadnaviridae replicating through reverse transcription of a ribonucleic acid 

(RNA) intermediate. HBV is classified into 8 genotypes (A–H) plus two tentative genotypes I 

and J that differ by at least 7.5 % of their genome, which again can be further subdivided into 

various subgenotypes (Pourkarim et al. 2014, Schaefer 2007). The HBV genome is ~3.2 kb in 

size and encodes for four genes in partially overlapping open reading frames (ORF) including 

regulatory elements for transcription (Rehermann et al. 2005) (Figure 1). The pre-C/core ORF 

encodes the hepatitis B virus core antigen (HBcAg) and the hepatitis B virus e antigen 

HBeAg. While HBcAg is required for formation of viral capsid and replication, HBeAg is not 

needed for infection or replication of HBV. The second ORF encodes the hepatitis B virus x 

protein (HBxAg), which is involved in HBV gene expression and replication. Furthermore 

HBxAg interacts with the host immune response as well as with the host gene expression 

hence promoting HBV pathogenesis (Feitelson et al. 2014). The preS/S ORF encodes for the 

large (L), middle (M) and small (S) surface envelope proteins (HBsAg) dependent on the 

respective initiation sites of pre-S1, pre-S2 or S. All surface proteins consist of the same 

carboxyl-terminal S domain but vary in the length of their amino-terminal domain.  

The different functions in HBV entry, morphogenesis and release of the envelope proteins  

are related to their transmembrane topology (Bruss 2007, Heermann et al. 1984, Pollicino et 

al. 2014). The fourth ORF encodes the viral polymerase, which is covalently linked to the 

full-length negative DNA strand. The polymerase is responsible for the genetic variability of 

HBV due to both its high replication capacity and error prone reverse transcriptase activity 

(Pollicino et al. 2014). 
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Figure 1: Overview of HBV virion and genome structure. (A) Schematic representation of 
the HBV virion consisting of a partially double stranded DNA linked to the viral polymerase, 
encapsidated by an icosahedral capsid of self-assembled core proteins which again is 
surrounded by an envelope containing the three related surface proteins S-, M- and  
L-protein. (B) Schematic representation of the HBV genome structure indicating the size and 
position of the HBV genes in the innermost circle. The full length minus strand is depicted as 
green circle, while the incomplete plus strand is depicted as orange circle in the middle. The 
outer circle depicts the overlapping open reading frames of the viral genes X, Pre C/C, P,  
Pre S1/Pre S2/S. (Pollicino et al. 2014) 

HBV has a very narrow host and cell tropism infecting only hepatocytes of humans, 

humanoid primates and tree shrews (Schieck et al. 2013, Walter et al. 1996). HBV virions are 

trapped on the surface of hepatocytes by interactions with heparan sulfate proteoglycans 

(Schulze et al. 2007). Attachment of the virion is mediated by the pre-S1 domain of the large 

envelope protein interacting specifically with the sodium taurocholate co-transporting 

polypeptide (NTCP) and leading via an yet unknown mechanism to internalization of the 

HBV virion in the hepatocyte (Leistner et al. 2008, Yan et al. 2012). Following entry, which 

might be mediated by clathrin dependent endocytosis or viral membrane fusion, uncoating 

and release of the capsid into the cytosol occurs (Huang et al. 2012, Liu et al. 2014). The 

capsid is able to bind to the nuclear pore and therefore allows the viral relaxed circular (rc) 

DNA to enter the nucleus, where the missing plus-strand is repaired with the help of the viral 

polymerase. Cellular polymerases ligate both DNA strands and convert the viral DNA to an 

episomal minichromosome in form of covalently closed circular (ccc) DNA. cccDNA serves 

as transcription template for four capped and polyadenylated messenger (m) RNAs  

(Nassal 2008, Urban et al. 2010). Following nuclear export, the three envelope proteins as 

well as HBxAg are translated from the subgenomic mRNAs, whereupon the envelope 

proteins are co-translationally translocated into the endoplasmatic reticulum (ER) membrane 
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(Bruss 2007). HBeAg, HBcAg and the polymerase are translated from greater-than-genome-

length mRNAs one of which that also serves as the template for replication. This pregenomic 

(pg) RNA is encapsidated together with the polymerase within the self-assembled capsid 

wherein after reverse transcription the plus-strand DNA synthesis takes place  

(Beck et al. 2007, Zlotnick et al. 1999). Some of the capsids are recycled to the nucleus in 

order to establish and maintain persistent infection by filling up the cccDNA pool, whereas 

other capsids bud into the ER via interaction with the large envelope protein and are secreted 

as matured virions via multivesicular bodies. DNA-free subviral particles as well as HBeAg 

on the other hand are secreted via the Golgi pathway (Bruss et al. 1995, Patient et al. 2009, 

Werle-Lapostolle et al. 2004). The replication cycle of HBV is depicted in Figure 2. 

The mature virion has a size of 42–47 nm is called after is discoverer Dane particle  

(Dane et al. 1970). Fast spread of HBV in the liver is enabled due to an estimated release of  

50–300 virions per day per infected hepatocytes in patients or more than 500 virions per day 

per infected primary human hepatocyte (Cohen et al. 2010, Quasdorff et al. 2008).  

Capsid-free non-infectious quasi-spherical or filamentous lipoprotein particles are released by 

secretion at a 1,000 to 10,000-fold higher concentration than the Dane particles. The superior 

number of these subviral particles is assumed to be advantageous for the virus by interacting 

with the host immune response (Bruss 2007, Kondo et al. 2013, Rehermann et al. 2005).  

The incidence of HBeAg and HBsAg as diagnostic markers of HBV during an acute hepatitis 

B infection is described in the chapter 1.1.2. 
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Figure 2: Schematic representation of the HBV replication cycle. The HBV virion enters 
the hepatocyte after unspecific and specific binding steps that are followed by endocytosis or 
fusion with the cell membrane to enable uncoating of the virion and release of the capsid into 
the cytosol. After transport of the capsid, the HBV genome is released into the nucleus where 
the rcDNA is repaired to cccDNA which serves as transcription template for pgRNA as well 
as messenger RNAs that are translocated into the cytosol where translation of the HBV 
polymerase, HBV x-protein, HBV core-protein, HBeAg and S-, M-, L-surface proteins takes 
place. Encapsidation of the pgRNA and polymerase enables reverse transcription to rcDNA 
resulting in the HBV capsid that either recycles back to the nucleus or buds into the 
endoplasmatic reticulum. Mature virions are secreted via multivesicular bodies, while subviral 
particles and HBeAg are secreted via the Golgi pathway. (cccDNA: covalently closed circular 
DNA, L: large, M: middle, pgRNA: pre-genomic RNA, rcDNA: relaxed circular DNA, S: small). 
(Jäger 2015) 
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1.1.1.1 HBcAg 

Self-assembly of HBcAg dimers forms icosahedral particles containing 180 or 240 protein 

subunits corresponding to the triangulation number (T) of T=3 or T=4 respectively  

(Crowther et al. 1994). The HBcAg monomer consists of an amino-terminal assembly domain 

(amino acid (aa) 1-140), a linker region (aa 141-146) and a carboxyl-terminal arginine-rich 

domain (ARD; aa 147-183), whereupon the latter is not required for assembly of the capsid 

(Chu et al. 2014) (Figure 3). In the assembled capsid, the amino- and carboxyl-terminal 

domains of the HBcAg monomers are arranged in two layers with the assembly domain on 

the outside and the ARD facing inwards the capsid (Yu et al. 2013). The assembly domain 

regulates assembly kinetics and capsid stability, whereas the ARD interacts with the viral 

DNA and is associated with nucleic acid chaperone activity (Chu et al. 2014, Tan et al. 2015). 

Mutations in the pre-C/core gene can result in alterations of the secondary amino acid (aa) 

structure and the tertiary protein structure as well as in changes of antigenicity and biological 

function of HBeAg and HBcAg (Wu et al. 2014). 

 

Figure 3: Schematic representation of the HBV core-protein. The numbers are amino 
acid positions. The dark grey box indicates the amino-terminal assembly domain. The light 
grey box indicates the linker region and the white box with + indicates the four arginine 
clusters in the arginine-rich domain. (Chu et al. 2014) 

HBcAg is both a T cell-dependent and T cell-independent antigen that is highly immunogenic 

and hence elicits a strong immune response in patients with an acute HBV infection  

(Chisari et al. 1995, Milich et al. 1986). HBcAg further binds to specific membrane 

immunoglobulin antigen receptors on B cells, which may take up, process and present HBcAg 

to naïve T cells (Milich et al. 1997). Moreover it is shown, that apoptosis of hepatocytes 

interrupts the viral life cycle resulting in the release of nonenveloped and noninfectious HBV 

capsids (Arzberger et al. 2010). Due to the self-assembly capacity and high immunogenicity 

of HBcAg during HBV infection in humans, HBcAg-based virus like particles are used  

as a vaccine carrier in order to present heterologous epitopes (Roose et al. 2013, Whitacre et 

al. 2009). 
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1.1.2 Clinical course of HBV infection 

Although the severity of HBV induced hepatitis B varies greatly from person to person,  

a general course of infection can be monitored via diagnostic markers (Ganem et al. 2004). 

While an acute hepatitis B is characterized by the presence of HBsAg, HBeAg and at later 

stages of anti-HBcAg antibodies, chronic infections are characterized by persisting HBsAg 

levels over more than six months (WHO 2014). 

 

Figure 4: Schematic representation of the serological and clinical course after acute 
HBV infection. The marker levels for ALT, HBsAg, HBeAg, IgM-anti-HBc, anti-HBs and 
HBV-DNA are shown for the acute hepatitis B and the transition from acute to chronic 
hepatitis B. (ALT: alanine aminotransferase). (Liaw et al. 2009) 

After HBV transmission, a nonsymptomatic incubation time of 1–6 months is observed in 

patients (Figure 4). During an acute phase of infection, HBV DNA levels rise according to 

viral spread in the liver. At the same time, seropositivity of HBeAg as marker of viral 

replication and HBsAg indicates infection that can be detected before the manifestation of 

clinical symptoms. IgM anti-HBcAg antibodies appear 1–2 weeks after the rise of HBsAg and 

persist until after anti-HBs seroconversion. One to six weeks after detection of HBsAg, a rise 

in serum of alanine aminotransferase (ALT) levels is detectable. ALT is a marker of 

Seminar
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disease. Testing for hepatitis B virus markers is mandatory 
for the detection and diagnosis of hepatitis B. Serological 
markers of hepatitis B are HBsAg and its 
antibody (antiHBs), HBeAg and its antibody (antiHBe), 
and immunoglobulins G and M antibody to hepatitis B 
virus core antigen (IgG antiHBc and IgM antiHBc). 
HBsAg seropositivity indicates infection, and HBeAg is a 
surrogate marker of viral replication with high hepatitis B 
virus DNA. HBsAg assays should be done in those at risk 
for hepatitis B infection, people with ALT elevation or 
evidence of liver disease, and anyone about to receive 
immunosuppressive treatment or chemotherapy.

The fi rst serological marker to appear in acute 
hepatitis B infection is HBsAg, usually 1–6 weeks before 
the manifestation of clinical symptoms. IgM antiHBc 
appears 1–2 weeks after HBsAg, and persists for up to 
6 months after HBsAg is cleared.23 Previously 
undiagnosed chronic HBsAg carriers with acute 
exacerbation of hepatitis B or superinfection with other 
hepatitis virus(es) presenting as clinical acute hepatitis, 
are seronegative for IgM antiHBc.24 Serum IgM antiHBc 
assay is, therefore, mandatory for the serodiagnosis of 
acute hepatitis B. HBeAg and hepatitis B virus DNA are 
present early during acute infection. Both markers 
usually disappear when serum ALT peaks, or soon 
thereafter, and before HBsAg seroclearance, which 
occurs within 1–2 months, and are followed by the 
appearance of antiHBs several weeks later (fi gure 1). 
Previous infection is diagnosed by the detection of 
antiHBc and antiHBs.23

Presence of HBeAg for more than 10 weeks indicates a 
high likelihood of transition to persistent infection. 

Persistence of serum HBsAg for more than 6 months 
implies progression to chronic infection. People with 
HBeAg-positive chronic infection usually have high 
levels of hepatitis B virus DNA, whereas serum 
concentrations are lower in patients with HBeAg-negative 
infection. Serial testing showing a hepatitis B virus DNA 
concentration of less than 2×10³ IU/mL and normal ALT 
values is needed to verify an inactive carrier state.25,26

Serum hepatitis B virus DNA assay is a direct measure 
of viral load. It is particularly useful for assessment of 
risk of disease progression and candidacy for antiviral 
therapy, monitoring treatment response, and to 
distinguish active hepatitis B from the inactive carrier 
state with other causes of high ALT. PCR-based assays, 
with high sensitivity and a wide dynamic range 
(10¹–10⁹ IU/mL), are the mainstay for measurement of 
hepatitis B viral load. WHO has established an 
international standard for hepatitis B virus quantifi cation 
units, in which 1 IU is equal to about fi ve genome 
equivalents.27 Assays for hepatitis B virus genotypes and 
mutations are available and becoming increasingly 
important in the clinical fi eld.

Natural history
The spectrum of acute hepatitis B infection ranges from 
asymptomatic infection to self-limited hepatitis, to 
fulminant hepatitis and it depends on various viral and 
host factors. Symptomatic hepatitis is rare in neonates 
(less than 1%) and occurs in about 10% of children 
1–5 years old.1,22 Fulminant hepatitis is very rare in 
paediatric patients, with most reported cases being in 
infants born to HBeAg-negative, HBsAg-carrier 
mothers.28 One proposed explanation is that the absence 
of HBeAg in maternal blood fails to induce immunological 
tolerance,29 thus allowing vigorous immune clearance of 
hepatitis B virus from the infant liver. A third of acute 
infections in adults are symptomatic,22 and fulminant 
hepatitis occurs in less than 1% of cases, with a mortality 
of about 70%. Fulminant hepatitis B is related to an 
enhanced immune response with rapid viral clearance, 
which means serum HBsAg and hepatitis B virus DNA 
might be undetectable at the time of clinical presentation, 
and the diagnosis is made only by the presence of serum 
IgM antiHBc.2

Resolution of hepatitis B with HBsAg seroclearance 
occurs in more than 95% of adult patients. However, 
small amounts of hepatitis B virus DNA can still be 
detected by PCR in serum and peripheral mononuclear 
cells years after recovery from hepatitis, indicating a 
state of occult infection.30 Hepatitis B can be transmitted 
via organ transplantation, and hepatitis B reactivation 
might occur under immunosuppressive treatment—or 
by chemotherapy in such cases.31 The risk of chronicity 
is correlated closely with the patient’s age at the time of 
infection. Infection persists in about 90% of infants 
infected at birth, 20–30% of children infected between 
the ages of 1 and 5 years, 6% of infection in children 
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Figure 1: Serological and clinical changes after acute hepatitis B virus (HBV) infection
Shaded bars indicate the duration of seropositivity in self-limited acute hepatitis B infection. Pointed bars indicate 
that HBV-DNA and HbeAg can become seronegative during chronic infection. Only IgG antiHBc is detectable after 
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hepatocellular injuries that is induced by a cytolytic immune response rather than by the  

non-cytopathic HBV (Guidotti et al. 1999). Decline of HBV DNA and HBeAg levels occur 

simultaneously with the peak of ALT levels. One to two months later, seroconversion from 

HBsAg to anti-HBs positivity signifies the recovery from acute HBV infection. The 

progression to chronic HBV infection is characterized by persistence of HBeAg  

(for > 10 weeks) and HBsAg (for > 6 months) that are followed by high viral loads as well as 

increased ALT levels (Liaw et al. 2009). 

1.1.3 Animal models used in HBV research 

Cell culture models are not sufficient to fully analyze the establishment of HBV infection, the 

subsequent anti-HBV immune response as well as to monitor the success of vaccines, 

therapeutic vaccinations and agents counteracting HBV infection, so that the use of animal 

models is inevitable for HBV research. Due to the narrow host tropism, besides humans only 

humanoid primates and tree shrews can be infected with HBV (Barker et al. 1973, Walter et 

al. 1996). However, studies in these animals are problematic because of high costs, 

difficulties in keeping of the animals or analyzing tools as well as ethical issues. Even though 

HBV-like viruses like the woodchuck hepatitis virus (WHV) and the duck hepatitis virus 

(DHV) could provide insights into HBV replication and immune pathology, these models are 

not satisfactory due to their differences in genome structure and replication cycle compared to 

HBV (Di et al. 1997, Roggendorf et al. 1995, Summers 1981). 

Mice are genetically well described as mammalian animal model and easy to handle at  

low-cost in the laboratory environment. Moreover, HBV can replicate in murine hepatocytes 

provided that the species barrier preventing the infection of the hepatocytes is overcome. 

Therefore, mouse models are advantageous to the previous described models of WHV and 

DHV (Guidotti et al. 1995). The species barrier of HBV is overcome by using HBV 

transgenic mice or by HBV genome delivery into immunocompetent mice via hydrodynamic 

injection (HDI), adenoviral (Ad) or Ad associated viral (AAV) gene transfer  

(Araki et al. 1989, Sprinzl et al. 2001, Warrington et al. 2006, Yang et al. 2002). Due to HBV 

replication from the integrated genome, transgenic mice are immunotolerant to HBV and 

therefore not able to clear HBV infection and moreover neither allow to study the 

establishment nor the viral dynamics of an acute HBV infection (Oberwinkler et al. 2005). 

Given that the infection in HDI mice is not easily reproducible and induces severe liver 

damage and that AAV/HBV1.2 vectors favor HBV persistence, a mouse model with Ad gene 
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transfer of the HBV genome (AdHBV) is used in this study in order to analyze the immune 

response during an acute, self-resolving HBV infection (Dembek et al. 2015, Huang et al. 

2006, von Freyend et al. 2011). 

1.1.3.1 AdHBV mouse model 

First-generation Ad vectors carry deletions in the regions of the early regions 1A (E1A), E1B 

and E3 in order to prevent Ad replication and immune evasion strategies (Blair et al. 2004, 

Windheim et al. 2004). The transgene is inserted into the E1 region of the Ad vector derived 

from Ad serotype 5 (Figure 5). Production of Ad vectors takes place in human  

embryonic kidney (HEK) 293 cells, in which replication of the Ad vector is enabled by  

trans-complementation of the E1 region (Zhang 1999). The Ad vector with the inserted 

transgene is encapsidated with seven Ad structural proteins, whereof the hexon and the fiber 

capsid proteins are the major antigenic determinants of the Ad virion (Kinloch et al. 1984). 

After harvesting and purification, the Ad particles can then be injected intravenously into 

mice for liver-directed gene transfer (Benihoud et al. 1999, Hegenbarth et al. 2000). 

 

Figure 5: Schematic representation of the AdHBVx- vector construct. First-generation 
adenoviral vector derived from Ad5 with deletions Δ in the early regions of E1A, E1B and E3. 
The HBV1.3-fold-overlength genome of HBV contains a stop codon in the open reading 
frame of HBxAg and is inserted into the region of ΔE1A/E1B. (Ad5: adenovirus type 5).  
(von Freyend et al. 2011) 

Using the AdHBV mouse model, the murine liver is transduced with an Ad vector containing 

a replication competent 1.3-fold-overlength genome of HBV, that is organized as extra-

chromosomal template similar to cccDNA in infected human hepatocytes (Sprinzl et al. 2001, 

Untergasser et al. 2006, von Freyend et al. 2011). In presence of hepatic transcription factors, 

HBV replication takes place and HBV particles are released from the murine hepatocytes 

(Quasdorff et al. 2008). Furthermore, peaks of HBsAg and HBeAg as well as elevated ALT 

levels, which are followed by a cellular and humoral immune response, show the 
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characteristic features of an acute HBV infection. Due to differences in the NTCP receptor 

between human and mice, HBV cannot spread in mouse livers resulting in a self-revolving 

infection (von Freyend et al. 2011, Yan et al. 2013). Therefore, the AdHBV mouse model is a 

valuable tool for investigating the role of different immune modulators during HBV infection 

(Stross et al. 2012). In this thesis, AdHBVx- with a stop codon in the ORF of HBxAg, that 

does not affect HBV replication in mice, is used in order to induce the acute phase of HBV 

infection (von Freyend et al. 2011). 
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1.2 Immune response against HBV 

The immune response against pathogens like HBV is composed of an innate immune 

response and an adaptive immune response. The innate immune response is triggered directly 

after the first contact with the virus and is furthermore important for both controlling the 

spread of the infection and initiating the development of the adaptive immune response. The 

adaptive immune response is composed of a cellular and humoral immune response that 

results in clearance of the HBV from the host and in the establishment of memory immune 

cells preventing further infections with HBV. Dysfunction and obstruction of the immune 

response result in a failed elimination of HBV and a subsequent persistent infection 

(Bertoletti et al. 2013, Murphy 2011). The following is focused on the immune response 

during the acute HBV infection. 

The viral inoculum influences the outcome of the HBV infection with regard to kinetics of 

viral spread and immunological priming. A weak induction of the innate immune response is 

associated with a following weak induction of the adaptive immune response against HBV 

infection, which favors viral persistence (Asabe et al. 2009, Bauer et al. 2011). Recently, the 

role of the innate immune response against HBV infection was re-evaluated due to findings 

that HBV actively induces immunosuppression and that HBV does not evade the innate 

immune response by acting as a stealth virus (Busca et al. 2014, Wieland et al. 2005). 

Activation of the innate immune response is thought to be achieved by pattern-recognition 

receptors (PRR), including the toll-like receptors (TLR), which induce pro-inflammatory 

cytokines in the infected cell via signaling cascades mediated by the production of nuclear 

factor kappa-light chain-enhancer of activated B cells (NF-κB) (Akira et al. 2006, Isogawa et 

al. 2005b). Secretion of type I and type II interferons (IFN) as well as other cytokines 

including interleukin (IL)-6, IL-12, IL-18 and tumor necrosis factor (TNF) α are observed by 

infected cells as well as by immune cells, resulting in an antiviral immune response 

controlling the replication of HBV (Bauer et al. 2011, Busca et al. 2014). This antiviral 

response is counteracted by the HBV proteins polymerase, HBxAg, HBeAg, HBsAg as well 

as by virions that interfere with the host cell signaling (Bertoletti et al. 2013, Busca et al. 

2014, Wu et al. 2009). Moreover, HBeAg may modulate the respiratory burst and migration 

of monocytes and neutrophils (Leu et al. 2014). Furthermore, immunosuppressive strategies 

of HBV are supported by secretion of anti-inflammatory cytokines like IL-10 (Hyodo et al. 

2004). 
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Secretion of type I IFNs recruits dendritic cells (DC) as well as other antigen presenting cells 

(APC), which consecutively recruit inflammatory cells to the liver as site of infection. In 

addition, DC prime effector T and B cells via presentation of HBV derived peptides in order 

to inhibit HBV replication (Kimura et al. 2002). Presence of HBV or HBsAg during myeloid 

DC (mDC) maturation is shown to result in a more tolerogenic mDC phenotype and thus 

reduced T cell stimulation (Op den Brouw et al. 2009). Plasmacytoid DC (pDC) fail to induce 

cytolytic activity of natural killer (NK) cells, presumably due to high levels of HBeAg and 

HBsAg (Martinet et al. 2012). Furthermore, NK cells and natural killer T (NKT) cells are 

thought to sense HBV infection (Durantel et al. 2009, Gregoire et al. 2007, Trobonjaca et al. 

2002). The kinetics of NK and NKT cells are faster than of HBV specific  

T cell and decline with the viral load indicating the timely induction of the adaptive immune 

response (Fisicaro et al. 2009, Webster et al. 2000). 

During an acute HBV infection, B cells contribute to viral clearance via production of 

neutralizing anti-HBsAg antibodies. HBV specific CD4+ and CD8+ T cell responses are 

multispecific and polyfunctional. Therefore, noncytopathic cytokine mediated inhibition of 

viral replication as well as killing of infected hepatocytes are induced whereupon resolution 

of the acute HBV infection is achieved (Guidotti et al. 1996, Guidotti et al. 1999, Rehermann 

et al. 2005). The establishment of HBV persistence otherwise is associated with defective T 

cell function due to long-term exposure to high quantities of viral antigen and by the 

tolerogenic environment of hepatocytes (Maini et al. 2010). Moreover, Tregs are shown to 

actively suppress the immune response against HBV infection, counteracting liver injuries 

and in return prolong clearance of HBV (Franzese et al. 2005, Stross et al. 2012). Previous 

studies also showed that the ablation of the cluster of differentiation (CD) 95 pathway of 

apoptosis prevents the induction of the anti-HBV immune response by deficient priming of 

HBV specific B cells and T cells (Arzberger 2009). 

1.2.1 NK and NKT cells 

NK cells are an early effector component of the innate immune system that are activated in 

response to IFNs and other cytokines that are secreted by DC and macrophages. NK cells 

possess cytoplasmic granules containing cytotoxic granzymes and the pore forming protein 

perforin, which after release onto the cell surface induce the lysis or apoptosis of the target 

cells (Bryceson et al. 2008). ‘Altered self’ changes of the expression of major 

histocompatibility complex (MHC) class I molecules, which is ubiquitously expressed on all 
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nucleated cells, indicate that the cells are stressed due to infection, are sensed by NK cells and 

hence lead to the killing of the infected cell. Removal of harmful cells missing MHC class I is 

important because they cannot be detected by T cells (Karre 2008). Moreover, NK cells exert 

their antiviral activity through immunoregulatory cytokines such as IFNγ, TNFα and IL-10 or 

by cell mediated cytotoxicity that induces liver damage. NKT cells express a T cell receptor 

recognizing glycolipid antigens that are presented by the MHC-like molecule CD1. Antigen 

stimulation of NKT cells results in rapid cytokine secretion including IFNγ and IL-10 

(Bendelac et al. 2007, Nakagawa et al. 2001). As highly heterogeneous effector cells,  

NKT cells serve immune and regulatory functions by inducing liver damage and hence 

removing of the virus from the host (Li et al. 2011). 

NK and NKT cells are very abundant in the human and murine liver with 10–20 % and 50 % 

of total murine intrahepatic lymphocytes for NK cells and NKT cells respectively, which 

therefore can exert their antiviral functions without prior recruitment to the liver  

(Kakimi et al. 2000, Li et al. 2011, Tian et al. 2013). Moreover, their activity initially controls 

the acute HBV infection and enables timely and efficient induction of the adaptive immune 

response (Fisicaro et al. 2009, Zeissig et al. 2012). 

1.2.2 Antigen presenting cells 

In order to prime and activate lymphocytes, antigen presentation as well as expression of  

co-stimulatory molecules is required. Professional APC like B cells, DC and macrophages can 

efficiently internalize and present antigens for T cell priming. DC are thought to be the most 

important APC initiating the adaptive immune response via priming of T cells, whereas the 

antigen presenting function of macrophages and B cells is needed at another time during 

infection, when T cells have acquired effector activities (Lazdina et al. 2003, Murphy 2011, 

Pozzi et al. 2005). 

Activation of PRR and cytokines activate DC after capturing and procession of exogenous 

infectious agents and inflammatory products at the site of infection. Thereupon, DC migrate 

to the lymph nodes and spleen as local lymphoid organ, where DC mature into highly active 

APC. Antigen presentation by mDC activates naïve T cells that recirculate through the 

peripheral lymphoid tissues, as well as cytolytic CD8+ T cells, CD4+ helper T cells and  

B cells that reenter the circulation in order to execute their effector function at the site of 

infection. pDC on the other hand sense viral infections and produce high amounts of  
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type I IFNs that have antiviral potential and furthermore support the activation of cells of the 

innate and adaptive immune system (Banchereau et al. 1998, Lambotin et al. 2010). 

Macrophages and B cells process and present exogenous antigens and interact with already 

primed effector CD4+ T cells. Macrophages scavenge pathogens and subsequently recruit 

IFNγ producing CD4+ T cells by antigen presentation. B cells are very efficient in taking up 

and internalizing extracellular antigens via receptor mediated endocytosis resulting in antigen 

presentation to CD4+ T helper cells that stimulate the differentiation of B cells into antibody 

producing plasma cells. The secretion of high quantities of antigen specific antibodies is an 

important part of the adaptive immune response during the course of infection  

(Constant 1999, Watts 2012, Whitmire 2011). 

During HBV infection, DC as well as liver resident macrophages (Kupffer cells), liver 

sinusoidal endothelial cells (LSEC) and hepatocytes act as intrahepatic APC. These cells, 

however, rather contribute to the tolerogenic hepatic microenvironment by acting as 

scavenger cells and actively modulating the immune response (Knolle et al. 2014). 

1.2.2.1 Mechanisms of antigen presentation 

In order to activate antigen specific immune responses during an infection, self or non-self 

antigens in form of peptides need to be presented to T cells and B cells by the MHC class I or 

class II molecules. Endogenous antigens derived from viral proteins that are degraded by the 

proteasome, are translocated into the ER by the transporter associated with antigen processing 

(TAP). After assembly of the MHC class I molecule with the peptide, the peptide-MHC  

class I complex is released from the ER and transported via the Golgi pathway to the cell 

surface for antigen presentation to CD8+ T cells. The peptide-MHC class I complex is 

recognized specifically by the T cell receptor (TCR) of effector CD8+ T cells, which induce 

cell death of the infected cell and cytokine secretion after binding to the complex (Malmstrom 

et al. 2013, Neefjes et al. 2011) (Figure 6A). 

The MHC class II molecule is mainly expressed on professional APC and is used for 

presentation of extracellular antigens taken up via phagocytosis, receptor mediated 

endocytosis or macropinocytosis into vesicles. MHC class II molecules assemble in the ER 

with the invariant chain (Ii) to the MHC class II loading compartment (MIIC). MIIC is 

transported to the late endosome, where Ii is replaced by a peptide that is derived from an 

exogenous protein degraded in the endosomal pathway. The peptide-MHC class II complex is 
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then transported to the cell surface in order to present the peptide to effector CD4+ T cells that 

either activate the presenting cell to kill the pathogen or activate B cells for antigen specific 

antibody production (Malmstrom et al. 2013, Neefjes et al. 2011). 

 

Figure 6: Schematic representation of the antigen presentation pathways.  
(A) Classical antigen presentation of endogenous antigens on the MHC class I molecule to 
CD8+ T cells and presentation of exogenous antigens on the MHC class II molecule to  
CD4+ T cells. (B) Cross-presentation of exogenous antigen on the MHC class I molecule to 
CD8+ T cells. (MHC: major histocompatibility complex). (Malmstrom et al. 2013) 

In addition to the classical antigen presentation pathways, an alternative pathway of antigen 

presentation exists, where extracellular antigens taken up by phagocytosis are presented on 

MHC class I molecules to effector CD8+ T cells in a process called cross-presentation. Here, 

the MHC class I molecule is transported to the endosomal pathway where it can be loaded 

with peptides degraded in the endosomal pathway (Joffre et al. 2012) (Figure 6B). Aside from 

DC, B cells and macrophages, but also LSEC are also able to cross-present exogenous 

peptides on their MHC class I molecules to CD8+ T cells (Debrick et al. 1991, Heit et al. 

2004, Limmer et al. 2000).  

1.2.2.2 Variety of MHC molecules 

The genetic organization of the MHC in human and mouse is similar with separate clusters of 

MHC class I and class II genes. In this work, the focus will be on MHC class I alleles of the 

human leukocyte antigen (HLA)-A2 and the murine H-2Kb. The HLA-A2 haplotype is 

chosen due to its prevalence in the human population, whereas the H-2Kb haplotype is 

expressed by the popular C57BL/6 inbred strain that is widely used in mouse models in our 
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laboratory. The genetic polymorphism and polygyny of MHC molecules are responsible for 

the expression of diverse MHC molecules that show different affinities for the same peptide 

between individuals (Gao et al. 2000, Murphy 2011). Screening of a panel of overlapping 

peptides, which span the aa sequence of viral antigens, are used to identify peptides binding to 

a certain MHC molecule that subsequently enables the readout of antigen specific CD8+ T cell 

responses (Penna et al. 1991). 

1.2.2.3 HBV epitopes 

Monitoring of T cell responses during an infection and the further identification of epitopes 

allow the understanding of the in vivo immune response and the design of novel 

immunotherapeutic strategies like antigen specific vaccines (Bercovici et al. 2000, Gajewski 

2000). In order to monitor antigen specific CD8+ T cell responses, single peptides, peptide 

pools consisting of overlapping peptides or carbamylated (urea modified) proteins can be used 

(Barabas et al. 2008, Desmond et al. 2008, Penna et al. 1991). While single peptides are 

loaded exogenously onto MHC molecules, carbamylated proteins are naturally processed and 

presented on MHC molecules and moreover display the functionality and the ability for cross-

presentation of the APC (Barabas et al. 2008). 

The site of an antigen, which is recognized by an antibody or an antigen receptor, like a  

TCR or a B cell receptor (BCR), is called epitope. B cell epitopes are composed of  

three-dimensional protein structures, whereas T cell epitopes are immunogenic peptides of 

different lengths (Murphy 2011). HBV T cell epitopes from HBcAg or HBsAg, that are 

described as immunodominant in HLA-A2+ humans, are HBV_C18 (FLPSDFFPFV), 

HBV_S20 (FLLTRILTI) as well as the peptide pools HBc P4 and HBs P1  

(Desmond et al. 2008), whereas for H-2Kb+ DNA immunized or HBV transgenic mice the 

epitopes HBV_C93 (MGLKFRQL), HBV_S190 (VWLSVIWM) and HBV_S208 

(ILSPFLPLL) (Backes et al. submitted, Kuhober et al. 1996, Schirmbeck et al. 2003a) are 

described. The detection of activated T cells is performed after intracellular cytokine staining 

(ICS) and flow cytometry measurement of ex vivo peptide stimulated lymphocytes. 

Computational epitope prediction methods are used to supplement limited experimental data, 

which results from the diversity of both MHC molecules and peptide epitopes  

(Bordner 2013). Epitope prediction software contain machine learning algorithms that make 

use of sequence or binding affinity data entered in the database in order to do binding 
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prediction for epitope discovery (Lundegaard et al. 2010, Roomp et al. 2010). In this thesis, 

epitope prediction is based on the database of SYFPEITHI (Rammensee et al. 1999), the 

Immune Epitope Database and Analysis Resource (IEDB) (Peters et al. 2005) and netMHC 

(Lundegaard et al. 2008). SYFPEITHI contains mapped epitopes and naturally processed 

peptides, whereas the bigger IEDB database contains additional peptide binding data and also 

annotates the immunogenic context of the epitopes. netMHC uses affinity data and elution 

data from the before mentioned databases and is rated among the best predictors available 

(Lin et al. 2008). 

1.2.3 CD4+ T cells and CD8+ T cells 

The adaptive immune response consists of antigen specific antibody production mediated by 

B cells and further by T cells, which aim to fight and finally eliminate HBV by various 

effector functions. Since T cells are not able to recognize pathogens, they rely on the 

presentation of pathogen derived peptides via APC. After contact with antigen presenting DC 

in the lymphoid tissue, naïve T cells are activated to undergo clonal expansion and 

differentiate into effector CD4+ T cells and CD8+ T cells that are recruited to the site of 

infection. These T cells carry a TCR with specificity for a certain antigen in form of a peptide 

that is presented on MHC molecules. An immunological synapse is formed upon interaction 

between the peptide-MHC complex on the cell presenting the antigen and the TCR as well as 

the CD4 or CD8 co-receptor of the T cell, thus resulting in subsequent T cell signaling 

(Murphy 2011). However, TCR binding degeneracy allows cross-reactivity of T cells, where 

numerous peptides are thought to be recognized by one T cell in order to cope with the vast 

number of potential foreign peptide-MHC complexes (Sewell 2012). 

CD4+ T cells comprise several subsets of functionally different effector T cells including 

among others T helper (TH) 1 cells activating macrophages and thus supporting cell mediated 

immune response, TH2 cells inducing B cell differentiation into antibody producing plasma 

cells and Tregs executing immune regulatory functions that are described further in 1.2.4 

(Whitmire 2011). CD8+ T cells are also called cytotoxic T cells (CTL) due to their abilities to 

induce killing of infected cells via perforin/granzyme or Fas mediated apoptosis. Along with 

their cytotoxic abilities, CD8+ T cells exert antiviral functions in a noncytopathic way via 

secretion of cytokines like IFNγ and TNFα (Guidotti et al. 1996). Interaction of T cell 

activation markers like CD137 and CD134 with their respective ligands on APC, enhance  

T cell survival and proliferation, which is also supported by IL-2 cytokine secretion  
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(Taraban et al. 2002). On the contrary, sustained presence of antigen results in T cell 

exhaustion characterized by failing cytokine production and expansion as well as loss of 

cytolytic activity (Bauer et al. 2011). 

During the course of an acute HBV infection large quantities of virus are eliminated via 

noncytopathic cytokine secretion of HBV specific CD8+ T cells preceding the induction of 

liver damage. This consecutively recruits many antigen nonspecific mononuclear cells that 

amplify the formation of necroinflammation (Guidotti et al. 1999, Sitia et al. 2004). Like 

CD4+ T cell dependent B cell responses, CD4+ T cells are required to promote strong and 

multispecific CD8+ T cell responses that are associated with resolution of the HBV infection 

(Rehermann et al. 2005). 

1.2.4 Tregs 

CD4+ CD25+ Foxp3+ Tregs are a functionally distinct subpopulation of CD4+ T cells that 

suppress and mitigate effector T and B cell function as well as that of DC, NK cells and NKT 

cells. Moreover, Tregs maintain tolerance to self-antigens in order to prevent autoimmunity 

and enhancement of the host defense (Billerbeck et al. 2007, Manigold et al. 2007).  

The transcription factor forkhead box protein 3 (Foxp3) is a master control gene for the 

generation and function of Tregs. Foxp3 expressing natural Tregs (nTreg) originate from the 

thymus, whereas Tregs with induced Foxp3+ expression (iTreg) derive from mature naïve 

CD4+ T cells in the periphery. Natural Tregs act synergistically with overlapping effector 

functions and represent 5–10 % of the human or murine CD4+ T cell population  

(Haribhai et al. 2011, Sakaguchi 2005). 

Tregs were originally characterized among CD4+ T cells by their expression of the alpha 

chain of the IL-2 receptor (CD25). Later it was shown that mature T and B lymphocytes also 

express CD25 upon activation, what is crucial for their survival and function  

(Willerford et al. 1995). The TCR diversity of Tregs is larger than that of effector T cells 

resulting in a bias of Tregs for self-peptides (Hsieh et al. 2004). Tregs exert their suppressive 

activity by expression of the anti-inflammatory cytokines transforming growth factor  

(TGF) β, IL-10, IL-35 and galectin 1 as well as by cytolysis, targeting DC, competition for 

critical cytokines or metabolic disruption (Caridade et al. 2013, Veiga-Parga et al. 2013). 

Dysfunction of Tregs leads to several autoimmune or inflammatory disorders  

(Sakaguchi 2004). 
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Tregs counteract liver damage and actively suppress HBV specific T cell functions indicating 

their anti-inflammatory role during an acute HBV infection at the cost of prolonged viral 

clearance (Bertoletti et al. 2013, Stross et al. 2012). The role of Tregs in the development of a 

persistent HBV infection remains elusive (Billerbeck et al. 2007). Furthermore, depletion of 

Tregs results in an increase of HBV specific T cell proliferation in chronic hepatitis B patients 

(Stoop et al. 2005). In acute hepatitis B patients increasing numbers of circulating Tregs are 

only detectable during the convalescent phase, whereby Treg numbers are restored to normal 

levels upon resolution of infection (Yang et al. 2007). Moreover, HBV antigen specific Tregs 

are observed in acutely infected patients (Xu et al. 2006). Although Tregs are thought to play 

a critical role in priming of the immune response, only little is known about Tregs during the 

acute phase of HBV, which is also due to the lack of adequate models or the availability of 

liver biopsies of acutely infected patients (Alatrakchi et al. 2009, Pace et al. 2012). 

Accordingly, the mechanisms by which Tregs influence the immune response against HBV 

still need to be further elucidated. 

1.2.5 IL-10 

The anti-inflammatory cytokine IL-10 was first discovered in 1989 as the cytokine synthesis 

inhibitory factor (CSIF) from TH2 cells (Mosmann et al. 1990). Nowadays, it is known that 

IL-10 excites multiple immunoregulatory effects and thereby plays a crucial role in 

preventing inflammatory and autoimmune pathologies. Several cells of the innate and 

adaptive immune system express IL-10 including NK cells, NKT cells, monocytes, 

macrophages, DC, T and B cells as well as Tregs (Sag et al. 2014, Saraiva et al. 2010, 

Shouval et al. 2014). In mice, IL-10 deficiency is described as the cause for the development 

of inflammatory bowel disease and microbial colonization of the gut (Sellon et al. 1998).  

By signaling through the IL-10 receptor, IL-10 regulates growth and differentiation – amongst 

others – of B cells, NK cells, DC, cytotoxic and helper T cells (Moore et al. 2001). During 

infection, the effect of IL-10 by suppressing DC and macrophage function results in impaired 

TH1 and TH2 effector functions. The suppressive effects of IL-10 are thought to be 

irrespective of the cell producing this cytokine, due to the potential of IL-10 producing cells 

to regulate each other (Couper et al. 2008). Though, the timing and site of IL-10 production 

are crucial to determine the immunoregulatory impact of IL-10 (Couper et al. 2008, Rouse et 

al. 2010). Moreover, the strength of the regulatory IL-10 response, which is mediated by 

various cell types, is claimed to reflect the preceding inflammatory response during an 
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infection (Couper et al. 2008). In recent years, the limitations of experimental tools in the 

detection of IL-10 in single cells are attempted to be overcome e.g. by the generation of the 

IL-10 β-lactamase (Bla) reporter (ITIB) mouse that allows the specific detection of IL-10 

production levels even at low concentrations in different cell populations of the innate and 

adaptive immune system (Bouabe 2012, Muris et al. 2012). The ITIB mouse was generated 

by homologous recombination mediated insertion of two copies of internal ribosome entry 

side (IRES)-bla cassette at the end of the last exon of IL-10 and before the 3’ polyadenylation 

signal of the IL-10 gene (Bouabe et al. 2011). 

During the acute HBV infection, elevated IL-10 levels occur at the peak of viremia coinciding 

with the transient inhibition of NK and T cell responses (Dunn et al. 2009, Keating et al. 

2014). Furthermore, IL-10 expression is also associated with the presence of HBeAg and 

HBsAg in the liver or HBcAg stimulation of peripheral blood mononuclear cells (PBMC) 

(Bertoletti et al. 2013, Hyodo et al. 2004). Moreover, IL-10 was shown to be necessary for 

the humoral tolerance that is initiated by Kupffer cells (Xu et al. 2014). Since IL-10 acts in 

multiple ways, its anti-inflammatory influence, that potentially counteracts tissue damage and 

pathogen clearance during HBV infection, will be an object of further investigations. 
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1.3 Aim of this thesis 

My work aims to contribute to the further understanding of immunological basics during 

HBV infection that would provide crucial knowledge for the establishment of new therapy 

strategies in the future. In particular I have investigated three different but related aspects of 

this process. Previous studies have shown that non-enveloped HBV capsids are released if 

apoptosis is induced and that ablation of the CD95 pathway of apoptosis prevents the 

induction of an anti-HBV immune response (Arzberger et al. 2010). Furthermore, HBV 

capsids are shown to directly stimulate B cells more efficiently than macrophages or DC 

(Milich et al. 1997). The aim of the first part of this thesis was therefore to examine the 

potential of HBV capsids, which are taken up and presented by B cells, in T cell priming. This 

hypothesis was tested by an in vitro co-culture study of T cells with capsid stimulated B cells, 

macrophages and DC. 

Monitoring of T cell responses requires precise knowledge of immunodominant specific 

epitopes. Using the mouse model of self-limiting AdHBVx- infection, T cell epitopes are 

required that accurately separate HBV specific T cell responses and Ad specific T cell 

responses. Such epitopes have not yet been defined although they are important in order to 

analyze immune responses in this model (von Freyend et al. 2011). The second aim of my 

thesis was therefore to identify Ad and HBV specific T cell epitopes in AdHBVx- infected 

mice. Determination of immunodominant epitopes was performed by testing of peptide pools 

as well as by screening of epitope predicted peptides from HBcAg, HBsAg or the Ad hexon 

protein. 

The immunosuppressive environment of the liver prevents massive tissue damage during 

HBV infection in order to maintain organ function (Protzer et al. 2012). The mechanism how 

the HBV specific immune response is counteracted remains elusive, but it is hypothesized that 

the cytokine IL-10 that is expressed in vast amounts early during AdHBVx- infection  

(von Freyend et al. 2011) plays an important role in the anti-inflammatory response. In order 

to overcome the difficulties of IL-10 detection, a new IL-10 reporter mouse was used in this 

thesis, which allows monitoring of the kinetic of IL-10 production by various leukocyte 

populations during acute AdHBVx- infection (Bouabe et al. 2011). Since Tregs counteract the 

HBV specific immune response by mitigating the immune mediated liver damage as well as  

T cell effector functions (Stross et al. 2012), the aim of the third part of this thesis is to further 

investigate the regulatory role of Tregs in the establishment of the anti-HBV immune 
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response. An IL-10 reporter mouse was used, which enables the detection of IL-10 production 

by Tregs and of other cells of the innate and adaptive immune response during the course of 

an acute AdHBVx- infection. Furthermore, a mouse model was established, which allows 

examining IL-10 production levels in presence and absence of Tregs during an acute 

AdHBVx- infection. Restoration of Treg mediated effects on the anti-HBV immune response 

in Treg depleted mice are examined during an adoptive Treg transfer experiment. 
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2 Material and methods 

2.1 Material 

The materials were part of the inventory of AG Protzer, Institute of Virology, TUM unless 

indicated otherwise. 

2.1.1 Instruments 

Table 1: Instruments used during this thesis. 
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2.1.2 Software 

Table 2: Software used during this thesis. 
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2.1.3 Consumables 

Table 3: Consumables used during this thesis. 
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2.1.4 Chemicals and reagents 

Table 4: Chemicals and reagents used during this thesis. 
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2.1.5 Buffers 

Table 5: Buffers used during this thesis. 
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2.1.6 Medium and supplement consumables 

Table 6: Medium and supplement consumables used during this thesis. 
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2.1.7 Medium for human cells 

Table 7: Medium for human cells used during this thesis. 
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2.1.8 Medium for murine cells 

Table 8: Medium for murine cells used during this thesis. 

 

2.1.9 Antibodies 

Table 9: Fluorescent-labeled antibodies and reagents for human samples used during 
this thesis. 

 



Material and methods
 

46 

Table 10: Fluorescent-labeled antibodies and reagents for murine samples used 
during this thesis. 

 

2.1.10 Peptide-MHC multimers 

Table 11: Peptide-MHC multimers used during this thesis. H2-kb restricted  
peptide-MHC class I multimers were used for ex vivo labeling of murine lymphocytes. 
All HBV derived multimers were obtained from working group Busch, whereas the AFP-MHC 
multimer was derived from IBA. Peptide-MHC multimers were used at 0.4 µg/50 µl for 
labeling with Streptactin-PE. 
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2.1.11 Kits 

Table 12: Kits used during this thesis. 

 

2.1.12 Peptides and full proteins 

Table 13: Previously described peptides used for ex vivo stimulation of murine 
lymphocytes or for stimulation of human APC in co-culture study. 

 

Carbone et al. 1992, Moutaftsi et al. 2006) 

Table 14: Proteins used for stimulation of human APC during co-culture study. 
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Table 15: HBcAg derived peptides and peptide pools used for ex vivo stimulation of 
murine lymphocytes. Origin of peptides and peptide pools are indicated by numbers:  
1 = Thinkpeptides; 2 = Immunmonitoring HelmholtzZentrum Munich; 3 = Peptide& Elephants. 
Peptides of pools were used with different concentrations: HBc P1 to P3 with 2 µg/ml;  
HBc P4 to P7 with 8 µM/ml each. (HBc P = HBcAg derived peptide pool, HBc # = HBcAg 
derived peptide). 
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Table 16: Ad Hexon derived peptides and peptide pools used for ex vivo stimulation of 
murine lymphocytes. Origin of peptides and peptide pools are indicated by numbers:  
3 = Peptides&Elephants. Peptides were used at 8 µM/ml each. (AdH P = Ad hexon derived 
peptide pool, AdH # = Ad hexon derived peptide). 

 

Table 17: HBsAg derived peptide pools used for ex vivo stimulation of murine 
lymphocytes. Origin of peptides and peptide pools are indicated by numbers:  
2 = Immunmonitoring HelmholtzZentrum Munich; 3 = Peptides&Elephants. Peptides were 
used at 8 µM/ml each. (HBs P: HBsAg derived peptide pool). 

 

2.1.13 Primers and PCR conditions for qPCR analysis 

Table 18: Forward (fwd) and reverse (rev) primers for qPCR synthesized by Invitrogen. 
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Table 19: Cycling conditions for the LightCycler480. 

 

 

2.1.14 Primers and PCR conditions for ITIB and DEREG/ITIB genotyping 

Table 20: Fwd and rev primers for PCR synthesized by Invitrogen. 

 

Table 21: Cycling conditions for the thermocycler. 
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2.1.15 Mouse lines 

All mice were bred and kept in the animal facilities of the institute of virology or of the 

Helmholtz Zentrum Munich unless indicated otherwise. 

2.1.15.1 Wild type mice 

C57BL/6 mice are an inbreed strain with the H2-kb MHC allele. C57BL/6 mice were 

obtained from Charles River Laboratories or Harlan Laboratories and were used as wild type 

mice. 

CD45.1 mice are congenic mice on C57BL/6 background, which carry the leukocyte marker 

CD45.1. CD45.1 mice were obtained from in-house breeding and used as wild type mice. 

2.1.15.2 DEREG mice 

Depletion of regulatory T cells (DEREG) mice have a C57BL/6 background and furthermore 

carry a bacterial artificial chromosome (BAC) that enables the detection and inducible 

depletion of Tregs with diphtheria toxin (DT). DEREG mice are heterozygous for the 

diphtheria toxin receptor (DTR) and enhanced green fluorescent protein (eGFP) under control 

of the Treg specific FOXP3 promoter (Lahl et al. 2007). In order to prevent sterile offspring, 

DEREG mice were bred by using male DEREG mice and female C57BL/6 mice. A protocol 

for screening of the heterozygous offspring is described in 2.2.3.3. During this thesis,  

DEREG mice were exclusively used for crossbreeding with ITIB mice in order to obtain 

DEREG/ITIB mice. 

2.1.15.3 ITIB mice 

IL-10–Bla reporter (ITIB) mice are transgenic mice with C57BL/6 background that enable the 

detection of IL-10 on single cell level in all lymphoid and myeloid cells. The ITIB mouse was 

generated by homologous recombination mediated insertion of two copies of internal 

ribosome entry side (IRES)-bla cassette at the end of the last exon of IL-10 and before the  

3’ polyadenylation signal of the IL-10 gene.  

For the reporter reaction, cells are loaded with the lipophilic, esterified form of the substrate 

coumarin-cephalosporin-flourescin-acetoxymethyl (CCF4-AM) that enters the cells 

efficiently. Cytoplasmic esterases hydrolyze the ester groups of CCF4-AM and release the 
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negatively charged form CCF4 that is trapped in the cytosol. Excitation of the CCF4 at  

405 nm allows for sensitive detection of the fluorescence resonance energy transfer (FRET) 

from the coumarin donor to the flourescin acceptor, which emits green light at 520 nm.  

Bla activity cleaves CCF4 to CCF4* thus separates the two fluorophores resulting in the 

disruption of FRET and the emission of blue light at 447 nm. The amount of the substrate 

CCF4 and the cleaved product CCF4* can be measured via flow cytometry in the green and 

blue channel respectively (Bouabe et al. 2011, Held 2007). Mice were obtained originally 

from Hicham Bouabe, Babraham Institute in Cambridgeshire and used for experiments and 

in-house crossbreeding with DEREG mice in order to obtain DEREG/ITIB mice. 

2.1.15.4 DEREG/ITIB mice 

DEREG/ITIB mice are a newly crossbred transgenic mouse strain with combined features of 

DEREG and ITIB mice enabling the inducible depletion of GFP+ Tregs and the detection of 

IL-10 via the Bla reporter reaction (see 2.1.15.2 and 2.1.15.3). The DEREG/ITIB mice are 

heterozygous for the DTR-eGFP BAC and homozygous for the IL-10–Bla reporter enzyme. 

DEREG/ITIB mice were obtained from in-house crossbreeding by using a male DEREG/ITIB 

and a female ITIB mouse in order to avoid sterile offspring. 

2.1.16 Ad vectors 

Recombinant adenoviruses expressing HBV and variants, that were used in this thesis, are 

based on the Gateway/AdEasy pENTR system from Invitrogen (see Table 22). The Ad vector 

is derived from adenovirus type 5 (Ad5) and carries deletions in the region encoding for the 

Ad proteins E1 and E3 disabling Ad replication and interaction with the host immune 

response. The insert is inserted into the deleted E1 region. Linearized Ad vectors are 

transfected into human embryonic kidney (HEK) 293 cells, which complement the missing 

E1 region and therefore allow for replication of the Ad vector. 
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Table 22: Overview of Ad vector constructs with their characteristics that were used 
during this thesis. 
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2.2 Methods 

2.2.1 Cell culture methods 

HEK 293A cells or HEK 293T cells were cultured in a 150 cm2 tissue culture flask with 

DMEM complete medium and incubated at 37 °C and 5 % carbon dioxide (CO2). At 90 % 

confluence, the cells were passaged by adding 3 ml of 1x Trypsin-EDTA to the previously 

PBS washed cells. As soon as cells detached from the flask, the cells were resuspended with 

medium counted and in a next step split or seeded in the desired concentration. 

The number of live cells in the suspension was determined by Trypan blue staining, which 

passes the impaired membranes of dead cells but not the intact membranes of viable cells. The 

number of live cells was determined by using a hemocytometer, in which the number of cells 

counted in one large square corresponds to the number of cells per milliliter multiplied by  

104, i.e. the number of 127 cells in one large square corresponds to 1.27x106 cells/ml. 

In order to freeze cells of an early passage, cells of one confluent tissue culture flask were 

split in ten parts, pelleted for 5 min at 1,300 RPM at RT and resuspended in  

0.5 ml FBS to which 0.5 ml freezing medium were added dropwise. The aliquots were 

quickly placed in the freezing container and stored at -80 °C. Thawing of cells was performed 

by 1:10 dilution of the cells with DMEM complete medium, followed by two wash steps and 

counting. The thawed cells needed generally two passages to grow quickly again. 

2.2.2 Production of Ad vector stocks 

Production of Ad vector stocks was performed according to the protocol of Andreas 

Untergasser (Untergasser et al. 2008a, b, c). Changes and additions to this protocol are 

described below. 

In order to produce an animal stock of Ad vector, HEK 293A cells were cultured in  

18 tissue culture flasks (150 cm2). At 80 % confluence, the cells were infected with a 

multiplicity of infection (MOI) of 7 of the respective Ad glycerol stock. The detaching cells 

were harvested after approximately 48 h post infection (p.i.), centrifuged, frozen and thawed 

as described in the Untergasser protocol. 

Purification by a CsCl density gradient was performed by ultracentrifugation with the 

SW32Ti rotor at 24,200 RPM for 90 min without brake at 10 °C. For removal of CsCl, the 
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collected Ad solution was filled into a Slide-A-Lyzer dialysis cassette and incubated under 

stirring in dialysis buffer at RT with renewed buffer after 1 h, 2 h and 3 h consecutively. After 

dialysis, the Ad stock was stored at 4 °C for maximal 7 days until titration was completed. 

Long-term storage of the animal stock was performed at -80 °C. The aliquot for titration was 

also frozen at -80 °C prior to use. 

The amount of functional Ad vectors was determined as infectious units (IU)/ml by titration. 

HEK 293A were seeded in a 12 well tissue culture test plate with a concentration of  

1x106 cells/ml and well in DMEM complete medium. Before titration, 100 µl medium were 

removed from the wells in the middle and lower row. In the top row 100 µl, 30 µl, 10 µl and  

3 µl of the Ad stock (derived from the frozen aliquot) were added to the DMEM complete 

medium and mixed by gentle pipetting. In the next step, a 1:10 dilution was prepared by 

transferring 100 µl of each well in the top row to the subjacent well in the middle row. After 

mixing by gentle pipetting, 100 µl of the three highest concentrations in the middle row were 

transferred to the subjacent well in the bottom row. The fourth well in the bottom row served 

as control without virus. 48 h p.i. the Ad titer of the animal stock was determined with help of 

the table in the Untergasser protocol. 

Mice were injected intravenously (i.v.) with 1x109 IU/mouse of the AdHBVx- animal stock 

(with a maximal volume of 200 µl) in order to induce an acute hepatitis B infection. Other Ad 

vectors were also used at concentrations of 1x109 IU/mouse. Highly concentrated Ad animal 

stocks were diluted with NaCl solution prior to injection. 

2.2.3 Mice experiments 

Mice experiments were performed after approval by the local authorities. Mice were kept in 

the animal facilities of the institute of virology or of the Helmholtz Zentrum Munich. 

2.2.3.1 Injection 

Prior to i.v. injection of the respective Ad vector into the tail vein, the mice were warmed 

under an infrared lamp in order to dilate the veins. The mice were placed in a mouse holder 

box enabling the fixation of the mouse. The tail was disinfected with 70 % ethanol before  

200 µl Ad vector were injected. After the injection, mild pressure was applied on the site of 

injection for approximately 5 s in order to stop bleeding, before the mice were placed back 

into the cage. 
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For intraperitoneal (i.p.) injection, the mice were grasped gently but firmly in one hand for 

fixation displaying the ventral side. Up to 200 µl were injected with the syringe placed in a  

45 ° angle at knee height, right to the middle line in order to avoid puncture of the bladder. 

The peritoneum was rubbed gently before the mice were placed back into the cage. 

2.2.3.2 Bleeding 

The mice were grasped gently but firmly in one hand for fixation and bled by puncture of the 

facial vein with a lancet. 

For the screen of DEREG and DEREG/ITIB mice (2.2.3.3), six drops of blood were collected 

in a reaction tube, which contained 50 µl of 1:5 diluted heparin in PBS. For serological 

analysis, 8 drops of blood were collected in a reaction tube and further processed as described 

in 2.2.3.13. 

2.2.3.3 Screen of DEREG and DEREG/ITIB mice 

Heparinized blood was diluted with 1 ml murine T cell medium (mTCM) and stored at 4 °C 

until further processing. After centrifugation at 1,300 RPM for 5 min at room temperature 

(RT), the supernatant was discarded and the cell pellet was resuspended in 1 ml of  

1x PharmLysis buffer and incubated for 15 min at RT. The cells were washed twice with 

FACS buffer for murine cells, before subjected to FACS surface staining with the anti-mouse  

CD4-Pacific Blue antibody as described in 2.2.5.2. DEREG or DEREG/ITIB mice that carry 

the DTR-eGFP BAC can be detected as CD4+ Foxp3-GFP+ cells in flow cytometry. 

2.2.3.4 Genotyping of ITIB and DEREG/ITIB mice 

The murine DNA of tails was purified with the Macherey-Nagel NucleoSpin Tissue Kit 

according to the manufacturer’s instructions for mouse tails (40 µl eluate). Two reactions with 

each 7.5 µl RedTaq mix, 30 ng DNA, 1 µM fwd and rev primers for bla and IL-10 

respectively were set up in a total volume of 14 µl in PCR tubes. Primers and cycling 

conditions for the thermocycler are described in 2.1.14. The PCR products were loaded next 

to a DNA ladder onto a 2 % (w/v) agarose gel with 1x TAE buffer. After the run for 45 min at 

80 V, gels were analyzed with the Fusion Fx7. The product of wild type IL-10 has a size of 

360 base pairs (bp) and the product of IL-10–bla has a size of 500 bp. For breeding, only mice 

that are homozygous for IL-10–bla were used. 
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2.2.3.5 Depletion of Tregs 

Depletion of Tregs in DEREG/ITIB mice was achieved by daily i.p. administration of  

1 µg/mouse DT on three subsequent days. The DT stock solution was diluted with NaCl 

solution. 

2.2.3.6 Dissection and processing of organs 

Mice were sacrificed with CO2 for collection of whole blood and organs. The spleen was 

dissected and placed on ice in a 4 cm tissue culture dish filled with RPMI wash medium until 

further processing. The liver was perfused with ice-cold PBS before dissection. Liver pieces 

of approximately 1 mm3 were stored in reaction tubes with 200 µl RNAlater or 1 ml Trizol for 

qPCR analysis (2.2.3.12). The remaining liver was placed on ice in a 4 cm tissue culture dish 

filled RPMI wash medium until further processing. 

2.2.3.7 Isolation of liver-associated lymphocytes 

The dissected liver was grinded in a cell strainer placed in a 6 cm tissue culture dish with the 

plunger of a 10 ml syringe. The liver cells were resuspended in 25 ml RPMI wash medium 

and pelleted by centrifugation for 10 min at 1,300 RPM at RT. After careful decanting of the 

supernatant, the pellet was resuspended in pre-warmed 12.5 ml William’s medium and 

incubated for 20 min at 37 °C in the water bath with occasional shaking. Afterwards, the tube 

with the collagenase-digested liver cells was filled up to 45 ml with RPMI wash medium and 

centrifuged at 1,300 RPM for 10 min at RT. The pellet was resuspended in 3 ml of 40 % 

percoll solution and layered carefully onto 3 ml of 80 % percoll solution in a 15 ml centrifuge 

tube. The percoll gradient was centrifuged at 2,600 RPM for 20 min without brakes at RT. 

The liver-associated lymphocytes (LAL) were carefully collected from the interphase of the 

percoll media layer, diluted with RPMI wash medium and pelleted for 3 min at 1,300 RPM at 

RT. Remaining erythrocytes were removed from the cell pellet during incubation with 3 ml 

erythrocyte lysis buffer for 2 min in a water bath at 37 °C. Afterwards, LAL were washed 

three times, counted and seeded with 2x106 cells/well in mTCM in an U-profile 96-well tissue 

culture test plate. 

2.2.3.8 Isolation of splenocytes 

The dissected spleen was grinded with the plunger of a 10 ml syringe in a cell strainer, which 

was placed in a 6 cm tissue culture dish. The cells were resuspended in 15 ml RPMI wash 
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medium and pelleted by centrifugation for 5 min at 1,300 RPM at RT. After careful decanting 

of the supernatant, the pellet was resuspended in 3 ml erythrocyte lysis buffer and incubated 

for 2 min at 37 °C in the water bath with occasional shaking. Splenocytes were washed three 

times, counted and seeded with 2x106 cells/well in mTCM in an U-profile 96-well tissue 

culture test plate. 

2.2.3.9 Adoptive T cell transfer 

For the adoptive Treg transfer, splenocytes of wild type mice were isolated as described in 

2.2.3.8. The splenocytes were surface stained (see 2.2.5.2) and sorted on the MoFlo cell sorter 

by the group of Matthias Schiemann for CD4+ CD25high T cells. The sorted cells were diluted 

in NaCl solution and i.p. injected in Treg depleted DEREG/ITIB mice. 

2.2.3.10 Ex vivo peptide stimulation 

LAL and splenocytes were seeded with 2x106 cells/well in 200 µl in an U-profile  

96-well tissue culture test plate in mTCM and stored at 37 °C with 5 % CO2. The single 

peptides, peptide pools or proteins were added in the respective dilution  

(see 2.1.12) in 50 µl mTCM to the before seeded cells and stored in the incubator. After 1 h of 

stimulation, 20 µl of a 13.5 µg/ml Brefeldin A (BFA) predilution in mTCM were added to the 

cells and stored over night in the incubator. On the next day, the cells were transferred to a  

V-profile 96-well micro test plate. After live/dead staining, the cells were subjected to surface 

staining of CD4-PE and CD8-Pacific Blue as well as to ICS of IFNγ-FITC, TNFα-PeCy7 and 

IL-2-APC (see 2.2.5.1, 2.2.5.2 and 2.2.5.3). 

Murine 8-mer peptides for H2-kb molecules were determined by epitope prediction with the 

SYFPEITHI (www.syfpeithi.de), IEDB (www.iedb.org) or netMHC 3.4 Server 

(www.cbs.dtu.dk) database. The sequences of Ad hexon, HBcAg and HBsAg that were used 

for epitope prediction are derived from the AdHBV vector sequence and are depicted in 

chapter 6.3. 

2.2.3.11 IL-10 reporter reaction 

The IL-10 reporter reaction enables the detection of IL-10 in all lymphoid and myeloid cells 

derived from ITIB and DEREG/ITIB mice, which carry the IL-10–bla transgene. Cells were 

seeded with 1x106 cells/well in a V-profile 96-well tissue culture test plate in mTCM and 

pelleted at 1,300 RPM for 3 min at RT. Cells were resuspended in 100 µl/well CCF4-AM 
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loading medium and incubated in a thermomixer at 150 RPM for 90 min at 29 °C in the dark. 

After washing with PBS, the cells were NIR stained as described in 2.2.5.1. 

In case of macrophage staining, the macrophages were stained with anti-CD64 antibody for 

20 min at 4 °C in the dark, washed twice with PBS and then incubated with Fc-Block 1:1000 

diluted in 10 µl/well in PBS for further 10 min on ice in the dark. Afterwards the NIR staining 

was performed. 

After live/dead staining, the cells were washed in the following steps with the FACS buffer 

for the IL-10 reporter reaction. Surface staining and in the case of staining of Tregs, surface 

staining followed by ICS, was performed like described in 2.2.5.2 and 2.2.5.3. The different 

leukocyte populations were stained in three groups: T cells (CD8+ T cells: CD8+,  

CD4+ Foxp3- T cells : CD4+ Foxp3-, Tregs: CD4+ CD25+ Foxp3+), B cells; NK cells and NKT 

cells (B cells: CD19+, NK cells: CD3- NK1.1+ cells, NKT cells: CD3+ NK1.1+ cells) and 

monocytes, macrophages and DC (macrophages: F4/80high CD11blow, monocytes:  

F4/80- CD11bhigh, DC: CD11c+). Except the T cells, which were fixed during ICS, all cells 

were fixed after surface staining with 0.2 % (v/v) PFA in FACS buffer. After fixation of cells 

and storage at 4 °C, the reporter reaction was stable for several days. Due to selection of 

antibodies, the group of monocytes, macrophages and DC was measured on the FACS 

Fortessa, whereas T cells, B cells, NK cells and NKT cells were measured on the  

FACS Canto II. 

The ratio of the CCF4 substrate (denominator in FITC) and the cleaved  

CCF4* pruduct (numerator in Pacific Blue) was set on the FACS Canto II and the  

FACS Fortessa to a scaling of 11 %. In order to set the gate for the IL-10–Bla+ cells correctly, 

the staining for the IL-10 reporter reaction had to be performed also on a wild type mouse, 

which lacks the IL-10–bla transgene. 

2.2.3.12 Quantitative real time PCR 

Quantitative real time PCR (qPCR) is used to amplify and quantify a defined section of a 

DNA template at the same time by measuring the emission of an intercalating SYBR Green 

dye. In order to isolate genomic DNA and total RNA of liver pieces, which were stored in 

RNAlater (2.2.3.6), the tissue was homogenized by using the Tissue Lyser LT according to 

the manufacturer’s handbook. Further homogenization was achieved by using a 20 G needle. 

Isolation of genomic DNA and total RNA was performed with the Allprep DNA/RNA kit 
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according to the manufacturer’s instructions for simultaneous purification of genomic DNA 

(100 µl eluate) and total RNA (40 µl eluate) from animal tissues. 

For the detection of HBV copy numbers in the liver, 5 µl SYBR Green mix,  

1.25 ng/µl genomic DNA and 1 µM of each fwd and rev HBV primer were pipetted in a total 

volume of 10 µl/well in a Frame Star plate. The same was performed with murine intron 

primers on the same plate, whereas the mix with Ad and murine intron primers respectively 

was pipetted on a different plate. A relative quantification of Ad and HBV copy numbers was 

achieved by normalization of the values with the murine intron as endogenous target that was 

measured in the same sample. For each primer pair, a six step dilution series (1:2 to 1:64) of 

the template and a sample with water instead of the DNA template was pipetted in order to 

control PCR efficiency. Primers and cycling conditions for the LightCycler480 II are 

described in 2.1.13. 

For detection of expression levels of IFNγ and IL-10 in the liver, the purified total RNA was 

reversely transcribed to cDNA using the SuperScript III kit according to manufacturer’s 

instructions. The cDNA was diluted 1:12 in water for qPCR analysis, for which 5 µl SYBR 

Green mix, 4 µl of the diluted cDNA and 1 µM of each fwd and rev IFNγ primer were 

pipetted in a total volume of 10 µl/well in a Frame Star plate. The same was performed with 

IL-10, GAPDH and HPRT primers on the same plate. A relative quantification of IFNγ and 

IL-10 copy numbers was achieved by normalization of the values with GAPDH and HPRT as 

endogenous targets measured in the same sample. For each primer pair, a six step dilution 

series (1:2 to 1:64) of the template and a sample with water instead of DNA template was 

pipetted in order to control PCR efficiency. Primers and cycling conditions for the 

LightCycler480 II are described in 2.1.13. 

2.2.3.13 Serological analysis 

Murine whole blood was transferred to micro tube and centrifuged at 10,000 RPM for 10 min 

at RT. After centrifugation the serum, that was located above the gel matrix, was transferred 

to a new reaction tube and used for serological analysis. 

In order to determine liver damage, 32 µl of fresh serum diluted 1:2 in PBS were pipetted 

onto an ALT stripe that was inserted into the Reflotron machine for measurement. In order to 

determine the levels of HBeAg, HBsAg and anti-HBsAg antibody, the serum was diluted in 

PBS and measured with the diagnostic Architect immunoassay analyzer. 
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2.2.4 Co-culture study 

For the co-culture study, B cells, monocyte derived DC and monocyte derived macrophages 

were isolated and matured from HLA-A2+ primary blood mononuclear cells (PBMC). 

Furthermore, the PBMC served as source for T cells, which were transduced with a TCR 

specific for either HBV_C18 (TCR_core) or HBV_S20 (TCR_surface) on HLA-A2+ APC. 

2.2.4.1 Isolation of PBMC populations 

In order to isolate PBMC for the co-culture study, 100 ml peripheral blood of one healthy 

HLA-A2+ donor were drawn in two 50 ml syringes, each with 1 ml of heparin and were 

diluted 1:1 with prewarmed leukocyte wash medium. The diluted blood was split in six parts, 

layered onto 15 ml Lymphocyte separation medium in a 50 ml centrifuge tube and centrifuged 

at 1,800 RPM for 20 min without brake at RT. The white lymphocyte layer was carefully 

collected from the interphase between the plasma and the separation medium. The collected 

cells of each 50 ml centrifuge tube were diluted 1:1 with leukocyte wash medium and 

centrifuged at 1,300 RPM for 10 min at RT. Afterwards, the cell pellets were pooled and 

washed three times. For the removal of thrombocytes, the cells were centrifuged at 600 RPM 

for 20 min at RT with the brake speed set to 5. The cell pellet was resuspended in PBS, 

washed once and counted before used for magnetic activated cell sorting (MACS). 

PBMC were sorted by MACS for CD19+ cells on a LS column according to manufacturer’s 

instructions. The flow-through was collected on ice, while the isolated CD19+ B cells were 

counted. The cells were resuspended in 0.5 ml human albumin to which 0.5 ml DC freezing 

medium was added dropwise. Afterwards, the cells were quickly placed in the freezing 

container at -80 °C. 

The monocytes of the CD19- flow-through were divided in half. One half was used for 

maturation of monocyte derived DC (see 2.2.4.3), while the other half was sorted by MACS 

for CD14+ cells on a LS column according to manufacturer’s instructions. The flow-through 

was collected on ice, while the isolated CD14+ monocytes were counted and seeded with 

1.9x105 cells/well in a 24 well tissue culture test plate in Leukocyte medium. The monocytes 

were stored at 37 °C and 5 % CO2 for maturation (see 2.2.4.2). 

The CD19- monocyte- PBMC were used as source for T cells that were transduced with HBV 

specific TCR (see 2.2.4.4). After counting of the surplus CD19- monocyte- PBMC, the cells 
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were resuspended in 0.5 ml human albumin, to which 0.5 ml DC freezing medium was added 

dropwise. Afterwards, the cells were quickly placed in the freezing container at -80 °C. 

2.2.4.2 Maturation of monocyte derived macrophages 

For maturation of monocyte derived macrophages, monocytes were cultured with the 

Macrophage maturation mix for three days at 37 °C with 5 % CO2. After a renewal of the mix 

and culturing of the cells for additional four days, the monocyte derived macrophages 

developed the characteristic shape of macrophages. The cells were scraped from the bottom of 

the plate and counted. Afterwards, the cells were resuspended in 0.5 ml human albumin, to 

which 0.5 ml DC freezing medium was added dropwise. The cells were quickly placed in the 

freezing container at -80 °C. 

2.2.4.3 Maturation of monocyte derived DC 

In order to maturate monocyte derived DC from the monocytes of the CD19- flow-through, 

the cells were resuspended in 12 ml DC medium, transferred to a Nunclon delta-surface flask 

(75 cm3) and incubated at 37 °C with 5 % CO2. The cells were cultured in DC maturation  

mix I for 2 days and in DC maturation mix II for an additional day. A small aliquot of 

monocyte derived DC was surface stained for NIR, CD14-PE, CD80-FITC and CD83-APC 

(see 2.2.5.1, 2.2.5.2), as control for successful maturation of CD14- CD80+ CD83+ DC. After 

counting, the DC were resuspended in 0.5 ml human albumin to which 0.5 ml DC freezing 

medium was added dropwise. Afterwards, the cells were quickly placed in the freezing 

container at -80 °C. 

2.2.4.4 Transduction of T cells 

In preparation for transduction of T cells with a TCR specific for either HBV_C18 

(TCR_core) or HBV_S20 (TCR_surface) on HLA-A2+ APC, 24 well non-tissue culture 

treated plates were coated with 250 µl/well coating buffer and incubated for 2 h at 37 °C with 

5 % CO2. After removal of the coating buffer, the wells were covered with 500 µl/well of  

2 % BSA (v/v) in PBS for 30 min in the incubator, after which the plate was washed twice 

with 2 ml PBS. In the next step, the remaining CD19- monocyte- PBMC from 2.2.4.1 were 

seeded with 6x105 cells/well in hTCM for growth and incubated for 2 days in the incubator in 

order to expand the T cell population. 



Material and methods
 

63 

In preparation for culturing of HEK 293 T cells, 6-well tissue culture test plates were coated 

with 1 ml/well of 1:20 diluted poly-L-lysine solution in PBS for 60 min in the incubator and 

afterwards washed twice with 2 ml/well PBS. In a next step, HEK 293 T cells were seeded 

with 2x106 cells/well in 2 ml DMEM medium without antibiotics. The cells were transfected 

with lipofectamin and either pcDNA3.1-gag-pol, pALF10.a1env and MP71_TCR_5E_co 

(TCR_core) or MP71_TCR_D1_co (TCR_surface) according to manufacturer’s instructions 

in order to produce retroviral supernatant. One day after transfection, the medium was 

replaced by DMEM complete medium. Two days after transfection, 1.5 ml of the retroviral 

supernatant of the TCR_core or TCR_surface respectively were pooled and filtered through a 

0.45 µm filter, whereas fresh 1.5 ml DMEM complete medium were added to the plate with 

the transfected HEK 293 T. 

In order to prepare the retroviral transducing agent for transduction of T cells, 24-well  

non-tissue culture treated plates were coated with 250 µl/well of a 1:50 dilution of 

Retronectin in PBS for 2 h at RT under the hood. After removal of the Retronectin solution, 

which is stored at 4 °C for the next day, the wells were covered with 500 µl/well of  

2 % BSA (v/v) in PBS for 30 min in the incubator, after which the plate was washed twice 

with 2 ml PBS. The filtered retroviral transducing agent was transferred to the Retronectin 

coated plates (1 ml/well), which were centrifuged at 3,100 RPM for 2 h at 32 °C. After 

centrifugation, the plates were blocked with 500 µl/well 2 % (v/v) BSA in PBS for 30 min in 

the incubator and washed twice with 2 ml PBS. For transduction of T cells, the expanded T 

cells were counted and seeded with 0.8x106 cells/well in 0.5 ml/well of the medium in which 

they were grown in, combined with 1 ml/well of fresh hTCM for growth. The T cells were 

spun onto the Retronectin/ retrovirus coated plate at 3,100 RPM for 10 min at 32 °C and 

stored in the incubator over night. On the next day, the procedure of the transfer of retroviral 

supernatant and of T cells to a new Retronectin coated plates was repeated. 24 h after the 

second T cell transduction, NIR stained T cells were subjected to peptide-MHC multimer 

staining with CD8-Pacific Blue, C18-MHC-Streptactin-APC or S20-MHC-Streptactin-APC 

in order to control the transduction rate of TCR_core and TCR_surface (see 2.2.5.1 and 

2.2.5.4). 

2.2.4.5 Stimulation and co-culture 

For the co-culture study of capsid stimulated APC with the transduced T cells of 2.2.4.4,  

B cells, DC and macrophages were thawed, counted and seeded with 5x104 cells/well in  
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U-profile 96-well tissue culture test plates. APC were stimulated in triplets with capsid, 

recombinant (rec) capsid, HBV_C18, HBV_S20, HCMV *pp65, HCMV pool (see 2.1.12) 

and without peptide for 16 h at 37 °C with 5 % CO2. After stimulation, the transduced T cells 

TCR_core, TCR_surface or the T cell clone with specificity for HCMV_pp65 epitope 

(TCCl_pp65) were added in a 1:1 ratio to the respective APC and stored in the incubator. 

Table 23: Overview of characteristics of transduced T cells provided by Karin 
Wisskirchen and the T cell clone provided by Andreas Moosmann, HelmholtzZentrum 
Munich for the co-culture study. 

 

After 22 h of co-culture, the supernatant was collected in a new 96-well plate and stored at  

-20 °C for an IFNγ ELISA (2.2.4.6), whereas the cells were subjected to surface staining of 

CD4-ECD, CD8-PeC7, CD134-APC and CD137-Alexa Flour700 (2.2.5.2). 

2.2.4.6 Enzyme-linked immunosorbent assay 

The enzyme-linked immunosorbent assay (ELISA) was used to identify the secreted IFNγ 

derived from activated T cells after 22 h of co-culture with capsid stimulated APC. The 

ELISA was performed according to manufacturer’s instruction on Nunc-Immuo plates and 

analyzed with the Infinite 200 detection system. 

2.2.5 Flow Cytometry 

Flow Cytometry is a way to measure single cells according to their size and granularity. By 

the use of fluorochrome-conjugated antibodies it is furthermore possible to stain cells for their 

surface markers and after fixation and permeabilization also for intracellular proteins such as 

transcription factors and cytokines. 

2.2.5.1 Live/dead staining 

For live/dead staining with EMA, the cells were resuspended in 100 µl EMA diluted in FACS 

buffer for murine cells and incubated for 20 min on ice in close proximity of a light source, in 

order to allow crosslinking of the dye with the genomic DNA. After two rounds of washing 

with FACS buffer, the cells were stained for their surface markers as described in 2.2.5.2. 
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For live/dead staining without prior fixation of surface stained lymphocytes, which were 

isolated from murine blood for the DEREG or DEREG/ITIB screen (see 2.2.3.3), 10 µl of PI 

solution were added to each FACS tube prior to measurement. 

For the IL-10 reporter reaction (see 2.2.3.11) and the co-culture study (see 2.2.4), the cells 

were stained with NIR 1:200 diluted in 50 µl PBS and were incubated for 20 min on ice in the 

dark. This live/dead staining was suitable for human and murine cells. 

2.2.5.2 Surface staining 

For surface staining of murine LAL and splenocytes, cells were transferred to a V-profile  

96-well micro test plate. The cells were pelleted at 1,300 RPM for 3 min at 4 °C. The 

supernatant was discarded, while the cell pellet was resuspended in 200 µl FACS buffer for 

murine cells. Staining of murine cells was performed in a volume of 50 µl/well of the 

respective fluorochrome conjugated anti-mouse antibody (see 2.1.9) that was diluted in FACS 

buffer for 30 min on ice in the dark. The cells were washed twice with FACS buffer and in 

case of no further ICS (see 2.2.5.3), the cells were transferred to the FACS tubes in a final 

volume of 200 µl FACS buffer with 0.2 % (v/v) PFA and measured with the FACS Canto II. 

Data were analyzed with FlowJo and GraphPad Prism software. 

For surface staining of human cells isolated from PBMC for the co-culture study, cells were 

transferred to a V-profile 96-well micro test plate. The cells were pelleted at 1,300 RPM for  

3 min at 4 °C. The supernatant was discarded, while the cell pellet was resuspended in  

200 µl FACS buffer for human cells. Staining of murine cells was performed in a volume of 

19 µl/well of the respective fluorochrome conjugated anti-human antibody (see 2.1.9) that 

was diluted in FACS buffer for 30 min on ice in the dark. The cells were washed twice with 

FACS buffer and were transferred to the FACS tubes in a final volume of 300 µl FACS buffer 

and measured with the FACS Fortessa. Data were analyzed with FlowJo and GraphPad Prism 

software. 

2.2.5.3 Intracellular cytokine staining 

After surface staining and double wash steps, cells were fixed in 50 µl Cytofix and incubated 

for 20 min on ice in the dark. In the subsequent steps, the fixed cells were washed with 200 µl 

1x PermWash (diluted in water). The ICS was performed in 50 µl volume of the respective 

fluorochrome conjugated anti-mouse antibody (see 2.1.9) that was diluted in 1x PermWash 
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and incubated for 30 min on ice in the dark. Afterwards, cells were washed twice with  

1x PermWash and once with FACS buffer for murine cells. ICS stained cells were transferred 

to the FACS tube in a final volume of 200 µl FACS buffer and measured with the FACS 

Canto II. Data were analyzed with FlowJo and GraphPad Prism software. 

2.2.5.4 Peptide-MHC multimer staining 

For peptide-MHC multimer staining of murine splenocytes, 0.4 µg peptide-MHC multimer 

(peptide-MHC class I complex) and 1:50 dilution of Streptactin-PE in 50 µl/well FACS buffer 

for murine cells were incubated for 25 min on ice in the dark. Afterwards, the cells were 

resuspended in the multimer-Streptactin-PE mix and incubated for 30 min on ice in the dark. 

For surface staining, cells were stained with CD8-Pacific Blue as described in 2.2.5.2. Prior to 

measurement on the FACS Canto II, 10 µl PI were added to the FACS tube for live/dead 

staining. CD8+ T cells that recognize the peptide presented by the MHC class I molecule 

could be detected as CD8+ multimer+ cells in flow cytometry. Data were analyzed with 

FlowJo and GraphPad Prism software. 
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3 Results 

3.1 T cell priming by in vitro HBcAg stimulated APC 

HBcAg is described to act as highly immunogenic antigen, which elicits strong T cell effector 

functions in HBV infected patients. Furthermore, it was shown that apoptosis of HBV 

infected hepatocytes released great amounts of non-enveloped HBV capsids that were 

speculated to prime T cells and B cells. In order to examine the potential of HBV capsids for 

T cell priming via B cells an in vitro co-culture study of T cells with capsid stimulated B cells 

and other APC was designed as described in the following. 

The process of leukocyte isolation as well as APC stimulation and their co-culture with the 

different T cells is schematically depicted in Figure 7A. PBMC from a HLA-A2+ donor were 

purified by density gradient and sorted by MACS for CD19+ cells in order to obtain B cells. 

The monocytes of the CD19- PBMC were either used for maturation of monocyte derived DC 

or sorted by MACS for CD14+ cells for maturation of monocyte derived macrophages. In the 

following monocyte derived DC and macrophages are referred to as DC or macrophages 

respectively. In the next step, the remaining CD19- monocyte- PBMC were used as source for 

T cells that were transduced with a TCR specific for either HBV_C18 (TCR_core) or 

HBV_S20 (TCR_surface) on HLA-A2+ APC. The two TCR were kindly provided by Karin 

Wisskirchen. T cells equipped with the TCR_core were expected to recognize all capsid 

derived antigens, whereas T cells equipped with the TCR_surface served as negative control 

for capsid derived antigens. Andreas Moosmann provided a T cell clone with specificity for 

NLVPMVATV on position aa 495–503 of the human cytomegalovirus (HCMV) pp65 protein 

(TCCl_pp65) on HLA-A2+ APC that served as control for cross-presenting abilities of the 

respective APC. For detailed information about purification and maturation see chapter 2.2.4. 
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Figure 7: Co-culture of capsid stimulated APC with T cells. Leukocyte populations were 
isolated and matured from human PBMC in order to obtain APC (B cells, dendritic cells and 
macrophages) as well as T cells that were transduced with TCR. APC were stimulated with 
variably antigens for 16 h, followed by co-culture with T cells for 22 h. The T cells were 
equipped with different specificities of TCR or TCCl. Analysis was performed via flow 
cytometry and ELISA. (A) Flow chart of B cell, DC, macrophage and T cell isolation from 
PBMC. The maturation process of DC and macrophages as well as transduction of T cells 
with TCR was started on the same day after leukocyte isolation of PBMC. (B) Flow chart of 
APC stimulation and co-culture with T cells with different specificities. (ELISA: enzyme-linked 
immunosorbent assay, PBMC: peripheral blood mononuclear cells, TCR: T cell receptor, 
TCCl: T cell clone). 

The candidate APC were stimulated with capsids derived from envelope denatured HBV 

virions produced by the HBV producing HepG2.2.15 cells or with recombinant HBV capsids 

produced in Escherichia coli. APC were also stimulated with the single peptides HBV_C18 or 

HBV_S20 as positive control for the respective TCR specificity. Moreover the APC were 

stimulated with carbamylated-pp65 protein of HCMV (HCMV *pp65), which is cross-

presented by APC. Candidate APC were stimulated with a peptide pool containing  

138 HCMV derived peptides with an 11 aa overlap (HCMV pool) in order to control the 

specificity of TCCl_pp65. Unstimulated APC (without peptide) were used to determine 

background levels of T cell activation. 
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B cells, DC or macrophages were stimulated for 16 h with the different antigens before  

co-culture with either one of the three types of T cells carrying the different TCR referred to 

as TCR_core, TCR_surface and TCCl_pp65 in the following. After 22 h of co-culture, the 

cells were stained for flow cytometric analysis of T cell activation markers CD137 and 

CD134 on CD4+ T cells and CD8+ T cells whereas the co-culture supernatant was used for 

detection of secreted IFNγ via ELISA (Figure 7B). 

3.1.1 T cell activation after co-culture with stimulated APC 

T cell activation after 22 h co-culture with the variably stimulated APC was measured by 

staining of the activation markers CD137 and CD134 on CD4+ and CD8+ T cells. In general, 

CD137 is stronger expressed in activated CD8+ than CD4+ T cells and CD134 is vice versa 

stronger expressed in activated CD4+ T cells than CD8+ T cells. CD4+ and CD8+ T cell 

activation is shown in Figure 8. CD137+ CD134+ double positive CD4+ and CD8+ T cells 

were not detected during this study (data not shown). 

Co-culture of TCR_core and B cells that were stimulated with capsid, recombinant capsid or 

HBV_C18 did not result in significant increase of the activation marker CD137 on the surface 

of CD8+ T cells or CD134 on the surface of CD4+ T cells (Figure 8A and D). In contrast, 

TCR_core co-culture with recombinant capsid stimulated DC and to a lesser extend with 

HBV_C18 stimulated DC resulted in an increase of CD137 expression levels on CD8+ and 

CD4+ T cells. Furthermore, CD134 levels increased on CD4+ and CD8+ T cells after 

TCR_core co-culture with recombinant capsid stimulated DC (Figure 8B and E). 

Interestingly, TCR_core co-culture with macrophages resulted only in increased levels of 

CD137 on CD8+ and CD4+ T cells or increased levels of CD134 on CD4+ T cells when 

macrophages were stimulated with HBV_C18 (Figure 8C and F). Unspecific CD4+ and  

CD8+ T cell activation with increased CD137 level was mainly observed after TCR_core  

co-culture with HCMV *pp65 or HCMV pool stimulated APC. 

TCR_surface CD4+ and CD8+ T cell activation was solely observed after co-culture with 

HBV_S20 stimulated APC, indicating high specificity of this setting. Co-culture of 

TCCl_pp65 with HCMV pool but not with HCMV *pp65 stimulated APC resulted in  

CD8+ T cell activation, especially after co-culture with macrophages. Similarly CD4+ T cell 

activation was observed after TCCl_pp65 co-culture with HCMV pool stimulated APC. 

However, CD137+ CD4+ T cells were only observed after TCCl_pp65 co-culture with  
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HCMV *pp65 stimulated B cells and DC but not macrophages where solely high level of 

CD134+ CD4+ T cells were observed. Unspecific activation of T cells was detected after 

TCCl_pp65 co-culture with recombinant capsid stimulated DC as well as with capsid, 

recombinant capsid and HBV_C18 stimulated B cells. 

 

Figure 8: Activation marker expression on CD4+ and CD8+ T cells after co-culture with 
stimulated APC. Flow cytometric analysis of T cells with different TCR specificities after 22h 
co-culture with variably stimulated APC. Percentages of CD137+ CD8+ T cells (top row) and 
CD137+ CD4+ T cells (2nd row) are shown after co-culture with (A) B cells, (B) DC and  
(C) macrophages. Percentages of CD134+ CD8+ T cells (3rd row) and CD134+ CD4+ T cells 
(bottom row) are shown after co-culture with (D) B cells, (E) DC and (F) macrophages. The 
dotted line shows the level of T cell activation after co-culture with unstimulated APC  
(without peptide). (TCR: T cell receptor, TCCl: T cell clone). 

Taken together these results indicate that the three receptors TCR_core, TCR_surface and 

TCCl_pp65 were functional and able to recognize their designated target peptides. Unspecific 
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antigen recognition and subsequent T cell activation was detected for TCR_core and 

TCCl_pp65 but not for TCR_surface. HCMV *pp65 stimulation resulted in CD4+ T cell 

activation, but not in CD8+ T cell activation indicating that no cross-presentation occurred in 

the used APC which could be detected with TCCl_pp65. Nevertheless cross-presentation was 

detected in DC stimulated with recombinant capsids and to a lesser extent with capsids. At the 

same time cross-presentation abilities were observed for macrophages and B cells when 

stimulated with the carbamylated HCMV *pp65 protein but not with capsids. 

3.1.2 T cell effector function 

IFNγ secretion as standard T cell effector function was measured by ELISA 22h after  

co-culture with differentially stimulated B cells, DC or macrophages, which is shown in 

Figure 9. In line with the increased expression levels of activation markers on CD4+ T cells 

and CD8+ T cells, high IFNγ secretion was detected after TCR_core co-culture with 

macrophages stimulated with HBV_C18, whereas TCR_core co-culture with B cells 

stimulated with HBV_C18 resulted only in IFNγ secretion slightly above background level. 

Unspecific IFNγ secretion was observed after TCR_core co-culture with HBV_S20,  

HCMV *pp65 and HCMV pool stimulated APC. TCR_surface co-culture with HBV_S20 

stimulated APC resulted in high IFNγ secretion that reflects the increase of activation markers 

described above. IFNγ secretion was observed to a lesser extent after TCR_surface  

co-culture with capsid and recombinant capsid stimulated B cells. For TCCl_pp65 IFNγ 

secretion was only observed after co-culture with HCMV *pp65 and HCMV pool stimulated 

APC. 

 

Figure 9: IFNγ secretion of T cells after co-culture with stimulated APC. IFNγ secretion 
of T cells, which are equipped with different TCR specificities, was detected by ELISA after 
22 h of co-culture with (A) B cells, (B) dendritic cells and (C) macrophages. Data are shown 
as mean values with standard deviation for n=3, otherwise as mean values only.  
(ELISA: enzyme-linked immunosorbent assay, TCR: T cell receptor).  
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In summary, peptide presentation by DC and macrophage resulted in IFNγ secretion 

indicating CD4+ and CD8+ T cell activation. In addition, cross-presentation of capsid derived 

antigen by DC resulted in CD8+ T cell activation. For capsid stimulated B cells, however, no 

T cell activation and no further IFNγ secretion was detected. Thus, capsid stimulation of  

B cells is not sufficient to activate T cells. 
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3.2 Detection of Ad and HBV specific T cell responses 

The AdHBV mouse model was shown to be a good model in order to establish an acute 

hepatitis B during which liver damage, HBV replication, secretion of the HBV markers 

HBeAg and HBsAg as well as the corresponding antibodies were detected in the course of a 

self-limiting AdHBV infection. However, detection of HBV specific CD8+ or CD4+ T cell 

responses has not been specific enough yet in this model due to a lack of epitope 

characterization in AdHBV infected mice. 

In order to test for HBV specific CD8+ T cell responses, C57BL/6 mice were intravenously 

(i.v.) infected with 1x109 IU AdHBVx- or the control virus AdEmpty and sacrificed on day 

28 post infection (p.i.) for flow cytometric ICS after ex vivo peptide stimulation of leukocytes. 

Due to limited amounts of isolated leukocytes at late points during AdHBVx- infection 

(compare Figure 19A), more peptides could be tested on leukocytes isolated from the spleen 

than from liver. In the following these cells will be referred to as splenocytes or LAL since 

the analysis in this chapter is focused on CD4+ and CD8+ lymphocytes. An overview of the 

tested peptides is shown in chapter 2.1.12. 

In general, higher CD8+ T cell responses were detected in the liver than in the spleen due to 

increased infiltration of antigen specific CD8+ T cells to the liver as site of infection. ICS after 

stimulation with peptides that were described as immunogenic in HBV DNA immunized 

mice, HBV transgenic mice (HBV_C93, HBV_S190) or HBV infected humans (HBc P4) as 

well as stimulation with recombinant HBcAg protein (capsid rec) did not result in a detectable 

CD8+ T cell response (Figure 10B and C) in AdHBVx- infected mice. Stimulation with 

HBV_S208 and HBs P1 resulted only in a slight CD8+ T cell response above background 

level. In contrast, a strong IFNγ+ CD8+ response in liver (23 %) and spleen (9 %) on  

day 28 p.i. was observed after stimulation with the peptide pool HBc P3 consisting of  

15-mer peptides each with an 11 aa overlap covering the carboxyl-terminal last 62 amino 

acids of the HBcAg protein (Figure 10B and C; see 6.1). However, the ex vivo stimulation of 

LAL and splenocytes isolated from AdEmpty infected mice resulted also in the detection of 

IFNγ+ CD8+ T cells indicating cross-reactivity to the Ad5 vector (5 % in LALs, 7 % in 

splenocytes; Figure 10B and C). Silke Arzberger identified regions within the single peptides 

HBc #33 and HBc #42 of the HBc P3 peptide pool that could be responsible for  

Ad cross-reactivity (Figure 10D). The SYFPEITHI database was used for the prediction  

of H-2Kb (MHC class I allele in C57BL/6 mice) binding epitopes derived from the  
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carboxyl-terminal end of HBcAg. This epitope prediction resulted in four HBc 8-mer peptides 

that partially covered the sequence of HBc #33 and two 8-mer peptides outside of the HBcAg 

sequence covered by HBc P3 (see 6.2). Ex vivo stimulation of LAL and splenocytes with a 

pool of these six HBcAg peptides (HBc P5), however, did not result in any IFNγ+ CD8+ 

response (Figure 10C). 

 

Figure 10: Characterization of epitopes for detection of HBV specific CD8+ T cell 
responses. C57BL/6 mice (n=2) were infected intravenously with 1x109 IU of AdHBVx- or 
the control virus AdEmpty and sacrificed on day 28 p.i. for flow cytometric ICS analysis.  
(A) Experimental setup. (B) Percentages of IFNγ+ CD8+ T cells derived from LAL and  
(C) splenocytes. (D) Percentages of IFNγ+ CD8+ T cells derived from splenocytes of AdOVA 
infected mice on day 14 p.i.. Data are shown as mean values. (ICS: intracellular cytokine 
staining, LAL: liver associated lymphocytes, nd: not determined). 

3.2.1 Epitope prediction of Ad and HBV epitopes 

The purpose of the following experiments was to identify epitopes that enabled separate 

detection of Ad and HBV specific CD8+ T cell responses during AdHBVx- infection in 

C57BL/6 mice carrying the H-2kb molecule. Extension of the SYFPEITHI epitope prediction 

with the output of further epitope prediction software tools based on the IEDB and netMHC 

databases for the HBcAg, HBsAg and Ad hexon proteins was implemented in order to 

identify Ad and HBV epitopes that were immunogenic in the AdHBV mouse model enabling 

a separate readout of CD8+ T cell responses directed against the Ad vector and the HBV 
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transgene. The predicted epitopes with the two (HBcAg and HBsAg) or three (Ad hexon) best 

scores of the netMHC prediction were pooled respectively (Table 24) and used for stimulation 

of LAL on day 7 and day 28 p.i. (Figure 11A). On day 7 p.i., an apparent CD8+ T cell 

response against the Ad hexon peptide pool AdH P1 was detected for both AdHBV and the 

control AdHBVk/o infected mice. The Ad hexon specific response was still detectable on day 

28 p.i.. Conversely, stimulation of LAL with the peptide pools HBc P6 and  

HBs P2 consisting of the predicted epitopes did not result in CD8+ T cell responses detectable 

above background level. Further analysis of the Ad specific CD8+ T cell response is shown in 

3.2.2, whereas further testing of HBcAg derived epitopes is described in 3.2.3. 

Table 24: Overview of selected 8-mer peptides after epitope prediction for H-2Kb using 
the netMHC databases. Outputs of netMHC are in IC50 [nM] compared to IEDB [percentile 
rank] and SYFPEITHI [Score]. Epitopes predicted by netMHC were rated as strong binders 
(values <50) and weak binders (values <500). (Epitopes predicted by IEDB were rated as 
high affinity (values <0.3) and intermediate affinity (values <1.0) binding peptides; 
SYFPEITHI predicted strong binders within the top 2% of the score (values in brackets are 
below the top 2%)). 

Position Sequence SYFPEITHI  IEDB netMHC Nomenclature 
HBV_C93 MGLKFRQL  24 0.15   7  HBc P6 HBV_C86 VSYVNTNM  15 0.15 28  
HBV_S81 IIFLFILL  23 0.10   3  HBs P2 HBV_S179 ASARFSWL  24 0.35 72  
Ad_H470 RNFLYSNI (20) 0.10   3 AdH #1 

AdH P1 Ad_H676 RGWAFTRL  23 0.15   8 AdH #2 
Ad_H64 LTRRFIPV (19) 0.30 36 AdH #3 
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Figure 11: IEDB & netMHC predicted peptides stimulate Ad but not HBV specific CD8+ 
T cell responses. C57BL/6 mice (n = 4) were infected intravenously with 1x109 IU of 
AdHBVx- or the control virus AdHBVko and were sacrificed on day 7 or day 28 p.i. for flow 
cytometric ICS analysis. (A) Experimental setup. (B) Percentages of IFNγ+ CD8+ T cells 
derived from LAL and (C) splenocytes. Data are shown as mean values with standard 
deviation. (ICS: intracellular cytokine staining, LAL: liver associated lymphocytes). 

3.2.2 Detection of Ad specific T cell response during AdHBVx- infection 

For detection of Ad specific CD8+ T cell responses, C57BL/6 mice were infected with  

1x109 IU of AdHBVx- or the control virus AdEmpty and sacrificed on day 19 or day 28 p.i. 

respectively for flow cytometric ICS after ex vivo peptide stimulation of LAL or splenocytes 

(Figure 12A). As shown in Figure 12B and C separation of the AdH P1 peptide pool revealed 

immunogenic potential of the single peptide AdH #1 on position aa470 (RNFLYSNI).  

AdH #1 induced a strong CD8+ T cell response whereas the other two peptides AdH #2 and 

AdH #3 were not immunogenic. The difference in strength of the Ad specific response is due 

to lower Ad amounts present in AdEmpty infected compared to AdHBVx- infected mice in 

this experiment (Figure 12B and C). On day 19 p.i., a large number of Ad specific  

IFNγ+ CD8+ T cells were still detectable in liver and spleen (Figure 12E and F). As expected, 

AdH P1 and AdH #1 did not induce a CD8+ T cell response in naïve mice, thus showing the 

identification of an immunodominant peptide that allowed monitoring of Ad5 specific  

CD8+ T cell responses in C57BL/6 mice. 
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Ex vivo stimulation of AdH #1 did not only induce monofunctional IFNγ secretion of  

CD8+ T cells but also to a lesser extent in an induction of monofunctional IL-2+ CD8+ T cells 

as well as monofunctional TNFα+ T cells. Furthermore, bifunctional IFNγ+ TNFα+  

CD8+ T cells and half as much polyfunctional IFNγ+ IL-2+ TNFα+ CD8+ T cells were detected 

(Figure 12G). In conclusion, ex vivo stimulation of lymphocytes with the single peptide  

AdH #1 enables the readout of Ad specific CD8+ T cell responses that is useful in further 

studies to estimate the T cell response against the Ad5 vector in the AdHBV mouse model. 
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Figure 12: Strong Ad5 hexon specific CD8+ T cell response induced by single peptide 
AdH #1. C57BL/6 mice (n=3) were infected intravenously with 1x109 IU of AdHBVx- or the 
control virus AdEmpty and were sacrificed on day 19 or day 29 p.i. for flow cytometric ICS 
and quantitative PCR analysis. (A) Experimental setup. (B) Percentages of  
IFNγ+ CD8+ T cells derived from splenocytes. (C) Intrahepatic Ad copy numbers relative to 
murine intron determined by quantitative PCR. (D) Representative flow cytometric plots of  
Ad hexon stimulated splenocytes on day 29 p.i.. (E) Percentages of IFNγ+ CD8+ T cells 
derived from LAL and (F) splenocytes on day 19 post AdHBVx- infection or of naïve mice. 
(G) Percentages of cytokine producing CD8+ T cell in the spleen after AdH #1 stimulation on 
day 19 post AdHBVx- infection. Data are shown as mean values with standard deviation for 
n=3, otherwise as mean values only. (ICS: intracellular cytokine staining, LAL: liver 
associated lymphocytes, nd: not determined). 

3.2.3 Detection of HBV specific T cell response during AdHBVx- infection 

For detection of HBV specific CD8+ T cell responses, C57BL/6 mice were infected with 

1x109 IU of AdHBVx- or the control virus AdEmpty and sacrificed on day 29 p.i. for flow 

cytometric ICS after ex vivo peptide stimulation of LAL or splenocytes with another HBcAg 

peptide pool (HBc P7). HBc P7 consisted of 18 18-mer peptides (HBc #1 to #18) overlapping 

by 11 aa and was spanning the HBcAg sequence except for the potentially cross-reactive 

carboxyl-terminal 47 aa. As shown in Figure 13A, a slight response of IFNγ+ CD8+ T cells 

(0.5 %) against HBc P7 was detected in the liver of AdHBVx- infected mice, whereas the 
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percentages of IFNγ+ CD8+ T cells of AdEmpty infected mice were at background level. In 

the spleen no IFNγ+ CD8+ T cell response (0.2 %) above background level was detected 

(Figure 13B). AdH P1 and HBc P3 served as positive controls and stimulated apparent CD8+ 

T cell responses in liver and spleen as described earlier (compare Figure 10). 

 

Figure 13: Weak HBV specific CD8+ T cell response detected by peptide pool HBc P7 
on day 29 p.i.. C57BL/6 mice (n=4) were infected intravenously with 1x109 IU AdHBVx- or 
the control virus AdEmpty and were sacrificed on 29 p.i. for flow cytometric ICS analysis.  
(A) Percentages of IFNγ+ CD8+ T cells derived from LAL and (B) splenocytes. Data are 
shown as mean values with standard deviation for n≥3, otherwise as mean values only.  
(ICS: intracellular cytokine staining, LAL: liver associated lymphocytes, nd: not determined). 

Since CD8+ T cell responses against Ad HP1 and HBc P3 were clearly detectable on  

day 29 p.i., the possibility of an earlier HBV specific T cell response during infection was 

investigated in a new infection experiment. C57BL/6 mice were injected with 1x109 IU of 

AdHBVx- or AdEmpty and the day of analysis was preponed to day 19 p.i. for flow 

cytometric ICS analysis of CD8+ T cells in the spleen (Figure 14A). The CD8+ T cell response 

against HBc P7 in AdHBVx- infected mice on day 19 p.i. in the spleen was 3-fold higher than 

on day 28 p.i., whereas HBc P7 stimulated splenocytes from AdEmpty infected mice induced 

no CD8+ T cell response above background level (Figure 14C). Similarly no CD8+ T cell 

response was detected in HBc P7 stimulated LAL or splenocytes of naïve mice as shown in 

Figure 15B and C. 
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Figure 14: HBV specific CD8+ T cell responses induced by peptide pool HBc P7 and 
corresponding single peptides on day 19 p.i.. CD45.1 mice were infected intravenously 
with 1x109 IU of AdHBVx- (n=3) or the control virus AdEmpty (n=2) and were sacrificed on 
day 19 p.i. for flow cytometric ICS analysis of splenocytes. (A) Percentages of  
IFNγ+ CD8+ T cells after ex vivo stimulation with peptide pool HBc P7 and (B) corresponding 
HBcAg single peptides. (C) Representative flow cytometric plots of HBc P7 stimulated 
splenocytes. (D) Percentages of IFNγ+ CD4+ T cells after ex vivo stimulation with peptide 
pool HBc P7 and (E) corresponding HBcAg single peptides. (F) Percentages of cytokine 
producing CD8+ T cell or (G) CD4+ T cell response after HBc P7 stimulation in the spleen on 
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day 19 post AdHBVx- infection. Data are shown as mean values with standard deviation for 
n=3, otherwise as mean values only. (ICS: intracellular cytokine staining,  
nd: not determined). 

Peptides from peptide pool HBc P7 were also tested separately for ex vivo stimulation of 

splenocytes isolated from AdHBVx- or AdEmpty infected mice in order to identify 

immunogenic regions (Figure 14B). Ex vivo stimulation with the single peptides HBc #1-10 

and HBc #15-18 induced a CD8+ T cell response above background levels in AdHBVx- 

infected mice but not in AdEmpty infected mice. The CD8+ T cell responses against HBc #5 

(0.57 %) and HBc #15 (0.47 %) were the strongest and were almost as high as the CD8+ T 

cell response against the HBc P7 peptide pool (Figure 14A). Stimulation with HBc #11-14 did 

not result in any CD8+ response above background level. Moreover ex vivo splenocyte 

stimulation with HBc P7 resulted also in a moderate IFNγ+ production by CD4+ T cells  

(0.24 %) (Figure 14D). The HBc single peptides HBc #13-16 covered the immunogenic 

region for CD4+ T cell response of pool HBc P7 (Figure 14 E). 

HBc P7 stimulation resulted in the detection of IFNγ+ CD8+ T cells, and furthermore, also in 

the detection of similar amounts of monofunctional IL-2+ CD8+ T cells as well as to a lesser 

extent of monofunctional TNFα+ CD8+ T cells, bifunctional IFNγ+ TNFα+ CD8+ T cells and 

polyfunctional IFNγ+ IL-2+ TNFα+ CD8+ T cells (Figure 14F). Likewise, CD4+ T cell 

responses against the HBc P7 peptide pool mainly consisted of monofunctional CD4+ T cells, 

but also to a lesser extent of bifunctional IFNγ+ TNFα+ CD4+ T cells and polyfunctional 

IFNγ+ IL-2+ TNFα+ CD4+ T cells (Figure 14G). In conclusion, stimulation with the HBc P7 

peptide pool or single peptides derived from this pool enable the detection of a functional and 

HBV specific CD4+ T cell and CD8+ T cell response in C57BL/6 mice after AdHBVx- 

infection. 

In order to explain the low percentages of HBV specific CD8+ T cells compared to  

Ad specific CD8+ T cells (see Figure 14A), it was addressed whether HBV specific T cells 

were escaping detection in the ICS analysis due to their potential lack of functionality. Thus 

peptide-MHC multimer staining was used to determine HBV specific CD8+ T cells 

irrespective of their functionality. C57BL/6 mice were infected with 1x109 IU of AdHBVx- or 

AdEmpty and sacrificed on day 19 p.i. for flow cytometric peptide-MHC multimer staining of 

splenocytes. Only minimally increased percentages of multimer+ CD8+ T cells against 

HBV_C18, HBV_S20, HBV_C93, HBV_S172 and HBV_S190 were detected above 

background level (Figure 15A). This minute response against HBV_C93, HBV_S172 and 
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HBV_S190 was also detected in ex vivo peptide stimulated splenocytes of AdHBVx- infected 

mice on day 19 p.i. as shown in Figure 15B. Even more, splenocyte stimulation with whole 

capsids showed a moderate CD8+ T cell response (0.26 %) that was not detectable on  

day 28 p.i. (compare Figure 10B). On the other hand, the preponed day of analysis did not 

result in detection of IFNγ+ CD8+ T cells directed against the before tested peptide pools  

HBc P6 and HBs P2 (compare Figure 11B and C) confirming that the predicted HBc epitopes 

were not immunogenic in our experimental setup. The fact that proportions of CD8+ T cells 

binding to the peptide-MHC complex reflected the HBV specific IFNγ+ CD8+ T cell 

responses, confirms that only low levels of HBV specific CD8+ T cells are detectable in 

AdHBVx- infected mice on day 19 p.i.. 

 

Figure 15: Low HBV multimer+ CD8+ T cell percentages and corresponding CD8+ T cell 
responses. CD45.1 mice were infected intravenously with 1x109 IU of AdHBVx- (n=3) or the 
control virus AdEmpty (n=2) and were sacrificed on day 19 p.i. for flow cytometric  
peptide-MHC multimer and ICS analysis. (A) Percentages of HBV peptide-MHC multimer+ 
CD8+ T cells in splenocytes. (B) Percentages of IFNγ+ CD8+ T cells in splenocytes and  
(C) LAL after ex vivo stimulation with HBV peptides. Data are shown as mean values with 
standard deviation for n=3, otherwise as mean values only. (ICS: intracellular cytokine 
staining, LAL: liver associated lymphocytes, nd: not determined). 
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Following infection parameters of AdHBVx- infected mice, HBsAg and HBeAg levels were 

highest on day 7 p.i. and declined afterwards in the AdHBVx- infected mice faster for HBsAg 

than for HBeAg (Figure 16B and C). Anti-HBsAg antibodies could only be detected on day 

29 p.i. in one out of three AdHBVx- infected mice (Figure 16D), whereas anti-HBeAg 

antibodies were not detectable on day 29 p.i. (data not shown). The decline of HBV markers 

correlated with alanine aminotransferase (ALT) levels that were strongly increased on  

day 7 p.i. (1100 U/l in AdHBVx- infected mice) and declined during the course of infection 

(Figure 16A). In AdEmpty infected mice only a minor increase of ALT values was detected 

that peaked on day 19 p.i. (290 U/l). ALT background level of naïve mice was around 50 U/l. 

As expected, AdEmpty infected mice were negative for HBV markers and the respective 

antibodies. Taken together, the decline of ALT as well as HBV marker reflects the decreasing 

amount of HBV specific CD8+ T cell responses during the course of AdHBVx- infection. 

 

Figure 16: Decline of liver damage and HBV markers during course of AdHBVx- 
infection. Serological parameters of AdHBVx- or AdEmpty infected mice (n=3) on day 7, 19 
and 29 p.i.. (A) ALT was measured from serum. Dotted line at 50 U/l shows ALT value of 
naïve mice. (B) HBsAg, (C) HBeAg and (D) anti-HBsAg antibodies were measured from 
serum. Data was shown as mean values with standard deviation. (ALT: alanine 
aminotransferase). 
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In summary, these results show that functional Ad and HBV specific CD8+ T cell responses 

are detectable in the AdHBV mouse model although at low levels. An H2-kb specific 

immunogenic Ad5 hexon 8-mer epitope could be identified but no HBcAg or HBsAg 8-mer 

epitopes. HBV specific CD8+ T cell responses were only observed after stimulation with  

18-mer peptides. The difference in ALT activities between AdHBVx- and AdEmpty infected 

mice indicated that an HBV specific immune response is operative, which could not be 

monitored by ICS. 
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3.3 Role of Tregs and IL-10 production during AdHBVx- infection 

In recent years, Tregs and IL-10 became increasingly important in context of immune 

regulation and immune tolerance. However, IL-10 is difficult to detect due to insufficient 

assay techniques to identify the IL-10 secreting cells from the mixture of cell populations 

being present in leukocytes. These technical limitations can be circumvented by using the 

reporter system provided by the ITIB IL-10 reporter mouse, which encodes IL-10 linked to 

the Bla reporter enzyme enabling flow cytometry detection of the Bla activity reflecting the 

IL-10 production levels. In this part of the thesis, IL-10 reporter mice were used to examine 

the regulatory role of Tregs in the establishment of the anti-HBV immune response by 

detection of the IL-10 production by Tregs and by other cells of the innate and adaptive 

response. 

3.3.1 Kinetics of IL-10 production during AdHBVx- infection 

In order to investigate the IL-10 production by different cells of the innate and adaptive 

immune system during the course of an acute AdHBVx- infection, mice were i.v. infected 

with 1x109 IU of AdHBVx- or the control virus AdEmpty and sacrificed on day 3, 5, 7, 14 

and 21 p.i. (Figure 17A). During the course of AdHBVx- and AdEmpty infection, liver 

damage reflected by ALT release and serological markers of HBV infection were investigated 

and are shown in Figure 17 B to D. ALT levels increased on day 5 p.i. (1000 IU/l) and 

remained constantly elevated until day 21 p.i. (1400 IU/l), indicating moderate to strong liver 

damage in AdHBVx- infected mice. Infection with the control vector AdEmpty, however, 

induced only a 3-fold increase of ALT levels compared to naïve (uninfected) ITIB, mice 

between the day 3 and day 5 p.i.. As expected, the HBV markers HBsAg and HBeAg were 

only detectable in AdHBVx- infected mice and not in the control group of AdEmpty infected 

mice. HBeAg and HBsAg were highest on day 3 p.i. (850 S/Co HBeAg, 37000 IU/ml HBsAg 

all in 1:10 diluted serum) and declined progressively to low levels (190 S/Co HBeAg, 2 IU/ml 

HBsAg, all in 1:10 diluted serum) on day 21 p.i.. The more rapid decline of HBsAg than of 

HBeAg pointed to the induction of anti-HBsAg antibody production, resulting in complex 

formation of anti-HBsAg with HBsAg. Anti-HBsAg antibodies were only detectable on day 

29 p.i. after seroconversion occurred (Figure 16D). Presence of HBV markers correlated with 

the detection of intrahepatic HBV copies (Figure 17E) indicating maximal HBV replication in 

hepatocytes on day 3 p.i., but persistent HBV replication until day 21 p.i.. These data 

illustrate the course of an acute HBV infection. 
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Figure 17: Increase of liver damage and decline of HBV markers during course of 
AdHBVx- infection. ITIB mice were infected intravenously with 1x109 IU of AdHBVx- (n=3) 
or the control virus AdEmpty (n=2) and sacrificed on the indicated days p.i. for analysis of 
serum and liver parameters. (A) Experimental setup. (A) ALT, (B) HBsAg and (C) HBeAg 
were determined from serum. (D) Ratio of intrahepatic HBV to Ad copy numbers relative to 
murine intron were determined by quantitative PCR from liver DNA. Data are shown  
as mean values with standard deviation for n ≥ 3, otherwise as mean values only.  
(ALT: alanine aminotransferase). 

As shown in Figure 18A and B, quantitative PCR data of intrahepatic IFNγ and IL-10 levels 

confirmed a peak of pro-inflammatory IFNγ (90-fold) on day 5 p.i. and a subsequent peak of 

anti-inflammatory IL-10 expression (8-fold) on day 7 p.i. in AdHBVx- infected mice. This 

indicated an immune regulating role of IL-10 during AdHBVx- infection, but without 

revealing the source of IL-10 production. 
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Figure 18: AdHBVx- infection induced pro- and anti-inflammatory cytokine expression. 
ITIB mice were infected intravenously with 1x109 IU of AdHBVx- (n=2) or the control virus 
AdEmpty (n=2) and sacrificed on the indicated days p.i. for quantitative PCR analysis.  
(A) Isolated liver RNA was reversely transcribed to cDNA and used for quantitative PCR 
analysis of IFNγ or (B) IL-10 expression levels each relative to GAPDH and HPRT and 
normalized to naïve mice. Data are shown as mean values. 

3.3.1.1 Kinetics of leukocyte counts during AdHBVx- infection 

In order to reveal the source of IL-10 production during AdHBVx- infection, counts of 

leukocytes, which combine cells of the innate and adaptive immune response, and in a next 

step counts of several leukocyte populations as well as counts of IL-10+ leukocyte populations 

were examined over time. AdHBVx- infection induced a 52-fold increase of total leukocyte 

counts (compared to naïve mice) with a maximum of 2.7x107 cells in the liver on day 5 p.i.. 

Infection with the AdEmpty control virus induced an 11-fold increase of total leukocyte 

counts compared to naïve mice with a maximum of total leukocyte counts of 5.7x106 cells in 

the liver on day 5 p.i. (Figure 19A). 
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Figure 19: CD8+ T cells are the main IL-10 producing population in the liver. ITIB mice 
were infected intravenously with 1x109 IU of AdHBVx- (n=3) or the control virus AdEmpty 
(n=2) and sacrificed on day 3, 5, 6, 14 and 21 p.i. for flow cytometric analysis of leukocytes 
of the liver. Cell counts of AdHBVx- infected (left) and AdEmpty infected (right) mice are 
shown. (A) Total leukocyte counts. (B) Counts of single leukocyte populations. Legend from 
top to bottom and color code are oriented on cell counts on day 5 p.i: green > 5.0x106 cells, 
red 1.1x106 to 5.0x106 cells, black: ≤ 1.0x106 cells. (C) Counts of single IL-10 producing 
leukocyte populations stained with ITIB reporter reaction. Legend from top to bottom and 
color code are oriented on cell counts on day 5 p.i: green > 1.5x105, red 5.1x104 to 1.5x105, 
black ≤ 5x104 cells Data are shown as mean values with standard deviation for n ≥ 3, 
otherwise as mean values only. 

Separation of total leukocyte counts into the counts of single leukocyte populations revealed 

that the majority of leukocytes isolated from livers of AdHBVx- infected mice on day 5 p.i. 

were CD8+ T cells (1.2x107 cells), followed by NK cells (2.4x106 cells), CD4+ Foxp3- T cells 
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(2.3x106 cells) and B cells (2.1x106 cells) with an respective 90-fold, 20-fold,  

30-fold and 25-fold increase compared to naïve mice (Figure 19B). CD8+ T cell counts were 

5-fold higher in AdHBVx- infected mice than in the control group on day 5 p.i., while 

otherwise leukocyte compositions in both, AdHBVx- and AdEmpty infected mice were 

similar in proportion. 

Cell counts of IL-10 expressing cells in the liver are depicted in Figure 19C. At the point in 

time of maximal leukocyte counts on day 5 p.i., CD8+ T cells were the main producer of  

IL-10 in both, AdHBVx- (2.4x105 IL-10+ CD8+ T cells) and AdEmpty (1.6x105 IL-10+  

CD8+ T cells) infected mice, however, with a slightly different composition of IL-10 

expressing cells. In AdHBVx- infected mice populations with the highest IL-10 expression 

besides CD8+ T cells were B cells (1.8x105 cells), NK cells (1.1x105 cells) and DC  

(1.0x105 cells), whereas in AdEmpty infected mice CD4+ Foxp3- T cells (4.4x104 cells) 

followed CD8+ T cells as the main IL-10 producing cells. 

As in the liver, also in the spleen maximal counts of leukocytes were detected on day 5 p.i. 

with an 7-fold increase for AdHBVx- infected mice (2.0x108 cells) and an 3-fold increase for 

AdEmpty infected mice (7.8x107 cells) compared to naïve mice (Figure 20A). Comparison of 

total counts on day 5 p.i. showed a 7-fold and a 14-fold higher number of leukocytes in the 

spleen for AdHBVx- and AdEmpty infected mice respectively, underlining the importance of 

the spleen as location for priming of immune cells. 

The majority of leukocytes found in spleens were B cells (1.4x107 cells; Figure 20B). Similar 

counts were detected in both AdHBVx- and AdEmpty infected mice on day 5 p.i.  

(3-fold increase compared to naïve mice). Other dominant leukocyte populations in spleens of 

AdHBVx- infected mice on day 5 p.i. were CD8+ T cells (2.1x107 cells) and  

CD4+ Foxp3- T cells (1.4x107 cells). In contrast to AdEmpty infected mice, in AdHBVx- 

infected mice the CD8+ T cell population (3.7x107 cells) peaked on day 7 p.i.. Main producers 

of IL-10 in the spleen were B cells (8.8x106 cells). This population was 3-fold higher in 

AdHBVx- infected mice compared to the AdEmpty control group. 
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Figure 20: B cells are the main IL-10 producing population in the spleen upon Ad 
infection. ITIB mice were infected intravenously with 1x109 IU of AdHBVx- (n=3) or the 
control virus AdEmpty (n=2) and were sacrificed on day 3, 5, 6, 14 and 21 p.i. for flow 
cytometric analysis of leukocytes of the spleen. (A) Total leukocyte counts. (B) Counts of 
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single leukocyte populations. Legend from top to bottom and color code are oriented on cell 
counts on day 5 p.i: red > 1.0x107 cells, black ≤ 1.0x106 cells. (C) Counts of single IL-10 
producing leukocyte populations stained with ITIB reporter reaction. Legend from top to 
bottom and color code are oriented on cell counts on day 5 p.i: red > 1.0x106 cells,  
black ≤ 1.0x106 cells. Data are shown as mean values with standard deviation for n ≥ 3, 
otherwise as mean values only. 

In conclusion, a 3-fold decline of HBV copies until day 21 p.i. (Figure 17E) is accompanied 

by an increasing number of leukocytes in the liver (Figure 19A) and the spleen (Figure 20A) 

indicating a marked proliferation of mainly B cells and T cells. This was accompanied by a 

recruitment of NK cells and DC to the liver of infected mice. A variety of immune cells 

expressed the anti-inflammatory cytokine IL-10. Hereby, CD8+ T cells and B cells were 

identified as the main IL-10 producing cell populations in the liver and the spleen respectively 

with maximal activity on day 5 post AdHBVx- or AdEmpty infection. 

3.3.1.2 Kinetics of IL-10+ leukocyte populations during AdHBVx- infection 

In a next step, percentages of IL-10 producing cells of the innate and adaptive immune system 

in the liver and spleen were determined and are shown in Figure 21. On day 3 p.i., high 

percentages of IL-10+ Tregs were observed upon AdHBVx- infection in spleens (14 %) and 

on day 21 p.i. in livers and spleens (50 % and 30 % respectively; Figure 21G). Further 

analysis of IL-10+ Tregs is described in 3.3.2. Percentages of splenic IL-10+ B cells in 

AdHBVx- infected mice were the highest on day 5 p.i. (20 %) that declined until day 21 p.i. 

to 10 %. From day 5 until day 21 p.i., lower percentages of IL-10+ B cells (~8 %) in AdEmpty 

infected mice were detected (Figure 21C). This confirms the prominent IL-10 production by 

B cell in spleens upon AdHBVx- infection (shown before in Figure 20C). Early after infection  

(day 3 p.i.), peaks of IL-10 production were detected in NK (~30 %) and NKT (~20 %) cell 

populations in spleens of AdHBVx- and AdEmpty infected mice (Figure 21A and B). 

IL-10 production by monocytes and macrophages was generally higher in livers than in 

spleens. Percentages of IL-10+ macrophages in livers were highest on day 5 p.i. and day 21 p.i 

(~20 %), whereas the highest IL-10 production levels in livers of AdEmpty infected mice 

were detected on day 5 p.i. (28 %; Figure 21D). Monocytes of AdHBVx- infected mice 

showed higher IL-10 percentages than the control group on day 5 and 14 p.i. (4- and 2-fold) 

in the liver as well as on day 7 and 14 p.i. in the spleen (2- and 3-fold; Figure 21E). Similar 

low percentages of IL-10 production were observed in DC in livers and spleens (~10 %). 

However, AdHBVx- infected mice showed higher IL-10 production by DC in the spleen on 

day 5 and 7 p.i (3- and 21-fold) and on day 14 p.i. in the liver (3-fold) compared to naïve mice 
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(Figure 21F). Percentages of IL-10+ CD4+ Foxp3- T cells and IL-10+ CD8+ T cells  

(~5 % respectively) were low in liver and spleens during the course of AdHBVx- or AdEmpty 

infection (Figure 21H and I). 

Taken together, the percentages of IL-10+ cells of the innate and adaptive immune response 

illustrate the course of IL-10 production during HBV infection dependent of the cell type 

indicating that its regulation is complex. Percentages of IL-10+ B cells reflected the results 

obtained from analysis of IL-10+ B cell counts as main producer of IL-10+ on day 5 p.i. in the 

spleen. Furthermore, this illustration of the data revealed increasing IL-10+ production of 

Tregs after day 7 p.i. suggesting a role for Treg derived IL-10 in mitigation of the adoptive 

immune response during AdHBVx- infection. 
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Figure 21: Course of IL-10 production in liver and spleen. Leukocyte populations of 
AdHBVx- or AdEmpty infected ITIB mice were stained for flow cytometric analysis of IL-10 
production in the liver (1st, 3rd and 5th row) and spleen (2nd, 4th and 6th row) on indicated 
days p.i.. Percentages of IL-10+ (A) NK cells, (B) NKT cells, (C) B cells, (D) macrophages, 
(E) monocytes, (F) DC, (G) Tregs, (H) CD4+ Foxp3- T cells and (I) CD8+ T cells are shown. 
The dimension of IL-10 production was estimated by β-lactamase reporter reaction.  
The dotted line indicates percentages IL-10+ cells of naïve mice. Data was shown as mean 
values with standard deviation for n ≥ 3, otherwise as mean values only. (NK cells:  
CD3- NK1.1+ cells, NKT cells: CD3+ NK1.1+ cells, macrophages: F4/80high CD11blow, 
monocytes: F4/80- CD11bhigh, DC: CD11c+, B cells: CD19+, CD8+ T cells: CD8+,  
CD4+ Foxp3- T cells: CD4+ Foxp3-, Tregs: CD4+ CD25+ Foxp3+). 

3.3.1.3 Kinetics of IL-10 production on single cell level 

The ITIB reporter mouse not only allows for detection of IL-10 producing cells in general, but 

also for detection of IL-10 production levels as fold change of the β-lactamase+ population of 

a reporter mouse to β-lactamase- population of a non-reporter mouse. For NK cells, elevated 

IL-10 production was detected on day 7 p.i. for AdHBVx- and on day 14 p.i. for AdEmpty 

infected mice in the liver and for both groups on day 21 p.i. in the spleen. Macrophages 

showed elevated levels only on day 21 p.i. (Figure 22D), whereas for monocytes and DC 

similar IL-10 production levels compared to naïve mice were observed with the exception of 

elevated IL-10 production levels on day 7 p.i. and also on day 21 p.i. for monocytes  

(Figure 22E and F). For B cells increased IL-10 production levels were observed in liver and 

spleen until day 7 p.i. (Figure 22C). Tregs showed elevated IL-10 production levels on  

day 14 p.i. only for AdEmpty infected mice (Figure 22G). CD4+ Foxp3- T cells and especially  

CD8+ T cells showed elevated IL-10 production levels on all days p.i. except on day 7 p.i. 

(Figure 22H and I). 
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In the spleen, reduced IL-10 production by NK and NKT cells was observed on day 3 and  

5 p.i. (Figure 22A and B). Moreover reduced IL-10 production was observed on day 14 p.i. 

not only for NK cells, but also for NKT cells, B cells, macrophages and DC in liver and 

spleen of AdHBVx- infected mice. Macrophages showed reduced IL-10 production levels 

from day 3 p.i. to day 14 p.i. in liver and spleen (Figure 22D). B cells were reduced on  

day 14 and day 21 p.i. in the liver and even more in the spleen (Figure 22C). Tregs showed 

slightly reduced IL-10 production in liver and spleen compared to naïve mice (Figure 22G). 

Taken together, differences of IL-10 production levels between AdHBVx- and AdEmpty 

infected mice are not detectable on day 3 p.i. and day 5 p.i., but on day 7 p.i., indicating that 

increased IL-10 production levels are due to the HBV specific immune response adding to the 

Ad specific immune response of the first days post infection. 
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Figure 22: Course of relative IL-10 production per cell in liver and spleen. Leukocyte 
populations of AdHBVx- or AdEmpty infected ITIB mice were stained for flow cytometric 
analysis of IL-10 production in the liver (1st, 3rd and 5th row) and spleen (2nd, 4th and  
6th row) on indicated days p.i.. Relative IL-10 production by (A) NK cells, (B) NKT cells,  
(C) B cells, (D) macrophages, (E) monocytes, (F) DC, (G) Tregs, (H) CD4+ Foxp3- T cells 
and (I) CD8+ T cells was normalized to naïve mice (dotted line) and is depicted as fold 
change. Data are shown as mean values with standard deviation for n ≥ 3, otherwise as 
mean values only. (NK cells: CD3- NK1.1+ cells, NKT cells: CD3+ NK1.1+ cells, macrophages:  
F4/80high CD11blow, monocytes: F4/80- CD11bhigh, DC: CD11c+, B cells: CD19+,  
CD8+ T cells: CD8+, CD4+ Foxp3- T cells: CD4+ Foxp3-, Tregs: CD4+ CD25+ Foxp3+). 

The results of chapter 3.3.1 indicate that all examined leukocyte populations, especially  

CD8+ T cells and B cells, express IL-10 with varying intensity during the course of infection. 

Highest IL-10 production was detected on day 5 p.i. correlating with the increased ALT 

levels. Differences between AdHBVx- and AdEmpty infected mice were mainly observed 

after day 7 with increased IL-10 production in AdHBVx- infected mice. This observation 

indicates the activation, but also concurrent mitigation of the adaptive immune response after 

day 7 post Ad infection. 

3.3.2 Adoptive Treg transfer in DEREG/ITIB mice 

Previous Treg depletion experiments in AdHBV infected mice, showed a crucial role of Tregs 

in prolonging HBV clearance by alleviating liver damage, suppressing the anti-HBV immune 

response and delaying the antiviral CD8+ T cell response. However, the mechanisms of Treg 

regulation still remained elusive. Hence, the regulatory role of Tregs in the establishment of 

the anti-HBV immune response was further investigated in the next step during an acute 

AdHBVx- infection. Since Tregs were known to secrete the anti-inflammatory cytokine  
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IL-10, the question arose, whether Tregs are required for the induction of IL-10 production by 

other cells of the innate and adaptive immune response. 

 

Figure 23: Treg counts peaked in the liver on day 5 p.i.. ITIB mice were infected 
intravenously with 1x109 IU of AdHBVx- (n=3) or the control virus AdEmpty (n=2) and were 
sacrificed on day 3, 5, 7, 14 and 21 p.i. for flow cytometric analysis of leukocytes of liver and 
spleen. (A) Cell counts of Tregs and IL-10+ Tregs in liver and (B) spleen. (C) Isolated liver 
RNA was reversely transcribed to cDNA and used for quantitative PCR analysis of IL-10 
expression levels, which are relative to GAPDH and HPRT and normalized to naïve mice 
(same as shown in Figure 18). Data are shown as mean values with standard deviation for  
n ≥ 3, otherwise as mean values only. 

The kinetics of IL-10 production during AdHBVx- infection shown in the previous chapter 

revealed that CD8+ T cells and B cells were the main producers of IL-10, and that overall 

Treg counts in the liver were lowest of all the examined leukocyte populations  

(compare Figure 19). During AdHBVx- infection maximal Treg counts of 9.8x104 cells were 

observed in the liver on day 5 p.i. (100-fold increased compared to naïve mice) and maximal 

Treg counts of 6.7x105 cells were detected on day 7 p.i. in the spleen (3-fold increased 

compared to naïve mice) (Figure 23), meanwhile percentages of IL-10+ Tregs were 

comparatively low. Increased IL-10 production was detected in liver and spleen on day 14 

and day 21 p.i. of AdHBVx- infected mice (compare Figure 21G). Furthermore, Figure 22G 
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shows that IL-10 production levels of the single cells varied only little during the course or 

infection. The peak of Tregs is detected prior to the peak of total hepatic IL-10 (Figure 23C), 

suggesting that an initial stimulus of Tregs at the very onset of the AdHBVx- infection is 

required for the induction of IL-10 production by other leukocytes e.g. by B cells and T cells 

in order to mitigate the anti-HBV immune response. 

3.3.2.1 Adoptive Treg transfer in Treg depleted DEREG/ITIB mice 

The next question assessed, was whether Tregs were initially required for the induction of  

IL-10 production by various leukocyte populations. A mouse model was required that allows 

both: Treg depletion upon diphtheria toxin (DT) administration and detection of IL-10. For 

this purpose DEREG mice were crossbred with ITIB mice to combine two features: 1) in vivo 

depletion of Tregs via administration of DT on three subsequent days and 2) ex vivo detection 

of IL-10 on single cell levels (Figure 24). The newly obtained mouse strain was named  

DEREG/ITIB. 

Figure 24: Features of DEREG/ITIB mice. Crossbreeding of DEREG and ITIB mice 
resulted in DEREG/ITIB mice that can be depleted for Tregs in vivo and stained for 
intracellular IL-10 production. (A) Representative flow cytometry plot of DEREG/ITIB mice 
before (left) and after administration of DT on three subsequent days for Treg depletion 
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(right). (B) Representative flow cytometric plot of hepatic CD4+ T cells stained for IL-10 
production via the β-lactamase reporter reaction on day 7 p.i.. From left to right: non-reporter 
mouse, DEREG/ITIB without DT, DEREG/ITIB with DT and DEREG/ITIB with DT and 
adoptively transferred Tregs. Dot plots show Foxp3-GFP+ or IL-10 reporter+ cells respectively 
with numbers as percentage of total living leukocytes. (DT: diphtheria toxin). 

With the new DEREG/ITIB mice the question, whether Tregs were initially required for the 

induction of IL-10 production by various leukocyte populations, could be assessed. Therefore, 

FACS sorted Tregs (CD4+ CD25high T cells) from splenocytes of naïve C57BL/6 donor mice 

were adoptively transferred into Treg depleted DEREG/ITIB mice directly after i.v. injection 

of AdHBVx- (Treg resubstituted mice) (Figure 25A). Flow cytometric staining of the sorted 

cells showed that 30 % of the transferred cells were Foxp3+ Tregs (Figure 25B). On day 7 p.i., 

the mice were sacrificed and analysed for IL-10 production by leukocytes as well as for HBV 

markers in the serum. AdHBVx- infected mice, which were either non-depleted or Treg 

depleted served as control groups. 

 

Figure 25: Experimental setup of adoptive Treg transfer. DEREG/ITIB mice were Treg 
depleted via DT administration on three subsequent days prior to intravenous injection of  
1x109 IU AdHBVx- and intraperitoneal injection of CD4+ CD25high T cells isolated from 
splenocytes of CD45.1 mice. Treg resubstituted mice (+DT +Tregs; n=6) received  
1.5x104 CD4+ CD25high T cells per DEREG/ITIB mouse. Control groups were either  
non-depleted (-DT; n=5) or Treg depleted (+DT; n=5) prior to intravenous injection of  
1x109 IU of AdHBVx-. Mice were sacrificed on day 7 p.i. for flow cytometric ICS and 
quantitative PCR analysis. (A) Experimental setup. (B) Flow cytometric plot of FACS sorted 
CD4+ CD25high T cells stained for Foxp3+ Tregs. (DT: diphtheria toxin, ICS: intracellular 
cytokine staining). 

3.3.2.2 IL-10 percentages and counts after adoptive Treg transfer 

In order to examine the initial role of Tregs at the beginning of AdHBVx- infection for the 

induction of IL-10 production by various leukocyte populations, the percentages of  

IL-10+ leukocyte populations were examined in presence and absence of Tregs. As shown in  
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Figure 26, IL-10+ Tregs (44 % in Treg non-depleted mice) were efficiently depleted in liver 

and spleen (0 % in Treg depleted mice). 

 

 

Figure 26: Tregs mediate IL-10 production by CD4+ and CD8+ T cells but not of 
macrophages or monocytes. Leukocyte populations of AdHBVx- infected mice 
resubstituted with Tregs (+DT +Treg) as well as control groups of either non-depleted (-DT) 
or Treg depleted mice (+DT) were sacrificed on day 7 p.i. for flow cytometric analysis of IL-10 
production in the liver (top and 3rd row) and the spleen (2nd and bottom row) and 
quantitative PCR analysis. Percentages of IL-10+ (A) Tregs, (B) CD4+ Foxp3- T cells,  
(C) CD8+ T cells, (D) macrophages and (E) monocytes were measured via β-lactamase 
reporter reaction. Data are shown as mean values with standard deviation.  
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(DT: diphtheria toxin, macrophages: F4/80high CD11blow, monocytes: F4/80- CD11bhigh,  
CD8+ T cells: CD8+, CD4+ Foxp3- T cells: CD4+ Foxp3-, Tregs: CD4+ CD25+ Foxp3+). 

As expected, IL-10 production by Tregs in the liver recovered after adoptive transfer of Tregs  

(30 %; Figure 26A). Importantly, the proportion of IL-10+ CD4+ Foxp3- T cells and of  

IL-10+ CD8+ T cells also significantly increased in mice resubstituted with Tregs  

(9 % and 7 % respectively, Figure 26B and C). On the contrary, no change in  

IL-10+ macrophages or monocytes was observed (Figure 26D and E). All trends described for 

leukocytes in the liver were observed also in the spleen (Fig 10). In mice with resubstituted 

Tregs, the percentages of IL-10+ Tregs (19 %), CD4+ Foxp3- T cells (6 %) and CD8+ T cells 

(5 %) were higher than for to non-depleted mice (13 %, 4 % and 4 % respectively) in spleens. 

Hence, the presence of Tregs at the time of infection seemed in fact to be important for IL-10 

production by CD4+ Foxp3- T cells and CD8+ T cells, but not for IL-10 production by 

monocytes and macrophages. 

In addition, the cell count of Tregs in the liver was reduced drastically to 370 cells in  

Treg depleted mice as expected (Figure 27A). Surprisingly, in Treg resubstituted mice total 

Treg counts increased to 1.1x105 cells were observed, whereas in non-depleted control mice 

lower total Treg counts of 0.6x105 cells were detected. This was accompanied by strongly 

decreasing cell counts of IL-10+ CD4+ Foxp3- T cells (1.7x103 cells) and IL-10+ CD8+ T cells 

(1.1x104 cells) in Treg depleted mice. A 2-fold reduction in total cell count numbers of  

CD4+ Foxp3- T cells (6.3x105 cells) and CD8+ T cells (3.9x106 cells) in Treg depleted mice 

was observed compared to cell counts in non-depleted control mice (1.2x106 CD4+ Foxp3-  

T cells, 8.5x106 CD8+ T cells) (Figure 27B and C). This decline in cell counts was also 

detected in macrophages (2.5x105 cells compared to 3.7x106 cells in non-depleted control 

mice) and monocytes in Treg depleted mice (7.6x105 cells compared to 4.3x106 cells  

in non-depleted control mice) (Figure 27D and E). At the same time, cell counts of the  

CD8+ T cells (1.5x107 cells), macrophages (6.3x106 cells) and monocytes (9.7x106 cells) in 

Treg resubstituted mice were 2-fold increased compared to the non-depleted control mice, 

whereas the cell count of CD4+ Foxp3- T cells (5.2x106 cells) was even 4-fold higher. Similar 

to the results shown in Figure 20, higher cell counts were detected overall in the spleen 

compared to the liver (Figure 27F). Treg depleted mice showed a 4-fold lower leukocyte 

count in the liver (6.0x106 cells) and a 7-fold lower leukocyte count in the spleen  

(1.5x107 cells) along with a smaller ratio between spleen and liver leukocytes compared to 

non-depleted control mice (cells counts in the liver of 2.3x107 cells and in the spleen of 
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1.0x108 cells). However, for Treg resubstituted mice higher cell counts of total leukocytes in 

the liver (6.1x107 cells) and spleen (1.2x108 cells) were detected compared to non-depleted 

control mice (in the liver 3-fold increase and in the spleen 1.2-fold increase). Furthermore, 

Treg resubstituted mice showed an even smaller ratio between spleen and liver leukocytes 

than Treg depleted mice. These results suggest that Tregs were important for regulation of  

IL-10 production by CD4+ T cells and CD8+ T cells. 

 

Figure 27: Tregs are responsible for homing of innate and adaptive immune cells into 
liver and spleen. Leukocyte populations of AdHBVx- infected mice depleted for Tregs and 
with adoptively transferred Tregs (+DT +Tregs). Control groups are either non-depleted for 
Tregs (-DT) or depleted for Tregs (+DT). Flow cytometric analysis of leukocytes of liver  
(top and 3rd row) and spleen (2nd and bottom row) on day 7 p.i.. Counts of (A) Tregs,  
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(B) CD4+ Foxp3- T cells , (C) CD8+ T cells, (D) macrophages, (E) monocytes and  
(F) total cells. Data are shown as mean values with standard deviation.  
(DT: diphtheria toxin). 

Taken together, these results suggest that there is an association between initial presence of 

Tregs during the very onset of AdHBVx- infection and the infiltration or expansion of T cells 

as well as macrophages and monocytes into the liver and spleen. Furthermore, these results 

suggest that Tregs were responsible for the induction of IL-10 production by CD4+ T cells 

and CD8+ T cells. 

3.3.2.3 Serology and cytokine expression after adoptive Treg transfer 

In a next step, the influence of the presence and absence of Tregs and Treg derived IL-10 on 

serological markers and cytokine expression was examined in AdHBVx- infected mice. 

Increased ALT levels were detected in Treg depleted mice compared to non-depleted control 

mice as was described earlier. In contrast to the supposed rescue of IL-10 production,  

Treg resubstituted mice did not decrease the liver damage to levels of the non-depleted 

control mice (Figure 28A). HBeAg and HBsAg levels in Treg depleted and Treg resubstituted 

mice were slightly elevated compared to the non-depleted control mice (Figure 28B and C). 

This increase in HBV antigens relates to slightly increased HBV copies in Treg depleted and 

Treg resubstituted mice (Figure 28F). Moreover a 6-fold rise of total hepatic IFNγ expression 

level was detected in Treg depleted mice compared to non-depleted control mice  

(Figure 28D). In Treg resubstituted mice, IFNγ levels were only 4-fold higher than in  

non-depleted control mice, indicating only a partially rescued suppression mediated by the 

presence of Tregs. On the other hand, hepatic total IL-10 expression levels increased slightly 

(1.2-fold) in Treg depleted mice and further increased in Treg resubstituted mice (1.6 fold) 

compared to the non-depleted control mice (Figure 28E). 
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Figure 28: Adoptively transferred Tregs rescue IFNγ expression levels but not liver 
damage and IL-10 expression. AdHBVx- infected mice depleted for Tregs and with 
adoptively transferred Tregs (+DT +Treg) as well as of control groups either non-depleted for 
Tregs (-DT) or depleted for Tregs (+DT) were sacrificed on day 7 p.i. for serological 
parameters and quantitative PCR analysis. (A) ALT, (B) HBsAg and (C) HBeAg were 
determined from serum. (D) Isolated liver RNA was reversely transcribed to cDNA and used 
for quantitative PCR analysis of IFNγ and (E) IL-10 expression levels each relative to 
GAPDH and HPRT and normalized to naïve mice. (F) Ratio of intrahepatic HBV to Ad copy 
numbers relative to murine intron were determined by quantitative PCR from liver DNA. Data 
are shown as mean values with standard deviation. (DT: diphtheria toxin). 

Taken together, Tregs suppress overall pro-inflammatory IFNγ expression, but not overall 

anti-inflammatory IL-10 expression or liver damage. Since the adoptively transferred Tregs 

were able to restore T cell homing, but did not mitigate liver damage or restore IL-10 

production levels, the transferred Tregs might not have been fully functional or simply not 

localized correctly. 
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4 Discussion 

4.1 T cell priming by in vitro HBcAg stimulated APC 

Previous studies have shown that non-enveloped HBV capsids are released if apoptosis is 

induced and that ablation of the CD95 pathway of apoptosis prevents the induction of an  

anti-HBV immune response (Arzberger 2009, Arzberger et al. 2010). Furthermore, HBV 

capsids are shown to directly stimulate B cells more efficiently than macrophages or DC 

(Milich et al. 1997). These findings led to the hypothesis that HBV capsids can be taken up 

and presented by B cells, which subsequently prime HBcAg specific T cells. This hypothesis 

was tested by an in vitro co-culture study of T cells, which were equipped with an HBcAg 

specific TCR, with capsid stimulated B cells, macrophages and DC. 

APC are known to play a crucial role in antigen processing and cross-presentation of epitopes 

via the MHC class I molecule resulting in priming of CD8+ T cells (Germain 1994, Jung et al. 

2002). The observation of an increase in activation markers on HBcAg specific CD8+ T cells 

and the subsequent IFNγ secretion upon capsid or HBcAg derived peptide stimulation of DC 

proved the functionality of the here performed in vitro assay (Figure 8, 9). The functionality 

of the used B and T cells was further demonstrated by activation of  

pp65 specific T cells upon co-culture with B cells that were stimulated with the whole protein 

of carbamylated-pp65 or the HCMV peptide pool. These results agree with findings of 

another study, in which the ability of B cells to prime CD4+ T cells was shown  

(Constant et al. 1995). However, co-culture of T cells with capsid stimulated B cells did not 

result in CD8+ T cell activation in the applied experimental settings. Therefore, this result 

argues against a potential role of capsid stimulated B cells in the priming of HBcAg specific 

CD8+ T cells. Nevertheless, this finding is consistent with observations of a previously 

described study, in which capsid stimulated B cells did also not lead to B cell activation and 

antigen uptake unless CpG adjuvant was present (Jäger 2015). Synthetic oligonucleotides 

containing unmethylated CpG motifs boost the B cell and CTL immune response to protein 

antigen and therefore are used as adjuvant to improve the activity of vaccines  

(Bode et al. 2011, Lipford et al. 1997). However, CpG cannot be implemented in order to 

elucidate the role of B cells during T cell priming in a natural HBV infection. 

Contrary to the results obtained with B cells, priming of T cells was achieved by co-culture of 

T cells with recombinant capsids stimulated DC. Furthermore, T cell activation was achieved 
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to a lesser extent by co-culture with DC, which were stimulated with capsids that originated 

from envelope denatured virions of an HBV producing cell line (Figure 8). A reason for this 

difference in antigenicity might come from the in-house preparation of the envelope 

denatured capsids with potential unfavorable buffer conditions in contrast to the production of 

the recombinant capsid in an industrial and strongly quality-controlled environment. Since no 

priming of T cells with specificity for HBsAg occurred, it can be said that the denaturation 

procedure successfully removed the enveloped derived antigens from the self-made capsids. 

HBcAg specific CD8+ T cells were further primed by HBV_C18 stimulated DC, although to a 

lesser extent than by recombinant capsid stimulated DC. This finding is contradictory to the 

previously reported observation that vaccinations with peptides induce stronger CD8+ T cell 

responses than vaccinations with whole protein (Rosalia et al. 2013), thus suggesting that the 

minimal epitope, in form of the HBV_C18 peptide, for TCR_core develops a higher binding 

affinity to TCR_core and therefore induces a stronger T cell response than longer peptides do. 

For CD4+ T cells higher activation was observed when co-cultured with capsid stimulated DC 

in contrast to HBV_C18 stimulated DC, thus being consistent with the finding that whole 

protein stimulation primarily activates CD4+ T cells (Zhang et al. 2009). This result may be 

explained by the fact that DC use different trafficking routes after antigen internalization. 

During antigen processing, peptides are shown to localize in the endosome as well as in the 

cytosol, whereas whole proteins are only found in endosomal compartments  

(Rosalia et al. 2013, Zhang et al. 2009). The in vitro study showed that macrophages were 

only able to prime HBcAg specific T cells, when stimulated with HBV_C18 peptide, but not 

when stimulated with whole protein capsids. A similar result was obtained for  

pp65 specific T cells, which were primed by macrophages upon stimulation with the HCMV 

peptide pool, but not with the whole protein of carbamylated-pp65 (Figure 8). These results of 

the different abilities by DC or macrophages in activation of T cells support the previously 

reported idea of APC type dependent differences in antigen delivery and presentation  

(Stier et al. 2005). Furthermore, they support the notion of a dominant role of DC in priming 

naïve T cells upon viral infection (Barker et al. 2002, Busche et al. 2013). 

Observed events of unspecific T cell priming during this in vitro study can be explained by an 

incomplete transduction of T cells with the respective TCRs and the presence of naturally 

occurring TCRs on the transduced cells, which can lead to T cell activation upon binding to 

peptide-MHC complexes that fit their specificities. In order to prevent the occurrence of these 
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unspecific T cell responses, simultaneous staining of activation markers and the transduced 

TCR could be performed. 

Furthermore, unspecific priming of T cells after co-culture with capsid or pp65 stimulated 

APC might be explained by sequence similarity between the two proteins pp65 and HBcAg 

(see 6.4). The protein sequence of pp65 contains a region from position aa 245–253 that 

shows 3 identical aa and 6 aa with similar characteristics of their side-chains compared to 

HBV_C18, which could enable the recognition by T cells containing TCR_core  

(Berg et al. 2003). Furthermore, alignment of the protein sequences of pp65 and HBcAg 

showed sequence similarities of 122 aa out of 183 aa of HBcAg sharing similar characteristics 

of their side-chains or even the identical aa at the same position (14 times) in the region from 

aa 324–507 of pp65, which also contains the epitope recognized by TCCl_pp65 in position  

aa 495–503 enabling recognition of HBcAg derived antigens on B cells and DC.  

In accordance with the present results, an association between pp65 and HBcAg induced  

T cell responses was previously described, showing an enhanced pp65 specific CD8+ T cell 

response that is dependent on an HBcAg specific CD4+ T cell response (Reiser et al. 2011). 

The abilities of T cells for cross-reactive immune responses are further discussed in  

chapter 4.2.4. 

Taken together, the results obtained by this in vitro study, that was carried out without 

adjuvants, did not confirm the ability of HBcAg stimulated B cells to prime T cells. However, 

the results support the notion of the dominant role of DC in T cell priming during HBV 

infection. 
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4.2 Detection of Ad and HBV specific T cell responses 

The AdHBV mouse model was shown to be a good model in order to establish an acute 

hepatitis B during which liver damage, HBV replication, secretion of the HBV markers 

HBeAg and HBsAg as well as the corresponding antibodies were detected in the course of a 

self-limiting AdHBV infection (Sprinzl et al. 2001, von Freyend et al. 2011). However, 

detection of HBV specific CD8+ T cell or CD4+ T cell responses have not been successful in 

this model until now, due to a lack of immunogenic epitopes in AdHBVx- infected mice. 

Determination of immunodominant Ad and HBV specific epitopes was performed by 

screening epitope predicted peptides from HBcAg, HBsAg or the Ad hexon protein as well as 

testing of peptide pools. 

The reason why HBV derived CD8+ T cell epitopes, that are described to be immunogenic in 

protein-primed HBV transgenic mice (Backes et al. submitted), did not elicit a CD8+ T cell 

response in AdHBVx- infected mice, although having the same H-2kb background, remains 

elusive (Figure 10). Differences in HBV antigen presentation in these two mouse models 

might be influenced by the exogenous or endogenous source of the antigen like reported 

previously for two HBV epitopes (Riedl et al. 2014). In vaccinated mice, HBV proteins 

derive from an exogenous source, whereas in AdHBVx- infected hepatocytes endogenously 

expressed HBV proteins are present. The inability to mount a strong T cell response in mice 

with the HBV_C18 or HBV_S20 peptides, that are identified epitopes in HBV-infected 

humans, can be explained by known genetic differences of the murine and human MHC 

molecules, species-restricted interactions between CD8+ T cells and MHC class I molecules 

and the restriction of epitopes to a certain MHC molecule (Irwin et al. 1989, Kuhober et al. 

1996, Murphy 2011). Due to the finding that the HBcAg derived peptide pool HBc P3 

induced a mixed T cell response against Ad and HBV (Figure 10) instead of an HBV specific 

T cell response that was reported earlier (Stross et al. 2012), HBc P3 can only be used 

henceforth as a positive control for the functionality of the ICS, but not for the detection of an 

HBV specific T cell response. This result highlights the need for the identification of new Ad 

and HBV epitopes, which prove to be a valid method for detection of specific T cell responses 

against the Ad vector and the HBV transgene in AdHBVx- infected mice. 
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4.2.1 Identification of a new Ad hexon epitope by epitope prediction 

Identification of Ad and HBV specific epitopes in AdHBVx- infected mice was performed by 

screening high score peptides that were predicted by epitope prediction software. In contrast 

to the HBV derived peptides, one of the tested epitope predicted Ad hexon peptides resulted 

in strong ex vivo stimulation of lymphocytes and elicited a polyfunctional T cell response 

(Figure 12), thus enabling estimation of the specific T cell response against the Ad5 vector  

in the AdHBVx- infected mice. The Ad hexon peptide AdH #1 (RNFLYSNI) on position  

aa 470–477 is a newly identified immunodominant epitope, which binds to the  

H-2kb molecule of C57BL/6 mice. 

Output comparison of the binding prediction databases showed concordant results for AdH #1 

as the highest affinity binder and the strongest binder predicted by IEDB and netMHC 

respectively (Table 24), succeeding in the prediction of an immunogenic epitope of the  

Ad hexon protein. In the epitope prediction by the SYFPEITHI database, AdH #1 obtained 

only the second best score, whereas the predicted epitope with the best score (AdH #2) 

showed no immunogenic potential when tested in AdHBVx- infected mice. This aberration 

confirms the notion that the SYFPEITHI database is outcompeted by newer methods like 

netMHC (Lundegaard et al. 2010). Nonetheless, the performed binding predictions did not 

succeed in the identification of immunogenic 8-mer peptides derived from the HBcAg or 

HBsAg proteins, although the same binding affinity was predicted for HBV_S81 as for the 

immunodominant AdH #1 (Figure 11). This finding pronounces the statement that epitope 

prediction results are no guarantor of success, but a way to focus the experimental work on 

peptides with the highest potential (Lundegaard et al. 2010). 

4.2.2 Identification of a new HBcAg epitope 

Eliciting of an HBV specific T cell response in AdHBVx- infected mice was only obtained by 

ex vivo stimulation of lymphocytes with pooled (HBc P7) or single 18-mer peptides  

(HBc #1-10 and HBc #15-18) derived from HBcAg, but not with epitope predicted 8-mer 

epitopes of HBcAg (Figure 11, 13, 14). Shortening of the immunogenic HBc #33 peptide  

(15-mer) to a predicted 8-mer epitope abolished the immunogenic potential of this epitope 

(Figure 10). A similar loss of the immunogenic potential was observed upon shortening  

of the hepatitis C virus (HCV) core derived C18 peptide, which consists of 14 aa  

(Wolfertstetter 2014). It can therefore be assumed that shortening of the immunogenic 
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HBcAg derived 18-mer peptides also results in abolishment of the immunogenic potential of 

these peptides. 

Peptides of different lengths are reported to be accommodated by the MHC class I  

(8- to 14-mer) and MHC class II (12-, 13-, 15- and 20-mer) molecules. The longer the 

peptide, which is binding to the MHC class I molecule, the more the peptide bulges out of the 

binding groove due to its closed ends. Otherwise, the ends of the MHC class II binding 

groove are open so that longer peptides can be accommodated without bulging of the peptide 

(Sewell 2012). Furthermore, formation of peptide-MHC class I and II complexes with  

18-mer peptides have been previously described (Billeskov et al. 2007, Knapp et al. 2009). 

This suggests that the identified immunogenic HBcAg 18-mer peptides could be fitted into 

the binding groove of the MHC class I molecule by formation of a bulge, which would enable 

recognition by HBcAg epitope specific CD8+ T cells (Figure 14). With regard to the results 

obtained by peptide stimulated CD4+ T cells, 4 immunogenic 18-mer peptides (HBc #13-16) 

were identified, which could be fitted in the binding groove of the MHC class II molecule, 

and additionally were able to elicit an HBcAg specific CD4+ T cell response (Figure 14). 

However, these identified epitopes elicited only weak T cell responses in comparison to the 

predicted AdH #1 peptide, which might be explained due to their lower binding affinity to the  

MHC class I molecule and therefore in a lower position in the previously described epitope 

hierarchy (Bertoletti et al. 2006, Riedl et al. 2014) (Figure 12). Examination of the binding 

affinities of the identified peptides could be performed by an isothermal titration calorimetry 

or surface plasmon resonance like reported previously (Willcox et al. 1999). 

The two HBcAg 18-mer peptides of HBc P7, which induced the strongest CD8+ T cell 

responses, were HBc #5 (SDFFPSVRDLLDTASALY) on position aa 21–38 and HBc #15 

(TNMGLKFRQLLWFHISCL) on position aa 91–108 (Figure 14). HBc #15 contains the 

before-mentioned HBV_C93 epitope, which induced only slight CD8+ T cell response above 

background level on day 19 p.i. but not on day 28 p.i. in AdHBVx- infected mice  

(Figure 13, 14). HBc #5 does not contain any previously described HBcAg epitopes and is 

therefore a completely new identified immunodominant HBcAg epitope, which binds to the 

H-2kb molecule. With these HBV specific T cell epitopes, it is henceforth possible to 

determine also the cellular immune response via ICS in the AdHBVx- mouse model. 

More research using overlapping peptide pools covering the overall HBV sequence or 

covering only the HBV proteins HBsAg and polymerase, for which T cell epitopes  
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are described in the human system (Boni et al. 2007, Desmond et al. 2008, Rehermann et al. 

1995), is needed in order to identify epitopes that elicit stronger HBV specific CD8+ T cell 

responses in AdHBVx- infected mice. In a different approach other than epitope predictions, 

naturally processed and loaded peptides could be eluted from their  

MHC class I molecules and subsequently identified by mass spectrometry (Flyer et al. 2002). 

Moreover, T cell epitopes can be optimized in order to improve antigen affinity for the  

MHC molecule or the TCR (Pentier et al. 2013). However, these methods are cost intensive 

and at the same time do not guarantee the identification of immunogenic epitopes, so that it is 

necessary to weigh the cost-value ratio for identifying an optimized epitope that is used for 

the readout of T cell activation in a mouse model and not for a vaccine or immunotherapy, 

which aim to help patients directly. 

4.2.3 Low percentages of IFNγ+ CD8+ T cells  

Percentages of HBc P7 specific IFNγ+ CD8+ T cells were low on day 19 p.i. and further 

declined until day 29 p.i. (Figure 13, 14) or in case of HBV_C93 specific IFNγ+ CD8+ T cells 

were no longer detectable on day 28 p.i. (Figure 15). The replication marker HBeAg was still 

detectable on day 29 p.i., so that HBV antigen processing and presentation still occurs in 

AdHBVx- transduced hepatocytes or in APC after the uptake of secreted HBV antigen 

(Figure 16). By use of peptide-MHC multimer staining (Figure 15), the notion that the  

HBV specific CD8+ T cells might loose their ability to bind to the peptide-MHC class I 

complex, like described previously (Maini et al. 1999), was counteracted. Low numbers of  

multimer+ CD8+ T cells coincide with low numbers of HBV-specific IFNγ+ CD8+ T cells, 

thus suggesting that the detected CD8+ T cells are functionally active. Furthermore, the 

observation of low percentages of IFNγ+ CD8+ T cells agrees with findings of other studies, in 

which in general only low numbers of HBV antigen specific T cells are detected. Moreover, 

antiviral T cells are shown to be susceptible to NK cell mediated deletion or antigen-induced 

cell death (Knolle et al. 2014, Lenardo et al. 1999, Maini et al. 1999, Peppa et al. 2013), 

which could further explain the low HBV specific CD8+ T cell numbers during AdHBVx- 

infection. Additional explanations for low HBV specific CD8+ T cells could come from the 

observation that activated T cells down-regulate their TCR, which is thought to prevent severe 

organ damage (Sandalova et al. 2012, Valitutti et al. 1997). Moreover, Tregs are reported to 

mediate mitigation of T cell function and numbers as well as T cell migration into  

non-lymphoid organs, where the T cells reside as memory T cells (Busca et al. 2014, Welsh et 
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al. 2002). The here observed decline of Ad specific IFNγ+ CD8+ T cells during AdHBVx- 

infection from day 7 p.i. to day 28 p.i. (Figure 11) could be influenced by clearance of 

circulating Ad particles from the host by APC, which would result in a reduced activation of 

Ad specific T cells (Kafri et al. 1998). 

Further work needs to be done to establish, whether higher numbers of HBV specific  

CD8+ T cells could be detected by bringing forward the day of analysis for example to the 

period between days 7 to 14 p.i., at which high CD8+ T cell counts have been detected in the 

liver (Figure 19). This consideration of a preponed day of analysis is further supported by 

findings of the highest numbers of HBV specific CD8+ T cells coinciding with the clinically 

acute phase of the hepatitis in HBV infected patients (Maini et al. 1999). A further 

improvement of the readout of HBV specific CD8+ T cells could be achieved by ex vivo 

stimulation of the isolated lymphocytes with several peptides in parallel or with a peptide 

pool, which would enable the detection of the described multispecific T cell response during 

HBV infection (Chisari et al. 1995). Taking into account that an immunodominance hierarchy 

was described for CD8+ T cell responses against HBV antigens and that immunodominant 

epitopes are able to suppress subdominant epitopes independently from their number  

(Reiser et al. 2011, Riedl et al. 2014), peptides pools with an identified immunogenic 

potential should also be tested without the immunodominant epitope in order to enable 

identification of unsuppressed subdominant epitopes. 

4.2.4 Cross-reactivity between HBV and Ad 

In contrast to prior observation, percentages of CD8+ T cells stimulated with HBc P3 

increased during the AdHBVx- and AdEmpty infection from day 7 p.i. to day 28 p.i.  

(Figure 11). This increase could be explained by the recruitment of non-virus specific T cells 

or rather of cross-reactive memory T cells, which was previously described by other groups 

(Haanen et al. 1999, Maini et al. 2000). T cell cross-reactivity is reported to be caused by 

TCR binding degeneracy, which is essential to cope with the vast number of potential foreign 

peptide-MHC complexes (Sewell 2012). Thereby, T cells have the capacity to recognize viral 

variants or closely related antigens of heterologous virus (Haanen et al. 1999, Selin et al. 

1998). The here observed increasing numbers of HBc P3 stimulated CD8+ T cells is 

consistent with studies from other groups, which have shown that cross-reactive T cells may 

outnumber strain specific T cells and further that cross-reactive T cells are easier to stimulate 

than naïve T cells (Haanen et al. 1999, Selin et al. 1998). 
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Cross-reactive CD8+ T cells in AdHBVx- as well as in AdEmpty infected mice were detected 

after ex vivo stimulation with the peptide pool HBc P3 (Figure 10), which covers the 

carboxyl-terminal last 62 aa of the HBcAg. Silke Arzberger revealed sequence similarity of 

HBcAg and the Ad protein V in their ARD, whereof HBcAg contains 4 and Ad protein V 

contains 5 ARD. These findings agree with findings of other studies reporting that in case of a 

concordant sequence motif for the presenting MHC molecule, unrelated peptides with little 

amino acid homology can be bound by the same TCR and hence elicit a cross-reactive T cell 

response (Falk et al. 1991, Selin et al. 1994, Welsh et al. 2002). Examples of epitopes that 

induce CD8+ T cell cross-reactivity are described for various subtypes of influenza A 

(Altenburg et al. 2015), for Varicella Zoster virus, Herpes Simplex virus and Epstein Barr 

virus (EBV) (Chiu et al. 2014) and for the influenza A and EBV (Clute et al. 2005). Although 

cross-reactivity is used in a targeted manner to break tolerance in HBsAg transgenic mice 

(Schirmbeck et al. 2003b), the usage of cross-reactive peptides or peptide pools like HBc P3 

is extremely unfavorable during the readout of antigen specific T cell responses and hence 

should be avoided. 

4.2.5 Obstacles with Ad vectors 

Technical problems with Ad vectors encountered during one experiment resulting in different 

amounts of Ad vectors in infected mice (Figure 12), might be due to varied vitality of  

HEK 293A cells that were used for titration of Ad stocks. This finding agrees with the 

previously described occurrence of cell line dependent variations in determined viral titers 

(Thomas et al. 2007). In order to avoid varied results, titration of the Ad vectors used in the 

same experiment should be performed simultaneously with cells from the same cell passage. 

Upon infection of mice with the same amounts of Ad vectors, no difference between the 

amounts of intrahepatic Ad DNA of different Ad vectors should be detectable. 

With the AdHBVx- mouse model characteristic features of an acute HBV infection like the 

induction of liver damage, secretion of the HBV markers as well as antibody production were 

observed (Figure 16, 17). Recruitment of cells of the innate and adaptive immune system to 

the site of infection (Figure 19), cytokine expression (Figure 18, 19) and the induction of an 

HBV specific T cell responses (Figure 14) were detected in this easy-to-handle small animal 

model. Furthermore, this model has previously been used to examine immune modulators, 

which determine the acute or persistent outcome of HBV infection (Stross et al. 2012, von 

Freyend et al. 2011). However, every model has its limitations, which in case of the AdHBV 
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mouse model are described to be the lack of a gradual transduction of hepatocytes like during 

the natural course of HBV infection and the induction of an Ad vector specific immune 

response (Sprinzl et al. 2001, von Freyend et al. 2011). Although the E1 and E3 regions, 

which are responsible for interactions of the adenovirus with the host immune system, were 

deleted from the Ad genome, the presence of high amounts of Ad antigens upon AdHBV 

injection was inevitable and resulted in the induction of an innate and adaptive immune 

response as shown by increased cell counts of leukocytes and cytokine expression after 

AdEmpty infection (Figure 12, 18, 19). In the literature, an Ad induced immune response 

influencing HBV replication and the HBV specific immune response is described  

a number of times (Cavanaugh et al. 1998, Kafri et al. 1998, Lieber et al. 1997, Muruve et al. 

2008, Yang et al. 1994) and needs to be avoided. Circumvention or at least a reduction of an 

Ad induced immune response can be obtained by future usage of gutless, high-capacity, Ad 

vectors that are deleted for their entire Ad genome in order to prevent the induction of the 

immune response by residual expression from Ad genes (Alba et al. 2005). Packaging of 

gutless Ad vectors is implemented by coinfection of the virus-producing cell with the gutless 

Ad vector encoding the transgene and a helper virus encoding the  

Ad structural proteins (Morral et al. 1998, Muruve et al. 2004, Parks et al. 1996). As long as 

the hexon protein of the gutless Ad vector is derived from Ad5 as in the first-generation 

AdHBV or AdEmpty vectors, the identified AdH #1 peptide could be used for the readout of 

Ad specific CD8+ T cell responses induced by the Ad vector shortly after injection. At a later 

date, no Ad specific CD8+ T cell responses should be detectable in the gutless AdHBV 

infected mice. 

Taken together, greater efforts are needed to improve the AdHBV mouse model by reducing 

the Ad induced immune response, in order to obtain genuine results of the HBV-host 

interactions. As a first step in this process, the AdHBV mouse model was successfully 

improved by means of the newly identified epitopes that allow for the separate analysis of the 

Ad and HBV specific immune response. 
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4.3 Role of Tregs and IL-10 production during AdHBVx- infection 

The immunosuppressive environment of the liver prevents massive tissue damage during 

HBV infection and thereby maintains organ function (Protzer et al. 2012). Tregs and the 

cytokine IL-10 are hypothesized to play a regulatory role in the establishment of the  

anti-HBV immune response by exerting their anti-inflammatory potential (Rouse et al. 2010, 

Stross et al. 2012), which is why the IL-10 production by Tregs and other cells of the innate 

and adaptive immune response was examined during the course of an acute AdHBVx- 

infection. 

4.3.1 Course of an acute AdHBVx- infection 

The observed course of AdHBVx- infection resembles the course of an acute AdHBV 

infection described earlier in this thesis, which shows the reproducibility of results that were 

obtained by using this mouse model (Stross et al. 2012, von Freyend et al. 2011). Previous 

studies mostly focused on liver-infiltrating HBV specific T cells but not on other cells 

(Isogawa et al. 2005a). Upon AdHBVx- infection a strong infiltration of leukocytes in the 

liver and the spleen was detected, which reflects the recruitment of immune cells to the site of 

infection and the periphery (Figure 19, 20). In this study, beside T cells and Tregs, also  

NK cells, NKT cells, monocytes, macrophages, DC and B cells, which are shown to 

contribute to the establishment of an acute viral hepatitis (Sitia et al. 2004), were monitored 

simultaneously during the first 21 days of an acute AdHBVx- infection. 

The establishment of liver damage occurred on day 5 p.i. and correlated with the large 

infiltrate of non-antigen specific mononuclear cells (Figure 17, 19). Furthermore, elevated 

ALT levels and moreover the expression of large amounts of IFNγ reflected the activity of 

NK cell and CD8+ T cell mediated killing of infected cells, thus resulting instantly in the 

reduction of HBV markers in the blood and intrahepatic DNA (Figure 17, 18). These  

results match previously described observations obtained from HBV infected patients  

(Bertoletti et al. 2013, Bertoletti et al. 2007, Chen et al. 2005). Reduced recruitment of  

non-antigen specific mononuclear cells to the liver on day 7 p.i., suggests that the liver 

damage at a later date is initiated by antigen specific T cells that are primed within the liver or 

in secondary lymphoid organs like the spleen, whereby the primed T cells migrate to the site 

of infection like described previously (Bertolino et al. 2001, Sitia et al. 2004). Elevated ALT 

levels persisted for the duration of the kinetic and declined subsequently as was shown at a 
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later date (Figure 16, 17). These findings are consistent with the clinical course of an acute 

hepatitis caused by HBV (Liaw et al. 2009). The usual lag-phase of the immune response, that 

is common in HBV infected humans (Busca et al. 2014), was not observed in this mouse 

model, due to the holistic infection of hepatocytes after Ad gene of transfer the HBV genome. 

In AdHBVx- infected mice, the liver-infiltrating cells consisted primarily of CD8+ T cells, 

NK cells and CD4+ T cells on day 5 p.i., which accounted for the large amount of expressed 

IFNγ counteracting the HBV infection (Figure 18, 19). Strong hepatic IFNγ expression and 

high amounts of T cells are shown to be favorable for HBV clearance and further prevent a 

chronic course of HBV infection (Hodgson et al. 2001). Minor amounts of liver-infiltrating 

cells like DC, NKT cells, monocytes and macrophages support the notion that HBV uses 

strategies to impair the innate immune response in order to favor its own replication  

(Busca et al. 2014). Tregs are reported to constitute 2 to 4 % of peripheral CD4+ T cells 

(Baecher-Allan et al. 2004), so that the low Treg numbers upon AdHBVx- infection were in 

the expected range (Figure 23). 

The increase in leukocyte numbers in the spleen on day 5 p.i. was primarily caused by B cells, 

CD8+ T cells and CD4+ T cells, whereby the CD8+ T cells peaked delayed on day 7 p.i. 

(Figure 20). As expected, B cell numbers were high, since the spleen was reported to be the 

place for B cell maturation and priming (Loder et al. 1999). Furthermore, the spleen is shown 

to contribute to priming of an anti-HBV immune response, after which the primed  

T cells home to the site of antigen synthesis in the liver in order to exert their effector 

functions (Isogawa et al. 2005a, Zheng et al. 2013). 

The influence of the Ad vector on the induction of liver damage and an immune response 

were clearly visible in AdEmpty infected mice (Figures 18 to 22) and are a known side effect 

of using first-generation Ad vectors, which were already discussed in chapter 4.2.4. The lack 

of HBV encoding genes in AdEmpty infected mice suggests that the elicited immune 

response originates from an HBV transgene independent immune response, but that it rather 

dependents on the Ad vector. However, differences between AdHBVx- and AdEmpty 

infected mice were apparent by means of a weaker infiltration of immune cells into liver and 

spleen of AdEmpty infected mice. Moreover, AdHBVx- infected mice showed a higher 

amount of T cells in the spleen on day 7 p.i. (Figure 20), thus suggesting this to be an HBV 

specific effect, since no equivalent was detected in the control. In order to examine the role of 

IL-10 expression upon HBV infection, the main focus of the following discussion is directed 
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to events that are more pronounced in AdHBVx- infected mice than in AdEmpty infected 

mice. 

Notwithstanding the mentioned limitations, in general it seems that the results obtained with 

the AdHBVx- mouse model are in line with previously collected data from other HBV 

infection models or even HBV infected patients. Therefore, it is a valuable model, which can 

be used for monitoring the cells of the innate and adaptive immune response in order to 

further elucidate the virus-host interaction during an acute HBV infection. 

4.3.2 Kinetic of IL-10 production during AdHBVx- infection 

The anti-inflammatory cytokine IL-10 is expressed by many different cells, with the major 

source of IL-10 varying according to the tissue or the state of infection. Furthermore, IL-10 

functions as potent regulator of the innate and adaptive immune response, which needs to be 

controlled intensively to balance pathogen control and the severity of immune pathology 

(Couper et al. 2008, Pils et al. 2010). In order to enable this subtle IL-10 mediated regulation, 

IL-10 gene expression is complex and multi-layered comprising changes in chromatin 

structure, various cell type specific transcription factors and post-transcriptional mechanisms 

(Saraiva et al. 2010). Due to a reported link between early elevation of IL-10 and a better 

control of HBV infection (Keating et al. 2014) as well as the previously described expression 

of vast amounts of IL-10 early during AdHBVx- infection (von Freyend et al. 2011), it was 

hypothesized that IL-10 also plays a role in the anti-HBV immune response. This peak of  

IL-10 early during AdHBVx- infection was confirmed in this study (Figure 18). In order to 

monitor the kinetics of IL-10 production by cells of the innate and adaptive immune response 

during AdHBVx- infection, an ITIB IL-10 reporter mouse was used that enabled the detection 

of IL-10 expression of various cells of the immune system. 

During AdHBVx- infection, staining of IL-10+ leukocytes revealed that especially  

CD8+ T cells and B cells were the main producers of IL-10 in hepatic and splenic leukocytes 

respectively (Figure 19, 20). Although IL-10 was expressed constantly during the time 

measured, the largest amount of IL-10 was detectable simultaneously with increased liver 

damage on day 5 p.i., suggesting that the produced IL-10 counteracts immune pathology. In 

accordance with present results, previous studies have described a dominant role for  

IL-10 production by B cell and T cell populations of naïve mice and mice infected with the 

murine cytomegalovirus (MCMV) (Madan et al. 2009). In contrast to earlier findings  
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(Stross 2011), no evidence of macrophages as the major source of IL-10 was detected. The 

discrepancy of maximal cell counts of IL-10+ cells on day 5 p.i. (Figure 19) and the detection 

of maximal hepatic IL-10 expression levels detected on day 7 p.i. (Figure 18), where cell 

counts of IL-10+ cells were already reduced, suggests that not all IL-10 producing cells are 

included in this analysis. Therefore, future studies should also examine the IL-10 production 

by hepatocytes, eosinophils and neutrophils during AdHBVx- infection (Madan et al. 2009). 

The notion of IL-10 production being induced by the presence of secretory HBV proteins in 

order to modulate the inflammatory liver environment (Bertoletti et al. 2013) is in line with 

the findings on day 3 p.i., where increased HBeAg and HBsAg levels as well as IL-10 

production were observed (Figure 17, 18). 

Differences between AdHBVx- and AdEmpty infected mice were mainly observed after day  

7 p.i. with increased IL-10 production in AdHBVx- infected mice (Figure 21), which 

indicates the activation of an HBV specific adaptive immune response after day 7. Though, 

high percentages of B cells, CD4+ T cells and Tregs produced IL-10 on days 14 and 21 p.i. in 

AdHBVx- infected mice, cells of the innate immune response (NK and NKT cells, 

macrophages, monocytes and DC) were still contributing to IL-10 production (Figure 21), 

which is necessary for counteracting the immune pathology. Although only ~2 % of total 

hepatic CD8+ T cells produced IL-10, CD8+ T cells were the main producer of IL-10 in the 

liver, due to the vast numbers of liver-infiltrating CD8+ T cells, that were dominant over the 

other cell populations (Figure 19). In contrast to the common understanding of CD8+ T cells, 

which act as effector cells in favor of the inflammation, IL-10 producing CD8+ regulatory  

T cells were detected, which are reported to suppress IFNγ secretion and antigen specific 

proliferation of CD8+ effector T cells in order to prevent immune pathology during HCV 

infection (Abel et al. 2006, Accapezzato et al. 2004). Whether the IL-10 producing  

CD8+ T cells detected in this study belong to the previously described regulatory T cells 

(Endharti et al. 2005), should be examined by staining of CD8+ CD122+ T cells. CD4+ T cell 

derived IL-10 is shown to have an inhibitory effect on DC and macrophages in order to 

prevent immune pathology (Saraiva et al. 2010). Similar to IL-10 mediated inhibition of 

CD8+ T cells effector functions, also CD4+ T cell proliferation, differentiation as well as 

effector functions are directly impaired by IL-10 (Couper et al. 2008). The observed  

IL-10 production by CD4+ T cells without Foxp3+ Tregs (Figure 21) might be mediated by 

IL-10 secreting T regulatory type 1 (Tr1) cells, which are described to be induced by antigen 
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stimulation via an IL-10 dependent process (Roncarolo et al. 2006). IL-10 production by 

CD4+ Foxp3+ Tregs is discussed further below. 

The observed dominance of IL-10+ B cells in the spleen during the phase of an acute hepatitis 

(Figure 20) was surprising, due to earlier reports that myeloid cells are the main producers of 

IL-10 in liver and spleen of naïve mice and mice infected with Yersinia enterocolitica 

(Bouabe et al. 2011). Nevertheless, the here obtained results agree with findings of other 

studies, in which IL-10 production by B cells in MCMV infected mice are dominant in 

lymphoid tissues and are further responsible for the decrease of the virus specific CD8+ T cell 

response (Madan et al. 2009). As IL-10 is known to function at different stages of an immune 

response and at different anatomical locations, these conflicting observations might not be 

based on the usage of different IL-10 reporter mice but on the different life cycles of the 

pathogens used in the reported experiments, which resulted in a different induction of the 

immune response and hence IL-10 production (Bouabe et al. 2011, Saraiva et al. 2010). 

Further support for the role of IL-10 producing B cells that counteract cytotoxic T cell 

responses comes from observations of patients with chronic HBV, that showed enriched 

amounts of IL-10+ B cells in temporal correlation with liver damage (Das et al. 2012) 

correlating also with observations during the IL-10 kinetics in AdHBVx- infected mice.  

In order to determine the counter-regulative role of IL-10 producing B cells, CD19+ CD24high 

CD38high regulatory B cells (Bregs) should be stained at the peak of liver damage. 

IL-10 production by myeloid cells like monocytes and macrophages is shown to be dominant 

in blood and liver of MCMV infected mice (Madan et al. 2009), which was not confirmed in 

AdHBVx- infected mice (Figure 19). However, observation of increased hepatic IL-10 

production by macrophages, monocytes and DC are thought to influence directly the 

impairment of CTL and NK cell responses. Previously, this impairment was described to be 

mediated by limiting the production of pro-inflammatory cytokines and chemokines by  

APC as well as by inducing a tolerogenic state of the APC (Couper et al. 2008, Steinbrink et 

al. 1997). The regulation of innate effector functions is achieved upon autocrine IL-10 

signaling or by IL-10 that is secreted by TH1, TH2 or Tregs (Saraiva et al. 2010). Otherwise, 

macrophage derived IL-10 is also shown to be required for Treg maintenance and moreover in 

the mitigation of NK cell derived IFNγ (Murai et al. 2009, Tu et al. 2008). 

As first line of defense, NK cells are activated early during HBV infection. IL-10 production 

by NK cells is associated with enhanced NK cell proliferation and production of IFNγ  
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(Grant et al. 2008), which is in line with the observed IL-10 production on day 3 p.i. before 

liver damage occurs (Figure 17, 18, 21). But, in a different role, NK cell derived IL-10 can 

control the magnitude of the CD8+ T cell response during infection (Lee et al. 2009). 

Moreover, similar to CD8+ T cells, the ability of NK cells to produce the pro-inflammatory 

cytokine IFNγ is described to be dampened by IL-10 signaling of macrophages and DC 

(Lassen et al. 2010). In order to examine the previously described correlation between IL-10 

levels and NK cell mediated IFNγ production (Dunn et al. 2009), simultaneous staining of  

IFNγ+ NK cells and IL-10+ NK cells should be performed during the first 7 days of AdHBVx- 

infection. 

Treg numbers were generally low compared to other cells of the immune response during 

AdHBVx- infection. Nonetheless, increasing numbers of Tregs, which peaked on day 5 p.i., 

were observed in the livers of AdHBVx- infected mice. Although Treg numbers were 

declining in the continuing course of the disease, the percentages of IL-10 producing cells of 

the whole Treg population increased during the course of infection to more than 50 % on day 

21 p.i. (Figure 21, 23). An increase of Tregs during disease progression was previously linked 

to the immunosuppressive state induced by HBV that results in a decrease of  

HBV specific T cells in number and function (Busca et al. 2014). Another study found that 

increased Treg levels are restored to normal levels upon resolution of the HBV infection  

(Xu et al. 2006). IL-10 is shown to enhance the differentiation of Tregs, which again produce 

IL-10 and thereby contribute to their own induction (Barrat et al. 2002). 

In conclusion, the IL-10 reporter mouse has proven to be a useful tool to gain first insights 

into the diversity of IL-10 signaling during AdHBVx- infection. Localization and timing of 

IL-10 production by multiple sources form a coordinated response, which is involved in 

regulation of the innate and adaptive immune response in order to reduce immune pathology 

(Saraiva et al. 2010). 

4.3.3 Adoptive transfer of Tregs in AdHBVx- infected DEREG/ITIB mice 

Previous Treg depletion studies have shown a crucial role of Tregs in prolonging HBV 

clearance by alleviating liver damage, suppressing the anti-HBV immune response and 

delaying the antiviral CD8+ T cell response (Stross et al. 2012). Taking this into account, in 

order to elucidate further the regulatory role of Tregs in the establishment of the anti-HBV 

immune response during an HBV infection, a study with focus on Tregs and production of the 
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anti-inflammatory cytokine IL-10 by cells of the innate and adaptive immune response is 

needed. 

For this purpose, a new DEREG/ITIB mouse was created via crossbreeding of DEREG and 

ITIB mice. DEREG/ITIB mice have a C57BL/6 background, which allows the analysis of 

CD8+ T cell responses by exploiting the previously identified immunodominant epitopes of 

the Ad hexon protein and HBcAg (see 4.2.1 and 4.2.2). This DEREG/ITIB mouse combines 

the features of in vivo depletion of GFP+ Foxp3+ Tregs upon administration of DT and ex vivo 

detection on single cell levels due to an IL-10 reporter reaction (Figure 24), that have been 

described previously by the original mouse strains (Bouabe et al. 2011, Lahl et al. 2007).  

By using AdHBVx- infected DEREG/ITIB mice, that underwent DT mediated Treg depletion 

or DT mediated Treg depletion followed by an adoptive Treg transfer, the hypothesized 

regulatory role of Tregs in the establishment of the anti-HBV immune response via induction 

of IL-10 production by cells of the innate and adaptive immune response was examined. The 

day of analysis was set to day 7 p.i., where the adaptive immune response against HBV was 

expected to be established as observed earlier (compare 4.3.2). 

Treg depletion resulted in strongly diminished recruitment of leukocytes to liver and spleen 

compared to mice without Treg depletion. After the adoptive Treg transfer, the number of 

leukocytes in liver and spleen were rescued (Figure 27), which shows that the adoptive 

transfer was successful. This further suggests that Tregs are needed at the very onset of the 

infection, thus being important for recruitment of leukocytes to the site of infection. This 

suggestion agrees with findings of another study, in which mice with a mucosal herpes 

simplex virus infection showed an impaired immune cell trafficking to the infected tissue 

upon Treg depletion (Lund et al. 2008). The reduced counts of leukocytes at the site of 

infection and in the periphery in Treg depleted mice are unlikely to be related to toxic side 

effects of DT, since the cell counts were rescued in Treg resubstituted mice. Here, complete 

Treg depletion was achieved by DT administration on three subsequent days, with the last day 

of DT administration being the day of AdHBVx- infection (Figure 27). Upon initial Treg 

depletion before AdHBVx- infection, Tregs did not repopulate the liver and spleen within 

seven days, unlike described for DEREG mice that were Treg depleted in the first three days 

of infection (Stross 2011). With the latter depletion strategy, Tregs that were not affected by 

the first round of DT administration on the day of infection are supposed to be sufficient to 

exert their function and recruit leukocytes to liver and spleen. Therefore, the chronology 

adopted in this study of Treg depletion and AdHBVx- infection in DEREG/ITIB mice 
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provides a good model to examine the initial effect of Tregs on the establishment of the 

adaptive immune response. 

Apart from lower cell counts of T cells, monocytes and macrophages, hepatic IL-10 

production by CD4+ T cells and CD8+ T cells, but not of monocytes and macrophages, was 

strongly reduced after Treg depletion. However, this reduced IL-10 production by  

CD4+ T cells and CD8+ T cells was rescued after the adoptive transfer of Tregs (Figure 26), 

suggesting that the initial presence of Tregs rather affects cells of the adaptive than cells of 

the innate immune response. This finding is further supported by the observation that the 

overall hepatic expression of IL-10 increased after Treg depletion. As IL-10 production by 

macrophages was increased after Treg depletion, the lack of IL-10 derived from Tregs,  

CD8+ T cells or CD4+ T is likely to be compensated by other cells. Further studies are needed 

in order to monitor IL-10 production by other IL-10 producing cells like B cells, NK cells, 

hepatocytes, eosinophils and neutrophils in Treg depleted mice in order to prove the 

assumption of occurring compensation. Especially B cells are of interest, since they were 

shown to be a main producer of IL-10 early during AdHBVx- infection (compare 4.3.2). 

Thus, the investigation of the influence of Treg depletion and adoptive Treg transfer on 

regulatory CD8+ T cells and Bregs would be highly insightful (Das et al. 2012, Endharti et al. 

2005). 

As expected, Treg depletion resulted in increased hepatic IFNγ expression (Figure 28), which 

supports the notion that the presence of Tregs suppresses the anti-HBV immune response 

mediated by CD8+ effector T cells (Stross et al. 2012, Xu et al. 2006). The adaptive transfer 

of Tregs partially rescued the IFNγ expression to a lower level and thus further illustrates the 

anti-inflammatory affect of Tregs. A further study performed by an ICS of IFNγ+ cells on  

day 7 p.i. should confirm the Treg mediated mitigation of IFNγ production by CD8+ T cells as 

well as NK and NKT cells, which have been described as source of IFNγ (Busca et al. 2014, 

Nakagawa et al. 2001). 

Furthermore, as expected Treg depletion and the adoptive Treg transfer did not interfere with 

HBV replication or secretion of HBV markers HBeAg and HBsAg. An increase in liver 

damage after Treg depletion was also expected, since Tregs have previously been shown to 

alleviate liver damage (Stross et al. 2012). Unexpectedly, the liver damage was not rescued 

upon adoptive Treg transfer. A similar finding was made after an adoptive transfer of Tregs in 

AdHBV infected IL-10flx/flxCD4Cre+ mice, whose CD4+ T cells are deficient in IL-10 
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production. Hereby, also increased ALT and hepatic IL-10 levels were observed after 

adoptive Treg depletion (data not shown) indicating that this effect is mediated by the 

transferred Tregs and not by the administration of DT. The transferred Tregs in the 

experiment with the IL-10flx/flxCD4Cre+ mice were sorted via the CD4 surface marker and 

GFP expression of the Foxp3+ Tregs of DEREG mice (data not shown). In order to prevent a 

possible depletion of DEREG derived Tregs, which harbor the DT promoter, in DT mediated 

Tregs depleted DEREG/ITIB mice, the adoptively transferred Tregs originated from mice that 

did not harbor the DT promoter containing transgene. In the case of this second Treg sort, 

only surface markers CD4 and CD25, but not the intracellular marker of Foxp3, could be used 

in order to prevent loss of viability due to permeabilization of the Tregs. Foxp3 staining of a 

small aliquot of sorted cells revealed that only 30 % of the adoptively transferred cells were 

Foxp3+ (Figure 25), which indicates that the remaining 70 % are naïve CD4+ T cells. An 

effect on increased ALT levels by these CD4+ T cells is rather unlikely, since the same kind 

of cells should be present in the DEREG/ITIB mice with only AdHBVx- infection. An 

influencing effect on ALT levels and increased cell counts by the transferred Tregs can 

therefore only be connected to the number of transferred cells or that the adoptive Treg 

transfer impaired Tregs functions. The numbers of transferred cells with  

1.5x104 CD4+ CD25high cells do not account for the increase in leukocyte numbers after the 

adoptive transfer. As more Tregs were present in the liver on the day of analysis, the 

transferred number of Tregs should be titrated in order to find the optimal amount for 

transferred Tregs that will result in steady cell counts and ideally also in rescued ALT levels 

compared to mice with AdHBVx- infection only. Though, cell counts of hepatic CD4+ T cells 

and CD8+ T cells were also higher in mice after adoptive Treg transfer (Figure 27), which is 

unlikely a result of transferred cells but of recruitment. Analysis of a potential impairment 

dependent on the sort and adoptive transfer of the Treg function should be performed by 

tracking the fate of the adoptively transferred cells. 

In order to determine the fate of the transferred Tregs in future experiments, staining of the 

congenic marker CD45.1 should be used, which allows for the separation of the  

CD45.1+ transferred cells of the CD45.1 donor mice from the CD45.2+ cells in liver and 

spleen of the recipient DEREG/ITIB mouse. Tracking of the IL-10 production by the 

transferred Tregs is not possible due to the missing transgene for the IL-10 reporter reaction 

in CD45.1 donor mice. Monitoring of the IL-10 production solely by the transferred Tregs 

would only be allowed by the transfer of DEREG/ITIB derived Tregs into CD45.1 recipient 



Discussion
 

123 

mice lacking the transgene for the IL-10 reporter reaction. Moreover, histological staining of 

Tregs in the liver could answer the question whether the i.p. injected Tregs are actually 

migrating to the liver. If the transferred Tregs are not detectable in the liver shortly after 

adoptive transfer, the time of the adoptive transfer could be preponed so that the Tregs would 

have more time for distribution before i.v. injection of AdHBVx- that is directed to the liver 

(Shayakhmetov et al. 2004). The question, whether the regulatory role of Tregs is mediated 

by Treg derived IL-10 is responsible for the induction of IL-10 production by adaptive 

immune cells, needs to be addressed in a future experiment by transferring IL-10 deficient 

Tregs obtained from IL-10flx/flxCD4Cre+ mice into Treg depleted DEREG/ITIB mice.  

In comparison with the here presented data, the adoptively transferred IL-10 deficient Tregs 

should not induce IL-10 production by CD4+ T cells and CD8+ T cells. A kinetic of AdHBVx- 

infected and Treg depleted DEREG/ITIB mice with and without adoptively transferred Tregs 

would allow further monitoring of the importance of Treg mediated establishment of the 

adaptive immune response. 

In conclusion, the AdHBVx- infected DEREG/ITIB mouse proved to be a very useful tool to 

investigate the critical role of Tregs at the very beginning of the infection in regulating the 

immune response with regard to IL-10 production that balances suppressor and effector 

functions. The present study confirms previous findings of Treg depletion experiments and 

contributes additional evidence suggesting that Tregs are initially needed for the recruitment 

of cells of the innate and the adaptive immune response and that Tregs are further important 

for IL-10 production by cells of the adaptive immune response. With these findings the 

initially made hypothesis needs to be revised. Thus, it is hypothesized that Tregs induce the 

IL-10 production only of cells of the adaptive immune response, thereby mitigating the 

establishment of the adaptive immune response against HBV. The IL-10 production by cells 

of the innate immune response seems to be independent of Tregs. A more profound 

understanding of the mitigation of the anti-HBV immune response by Tregs provides a 

valuable basis for the development of novel therapeutic strategies. In order to prevent 

disturbances in the immune homeostasis, only well-known mechanisms of the  

anti-inflammatory regulation can be targeted in chronic HBV patients in order to recover the 

deficient HBV specific T cell response, whose lack is thought to be the reason for persistence 

of the virus. 
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6 Appendix 

6.1 Peptides of HBc P1, HBc P2, HBc P3 

Table 25: Peptide pools HBc P1, HBc P2, HBc P3 with peptide sequences.  
The sequence is based on the HBcAg, genotype D, sequence of (Gunther et al. 1998). 
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6.2 Epitope prediction results of HBc P5 

Table 26: SYFPEITHI scores of peptides after epitope prediction performed by Silke 
Arzberger. Peptides were combined to form peptide pool HBc P5. 
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6.3 Sequences used for epitope prediction 

The sequences used for epitope prediction of Ad hexon, HBcAg and HBsAg derived from the 

plasmid p173 encoding the AdHBV vector construct. Prior to epitope prediction, the plasmid 

sequence was sequenced and confirmed by Antje Malo. 

6.3.1 Protein sequence of Ad hexon 

MATPSMMPQWSYMHISGQDASEYLSPGLVQFARATETYFSLNNKFRNPTVAPTHDV

TTDRSQRLTLRFIPVDREDTAYSYKARFTLAVGDNRVLDMASTYFDIRGVLDRGPTF

KPYSGTAYNALAPKGAPNPCEWDEAATALEINLEEEDDDNEDEVDEQAEQQKTHVF

GQAPYSGINITKEGIQIGVEGQTPKYADKTFQPEPQIGESQWYETEINHAAGRVLKKT

TPMKPCYGSYAKPTNENGGQGILVKQQNGKLESQVEMQFFSTTEATAGNGDNLTPK

VVLYSEDVDIETPDTHISYMPTIKEGNSRELMGQQSMPNRPNYIAFRDNFIGLMYYNS

TGNMGVLAGQASQLNAVVDLQDRNTELSYQLLLDSIGDRTRYFSMWNQAVDSYDP

DVRIIENHGTEDELPNYCFPLGGVINTETLTKVKPKTGQENGWEKDATEFSDKNEIRV

GNNFAMEINLNANLWRNFLYSNIALYLPDKLKYSPSNVKISDNPNTYDYMNKRVVA

PGLVDCYINLGARWSLDYMDNVNPFNHHRNAGLRYRSMLLGNGRYVPFHIQVPQKF

FAIKNLLLLPGSYTYEWNFRKDVNMVLQSSLGNDLRVDGASIKFDSICLYATFFPMA

HNTASTLEAMLRNDTNDQSFNDYLSAANMLYPIPANATNVPISIPSRNWAAFRGWAF

TRLKTKETPSLGSGYDPYYTYSGSIPYLDGTFYLNHTFKKVAITFDSSVSWPGNDRLL

TPNEFEIKRSVDGEGYNVAQCNMTKDWFLVQMLANYNIGYQGFYIPESYKDRMYSF

FRNFQPMSRQVVDDTKYKDYQQVGILHQHNNSGFVGYLAPTMREGQAYPANFPYPL

IGKTAVDSITQKKFLCDRTLWRIPFSSNFMSMGALTDLGQNLLYANSAHALDMTFEV

DPMDEPTLLYVLFEVFDVVRVHRPHRGVIETVYLRTPFSAGNATT 

6.3.2 Protein sequence of HBcAg 

MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSPHHTALRQAI

LCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKFRQLLWFHISCLTFGRETV

IEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRRGRSPRRRTPSPRRRRSQSPRRRR

SQSRESQC 



Appendix
 

142 

6.3.3 Protein sequence of HBsAg 

MENITSGFLGPLLVLQAGFFLLTRILTIPQSLDSWWTSLNFLGGTTVCLGQNSQSPTSN

HSPTSCPPTCPGYRWMCLRRFIIFLFILLLCLIFLLVLLDYQGMLPVCPLIPGSSTTSTGP

CRTCMTTAQGTSMYPSCCCTKPSDGNCTCIPIPSSWAFGKFLWEWASARFSWLSLLV

PFVQWFVGLSPTVWLSVIWMMWYWGPSLYSILSPFLPLLPIFFCLWVYI 
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6.4 Sequence alignments of HBcAg and pp65 protein 

6.4.1 Sequence alignment of HBc_C18 peptide with pp65 protein 
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6.4.2 Sequence alignment of HBcAg protein with pp65 protein 
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