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1. Introduction

Vaccines are one of the most effective developments in medicine. The smallpox vac-
cine is the figure-head of a large range of vaccines, as through a massive, worldwide
vaccination program the smallpox –one of the most deadly and persistent human
pathogenic diseases– was eradicated. Vaccines are thus the major weapon in fighting
pathogens. The key to their success is the ability of the adaptive immune system to
react specifically against pathogens and simultaneously to build up a immunologi-
cal memory enabling the effective clearance of a later infection. Despite the success
using the smallpox vaccine, after about 200 years of vaccine research there is only a
limited number of effective vaccines available. Vaccines for ‘new’ pathogens includ-
ing human immunodeficiency virus (HIV) as well as ancient scourges such as malaria
and tuberculosis are still missing or ineffectively inducing a protective immunity.
The lack of effective vaccines for the above mentioned diseases is likely caused by
the requirement of a cellular immune response for effective protection from those.
Although all currently available vaccines efficiently induce antibody responses, in re-
gard of priming cellular immune responses most vaccines are inefficient. Despite the
availability of a preventive HBV vaccine efficiently inducing HBsAg-specific antibod-
ies, a therapeutic vaccine reconstituting the suboptimal cellular immune responses
in chronically infected patients is still missing. Only live-attenuated organisms are
able to mount an efficient cellular immune response, however their widespread use
might be precluded by manufacturing and safety concerns. The major focus of cur-
rent vaccine research is thus the efficient induction of cellular immune responses by
novel vaccination strategies. In general, there are two distinct vaccination protocols
under extensive research: a DNA-based (genetic) and a protein-based approach.
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1. Introduction

1.1. Genetic vaccination

Vector design

DNA vaccines are eukaryotic expression vectors engineered for optimal antigen ex-
pression in mammalian recipients. Because of their easy handling and propagation,
plasmid DNA vectors are generally used for vaccination purposes (figure 1). They
consist of two regions: i) the vector backbone necessary for the propagation in bacte-
ria that contains the origin of replication (providing large copy numbers in bacteria
and thus high yields) and an antibiotic resistance gene as selection marker, and ii)
a vaccine unit providing a viral promotor, an intron and a polyadenylation signal
ensuring high-level expression of the inserted gene of interest.

Figure 1.: Schematic presentation of an expression plasmid used for DNA vaccination.
Plasmid vector contains the vector backbone consisting of the origin of replication and an
antibiotic resistance gene, and the vaccine unit consisting of a viral promotor, an intron
for enhanced expression, the gene coding for the antigen of interest and a polyadenylation
signal.
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1. Introduction

DNA vaccination techniques

There are several techniques available, that efficiently deliver DNA vaccines in vivo
and thus induce an immune response [45, 59, 72, 95]. However, there a two major
techniques currently available that are broadly used and show high efficacy:
Intramuscular injection of high doses (50-100µg per mouse) of non-packaged anti-

gen encoding plasmid DNA (‘naked’) efficiently induces antigen-specific CD8 T cells
and high titers of IgG2a antibodies, that are characteristic features of a Th1-biased
response [34,58,134]. Although doses of 25-100µg DNA per injection are sufficient to
efficiently immunize mice, this amount of DNA seems not to be sufficient to efficiently
prime the human CD8 T cell responses. A human study revealed, that 500-2500µg
plasmid DNA are required to induce enhanced CD8 T cell responses specific for a
malaria antigen [131].
The amount of DNA necessary for the induction of a CD8 T cell response in

mice can be markedly reduced by immunization with the gene gun. This approach
uses low doses (0.1-1µg per mouse) of plasmid DNA coated onto gold particles that
are propelled directly into the cytosol of skin cells by a gas-driven biolistic device
(gene gun) [132, 137, 140]. This immunization method results in higher transgene
expression levels than those obtained by comparable amounts of ‘naked’ DNA. The
enhanced expression can be partially explained by the protection of plasmid DNA
from extracellular degradation by deoxyribonucleases [68]. In addition to enhanced
antigen expression, delivery of low doses of DNA by gene gun immunization favors
priming of Th2-directed immune responses inducing preferentially IgG1 antibodies
and no or only low CD8 T cell responses [40].

Priming cellular immune responses by DNA vaccines

Adaptive immunity requires the activation of T lymphocytes by professional antigen
presenting cells (APCs). Dendritic cells are supposed to be the main APC popula-
tion that activate T cells by presentation of antigens bound to major histocompat-
ibility complex (MHC) molecules. This antigen presentation proceeds through two
pathways: the endogenous and exogenous antigen processing pathway. These two
pathways of antigen processing strikingly differ in the source of antigen as well as the
class of MHC molecule finally presenting the antigen –so-called epitope. Extracellular
antigens enter the exogenous pathway resulting in endosomal and lysosomal degra-
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1. Introduction

dation with subsequent presentation of generated peptides by MHC-II molecules.
MHC-II:peptide complexes located on the cell surface of APCs activate CD4 T cells
specific for the generated MHC-II:peptide complexes [125]. The exogenous process-
ing pathway and thus priming of CD4 T cells facilitates humoral immune responses.
In contrast, intracellularly synthesized proteins enter the endogenous pathway uti-
lizing the ‘cytosolic’ proteasome for degradation of proteins. The generated peptides
are transported into the endoplasmatic reticulum (ER) by transporters associated
with antigen processing (TAP) [82], followed by further trimming by ER-localized
peptidases [106]. The processed peptides are loaded onto MHC-I molecules and the
complexes are transported to the cell surface via the Golgi apparatus. Presentation
of MHC-I:peptide complexes on the surface induces CD8 T cell responses.
A further pathway termed ‘cross-presentation/cross-priming’ enables APCs to ac-

tivate CD8 T cells by processing of extracellular antigen and presentation via MHC-I
molecules [86,96,139]. This pathway is required for immunity against pathogens that
don’t infect APCs directly, as otherwise –due to the inability of non-professional anti-
gen presenting cells to activate T cells– pathogen-specific CD8 T cells couldn’t be
activated.
Upon intramuscular DNA vaccination, plasmid-encoded antigens are thought to

activate CD8 T cells by two distinct mechanism. DNA vaccines can directly transfect
APCs, antigens are thus processed and subsequently presented by MHC-I molecules
via the conventional endogenous pathway (figure 2b). Naive CD8 T cells are then ac-
tivated by the cell-surface expression of MHC-I:peptide complexes and co-stimulatory
molecules necessary for activation. The second mechanism involves the above men-
tioned ‘cross-priming’ pathway. Myocytes or other somatic cells are transfected with
the DNA vaccine and produce large amounts of antigen, as they lack co-stimulatory
molecules no activation of naive CD8 T cells occurs. However, APCs can process se-
creted antigens of somatic cells by endocytosis or even take up apoptotic and necrotic
bodies by phagocytosis [1–3]. The antigens are then processed and presented by
MHC-I molecules on the cell surface together with co-stimulatory molecules result-
ing in activation of antigen-specific CD8 T cells (figure 2c).
In addition to activation of the adaptive immune system by vector encoded anti-

gens, the presence of unmethylated cytidine-phosphate-guanosine (CpG) dinucleotide
motifs in the bacterial plasmid DNA elicits innate immune responses characterized
by the production of Th1-directing cytokines (e.g. IL-6, IL-12, TNFα, IFNγ and
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1. Introduction

Figure 2.: Mechanisms stimulating T cells upon intramuscular DNA vaccination. a My-
ocytes take up DNA vaccine and express the antigen, resulting in presentation of MHC-
I:peptide complexes. However, myocytes co-stimulatory molecules and thus fail to activate
naive CD8 T cells. b Antigen presenting cells (APCs) can also take up DNA vaccine and di-
rectly express the antigen. Due to co-stimulatory molecules MHC-I:peptide complexes can
efficiently activate naive CD8 T cells. c Alternative mechanism that involves the transfec-
tion of myocytes, followed by transfer of the myocyte-expressed antigen to an APC leading
to activation of naive CD8 T cells. Adapted from Liu [71].
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1. Introduction

IFNα) and maturation of dendritic cells (DCs) [51, 62, 65]. These immunostimula-
tory motifs have thus a fundamental role in enhancing the immunogenicity of DNA
vaccines.

Multivalent DNA vaccines

In contrast to immunization with live-attenuated organisms, plasmid vaccines en-
coding single antigens are supposed to deliver only a restricted amount of antigenic
information for the induction of CD8 T cell responses resulting at worst in failed pro-
tection. Therefore, the delivery of multiple antigens is desirable to provide a large
amount of antigenic information and thus elicit multispecific CD8 T cell responses.
The design of fusion antigens consisting of defined T cell epitopes and/or antigenic
domains is an attractive, commonly used approach to elicit an enhanced panel of CD8
T cell responses [41, 57, 93, 121]. This approach also allows the induction of CD8 T
cell responses directed against multiple pathogens, as antigenic epitopes/domains of
different sources can be easily combined. However, a potential roadblock in elicitation
of multispecific CD8 T cell responses may be an overall decreased immunogenicity
due to inefficient expression based on the chimeric, artificial character of the designed
antigens. In addition, the combination of multiple epitopes on a single antigen may
result in unexpected immunodominance hierarchies limiting the efficient induction of
multispecific (subdominant) CD8 T cell responses.

Hsp-facilitated expression system for DNA vaccines

A Hsp-mediated expression system has been developed to facilitate the expression of
chimeric, unstable antigens encoded by plasmid vaccines [37,99,109]. This system is
based on the observation that the N-terminal domain of cytosolic T-Ag of SV40 is
able to stably associate with Hsp70/73 in an ATP-dependent manner [22] mediated
by a DnaJ-like structure of the T-Ag. For stable Hsp70/73 association the N-terminal
77 residues of the T-Ag are sufficient to form the required finger-like structure con-
sisting of four α-helices. Multiple studies showed that the facilitated expression of
Hsp-capturing chimeric antigens is accompanied by enhanced immunogenicity and
independent of the origin and size of the fused antigen(s) [42, 97, 107, 111]. Expres-
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1. Introduction

sion of multivalent DNA vaccines in a Hsp-complexed form is thus an attractive
approach to elicit enhanced multispecific CD8 T cell responses.

Risks and advantages of DNA vaccines

Although DNA vaccines have demonstrated high immunogenicity and the ability to
induce protective immunity in multiple preclinical disease models, their application
in humans is limited because of inefficient DNA delivery techniques [49]. In addition,
a number of safety concerns about DNA vaccination have been raised including inte-
gration into the host genome [76], development of autoimmune diseases [46], and the
induction of rather tolerizing T cell responses [56, 83]. Nevertheless, DNA vaccines
are useful research tools helping to analyze the cellular response to endogenously
processed antigens. The alteration and recombination of DNA vaccines is fast as
well as cost-effective due to a large range of techniques of molecular biology.

1.2. Protein-based vaccination
Induction of CD8 T cells by protein-based vaccination approaches remains one of the
primary goals in vaccinology. In general, protein-based vaccines enter the extracellu-
lar pathway resulting in presentation by MHC-II molecules and induction of CD4 T
cells and antibodies. There are multiple approaches aiming at the increased priming
of CD8 T cells by enhanced ‘cross-priming’ of antigens. These approaches include
antigenic peptides fused to cationic tails [78, 100, 112], antigens fused to DC-specific
antibodies (i.e. anti-DEC205) [74], Hsp/antigen fusion proteins [89] and Hsp loaded
in vitro with antigenic peptides [14,21,67].

Hsp molecules mediate cross-priming

In addition to the ‘traditional’ housekeeping functions of Hsps such as protein fold-
ing, prevention of protein aggregration and facilitating transmembrane traffic [79],
multiple studies have demonstrated that tumor-derived Hsp of different families
(Hsp70 and Hsp90) initiate tumor-specific CD8 T cell responses and protective im-
munity [118]. The specific immunogenicity of Hsps derives from chaperoned anti-
genic peptides [20, 85]. Hsp molecules are thought to be internalized by receptor-
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1. Introduction

mediated endocytosis, resulting in presentation of chaperoned peptides by MHC-I
molecules [15, 23]. Binding of Hsps to a number of cell surface receptors has been
described, including CD91 [10, 17], CD40 [12], TLR2/4 [127], LOX-1 [35] and scav-
enger receptor-A [16]). However, it’s unclear which receptors are responsible for the
uptake of Hsps resulting in the ‘cross-priming’ of CD8 T cells.
In addition to their chaperoning activity, Hsp molecules have been described to

possess strong immunostimulatory capacities that lead to maturation and activation
of APCs [7,77,127,128] as well as significant secretion of TNFα, IL-1β, IL-6, IL-12,
IL-15 and IFNγ [6, 92, 115, 122]. Due to their dual function in the elicitation of im-
mune responses, Hsps were thus termed ‘chaperokines’ [5]. However, recent studies
showed that the immunostimulatory effects of Hsps are rather based on endotoxin
contaminations [11,13,14,75,130] than on intrinsic, structure-related adjuvant activ-
ity of Hsp molecules. These findings are in accordance with the identification of the
cellular Hsp-receptor TLR4 [127] that was initially described to bind LPS.

Currently available Hsp-mediated vaccination techniques

Different vaccination approaches have been established due to the enhanced cross-
priming by Hsp molecules. Hsp molecules derived of tumor tissues have been shown
to elicit protective tumor-specific CD8 T cell responses [31, 77, 101]. The specific
immunogenicity is mediated by chaperoned tumor-derived peptides representing kind
of a tumor fingerprint [20, 85]. Therefore, methods for the preparative isolation of
in vivo formed Hsp/peptide complexes from tumor cells were developed in order to
obtain tumor-specific vaccines [4, 38, 116, 117]. However, this approach covers only
tumor-specific antigens and can’t satisfy the needs of pathogen-specific vaccines.
Recombinant, purified Hsp molecules were also loaded in vitro with antigenic pep-

tides in order to induce pathogen- as well as tumor-specific CD8 T cell responses.
In vitro loaded Hsp/peptide complexes were shown to efficiently prime CD8 T cell
responses [14, 21, 30, 67, 103] and enable the induction of mono-specific CD8 T cell
responses. Although peptides loaded onto Hsp have demonstrated enhanced immuno-
genicity, a potential roadblock in elicitation of multispecific CD8 T cell responses is
that only a small subset of peptides is able to bind Hsp with sufficient affinity [44]. To
overcome hindrances based insufficient binding affinity to Hsp, hybrid peptides con-
sisting of defined T cell epitopes as well as short hydrophobic Hsp binding sequences
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1. Introduction

were designed [43, 84]. However, the in vitro loading of peptides onto purified Hsp
molecules is a demanding technique and the amount of antigenic information is lim-
ited to a maximum of about 20-30 residues thus limiting the usability.
Fusion proteins consisting of Hsp and a fused antigen are thought to overcome

the limitations of above mentioned approaches, as they can deliver pathogen- as well
as tumor-specific antigens of nearly infinite size. Enhanced immunogenicity of Hsp
fusion proteins has been demonstrated by fusing CD8 T cell epitopes [28,80] as well
as entire antigens or fragments up to 25 kDa [53, 55, 75, 89, 119, 120]. Hsp fusion
proteins are thus an attractive approach for vaccines aiming at enhanced cellular
immune response.

1.3. Aim of the study
Induction of CD8 T cell responses by protein-based vaccines is one of the major
challenges in vaccine research. We will use an expression system in which chimeric
proteins with a Hsp-capturing, viral J domain fused to antigen-encoding sequences
form stable complexes with eukaryotic (Hsp70, Hsp73) stress proteins to produce
recombinant vaccines.
In the first part of the thesis the formation, isolation and immunogenicity of recom-

binant Hsp/antigen complexes should be characterized in detail. We will (i) design
model antigens containing different (human and murine) MHC-I-restricted CD8 T
cell epitopes; (ii) characterize the interactions of different J domains with Hsp70/73;
(iii) develop a purification method that allows us to isolate native Hsp/antigen com-
plexes from eukaryotic and bacterial lysates; and (iv) test the immunogenicity of
these recombinant vaccines (with or without further adjuvant) in mice.
The Hsp-mediated expression system is exceptionally potent to induce multispe-

cific CD8 T cell responses when used in DNA- or protein- based vaccines. It has
been shown that immunodominance hierarchies operating in multispecific immune
responses to viral antigens limit the diversity of the elicited T cell responses. In
the second part of the thesis Hsp-binding vaccines containing different domains of
HBV antigens should be generated in order to characterize immunodominant and
subdominant CD8 T cell responses in wild type B6 mice and HBV transgenic mice.
We will use HBV transgenic mice to test if the induced CD8 T cell responses deliver
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1. Introduction

anti-viral (replication-inhibiting) effector functions to the liver. This will allow us to
investigate which vaccine-induced CD8 T cells can locally suppress HBV replication
in hepatocytes.
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2. Material and methods

2.1. Chemicals and reagents
All chemicals and reagents not separately mentioned in the text are listed in table 9
in the appendix.

2.2. Oligonucleotides and peptides
Oligonucleotides and synthetic peptides were purchased from Thermo Fisher Sci-
entific (Ulm, Germany). Table 1 contains the oligonucleotides used for cloning of
vaccine constructs. Oligonucleotides were dissolved in water yielding a concentration
of 100 pM. Table 2 comprise the synthetic peptides used for in vitro stimulation of
CD8 T cells. Peptides were dissolved at 10mg/ml in DMSO.

2.3. Mice
C57BL/6J (B6) mice (H-2b), BALB/c mice (H-2d Ld+), H-2 class II deficient Aα−/−

mice [63], Kb/OVA TCR-tg OT-I RAG−/− mice [32, 54, 81], HLA-A*0201-tg (HHD)
mice [91], C57BL/6J-TgN(Alb1HBV)44Bri tg (Alb/HBs) mice [27] and 1.4HBV-Smut

tg B6 mice [52] were bred and kept under standard pathogen-free conditions in the
animal colony of Ulm University (Ulm, Germany). Male and female mice were used
at 8-12 weeks of age. As HBV replication in the liver of 1.4HBV-Smut tg B6 males
was higher and showed less variability [52], only 1.4HBV-Smut tg B6 males were used
for vaccination studies. All animal experiments were performed according to the
guidelines of the local Animal Use and Care Committee and the National Animal
Welfare Law.
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2. Material and methods

Table 1.: Oligonucleotides used for PCR

designation sequence

C10 fow 5´-AAAAAGCTAGCGGAGCTACTGTGGAGTTACTCTCG-3´
C50 rev 5´-AAAAAGCGGCCGCTCACCCGGGAGGTGAACAATGCT

CAGGAGACTC-3´
GFP rev 5´-TTTTAAGCTTGCGGCCGCTTTACTTGTACAGC
GFPmut fow 5´-GATGCTGCACCGGTCGCCACCACGGTGAGCAAGGGC

GAGG-3´
GFPmut rev 5´-CCTCGCCCTTGCTCACCGTGGTGGCGACCGGTGCAG

CATC-3´
OVA246 fow 5´-AAAAAGAATTCTTTGCCTGATGAAGTCTCAGGC-3´
pCI rev 5´-CACTCCCAGTTCAATTACAGCTC-3´
S140 fow 5´-AAAAACCCGGGACCAAACCTTCGGACGGAAATTG-3´
S140v2 fow 5´-AAAAAGAATTCGACCAAACCTTCGGACGGAAATTG-3´
S2 fow 5´-AAAAAGGTACCGCTCGAGAACATCACATCAGGATTC

CTAG-3´
S226 rev 5´-AAAAAGCGGCCGCTTAAATGTATACCCAAAGACAAA

AGAAA-3´
S226v2 rev 5´-AAAAAGCGGCCGCACCGGTATGTATACCCAAAGACA

AAAGAAAATTG-3´
S50 rev 5´-AAAAAGGTACCCCAAGACACACGGTAGTTCCC-3´
Strep fow 5´-AAAAGAATTCATTAAAGAGGAGAAATTAACTATGGC

CAGCTGGTCCCACC-3´
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2. Material and methods

Table 2.: Peptides used for stimulation of CD8 T cells. Peptides are listed according
their antigenic origin. Their designation includes the respective MHC-I restriction and the
localization of the epitope in the antigenic origin. Additionally, the respective sequences
are shown in one letter amino acid code.

antigen designation sequence

HBcAg Kd/C87−95 SYVNTNMGL
HBcAg Kb/C93−100 MGLKFRQL
HBcAg A*0201/C18−27 FLPSDFFPSV
HBsAg Kb/S190−197 VWLSVIWM
HBsAg Kb/S208−215 ILSPFLPL
HBsAg A*0201/S20−28 FLLTRILTI
HBsAg A*0201/S185−194 GLSPTVWLSV
HBsAg A*0201/S208−216 ILSPFLPLL
HBV polymerase Kd/Pol140−148 HYFQTRHYL
HBV polymerase A*0201/Pol803−811 SLYADSPSV
Influenza A matrix protein A*0201/Flu-Ma58−66 GILGFVFTL
Listeriolysin-O Kd/LLO91−98 GYKDGNEYI
Ovalbumin Kb/OVA257−264 SIINFEKL

2.4. General techniques of molecular biology

Polymerase chain reaction (PCR)

PCR was performed using the ProofStart DNA polymerase (cat.no. 202205, Qiagen)
in a total volume of 50µl containing 1xPCR buffer, 2µM dNTP, 10 pmol of forward
and reverse primers, 50 ng template DNA and 2.5U polymerase. The general PCR
conditions are listed in table 3.

Table 3.: General PCR protocol. All PCR reactions for cloning purposes were performed
according to the shown protocol.

cycle temperature duration

95◦C 5min

1-35 94◦C 30 s
62◦C 30 s
72◦C 60 s

72◦C 4min
4◦C ∞
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2. Material and methods

Restriction digests

Restriction digests were performed in a total volume of 50µl containing 10µg plasmid
and at least 20U restriction enzyme. The reactions were incubated at 37◦C for 1 h.
The target vector preparations were subsequently treated for 30min at 37◦C with
10U of alkaline phosphatase (CIP) to remove 5´-phosphate groups avoiding self-
ligation of the target vector. All enzymes were purchased from New England Biolabs
and the appropriate reaction buffers were chosen according to the manufacturer’s
protocol.

Agarose gel electrophoresis

PCR and restriction digest products were subjected to agarose gel electrophoresis to
separate the generated fragments. Depending on the size of the generated fragments
1-3% agarose gels were used. The appropriate amount of agarose was dissolved in
1xTAE buffer (40mM Tris, 20mM acetic acid, 1mM EDTA) by heating-up. Ethid-
ium bromide was added for later visualization of DNA fragments. Samples were
loaded with 6x loading buffer (50% glycerol, 0.05% bromphenol blue, 0.05% xylen-
cyanol). To estimate the size of the DNA fragments a 1 kb (cat.no.N3232) and 100 bp
ladder (cat.no.N3231, both New England Biolabs) were loaded along with the sam-
ples. The electrophoresis was carried out at 120V for 45min. The DNA fragments
were visualized using UV light and aquired using the GeneGenius system (Syngene).

Purification of DNA fragments from agarose gels

DNA fragments visualized using UV light were excised. DNA fragments smaller
than 10 kb were purified using Qiaquick Gel Extraction Kit (cat.no. 28706, Qiagen)
according to the manufacturer’s instructions, whereas DNA fragments greater than
10 kb were purified using QIAEX II Gel Extraction Kit (cat.no. 20021, Qiagen).

DNA ligation

Purified DNA fragments were ligated in a total volume of 20µl containing 2µl
10x ligase buffer, 100 ng vector, 400U T4 DNA ligase (cat.no.M0202, New England
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2. Material and methods

Biolabs) and the appropriate amount of insert achieving a molar ratio of 1 (vector)
to 5 (insert). The reaction mixture was incubated at room temperature for 2 h.

Transformation of E. coli

10µl of the ligation reaction was added to 100µl of competent E. coli DH5α and
incubated on ice for 30min. The bacteria were heat-shocked for 45 s at 42◦C and
immediately placed on ice for 3min. 750µl S.O.C. medium (cat.no. 15544-034, In-
vitrogen) were added and the bacteria were incubated for 45min at 37◦C. Varying
amounts of the transformation reaction (50-300µl) were plated onto LB agar plates
(1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, 1.5% (w/v)
agar) containing either 100µg/ml ampicillin or 50µg/ml kanamycin for selection of
successfully transformed bacteria. The plates were incubated at 37◦C overnight.

Plasmid purification

For plasmid purification (mini size) a single colony of transformed E. coli was picked
and inoculated in 6ml LB medium (1% (w/v) bactotryptone, 0.5% (w/v) yeast ex-
tract, 0.5% (w/v) NaCl) with the appropriate antibiotic. The culture was incubated
at 37◦C while shaking at 220 rpm overnight. The purification was performed us-
ing the Qiagen Plasmid Mini Kit (cat.no. 12123, Qiagen) according to the manu-
facturer’s instructions, except adding directly the isopropanol to the cleared lysate
and therefore skipping the purification via anion-exchange columns. For vaccination
and cell-transfection purposes, the plasmids were purified using the Qiagen Plasmid
Midi/Maxi/Mega Kit (cat.no. 12143/12163/12183, Qiagen) according to the man-
ufacturer’s instructions. Purified plasmids were dissolved in ddH2O. Large scale
plasmid DNA was produced and purified by PlasmidFactory GmbH (Bielefeld, Ger-
many).

2.5. Plasmid vectors
All plasmid vectors used for transient expression and vaccination experiments are
based on pCI vector (cat.no. E1731, Promega). The generation of the following plas-
mid vectors was previously described [36]:
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• pCI/T-SFG encodes residues 1-77 of the T-Ag (T), residues 140-226 of HBsAg
(S), residues 58-66 of influenzaA matrix protein (F) and the entire enhanced
green fluorescent protein (eGFP, G).

• pCI/T-SFG encodes the T-SFG sequence lacking residues 58-66 of influenzaA
matrix protein (F).

• pCI/T60-SFG encodes residues 1-60 of the T-Ag and the SFG sequence.

• pCI/StT-SFG encodes the T-SFG sequence plus a N-terminal streptavidin-
binding tag (St).

• pCI/StT-C encodes the streptavidin-binding tag (St), residues 1-77 of the T-Ag
(T) and residues 79-149 of the HBcAg (C).

• pCI/StT-PCL encodes the streptavidin-binding tag (St), residues 1-77 of the
T-Ag (T), residues 131-160 and 791-832 of the hepatitis B polymerase (P),
residues 79-149 of the HBcAg (C) and residues 81-106 of the Listeria monocy-
togenes listeriolysin-O (L).

• pCI/StChl-PCL encodes the same sequence as StT-PCL, but the T domain is
exchanged with residues 1-67 of a Chlamydia trachomatis DnaJ protein (Chl).

• pCI/StAra-PCL encodes the same sequence as StT-PCL, but the T domain is
exchanged with residues 1-75 of a Arabidopsis thaliana DnaJ2 protein (Ara).

The following plasmids were generated during this thesis:

• pCI/StT-OVA-G was generated by using pCI/StT-PCL as target vector and ex-
changing the PCL-coding region with residues 246-353 of the ovalbumin (OVA)
and the entire green fluorescent protein. The OVA-coding sequence was codon-
optimized, equipped with proper flanking restriction sites and synthesized by
GeneArt (Regensburg, Germany). The exchange was accomplished by digest-
ing pCI/StT-PCL and the synthesized insert with KpnI/AgeI. Thereafter, an
eGFP-coding region derived of pEGFP/N1 (cat.no. 6085-1, Clontech) was in-
serted using AgeI/NotI.
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• BMGneo/StT-OVA-G containing the complete antigen-coding unit as well as
the polyadenylation signal of pCI/StT-OVA-G was generated by digestion of
pCI/StT-OVA-G with XhoI/BamHI and ligation of the antigen-containing frag-
ment with SalI/BamHI-digested BMGneo [60].

• pQE-9/StT-OVA-G enabling bacterial expression was generated by cloning a
modified antigen-coding unit of pCI/StT-OVA-G into the inducible expression
vector pQE-9 (Qiagen). The antigen-coding unit of pCI/StT-OVA-G was al-
tered by PCR mutagenesis with the objective of mutating the start codon of the
eGFP-coding part. The front part of the coding unit was amplified using for-
ward primer Strep fow and reverse primer GFPmut rev, while the rear part was
amplified using forward primer GFPmut fow and reverse primer GFP rev. The
resulting products were fused in a final PCR reaction and the final construct
was cloned into pQE-9 using EcoRI/HindIII.

• pCI/StAralong-PCL encodes the same sequence as StAra-PCL, but the J do-
main was elongated by 163 amino acid residues flanking the C-terminus of J
domain of Arabidopsis thaliana DnaJ2 protein.

• pCI/StT-MO was generated using the pCI/StT-PCL as target vector already
containing residues 131-160 and 791-832 of the hepatitis B polymerase (P) and
residues 79-149 of the HBcAg (C). Residues 2-50 of the HBsAg were ampli-
fied by PCR from pCI/S [110] using forward primer S2 fow and reverse primer
S50 rev, and the PCR product was subsequently cloned into the target vector
using KpnI. Residues 10-50 of the HBcAg were amplified from pCI/Core [66]
using forward primer C10 fow and reverse primer C50 rev. The resulting PCR
product was cloned into the XmaI/NotI-digested target vector using NheI/NotI,
thereby replacing residues 81-106 of the Listeria monocytogenes listeriolysin-O
(L). Residues 140-226 of the HBsAg were amplified from pCI/S using forward
primer S140 fow and S226 rev. SIII coding product was cloned into the tar-
get vector using XmaI/NotI. Finally, residues 246-353 of the ovalbumin were
amplified from pCI/StT-OVA-G using forward primer OVA246 fow and reverse
primer pCI rev, and the PCR product was cloned into the target vector using
EcoRI/AgeI.
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• pCI/St-MO was generated by XhoI digestion of pCI/StT-MO and subsequent
ligation of the vector backbone.

• pCI/StT-M was generated using the pCI/StT-PCL as target vector already
containing residues 131-160 and 791-832 of the hepatitis B polymerase (P)
and residues 79-149 of the HBcAg (C). Residues 2-50 of the HBsAg were am-
plified by PCR from pCI/S using forward primer S2 fow and reverse primer
S50 rev, and the PCR product was subsequently cloned into the target vector
using KpnI. Residues 10-50 of the HBcAg were amplified from pCI/Core using
forward primer C10 fow and reverse primer C50 rev. The resulting PCR prod-
uct was cloned into the XmaI/NotI-digested target vector using NheI/NotI,
thereby replacing residues 81-106 of the Listeria monocytogenes listeriolysin-O
(L). Finally, residues 140-226 of the HBsAg were amplified from pCI/S using
forward primer S140v2 fow and reverse primer S226v2 rev, and the resulting
PCR product was cloned into the target vector using EcoRI/AgeI.

• pCI/St-M was generated by XhoI digestion of pCI/StT-M and subsequent lig-
ation of the vector backbone.

• pCI/StT-SCC encodes the streptavidin-binding tag (St), residues 1-77 of the
T-Ag (T), residues 140-226 of the HBsAg (S), residues 79-149 of the HBcAg
(C) and residues 10-50 of the HBcAg (C). The vector was generated by cloning
the SCC-coding fragment of pCI/StT-M into pCI/R1 [36] using EcoRI/NotI.

2.6. Cell culture techniques

Cell lines and general cell culturing

The Chinese hamster ovary (CHO) cell line (CRL-1772), the human HeLa S3 cell
line (CCL-2.2) and the human HEK293 cell line (CRL-1573) were obtained from
the American Tissue Culture Collection (ATCC, Rockville, MD, USA). The RBL-5
derived mutant cell line RMA/S was kindly provided by Dr K. Kärre (Stockholm,
Sweden). CHO, HeLa and RMA/S cells were cultured in Clicks/RPMI supplemented
with 5% fetal calf serum (FCS), 1% L-glutamine, 1% penicillin/streptomycin and
0.1M β-mercaptoethanol (β-ME). HEK293 cells were cultured in DMEM supple-
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mented with 10% fetal calf serum (FCS), 1% penicillin/streptomycin and 0.1M βME.
All used cell culture reagents are listed in table 4.

Table 4.: Reagents used for cell culturing

reagent provider cat.no.

β-ME Sigma M-7522
Clicks/RPMI Applichem A2044
DMEM Gibco 31855-023
FCS PAA Laboratories A15-101
G418 PAA Laboratories P02-12
L-glutamine PAA Laboratories M11-004
penicillin/streptomycin PAA Laboratories P11-010
RPMI-1640 Gibco 72400-021

Generation of bone marrow-derived dendritic cells (BM-DCs)

BM-DCs were generated as described previously [73]. RPMI-1640 supplemented with
10% FCS, 1% L-glutamine, 1% penicillin/streptomycin and 0.1M β-mercaptoethanol
(β-ME) was used as culture medium. Briefly, femurs and tibiae of 8-12-week-old
female C57BL/6J were flushed with culture medium and the obtained bone marrow
(BM) was washed twice with culture medium. About 3 x 106 BM cells were seeded
per 100mm petri dish in 10ml culture medium supplemented with 5% supernatant of
a GM-CSF producing cell line. On day four, 5ml of fresh medium with 5% GM-CSF
was added. On day seven, the non-adherent fraction was collected and splitted into
two new petri dishes. On day ten, the non-adherent fraction was harvested, analyzed
by flow cytometry and used as BM-DCs in further experiments.

Calcium phosphate transfection

HEK293 cells were transiently transfected with plasmids using the calcium phosphate
method. Briefly, HEK293 cells were grown to 70% confluency and the medium was
exchanged about 30minutes prior transfection. For transfection, 62µl 2M Ca2Cl
and 10µg plasmid DNA were added to total volume of 500µl ddH2O and mixed.
The solution was added drop by drop to 500µl of a 2xHBS (280mM NaCl, 1.5mM
Na2HPO4 x 2H2O, 50mM Hepes, pH 7.1) under slightly vortexing. Thereafter the
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solution is incubated for 90 s at room temperature and added drop by drop to the
cells. The medium was exchanged 16 h after transfection to avoid toxic effects of the
complexes. The maximum of expression was reached after 36-48 h.

Lipofectamine transfection

Lipofectamine 2000 (cat.no. 11668-027, Invitrogen) was used in accordance with man-
ufacturer’s instruction to transiently transfect HeLa cells. In addition, a stably trans-
fected CHO cell line was generated by Lipofectamine 2000 transfection with the epi-
somal vector BMGneo/StT-OVA-G and subsequent selection of stably transfected
cells by increasing amounts of G418 (up to 1mg/ml). The maximum concentration
of G418 was added monthly for one week to maintain the episomal construct.

Fluorescence microscopy

To study the intracellular distribution of the constructed antigens, HeLa cells were
transfected transiently with the respective plasmid and pCI/Igκ-RFP-SKDEL (a
generous gift of Franz Oswald, Internal Medicine I, University of Ulm) as a marker
for the endoplasmatic reticulum. 24 h after transfection, the cells were fixed with 2%
paraformaldehyde (PFA). Images were aquired using an Olympus IX71 fluorescence
microscope.

2.7. Protein analysis

Immunoprecipitation

24 h after transfection, HEK293 cells were labeled overnight using 100µCi [35S]-
methionine/cysteine (cat.no. IS103, Hartmann Analytic GmbH) in 3ml methion-
ine/ cysteine-free RPMI-1640 (cat.no. P04-18056, PAN) supplemented with 5% di-
alyzed FCS, 1% penicillin/streptomycin and 1% L-glutamine. Labeled cells were
washed once with PBS and subsequently lysed by the addition of lysis buffer (100mM
TrisHCl pH8.0, 150mMNaCl, 0.5% NP40, 0.25% Trasylol, 1µg/ml leupeptin). Com-
plete lysis of cells was achieved by shaking for 30min on ice. Extracts were cleared
by centrifugation (30min, 20.000 x g, 4◦C) and incubated for 1 h at 4◦C with the
monoclonal antibody Pab108. Thereafter, the immune complexes were incubated for
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1 h at 4◦C with protein A sepharose (PAS, cat.no. 17-0780-01, Pharmacia). Strep-
tagged antigens lacking the Pab108 recognition site were precipitated by incubating
cleared lysates for 2 h at 4◦C with StrepTactin sepharose (cat.no. 2-1201-025, IBA).
Incubation was followed by five washes with washing buffer (100mM TrisHCl pH8.5,
500mM LiCl, 0.5% NP40), followed by two washes using PBS and 0.1xPBS. Antigens
were recovered from sepharose beads by incubation for 1 h at 37◦C with elution buffer
(7mM TrisHCl, 1.5% SDS, 5% β-ME). Eluats were frozen at −80◦C and lyophilized
for SDS-PAGE.

SDS-PAGE

Lyophilized samples derived of immunoprecipitation were dissolved in 30µl load-
ing buffer (10% glycerol and bromphenol blue, 5% β-ME). Along with the sam-
ples 8µl of [14C]-marker (cat.no. CFA756-1UCI, GE Healthcare) and 22µl loading
buffer were mixed and boiled for 3min. 10µl of each sample were loaded onto SDS-
polyacrylamide gels and the electrophoresis was performed at 60V till the samples
reached the resolving gel. The voltage was subsequently increased to 120V. The gel
was stained for 15min using CoomassieBlue staining solution (1.2 g CoomassieBlue,
450ml methanol, 90ml acetic acid, 460ml ddH2O). Gels were destained for 15min
with destaining solution (10% methanol, 10% isopropanol, 80% ddH2O). Gels pro-
cessed for later fluorography were dehydrated for 10min in acetic acid and subse-
quently incubated for 10min in enhancer solution (10% (w/v) PPO in acetic acid).
PPO was precipitated by incubating the gel for 15min in ddH2O. The gel was subse-
quently dried by vacuum at 80◦C for 1 h. The dried gel was placed in a cassette with a
radiography film (cat.no. 28-9068-44, GE Healthcare). Fluorography time depended
on the signal intensity.
30µl of non-lyophilized samples derived of protein purification were mixed with

10µl loading buffer (30% glycerol and bromphenol blue, 20% β-ME, 4% (w/v) SDS)
and boiled for 3min. SDS-PAGE was performed as described above. The gel was
either stained with CoomassieBlue or stained with SyproOrange (cat.no. S-6650,
Invitrogen) according to manufacturer’s instructions. SyproOrange stained gels were
visualized using UV light and analyzed using the GeneGenius system (Syngene).
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Western blot

After SDS-PAGE, the gel was incubated for 10min in equilibration buffer (20mM
Tris acetate pH8.3, 0.1% SDS). Proteins were blotted onto nitrocellulose membrane
at 60 V for 90 min using transfer buffer (20mM Tris acetate pH8.3, 20% isopropanol,
0.1% SDS) and Mini Trans-blot cell (Biorad). The membrane was subsequently in-
cubated for 30min in 50% isopropanol, for 10min in water and for 15min in TBS
(15mM TrisHCl pH7.8, 150mM NaCl, 5mM NaN3, 1mM EDTA). To block the re-
maining available binding sites, the blot was incubated overnight in blocking buffer
(TBS, 0.1% gelatine, 100µg/ml Ig-free BSA). The membrane was washed 30min
using buffer GT (TBS, 0.1% gelatine, 0.1% Tween 20). Afterwards, the nitrocellu-
lose was incubated for 90min with the primary antibody. Unbound antibody was
removed by three washes with buffer GT. In case of mouse- or rat-derived primary
antibody, the membrane was incubated for 90min with a second antibody (developed
in rabbit), followed by three washes with buffer GT. Thereafter the nitrocellulose was
incubated for 90min with an HRP-labeled donkey anti-rabbit antibody, followed by
three washes with buffer GT and PBS. The membrane was dried and the HRP de-
tection reagent (cat.no.WBKLS0050, Millipore) was applied as recommended by the
manufacturer. After drying, the membrane was placed in a cassette with a radiogra-
phy film. All antibodies used for Western blot analysis are listed in table 5.

Table 5.: Antibodies used for Western Blot

specificity type host company cat.no.

anti-DnaK monoclonal mouse Stressgen SPA-880
anti-GFP polyclonal rabbit Abcam AB290
anti-HBcAg polyclonal rabbit gift of Dr.H.-J. Schlicht, Ulm
anti-Hsp70 monoclonal mouse Stressgen SPA-810
anti-Hsp73 monoclonal rat Stressgen SPA-815
anti-mouse IgG polyclonal rabbit Sigma M-6024
anti-preS1 (MA18/7) monoclonal mouse gift of Dr.W.H.Gerlich, Giessen
anti-rat IgG polyclonal rabbit Rockland 612-4102
anti-Strep-tag monoclonal mouse IBA GmbH 2-1507-001
anti-T-Ag polyclonal rabbit self-produced
HRP-labeled anti-rabbit IgG polyclonal donkey GE Healthcare NA934V

22



2. Material and methods

2.8. Production of native Hsp/antigen complexes

Purification of native Hsp/antigen complexes

Cells were lysed by the addition lysis buffer (100mM TrisHCl pH8.0, 150mM NaCl,
0.5% NP40, 0.25% Trasylol, 1µg/ml leupeptin) and shaking on ice for 30min. After-
wards, lysates were cleared by centrifugation (30min, 20.000 x g, 4◦C) and passed over
StrepTactin sepharose packed polypropylene columns (cat.no. 29922/4, Pierce). Un-
specific bound proteins were removed by five column volumes of wash buffer (100mM
TrisHCl pH8.0, 150mM NaCl). Hsp-complexed antigen was eluted in 500µl fractions
by elution buffer (PBS, 2.5mM desthiobiotin).
To purify both complexing Hsp and antigen, bound Hsp/complexed antigens were

washed prior antigen elution with an additional column volume Hsp elution buffer
(wash buffer, 10mM ATP). Flow-through containing eluted Hsp was collected in
500µl fractions, followed by an additional column volume wash buffer. Bound un-
complexed antigen was eluted as described above.
Desthiobiotin and ATP were removed by NAP-5 columns (cat.no. 17-0853-02, GE

Healthcare) and antigens were subsequently concentrated by centrifugation in Vi-
vaspin 500 columns (cut off 5.000MW, cat.no.VS0112, VivaScience).

Adenoviral-based expression system

An adenoviral-based expression system was established in cooperation with the Unit
of Gene Therapy, University of Ulm. Briefly, the used adenovirus vector described is
an Ad5-based, E1-deleted, first generation vector. pAd/StT-OVA-G is an infectious
adenovirus plasmid carrying in place of the deleted E1 region the hCMV-promotor-
controlled StT-OVA-G coding unit from the pCI/StT-OVA-G vector. Generation and
purification of recombinant Ad virions was performed as described previously [136].
HeLa cells adapted to suspension culture were cultivated in DMEM (supplemented
with penicillin/streptomycin, L-glutamine and 7% FCS) under constant stirring. At a
cell density of 2 x 106 cells/ml in a total volume of 1 l, cells were centrifuged at 400 x g,
resuspended in 500ml supplemented DMEM, and adenovirus vector was added at
a concentration of 50 infectious MOI (50 infectious particles per cell). After 2 h
of constant stirring, the medium was filled up to 1 l and cells were cultivated for
additional 48 h before processing.
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Bacterial expression system

A bacterial inducible expression system was established by cloning a modified StT-
OVA-G coding unit from pCI/StT-OVA-G vector into the IPTG inducible bacte-
rial expression vector pQE-9 and transforming E. coli Rosetta gami. Transformed
E. coli Rosetta gami were grown in TB medium (17mM KH2PO4, 72mM K2HPO4,
1.2% (w/v) bactotryptone, 2.4% (w/v) yeast extract, 4%glycerol) in the presence of
50µg/ml kanamycin, 100µg/ml ampicillin and 50µg/ml chloramphenicol. Antigen
expression was induced overnight by addition of 1mM IPTG. Bacteria were harvested
by centrifugation, washed, incubated in lysis buffer (100mM TrisHCl pH8.0, 150mM
NaCl, 0.5% NP40) containing lysozyme (cat.no. 107255, Boehringer Mannheim) for
30min at 4◦C and finally sonicated. Cleared lysates were processed for Strep-tag
purification as described above.

2.9. Vaccination
Unless otherwise noted, mice were immunized into the tibialis anterior muscles (50µl
per muscle) with 100µl PBS containing 100µg plasmid DNA. Where indicated, mice
were boosted three weeks after first injection with the same dose of plasmid DNA.
In case of vaccination with recombinant proteins, mice were immunized with the in-

dicated amounts of protein and –if indicated– mixed with 25µl (per mouse) AbISCO-
100 adjuvant (cat.no. 20-0100-10, Isconova). In general, a boost vaccination with the
same dose of protein and adjuvant was performed three weeks after first immuniza-
tion.

2.10. DNA isolation and Southern blot analysis
Tissues were frozen, homogenized in a grinder and lysed with buffer containing
100µg/ml proteinase K (cat.no. 83767023-58, Roche). DNA was extracted with stan-
dard procedures and treated for 3 h at 37◦C with RNase (cat.no. 109169, Roche).
30µg DNA were digested with HindIII and separated by agarose gel electrophoresis.
DNA was transferred to a nylon membrane by capillar blotting. Plasmid pHBV-1
containing a full-length HBV genome (kindly provided by F. Chisari) was digested
with EcoRI and PvuI. The 3.2 kb HBV DNA fragment was isolated and used as tem-
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plate for the generation of a HBV-specific probe. α32P-dCTP labelled HBV probe
was generated using the High Prime DNA Labeling Kit (cat.no. 11585584001, Roche)
according to the manufacturer’s instructions. Hybridization was done overnight at
42◦C. After washing, the blots were exposed and quantitative analyses of relative
abundance of specific DNA molecules were performed using phosphor imaging Fuji-
film FLA-3000 and the Aida Image Analyzer v3.52 software (Raytest, Germany).

2.11. Detection of HBsAg, HBeAg and transaminases
in serum

Serum HBsAg concentrations were determined using ELISA AUSZYME II (Abbott
Laboratories). Serum HBeAg was analyzed by ECLIA (cat.no. 11820583, Roche)
using the Elecsys 2010 (Roche). The cut-off is calculated by using a negative and
positive sample for calibration. Samples with a cutoff-index (COI)< 1 are negative
for HBeAg, and >1 are positive for HBeAg. Serum alanine aminotransferase (ALT)
activity was determined using the Reflotron test (cat.no. 745138, Roche).

2.12. Histology
Thin slides of liver tissue (< 3mm) were fixed in 4% formalin (pH7.0) for 24 h and
embedded in paraffin. 2µm thick paraffin sections were stained with hematoxylin-
eosin (H&E).

2.13. Determination of antigen-specific antibody
response

Blood samples were obtained from immunized mice by tail bleeding at the indi-
cated time points post-vaccination. Serum was derived of blood samples by cen-
trifugation (60min, 20.000 x g) and collection of supernatant. GFP-specific serum
antibodies were detected by end point dilution ELISA. Briefly, MicroELISA plates
(cat.no. 442404, Nunc) were coated overnight with 150 ng GFP (a generous gift of
Andreas Schreiber, Department of Virology, University of Ulm) per well in 50µl
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coating buffer (0.1M Na2CO3 pH9.5) at 4◦C. The plates were washed twice with
washing buffer (PBS, 0.05% Tween 20) and incubated for 2 h at room temperature
with blocking buffer (PBS, 3% (w/v) BSA). After five washes using washing buffer,
serial dilutions of the sera (prepared in blocking buffer) were added to the coated
wells, incubated for 3 h at room temperature and washed five times with washing
buffer. Bound serum antibodies were detected using HRP-conjugated rat anti-mouse
IgG, IgG1, IgG2a, IgG2b Abs (BD Pharmingen) at a dilution of 1/2000 in blocking
buffer. After 1 h incubation with detection antibodies and five washes with washing
buffer, each well was incubated with 100µl o-phenylenediamine x 2HCl (cat.no. 6172-
24, Abbott Laboratories) for 15min at room temperature in the dark. The reaction
was stopped by the addition of 100µl 1M H2SO4 and the extinction was determined
at 492 nm and 620 nm. End point titers were defined as the highest serum dilution
resulting in an absorbance value three times greater than control serum (derived of
a non-immunized mouse).

2.14. Analysis of surface marker profile
To determine the surface marker profile, cells were washed once with FACS buffer A
(PBS, 0.5% (w/v) BSA, 0.1% (w/v) NaN3) and incubated for 20min at 4◦C with anti-
CD16/CD32 mAb to block unspecific binding of detection antibodies to Fc receptors.
Cells were washed once using FACS buffer A and incubated for 30min at 4◦C with
0.5µg/106 cells of the respective PE-labeled mAbs. Cells were washed twice using
FACS buffer A, fixed in 2% paraformaldehyde (PFA) and analyzed by FCM using
FACSCalibur (BD Bioscience) and WinMDI software. All antibodies used for FCM
are listed in table 6.

2.15. Determination of antigen-specific CD8 T cells

Preparation of splenocytes

If not indicated otherwise, mice were sacrificed at day 12 post-vaccination and spleens
were removed. Splenocyte suspensions were prepared by rubbing spleens in 10ml
PBS+1% FCS through a sterile mesh. Erythrocytes were removed by lysis buffer
(144mM NH4Cl, 17mM Tris, pH 7.2). Splenocytes were washed twice with PBS+1%
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Table 6.: Antibodies/reagents used for FCM. All listed antibodies and reagents were
purchased from BD Pharmingen.

antibody/reagent conjugation clone cat.no.

anti-B220 PE RA3-6B2 553089
anti-CD11b PE M1/70 553311
anti-CD11c PE HL3 553802
anti-CD16/CD32 2.4G2 553142
anti-CD8 PE 53-6.7 553033
anti-CD8 FITC 53-6.7 553031
anti-CD80 (B7-1) biotin 16-10A1 553767
anti-CD86 (B7-2) biotin GL1 553690
anti-H-2Kb PE AF6-88.5 553570
anti-I-Ab PE AF6-120.1 553552
anti-IFNγ FITC XMG1.2 554411
streptavidin PerCP 554064

FCS and cell clumps were removed by pipetting. Splenocytes were resuspended in
UltraCulture (cat.no. 12-725F, Cambrex) supplemented with 1% L-glutamine and 1%
penicillin/streptomycin.

Isolation of liver non-parenchymal cells

To obatin the liver non-parenchymal cell (NPC) population, livers of sacrificed mice
were perfused with liver perfusion medium (LPM, cat.no. 17701-038, Gibco) and liver
digest medium (LDM, cat.no. 17703-034) in vivo. The livers were removed, cut into
pieces and digested for 30min at 37◦C in LDM. Liver suspensions were prepared
by rubbing livers through a sterile mesh. NPCs were separated from parenchymal
hepatocytes by centrifugation at 500 rpm for 5min. NPCs were collected, washed
with PBS and resuspended in 40% Percoll (cat.no. L6145, Biochrom). The NPC
suspension was gently overlaid onto 70% Percoll and centrifuged at 2000 rpm for
20min. NPCs were collected from the interphase and erythrocytes were removed
by lysis buffer. NPCs were washed once with PBS+1% FCS and subsequently
resuspended in supplemented UltraCulture.
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Determination of antigen-specific CD8 T cell frequencies

2 x 106 splenocytes were washed once using FACS buffer A (PBS, 0.5% (w/v) BSA,
0.1% (w/v) NaN3) and incubated for 20min at 4◦C with anti-CD16/CD32 to block
unspecific binding of anti-CD8 mAb to Fc receptors. Cells were washed once and in-
cubated for 30min at 4◦C with FITC-conjugated anti-CD8 mAb (diluted 1/200) and
PE-conjugated MHC-I:peptide tetramers/pentamers. After three washes, stained
cells were fixed with 2% PFA and frequencies of tetramer/pentamer+ CD8 T cells
were determined by FCM. Used MHC-I:peptide tetramers/pentamers are listed in
table 7.

Table 7.: MHC-I:peptide tetramers/pentamers used for FCM

antigen designation conjugation company cat.no.

HBcAg H2-Kb/C93−100 PE Beckman Coulter
HBsAg H2-Kb/S190−197 PE Beckman Coulter
Influenza A MP A*0201/Flu-Ma58−66 PE ProImmune F007-2A
ovalbumin H2-Kb/OVA257−264 PE ProImmune F093-2A

Determination of antigen-specific IFNγ-producing CD8 T cells

Splenocytes (1 x 107/ml) were incubated with 2.5µg/ml antigenic peptide in sup-
plemented UltraCulture for 4 h at 37◦C. Additionally, 5µg/ml brefeldinA (BFA;
cat.no. 15870, Sigma) were added to block anterograde protein transport from the
endoplasmatic reticulum (ER) to the Golgi apparatus, thereby leading to intracellu-
lar accumulation of produced IFNγ. After the 4 h restimulation, cells were washed
once using FACS buffer A and incubated for 20min at 4◦C with anti-CD16/CD32 to
block unspecific binding of anti-CD8 mAb to Fc receptors. Cells were washed once
and incubated for 30min at 4◦C with PE-conjugated anti-CD8 mAb (diluted 1/200).
After three washes, surface stained cells were fixed with 2% PFA for 20min at room
temperature. Thereafter, the fixed cells were washed once and prepared for intra-
cellular staining by incubation with permeabilization buffer (PBS, 0.5% (w/v) BSA,
0.5% (w/v) Saponin, 0.05% (w/v) NaN3) for 15min at room temperature. Permeabi-
lized cells were incubated with FITC-conjugated anti-IFNγ mAb (diluted 1/200) for
30min at room temperature to detect accumulated IFNγ. After three washes with
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permeabilization buffer, stained cells were resuspended in FACS buffer A, IFNγ+

CD8 T cells were determined by FCM. In general, the mean numbers of splenic
IFNγ+ CD8/105 CD8 T cells of at least 3 mice are shown.

2.16. Determination of Kb-binding affinities
Kb-binding affinities of epitopes were determined by competition for empty MHC-I
molecules with the characterized Kb/OVA257−264 peptide and subsequent co-culture
of peptide-pulsed cells with Kb/OVA257−264-specific CD8 T cells. In order to enhance
the amount of empty MHC-I molecules at the cell surface RMA/S were cultured
for 24 h at 37◦C in serum-free medium (UltraCulture) prior peptide pulsing. 2 x 104

RMA/S were pulsed with titrated amounts of the Kb/OVA257−264 peptide in order
to generate a dose-response curve. In addition, RMA/S cells were incubated with
titrated amounts of the Kb/S190−197, the Kb/S208−215 or Kb/C93−100 peptide in the
presence of 5 nM Kb/OVA257−264 peptide thus competiting for empty Kbmolecules.
After two washes with PBS, 2 x 104 pulsed cells were incubated in UltraCulture with
1 x 105 splenic CD8 T cells isolated from OT-I RAG mice using the MACS CD8α+ T
cell isolation kit (cat.no. 130-090-859, Milenyi Biotec) according to the manufacturer’s
protocol. Supernatants were collected after 20 h of co-culturing at 37◦C and analyzed
for IFNγ.

2.17. Detection of IFNγ by ELISA
INFγ was detected by conventional double-sandwich enzyme-linked immunosorbent
assay (ELISA). MicroELISA plates (cat.no. 442404, Nunc) were coated overnight
with 50 ng anti-IFNγ antibody (cat.no. 551216, BD Biosciences) diluted in coating
buffer (1M Na2HPO4 x 2H2O pH9.0) at 4◦C. The plates were blocked for 1 h at room
temperature with blocking buffer (PBS, 3% (w/v) BSA) in order to avoid unspecific
binding. After two washes using washing buffer (PBS, 0.05% Tween 20), samples
and IFNγ standards (cat.no. 554587, BD Biosciences) were added to the wells,
incubated for 3 h at room temperature and washed four times with washing buffer.
Bound IFNγ was detected by addtion of 50 ng biotinylated anti-IFN antibody (cat.no.
554410, BD Biosciences) diluted in blocking buffer and incubation for 1 h at room
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temperature. After six washes with washing buffer, 50 ng streptavidin-conjugated
alkaline phosphatase (SAP) (cat.no. 016-050-084, Jackson ImmunoResearch) were
added for 30min at room temperature. After eight washes with wash buffer, the
SAP substrate nitrophenyl phosphated disodium salt (cat.no. 71768, Fluka) disolved
in diethanolamine buffer (10.3% (v/v) diethanolamine, 3.9mM MgCl2 x 6H2O, 3mM
NaN3) was added to the plates. The enzymatic reaction was stopped after 5-15min
by addition of 0.5mM EDTA (pH8.0). Extinction was analyzed at 405/490 nm using
a TECAN micro plate reader (TECAN, Crailsheim, Germany) and EasyWin software
(TECAN).

2.18. Statistics
Statistic analyses were performed using GraphPad Prism (Version 4, GraphPad Soft-
ware Inc.). Figures show mean values and SEM (standard error of the mean). Sig-
nificant differences are indicated with the P value determined by an unpaired t test,
whereas a P<0.05 is considered significantly different. If not indicated otherwise,
figures show data of one representative experiment (of at least three independent
replicates).
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3.1. Characterization of Hsp-complexed antigens

3.1.1. Construction and expression of Hsp-capturing antigens

We developed a system in which the Hsp-capturing J domain of the SV40 virus is
N-terminally fused to different antigenic domains. The Hsp-binding T1−77 J domain
of the T-Ag contains four α-helices forming a finger-like structure with an exposed
conserved HPD motif on the tip of a loop (figure 3a). A chimeric model antigen
pCI/T77-SFG was designed consisting of residues 1-77 of the T-Ag (T), residues 140-
226 of the HBsAg, residues 58-66 of the influenzaA matrix protein and the entire
sequence of eGFP (figure 3b).
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Hsp

T77T60

B

pCI/T77-SFG
[T-SFG]

pCI/Strep-T77-SFG
[StT-SFG]

pCI/T60-SFG
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Hsp
T1-77  (T) S140-226  (S)
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eGFP (G)Flu58-66 (F)

eGFP (G)Flu58-66 (F)
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T1-77  (T) S140-226  (S) eGFP (G)Flu58-66 (F)

Figure 3.: Hsp-mediated antigen expression system. a Schematic presentation of the
finger-like structure with the exposed HPD motif and the C-terminally fused antigen. b
Designation and schematic presentation of the cloned chimeric antigens.
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Transient transfection of HEK293 cells with pCI/T77-SFG and subsequent im-
munoprecipitation with an anti-T-Ag mAb revealed that a product of the expected
size of about 40 kDa was efficiently expressed. An additional band representing the
captured Hsp was efficiently co-precipitated (figure 4, lane b). When the correct for-
mation of the helical loop structure of the J domain was impaired (by shortening the
N-terminal J domain from 77 residues to 60 residues, T1−60), the chimeric protein lost
its ability to capture Hsp in situ. The loss of the Hsp-binding capability resulted also
in a non-detectable expression level of the antigen (figure 4, lane c). The N-terminal
addition of a Strep-tag used for purification altered neither the Hsp-binding capa-
bility of the J domain, nor the recognition of the J domain by the anti-T-Ag mAb,
nor the overall expression level of the chimeric antigen (figure 4, lane d). Despite the
accumulation of high steady-state levels of Hsp/antigen complexes, no secretion of
the chimeric proteins was detected.
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Figure 4.: Hsp-facilitated antigen expression system. HEK293 cells were transiently trans-
fected with pCI (lane a), pCI/T-SFG (lane b), pCI/T60-SFG (lane c), or with pCI/StT-
SFG (lane d). Cells were immunoprecipitated with anti-T-Ag mAb and analyzed by SDS-
PAGE and Coomassie Blue staining. The positions of the T-SFG and StT-SFG fusion
proteins and the Hsp70/73 are indicated. The IgG/HC or IgG/LC of the anti-T-Ag mAb
is indicated by an asterik.
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The N-terminal Strep-tag could thus be used for purification of chimeric antigens.
HEK293 cells were transiently transfected with pCI/StT-SFG and the chimeric pro-
tein was purified with the StrepTactin system from cell lysates. Affinity purification
using the N-terminal Strep-tag resulted in (≥ 90% purity) native Hsp/antigen com-
plexes (figure 5a). Therefore, the N-terminal Strep-tag offers the novel possibility
to purify in vivo pre-formed Hsp/antigen complexes in a native form. SDS-PAGE
analyses of purified Hsp/antigen complexes produced in the human HEK293 cell
line revealed two distinct protein bands of apparent 70 kDa (figure 5a). Western
Blot analyses of purified Hsp/StT-SFG complexes identified two different human Hsp
molecules complexed with StT-SFG: a major band representing inducible Hsp70, and
a minor band representing constitutively expressed Hsp73 (figure 4, figure 5b). Thus,
the viral J domain is able to capture different human Hsp70 molecules.
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Figure 5.: Purification of in vivo preformed Hsp/antigen complexes. a HEK293 cells were
transiently transfected with pCI/StT-SFG, lysed and immunopurified with a StrepTactin
column followed by release of complexes with desthiobiotin. Purified Hsp/antigen com-
plexes were denatured and analyzed by SDS-PAGE and Coomassie Blue staining. The
positions of the ST-SFG fusion proteins and the Hsp70/73 are indicated. b Purified
Hsp/antigen complexes were denatured, analyzed by SDS-PAGE and GFP-, Hsp70- and
Hsp73-specific Western blotting.

The intracellular localization of Hsp/StT-SFG complexes was analyzed using fluo-
rescence microscopy of transiently transfected HeLa cells. Hsp/StT-SFG complexes
showed cytoplasmatic localization and no colocalization with the ER (figure 6), sup-
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EGFP Igк-RFP-SKDEL overlay

pCI/StT-SFG

pEGFP/N1

Figure 6.: Intracellular localization of Hsp/antigen complexes. HeLa cells were transiently
transfected with the ER-marker pCI/Igκ-RFP-SKDEL and pEGFP/N1 or pCI/StT-SFG
and fixed. Images were aquired using an Olympus IX71 fluorescence microscope.

porting the observation of non detectable secretion of Hsp-complexed antigens. In
contrast, eGFP (pEGP/N1) showed an ubiquitous localization pattern with cytosolic
and nuclear accumulation. Therefore, the Hsp-association retains complexed antigens
in the cytoplasm and prevents their shuttling into other cellular compartments (e.g.
nucleus, ER). In addition, the fluorescence intensity of eGFP was dramatically low-
ered by complex formation with Hsp. Spectra analysis of purified eGFP protein and
Hsp/StT-SFG complexes revealed a significantly quenched fluorescence intensity of
Hsp-complexed StT-SFG (figure 7).
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Figure 7.: Quenching of fluorescence by Hsp-association. Spectra of the purified Hsp/StT-
SFG complexes and bacterial-derived recombinant eGFP proteins were determined using
the ND-3300 Fluororspectrometer Nanodrop according to the manufacturer’s instructions.
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3.1.2. Immunogenicity of recombinant Hsp-complexed antigens

To explore the immunogenicity of recombinant Hsp-complexed antigens, a chimeric
model antigen pCI/StT77-OVA-G was designed consisting of a N-terminal Strep-tag,
residues 1-77 of the T-Ag, residues 246-353 of ovalbumin (OVA) and eGFP(figure 8).
For large scale production of Hsp/StT-OVA-G, an adenoviral expression systems was
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Figure 8.: Schematic presentation of the Hsp-binding StT-OVA-G protein

developed. Therefore, human HeLa spinner cell cultures were transduced with a re-
combinant adenovirus encoding the StT-OVA-G fusion protein (Ad/StT-OVA-G).
Lysates of infected cells were purified using the StrepTactin system. Combination
of the adenoviral expression system and the StrepTactin-based purification resulted
in the production of high amounts of pure (≥ 95% purity) Hsp-complexed recombi-
nant proteins (figure 9). About 1-2µg StT-OVA-G protein complexed with Hsp70/73
could be purified from 1 x 106 HeLa cells. The Hsp-facilitated expression system can
thus be used to selectively purify either native Hsp/antigen complexes (figure 9, frac-
tions 1-6), or its isolated components (figure 9, right panel). The complexed Hsp70/73
could be gently and quantitatively released from StrepTactin-bound antigen by treat-
ment with ATP (figure 9, fractions 1*-4*). The uncomplexed StT-OVA-G protein
was then released from the column by desthiobiotin (figure 9, fractions 1#-4#).
Purified, HeLa cell-derived Hsp/St-OVA-G complexes were used as protein-based

vaccine to prime Kb/OVA257−264-specific CD8 T cell in B6 mice. Two injections of
a low dose (2µg per mouse) of purified, recombinant Hsp/StT-OVA-G complexes
without further adjuvants efficiently induced Kb/OVA257−264-specific CD8 T cells
readily detectable by either Kb/OVA257−264 pentamers or 4 h ex vivo restimulation of
primed splenocytes with the Kb/OVA257−264 peptide (figure 10, group 1). Vaccination
of mice with either purified StT-OVA-G fusion protein (not associated with Hsp),
or equimolar amounts of purified StT-OVA-G fusion protein and purified Hsp didn’t
induce CD8 T cell responses (figure 10, group 2 and 3). Thus, immunization of
mice with Hsp/StT-OVA-G complexes efficiently induced antigen-specific CD8 T
cell responses demonstrating that Hsp-association of antigens is essential for CD8 T
cell priming.
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antigen: Hsp/StT-OVA-G                                StT-OVA-G     Hsp70/73
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Figure 9.: Production of Hsp-complexed antigen or single antigen. HeLa spinner cells were
transduced with Ad/St-OVA-G virus and cleared lysates were purified using StrepTactin
system. StrepTactin bound Hsp/StT-OVA-G complexes were either directly eluted with
elution buffer (fractions 1-6), or Hsp was eluted with an ATP-containing buffer (fraction
1*-4*) prior elution of single StT-OVA-G with elution buffer (fractions2#-4#). Samples
were prepared for SDS-PAGE and gels were stained with SyproOrange. The positions of
the StT-OVA-G protein and the Hsp70/73 are indicated.
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Figure 10.: Induction of Kb/OVA257−264-specific CD8 T cell responses by recombinant
Hsp/antigen complexes. B6 mice (five mice per group) were immunized with 2µg HeLa-
derived StT-OVA-G protein either complexed with Hsp70/73 (group 1) or not (group 2),
a mixture of 2µg StT-OVA-G protein and equimolar amounts of purified Hsp70/73 (group
3), or injected with PBS as control (group 4). Mice were boosted after three weeks by
intramuscular injection of the same dose of the same vaccine. Twelve days after boost,
Kb/OVA257−264-specific CD8 T cells were determined by Kb/OVA257−264-specific pentamer
staining of splenic CD8 T cells(left panel) or by 4 h ex vivo stimulation with Kb/OVA257−264
peptide, followed by determination of IFNγ+ CD8 T cell frequencies.
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To test whether the Hsp-facilitated priming of CD8 T cells is independent of
CD4 T cells, MHC-II deficient mice (Aα−/−) were immunized by two injections of
a low dose (2µg per mouse) of purified, recombinant Hsp/StT-OVA-G complexes
or ovalbumin. Immunization of Aα−/− with Hsp/StT-OVA-G complexes induced
Kb/OVA257−264-pentamer specific CD8 T cells (figure 11, group 2). Thus, the general
priming of Kb/OVA257−264-specific CD8 T cells after immunization with Hsp/StT-
OVA-G complexes was independent of CD4 T cells. However, immunization with
Hsp/StT-OVA-G complexes in the absence of CD4 T cells induced reduced numbers
of Kb/OVA257−264-pentamer specific CD8 T cells compared to B6 mice (figure 11,
group 2). Neither B6 nor Aα−/− mice were able to generate detectable levels of
Kb/OVA257−264-specific CD8 T cell in response to ovalbumin (figure 11, group 3).
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Figure 11.: CD4 T cell independent priming of CD8 T cells by Hsp/antigen complexes.
B6 or Aα−/− mice (three mice per group) were immunized with PBS (group 1), 2µg
HeLa-derived Hsp/StT-OVA-G complexes (group 2) or 2µg ovalbumin (group 3). Mice
were boosted after three weeks by intramuscular injection of the same dose of the same
vaccine. Twelve days after boost, Kb/OVA257−264-specific CD8 T cells were determined by
Kb/OVA257−264-specific pentamer staining of splenic CD8 T cells.

Immunization with Hsp/StT-OVA-G complexes efficiently induced antigen-specific
antibodies against the StT-OVA-G fusion protein and recombinant eGFP in a West-
ern blot assay (figure 12b). However, antibodies against Hsp70/73 couldn’t be de-
tected (figure 12b). Uncomplexed StT-OVA-G fusion protein induced only a weak
eGFP-specific antibody response, which could be hardly detected by Western blot-
ting. Thus, Hsp/antigen complexes efficiently induced antigen-specific antibodies
demonstrating that Hsp-association also facilitates humoral immune responses.
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Figure 12.: Hsp/antigen complexes efficiently induced antigen-specific antibodies. a 0.5µg
HeLa-derived Hsp/StT-OVA-G complexes (lane 1)and 1µg bacterial-derived recombinant
eGFP (lane 2) were analyzed by SDS-PAGE and Coomassie Blue staining. b 0.05µg (lanes
1*), 0.5µg HeLa-derived Hsp/StT-OVA-G complexes (lanes 1)and 1µg bacterial-derived
recombinant eGFP (lane 2) were analyzed by SDS-PAGE and Western blotting. Blotted
proteins were detected by using sera obtained from B6 mice immunized twice with PBS,
2µg StT-OVA-G or 2µg Hsp/StT-OVA-G. Sera were collected twelve days after boost.

To further characterize the Hsp-mediated adjuvant effect on the cellular (figure 10)
as well as humoral immune response (figure 12), the isotype profile of eGFP-specific
IgG antibodies was analyzed by ELISA. The bulk of the eGFP-specific antibody
response consisted of IgG1 antibodies, whereas only a minor IgG2 subset was de-
tectable. Immunization with Hsp/StT-OVA-G complexes thus shifted the immune
responses towards a Th2 profile characterized by a high IgG1/IgG2 ratio (figure 13).
The Th2 profile induced by Hsp/StT-OVA-G complexes thus demonstrates that
Hsp70/73 has no intrinsic, innate adjuvant activity.
Immunization with low doses of Hsp/antigen complexes without further adjuvants

efficiently induced CD8 T cell responses (figure 10, group 1). It was therefore explored
if priming of CD8 T cells by Hsp-complexed antigens could be further enhanced by co-
administration of a defined adjuvant (AbISCO). Priming of Kb/OVA257−264-specific
CD8 T cells by Hsp/StT-OVA-G complexes was significantly enhanced by co-delivery
with AbISCO (figure 14). Thus, the immunogenicity of Hsp/antigen complexes could
be efficiently enhanced by co-delivering them with the adjuvant AbISCO.
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Figure 13.: Hsp/antigen complexes induced a Th2-directed immune response. Sera of
three B6 mice immunized twice with 2µg HeLa-derived Hsp/StT-OVA-G complexes were
collected twelve days after boost and analyzed for eGFP-specific IgG isotypes by ELISA.
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Figure 14.: Immunogenicity of Hsp/antigen complexes could be enhanced by AbISCO
co-administration. B6 mice (four mice per group) were immunized with 2µg HeLa-derived
Hsp/StT-OVA-G complexes either without further adjuvant (group 1) or co-delivered with
AbISCO (group 2). Mice were boosted after three weeks by an intramuscular injection of
the same dose of the same vaccine and adjuvant. Twelve days after boost, Kb/OVA257−264-
specific CD8 T cells were determined by OVA-specific pentamer staining of splenic CD8 T
cells.
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3.1.3. The viral J domain efficiently binds bacterial Hsp70

Hsp-binding by the viral J domain facilitated the expression of chimeric antigens in
transiently transfected HEK293 cells (figure 4) or adenovirally transduced HeLa cells
(figure 9). In order to produce antigens in a commercial setting, the well established
CHO cell line was used. Therefore, a stably transfected CHO cell line expressing
the StT-OVA-G fusion protein was generated by transfection with BMGneo/StT-
OVA-G and selection with G418. Purification of the StT-OVA-G fusion protein from
cleared CHO lysates co-precipitated Hsp73 (figure 15a). Notably, Hsp/StT-OVA-
G complexes derived of stably transfected CHO cells lacked the inducible Hsp70
protein and contained only the larger constitutively expressed Hsp73 (figure 15b).
In transiently transfected murine and chicken cell lines the viral J domain captured
only the Hsp73 isoform. Thus, the viral J domain efficiently captures different Hsp70
molecules in different eukaryotic producer cell lines of different species origin. B6
mice with low doses of CHO-derived Hsp/StT-OVA-G complexes efficiently induced
Kb/OVA257−264-specific CD8 T cells (figure 15c). This response was comparable to
HEK-derived StT-OVA-G complexed with Hsp70/73. Thus, priming of CD8 T cells
by eukaryotic Hsp/antigen complexes was independent of the origin and isoform of
the complexed Hsp70.
In order to determine if the viral J domain of the T-Ag of SV40 is also able to

bind prokaryotic Hsp70, a bacterial expression system consisting of an IPTG in-
ducible promotor and the StT-OVA-G encoding sequence. E. coli Rosetta gami were
transformed and expression of the StT-OVA-G fusion protein was induced by addi-
tion of IPTG. SDS-PAGE analysis of StrepTactin-purified bacterial lysates revealed
different protein band patterns dependent on the purification process. Addition of
ATP during the purification resulted in the purification of two proteins of about 42
and 52 kDa (figure 16a, lane b), whereas an additional protein of about 70 kDa was
co-purified in the absence of ATP (figure 16a, lane a). Western blot analysis identi-
fied the full-length StT-OVA-G protein (figure 16b). In addition, the co-precipitated
protein of about 70 kDa was identified as DnaK (the bacterial homolog of Hsp70).
Western blot analysis confirmed that the binding of DnaK to the viral J domain was
sensitive to ATP as DnaK could be quantitatively removed from the StT-OVA-G fu-
sion protein by ATP treatment (figure 16b, lane b). Thus, fusion proteins containing
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Figure 15.: Immunogenicity of Hsp/antigen complexes expressed in different eukaryotic
cells. a, b Hsp/StT-OVA-G complexes were purified from transiently transfected HEK293
cells (lanes a) or stably transfected CHO cells (lanes b) and analyzed by SDS-PAGE and
SyproOrange staining. The positions of the StT-OVA-G protein, Hsp70 and Hsp73 are
indicated. b Samples were analyzed by SDS-PAGE followed by Hsp70 and Hsp73-specific
Western blotting. c B6 mice (four per group) were immunized with 2µg HEK293-derived
(lane 1) or CHO-derived (lane 2) Hsp/StT-OVA-G complexes, or injected with PBS (lane
3). Mice were boosted after three weeks by an intramuscular injection of the same dose
of the same vaccine. Twelve days after boost, Kb/OVA257−264-specific CD8 T cells were
determined by Kb/OVA257−264-specific pentamer staining of splenic CD8 T cells.
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Figure 16.: Expression of recombinant Hsp/antigen complexes in bacterial expression
host. a,b E. coli Rosetta gami were transformed with pQE-9/StT-OVA-G and antigen
expression was induced overnight by addition of IPTG. Bacterial lysates were purified using
StrepTactin columns followed by release of Hsp/antigen complexes with desthiobiotin (lanes
a) or by sequential elution of Hsp (in an ATP-containing buffer) and the StT-OVA-G protein
(with desthiobiotin, lanes b). Samples were analyzed by SDS-PAGE and SyproOrange
staining. The positions of the StT-OVA-G protein and the bacterial DnaK are indicated.
b Samples were analyzed by SDS-PAGE followed by Western blotting using Strep-tag-,
T-Ag-, and DnaK-specific antibodies.

the viral J domain can be efficiently expressed in bacterial expression systems and
form complexes with bacterial Hsp70/DnaK.
In addition, the immunogenicity of the purified DnaK/StT-OVA-G complexes was

explored. Vaccination with bacterial DnaK/StT-OVA-G complexes showed signifi-
cantly increased priming of Kb/OVA257−264-specific CD8 T cells compared to immu-
nization with eukaryotic Hsp/StT-OVA-G complexes. DnaK/StT-OVA-G complexes
induced five-fold higher Kb/OVA257−264-specific CD 8 T cell frequencies (figure 17).
Therefore, the bacterial expression of antigens with the viral J domain results in
DnaK/antigen complexes, which efficiently induce CD8 T cell responses.
To explore the enhanced immunogenicity of antigens bound to Hsp70/73 and espe-

cially the bacterial DnaK, BM-DCs (figure 18a) were stimulated with Hsp/StT-OVA-
G complexes and analyzed for the up-regulation of activation markers. Pulsing of
BM-DCs with HEK293-derived StT-OVA-G protein or Hsp/StT-OVA-G complexes
didn’t up-regulate the activation markers CD80 and CD86 (figure 18b). In con-
trast, bacterial-derived DnaK/StT-OVA-G complexes efficiently activated BM-DCs,
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Figure 17.: Enhanced immunogenicity of bacteria-derived Hsp/antigen complexes. B6
mice (four per group) were immunized with 5µg HEK293-derived Hsp/StT-OVA-G com-
plexes and AbISCO (lane 1), 5µg E. coli-derived DnaK/StT-OVA-G complexes and
AbISCO (lane 2), or injected with PBS (lane 3). Mice were boosted after three weeks
by an intramuscular injection of the same dose of the same vaccine. Twelve days after
boost, Kb/OVA257−264-specific CD8 T cells were determined by Kb/OVA257−264-specific
pentamer staining of splenic CD8 T cells.
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Figure 18.: Innate immune system isn’t activated by mammalian-derived Hsp/antigen
complexes. a BM-DCs were generated as described and surface-stained for CD11c, CD11b,
I-Ab, H2-Kb and B220. b 2x105 BM-DCs were stimulated for 16 h with PBS, 500 ng LPS or
5 µ mammalian or bacterial-derived StT-OVA-G protein either complexed by Hsp/DnaK
or not. BM-DCs were analyzed for surface expression of CD80 and CD86. The mean fluo-
rescence intensity (MFI) is shown. Bacterial-derived proteins are indicated by an asterik.
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which showed significantly up-regulated surface expression of the activation mark-
ers CD80 and CD86 (figure 18b). The activation of BM-DCs by bacterial-derived
DnaK/StT-OVA-G complexes was independent of the complexation status as uncom-
plexed StT-OVA-G proteins activated BM-DCs as well. Up-regulation of CD80 and
CD86 was also observed with 500 ng LPS suggesting that a major LPS contamina-
tion of bacterial-derived proteins is responsible for the BM-DC activation. Therefore,
the enhanced immunogenicity of bacterial-derived DnaK/StT-OVA-G compared to
mammalian-derived Hsp/StT-OVA-G complexes is rather based on the contaminat-
ing LPS than on enhanced intrinsic features of bacterial DnaK.

3.1.4. Fusion proteins containing different J domains bind
Hsp70/73

The J domain of the T-Ag of SV40 differs from J domains found in DnaJ-like proteins
of other species but shares conserved features such as the four α-helices forming a
finger-like structure and the exposed, conserved HPD motif on the tip of it. A com-
parison of the viral J domain with J domains of bacterial (Chlamydia trachomatis)
or plant (Arabidopsis thaliana) origin revealed major differences in the sequence sur-
rounding the central HPD motif as well as in the overall amino acid composition (fig-
ure 19a). Chimeric antigens N-terminally fused to J domains of different origin (viral,
bacterial, plant) were designed to address the question if stable Hsp70/73-binding is
restricted to the viral J domain, or in fact, a general feature of J domains indepen-
dent of their species origin (figure 19b). Expression studies showed that comparable
levels of chimeric antigens were expressed in transiently transfected HEK293 cells
and that Hsp70/73 molecules were captured with comparable efficiency by the three
different J domains tested (figure 20a). In addition to comparable expression efficien-
cies of the constructs containing J domains of either viral, bacterial or plant origin,
DNA vaccination induced comparable Kd/Pol140−148- and Kd/LLO91−98-specific CD8
T cell responses irrespective of the origin of the fused J domain (figure 20b). How-
ever, no Kd/C87−95-specific CD8 T cells were primed. Thus, the Kd/Pol140−148- and
Kd/LLO91−98-specific CD8 T cell responses seemed to suppress the priming of CD8
T cell directed against the Kd/C87−95 epitope.
Unexpected stable binding of Hsp70/73 by J domains of viral, bacterial and plant

origin could be caused by the lack of regulatory elements thus impairing the dissoci-

44



3. Results

Constructs:

#1 SV 40 T-Antigen      (MDKVLNREES L) QLMDLLGLE RSAWGNIPLM RKAYLKKCKE FHPDKGGDEE KMKKMNTLYK KMEDGVKYAH QPDFGGF

#2 Chlamydia trachomatis (M)DYYTILG VAKTATPEEI KKAYRKLAVK YHPDKNPGDA EAERRFKEVS EAYEVLGDAQ KRESYDRYG

#3 Arabidopsis thaliana (MFGRGPSKKS DNT) KFYEILG  VPKTAAPEDL KKAYKKAAIK NHPDKGGDPE KFKELAQAYE VLSDPEKREI  YDQYG

origin                            protein organism Swissprot Swissprot acc.no. J-domain

SV 40 T-Antigen virus TALA_SV40 P03070 aa 12-75

Chlamydia trachomatis   Chaperon DnaJ bacterium DNAJ_CHLTR O84345 aa 2-67

Arabidopsis thaliana Chaperon DnaJ2 plant                     DNAJ2_ARATH P42825 aa 14-75

A

B

St Core79-149 (C) LLO81-106 (L)J 

(#1; pCI/StT-PCL)

(#2; pCI/StChl-PCL)

(#3; pCI/StAra-PCL)

Pol131-160/791-832 (P)

T1-77

Chl1-67

Ara1-75 

Figure 19.: Construction of Hsp-capturing chimeric antigen constructs using J domains
of different species origin. a Alignment of amino acid sequences of SV40- (#1), Chlamydia
trachomatis- (#2) and Arabidopsis thaliana- (#3) derived J domains. Species origin, des-
ignation and accession number (Swissprot) as well as the amino acid residues forming the
J domain of the respective protein are indicated. The central, conserved HPD motif is em-
phasized. b pCI-based expression vectors were generated containing a N-terminal Strep-tag
sequence, followed by either the SV40 T1−77 domain (construct #1), the Chlamydia tra-
chomatis DnaJ1−67 domain (construct #2), or the Arabidopsis thaliana DnaJ214−75 domain
(construct #3) and a C-terminal chimeric antigen sequence composed of the HBV-derived
Pol131−160 and Pol781−832 (P), Core79−149 (C), and the Listeria monocytogenes-derived
LLO81−106 (L).
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Figure 20.: J domains of different species origin captured Hsp, facilitated expression
of chimeric antigen and efficiently induced antigen-specific CD8 T cells. (a) HEK293
cells were transiently transfected with vectors encoding a N-terminal Strep-tag sequence,
followed by either the SV40 T1−77 domain (construct #1), the Chlamydia trachomatis
DnaJ1−67 domain (construct #2), or the Arabidopsis thaliana DnaJ214−75 domain (con-
struct #3) and a C-terminal chimeric antigen sequence composed of the HBV-derived
Pol131−160 and Pol781−832 (P), Core79−149 (C), and the Listeria monocytogenes-derived
LLO81−106 (L). Cells were lysed, chimeric proteins were immunoprecipitated using Strep-
Tactin sepharose and analyzed by SDS-PAGE and Coomassie Blue staining. The positions
of the respective chimeric antigens (#1-3) and the co-precipitated Hsp70/73 are indicated.
b BALB/c mice (four per group) were immunized with 100µg pCI/StT-PCL (lanes 1),
pCI/StChl-PCL (lanes 2), pCI/StAra-PCL (lanes 3), or non-coding pCI DNA (lanes 4).
Specific CD8 T cell responses were analyzed twelve days after injection by 4 h ex vivo
restimulation with the Kd/Pol140−148, the Kd/LLO91−98 or with the Kd/C87−95 peptide,
followed by determination of IFNγ+ CD8 T cell frequencies.
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ation of Hsp/antigen complexes. To explore the effect of J domain flanking regions
on the stable Hsp-assocation the J domain derived of Arabidopsis thaliana DnaJ2
protein the J domain of pCI/StAra-PCL was C-terminally elongated by incorpora-
tion of about 160 amino acid residues. This region is composed of a 30 residues
encompassing glycine-rich domain and about 130 amino acid residues representing
a zinc finger domain containing four repeats of a CXXCXGXG motif. Transient
transfection of HEK293 followed by immunoprecipitation using StrepTactin showed
efficient expression of the fusion protein StAralong-PCL containing an elongated J
domain derived of Arabidopsis thaliana. In addition, Hsp70/73 was efficiently co-
precipitated with StAralong-PCL demonstrating that the C-terminal flanking region
of the J domain derived of Arabidopsis thaliana DnaJ2 protein exerts no influence
on stable Hsp-binding mediated by the J domain. Accompaning efficient expres-
sion in a Hsp-bound form vaccination of BALB/c mice with pCI/StAralong-PCL
induced Kd/Pol140−148- and Kd/LLO91−98-specific CD8 T cell responses comparable
to pCI/StAra-PCL (figure 21). In addition, C-terminal elongation of the J domain of
Arabidopsis thaliana DnaJ2 protein didn’t circumvent the suppression of Kd/C87−95-
specific CD8 T cells. Thus, C-terminal flanking region of the J domain derived of
Arabidopsis thaliana DnaJ2 protein had no effect on vaccine efficacy.
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Figure 21.: C-terminal flanking region of Arabidopsis thaliana-derived J domain had no
effect on immunogenicity. BALB/c mice (four per group) were immunized with 100µg
pCI/StAralong-PCL (lanes 1), pCI/StAra-PCL (lanes 2), or non-coding pCI DNA (lanes
3). Specific CD8 T cell responses were analyzed twelve days after injection by 4 h ex vivo
restimulation of splenic T cells with the Kd/Pol140−148, the Kd/LLO91−98, or with the
Kd/C87−95 peptide, followed by determination of IFNγ+ CD8 T cell frequencies.

47



3. Results

3.1.5. Hsp/antigen complexes efficiently induce CD8 T cell
responses in HLA-A*0201-tg mice

In order to explore the potential of Hsp-complexed antigens to induce human rel-
evant CD8 T cell responses, HLA-A*0201-tg mice were immunized with purified
Hsp/StT-SFG complexes. Hsp/StT-SFG complexes (figure 3) were used for vaccina-
tion as StT-SFG contains the immunodominant, HLA-A*0201-restricted Flu-Ma58−66

epitope of the influenza A matrix protein, which has often been used to charac-
terize CD8 T cell responses. A single vaccination with Hsp/StT-SFG complexes
induced a detectable Flu-Ma58−66-specific CD8 T cell response in HLA-A*0201-tg
mice. The specific CD8 T cell response could further be enhanced by boost ad-
ministration of Hsp/StT-SFG complexes (figure 22a). Furthermore, StT-SFG pro-
tein without complexing Hsp70/73 was not able to prime Flu-Ma58−66-specific CD8
T cells (figure 22b). Co-administration of Hsp/StT-SFG complexes with AbISCO
elicited higher Flu-Ma58−66-specific CD8 T cell frequencies than Hsp/StT-SFG com-
plexes (figure 22c), demonstrating that improved priming of CD8 T cells mediated
by AbISCO co-administration is also independent of the MHC-I restriction.

3.1.6. Hsp/antigen complexes are able to induce multispecific
CD8 T cell responses

Hsp-binding vaccines are an attractive strategy to induce multispecific CD8 T cell
responses. Hsp-association facilitated the expression of chimeric antigens allowing
incorporation of a lot of antigenic information (figure 4, figure 20a). Hsp-association
also increased the immunogenicity of recombinant fusion proteins (figure 10, fig-
ure 22b). The StT-SFG construct was used as model vaccine for induction of multi-
specific CD8 T cell responses in a humanized mouse model (HLA-A*0201-tg mice).
In addition to the HLA-A*0201-restricted Flu-Ma58−66 epitope, the StT-SFG con-
struct also bears two recently characterized HLA-A*0201-restricted epitopes of the
HBsAg (S185−194 and S208−216). Vaccination of HLA-A*0201-tg mice with purified
Hsp/StT-SFG complexes efficiently induced Flu-Ma58−66-specific CD8 T cells but
neither S185−194- nor S208−216-specific CD8 T cells (figure 23, groups 2). The corre-
sponding pCI/T-SFG DNA vaccine elicited the same pattern of CD8 T cells (fig-
ure 23, groups 3) demonstrating that different vaccination protocols don’t alter the
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Figure 22.: Hsp/StT-SFG complexes efficiently induce HLA-A*0201/Flu-Ma58−66-specific
CD8 T cells. a HLA-A*0201-tg mice (four per group) were immunized once (group 2) or
in a prime-boost regimen (group 3) with 2µg HEK293-derived Hsp/StT-SFG complexes,
or injected with PBS (group 1). Mice were boosted after three weeks by an intramuscular
injection of the same dose of the same vaccine. Twelve days after final injection, Flu-
Ma58−66 specific CD8 T cells were determined by Flu-Ma58−66-specific pentamer staining
of splenic CD8 T cells. b HLA-A*0201-tg mice (four per group) were immunized with 2µg
HEK293-derived StT-SFG protein either complexed with Hsp70/73 (group 2) or not (group
3), a mixture of 2µg StT-SFG protein and equimolar amounts of purified Hsp70/73 (group
4), or injected with PBS as control (group 1). Twelve days after final injection, Flu-Ma58−66
specific CD8 T cells were determined as described above. c HLA-A*0201-tg mice (four per
group) were immunized with 2µg HEK293-derived StT-SFG complexes (groups 2 and 3),
or 2µg StT-SFG protein (groups 4 and 5), either without further adjuvant (groups 2 and 4)
or co-delivered with AbISCO (groups 3 and 5), or injected with AbISCO a control (group
1). Mice were boosted after three weeks by an intramuscular injection of the same dose
of the same vaccine and adjuvant. Twelve days after final injection, Flu-Ma58−66 specific
CD8 T cells were determined as described above.
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pattern of primed CD8 T cells. In order to explore if the Flu-Ma58−66 epitope induced
an immunodominant CD8 T cell response and thus suppressed the priming of CD8 T
cells of other specificity, the Flu epitope was deleted from the pCI/T-SFG construct
(figure 23a). The resulting pCI/T-SG could efficiently prime S185−194- as well as
S208−216-specific CD8 T cells (figure 23, groups 4) thus demonstrating that the pres-
ence of the immunodominant Flu-Ma58−66 epitope efficiently suppresses CD8 T cell
responses of other specificity. Hsp-binding vaccines can incorporate large amounts of
antigenic information and are thus able to induce multispecific CD8 T cell responses,
which are nevertheless subjected to immunodominance effects.
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Figure 23.: Hsp/StT-SFG complexes induced immunodominant CD8 T cells specific for
HLA-A*0201/Flu-Ma58−66. a Schematic presentation and designation of Hsp-binding con-
structs used to evaluate induction of multispecific CD 8 T cell responses. b HLA-A*0201-tg
mice (four mice per group) were immunized with 100µg pCI (groups 1), 2µg HEK293-
derived StT-SFG complexes (groups 2), 100µg pCI/T-SFG (groups 3), or 100µg pCI/T-SG
(groups 4). Specific CD8 T cell responses were analyzed twelve days after injection by 4 h ex
vivo restimulation of splenic T cells with the A*0201/Flu-Ma58−66, the A*0201/S185−194, or
the A*0201/S208−216 peptide, followed by determination of IFNγ+ CD8 T cell frequencies.
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3.2. Hsp-binding HBV multidomain vaccines are
affected by immunodominance phenomenons

3.2.1. Design of a Hsp-binding HBV-specific multidomain
vaccine

Immunization with Hsp-binding vaccines demonstrated their ability to induce multi-
specific CD8 T cells (figure 20b, figure 23b), although priming of subdominant CD8
T cell responses depended on the lack of immunodominant epitopes (figure 23). In
order to explore the full potential of Hsp-binding vaccines to induce multispecific CD8
T cell responses, a vaccine consisting of multiple epitope-bearing domains of different
HBV antigens was designed (figure 24a). The composition of incorporated antigenic
domains was based on characterized CD8 T cell epitopes (table 8) and the size of the
single domains was adjusted to allow natural processing of the explored epitopes by
incorporation of natural flanking sequences. The HBV multidomain vaccine StT-MO
(figure 24a) contained a N-terminal Strep-tag and the J domain of the T-Ag fused to
residues 2-50 of HBsAg, residues 131-160 and 791-832 of HBV-derived polymerase,
residues 246-353 of ovalbumin, residues 79-149 and 10-50 of HBcAg, and residues
140-226 of HBsAg. In addition to HBV-derived antigenic domains, the vaccine thus
incorporated an ovalbumin fragment containing the Kb/OVA257−264 epitope widely
used to characterize CD8 T cell responses.
Expression analyses showed that the fusion protein StT-MO was able to bind

Hsp70/73 by its J domain and thus accumulated to steady state levels (figure 24b),
whereas the expression of the fusion protein St-MO –lacking the J domain– was strik-
ingly decreased. Therefore, Hsp-binding mediated by the viral J domain efficiently
facilitated the expression of the highly chimeric HBV multidomain vaccine StT-MO.

3.2.2. Induction of multispecific, murine CD8 T cell responses

Using HLA-A*0201 transgenic HHD mice CD8 T cell responses to five well defined
HLA-A*0201-restricted HBV epitopes (table 8) were analyzed. A single immuniza-
tion with pCI/C or pCI/Pol elicited CD8 T cell responses to either the A*0201/C18−27

(figure 25, groups 2) or the A*0201/Pol803−811 epitope (figure 25, groups 3). Immu-
nization of mice with pCI/StT-MO induced CD8 T cell responses to both epitopes
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Figure 24.: Expression of HBV multidomain vaccine StT-MO. a Schematic presentation
of expression vectors encoding single (pCI/S, pCI/C, pCI/Pol and pCI/OVA) or multido-
main (pCI/StT-MO and pCI/St-MO) vaccines. The multidomain vaccine consists of the
following antigen fragments: S2−50, Pol131−160, Pol791−832, OVA257−264, C79−149, C10−50
and S140−226. The Strep-Tag, the Hsp-binding SV40-T77-derived DnaJ sequence and the
MHC-I-restricted epitopes (© HLA-A*0201; � H2-Kb; for detail see table 8) are indi-
cated. b HEK293 cells were transiently transfected with pCI/StT-MO (lane 1) or pCI/St-
MO (lane 2). Cells were labeled with [35S]-methionine/cysteine, immunoprecipitated with
StrepTactin sepharose and analyzed by SDS-PAGE followed by fluorography. The positions
of the StT-MO and St-MO proteins and Hsp70/73 are indicated.
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Table 8.: List of MHC-I restricted epitopes of HBV multidomain including the antigenic
origin, localization, amino acid sequence, MHC-I restriction and the binding affinity to the
respective MHC-I.

# antigen epitope sequence restriction IC 50% [nM]

1 HBsAg S20−28 FLLTRILTI HLA-A*0201 10
2 HBsAg S185−194 GLSPTVWLSV HLA-A*0201 18
3 HBsAg S208−216 ILSPFLPLL HLA-A*0201 nd
4 HBcAg C18−27 FLPSDFFPSV HLA-A*0201 3
5 HBV-Pol Pol803−811 SLYADSPSV HLA-A*0201 14
6 OVA OVA257−264 SIINFEKL Kb 4
7 HBsAg S190−197 VWLSVIWM Kb 13
8 HBcAg MGLKFRQL Kb 4
8* HBcAg C93−100 MGLKIRQL nd

(figure 25, groups 5) but CD8 T cell frequencies were lower than in mice vaccinated
with pCI/C or pCI/pol (figure 25, groups 2 and 3). Injection of pCI/S primed CD8
T cell responses to all three HBsAg derived epitopes (figure 25, groups 1), whereas
pCI/StT-MO vaccination only induced CD8 T cell responses to the A*0201/S20−28

epitope but not to the A*0201/S185−194 and A*0201/S208−216 epitopes (figure 25,
groups 5). A*0201/S20−28-specific CD8 T cell responses were comparable in pCI/S
and pCI/StT-Mo immunized mice. Only a fraction of the HLA-A*0201-restricted
epitope repertoire of HBsAg could thus specifically prime CD8 T cells if delivered
as multidomain vaccine (pCI/StT-MO), while the pCI/S vaccine supported efficient
priming of a multispecific CD8 T cell response. Thus, the diversity of the CD8 T cell
responses to HBV antigens differed in mice vaccinated with either the pCI/StT-MO,
or the pCI/S, pCI/C or pCI/Pol DNA vaccines.
The designed multidomain vaccine pCI/StT-MO also contained three well defined

H2-Kb-restricted epitopes in the surface (S140−226), core (C79−149) and OVA domains
(table 8). B6 mice were immunized with the single antigen encoding plasmids pCI/S,
pCI/C or pCI/OVA, or with the multidomain vaccine pCI/StT-MO and CD8 T cell
frequencies were determined 12 days after injection. While Kb/OVA257−264-specific
CD8 T cells were efficiently induced in B6 mice by vaccination with pCI/StT-MO,
neither Kb/S190−197- nor Kb/C93−100-specific CD8 T cells were primed in these ani-
mals by immunization with this vaccine (figure 26, groups 4). Immunization with
pCI/OVA and pCI/StT-MO induced comparable Kb/OVA257−264-specific CD8 T cell
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Figure 25.: Immunodominance limited the induction of multispecific CD8 T cells specific
for HLA-A*0201-restricted epitopes. HLA-A*0201 tg mice (four mice per group) were
immunized with 100µg pCI/S (groups 1), pCI/C (groups 2), pCI/Pol (groups 3), pCI/OVA
(groups 4), or with pCI/StT-MO (groups 5). The specific CD8 T cell responses were
analyzed twelve days after injection by 4 h ex vivo restimulation of splenic T cells with
the A*0201/C18−27, the A*0201/Pol803−811, the A*0201/S20−28, the A*0201/S185−194, or
with the the A*0201/S208−216 peptide, followed by determination of IFNγ+ CD8 T cell
frequencies.
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responses (figure 26, groups 3 and 4). Mice immunized with the single antigen en-
coding plasmids pCI/S or pCI/C efficiently generated CD8 T cell responses specific
for the Kb/S190−197 or the Kb/C93−100 epitope (figure 26, groups 1 and 2). CD8 T
cells responses to the Kb/S190−197 and Kb/C93−100 epitope were thus suppressed in
the presence of a Kb/OVA257−264-specific CD8 T cell response. This was further
supported by immunization experiments using vaccines that encode the epitope-
containing S140−226 or C79−149 fragment as Hsp-binding fusion antigen. The fusion
antigen vectors pCI/T-S140−226 and pCI/T-C79−149 efficiently induced CD8 T cell re-
sponses directed against the Kb/S190−197 or Kb/C93−100 epitope (figure 26, groups 5
and 6). Therefore, Kb/S190−197- and Kb/C93−100-specific CD8 T cells could efficiently
be primed by Hsp-binding fusion antigens but only in the abscence of Kb/OVA257−264-
specific CD8 T cell responses.
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Figure 26.: HBV multidomain vaccine StT-MO efficiently induced OVA-specific CD8 T
cells. B6 mice (four mice per group) were immunized with 100µg pCI/S (groups 1), pCI/C
(groups 2), pCI/OVA (groups 3), pCI/StT-MO (groups 4), pCI/T-S140−226 (groups 5), or
with pCI/T-C79−149 (groups 6). The specific CD8 T cell responses were analyzed twelve
days after injection by Kb/OVA257−264-, Kb/S190−197-, or Kb/C93−100-specific tetramer
staining of splenic T cells (upper panels), or by 4 h ex vivo restimulation of splenic T cells
with the Kb/OVA257−264, the Kb/S190−197, or with the the Kb/C93−100 peptide, followed
by determination of IFNγ+ CD8 T cell frequencies (lower panels).
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Furthermore, the suppression of CD8 T cell responses to the Kb/S190−197 and
Kb/C93−100 epitopes was also evident in mice immunized with the pCI/St-MO vaccine
(figure 27). This construct (figure 24a) contained all antigenic features of pCI/StT-
MO, but lacked the J domain and thus the ability to capture Hsp70/73. In accordance
with the lacking capability to capture Hsp70/73, the expression level of the St-MO
antigen was significantly lower than its Hsp-binding form (figure 24b). Immuniza-
tion with pCI/St-MO elicited lower Kb/OVA257−264-specific CD8 T cell responses
than immunization with the Hsp-binding form pCI/StT-MO (figure 27, groups 2 and
3). However, neither Kb/S190−197- nor Kb/C93−100-specific CD8 T cell responses were
primed by immunization with pCI/St-MO. Thus, Hsp-capturing mediated by the vi-
ral J domain enhanced the expression of the fusion antigen (figure 24b) and also the
immunogenicity of the construct (figure 27) but didn’t alter the immunodominance
hierarchy of the CD8 T cell responses.
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Figure 27.: Hsp-binding capability didn’t alter immunodominance hierarchy. B6 mice
(four mice per group) were immunized with 100µg pCI (groups 1), pCI/StT-MO (groups
2), pCI/St-MO (groups 3), pCI/StT-M (groups 4), or with pCI/St-M (groups 5). Twelve
days after injection specific CD8 T cell responses were analyzed by Kb/OVA257−264-,
Kb/S190−197-, or Kb/C93−100-specific tetramer staining of splenic T cells.

Immunization with the HBV multidomain vaccine containing an ovalbumin frag-
ment (pCI/StT-MO) efficiently induced Kb/OVA257−264-specific CD8 T cells, whereas
other Kb-restricted CD8 T cell responses were completely suppressed. To check if
Kb/OVA257−264-specific CD8 T cells were responsible for the suppression of other
Kb-restricted epitopes, a HBV multidomain vaccine lacking the ovalbumin fragment
(pCI/StT-M) was designed. Expression analyses emphasized the need of J domain
mediated Hsp-binding to stably express chimeric antigens as only the Hsp-bound
form pCI/StT-M was efficiently expressed (figure 28).
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Figure 28.: Expression of HBV multidomain vaccine StT-M. HEK293 cells were tran-
siently transfected with pCI/StT-M (lane 1) or pCI/St-M (lane 2). Cells were labeled with
[35S]-methionine/cysteine, immunoprecipitated with StrepTactin sepharose and analyzed
by SDS-PAGE followed by fluorography. The positions of the StT-M and St-M proteins
and Hsp70/73 are indicated.

Immunization of B6 mice with pCI/StT-M efficiently induced Kb/S190−197- but
no Kb/C93−100- specific CD8 T cells (figure 27, groups 4). Thus, deletion of the
ovalbumin fragment bearing the immunodominant Kb/OVA257−264 epitope gave rise
to priming of Kb/S190−197-specific CD8 T cells but not to CD8 T cells specific for
the Kb/C93−100 epitope. Immunization with the Hsp-binding multidomain vaccine
pCI/StT-M elicited significantly higher Kb/S190−197-specific CD8 T cells than immu-
nization with the multidomain vaccine pCI/St-M lacking the viral J domain and thus
the ability to capture Hsp70/73 (figure 27, groups 4 and 5). Hsp70/73-association
thus enhanced the immunogenicity of complexed antigens but didn’t change the
intrinsic immunodominance hierarchy of incorporated epitopes confirming previous
findings concerning immunodominant Kb/OVA257−264-specific CD8 T cell responses
(figure 27, groups 2 and 3).

3.2.3. Characterization of immunodominance hierachies

An additional HBV oligodomain vaccine pCI/StT-SCC (figure 29a) was designed
to investigate the observed immunodominance hierarchy between Kb/S190−197- and
Kb/C93−100- specific CD8 T cell responses. The oligodomain vaccine pCI/StT-SCC

57



3. Results

pCI/StT-SCC
[StT-SCC)

Hsp

T1-77  (T)St Core79-149 Core10-50S140-226

96

kDa

69
Hsp70/73

A

B

2 3 8
7

4

45

30

69
Hsp70/73

StT-SCC

1           2

Figure 29.: Expression of the HBV oligodomain vaccine StT-SCC. a Schematic presen-
tation of HBV oligodomain vaccine StT-SCC. The HBV oligodomain vaccine StT-SCC
consists of the following antigen fragments: S140−226, C79−149 and C10−50. The Strep-
Tag, the Hsp-binding SV40-T77-derived DnaJ sequence and the MHC-I-restricted epitopes
(© HLA-A*0201; � H2-Kb; for detail see table 8) are indicated. b HEK293 cells were
transiently transfected with pCI (lane 1) or pCI/StT-SCC (lane 2). Cells were labeled
with [35S]-methionine/cysteine, immunoprecipitated with StrepTactin sepharose and ana-
lyzed by SDS-PAGE followed by fluorography. The positions of the StT-SCC protein and
Hsp70/73 are indicated.

incorporated the residues 140-226 of the HBsAg and residues 79-149 and 10-50 of
the HBcAg C-terminally fused in-frame to the Strep-Tag and J domain of the T-
Ag of SV40. The absence of other HBV-derived antigenic domains was intended to
avoid potential side effects on the observed immunodominance between Kb/S190−197-
and Kb/C93−100-specific CD8 T cells. Expression analyses of transiently transfected
HEK293 cells showed a high expression level of the Hsp-binding StT-SCC fusion
protein (figure 29b).
Similarly to the immunization with the HBV multidomain vaccine pCI/StT-M (fig-

ure 27, groups 4), the pCI/StT-SCC DNA vaccine efficiently induced Kb/S190−197- but
no Kb/C93−100-specific CD8 T cell responses in vaccinated B6 mice (figure 30, groups
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Figure 30.: Kb/S190−197-specific CD8 T cells suppressed Kb/C93−100-specific CD8 T cell
responses. B6 and Alb/HBs tg mice (four mice per group) were immunized with pCI/S
(groups 1), pCI/C (groups 2), or with pCI/StT-SCC (groups 3). The specific CD8 T cell
responses were analyzed twelve days after injection by Kb/S190−197- (upper panels) and
Kb/C93−100-specific (lower panels) tetramer staining of splenic CD8 T cells.

2). Thus, distinct immunodominance mechanisms were detected in the Kb-restricted
CD8 T cell response to multidomain antigens: while the Kb/OVA257−264-specific CD8
T cell response efficiently suppressed the Kb/S190−197- and Kb/C93−100-specific CD8
T cell responses, the Kb/S190−197-specific CD8 T cell response suppressed the prim-
ing of Kb/C93−100-specific CD8 T cells. Regarding the designed multidomain antigens
the Kb/C93−100-specific CD8 T cell response was subdominant, because it was readily
suppressed by CD8 T cell responses to the Kb/OVA257−264 or the Kb/S190−197 epitope.
The subdominant CD8 T cell response to the Kb/C93−100 epitope was unexpected as
it contains the optimal anchor motifs at positions F5 and L8. Using a competi-
tion assay for empty surface Kb-molecules, no major differences between the binding
affinities of the Kb/C93−100 and Kb/S190−197 epitope for the Kb-molecule were observed
(figure 31b). In collaboration with Søren Buus and Kasper Lamberth (University of
Copenhagen, Denmark) it was shown that the Kb-binding affinitiy of the Kb/C93−100

epitope was comparable to those of the Kb/OVA257−264 and Kb/S190−197 epitopes (ta-
ble 8). Thus, a simple epitope competition model for Kb-molecules couldn’t account
for the observed immunodominance hierarchy.
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Figure 31.: Determination of Kb-binding affinity of epitopes. a 2 x 104 RMA/S were pulsed
with titrated amounts of the Kb/OVA257−264 peptide, followed by 20 h co-cultivation with
1 x 105 Kb/OVA257−264-specific CD8 T cells. Supernatants were analyzed for IFNγ by
ELISA. b 2 x 104 RMA/S were pulsed with a mix of 5 nM Kb/OVA257−264 peptide and
titrated amounts of competitor petides Kb/C93−100 (�), Kb/S190−197 (•), or Kb/S208−215
(N). Pulsed cells were co-cultured for 20 h with 1 x 105 Kb/OVA257−264-specific CD8 T cells.
Supernatants were analyzed for IFNγ by ELISA.

To further characterize the Kb/S190−197-mediated suppression mechanism we used
Alb/HBs tg mice. These mice overexpress the large surface (LS) antigen in the liver
under heterologous albumin promotor control. Western blot analyses showed high
level expression of the glycosylated and non-glycosylated 42 and 39 kDa isoforms of
the LS in the liver of Alb/HBs tg mice (figure 34a, lane 3). Due to internal trans-
lation start codons of the LS transgene, Alb/HBs tg mice also expressed the middle
surface (MS) antigen as well as the secreted HBsAg readily detectable in the sera
(figure 34b). In contrast to B6 mice, DNA immunization with the HBsAg-encoding
vector pCI/S didn’t induce Kb/S190−197-specific CD8 T cell responses in Alb/HBs
tg mice (figure 30, groups 1) demonstrating that Alb/HBs tg mice are tolerant to
this Kb/S190−197-specific CD8 T cell response due to their liver-associated expres-
sion of the LS. Similarly, the pCI/StT-SCC efficiently inducing Kb/S190−197-specific
CD8 T cells in B6 mice failed to induce Kb/S190−197-specific CD8 T cell responses
in Alb/HBs tg mice (figure 30, groups 3). However, in contrast to the vaccination
studies in non-tg B6 mice, the absence of Kb/S190−197-specific CD8 T cells allowed
priming of Kb/C93−100-specific CD8 T cells in Alb/HBs tg mice (figure 30, groups
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2). Immunization of Alb/HBs tg mice with the oligodomain vaccine pCI/StT-SCC
primed comparable amounts of Kb/C93−100-specific CD8 T cells as immunization
of mice (non-tg B6 or Alb/HBs tg) with the HBcAg-encoding vector pCI/C (fig-
ure 30, groups 2 and 3). Thus, pCI/StT-SCC transduced APCs displayed sufficient
Kb/C93−100 complexes on their surface to efficiently induce Kb/C93−100-specific CD8
T cell responses. As antigen processing and presentation are likely to be identical
in pCI/StT-SCC transduced APCs from B6 and Alb/HBs tg mice, antigen process-
ing and epitope competition for Kb-molecules weren’t involved in the Kb/S190−197-
mediated suppression of the Kb/C93−100 CD8 T cell response. Thus, the absence of
(simultaneously primed) Kb/S190−197-specific CD8 T cells facilitated efficient priming
of Kb/C93−100-specific CD8 T cell responses.

3.2.4. Spatial separation of antigen-encoding vaccines
circumvented immunodominance

Immunization of B6 mice with vaccines containing the Kb/C93−100 epitope as well
as the immunodominant Kb/S190−197 epitope (e.g. pCI/StT-SCC) failed to induce
Kb/C93−100-specific CD8 T cells (figure 30, groups 2). It was thus investigated if the
suppression of Kb/C93−100-specific CD8 T cells depended on the co-localization of im-
munodominant and subdominant epitopes on a single antigen molecule. B6 mice were
therefore immunized either with a mix of 50µg pCI/S and 50µg pCI/C, or with 50µg
pCI/S or pCI/C mixed with 50µg (empty) pCI in order to adjust the injected DNA
amount. Immunization with 50µg antigen encoding plasmid mixed with 50µg pCI
efficiently induced either Kb/S190−197-specific CD8 T cells or Kb/C93−100-specific CD8
T cells (figure 32, groups 2 and 3). Injection of a mix of plasmids encoding HBsAg
and HBcAg efficiently primed Kb/S190−197-specific CD8 T responses comparable to
the vaccination with pCI/S (figure 32), whereas only a minor Kb/C93−100-specific
CD8 T cell response was induced. The plasmid mix consisting of pCI/C and pCI/S
primed a significantly reduced Kb/C93−100-specific CD8 T cell response (figure 32,
groups 1 and 3) compared to immunization with pCI/C . These data demonstrate
that immunodominant epitopes can suppress subdominant epitopes in trans and thus
don’t have to be located on the same antigen as the subdominant epitope.
The immunodominant Kb/S190−197 epitope significantly impaired the priming of

subdominant Kb/C93−100-specific CD8 T cells even without being co-localized on the
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Figure 32.: Priming of subdominant Kb/C93−100-specific CD8 T cells is hampered by
spatial co-priming of dominant Kb/S190−197-specific CD8 T cells. B6 mice (four mice per
group) were immunized with 50µg pCI/S and 50µg pCI/C (groups 1), 50µg pCI/S and
50µg pCI (groups 2), or with 50µg pCI/C and 50µg pCI (groups 3). The specific CD8
T cell responses were analyzed twelve days after injection by 4 h ex vivo restimulation of
splenic T cells with the Kb/S190−197 or the Kb/C93−100 peptide followed by determination
of IFNγ+ CD8 T cell frequencies.

same antigen (figure 32, groups 1). It was thus explored if the observed immuno-
dominance of Kb/S190−197-specific CD8 T cells was a systemic or locally restricted
effect. Therefore, B6 mice were simultaneously vaccinated with 50µg pCI/S and
50µg pCI/C, whereas the vaccines were spatially separated. This kind of vaccine
administration induced comparable Kb/S190−197- and Kb/C93−100-specific CD8 T cell
responses as vaccination with 50µg of the respective single antigen encoding plasmid
(figure 33). These data demonstrate that although the Kb/S190−197 epitope was able
to suppress the priming of Kb/C93−100-specific CD8 T cells in trans (figure 32), that
the immunodominance phenomenon just occurred if the priming sites of Kb/S190−197-
and Kb/C93−100-specific CD8 T cells co-localized. The observed immunodominance
of Kb/S190−197-specific CD8 T cells was thus restricted to their own priming sites as
spatially divided administration of vaccines could easily circumvent suppression of
Kb/C93−100-specific CD8 T cell responses.
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Figure 33.: Spatially divided administration of vaccines circumvents immunodominance.
B6 mice (four mice per group) were immunized with 50µg pCI/S (into the right muscle)
and 50µg pCI/C (into the left muscle) (groups 1), 50µg pCI/S (into the right muscle)
and 50µg pCI (into the left muscle) (groups 2), or with 50µg pCI/C (into the left muscle)
and 50µg pCI (into the right muscle)(groups 3). The specific CD8 T cell responses were
analyzed twelve days after injection by 4 h ex vivo restimulation of splenic T cells with the
Kb/S190−197 or the Kb/C93−100 peptide, followed by determination of IFNγ+ CD8 T cell
frequencies.

3.3. Subdominant, Kb/C93−100-specific CD8 T cells
showed enhanced anti-viral activity

The above analysis identified the Kb/C93−100 epitope of HBV as a subdominant epi-
tope, that was easily suppressed by various CD8 T cell responses (Kb/OVA257−264

and Kb/S190−197) in the model systems used. As subdominant epitopes have pre-
viously been shown to break T cell tolerance, it was investigated if the identified,
Kb/C93−100-specific CD8 T cell response was able to break CD8 T cell tolerance in
1.4HBV-Smut tg B6 mice. This line contains a terminally redundant 1.4 viral HBV
construct driving the expression of all HBV-derived proteins (LS, MS, Pol, HBeAg,
HBcAg, X) except the HBsAg, which is not translated due to a mutation introduced
at the translation start codon of the HBsAg gene. Immunoprecipitation followed by
Western blot analysis showed expression of the non-glycosylated and glycosylated
LS isoforms in the liver of 1.4HBV-Smut tg B6 mice (figure 34a, lane 2). In contrast
to Alb/HBs tg mice, no HBsAg was found in sera of 1.4HBV-Smut tg B6 mice (fig-
ure 34b). However, HBeAg was readily detected in the sera of 1.4HBV-Smut tg B6
mice (figure 34c). Western blot analyses also confirmed the expression of HBcAg in
the liver (figure 34d).
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Figure 34.: Characterization of 1.4HBV-Smut tg B6 mice. a Expression of the large sur-
face (LS) antigen. Liver lysates from C57BL6/J (lane 1), 1.4HBV-Smut tg B6 (lane 2) and
Alb/HBs tg (lane 3) mice were immunoprecipitated using a polyclonal rabbit anti-HBsAg
serum to capture all HBV envelope. The LS antigen was detected with the preS1-specific
antibody mAb MA18/7 by western blotting. b HBsAg concentration in the serum of
C57BL/6J, 1.4HBV-Smut tg B6 and Alb/HBs tg mice was determined by the commer-
cial ELISA AUSZYME II. c HBeAg levels in sera of 1.4HBV-Smut tg B6 mice (n=48)
were determined by using ElectroChemiLuminescence ImmunoAssay (COI, cutoff-index).
d HBcAg expression in the liver of 1.4HBV-Smut tg B6 mice was determined by western
blotting using a HBcAg-specific antibody. Equal amounts of liver lysates from C57BL/6J
(lane 1) and 1.4HBV-Smut tg B6 mice (lane 2) were analyzed.
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1.4HBV-Smut tg B6 mice were immunized with either the pCI/S or the pCI/C vac-
cine and analyzed for induction of specific CD8 T cells. Single or repeated injections
of pCI/S into 1.4HBV-Smut tg B6 mice didn’t elicit Kb/S190−197-specific CD8 T cell
immunity in spleen or liver (figure 35a, groups 1). In contrast, a single injection of
pCI/C primed Kb/C93−100-specific CD8 T cell responses in 1.4HBV-Smut tg B6 mice
(figure 35a, groups 2). Kb/C93−100-specific CD8 T cells were readily detectable in the
transgene-expressing liver (figure 35a, groups 2) but only barely detectable in the
spleen. The kinetic of Kb/C93−100-specific CD8 T cells in the liver of 1.4HBV-Smut

tg B6 mice upon vaccination with pCI/C was analyzed (figure 35b). Between day 7
and 11 after immunization, a massive expansion of Kb/C93−100-specific CD8 T cells
in the liver was observed resulting in a peak of about 10% Kb/C93−100-specific intra-
hepatic CD8 T cells at day 11 post-vaccination. However, Kb/C93−100-specific CD8
T cells in the liver rapidly declined thereafter (figure 35b). Therefore, vaccination
with pCI/C bearing the subdominant Kb/C93−100 epitope but not vaccination with
pCI/S bearing the immunodominant Kb/S190−197 epitope was able to break the T cell
tolerance in 1.4HBV-Smut tg B6 mice demonstrating that subdominant epitopes can
show improved tolerance-breaking features.
The functionality of Kb/C93−100-specific CD8 T cells accumulated in the liver of

1.4HBV-Smut tg B6 mice upon vaccination with pCI/C (figure 35a, groups 2) was
analyzed by determination of HBV replication levels. Southern blot analyses of
liver DNA obtained from non-immunized or pCI-injected 1.4HBV-Smut tg B6 mice
showed three prominent bands corresponding to the expected sizes of the relaxed cir-
cular (RC) DNA, the double-stranded (DS) DNA and the single stranded (SS) DNA
species of HBV (figure 36a). The analysis didn’t reveal a covalently closed circular
(ccc) DNA species. Reduced HBV replication in the liver of 1.4HBV-Smut tg B6
mice was observed 11 days after immunization with pCI/C (figure 36a) but not after
immunization with the pCI/S vaccine. In addition to reduced HBV replication, focal
T cell infiltrates in the liver of pCI/C-immunized 1.4HBV-Smut tg B6 mice could
be detected by immunohistology (figure 36b). Although infiltrating the liver and
reducing the HBV replication level, the Core-specific, anti-viral CD8 T cells didn’t
elicit a rise in serum transaminase levels (figure 36c). Anti-viral CD8 T cells could
thus deliver their inhibitory effect on viral replication without the destruction of he-
patocytes. However, the reduction in HBV replication was transient as it rebounded
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Figure 35.: Subdominant CD8 T cells could break T cell tolerance. a 1.4HBV-Smut tg
B6 mice (three mice per group) were immunized with pCI/S (groups 1), pCI/C (groups 2),
or with pCI/Cadw (groups 3). The specific CD8 T cell responses were determined eleven
days after injection by Kb/S190−197- and Kb/C93−100-specific tetramer staining of liver T
cells. b 1.4HBV-Smut tg B6 mice (three mice per group) were immunized with pCI/C.
Kb/C93−100-specific CD8 T cells in the liver were determined by tetramer staining at the
indicated time points post-vaccination.
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at day 21 post-immunization, i.e. at a time point at which most Kb/C93−100-specific
CD8 T cells had disappeared from the liver (figure 35b).
Immunization studies were performed using the pCI/C vaccine that encoded the

HBcAg of the D genotype identical to that expressed by the 1.4HBV-Smut tg B6
mouse). A pCI/Cadw vaccine encoding the HBcAg of the A genotype didn’t in-
duce Kb/C93−100-specific CD8 T cells in B6 as well as 1.4HBV-Smut tg B6 mice
(figure 35a, groups 3). The pCI/Cadw vaccine also failed to reduce the HBV repli-
cation in 1.4HBV-Smut tg B6 mice (figure 36a). An exchange of the central anchor
motif at position 5 from a F to an I (table 8) is likely to destroy the antigenicity
of the Kb/C93−100 epitope of the A genotype. These findings thus confirmed that
CD8 T cell responses to the subdominant Kb/C93−100 epitope play a central role in
the inhibition of HBV replication in this model. Therefore, a single vaccination with
pCI/C transiently induced a functional but non-cytotoxic Kb/C93−100-specific CD8
T cell immunity in this model.
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Figure 36.: pCI/Core-induced Kb/C93−100-specific CD8 T cells inhibit viral replication in
the liver of 1.4HBV-Smut tg B6 mice. a 1.4HBV-Smut tg B6 mice were immunized with
pCI, pCI/S, pCI/C, or with pCI/Cadw. Eleven days after injection HBV replication in
the livers of immunized mice was determined by Southern blot analysis. (tg) integrated
transgene, (RC) relaxed circular, (DS) double-stranded linear and (SS) single-stranded
linear DNA species are indicated. Two representative mice per group are shown. Bands for
the integrated transgene are used for normalization of the amount of HBV specific DNA
bound to the membrane. Quantification of HBV replication (in 3-6 mice) is demonstrated as
ratio of HBV replicates/transgene. b Eleven days after vaccination with pCI (left panel) or
pCI/C (right panel) livers of 1.4HBV-Smut tg B6 mice were analyzed by histology (H&E
staining). Focal T cell infiltrates are indicated by arrows. c Sera of pCI/C-immunized
1.4HBV-Smut tg B6 mice were analyzed for serum alanine aminotransferase (ALT) activity
at the indicated time points post-vaccination.
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4.1. Recombinant complexes of antigen with Hsp are
potent CD8 T cell stimulating immunogens

In the present study a Hsp-binding chimeric antigen construct pCI/T1−77-SFG (fig-
ure 3) was designed and expressed in transiently transfected HEK293 cells. Ex-
pression analyses revealed that for efficient expression the functional J domain of
the SV40 T-Ag (T1−77) and thus expression in a Hsp-bound form was essential (fig-
ure 4, lane c). This confirmed previous reports that expression of chimeric antigens is
facilitated by Hsp-association [98,107,109,111]. The N-terminal addition of a Strep-
tag (pCI/StT-SFG) altered neither the Hsp-binding capability of the J domain nor
the recognition by the anti-T-Ag mAb used for immunoprecipitation (figure 4, lane
d). Therefore, the N-terminal Strep-tag didn’t influence the structure and function
of the viral J domain but was accessible and thus allowed the purification of native
Hsp/antigen complexes of high purity for the first time (figure 5a). In contrast, other
purification strategies involving anti-T-Ag antibodies or incorporation of histidine-
or calmodulin-tags into the chimeric antigen T-SFG failed due to rigid extraction
and purification conditions.
Hsp-association of chimeric antigens resulted in cytosolic accumulation and pre-

vented their translocation into the ER and subsequent secretion (figure 6) supporting
previous reports that Hsp-binding to the J domain prevents secretion of fusion pro-
teins [37,98]. In addition, Hsp-association markedly affected the structural properties
of the fused antigens as demonstrated by the significantly quenched fluorescence in-
tensity of the Hsp-complexed StT-SFG (figure 6, figure 7). Small but significant
changes in the antigen-structure could also explain the efficient expression of toxic
proteins in a Hsp-bound form [97,99].
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Chimeric antigens expressed in transiently transfected human HEK293 efficiently
captured the constitutively (Hsp73) as well as the inducible (Hsp70) Hsp isoform
(figure 5b). A similar pattern was observed in adenoviral-transduced human HeLa
cells (figure 9). However, Hsp/antigen complexes purified from stably transfected
CHO cells contained only the constitutively expressed Hsp73 isoform (figure 15a,b).
This was in accordance with previous reports that analyzed the expression of chimeric
T-Ag fusion proteins in cell lines derived of rodent, monkey or avian origin and
demonstrated the accumulation of Hsp73/antigen complexes [109,111]. It is unknown
if HEK293 and HeLa cells constitutively express the inducible Hsp70 isoform or if its
induced by transfection/transduction-mediated stress. As capturing of Hsp70 by the
viral J domain seemed to be restricted to human cell lines, this could also reflect a
intrinsic, species-specific feature of human Hsp70. Although differing in composition
of associated Hsp isoforms, chimeric antigens containing the J domain of the SV40 T-
Ag were efficiently expressed as Hsp/antigen complexes in all tested eukaryotic cells
demonstrating that Hsp-binding exerted by the viral J domain is species independent.
Hsp/antigen complexes derived of stably transfected CHO as well as transiently

transfected HEK293 differed in the complexed Hsp isoforms as well as the species
origin (figure 15a,b). Despite these differences, CHO-derived Hsp70/antigen com-
plexes as well as HEK293-derived Hsp70/73 complexed antigen efficiently primed
comparable amounts of antigen-specific CD8 T cells (figure 15c) suggesting that im-
munogenicity of Hsp/antigen complexes is independent of the complexed Hsp isoform
as well as of the species origin of Hsp. Because of the binding of Hsp to the viral J
domain as well as the immunogenicity of Hsp/antigen complexes is species indepen-
dent, effective vaccines based on Hsp/antigen complexes can be produced in a large
panel of cell lines. This enables vaccine production in the same species as the vaccine
recipient thereby minimizing the potential to induce autoimmune responses.
Because of possible concerns due to the viral origin of the used J domain of the

SV40 T-Ag, it was investigated if J domains derived of bacterial (Chlamydia tra-
chomatis) or plant (Arabidopsis thaliana) origin are able to bind human Hsp70/73.
Despite significant differences in their amino acid composition (figure 19a), bacterial
-as well as plant-derived J domains were able to efficiently capture human Hsp70/73
and thus facilitated the expression of chimeric antigens comparable to the viral J
domain of the SV40 T-Ag (figure 20a). In accordance with facilitated expression
and Hsp-association, DNA vaccination with chimeric antigen constructs fused to the
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investigated J domains elicited comparable CD8 T cell responses (figure 20b). In
addition, it was also possible to design a chimeric J domain consisting of the 33 N-
terminal residues of the T77 domain and the 46 C-terminal residues of the Chlamydia
trachomatis-derived J domain that was able to capture Hsp and showed enhanced
immunogenicity upon DNA vaccination. The Hsp-facilitated antigen expression sys-
tem is thus exceptionally flexible because it can exploit a large variety of natural or
chimeric J domains from different sources and, in addition, can be transferred to a
large panel of cell lines. Another benefit of the developed system is that, in addition
to Hsp/antigen complexes, Hsp as well as the antigen can be separately purified due
to the ATP-dependent binding of the J domain to Hsp [109]. Thus, Hsp could be
gently removed from StrepTactin-bound antigen by ATP-treatment (figure 9).
Hsp/StT-OVA-G complexes efficiently induced Kb/OVA257−264-specific CD8 T cells

in immunized B6 mice, whereas uncomplexed antigen as well as in vitro mixed Hsp
and antigen failed to prime Kb/OVA257−264-specific CD8 T cell responses (figure 10)
indicating that immunogenic Hsp/antigen complexes were only formed in vivo and
that Hsp-association was required to facilitate priming of CD8 T cells. This sug-
gests that the enhanced cross-priming abilitiy of Hsp rather relies on specific deliv-
ery than on general immuno-stimulatory features [13, 14, 19]. Tested in vitro over
a broad dose range, recombinant Hsp/antigen complexes purified from eukaryotic
cell extracts didn’t stimulate IFNα/β, IFNγ, IL-6 and IL-12 release from BM-DCs
and didn’t up-regulate the activation markers CD80 and CD86 (figure 18b). These
complexes thus seem to contain only limited if any intrinsic adjuvant activity. This
is in contrast to multiple reports that Hsp preparations efficiently activate the in-
nate immune system [6, 7, 77, 92, 115, 122, 127, 128]. However, Hsp-stimulated acti-
vation of innate immunity may be triggered by agents contaminating Hsp prepara-
tions [11, 13, 14, 75, 130, 138] as the majority of Hsp preparations was produced by
recombinant expression in bacteria. StT-OVA-G proteins expressed in bacteria ef-
ficiently complexed bacterial DnaK (i.e. the bacterial Hsp70 homolog). Bacterial
DnaK/StT-OVA-G complexes showed significantly enhanced immunogenicity com-
pared to Hsp/StT-OVA-G complexes derived of eukaryotic cells (figure 17). In addi-
tion, bacterial-derived DnaK/StT-OVA-G complexes efficiently stimulated BM-DCs
to produce IL-6 as well as TNFα and to up-regulate the activation markers CD80
and CD86 (figure 18b) due to LPS contaminations. Thus, bacterial but not eukary-
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otic Hsp/antigen complexes purified by the Strep-tag affinity purification system
contained immuno-stimulating contaminants.
The immunogenicity of recombinant Hsp/antigen complexes could be significantly

enhanced by co-delivery of defined adjunvants (such as AbISCO or CpG-containing
ODN) (figure 14). Vaccines that enhance immune responses triggered by Hsp/antigen
complexes can thus be designed using standard technologies. The Hsp-mediated effect
of CD8 T cell priming is CD4 T cell independent as MHC-II deficient (Aα−/−) B6
mice immunized with Hsp/antigen complexes (without further adjuvant) efficiently
primed CD8 T cells (figure 11). However, CD4 T cells seemed to be able to enhance
Hsp-mediated priming of CD8 T cells. Thus, enhanced immunogenicity of Hsp-
complexed antigens is rather based on specific delivery (including uptake, intracellular
traffic and antigen processing) [14, 19] than on innate immuno-stimulating activity
and CD4 T cell help. The lack of an intrinsic, innate adjuvant activity of Hsp was
further supported by analyses of IgG isotype profiles of Hsp/StT-OVA-G immunized
B6 mice that showed a Th2 directed immune response (figure 13).
Enhanced immunogenicity of Hsp/antigen complexes wasn’t restricted to the cellu-

lar immune response as Hsp/StT-OVA-G complexes also efficiently induced a GFP-
specific serum antibody response (figure 12b) that was markedly increased compared
to vaccination with uncomplexed StT-OVA-G fusion protein. Despite efficient induc-
tion of GFP-specific antibodies, no Hsp-specific antibodies were produced upon vacci-
nation with human-derived Hsp/StT-OVA-G complexes supporting previous findings
that human Hsp70/73 delivered as recombinant protein exhibits only low if any im-
munogenicity for murine B cells [108]. Hsp-complexed antigens thus efficiently primed
humoral as well as cellular immune responses in mice without inducing Hsp-specific
antibodies that could potentially lead to autoimmune responses.
Hsp/antigen complexes were also able to induce human relevant Flu-Ma58−66-

specific CD8 T cell responses in a HLA-A*0201-tg mouse model demonstrating that
Hsp-mediated priming of CD8 T cells is independent of MHC-I restriction (figure 22b)
but strictly dependent on Hsp-association. In addition, prime/boost regimens showed
that Flu-Ma58−66-specific CD8 T cell responses primed by Hsp/StT-SFG complexes
can be efficiently boosted by a second injection of Hsp/StT-SFG complexes (fig-
ure 22a). Although recombinant Hsp/StT-SFG complexes efficiently stimulated CD8
T cell responses in mice, the respective DNA-based vaccine pCI/StT-SFG encoding
the same antigen complexed to endogenous murine Hsp of transduced APCs induced
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three- to fourfold higher Flu-Ma58−66-specific CD8 T cell responses (figure 23b). This
demonstrates the exceptional efficacy of DNA vaccination in priming murine CD8 T
cell responses [49] as DNA vaccines allow expression of antigens and generation of
their antigenic peptides in the conventional ‘endogenous’ antigen processing and pre-
sentation pathway [33]. Although DNA vaccines have demonstrated high immuno-
genicity and the ability to induce protective immunity in multiple preclinical disease
models, their application in humans is limited because of inefficient DNA delivery
techniques [49]. Although the involved processing and presentation mechanism are
mainly unknown [18,23,33,97] protein-based vaccines delivered in a Hsp-bound form
are a promising approach that allows induction of humoral as well as cellular immune
responses.
Immunodominance is a well-documented but ill-defined phenomenon [139] limiting

the efficacy of multivalent vaccines to induce multispecific CD8 T cell responses. This
was demonstrated by vaccination of BALB/c mice with vaccines encoding a chimeric
antigen construct (pCI/St-X-PCL). Kd/Pol140−148- as well as Kd/LLO91−98-specific
CD8 T cell responses were efficiently primed but seemed to suppress the induction
of Kd/C87−95-specific CD8 T cells (figure 20b). In addition, immunodominance of
the well characterized Flu-Ma58−66 epitope and its cognate CD8 T cell response was
observed upon vaccination of HLA-A*0201-tg mice with vaccines bearing the im-
munodominant Flu-Ma58−66 epitope (figure 23b). Although DNA vaccination with
pCI/T-SFG induced significantly higher Flu-Ma58−66-specific CD8 T cell responses
compared to immunization with Hsp/StT-SFG complexes, both vaccination proto-
cols resulted in the striking suppression of HBsAg-specific CD8 T cell responses. This
demonstrates that the observed immunodominance is independent of the applied vac-
cination protocol allowing to skip the time-consuming production of Hsp-complexed
antigens and analyze the impact of vaccine modifications by DNA vaccination. A
DNA vaccine lacking the Flu-Ma58−66 epitope (pCI/T-SG) efficiently primed sub-
dominant HBsAg-specific CD8 T cell responses in HLA*0201-tg mice (figure 23b)
indicating that the Flu-Ma58−66-specific CD8 T cell response solely suppresses the
HBsAg-specific immunity. Therefore, deletion of immunodominant epitopes seems
to be a way to circumvent immunodominance hierarchies [70] that are not attenuated
by delivering the antigens in Hsp-bound form [107].
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4.2. Hsp-binding multidomain vaccines are subjected
to immunodominance

Immunodominance was shown to have massive effects on priming of multispecific
CD8 T cell responses upon vaccination [113] as well as during infection [104] po-
tentially avoiding complete pathogen elimination and thus favoring chronic infec-
tions [126]. However, little is known about how immunodominant and subdom-
inant determinants are distinguished by the CD8 T cell system. Immunodomi-
nance has been observed between epitopes from viruses [24, 47, 88, 94, 105, 123],
minor histocompatibility antigens [135] and model antigens [25]. Several factors
have been proposed to contribute to immunodominance including factors on the
APC side, e.g., kinetics of viral protein expression [94], efficiency of antigen pro-
cessing [9, 24, 26, 90], binding affinity of peptides to MHC-I molecules [25, 64, 139],
stability of the MHC-I:peptide complexes [129] and competition between MHC-I al-
leles for cell surface expression [123], as well as factors on the responding T cell side,
e.g., competition [102,105] or interference [135] between responding T cells, or T cells
and APCs [61, 133], kinetics of T cell responses to Ag [69], TCR avidity [61, 124],
variations in the naive T cell repertoire [29, 39, 47, 64, 87] and regulatory T cells
selectively suppressing certain responses [8, 50]. Antigen processing efficiency and
MHC-I-restricted epitope presentation unlikely caused the observed immunodomi-
nance of Kb/OVA257−264- or Kb/S190−197-specific CD8 T cell in B6 mice (figure 27)
as well as ‘co-immunodominance’ of A*0201/C18−27- and A*0201/Pol803−811- CD8 T
cell responses in HLA-A*0201-tg mice (figure 25) as epitope-bearing domains were in-
corporated into the HBV multidomain vaccines including sufficient epitope-flanking
sequences to ensure proper processing. In accordance with studies circumventing
immunodominance by epitope modifications [70], elimination of antigenic domains
bearing immunodominant epitopes efficiently induced previously suppressed (sub-
dominant) CD8 T cell specifities and thus successfully altered immunodominance
hierarchy. Vaccination studies analyzing the effect of endogenous Hsp-association
of antigen revealed that Hsp-binding significantly increased CD8 T cell responses
but didn’t support priming of subdominant CD8 T cell specificities (figure 27). In
contrast to the previously reported circumvention of Ld-mediated ‘inter-restrictional’
immunodominance [107], Hsp association couldn’t overcome the observed immuno-
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dominance phenomenon suggesting that in this setting another immunodominance
mechanism is active. A simple epitope competition model for Kb-molecules also
couldn’t account for the observed immunodominance hierarchy as the investigated
epitopes showed comparable binding affinities (table 8). Moreover, immunization
of Alb/HBs tg mice with pCI/StT-SCC demonstrated that the Kb/C93−100 epitope
was correctly processed and sufficiently presented on the surface of APCs to prime
Kb/C93−100-specific CD8 T cell responses (figure 30). However, priming of subdom-
inant Kb/C93−100-specific CD8 T cell responses was dependent on the absence of
immunodominant Kb/S190−197-specific CD8 T cells suggesting that differences in the
precursor frequency or intrinsic features of naive CD8 T cells specific for dominant
versus subdominant epitopes play a role in the described immunodominance hier-
archy [64, 87]. Partial suppression of Kb/C93−100-specific CD8 T cell responses was
also observed by immunization with a mix of HBcAg- and HBsAg-encoding plasmids
(figure 32) supporting an immunodominance mechanism independent of general anti-
gen processing. In accordance with other reports [70], spatially separated injection
of DNA vaccines containing either an immunodominant epitope (HBsAg) or a sub-
dominant epitope (HBcAg) primed subdominant as well as immunodominant CD8
T cell responses at the same time (figure 33). These data suggest a ‘local regulator
model’ in which differential recruitment of CD8 T cells with different recognition
specificities, differential efficiencies in synapse formation with APCs, different rela-
tive efficiencies in the commitment for the priming program or the clonal expansion
may operate.
The data have practical implications for understanding anti-viral CD8 T cell re-

sponses and for the rational design of T cell-stimulating vaccines. Escape mutations
in an immunodominant epitope eliminating its antigenicity don’t necessarily lead to
an inability to clear the infection but may pave the way for a broad range of subdom-
inant T cell responses. Delivery of multiple polytope vaccines with a limited number
of epitopes to different sites at different times may be more efficient in stimulating
multispecific T cell responses than delivery of many epitopes at the same time to
the same site. This may be even more important in clinical settings in which unpre-
dictable immunodominance hierarchies could develop due to the MHC heterogeneity
of man. Thus, less may be more.
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4.3. Priming of subdominant, Kb/C93−100-specific CD8
T cells breaks tolerance and exerts anti-viral
activity in a HBV-tg mouse model

A distinct immunodominance hierarchy was revealed by vaccination with HBV mul-
tidomain vaccines. As CD8 T cell responses directed against subdominant epitopes
are able to break tolerance [114] it was investigated whether the identified, subdom-
inant, Kb/C93−100-specific CD8 T cell response is also able to break tolerance in a
HBV tg mouse model. The 1.4HBV-Smut tg line –a variant of the well-established
1.3HBV model [48]– was used to detect anti-viral CD8 T cells.
The immunodominant Kb/S190−197 epitope efficiently suppressed the priming of

Kb/C93−100-specific CD8 T cell responses in B6 mice (figure 30) but failed to prime
Kb/S190−197-specific CD8 T cells in 1.4HBV-Smut tg mice (figure 35a). In contrast,
Kb/C93−100-specific CD8 T cells were readily primed in 1.4HBV-Smut tg mice and
showed anti-viral activity. This was unexpectedly as 1.4HBV-Smut tg mice expressed
only low amounts of LS and MS in the liver without secretion of HBsAg into the
circulation (figure 34) and were expected to allow peripheral priming of HBsAg-
specific CD8 T cells. This assumption was obviously wrong. High levels of HBsAg
in the circulation (as found in HBsAg-tolerant Alb/HBs tg mice) are thus not crit-
ical for establishing tolerance to HBsAg. In contrast, the tolerance could be bro-
ken by vaccination with the pCI/C vaccine which efficiently primed subdominant,
Kb/C93−100-specific CD8 T cells even in the presence of large amounts of HBeAg (the
secreted HBcAg ‘variant’). The presence of an antigen in the serum thus doesn’t
exclude (HBeAg in 1.4HBV-Smut tg mice) nor imply (HBsAg in Alb/HBs tg mice)
its ability to break T cell tolerance. It rather seems that subdominant CD8 T cell
epitopes/responses are the major player in this game. These autoreactive CD8 T cells
accumulated in the liver of 1.4HBV-Smut tg mice and exerted anti-viral, non-cytotoxic
functions (figure 36) upon immunization with the pCI/C vaccine. However, the ac-
cumulation of Kb/C93−100-specific CD8 T cells and their inhibitory effect on viral
replication in the liver was transiently and down regulated by unknown mechanisms.
This suggests that efforts to induce protective as well as therapeutic anti-viral T cell
immunity should include a consideration of the cryptic repertoire of subdominant
epitopes.
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Heat shock proteins (Hsp) of the Hsp70/90 families facilitate cellular immune re-
sponses to antigenic peptides or proteins bound to them and have therefore been
used as vaccine vehicles. We have developed an expression system in which chimeric
proteins with a Hsp-capturing, viral J domain fused to diverse antigen-encoding se-
quences form stable complexes with eukaryotic (Hsp70, Hsp73) stress proteins and
accumulate to high steady state levels.
In the first part of the thesis, the molecular interaction of different J domains

with cellular Hsp70/73 was characterized. Chimeric model antigens were fused C-
terminally to J domains from different species (viruses/SV40, bacteria/Chlamydia
trachomatis or plants/Arabidopsis thaliana) and tested if they bind cellular Hsp70/73.
These J domains differ significantly in their amino acid composition but efficiently
captured murine or human Hsp70/73 proteins and facilitated antigen expression
equally well. Furthermore, the different J domains were able to capture eukary-
otic Hsp70/73 as well as bacterial Hsp70 (DnaK) thus enabling vaccine produc-
tion in a large panel of cell lines. We tested different tags to isolate complexes
of chimeric antigens with Hsp70/73 and were successful to purify native Hsp/antigen
complexes using a streptavidin-binding tag ‘Strep-tag’ cloned N-terminally in frame
to the Hsp-binding J domain. This allowed us to establish a method to efficiently
purify Hsp/antigen complexes as well as its isolated components with high purity.
Hsp/antigen complexes efficiently elicited antigen-specific CD8 T cell responses in
mice when delivered as vaccines without adjuvants. The described expression system
thus supports the flexible design of multivalent, CD8 T cell-stimulating vaccines.
In the second part of the thesis, we investigated whether immunodominance hier-

archies between CD8 T cell epitopes limit the potential of multivalent, Hsp-binding
vaccines. Immunodominance is a well documented but ill-defined feature of many T
cell responses. We demonstrated that incorporation of an immunodominant, Flu-
specific epitope (HLA-A*0201/Flu-Ma58−66) into recombinant Hsp-capturing vac-
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cines resulted in a striking suppression of HBsAg-specific CD8 T cell responses (i.e.
HLA-A*0201/S185−194 and HLA-A*0201/S208−216). Immunodominance was indepen-
dent of MHC-I restriction as comparable effects were observed analyzing murine H2-
Kb-restricted epitopes. Kb/OVA257−264- and Kb/S190−197-specific CD8 T cell responses
didn’t allow priming of a Kb/C93−100-specific CD8 T cell response in mice immunized
with multidomain vaccines. These distinct immunodominance hierarchies weren’t
due to general antigen processing efficiency and epitope competition as tolerance to
the HBsAg in transgenic (tg) Alb/HBs mice (that express large amounts of transgene-
encoded HBsAg in the liver) facilitated priming of subdominant, Kb/C93−100-specific
CD8 T cell immunity by multidomain antigens. The ‘weak’ (i.e. easily suppressed)
Kb/C93−100-specific CD8 T cell response was efficiently elicited by a HBcAg-encoding
vector in 1.4HBV-Smut tg mice mice (that harbor a replicating HBV genome pro-
ducing HBV antigens in the liver). Kb/C93−100-specific CD8 T cells accumulated in
the liver of vaccinated 1.4HBV-Smut tg mice mice and suppressed HBV replication.
Subdominant epitopes in vaccines can hence prime specific CD8 T cell immunity in
a tolerogenic milieu and deliver specific anti-viral effects to HBV-expressing hepato-
cytes.
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Chemicals and reagents

Table 9.: Chemicals and reagents

product provider cat.no.

dNTP NEB N7552
acetic acid Applichem A0820
acrylamid Roth 3029.1
agar DIFCO 214010
agarose Invitrogen 15510
ampicillin Merck 1.00278
APS Sigma A3678
ATP Sigma A9187
bactotryptone DIFCO 0123-07-5
β-ME BioRad 161-0710
bromphenol blue Sigma B-8026
BSA PAA K41-001
CaCl2 x 2H2O Merck 1.02383
chloramphenicol Fluka 2375
Coomassie Brilliant Blue R 250 Serva 17525
desthiobiotin IBA GmbH 2-1000-002
diethanolamin Fluka 31590
DMSO Applichem 67-68-5
EDTA Fluka 3677
ethanol VWR 20821.330
ethidium bromide Applichem A2273
gelatine Merck 1.04078
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Table 9.: Chemicals and reagents

product provider cat.no.

glycerol J.T.Baker 7044
glycine Applichem A1377
H2SO4 Merck 1.00731
HCl VWR 20252.290
Hepes Serva 25245
IPTG Fluka 59740
isopropanol Fluka 59300
K2HPO4 Sigma P2222
kanamycin Fluka 60615
KH2PO4 Sigma P5655
leupeptin Fluka 62070
LiCl Roth 3739.2
methanol Fluka 65543
MgCl2 x 6H2O Sigma M2670
Na2HPO4 x 2H2O Merck 1.06345
NaN3 Serva 30175
NaCl VWR 27810.364
NH4Cl Merck 1.01145
NP40 Sigma I-3021
ovalbumin Sigma A7641
PFA PFA 158127
PPO Fluka 43410
saponin Sigma S7900
SDS BioRad 161-0301
TEMED BioRad 161-0800
Trasylol Bayer Vital
trizma base Sigma T1503
Tween 20 Fluka 93773
xylencyanol Merck 1.10590
yeast extract DIFCO 0127-07-1
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