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1. Introduction 

 

1.1. The immune system 

 The immune system protects the body from infectious pathogens (e.g., 

bacteria or viruses). Two different arms of the immune system have evolved: i.e., 

the innate or ‘non-specific’ immune system and the adaptive immune or ‘specific’ 

immune system. The innate immunity induces a rapid immune response to an 

invading pathogen. Cells of the innate immune system recognize pathogen 

associated molecular patterns (PAMPs) that are specific molecules or small 

molecular motifs conserved within a class of microbes. PAMPs are recognized by 

pattern recognition receptors (PRRs) on cells of the innate immune system, e.g., 

scavenger receptors or toll-like receptors (TLRs). Examples for PAMPs are 

lipopolysaccharide (LPS), an endotoxin found on bacterial cell membranes, 

(recognized by TLR 4, [38]), viral double stranded RNA (recognized by TLR 3, 

[95]) or bacterial DNA with unmethylated CpG motifs (recognized by TLR 9, [59]). 

Once activated through a foreign PAMP cells of the innate system undergo 

activation and release immune mediators, e.g. chemokines and cytokines. These 

agents directly trigger an inflammatory immune response or lead specific cells to 

the side of infection. In contrast the adaptive immune response is composed of 

highly specialized effector and memory cells (i.e., T- and B- cells), that eliminate 

pathogens. 
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1.1.1.  Humoral immune response 

 Pathogens which overcome the skin barrier or invade by mucosal 

membranes spread within the body through extracellular fluids, e.g. blood or 

lymph. Invading pathogens are extracellularly fought by cells of the complement 

system, e.g. macrophages and B lymphocytes. The humoral immune response 

relies on the production of immunoglobulins (IgGs) by activated B cells. Activation 

of B lymphocytes often requires T cell help. ‘Exogenous’ antigens are endocytosed 

by specific antigen presenting cells (APCs), processed and presented by MHC 

class II molecules to CD4 T cells. This results in activation and stimulation of CD4 

Th cells (Fig. 1). CD4 Th cells produce cytokines, e.g., interleukin-2 (IL-2), which 

acts self stimulating as well as B cell stimulating, ending in generation of IgG 

producing plasmacytoid B cells and to a minor extend memory B cells. 

 Antigen recognition in B cells occurs via the B cell receptor (BCR) a 

membrane bound immunoglobulin. Cross-linking of BCRs activates B cells. After 

activation and differentiation, soluble IgGs are released by B cells and neutralize 

the recognized pathogen, by i) covering the pathogen and cross-linking of single 

bacteria, called opsonization ii) activating the complement system, e.g. 

macrophages, which phagocytize covered pathogens through Fc receptors, finally 

ending up in the extinction of the antigen. Alternatively IgGs bind to infected cells 

displaying IgG recognition patterns. Cells of the complement system, e.g. NK, 

neutrophils or eosinophils, moderate the antibody dependent cell mediated 

cytotoxicity (ADCC), leading to apotosis of IgG covered cells. 

 

1.1.2.  Cellular immune response 

 Once a pathogen entered a host cell the extinction of the pathogen relies on 

the cellular immune system. Antigen specific CD4+ or CD8+ T lymphocytes 

recognize small fragments (epitopes) of an antigen, presented on the cell surface 

by major histocompatibility complex class II or I molecules (Fig. 1). Naïve T cells 

circulate between blood and peripheral lymphoid. After antigen stimulation naïve T 

cells differentiate into different types of effector T cells, constituting a primary cell-

mediated immune response. Beside effector cells also memory cells are 

generated to protect from future infections with the same pathogen. 
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 CD8 T cells are activated by antigen derived peptides presented on the cell 

surface by major histocompatibility complex class I molecules (MHC class I) (Fig. 

1) [84]. CD8 T cells produce large quantities of inflammatory cytokines, e.g. 

interferon-γ (IFNγ) [32], perforin, granzymes or granulysin [30] leading to apoptosis 

of virally infected cells [173]. CD4 T cells are stimulated through peptide loaded 

major histocompatibility complex class II molecules (MHC class II) (Fig. 1). 

 

 
Figure 1: Generation of humoral and cellular immune  responses.  

APCs take up nucleic acids (e.g. derived from viruses or genetic vaccination) or exogenous protein. Nucleic 

acids are translated, proteasomal degraded and presented to CD8 T cells on MHC class I at the cell surface. 

Exogenous protein is endocytosed, endo-/lysosomal degraded and presented upon MHC class II to CD4 T 

cells. Furthermore CD4 Th cell derived cytokines stimulate B cells as well as CD8 T cells. Adapted to Liu [84]. 

 

CD4 T cells mediate immunity direct (destruction) or indirect (activation of other 

cell types) and alter the cytokine milieu during an infection. Naïve CD4 T cells 

(Th0) differentiate into various effector subtypes. CD4 Th1 cells produce interferon-

γ (IFNγ), interleukin-2 (IL-2) and interleukin-3 (IL-3) with inflammatory qualities 

directed against intracellular pathogens, e.g. Mycobacteria or Listeria. CD4 Th2 

cells instead provide ‘help’ for B cell development by means of cytokines and 

chemokines, for example interleukin-4 (IL-4) and interleukin-5 (IL-5). The cellular 

immune response is controlled by a further subset of T lymphocytes, namely 
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natural regulatory T cells (Treg) [129]. Treg cells are a specialized subpopulation of 

T cells which suppress activation of the immune system thereby maintaining 

tolerance to self-antigens. Many subpopulations have been described [23, 24, 47, 

93]. The most well understood Treg population expresses CD4, CD25 and forkhead 

head box P3 (FoxP3) and produces IL-4, interleukin-10 (IL-10) and transforming 

growth factor- β (TGF-β). They guide the immune response of Th1 and Th2 cells 

and mediate self-tolerance. In peripheral lymphoid tissue adaptive regulatory T cell 

subsets have been identified, i.e., Th3 and TR1. CD4 Th3 cells produce IL-4, IL-10 

and TGF-β and are situated in the mucosal immune system. The role of peripheral 

TR1 cells is under investigation yet. They produce TGF-β and are distinguished 

from Th3 cells through the lack of IL-4 production. Altogether the formation of 

different Th subsets depends on the cytokine milieu provided by Treg, CD8 T cells 

and APCs for an effective cellular immune response [19, 22, 68]. 

 

1.2. Antigen processing for MHC I- and II-restricte d 

 epitope presentation 

 

 T cells exclusively recognize foreign, intracellular antigens presented by 

antigen presenting cells (APCs). The antigenic peptides have to be processed, 

before a specific MHC:peptide-complex is displayed at the surface of an APC. 

Exogenous antigen is presented to CD4 Th cells through MHC class II by 

macrophages, B cells and dendritic cells (DCs). APCs phagocytize or endocytose 

antigens, e.g. soluble antigens, opsonized pathogens or cell debris derived from 

infected apoptotic cells. The internalized pathogen is transported from the cell 

surface to maturating vesicles called endosomes. In the course of maturation the 

vesicles lower their pH and expand from early endosomes to late endosomes, by 

loosing tubular network [112]. Late endosomes undergo a final maturation step, 

recycling molecules are removed, pH is further lowered, lumenal vesicles form and 

endosomes become competent for fusion with lysosomes [109]. Within lysosomes 

extracellular proteins are degraded by lysosomal proteases, e.g. cathepsins. 

Protein antigens derived from endo-/lysosomal degradation are targeted to the 

MHC class II containing compartment (MIIC) by the invariant chain (Ii) [125]. 

Subsequently antigenic peptides, 10-20 amino acid (aa) residues, are loaded onto 
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MHC class II complexes [56]. Finally the MHC class II:peptide complex is 

translocated to the cell surface of APCs where it is recognized by CD4 T cells (see 

Fig. 1). 

 
Figure 2: Antigen processing pathways.  

Direct endogenous antigen presentation involves proteasomal degradation of proteins. Degraded peptides are 

transported into the ER TAP dependent, followed by loading of peptides onto newly assembled MHC class I 

molecules. Afterwards antigen is transported via the Golgi apparatus to the cell surface. Cross-presentation of 

exogenous protein may involve the fusion of ER with early phagosomes to form organelles with the complete 

required MHC class I-processing machinery. Phagocytosed proteins are transported to the cytosol to be 

degraded by the proteasome. Peptides are then transported into endosomal vesicles by the TAP complex and 

loaded onto newly formed or perhaps recycled MHC class I molecules for transport to the cell surface. 

Adapted to Heath [58]. 

 

 Two different pathways have evolved for MHC class I presentation. Usually 

the direct endogenous pathway for MHC class I presentation depends on the 

endogenous ubiquitin/proteasomal processing pathway also called endoplasmic 

reticulum associated protein degradation (ERAD) pathway. Antigens are degraded 

by the multicatalytic proteasome complex [reviewed in 152]. The generated 

peptides are transported into the lumen of the endoplasmic reticulum (ER) by the 

heterodimeric TAP1/TAP2 complex in an ATP dependent manner [103]. The 

imported peptides are further trimmed by ER-localized peptidases [133], loaded 
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onto MHC class I molecules and transported to the cell surface via the Golgi 

apparatus (Fig. 2; overview of direct antigen presentation). Exogenous antigens 

can also be processed for MHC class I presentation. This cross-presentation 

pathway enables APCs to activate CD8 T cells by uptake, processing and MHC 

class I-restricted epitope presentation of exogenous antigen [104, 117, 176]. 

Different antigens can enter the cross-presentation pathway, e.g. soluble proteins 

[111], immune complexes [35], intracellular bacteria [108], parasites [7] and 

especially cellular antigens [115], e.g. heat-shock protein associated cellular 

antigens [70, 75, 168]. The best characterized cross-presenting cell population 

efficiently priming cytotoxic T lymphocytes (CTLs) are DCs [58], especially CD8α+ 

DCs [14]. These cells acquire antigen through various endocytosis receptors, e.g. 

Fc receptors, scavenger receptors [34] or mannose-receptors [16] in the periphery 

and migrate to lymph nodes. 

 
Figure 3: Mechanisms for classical cross-priming.  

DCs phagocytize antigen by distinct mechanisms. Activated CD4 Th cells stimulate DCs through MHC class 

II:TCR interaction and co-stimulatory molecules e.g., CD40L (T cell) and CD40 (DC). Additionally interleukin-2 

(IL-2) is produced by CD4 Th cells, activating CD8 T cells (CTLs) for sustained effector function. Antigen is 

cross-presented by DCs to CD8 T cells (CTLs) via MHC class I molecules. DCs respond to MHC class I:TCR 

interaction with up-regulation and expression of co-stimulatory molecules, e.g. CD70, CD80 and CD86. 

Inhibitory signals, e.g. PDL-1 on DCs are down-regulated, following stimulation. Toll-like receptor (TLR) 

ligands mediate further activation of DCs and sustained cross-presentation. Adapted to Kurts [81]. 

 

 Since cross-presentation involves the loading of exogenous antigen on 

MHC class I, the antigen has to enter the MHC class I loading compartment. It is 
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still in discussion whether the antigenic peptides are generated by endo-

/lysosomal processing and/or by cytosolic, proteasome-mediated processing and if 

MHC class I presentation of exogenous antigen requires ER-transport by TAP [2, 

15, 46]. Furthermore, phagosomes might be involved in the cross-presentation of 

antigens [reviewed in 1, 81, (Fig. 2, overview of alternative antigen presentation)]. 

It has been shown that acidification of vesicles is necessary for cross-presentation 

of phagocytosed antigen, because inhibition of acid proteolysis (e.g., by 

primaquine, chloroquine or NH4Cl) abolishes cross-presentation [reviewed in 117]. 

 To activate naïve CD8 T cells the antigen needs to get access to DCs as 

these cells express co-stimulatory molecules that are essential to trigger functional 

CD8 T cell responses [15, 61, 81]. However, the ‘licensing’ of DCs to stimulate 

CD8 T cells requires help. This help can be provided by CD4 T cells [154], other 

cell types, e.g. NKT cells [148] or by nonspecific, TLR-mediated help. Th cells 

stimulate DCs to programme CTLs for sustained cytotoxic effector function and/or 

memory differentiation, illustrated in figure 3. Specific stimuli alter the surface 

marker composition of DCs. Co-stimulatory molecules on the DC, e.g. CD80 or 

CD86 are up-regulated and co-inhibitory signals are down-regulated, e.g. PDL-1 

(Fig. 3). Thus, cross-presentation of exogenous antigens by MHC class I is 

essential to prime CTLs against viruses, which do not target DCs (e.g., hepatitis B 

virus, HBV), or evade the endogenous MHC class I restricted antigen processing 

pathway (e.g., murine cytomegalovirus, MCMV). 

 

1.3. Novel vaccination strategies to induce CD8 T c ell 

 responses 

 

 Medical science brought up various appendages against invading 

pathogens. Dependent on the vaccination strategy a vaccine elicits a strong 

adaptive immune response. First approaches aimed to inoculate healthy people 

with scrap material from smallpox infected patients to induce an adaptive immunity 

against Variola 200 years ago. Until now great efforts were undertaken to improve 

and establish new vaccines. Prophylactic vaccination strategies use 

attenuated/dead viruses on the one hand and on the other hand genetic 
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vaccination to induce a protective immunity against infections, e.g. polio, 

diphtheria or measles. Therapeutic approaches attempt to eradicate persistent 

infections, e.g. HIV, HBV or HCMV. Since CTLs represent an important T cell 

subset for extinction of intracellular viruses, vaccination approaches aim to 

generate potent CTLs to eliminate the infection or reduce the viral load caused by 

the infection. 

 DNA vaccines operate in vivo by de novo biosynthesis of the respective 

antigen. Therefore administered DNA transfects either non-professional APCs 

(e.g., myocytes) or professional APCs [reviewed in 84]. Until now it is unknown 

whether myocytes undergo apoptosis after transfection, thereby releasing the 

antigen that is afterwards uptaken and cross-presented by DCs on MHC class I. 

Figure 1 illustrates the possible mechanisms for induction of humoral as well as 

cellular immune response achieved by DNA immunization. 

 
Figure 4: Expression plasmid for DNA vaccination.  

A plasmid vector is composed of i) vector backbone with an origin of replication (f1) and an antibiotic 

resistance gene (AMP) and ii) vaccine unit with an eukaryotic promoter (CMV); an intron for enhanced 

expression; insert (gene of interest) and SV40 (polyadenalytion signal). 

 

Vaccination with DNA encoded antigens in vivo is realized with different 

techniques, e.g. gene gun (g.g.), intramuscular (i.m.) or subcutaneous (s.c.) 

vaccination and needs a specific vector design, i.e. i) vector backbone and ii) 

vaccine unit (coding region for gene of interest). The vaccine unit is composed of a 

viral promoter (CMV), an intron, the coding region of interest (insert) and a 
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polyadenylation signal (SV-40) for high gene expression in eukaryotes. The vector 

backbone possesses an antibiotic resistance (AMP) and an origin of replication 

(f1) for efficient expression of the vector in bacteria (Fig. 4). DNA based 

vaccination strategies elicit a strong adaptive immune response in mice. 

Intramuscular application of a high dose DNA (50-100 µg) leads to efficient 

induction of CTLs [121, 137, 139, 141]. Intradermal injection of a low dose of DNA 

(0.1 - 3 µg) attached to gold particles with a gene gun results in decreased 

numbers of CTLs, but induces efficiently a Th2 directed humoral immune response 

[118, 135]. Additionally bacterial DNA has a CpG mediated adjuvant effect. In 

contrast to eukaryotic DNA bacterial DNA has a higher content of unmethylated 

CpG motifs activating innate immune response, through PRRs especially TLR-9 

[79]. 

 The effective induction of CTLs by protein based vaccines in men uses 

adjuvants to enhance the immunogenicity of proteins. Most commonly used 

adjuvants for vaccination studies are aluminum salts (e.g. aluminum hydroxide), oil 

emulsions (e.g. incomplete Freund’s adjuvant, IFA) or nanoparticles. Synthetic 

oligodeoxynucleotides (ODNs) are also used as vaccine adjuvants, e.g., for 

asthma and allergic diseases [163] acting through TLR-9. In general adjuvants 

alter immunological processes in different ways. They enhance antigen delivery, 

respectively antigen storage or they possess immunomodulatory capacities. 

Optimized adjuvants stimulate an innate as well as an adaptive immune response 

in different ways: i) they possess a particular structure encaging the antigen and 

thus mimic a microorganism, leading to enhanced uptake (e.g. liposomes, virus-

like particles (VLPs) or immune stimulating complexes (ISCOMs)); ii) they mediate 

specific targeting of antigen into APCs especially to cellular compartments 

involved in cross-presentation [reviewed in 147]. Hence adjuvant formulation elicits 

alteration of the immune response by immunomodulation through activation of 

APCs as well as B cells. 
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Figure 5:  ISCOM adjuvant technology . 

(A) Originally ISCOM adjuvant incorporates antigen and releases it gradually. (B) ISCOMATRIX adjuvant, 

AbISCO®-100 (AbISCO) consists of reactive fractions of Quillaja saponaria Molina saponins: matrix A (QS-7) 

and matrix C (QS-21) combined to matrix M. AbISCO enhances immune response towards codelivered 

antigens. Adapted to protocol of ISCONOVA. 

 

 ISCOM derived adjuvants (Fig. 5) consist of nanoparticles and aim to 

improve- beside antigenic uptake- also the immunostimulation [99, 100]. 

ISCOMATRIX adjuvants fulfill the challenges for a modern adjuvant. They 

combine highly reactive fractions of ISCOMS without the hemolytic activity of 

saponin. In contrast to aluminum hydroxide and oil emulsions ISCOMs are rapidly 

removed from the injection site to the draining lymphatic system. Formulated with 

influenza virus ISCOMATRIX has been shown to be efficiently uptaken by 

macrophages, DCs and B cells [reviewed in 147]. ISCOM adjuvants are capable to 

induce efficiently an adaptive immunity even in the elderly [130]. ISCOMATRIX 

adjuvants induce CD8 T cell responses against a broad spectrum of antigens 

(e.g., hepatitis C virus core antigen [110] and hepatitis B virus small surface 

antigen [144]. CTL induction in vivo mediated by ISCOMATRIX adjuvants rely on 

both, the immunomodulatory and the antigen delivery function. A further positive 

attribute of ISCOMATRIX adjuvants consists in the capability of induction of anti-

tumor cytotoxic T lymphocytes [36, 91, 92, 124, 147]. 
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1.4.  Immunodominance hierarchies operate in  

  vaccine-induced, multispecific CD8 T cell   

  responses 

 

 The effectiveness of the host’s specific immunity to extinguish an infection 

critically depends on the recognition of viral determinants. This process is tightly 

linked with immunodominance, firstly discovered for CD4 T cells [149]. Only one or 

few peptides are recognized within a CD4 T cell population and are called 

immunodominant determinants (IDDs). Beside IDDs, also subdominant (SDDs) 

and cryptic determinants affect immune responses. This coherence can also be 

applied to CD8 T cells: Immunodominance describes the combination of all events 

taking place during an immune response ending up in the specific CD8 T cell 

immunity against a certain pathogen, finally resulting in one or two major CD8 T 

cell populations stemming the infection [21, 177, 178]. 

 Antigenic peptides (or epitopes) are presented by APCs on MHC class I 

and are recognized by CD8 T cells [33]. Since cytotoxic CD8 T cells eliminate 

intracellular pathogens, antigen-specific stimulation of CTLs has high priority in 

novel vaccine design strategies. Induction of a broad repertoire of pathogen-

specific CD8 T cells is expected to efficiently control the infection. Multispecific 

vaccines with manifold antigenic information encounter the risk of occurrence of 

immunodominance hierarchies limiting an adaptive immunity to codelivered 

subdominant epitopes [71, 176, 178]. Immunodominance is influenced by many 

different factors governing antigen presentation and T cell activation, e.g., antigen 

processing, different affinity of antigenic peptides for MHC class I, competition 

among responding T cells and competition of T cells for APCs [6, 21, 50, 113, 160, 

161, 178]. The classification of the various determinants of IDDs/SDDs depends 

on the affinity of antigenic peptides or antigen processing [reviewed in 177]. 

Subdominant CD8 T cell responses are suppressed by dominant CD8 T cell 

responses. This process is denoted as immunodomination [reviewed in 177]. The 

final outcome for immunodominance hierarchies is multifactorial influenced and 

the result of highly regulated processes during the onset of an adaptive immune 

response. 
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1.5. Viral model systems 

 

 The understanding how viruses invade a host and elicit a specific T cell 

mediated immunity is a prevailing topic in current vaccine development. Multiple 

efforts have been made to understand how a certain virus enters a cell and 

manipulates it and the resulting immune response towards the virus. In the 

following two different viral models are highlighted. 

 

1.5.1.  Human cytomegalovirus (HCMV) 

 Human cytomegalovirus (Fig. 6; HCMV) is prevalent world-wide with 40% to 

90% distribution depending on the socioeconomic status of the infected 

population. HCMV belongs to the family of Herpesviridae. 

 

 
Figure 6: Illustration of HCMV virus particle. 

CMV belongs to the family of Herpesviridae. The linear double stranded DNA genome is associated with the 

core protein and surrounded by an icosaedric capsid. The tegument is located between capsid and envelope. 

Several envelope proteins are indicated. Adapted to Modrow [98]. 

 

The DNA genome is 230 kbp large, with more than 200 open reading frames. 

Beside infectious particles HCMV infection in vitro generates also noninfectious 

enveloped particles (NIEPs) and dense bodies derived from pp65 tegument 

antigen. After primary infection HCMV persists in a latent stage and can undergo 

transient reactivations [153]. HCMV infections are tightly controlled in 
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immunocompetent individuals by the immune system but can also induce life 

threatening diseases in immunocompromised patients (e.g. patients with AIDS, 

organ or hematopoietic stem cell transplant recipients) [10, 11, 62]. HCMV is also 

the virus most frequently transmitted to a developing fetus and represents the 

most significant viral cause of birth defects in developed countries [157]. 

Prophylactic and/or therapeutic vaccines against HCMV thus have a high priority 

but are not available yet [39, 60, 145]. T cells play a central role in the control of 

CMV infections [39, 60, 119]. A major CD8 T cell response is directed against the 

viral tegument phosphoprotein pp65 [96, 175]. 

 Interestingly, some HLA-A*0201-resticted epitopes are nested within helper 

CD4 T cell epitopes suggesting that induction of immunodominant CD8 T cell 

responses critically depends on CD4 T cell ‘help’ [69, 94]. CD4 T cell ‘help’ is 

required for the induction and maintenance of functional CD8 T cell responses 

[154, 164]. The immunogenicity of monospecific, peptide-based vaccines has 

been shown to be significantly enhanced by incorporating a ‘helper’ CD4 T cell 

epitope into the construct [5, 80, 105] e.g., immunization with Her2/neu-helper 

peptide vaccines generates Her2/neu-specific CD8 T cell responses in cancer 

patients [132]. Similarly, co-delivering of helper T cell epitopes (e.g., from tetanus 

toxin) with the HCMV pp65495-503/(pp65-e6) peptide significantly enhanced CD8 T 

cell responses in HLA-A*0201 tg mice [42, 167]. Little is known about how CD4 T 

cells ‘help’ particular CD8 T cell responses, and whether the (distant versus 

nested) position of the CD8 T cell epitope relative to the CD4 T cell epitope is 

critical for modulating the respective CD8 T cell specificities. To study the CD4 T 

cell-dependence of multi- and monospecific CD8 T cell responses to the pp65 

antigen of HCMV, HLA-A*0201 tg mice (i.e., I-Ab+ A2-HHD-II mice [85] or I-Ab-/- 

HLA-DR1+ A2-DR1 mice [8] are available. 

 

1.5.2.  Hepatitis B virus (HBV) 

 Infections with hepatotropic viruses, e.g., hepatitis B virus (HBV) or hepatitis 

C virus (HCV) frequently persist in the liver [116]. Two billion people suffer from 

viral hepatitis affecting the liver. About 350 million people are chronically infected 

with HBV. Hepatitis B virus is a major cause for liver cirrhosis or liver cancer [27, 

83]. Pathogen related factors (e.g., serotype) and also host related ones (e.g., age 
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or immune status) critically contribute to the course of infection, whether the virus 

is cleared or persists chronically [170]. Patients controlling the HBV infection 

usually exhibit a multispecific CD8 T cell response [89, 90]. HBV is a small DNA 

virus with a partial double stranded genome (Fig. 7; HBV) and belongs to the 

family of Hepadnaviridae. It encodes for four overlapping transcripts resulting in i) 

a 3.5 kb transcript encoding for viral polymerase, pre-core and core proteins 

(HBcAg) ii) a 2.4 kb transcript, encoding for large HBV surface antigen and a 2.1 

kb transcript, which is the origin for middle and small envelope proteins (HBsAg) 

iii) a 0.7 kb transcript encoding the X protein, which acts as a cofactor for 

hepatocellular carcinoma [25]. 

 
Figure 7:  Depiction of HBV virus particle. 

Hepatitis B virus belongs to the family of Hepadnaviridae and is found in different variants. The Dane particle 

(42 nm) constitutes the infectious hepatitis B virus particle. The partial double stranded DNA genome is 

associated with the icosaedric capsid (HBcAg) and enveloped by a lipid bilayer, that comprehends three 

different, partly glycosylated surface antigens: small - (HBsAg), middle-, and large-surface antigen. Non-

infectious particles are filamentous (22x200 nm) or the spherical ‘Australia antigen’ (22 nm); they lack HBcAg 

and viral DNA. Adapted to Modrow [98] 

 

 The CD8 T cell repertoire in patients with acute HBV is dominated by few 

HLA-A*0201 restricted epitopes [165, 166]. This suggests that patients develop 

immunodominance hierarchies of HBV specific T cell responses [9]. Chronic 

infected patients in contrast show only few and transient antiviral T cell responses 
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[9]. The onset of chronic HBV infection might be attributed to defects in the effector 

function of specific CD8 T cells [170]. Signals provided by CD8 T cells and 

involved in down-regulation of HBV replication in infected cells are for example 

interferons (IFNs) and tumor necrosis factors (TNFs) [171]. Circulating viral 

antigens, for example viral particles, mediate peripheral tolerance and/or limit 

antiviral immunity [20, 43]. Reconstitution of antiviral activity mediated through 

vaccines provides a promising opportunity to control chronic HBV infection. The 

main problem in therapeutic HBV vaccination consists in the delivery of antigens in 

a tolerogenic milieu in chronically infected patients. 

 Vaccination approaches aim to induce CD8 T cell mediated immunity 

against HBV antigens using DNA or protein administration [120, 136, 142, 169]. It 

has been shown in different murine models that CD8 T cell responses to HBV 

antigens are restricted by immunodominance mechanisms. Only a limited 

repertoire of hepatitis B surface antigen- (HBsAg-) specific CD8 T cells is induced 

in H-2b (B6) mice. HBsAg encoding vaccines induce two different CD8 T cell 

specificities in B6 mice: Endogenously expressed HBsAg (i.e., DNA-based 

vaccines) elicits Kb/S190-197- (Kb/S190) specific CD8 T cells [142], whereas 

recombinant, exogenous HBsAg particles (i.e., protein-based vaccines) induce 

Kb/S208-215- (Kb/S208) specific CD8 T cells [136, 139]. Moreover, in H-2b x H2d 

mice (B6 x Balb/C) the dominant Ld/S28-39- (Ld/S28) specific CD8 T cell response 

efficiently suppresses co-priming of Dd/S201-209- (Dd/S201) and/or Kb/S208-

specific CD8 T cell responses [143]. The induction of HBsAg-specific CD8 T cell 

responses critically depends on the mode of antigen delivery. HBsAg-encoding 

adenoviral vectors efficiently induce a dominant, Ld/S28-specific CD8 T cell 

response, admittedly co-primed adenovirus-specific CD8 T cells suppressed 

subdominant Dd/S201- and Kb/S208-specific T cell responses [140]. Identification 

and reconstitution of subdominant CD8 T cell responses thus represents an 

interesting option for the development of novel therapeutic vaccines. 

 Various transgenic mouse models have been established to study chronic 

HBV infection of the liver and the generation of antiviral T cell immunity in an 

immunological well defined model. In a first encounter HBV fragments are 

expressed under heterologous, liver-specific promoters [28, 29]. Moreover the full-

length HBV genome is expressed in the liver of transgenic mice [51, 52, 54]. 
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Those models provide an essential insight into host requirements and viral factors 

guiding HBV pathogenesis and replication. 

 

1.6 Aim of the study 

 

 Interference between responses to individual antigen-specific epitopes 

presented by the same or different MHC class I molecules is the well established 

phenomenon of ‘immunodominance’ that limits the repertoire diversity of CD8 T 

cell responses primed by DNA/protein vaccines. In this study I characterized 

whether CD4 T cell ‘help’ and/or endogenous or exogenous antigen delivery had 

an impact on the induction and maintenance of specific CD8 T cell responses in 

well-defined mouse models. 

 In the first part of the thesis I used DNA- and peptide-based vaccines to 

study the CD4 T cell-dependence of multi- and mono-specific CD8 T cell 

responses to the pp65 antigen of HCMV in different HLA-A*0201-tg mice. This 

antigen was selected as it contains many HLA-A*0201-restricted pp65 epitopes. 

Interestingly, an immunodominant pp65495-503 epitope is positioned in the pp65 

antigen within an overlapping (‘nested’) CD4 T cell ‘helper’ domain. I generated 

DNA-based vaccines and compared CD8 T cell frequencies to eight known pp65 

epitopes. I furthermore used mono-specific, peptide-based vaccines, encoding a 

1:1 ratio of CD4 and CD8 T cell epitopes as a platform to characterize the specific 

effects of CD4 help on a distinct CD8 T cell specificity. 

 It has been shown that specific epitopes of the hepatitis B surface antigen 

(HBsAg or S) are generated in vitro by alternative processing pathways: while the 

Kb/S190-197 (Kb/S190) epitope is generated exclusively from endogenous antigens, 

the Kb/S208-215 (Kb/S208) epitope is processed from recombinant, exogenous 

lipoprotein-particles (rHBsAg). In the second part of the thesis I studied the 

induction of specific CD8 T cells by well-defined DNA- and protein-based HBsAg 

vaccines in wild-type B6 mice and in different HBV transgenic mice, which express 

exclusively endogenous or endo-/exogenous HBsAg in the liver. Different adjuvant 

formulations were applied to trigger CD8 T cells by exogenous rHBsAg. These 

approaches aimed to investigate the vaccine-induced CD8 T cell specificity, 
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primed by endogenous and exogenous HBsAg under normal conditions (B6 

mouse) or in the tolerogenic milieu of HBV tg mice. 
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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 

the table in the appendix. 

 

2.2. Oligonucleotides and peptides 

 

 Oligonucleotides and synthetic peptides were purchased from Thermo 

Fisher Scientific (Ulm, Germany). Table 1 contains the oligonucleotides used for 

cloning of vaccine constructs. 

 

Table 1: Oligonucleotides used for PCR 

Designation Sequence

L - e3 rev gcaccggcgactacgccttgatgaacgggcagcagatcttcctgtgagcggccgctttt

L - e6 rev gcaccggcgactacgccaacctggtgcccatggtggctacggtttgagcggccgctttt

L - e8 rev gcaccggcgactacgccttgatgaacgggcagcagatcttcctgtgagcggccgctttt

Large-S1.4mut fow aaaaaactcgaggattggggaccctgcgctgaac tggaaaacatcaccagcgg

pCI-Seq Analys-01(+) cactcccagttcaattacagctc

pCI-Seq Analys-01(-) gttgtggtttgtccaaactcatc  

 

Oligonucleotides were dissolved in water yielding a concentration of 100 pM. 

Table 2 comprises the synthetic peptides used for in vitro stimulation of CD8 T 

cells. 
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Table 2: HBV epitopes H2-Kb restricted 

Epitope Designation Position Sequence

Kb /S190-197 Kb /S190 190-197 VWLSVIWM

Kb /S208-215 Kb /S208 208-215 ILSPFLPL

Kb /C93-100 Kb /C93 93-100 MGLKFRQL

Kb /OVA257-264 Kb /OVA257 257-264 SIINFEKL  

 

Peptides used for HLA-A*0201 MHC class I binding assays were obtained from 

JPT Peptide Technologies (Berlin, Germany). Peptide purity was >70%, their 

respective sequence is displayed in table 3.  

 

Table 3:  HCMV pp65 epitopes HLA*0201 restricted 

Epitope # Position Sequence

e1 14-22 VLGPISGHV
e2 218-226 VIGDQYVKV
e3 320-328 LMNGQQIFL
e4 482-491 FTWPPWQAGI
e5 491-500 ILARNLVPMV
e6 495-503 NLVPMVATV
e7 509-517 KYQEFFWDA
e8 522-530 RIFAELEGV
HBV/C18 HBcAg 18-27 FLPSDFFPSV  

 

Peptides were dissolved in DMSO at a concentration of 10 mg/ml and diluted with 

culture medium prior to use. Where indicated peptides were complexed with ODN-

1826 (TCCATGACGTTCCTGACGTT) obtained from Thermo Fisher Scientific 

(Ulm, Germany). Prior to use cationic peptides were incubated for 30 min with 

ODN-1826 in PBS (pH 7.4) and used for immunization as described [138]. 

 

2.3. Mice 

 

 C57BL/6J (B6) mice (H-2b), H-2 class II deficient Aα −/− mice [76], HLA-

A*0201-tg I-Ab+ A2-HHD-II mice [85, 107], HLA-A*0201-tg I-Ab-/- HLA-DR1+ A2-

DR1 mice [106], C57BL/6J-Tg(Alb1HBV)44Bri/J tg (Alb/HBs) mice [26, 28, 29]; 
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1.4HBV-Smut tg B6 mice [54], cathepsin L -/- [4, 127], AEP -/- [151], TPPII -/- [65], 

CD1d -/- [97] and Aα -/- x CD1d -/-  (homozygous) all on the C57BL/6 (B6) 

background 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, if not otherwise indicated. HBV replication in the liver of 

1.4HBV-Smut tg B6 males was higher and showed less variability [54]. Therefore 

only 1.4HBV-Smut tg B6 males were used for vaccination approaches. All animal 

experiments were performed according to the guidelines of the local Animal Use 

and Care Committee and the National Animal Welfare Law. 

 

2.4. General techniques of molecular biology 

 

2.4.1.  Polymerase chain reaction (PCR) 

 PCR was performed using the ProofStart DNA polymerase (cat.no F-531L, 

New England Biolabs (NEB)) in a total volume of 50 µl containing 1xPCR buffer, 2 

µM dNTP, 10 pmol of forward and reverse primers, 100 ng template DNA and 2.5 

U polymerase. The general PCR conditions are listed in table 4. 

 

Table 4: General PCR protocol 

Temperature Duration cycles Repeat

95°C 5 min

94°C 30 s

62°C 30 s 2-3 35x

72°C 60 s

72°C 4 min

4°C  ∞  

 

2.4.2.   Restriction digests 

 Restriction digests were performed in a total volume of 50 µl containing 10 

µg plasmid and at least 20 U restriction enzyme. The reactions were incubated at 

37°C for 1.5 h. The target vector preparations were  subsequently treated for 30 

min at 37°C with 10 U of alkaline phosphatase (CIP)  (cat.no. M0290L, NEB) to 
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remove 5´-phosphate groups avoiding self-ligation of the target vector. All 

enzymes were purchased from NEB and the appropriate reaction buffers were 

chosen according to the manufacturer’s protocol. 

 

2.4.3.  Agarose gel electrophoresis 

 PCR and restriction digest products were processed using agarose gel 

electrophoresis to separate the generated fragments. Depending on the size of the 

generated fragments 1-2% agarose gels were used. The appropriate amount of 

agarose was dissolved in 1xTAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM 

EDTA) in a microwave. Ethidium bromide was added directly for later visualization 

of DNA fragments. Samples were loaded with 6x loading buffer (50% glycerol, 

0.05% bromphenol blue, 0.05% xylencyanol). To estimate the size of the DNA 

fragments a 1 kb (cat.no. N3232L, NEB) and 100 bp ladder (cat.no. SM0321, 

Fermentas) were loaded along with the samples. The electrophoresis was carried 

out at 100-140 V for 45 min. The DNA fragments were visualized using UV light 

and acquired using the GeneGenius system (Syngene). 

 

2.4.4.  Purification of DNA fragments from agarose gels 

 DNA fragments visualized using UV light were excised. DNA fragments 

were purified using Qiaquick Gel Extraction Kit (cat.no. 28706, Qiagen) according 

to the manufacturer’s instructions. 

 

2.4.5.  DNA ligation 

 Purified DNA fragments were ligated in a total volume of 20 µl containing 2 

µl 10x ligase buffer, 100 ng vector, 400 U T4 DNA ligase (cat.no. M0202, NEB) 

and the appropriate amount of insert resulting in a molar ratio of 1 (vector) to 5 

(insert). The reaction mixture was incubated at room temperature for at least 2 h 

prior to transformation. 
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2.4.6.  Transformation of E. coli 

 10 µl of the ligation reaction were added to 100 µl of competent E. coli 

DH5α and incubated on ice for 30 min. The bacteria were heat-shocked for 45 s at 

42°C and immediately placed on ice for 3 min. 750 µ l S.O.C. medium, without 

antibiotics (cat.no. 15544-034, Invitrogen) were added and the bacteria were 

allowed to grow for 45 min at 37°C. Varying amounts  of the transformation 

reaction (50-300 µl) 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 100 µg/ml 

ampicillin for selection of successfully transformed bacteria. The plates were 

incubated at 37°C overnight. 

 

2.4.7.  Screening for positive bacteria clones 

 To identify successfully transformed clones of E. coli a PCR reaction was 

performed using primer pCI-Seq Analys-01(+) and pCI-Seq Analys-01(-) (Tab. 1) 

and the Qiagen Hot Start polymerase kit (cat.no. 203645; Qiagen) according to 

manufacturer’s instructions. The primers recognize the pCI vector backbone within 

the CMV promoter and the SV40 polyadenylation signal. PCR products were 

analyzed by agarose gel electrophoresis as described above. 

 

2.4.8.  Plasmid purification 

 For plasmid purification a single colony of transformed E. coli was picked 

and inoculated in 3-5 ml LB medium (1% (w/v) bactotryptone, 0.5% (w/v) yeast 

extract, 0.5% (w/v) NaCl) with the appropriate antibiotic for 4-6 h resulting in a 

preparatory culture. Afterwards the culture was incubated at 37°C while shaking at 

220 rpm overnight in appropriate volume of LB medium (28 ml for midi-

preparation; 500 ml for mega-preparation). For vaccination and cell-transfection 

purposes, the plasmids were purified using the Qiagen Plasmid Midi-/Mega- Kit 

(cat.no. 12145/12183, Qiagen) according to the manufacturer’s instructions. 

Purified plasmids were dissolved in ddH2O. Large scale plasmid DNA was 

produced and purified by PlasmidFactory GmbH (Bielefeld, Germany). 
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2.5. Plasmid vectors 

 

 All plasmid vectors used for transient expression and vaccination 

experiments are based on pCI vector (cat.no. E1731, Promega). The sequences 

of the epitopes derived form the ppp65 tegument protein of CMV are listed in table 

2 and the sequences of the HBsAg epitopes in table 3. In the following the 

generation of plasmid vectors is described: 

 ○ pCI/st-pp65 encodes residues 1-1683 of the tegument protein pp65 of 

HCMV with a NH2-terminally fused streptavidin-binding tag for detection and 

purification. 

 ○ pCI/L-e3, derived from e3 of pp65, was cloned by PCR amplification; the 

e3 epitope was COOH-terminally fused to an ER leading sequence 

(METDTLLLWVLLLWVPGSTD) derived from the murine Igκ-chain. 

 ○ pCI/L-e6, derived from e6 of pp65, was cloned by PCR amplification; the 

e6 epitope was COOH-terminally fused to an ER leading sequence 

(METDTLLLWVLLLWVPGSTD) derived from the murine Igκ-chain. 

 ○ pCI/L-e8, derived from e8 of pp65, was cloned by PCR amplification; the 

e8 epitope was COOH-terminally fused to an ER leading sequence 

(METDTLLLWVLLLWVPGSTD) derived from the murine Igκ-chain. 

 ○ pCI/S encodes residues 1-226 of the HBsAg serotype ayw. 

 ○ pCI/HBcAg encodes residues 1-183 of HBcAg serotype ayw. 

 

The following plasmids were generated during this thesis: 

 ○ pCI/L-S208 encodes Kb/S208-215 epitope of HBsAg and was NH2-terminally 

fused to an ER leading sequence (METDTLLLWVLLLWVPGSTD) derived from 

the murine Igκ-chain, was purchased by GeneArt and cloned into pCI using NheI 

and NotI restriction sites. 

 ○ pCI/L-S190 encodes the Kb/S190-197 epitope of HBsAg and was NH2-

terminally fused to an ER leading sequence (METDTLLLWVLLLWVPGSTD) 

derived from the murine Igκ-chain, was purchased by GeneArt and cloned into pCI 

using NheI and NotI restriction sites. 

 ○ pCIneo/L-S190 was generated by double digestion of insert (L-S190) and 

target vector (pCIneo) with NheI and NotI. 
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 ○ pCIneo/L-S208 was generated by double digestion of insert (L-S208) and 

target (pCIneo) vector with NheI and NotI. 

 ○ pCI/st-pp65∆501-503, coding for pp65 tegument protein with a 3 aa deletion 

(at positions 501-503) within the e6 epitope, was purchased by GeneArt and 

cloned into pCI using NheI and NotI restriction sites. 

 ○ pCI/st-pp65∆501-503∆e1/+e6, coding for pp65 tegument protein with a 3 aa 

deletion (at positions 501-503) and a substitution of e1 epitope with the e6 epitope, 

was purchased by GeneArt and cloned into pCI using NheI and NotI restriction 

sites. 

 ○ pCI/S194A/197A encodes for the HBsAg serotype ayw, with mutations anent 

also the anchor position of S190; 194:V�A and 197:M�A. The construct was 

purchased from GeneArt and cloned into pCI vector using NheI and NotI restriction 

sites. 

 ○ pCI/LS-1.4Smut encodes residues preS-S226 of the HBsAg serotype ayw 

including the pre-S1 and pre-S2 region, including a point mutation at aa position 1 

of HBsAg: M�T preventing secretion and expression of HBsAg. 

○ pCI/LS-1.4Smut
194A/197A encodes residues preS-S226 of the HBsAg serotype ayw 

with the pre-S1 and pre-S2 region, including a point mutation in aa position 1:M�T 

and additional with mutations anent also the anchor position of S190;194:V�A 

and 197:M�A. The pCI/LS-1.4Smut
194A/197A was cloned by PCR amplification of 

pCI/S194A/197A with a complementary primer including an NH2 – terminal attached 

XhoI restriction site and pCI Seq- at the COOH - terminus, followed by double 

digestion of source and target vector with XhoI and NotI. 

 

2.6. Cell culture techniques 

 

2.6.1.  Cell lines and general cell culturing 

 The human HEK-293 cell line (CRL-1573) was obtained from the American 

Tissue Culture Collection (ATCC, Rockville, MD, USA). The C57BL/6 H-2b 

lymphoma cell line was kindly provided by Prof. Dr H.-U. Weltzien (University of 

Freiburg, Germany).The RBL-5 derived mutant cell line RMA/S was kindly 

provided by Dr K. Kärre (Stockholm, Sweden). T2 cells were kindly provided by 
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Prof. Dr. G. J. Hämmerling, Heidelberg, Germany. A GMCSF producing cell line 

was a gift from PD Dr C. Brunner (Ulm, Germany). RAW-264.7 cells were kindly 

provided by Prof. Dr. F. Oswald (Ulm, Germany). 

RMA/S, RBL-5, T2 and GMCSF-producing cells were cultured in Clicks/RPMI 

supplemented with 5% fetal calf serum (FCS), 1% L-glutamine, 1% 

penicillin/streptomycin and 0.1 M β-mercaptoethanol (β-ME). HEK-293 and RAW-

264.7 cells were cultured in DMEM supplemented with 10% fetal calf serum 

(FCS), 1% penicillin/streptomycin and 0.1 M β-ME. All used cell culture reagents 

are listed in table 5. 

 

Table 5:  Reagents used for cell culture 

Reagent Provider cat.no.

ß-ME Sigma M-7522

Clicks/RPMI Applichem A2044 

DMEM Gibco 31855-023

α-MEM Gibco 3257-028

FCS Invitrogen 72400-021

G418 PAA Laboratories P02-12

L-glutamine PAA Laboratories M11-004

penicillin/streptomycin PAA Laboratories P11-010

RPMI-1640 Gibco 72400-021  

 

2.6.2.  Generation of bone marrow-derived dendritic  cells  

  (BM-DCs) 

 BM-DCs were generated as described previously [87]. RPMI-1640 

supplemented with 10% FCS, 1% L-glutamine, 1% penicillin/streptomycin and 0.1 

M 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 3x106 BM cells were 

seeded per 100 mm petridish in 10 ml culture medium supplemented with 5% 

supernatant of a GM-CSF producing cell line. On day four, 5 ml of fresh medium 

with 5% GM-CSF were added. On day seven, the non-adherent fraction was 

collected and splitted onto two new petridishes. On day ten, the non-adherent 

fraction was harvested and used as BM-DCs after CD11c+ magnetic cell 

separation (MACS) in further experiments according to manufacturer’s 
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recommendation (cat.no. 130-052-001, Miltenyi Biotech). MACS purification was 

carried out with LS columns (cat.no. 130-042-401, Miltenyi Biotech) according to 

manufacturer’s instruction. 

 

2.6.3.  Generation of K b/S208- and K b/S190-specific CD8 T  

  cells 

 CTL lines were generated by repeated in vitro stimulation of splenocytes 

(effectors) from HBsAg-immune B6 mice with stable transfected RBL-5 cells 

(targets) expressing the pCIneo/L-S208 (for Kb/S208-specific CTLs) or pCIneo/L-

S190 (for Kb/S190-specific CTLs). Cells were irradiated (24x103 rd) to prevent cell 

proliferation prior to coculture. The coculture was performed in the presence of 30 

U/ml recombinant human IL-2 [158] for 5 days at 37°C in humidified air with 5% 

CO2. Efficacy of in vitro generated CTLs was verified by FCM. 

 

2.6.4.  Cocultivation of CTLs (effectors) with BM-D Cs (targets) 

 In vitro generated BM-DCs (5x104/well) were either for 2 hours pulsed with 

antigen or not pulsed. Afterwards targets were cocultured with CTLs (1x105/well) 

for 16 h in 96-well U-bottom plates in UltraCulture, followed by determination of 

IFNγ by ELISA without BFA or intracellular IFNγ staining with BFA as described 

below. 

 

2.6.5.  Calcium phosphate transfection 

 HEK-293 cells were transiently transfected with plasmids using the calcium 

phosphate method. Summarized, HEK-293 cells were grown to 70% confluency 

and the medium was exchanged about 30 minutes prior to transfection. For 

transfection, 62 µl 2 M Ca2Cl and 10 µg plasmid DNA were added to a total 

volume of 500 µl ddH2O and mixed. The solution was added drop by drop to 500 

µl of a 2x HBS (280 mM NaCl, 1.5 mM Na2HPO4 x 2H2O, 50 mM Hepes, pH 7.1) 

under slightly vortexing. Thereafter the solution was 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 
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expression was reached after 36 - 48 h. Transfection efficacy was estimated using 

a pEGFP N1 encoding plasmid. Transfection efficacy was esteemed successfully, 

if more than 80% of cells showed fluorescence, followed by further processing. 

 

2.6.6.  Lipofectamine transfection 

 Lipofectamine 2000 (cat.no. 11668-027, Invitrogen) was used in 

accordance to manufacturer’s instruction to stably transfect RBL-5 cells with the 

vectors pCIneo/L-208 and pCIneo/L-190. Afterwards cells were selected by adding 

increasing amounts of geneticin (G418, cat.no. 11811-064, Gibco) (up to 1 mg/ml). 

The maximum concentration of G418 was added monthly for one week to maintain 

the construct within the cells. 

 

2.6.7.  Fluorescence microscopy 

 To study the intracellular distribution of rHBsAg, BM-DCs (5x104 cells) were 

seeded 1 d prior to pulse on chambered cover glasses (Nalge Nunc International 

Corp., Rochester, NY, USA) and pulsed for indicated time with Oregon Green© 

labeled rHBsAg (generously provided by R. Leliveld, Dynavax, Germany). 

Afterwards cells were prepared for immunofluorescence. Briefly, cells were 

washed, fixed with 2% PFA and permeabilized with 0.2% Triton x-100. Unspecific 

binding of antibodies was prevented by blocking the samples with 0.2% fish skin 

gelatine dissolved in PBS. Afterwards the specimens were incubated for 1h with 

antibodies (Tab. 6), followed by incubation with a secondary TRITC conjugated 

anti-rabbit antibody also for 1 h. After subsequent washes images were acquired 

using an IX71, Olympus, Hamburg, Germany fluorescence microscope equipped 

with a digital camera (C4742, Hamamatsu, Japan), a 100-W mercury lamp and 

standard FITC (ex: HQ470/40; em: HQ525/50) and TRITC (ex: HQ545/30 em: 

HQ610/75) filter sets in combination with a dual band polychromatic FITC/TRITC 

beam splitter (AHF, Tübingen, Germany). 
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Table 6: Antibodies used for immunofluorescence 

Antibody Conjugation Compay Clone cat.no.

anti-EEA1 - Santa Cruz H-300 sc33585

anti-LAMP1 - abcam - 24170

anti-rabbit TRITC abcam - ab50598  

 

2.7. Protein analysis 

 

2.7.1.  Immunoprecipitation 

 24 h after transfection, HEK-293 cells were labeled overnight using 100 µCi 

[35S]-methionine/cysteine (cat.no. IS103, Hartmann Analytic GmbH) in 3 ml 

methionine/cysteine-free RPMI-1640 (cat.no. P04-18056, PAN) supplemented with 

5% dialyzed FCS (cat.no. 10500-064, Invitrogen), 1% penicillin/streptomycin and 

1% L-glutamine. Labeled cells were washed once with PBS and subsequently 

lysed with lysis buffer (100 mM Tris/HCl pH 8.0, 150 mM NaCl, 0.5% NP40, 0.25% 

Trasylol, 1 µg/ml Leupeptin). Complete lysis of cells was achieved by shaking for 

30 min on ice. Extracts were cleared by centrifugation (30 min, 20.000 x g, 4°C) 

and incubated for 1 h at 4°C with a polyclonal anti body directed against the 

HBsAg. Thereafter, the immune complexes were incubated 1 h at 4°C with protein 

G sepharose (PGS) (cat.no. 17-0618-01, GE Healthcare). Strep-tagged antigens 

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 (100 mM Tris/HCl pH 8.5, 500 mM LiCl, 0.5% NP40) and two 

washes using PBS and 0.1 x PBS. Antigens were recovered from sepharose 

beads by incubation for 1 h at 37°C with elution bu ffer (7 mM Tris/HCl, 1.5% SDS, 

5% β-ME). Eluates were frozen at −80°C and lyophilized for SDS-PAGE. 

 

2.7.2.  SDS-PAGE 

 Lyophilized samples derived from immunoprecipitation were dissolved in 30 

µl loading buffer (10% glycerol and bromphenol blue, 5% β-ME). Along with the 
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samples 8 µl of [14C]-marker (cat.no. CFA645, GE Healthcare) diluted in 22 µl 

loading buffer were mixed and boiled for 5 min. 10 µl of each sample were loaded 

onto SDS-polyacrylamidegels (12-15% acrylamide) and the electrophoresis was 

performed at 60 V until the samples reached the resolving gel. The voltage was 

subsequently increased up to 140 V. The gel was stained for 10 min using 

CoomassieBlue staining solution (1.2 g CoomassieBlue, 450 ml methanol, 90 ml 

acetic acid, 460 ml ddH2O). Gels were destained for at least 15 min with 

destaining solution (10% methanol, 10% isopropanol, 80% ddH2O). Gels 

processed for later fluorography were dehydrated for 10 min in acetic acid and 

subsequently incubated for 10 min in enhancer solution (10% (w/v) PPO in acetic 

acid). PPO was precipitated by incubating the gel for 15 min in ddH2O. The gel 

was subsequently dried by vacuum at 80°C for 2 h. T he dried gel was placed in a 

cassette with a radiography film (cat.no. 28906846, GE Healthcare). The 

fluorography time was between 3 days and 2 weeks dependent on the signal 

intensity. 

 

2.7.3.  Transmission electron microscopy (TEM) of r HBsAg 

 Samples or rHBsAg were generously processed for TEM at the Department 

of Electron Microscopy, University of Ulm, (Ulm, Germany). Briefly, rHBsAg (10 

µg) was incubated with 2.5% glutaraldehyde (Fluka, Germany) containing 1.5% 

saccharose in PBS for fixation and post-fixation in 2% aqueous osmium tetroxide 

(Fluka, Germany). The samples were dehydrated in a 1-propanol series, block 

stained in 1% uranyl-acetate and embedded in Epon (Fluka, Germany). Ultra thin 

sections of 80 nm were contrasted with 0.3% lead citrate and imaged in a Philips 

EM400 TEM. 

 

2.8. Vaccination 

 

 Unless otherwise noted, mice were immunized into the tibialis anterior 

muscles (50 µl per muscle) with 100 µg plasmid DNA in PBS or the indicated 

amount of cationic peptides as described [138]. Where indicated, mice were 

treated with anti-CD4 antibody (YTS-191) or anti-asialo (cat.no. 986-1001, Wako) 
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before and following DNA vaccination as described [138]. Vaccination with 

indicated amount of recombinant proteins (10 - 20 µg) was performed with 

AbISCO®-100 (AbISCO) (cat.no. 20-0100-10, Isconova) as adjuvant, while 12.5 µg 

AbISCO per mouse were used as recommended by the manufacturer. Booster 

vaccinations were set three weeks after first injection with the same dose of 

plasmid DNA or protein respectively. 

 

2.9. Determination of antigen-specific antibody res ponse 

 

 Blood samples were obtained from immunized mice by tail bleeding at the 

indicated time points post vaccination. Serum was derived of blood samples by 

centrifugation (60 min, 20.000 x g) and collection of supernatants. HBsAg-specific 

serum antibodies were detected by end point dilution ELISA. Briefly, MicroELISA 

plates (cat.no. 442404, Nunc) were coated overnight with 150 ng rHBsAg per well 

in 50 µl coating buffer (0.1 M Na2CO3 pH 9.5) 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 100 µl o-

phenylenediamine x 2 HCl (cat.no. 6172-24, Abbott Laboratories) for 15 min at 

room temperature in the dark. The reaction was stopped by the addition of 100 µl 

1 M 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). 
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2.10. 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 15 min 

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 30 min at 4°C with 0.5 µg/10 6 cells of the respective fluorochrome-

labeled mAbs. Cells were washed twice using FACS buffer A, fixed in 2% 

paraformaldehyde (PFA) and analyzed by FCM using FCSExpress (FCS Express 

V3, De Novo Software) and WinMDI software. All antibodies used for FCM are 

listed in table 7. 

 

Table 7: Antibodies/reagents used for FCM 

Antibody/reagent Conjugation Supplier Clone cat.no.

anti-B220 PE BD RA3-6B2 553089

anti-CD11b PE BD M1/70 553311

anti-CD11c PE BD HL3 553802

anti-CD11c APC Biolegend N418 117310

anti-CD16/CD32 2.4G2 553142

anti-CD49b PE BD DX5 553858

anti-CD8 PE BD 53-6.7 553033

anti-CD8 FITC BD 53-6.7 553031

anti-CD8 Pe-Cy7 Biolegend 53-6.7 100721

anti-F4/80 Pe-Cy7 Biolegend BM8 123113

anti-CD80 (B7-1) Pe eBioscience 16-10A1 12-0801-83

anti-CD80 (B7-1) biotin eBioscience 16-10A1 13-0801-82

anti-CD86 (B7-2) Pe-Cy7 Biolegend GL-1 105013

anti-CD86 (B7-2) biotin BD GL1 553690

anti-H-2Kb PE BD AF6-88.5 553570

anti-I-Ab PE BD AF6-120.1 553552

anti-IFN FITC BD XMG1.2 554411

streptavidin PerCP-Cy5.5 BD 551419  
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2.11. Determination of antigen-specific CD8 T cells  

 

2.11.1. 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 10 ml PBS/+1% BSA through a sterile mesh. Erythrocytes were 

removed by lysis buffer (144 mM NH4Cl, 17 mM Tris, pH 7.2). Splenocytes were 

washed twice with PBS/+1% BSA 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. 

 

2.11.2. Isolation of liver non-parenchymal cells (N PCs) 

 To obtain 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 30 min 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 5 min. 

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 20 min. NPCs were collected from the interphase and 

erythrocytes were removed by lysis buffer. NPCs were washed once with 

PBS/+1% BSA and subsequently resuspended in supplemented UltraCulture. 

 

2.11.3. Isolation of muscle cells 

 Mice were sacrificed at indicated time points after i.m. vaccination. To 

isolate muscle cells, muscles were treated with collagenase containing buffer 

(LDM, cat.no. 17703-034), cut into pieces and incubated for 30 min at 37°C. 

Afterwards the suspension was rubbed through a sterile mesh. For FCM cells 
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were further processed through a nylon mesh (cat.no. REF352360, BD, pore size: 

100 µm) and analyzed on a BD LSR II. 

 

2.11.4. Determination of antigen-specific CD8 T cel l   

  frequencies 

 2x106 splenocytes were washed once using FACS buffer A (PBS, 0.5% 

(w/v) BSA, 0.1% (w/v) NaN3) and incubated for 15 min 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 30 min at 4°C wi th FITC-conjugated anti-

CD8 mAb (diluted 1/200) and APC/PE-conjugated MHC-I:peptide tetramers. After 

three washes, stained cells were fixed with 2% PFA and frequencies of tetramer+ 

CD8 T cells were determined by FCM. Used MHC-I:peptide tetramers are listed in 

table 8. 

 

Table 8: Kb restricted MHC-I:peptide tetramers used for FCM 

Antigen Designation Conjugation Company cat.no. lot.n o.

HBcAg H2-Kb /C93−100 APC Glcycotope T-9127 KH401

HBcAg H2-Kb /C93−100 PE Beckman Coulter T20073 C807117

OVA H2-Kb /OVA257-264 PE Beckman Coulter T20076 M007106

HBsAg H2-Kb /S190−197 PE Beckman Coulter T20073 M9il041  

 

2.11.5. Determination of antigen-specific IFN γ-producing CD8 

  T cells 

 Splenocytes (1x107/ml) were incubated with 2.5 µg/ml antigenic peptide in 

supplemented UltraCulture for 4 h at 37°C. Addition ally, 5 µg/ml brefeldin A (BFA; 

cat.no. 15870, Sigma) were added to block anterograde protein transport from the 

endoplasmic reticulum (ER) to the Golgi apparatus, thereby leading to intracellular 

accumulation of produced IFNγ. After 4 h restimulation, cells were washed once 

using FACS buffer A and incubated for 15 min 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 30 min at 4°C with PE-conjugated anti-CD8 mAb (diluted 1/200). 

After three washes, surface stained cells were fixed with 2% PFA for 15 min at 
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room temperature. Thereafter, the fixed cells were washed once and prepared for 

intracellular staining by incubation with permeabilization buffer (PBS, 0.5% (w/v) 

BSA, 0.5% (w/v) Saponin, 0.05% (w/v) NaN3) for 15 min at room temperature. 

Permeabilized cells were incubated with FITC-conjugated anti-IFNγ mAb (diluted 

1/200) for 30 min at room temperature in the dark to detect intracellular 

accumulated IFNγ. After three subsequent washes with 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. 

 

2.12. Chrome release assay 

 

 Specific cytotoxicity of CTLs was assessed in a 51Cr-release assay [13]. 

Briefly, CTLs (effector cells) were harvested, washed and serial dilutions of 

effector cells were cocultured with 2x103 51Cr-labeled, peptide-pulsed targets in 

200 µl round bottom wells. Prior to use, targets were pulsed for 90 min with 51Cr 

(cat.no. Cr-RA-8, Hartmann) and afterwards washed 2 times in α-MEM/10% FCS. 

After a 4 h cocultivation of effector and target cells at 37°C, 50 µl supernatant was 

collected for γ-radiation counting, afterwards diluted in 150 µl enhancer fluid 

(OptiPhase ‘Supermix’, Wallac, Turku, SF). The percentage of specific lysis was 

calculated as [(experimental release - spontaneous release)/(total counts - 

spontaneous release)] x 100. Total counts were measured by resuspending target 

cells. Spontaneous release was always <20% of the total counts. Data shown are 

the mean of triplicate values. 

 

2.13. Determination of K b-binding affinities 

 

 Cell surface stabilization of HLA-A*0201 molecules was analyzed in the 

TAP-deficient T2 cell line. Briefly, 5x105 T2 cells were incubated overnight with 

100 µg/ml peptide in serum-free medium (UltraCulture medium, cat.no. BE 12-

725F, Lonza, Belgium). Cells were washed and stained with FITC-labeled 
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monoclonal antibody BB7.2 (anti-HLA*A0201, cat.no. 551285, BD, Biosciences, 

Heidelberg, Germany), fixed with 2% PFA and analyzed by FCM. Stability of 

peptide/MHC I complexes was determined as described previously [17]. Briefly, 

5x105 T2 cells were incubated overnight with 50 µg/ml peptide in UltraCulture 

medium at 27°C. Thereafter, cells were washed, trea ted with brefeldin A (to block 

transport of newly synthesized ‘empty’ class I MHC molecules to the cell surface), 

incubated for 1 to 4 h at 37°C, and analyzed for HL A-A*0201 surface expression 

as described above. 

 Surface stabilization of MHC class I binding Kb/S190 and Kb/S208 peptides 

was determined in TAP deficient RMA/S cells. Briefly, 5x105 cells were cultured for 

16 h at 37°C in UltraCulture medium (cat.no. BE 12- 725F, Lonza, Belgium) 

supplied with 100 µg/ml Kb/S190 and Kb/S208 peptide. Afterwards cells were 

fixed with 2% PFA and H-2Kb surface expression of RMA/S was assessed with an 

anti-mouse H2-Kb antibody (cat. no. 553570, BD Biosciences) by FCM. 5x105 

unpulsed RMA/S cells served as control. 

 

2.14. Detection of IFN γ 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 (1 M Na2HPO4 x 2H2O pH 9.0) 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 addition of 50 ng 

biotinylated anti-IFNγ antibody (cat.no. 554410, BD Biosciences) diluted in 

blocking buffer and incubation for 1 h at room temperature. After six washes with 

washing buffer, 50 ng streptavidin-conjugated alkaline phosphatase (SAP) (cat.no. 

016-050-084, Jackson ImmunoResearch) were added for 30 min at room 

temperature. After eight washes with washing buffer, the SAP substrate 

nitrophenyl phosphated disodium salt (cat.no. 71768, Fluka) dissolved in 



Material and methods - 36 - 
_______________________________________________________________ 

diethanolamine buffer (10.3% (v/v) diethanolamine, 3.9 mM MgCl2 x 6H2O, 3 mM 

NaN3) was added to the plates. The enzymatic reaction was stopped after 5-15 

min by addition of 0.5 mM EDTA (pH 8.0). Extinction was analyzed at 405/490 nm 

using a TECAN micro plate reader (TECAN, Crailsheim, Germany) and EasyWin 

software (TECAN). 

 

2.15. DNA isolation and Southern blot analysis 

 

 Tissues were frozen, homogenized in a grinder and lysed with buffer 

containing 100 µg/ml proteinase K (cat.no. 83767023-58, Roche). DNA was 

extracted with standard procedures and treated for 3 h at 37°C with RNase 

(cat.no. 109169, Roche). 40 µg DNA were digested with HindIII and separated by 

agarose gel electrophoresis (1.2%). DNA was transferred to a nylon membrane by 

iBlot Dry Blotting System (cat.no. IB8010-10, Invitrogen). Plasmid pHBV-1 

containing a full-length HBV genome (kindly provided by Dr. F. Chisari) was 

digested with EcoRI and PvuI. The 3.2 kb HBV DNA fragment was isolated and 

used as template for the generation of a HBV-specific probe. A HBV specific 

radioactive probe was generated using 32P-dCTP and the High Prime DNA 

Labelling Kit (cat.no. 11585584001, Roche) according to the manufacturer’s 

instructions. Afterwards the Southern blot was hybridized over night at 42°C. 

Subsequent washes removed the excessive radioactivity and Southern blots were 

quantitatively analysed using phosphor imaging Fujifilm FLA-3000 and the Aida 

Image Analyzer v3.52 software (Raytest, Germany). 

 

2.16. Detection of HBsAg, HBeAg and transaminases 

  in serum 

 

 Serum HBsAg concentrations were determined using ELISA AUSZYMEII 

(Abbott Laboratories) according to manufacturer’s suggestion. 

 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 
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positive sample for calibration. Samples with a cut-off 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). 

 

2.17. Statistics 

 

 Statistic analyses were performed using GraphPad Prism (Version 4, 

GraphPad Software Inc.). Figures show mean values and SEM (standard error of 

the mean). Significant 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. Results 

 

3.1. HCMV/pp65-specific CD8 T cell responses in 

 vaccinated HLA-A*0201 tg mice 

 The HCMV genome is large, with more than 200 open reading frames. A 

major CD8 T cell response is directed against the viral tegument phosphoprotein 

pp65. In individuals expressing the widespread HLA-A*0201 class I molecule, a 

high number of CD8 T cell epitopes has been described. Within the 561 aa residue 

of the pp65 antigen the pp65495-503 epitope elicited the most abundant CD8 T cell 

population, indicating that this epitope is immunodominant. I compared binding of 

eight published epitopes (e1 - e8) of the pp65 antigen of HCMV to their restricting 

MHC class I molecule HLA-A*0201 (Tab. 2; Fig. 8A). 

 TAP-deficient T2 cells were pulsed with individual peptides and cell surface 

stabilization of the loaded HLA-A*0201 molecules was determined. The C18-27 

peptide of the hepatitis B core antigen (HBV/C18) that binds HLA-A*0201 with high 

affinity was included as a positive control (Fig. 8B). The HBV/C18 peptide induced 

a 4-fold increase in surface HLA-A*0201 expression (Fig. 8B). Similarly, the pp65-

derived peptides e1, e3, e5, e6 and e8 efficiently stabilized HLA-A*0201 molecules 

on the cell surface of T2 cells (Fig. 8B). No or inefficient HLA-A*0201-stabilization 

was detectable with the peptides e2, e4 and e7 (Fig. 8B).  

 To determine the off-rate of HLA-A*0201-bound peptides T2 cells were 

pulsed with saturating amounts of the respective peptides at 27°C and 

subsequently cultured at 37°C for one to four hours  to force the decay of unstable 

(empty) HLA-A*0201 cell surface molecules. The pp65-derived peptides e3, e6, e8 

and the HBV/C18 control peptide showed a comparable slow off-rate (Fig. 8C). In 

contrast, surface expression of HLA-A*0201 molecules binding the e1 and e5 

peptides was unstable (Fig. 8C), indicating a faster off-rate of these peptides. 

Thus, the selected pp65 peptides varied in their capacity to bind/stabilize HLA-

A*0201 molecules. 
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Figure 8: HLA-A*0201-restricted epitopes of  the HCMV/pp65 antigen.  

(A) For analyses eight HLA-A*0201-restricted HCMV/pp65 epitopes were selected (e1 to e8); map of pp65-

specific CD8 T cell- (e1 to e8) and HLA-DR- restricted CD4 T cell epitopes. Their positions within the 561 

residue pp65 tegument antigen are indicated. (B, C) Indicate the in vitro HLA-A*0201 MHC class I-

binding/stabilization properties of the respective pp65 peptides. (B) T2 cells were pulsed overnight with 100 

µg/ml of the individual peptides and cell surface expression of HLA-A*0201 molecules was determined by 

FCM analyses. The stabilization of cell surface HLA-A*0201 molecules by individual peptides is plotted as 

percentage of mean fluorescence intensity (MFI) compared to non-pulsed T2 cells (set as 100%). (C) T2 cells 

were pulsed overnight with 50 µg/ml of the indicated peptides at 27oC, washed and shifted to 37oC for 1 – 4 h, 

followed by cell surface staining of HLA-A*0201 molecules. The decay of cell surface associated HLA-A*0201 

molecules is plotted as MFI at the indicated time points after the temperature shift to 37oC, compared to the 

MFI before the temperature shift (100%). 

 

3.1.1.  Induction of HCMV/pp65-specific CD8 T cell responses 

 DNA-based immunization of HLA-A*0201 tg A2-HHD-II mice was used to 

evaluate the ability of the eight pp65 epitopes to prime HCMV-specific CD8 T cell 

responses. The pp65-coding sequence (strain AD169) was inserted into the pCI 

expression vector with a streptavidin-binding tag (st) fused NH2-teminally to the 

pp65 sequence. Expression of the st-pp65 fusion protein by pCI/st-pp65 DNA was 

confirmed in transiently transfected HEK-293 cells (Fig. 9A, lanes 2, 3). A2-HHD-II 

mice were immunized with pCI/st-pp65 or control pCI DNA. Splenocytes were 

harvested at day 12 post priming and restimulated ex vivo for 4 hours with the 
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respective pp65 peptides. The numbers of CD8 T cells showing specifically 

inducible interferon-γ (IFNγ) expression were determined by flow cytometry (FCM) 

(Fig. 9B). 
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Figure 9:  Expression and immunogenicity of HCMV/pp65.  

(A) HEK-293 cells were transiently transfected with the non-coding plasmids pCI (lane 1), pCI/st-pp65 (lanes 

2, 3) or pCI/st-pp65∆501-503 (lane 4). Cells were labeled with 35S-methionine, lysed and the respective antigens 

were immunopurified with StrepTactin sepharose, followed by release of antigen complexes with SDS. 

Samples were analyzed by SDS-PAGE and fluorography. The size of the pp65 antigens is indicated. (B) HHD-

II mice (four mice per group) were immunized with pCI, pCI/st-pp65 or pCI/st-pp65∆501-503 DNA. 12 days after 

injection, epitope-specific CD8 T cell responses were determined by 4 h ex vivo restimulation of splenic CD8 T 

cells with the eight pp65-epitopes, followed by determination of IFNγ+ CD8 T cell frequencies. Mean % of 

IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. 

 

The pCI/st-pp65 (but not pCI) vaccination elicited high e6-specific CD8 T cell 

frequencies and low responses to the e3 and e8 epitopes (Fig. 9B). In this 

experimental setting, all other peptides tested (e1, e2, e4, e5 and e7) did not 

stimulate CD8 T cells (Fig. 9B). Only a fraction of the HLA-A*0201-restricted 

epitope repertoire of pp65 could thus be specifically induced by the pCI/st-pp65 

vaccine in mice. Notably, detection of e3, e6 and e8 epitopes in this experimental 

approach correlated with the high HLA-A*0201 binding/stabilization capacity of 

these epitopes (Figs. 8B, C). 
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3.1.2.  Immunodominance hierarchies operate in mult ispecific 

  CD8 T cell responses to the HCMV/pp65 antigen 

 To test whether the e6-specific immunodominant response to pp65 limits 

HLA-A2*0201-restricted responsiveness to other epitopes of pp65, I constructed a 

pp65-encoding vaccine in which e6 was partially deleted. The nine-residue e6 

epitope (pp65495-503; NLVPMVATV) contains an optimal HLA-A2*0201-binding 

motif, i.e., an L at the P2 anchor position and a V at the COOH-terminal P9 anchor 

position. Deletion of three amino acids at the positions pp65501-503 (NLVPMVATV) 

generated the pp65 mutant st-pp65∆501-503. Transient transfection of HEK-293 cells 

confirmed expression of the st-pp65∆501-503 antigen (Fig. 9A, lane 4). A2-HHD-II 

mice were immunized with this pCI/st-pp65∆501-503 vaccine and their specific 

responses to the pp65 epitopes were read out 12 days post priming (Fig. 9B). 

Specific ex vivo restimulation of primed splenocytes with the e6 peptide did not 

expand IFNγ+ CD8 T cells (Fig. 9B), confirming that the pp65∆501-503 mutation in the 

pp65 antigen destroyed the antigenicity of the e6 epitope. Interestingly, deletion of 

the e6 epitope from the pp65 vaccine significantly improved e3- and e8-specific 

CD8 T cell responses in pCI/st-pp65∆501-503-immunized mice (Fig. 9B). Four to ten-

fold higher numbers of e3- and e8-specific CD8 T cells were induced by the pCI/st-

pp65∆501-503 as compared to the pCI/st-pp65 vaccine (Fig. 9B). These findings 

suggest that the dominant, HLA-A*0201-restricted CD8 T cell response to e6 

suppressed CD8 T cell responses to the e3 and e8 epitopes. CD8 T cell 

responses against the e1, e2, e4, e5 and e7 epitopes were not detected in pCI/st-

pp65∆501-503 vaccinated mice (Fig. 9B). 

 

3.1.3.  Induction of monospecific CD8 T cell respon ses to  

  individual, HLA-A*0201-restricted pp65 epitopes 

 To characterize CD8 T cell responses to individual e3, e6 and e8 epitopes 

in mice, I generated mono-specific, DNA-based vaccines. DNA encoding 

minigenes of the different HLA-A*0201 restricted epitopes (e3, e6 or e8) were 

COOH-terminally fused to an ER-targeting signal sequence (METDTLLLWVLLL-

WVPGSTGD) of the murine Igκ chain. This generates the pCI/L-e3, pCI/L-e6 and 
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pCI/L-e8 vectors. The ER-targeted epitopes are released by signal peptidases in 

the ER and can bind to nascent MHC class I molecules in the ER without further 

processing. While the injection of the pCI/L-e3 and pCI/L-e8 DNA vaccines into 

A2-HHD-II mice efficiently elicited e3- and e8-specific CD8 T cell responses (Fig. 

10A, groups 2 and 4), the pCI/L-e6 vaccine did not (or very inefficiently) prime e6-

specific CD8 T cells (Fig. 10A, group 3). 

1 2 3 4

0.0

0.4

0.8

1.2

1.6

ER-leader epitope ER-leader epitope 

1 2 3 4

0.0

0.5

1.0

1.5

2.0

2.5

3.0
e3

e6

e8

A

HIV-tat epitope 

ODN

HIV-tat epitope 

ODN

# vaccination :
1) pCI
2) pCI/L-e3
3) pCI/L-e6
4) pCI/L-e8

# vaccination :
1) control
2) tat/e3
3) tat/e6
4) tat/e8

B

IF
N
γ

+
C

D
8+

T
 c

el
ls

 / 
C

D
8

+
T

 c
el

ls
 [%

]

 
Figure 10:  Immunogenicity of monospecific DNA- and peptide-bas ed vaccines in HLA-A*0201 tg mice . 

A2-HHD-II mice (three mice per group) were immunized with (A) the plasmids pCI (group 1), pCI/L-e3 (group 

2) pCI/L-e6 (group 3) or pCI/L-e8 (group 4), or (B) with an irrelevant control peptide (group 1), tat/e3 (group 2), 

tat/e6 (group 3) or tat/e8 (group 4) ODN-1826 complexes. Mice were boosted 4 weeks later with the 

respective vaccines. (A, B) 12 days after the last injection CD8 T cell responses were determined by 4 h ex 

vivo restimulation of splenic CD8 T cells with the e3, e6 and e8 peptides, followed by determination of IFNγ+ 

CD8 T cell frequencies. Mean % of IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. 

 

 A2-HHD-II mice were further immunized with peptide-based vaccines. 

Immunostimulatory oligodeoxynucleotides (ODN) were complexed to short, 

synthetic peptides in which the cationic HIV-tat49-57 RKKRRQRRR domain (tat) 

was fused NH2-terminally to the antigenic e6, e3 and e8 epitopes. This generated 

the cationic tat/e3 (tat-LMNGQQIFL), tat/e6 (tat-NLVPMVATV) and tat/e8 (tat-

RIFAELGEV) peptides. Injection of tat/e3 and tat/e8 into A2-HHD-II mice induced 

e3- and e8-specific CD8 T cell responses (Fig. 10B, groups 2 and 4), whereas the 
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tat/e6 vaccine did not elicit e6-specific CD8 T cells (Fig. 10B, group 3). Minimal 

epitope vaccines containing the pp65-derived e3 or e8 epitope but not those 

containing the immunodominant e6 epitope can thus efficiently induce 

monospecific CD8 T cell responses when complex formation between the 

cationic/antigenic peptide and ODN or the minigene encoding DNA is used. 

 

3.1.4.  Priming of e6-specific CD8 T cell responses  critically 

  depends on CD4 T cell help 

 Non-specific ODN-mediated ‘help’ from cells of the innate immune system 

facilitates priming of e3 and e8 (but not e6)-specific CD8 T cell responses (Fig. 

10B). I next asked, whether pp65-specific, homologous CD4 T cell ‘help’ 

modulates induction of the respective CD8 T cell specificities. CD4 T cells were 

depleted by treatment with the antibody YTS-191 before and following pCI/st-

pp65-specific DNA vaccination of A2-HHD-II mice. In comparison to control 

antibody-treated mice, CD4 T cell-depletion resulted in a significant decrease of 

e6-specific IFNγ+ CD8 T cells (Fig. 11). 
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Figure 11:  CD4 T cell depletion in HLA-A*0201 tg mice followed by DNA vaccination.  

A2-HHD-II mice (three mice per group) were either not treated (group 1) or treated with anti-CD4 antibody 

(group 2) before and after immunization with pCI/st-pp65 DNA. 12 days after DNA injection CD8 T cell 

responses were determined by 4 h ex vivo restimulation of splenic CD8 T cells with the e3, e6 and e8 

peptides, followed by determination of IFNγ+ CD8 T cell frequencies. IFNγ+ CD8 T cell frequencies of 

individual mice are shown. 
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In contrast, CD8 T cell numbers specific for the subdominant e3 and e8 epitopes 

even tend to slightly increase in CD4-depleted mice but did not reach the levels 

primed by the e6-deficient pCI/st-pp65∆501-503 vaccine (Figs. 10B, 11). 

 The sequence NH2-terminally to and comprising the e6/pp65495-503 epitope 

encodes a class II-binding (HLA-DR4/11; pp65485-503; Fig. 8A) domain. Hence a 

NH2-terminally extended tat/e6 peptide by four (tat/e6+n4) or eight (tat/e6+n8) 

pp65-specific amino acids (Fig. 12A) was used to determine whether the nested 

CD4/CD8 T cell domain supports priming of e6-specific CD8 T cell responses in 

A2-HHD-II mice (expressing the murine I-Ab class II molecule). 
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Figure 12:  CD4 T cell help facilitates induction of e6-monospe cific CD8 T cell responses in HLA-

A*0201 tg mice. 

(A) Sequences of cationic peptides which are complexed with ODN-1826. (B) A2-HHD-II mice (three to four 

mice per group) were immunized with tat/e6 (group 1), tat/e6+n4 (group 2), tat/e6+n8 (group 3), 

tat/e6+n4/C128 (group 4). (C) A2-HHD-II mice were immunized with a mixture of tat/C128 and tat/e6+n4 

(group 2) or immunized with tat/C128 into the left muscle and tat/e6+n4 into the right muscle (group 3) or not 

immunized (group 1). (D) A2-HHD-II mice were vaccinated with tat/e8 (group 2), tat/e8/C128 (group 3) 

vaccines or not immunized (group 1). Mice were boosted 3 weeks later with the respective vaccines. 12 days 

after the last injection CD8 T cell responses were determined by 4 h ex vivo restimulation of splenic CD8 T 

cells with a control, e6 or e8 peptides, followed by determination of IFNγ+ CD8 T cell frequencies. Mean % of 

IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. 
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Injection of the tat/e6+n8 ODN vaccine (but not the tat/e6 or tat/e6+n4 vaccines) 

efficiently elicited high frequencies of e6-specific IFNγ+ CD8 T cells (Fig. 12B, 

groups 1 - 3), indicating that the NH2-terminal flanking sequence of the e6 epitope 

plays an important role in priming e6-specific CD8 T cells. Similarly, NH2-terminal 

fusion of a well-defined, I-Ab-binding HBV Core128-140 (C128) sequence to the 

e6+n4 peptide (Fig. 12A, tat/e6+n4/C128) efficiently elicited e6-specific CD8 T cell 

responses in A2-HHD-II mice (Fig. 12B, group 4). To determine whether the helper 

sequence necessarily has to be fused to the antigenic peptide a mixture of two 

cationic tat/e6+n4 and tat/C128 peptides (complexed with ODN) was injected into 

A2-HHD-II mice tibialis anterior muscle at the same site. This approach induced 

e6-specific CD8 T cells (Fig. 12C, group 2), whereas application of tat/e6+n4 and 

tat/C128 vaccines into different sites did not elicit e6-specific CD8 T cells (Fig. 

12C, group 3). Therefore ‘help’ is not necessarily required to be provided via 

recognition of an overlapping or nested CD4 T cell epitope. Notably, co-delivery of 

the C128 specific CD4 T cell ‘help’ did not improve e8-specific CD8 T cell 

responses. I fused the I-Ab-binding C128 sequence NH2-terminally to the e8 

epitope (Fig. 12A). This tat/e8/C128 vaccine efficiently induced e8-specific CD8 T 

cells in A2-HHD-II mice (Fig. 12D, group 2) but, in comparison to the tat/e8 

vaccine, C128 specific help did not improve the e8-specific CD8 T cell response 

(Fig. 12D, groups 2 and 3). I-Ab-restricted heterologous CD4 T cell ‘help’ is thus 

important to induce e6- (but not e8)-specific CD8 T cell responses in A2-HHD-II 

mice. 

 

3.1.5.  An immunodominant, e6-specific immunity is induced 

  in HLA-A*0201/HLA-DR1 + tg (A2-DR1) mice 

 HLA-A*0201-tg A2-DR1 mice (expressing the human HLA-DR1 but not the 

murine I-Ab class II molecules) were used to evaluate whether the pp65-specific 

CD8 T cell immunity varies in mice with a different CD4 T cell helper repertoire. 

Immunization of A2-DR1 mice with pCI/st-pp65 DNA elicited a prominent e6-

specific CD8 T cell response and low responses to the e3 and e8 epitopes (Fig. 

13). Inactivation of the e6 epitope in the pCI/pp65∆501-503 vaccine resulted in a 

significantly increased e3- and e8-specific CD8 T cell immunity (Fig. 13). CD8 T 
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cell responses against the e1, e2, e4, e5 and e7 epitopes were not detectable in 

vaccinated A2-DR1 mice. A comparable CD8 T cell response against pp65 and 

mutant pp65∆501-503 could thus be specifically induced in A2-HHD-II and A2-DR1 

mice by DNA-based vaccines (Figs. 9B, 13). 
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Figure 13:  Immunogenicity  of pp65-specific DNA vaccines in HLA-A*0201/HLA-DR1 + (A2-DR1) tg mice.  

A2-DR1 mice were immunized with pCI (n=2), pCI/st-pp65 (n=7) or pCI/st-pp65∆501-503 DNA (n=7). 12 days 

after injection IFNγ+ CD8 T cell frequencies were determined by 4 h ex vivo restimulation of splenocytes with 

the e3, e6 and e8 peptides. Mean % of IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. 

The statistical significance of differences between groups stimulated with the e3- and e8-peptide was 

determined by the unpaired student’s t-test (*P < 0.05). 

 

 Similarly to A2-HHD-II mice, the peptide-based tat/e6+n8 vaccine (but not 

the tat/e6 and tat/e6+n4 vaccines) efficiently elicited high frequencies of e6-

specific IFNγ+ CD8 T cells in A2-DR1 mice (Fig. 14, groups 1 - 3), suggesting that 

a homologous pp65-intrinsic ‘help’ facilitated priming of e6-monospecific CD8 T 

cell responses in these mice. Contrarily I-Ab-specific ‘help’ codelivered by the 

tat/e6+n4/C128 vaccine did not elicit e6-specific CD8 T cell responses in A2-DR1 

mice (Fig. 14, group 4). The C128 specific I-Ab-restricted CD4 T cell ‘help’ thus 

operated in I-Ab-expressing A2-HHD-II mice but not in HLA-DR1 expressing A2-

DR1 mice (Figs. 12B, 14). To confirm that a CD4 T cell helper function of e6-

encoding antigenic peptide vaccines is critical to induce e6-specific CD8 T cell 

responses in A2-DR1 mice I fused a universal DR-binding tetanus toxin-derived 

TT830-843 (TT830) helper peptide to the e6 peptide. This generated the tat/e6/TT830 

vaccine (tat-QGIKANSKFIGITENLVPMVATV). Immunization of A2-DR1 mice with 

the tat/e6/TT830 vaccine efficiently elicited e6-specific CD8 T cell responses (Fig. 
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14, group 5). CD4 T cell ‘help’ is thus critical to induce e6-specific CD8 T cell 

responses by cationic peptide-based vaccines. 
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Figure 14:  Immunogenicity of pp65-specific peptide vaccines in  HLA-A*0201/HLA-DR1 + (A2-DR1) tg 

mice.  

A2-DR1 mice (three mice per group) were immunized with tat/e6 (group 1), tat/e6+n4 (group 2), tat/e6+n8 

(group 3), tat/e6+n4/C128 (group 4) or tat/e6/TT830 vaccines (group 5). Mice were boosted after 3 weeks with 

the respective vaccines. 12 days after the last injection CD8 T cell responses were determined by 4 h ex vivo 

restimulation of splenic CD8 T cells with the e6 or a HLA-A*0201-binding HBV/C128 epitope (control), 

followed by determination of IFNγ+ CD8 T cell frequencies. Mean % of IFNγ+ CD8 T cells (+ SD) of a 

representative experiment are shown. 

 

 

3.1.6.  Priming of immunodominant e6-specific CD8 T  cells  

  does not depend on the position of the e6 sequenc e  

  within the pp65 antigen 

 To evaluate whether the ‘nested’ CD4 T cell helper function is important for 

the induction of the immunodominant e6-specific CD8 T cell response to pp65, a 

mutant was designed which encodes the e6 epitope at a different position of the 

pp65 antigen. The pCI/st-pp65∆501-503 construct (which possesses an inactivated 

e6 epitope; see Fig. 9A) was modified by substitution of the non responsive 

e1/pp6514-22 epitope with the minimal e6 epitope-encoding sequence (Fig. 15A). 

This generated the pCI/st-pp65∆501-503∆e1/+e6 vector (Fig. 15A). Transient 

transfection of HEK-293 cells confirmed expression of the st-pp65∆501-503∆e1/+e6 

antigen (Fig. 15B, lane 4). The pCI/st-pp65∆501-503∆e1/+e6 vaccine efficiently 
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elicited e6- (but low e3- and e8-) specific CD8 T cell frequencies (Fig. 15C) in A2-

DR1 mice. The pp65-specific CD8 T cell response was comparable in pCI/st-pp65 

and pCI/st-pp65∆501-503∆e1/+e6 immunized A2-DR1 mice (Fig. 15C), and e3- and 

e8-specific CD8 T cell frequencies were significantly lower compared with those 

primed by the e6-deficient pCI/st-pp65∆501-503 vaccine (Figs. 9B, 15B). Induction of 

an e6-specific CD8 T cell immunity thus correlated with an impaired e3- and e8-

specific immune responses. 
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Figure 15:  Immunogenicity of a pp65 ∆∆∆∆501-503∆∆∆∆e1/+e6 mutant antigen.  

(A) The mutant st-pp65∆501-503∆e1/+e6 antigen. The deleted amino acid sequences are underlined. The intact 

and residual e6 sequences are marked in bold. (B) HEK-293 cells were transiently transfected with the non-

coding plasmid pCI (lane 1), or pp65 encoding plasmids pCI/st-pp65∆501-503 (lane 3) or pCI/st-pp65∆501-

503∆e1/+e6 (lane 4). Cells were labeled with 35S-methionine, lysed and the respective antigens were 

immunopurified with StrepTactin sepharose, followed by release of antigen complexes with SDS. Samples 

were analyzed by SDS-PAGE and fluorography. The position of the pp65 antigens is indicated. (C) A2-DR1 

mice were immunized with pCI (n=1), pCI/st-pp65 (n=3), or pCI/st-pp65∆501-503∆e1/+e6 (n=6) DNA. 12 days 

after injection CD8 T cell responses were determined by 4 h ex vivo restimulation of splenic CD8 T cells with 

the e3, e6 and e8 peptides, followed by determination of IFNγ+ CD8 T cell frequencies. Mean % of IFNγ+ CD8 

T cells (+ SD) of a representative experiment are shown. 
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3.2. HBV surface antigen (HBsAg)-specific CD8 T cel l 

 responses in vaccinated mice 

 

 The hepatitis B virus (HBV) encodes three surface antigen (HBsAg) 

species: the large (LS; preS1-preS2-S), the middle (MS; preS2-S) and the particle-

forming, 226-residue small surface (S) antigen (Fig. 16A). Two Kb-restricted 

epitopes have been mapped within the small surface antigen, i.e., the Kb/S190-197 

(Kb/S190) and the Kb/S208-215 (Kb/S208) epitope (Fig. 16B). Both epitopes are 

localized within the hydrophobic COOH-terminus of the S-antigen, and are 

expressed by all three surface antigen species (Fig. 16A). 
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Figure 16:  Schematic depiction of HBsAg variants. 

(A) Scheme of described HBsAg variants: Large-S (LS; p39, gp42), middle-S (MS; p31, gp34) and small-S (S; 

p24, gp27); grey ovals indicate positions of Kb-restricted epitopes. (B) For analyses two Kb-restricted epitopes 

were investigated, namely Kb/S190-197 (Kb/S190) and Kb/S208-215 (Kb/S208) (underlined characters) within the 

C terminus of the 226 aa residue of small HBV surface antigen. The epitope affinity is indicated in brackets. 

(C) RMA/S cells were pulsed with 100 µg/ml Kb/S190 or Kb/S208 peptides for 16 h at 37°C. Surface 

expression of H2-Kb molecules was determined by FCM analyses (grayscale). As negative control unpulsed 

RMA/S cells were used (solid line). One representative experiment is shown. 
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 The antigenic Kb/S208 eight-residue peptide ILSPFLPL contains an optimal 

Kb-binding motif, i.e. F at anchor position P5 and L at anchor position P8, whereas 

the Kb/S190-epitope VWLSVIWM contains only one anchor motif (M at anchor 

position P8). However the Kb/S190 (but not the Kb/S208) efficiently stabilized the 

MHC class I molecule (H-2Kb) on the surface of the TAP deficient RMA/S cells 

(Fig. 16C). Therefore Kb/S190 revealed a higher avidity to MHC class I molecules 

than Kb/S208. 

 

3.2.1.  Induction of HBsAg-specific CD8 T cell resp onse in B6 

  mice 

 The pCI/S DNA vaccine expresses the S-antigen (p24, gp27; fig. 17A, lane 

1). Small amounts of the S-antigen were secreted into the culture medium of 

transiently transfected HEK-293 cells (Fig. 17A, lane 3). B6 mice were immunized 

with pCI/S, splenocytes harvested at day 12 post priming and restimulated ex vivo 

for 4 h with the Kb/S190, the Kb/S208 or a control Kb/OVA257 peptide. The 

numbers of CD8 T cells showing specifically inducible IFNγ expression were 

determined by FCM (Fig. 18). The pCI/S vaccine efficiently induced high numbers 

of Kb/S190-specific CD8 T cells in B6 mice while low frequencies of Kb/S208-

specific CD8 T cells were also detectable (Fig. 18, group 2). 
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Figure 17:  HBsAg DNA vectors.  

(A, B) Scheme of constructed DNA vectors derived from HBsAg serotype ayw. (A) Secreted variants of pCI/S 

(1) (lane 1 pellet, exposition 1 d; lane 3 supernatant, exposition 7 d) and mutated pCI/S194A/197A (2) (lane 2 

pellet, exposition 1 d; lane 4 supernatant, exposition 7 d) with two mutations within the Kb/S190-epitope 

sequence at position 194 and 197 (VWLSVIWM to VWLSAIWA). (B) Intracellular variants of HBsAg; pCI/LS-

1.4Smut (1) (lane 1 pellet, exposition 1 d; lane 3 supernatant, exposition 7 d) and mutated pCI/LS-

1.4Smut
194A/197A (2) (lane 2 pellet, exposition 1 d; lane 4 supernatant, exposition 7 d) including two mutations 

within the Kb/S190-epitope sequence at position 194 and 197 (VWLSVIWM to VWLSAIWA. The visible bands 

starting from the bottom (A, B) illustrate the appearance of glycosylated S/S194A/197A variants. The p24 and the 

gp27 small surface antigen (S) were visible in (A). The p31 and gp34 of the middle surface (MS) antigen and 

the p39 and gp42 of the LS-1.4Smut/LS-1.4Smut
194A/197A (LS) antigen were visible in (B). HEK-293 cells were 

transiently transfected with the HBsAg encoding plasmids Cells were labeled with 35S-methionine, lysed and 

the respective antigens were immunopurified with a polyclonal HBsAg recognizing antibody with protein G 

sepharose, followed by release of antigen complexes with SDS. Samples were analyzed by SDS-PAGE and 

fluorography. 

 

 I constructed a novel, HBsAg-encoding vector, which expresses a mutant, 

exclusively endogenous large-S-antigen (LS) (Fig.16A, 17B). The LS-encoding 

sequence was derived from a 1.4HBV-Smut construct which encodes a mutant 

HBsAg sequence. A T to C mutation in the ATG start codon of the small S-antigen 

prevents its expression and secretion (Fig. 17B, 1). The LS-encoding sequence 

was amplified by PCR and cloned into the pCI expression vector, resulting in the 

pCI/LS-1.4Smut vaccine. Transient transfection of HEK-293 cells with the pCI/LS-

1.4Smut vector confirmed intracellular expression of the LS-antigen (Fig 17B, lane 

1). Very low amounts of MS- (p31, gp34) but no S-antigen (p24, gp27) were 

expressed, and none of the surface antigen forms were detectable in the cell 
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culture supernatants (Fig. 17B, lane 3). The pCI/LS-1.4Smut vector efficiently 

triggered Kb/S190-specific CD8 T cells in vaccinated B6 mice and induced low 

frequencies of Kb/S208-specific CD8 T cells (Fig. 18, group 3). Non-immunized 

mice showed neither a Kb/S190- nor a Kb/S208-specific CD8 T cell response (Fig. 

18, group 1). Thus, a Kb/S190-specific CD8 T cell response was almost 

exclusively primed by DNA-based vaccination. 
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Figure 18:  HBsAg specific CD8 T cell response to DNA vaccinati on. 

B6 mice (2-3 mice per group) were i.m. immunized with 100 µg of the plasmids pCI (group1; n=2), pCI/S 

(group2; n=3), pCI/LS-1.4Smut (group3; n=2). 12 days after injection mice were sacrificed, splenocytes for 4 h 

ex vivo restimulated with Kb/OVA257, Kb/S190 or Kb/S208 peptides and IFNγ+ CD8 T cell frequencies 

determined by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. 

 

 Vaccination of B6 mice with recombinant, yeast derived HBV surface 

antigen particles (Fig. 19A; rSP) also elicited a specific CD8 T cell response. To 

trigger CD8 T cells, I delivered rSP with the commercial available ISCOMATRIX 

adjuvant (AbISCO®-100; rSP/AbISCO), which is derived from the immune-

stimulating complex (ISCOM). This vaccine, made by simply mixing rSP with 

preformed AbISCO adjuvant, efficiently elicited Kb/S208-specific T cells (Fig. 19B, 

group 3). Very high numbers of IFNγ+ Kb/S208-specific CD8 T cells were 

detectable in rSP/AbISCO-primed and -boosted B6 mice (Figs. 19 and 20). In 

contrast, very low frequencies of Kb/S190-specific CD8 T cells were induced by 

this vaccine (Fig. 19B, group 3). Injection of recombinant, exogenous rSP without 

adjuvant did not prime CD8 T cells (Fig. 19B, group 1). Notably, CD8 T cell 

responses were not induced when rSP and AbISCO were injected into different 

muscles (rSP into the right and AbISCO into the left tibialis anterior muscles) of B6 
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mice (Fig. 19B, group 2). Hence, AbISCO adjuvant activity facilitated almost 

exclusively priming of Kb/S208-specific CD8 T cells. 
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Figure 19:  HBsAg specific CD8 T cell response to protein vacci nation.  

(A) TEM image of uranyl-acetate stained rSP; diameter between 20-30 nm. (B) B6 mice (three mice per 

group) were i.m. immunized with 20 µg of rSP without formulation (group 1), with 20 µg rHBsAg into right (r) 

tibialis anterior and 12.5 µg AbISCO into the left (l) tibialis anterior (group 2) and with 20 µg rHBsAg 

formulated with 12.5 µg AbISCO (group 3). 12 days after injection CD8 T cell responses were determined by 4 

h ex vivo restimulation of splenocytes with Kb/S190 or Kb/S208 peptides, followed by determination of IFNγ+ 

CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a representative experiment are 

shown. 
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Figure 20:  Kinetics of rSP and pCI/S specific CD8 T cell response . 

B6 mice (2-3 mice per group) were i.m. immunized with 20 µg of rSP formulated with 12.5 µg AbISCO. CD8 T 

cell responses were determined on d 12, d 21 and d 28 post priming and on d 40 post booster immunization 

with rSP/AbISCO. Splenocytes were ex vivo restimulated with the Kb/S208 peptide for 4 h followed by 

determination of IFNγ+ CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a 

representative experiment are shown. 

 

3.2.2.  Characterization of HBsAg-specific epitopes  in   

  different APCs 

 Presentation of both, Kb/S190- and Kb/S208-epitopes differed in rSP-

pulsed professional antigen-presenting dendritic cells (CD11c+ DC; Fig. 21) and in 

surface antigen-expressing hepatocytes (HCs) freshly isolated from different 

transgenic (tg) mice (Fig. 22C). Purified CD11c+ DC (generated in vitro from B6 

bone marrow) were either untreated (Fig. 22, group 1), pulsed with the respective 

Kb/S190- or Kb/S208 peptides (Fig.21, groups 2, 3), or with rSP (Fig. 21, group 4), 

and co-cultured for 16 h with Kb/S190- or Kb/S208-specific cytotoxic T lymphocyte 

cell lines (CTLLs). Afterwards supernatants were collected and IFNγ secretion of 

CTLL was analyzed using ELISA. Kb/S190-specific CTLs recognized Kb/S190-

peptide pulsed DCs (Fig. 21A, group 2), but were not able to recognize DCs 

pulsed with rSP (Fig. 21A, group 4), indicating that DCs were not presenting the 

Kb/S190-epitope, when pulsed with rSP. As expected Kb/S208-specific CTLs 

recognized Kb/S208-peptide pulsed DCs (Fig. 21A, group 3) and notably also rSP 

pulsed DCs (Fig. 21A, group 4), pointing out that the Kb/S208-epitope was 
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efficiently presented by professional APCs. Furthermore IFNγ production of BM-

DCs co-cultivated with Kb/S208-specific CTLs was assessed by FCM. Kb/S208-

specific CTLs recognized CD11c+ DCs pulsed with the Kb/S208 peptide or rSP 

(Fig. 21B, groups 3, 4). 
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Figure 21:  Antigen processing by APCs and reactivity of specifi c CTLLs to rSP.  

In vitro generated, bone marrow derived CD11c+ DCs were pulsed with left untreated, pulsed with either 50 µg 

peptide or 100 µg rSP 4 h prior to use, followed by removal of redundant peptide/protein. 1.5x105 targets 

(DCs) were cocultivated with 2x105 effectors (Kb/S190- or Kb/S208–specific CTLs) in triplicates for 16 h. 

Afterwards supernatants were collected and IFNγ production was assessed with ELISA (A), mean IFNγ 

production of CTLs (+ SD) of a representative experiment is shown, (B) dot plots of IFNγ+ CD8 T cells not 

pulsed (1), pulsed with Kb/S190- (2), Kb/S208-peptide (3) or rSP (4) 4 h prior to use of a representative 

experiment are shown. 

 

 I further characterized endogenous epitope processing/presentation by tg 

HCs (i.e., the natural target of HBV infection). HCs which selectively express 

endogenous or endo-/exogenous surface antigens were used for in vitro studies. 

1.4HBV-Smut tg mice encode a mutant, replicating HBV genome in the liver (Fig. 

22A). The T to C mutation in the ATG start codon of the S-antigen (Fig. 22A) 

prevents its expression and secretion (Fig. 22B), whereas expression of the 

intracellular LS-antigen (p39, gp42) operates efficiently in 1.4HBV-Smut tg HCs. In 

contrast, Alb/HBs tg mice encode the wild-type LS-antigen sequence under 

heterologous albumin promoter control (Fig. 22A). These mice efficiently express 
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LS-antigen and 20 – 40 ng exogenous S-antigen per ml serum could be detected 

in Alb/HBs tg mice using commercial ELISA systems (Fig. 22B, group 3). 
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Figure 22:  HBsAg antigen prevalence and recognition in HBV tole rogenic mice.  

(A) Schematic illustration of the HBV-derived constructs expressed by HBV tg mice. 1.4HBV-Smut mice 

express a 1.4 overlength hepatitis B virus (HBV) genome that possesses a mutation in the start codon of the 

small HBsAg from ATG to ACG preventing synthesis of small hepatitis B surface antigen (HBsAg), hepatitis B 

envelope antigen (HBeAg ), hepatitis B core antigen (HBcAg) and hepatitis B x antigen (HBxAg). Alb/HBs 

mice express pre-S1, pre-S2 and small HBV surface antigen under control of albumin promoter. (B) Detection 

of HBsAg in serum of transgenic mice using HBsAg ELISA. 3 mice per group were analyzed. HBsAg was 

detected in Alb/HBs tg mice (group 3), but not in 1.4HBV-Smut and B6 mice (group 2, 1) (C) In vitro coculture of 

hepatocytes (targets) with Kb/S208 (left) or Kb/S190 (right) specific CTLLs (ratio 2:3). 24 h later IFNγ was 

detected in supernatants with ELISA. Mean IFNγ production (+ SD) of a representative experiment is shown. 

 

 Both mouse strains thus express endogenous LS-antigen in HCs but 

differed in the presence of secreted, ‘exogenous’ S-antigen. Freshly isolated HCs 

from wt B6, 1.4HBV-Smut tg and Alb/HBs tg mice were co-cultured with Kb/S190- 

or Kb/S208-specific CTLLs (Fig. 22C). The specific IFNγ-release by CD8 T cells 

co-cultured with HCs was determined by ELISA (Fig. 22C). HCs from 1.4HBV-Smut 

tg mice efficiently presented the Kb/S190- (but not the Kb/S208) epitope, while 

HCs from Alb/HBs tg mice presented both, the Kb/S190- and the Kb/S208- epitope 

to the respective specific CTLL (Fig. 22C, groups 2, 3). HCs isolated from non-tg 
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B6 mice did not stimulate IFNγ secretion by the respective CTLL (Fig. 22C, group 

1). HCs from both tg mouse lines hence present the Kb/S190-epitope to specific 

CD8 T cells, but only the mouse line that secretes abundant amounts of S-antigen 

could present the Kb/S208-epitope to specific CD8 T cells. These analyses thus 

showed a distinct pattern of endogenous and exogenous epitope presentation in 

different APCs, suggesting that the Kb/S190-epitope is specifically generated in 

the conventional endogenous presentation pathway, while the Kb/S208-epitope is 

generated in the exogenous (or cross-presentation) pathway. 

 

3.2.3.  Protein- and DNA-based vaccines elicited di stinct  

  Kb/S190- and K b/208-specific immune responses  

  in the tolerogenic milieu of HBV tg mice 

 To evaluate the influence of transgenic expression of endogenous and/or 

exogenous HBsAg in HCs, I vaccinated 1.4HBV-Smut, Alb/HBs and wild type B6 

mice with pCI/S DNA or rSP/AbISCO. Neither single nor boosted injections of 

DNA- or protein-based vaccines could elicit Kb/S190- and Kb/S208-specific CD8 T 

cell responses in  Alb/HBs tg mice (Fig. 23A, B, group 3), indicating that Alb/HBs 

tg mice are tolerant to both CD8 T cell specificities. Similarly, Kb/S190-specific 

CD8 T cell responses were either detectable in the spleen or in the liver of pCI/S- 

or rSP/AbISCO-immunized 1.4HBV-Smut mice (Fig. 23A, B, group 2). However, 

vaccination of 1.4HBV-Smut mice with the rSP/AbISCO vaccine selectively induced 

high levels of IFNγ+ Kb/S208-specific CD8 T cell frequencies (Fig. 23B, group 2). 

Comparable numbers of Kb/S208-specific CD8 T cells were elicited in the spleen 

and liver of rSP/AbISCO-immunized B6 and 1.4HBV-Smut mice (Fig. 23B, groups 

1, 2), indicating that no tolerance or regulatory mechanisms operated against this 

specific T cell response in 1.4HBV-Smut mice. Unexpectedly, a strong Kb/S208-

specific CD8 T cell response was also elicited in pCI/S-primed 1.4HBV-Smut mice 

(Fig. 23A, group 2). This is in striking contrast to the CD8 T cell response in pCI/S-

immune B6 mice, in which Kb/S208-specific CD8 T cells were barely detectable 

(compare fig. 23A, group 1). Thus, the missing Kb/S190-specific CD8 T cell 

response in vector-primed 1.4HBV-Smut mice apparently allowed efficient priming 

of Kb/S208-specific CD8 T cells. Since processing/presentation of HBsAg epitopes 
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is likely to be identical in vector-transduced APCs of vaccinated B6 and 1.4HBV-

Smut tg mice, these data suggested that an immunodominance hierarchy (i.e., the 

high affine Kb/S190-epitope suppresses the low affine Kb/S208-epitope) operates 

in B6 mice. 
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Figure 23:  DNA/protein immunization of tolerogenic HBV tg mice.  

(A) B6, 1.4HBV-Smut and Alb/HBs mice (3 mice per group) were i.m. immunized with 100 µg of the pCI/HBsAg 

DNA vaccine.12 days after injection mice were sacrificed and CD8 T cell responses were determined by 16 h 

ex vivo restimulation of splenocytes and liver NPCs with Kb/OVA257, Kb/S190 or Kb/S208 peptides, followed 

by determination of IFNγ+ CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a 

representative experiment are shown. (B) B6, 1.4HBV-Smut and Alb/HBs mice (2 mice per group) were i.m. 

immunized with 20 µg rSP, formulated with 12.5 µg AbISCO. CD8 T cell responses were determined by 16 h 

ex vivo restimulation of splenocytes and liver NPCs with Kb/OVA257, Kb/S190 or Kb/S208 peptides, followed 

by determination of IFNγ+ CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a 

representative experiment are shown. 

 

 1.4HBV-Smut tg mice express replicative HBV intermediates in the liver. 

Southern blot analyses of liver DNA obtained from 1.4HBV-Smut tg mice show 

three prominent bands corresponding to the expected sizes of the relaxed circular 

(RC), double-stranded linear (DS) and the single stranded (SS) DNA species of 

HBV (Fig. 24). There were no differences in the levels of HBV intermediates from 

non-treated, and pCI/S- or rSP/AbISCO-primed 1.4HBV-Smut tg mice detectable 

(Fig. 24). Thus, neither the pCI/S nor the rSP/AbISCO vaccines could inhibit HBV 

replication in the liver of 1.4HBV-Smut tg mice. This was expectable because 
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HBsAg-specific, antiviral CD8 T cells were either not primed in 1.4HBV-Smut tg 

mice (due to an existing tolerance against the immunodominant Kb/S190-epitope; 

Fig. 23A, B) or were primed, but did not recognize their HBsAg-expressing target 

cells (since tg HCs do not present the Kb/S208-epitope; see Fig. 22C, see group 

2). 
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Figure 24:  Viral replication in immunized tolerogenic HBV tg mic e. 

Male 1.4HBV-Smut mice were immunized (2 mice per group) or left untreated (1 mouse, group 1) i.m. with 

rSP/AbISCO (group 2) or pCI/S vaccine (group 3). 12 days after injection mice were sacrificed and liver DNA 

was isolated followed by Southern blot analysis. (tg) integrated transgene, (RC) relaxed circular, (DS) double-

stranded linear and (SS) single-stranded linear DNA intermediates are indicated. Acquired integrals were 

normalized using the integrated transgene, to determine the HBV specific DNA amount. Quantification of HBV 

replicative intermediates is depicted as ratio of HBV replicates/transgene. One representative experiment is 

shown. 

 

3.2.4.  Confirmation of a K b/S190-specific immunodominance 

  in vaccinated B6 mice.  

 To confirm suppression of Kb/S208-specific CD8 T cell responses by the 

immunodominant Kb/S190-specific immune response, I constructed pCI/S- and 

pCI/LS-1.4Smut-based DNA vaccines, in which the ‘dominant’ Kb/S190-epitope 

was mutated. I exchanged two amino acids in the Kb-anchor positions 5 and 8 of 

the Kb/S190-epitope VWLSVIWM (i.e., the valine and the methionine) to alanine 

(VWLSAIWA). This generates the pCI/S194A/197A and pCI/LS-1.4Smut
194A/197A 

vectors. Transient transfection of HEK-293 cells confirmed expression of the 

secreted S194A/197A (p24, gp27) and intracellular LS194A/197A (p39, gp42) antigens, 

respectively (Fig. 17A, B). Notably, comparable levels of HBsAg were expressed 

by the original (pCI/S and pCI/LS1.4Smut) and the mutant (pCI/S194A/197A and 

pCI/LS-1.4Smut
194A/197A) vectors (Fig. 17 A, B). Vaccination of B6 mice with the 
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pCI/S or pCI/S194A/197A DNA elicited comparable levels of HBsAg-specific antibody 

titers (Fig. 25), confirming that similar levels of wild type and mutant HBsAg were 

expressed by the respective vaccines. 
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Figure 25:  Humoral immune response against HBsAg encoded DNA v accines.  

B6 mice (3 mice per group) were two times i.m immunized with 100 µg pCI/S or pCI/S194A/197A. 12 days post 

booster immunization sera of mice were collected. HBsAg specific antibody response was determined using 

ELISA. Mean endpoint titers (+ SD) of a representative experiment are shown. 

 

 B6 mice were immunized with pCI/S194A/197A or pCI/LS-1.4Smut
194A/197A and 

their specific responses to the Kb/S190 and Kb/S208-epitopes were read out 12 

days post priming (Fig. 26). Specific ex vivo restimulation of primed splenocytes 

with the Kb/S190 peptide did not expand IFNγ+ CD8 T cells (Fig. 26, groups 3, 5), 

confirming that the mutation in the Kb/S190-epitope destroyed its antigenicity. 

Inactivation of the Kb/S190-epitope in the HBsAg-encoding vaccines significantly 

improved Kb/S208-specific CD8 T cell responses in pCI/S194A/197A or pCI/LS-

1.4Smut
194A/197A-immunized mice (Fig. 26, groups 3, 5). Eight- to ten-fold higher 

numbers of Kb/S208-specific CD8 T cells were induced by the pCI/S194A/197A as 

compared to the pCI/S vaccine (see Fig. 26, group 2 and 3). Thus, the missing 

Kb/S190-specific CD8 T cell response allowed efficient priming of Kb/S208-

specific CD8 T cells, demonstrating that the dominant CD8 T cell response to 

Kb/S190 actively suppressed CD8 T cell responses specific for the Kb/S208-

epitope. 



Results - 61 - 
_______________________________________________________________ 

#         vaccination:

1) --

2) pCI/S

3) pCI/S194A/197A

4) pCI/LS-1.4Smut

5) pCI/LS-1.4Smut 
194A/197A

IFNγ+ CD8+ T cells / CD8 + T cells [%]

0.0 2.5 5.0 7.5 10.0

5

4

3

2

1
Kb/S190
Kb/S208

0.0 2.5 5.0 7.5 10.0

5

4

3

2

1
Kb/S190
Kb/S208

*

*

stimulated with:

 
Figure 26:  Vaccination of B6 with mutated DNA constructs.  

B6 mice were either not immunized (n = 2, group 1) or vaccinated i.m. with 100 µg of secreted pCI/S or 

pCI/S194A/197A (6 mice per group; groups 2, 3) or with intracellular pCI/LS-1.4Smut or pCI/LS-1.4Smut
194A/197A (5 

mice per group; groups 4, 5). 12 days later CD8 T cell responses were determined by 4 h ex vivo restimulation 

of splenocytes with Kb/S190 and Kb/S208 peptides, followed by determination of IFNγ+ CD8 T cell 

frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. The 

statistical significance of differences between Kb/S208 stimulated splenocytes of pCI/S or pCI/S194A/197A and 

pCI/LS-1.4Smut or pCI/LS-1.4Smut
194A/197A vaccinated mice was determined by unpaired student’s t-test (*P < 

0.05). 
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3.3. Characterization of the ISCOMATRIX (AbISCO ®-100) 

 adjuvant 

 

 Recombinant HBsAg particles delivered without adjuvant did not induce 

CD8 T cell responses in B6 mice (Fig. 27, group 1). Co-delivery of rSP with 

different TLR-stimulating adjuvants e.g., CpG-containing ODN or poly I:C induced 

low frequencies of Kb/S208-specific CD8 T cells (Fig. 27, groups 2, 3). In contrast, 

co-delivery of rSP with AbISCO induced a tremendous increase of Kb/S208-

specific CD8 T cells (Fig. 27, group 4). Thus, the AbISCO adjuvant specifically 

improved induction of Kb/S208-specific CD8 T cell responses. Adjuvants stimulate 

the innate immune response as well as the adaptive immune system. It is poorly 

understood why the ISCOMATRIX adjuvant (AbISCO) facilitates the induction of 

Kb/S208 but not Kb/S190 specific CD8 T cell responses (see Fig. 19). 
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Figure 27:  Adjuvant formulations of rSP vaccine in B6 mice.  

B6 mice (2-3 mice per group) were vaccinated i.m. with 20 µg of rSP without formulation (group 1), formulated 

with 100 µg ODN-1826 (group 2), formulated with 100 µg poly I:C (group 3) or formulated with 12.5 µg 

AbISCO (group 4). 12 days later CD8 T cell responses were determined by 4 h ex vivo restimulation of 

splenocytes with the Kb/OVA257 and Kb/S208 peptides, followed by determination of IFNγ+ CD8 T cell 

frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. 
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3.3.1.  AbISCO-mediated antigen delivery 

 To evaluate the role of AbISCO adjuvant potential side effects (i.e., 

cytotoxicity or induction of apoptosis) have to be excluded. Therefore RBL-5 

lymphoma cells were radioactively labeled with 51Cr and incubated for 4 h with 

titrated amounts of AbISCO adjuvant. No radioactivity was detectable in the 

supernatant of these cells (Fig. 28A), indicating that AbISCO did not damage the 

cells. Alternatively RBL-5 cells were treated with a high amount of AbISCO and 

subsequently stained with an Annexin VI apoptosis detection kit. No induction of 

apoptosis was detectable in these analyses (Fig. 28B). 
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Figure 28:  Cytotoxicity of AbISCO.  

(A) Treatment of murine lymphoma RBL-5 cells with increasing amounts of AbISCO. Cytotoxicity determined 

after 4 h culture in a 51Cr-release assay. (B) Induction of apoptosis mediated by AbISCO in RBL-5 cells. 

Inoculation of cells for 4 h with increasing amounts of AbISCO, followed by Annexin VI staining and FCM 

analyses. One representative experiment is shown. 

 

 I next analyzed whether AbISCO enhances the uptake of rSP into cells. A 

macrophage (RAW-264.7) cell line was incubated for the indicated time with 

Oregon Green© labeled rSP (rSP*) with or without AbISCO, washed and analyzed 

by FCM. Oregon Green© is excited at 488 nm (FITC channel). Labeled rSP* 
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particles were efficiently taken up (or held) by RAW-264.7 cells (Fig. 29). The 

AbISCO adjuvant did not improve uptake of rSP* (Fig. 29). 
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Figure 29:  Influence of AbISCO on antigen uptake.  

RAW-264.7 cells (1x106 cells) were pulsed with Oregon Green© labeled rSP (1 µg, rSP*) ± AbISCO (0.25 µg). 

Uptake was determined after 5 min, 60 min and 120 min by FCM. One representative experiment is shown. 

 

 Since administration of rSP* to RAW-264.7 cells rapidly led to an Oregon 

Green© (FITC) positive signal, the effect of AbISCO on in vitro generated CD11c+ 

DCs was investigated in a further approach. DCs were grown on glass chambers 

for 16 h and then pulsed with rSP* or rSP*/AbISCO, followed by 

immunofluorescence analyses (Fig. 30). As exogenous antigen is usually 

processed in an endo-/lysosomal dependent manner I used two different 

intracellular markers for this approach, i.e., early endosome antigen 1 (EEA1) after 

30 min of pulse, as an endosomal marker (Fig. 30A, upper row without AbISCO, 

lower row with AbISCO; left: rSP*, middle: EEA1; right: overlay) and lysosomal 

associated membrane protein 1 (LAMP1) after 60 min of pulse, as a marker for 

lysosomes (Fig. 30B, upper row without AbISCO, lower row with AbISCO; left: 

rSP*, middle: LAMP1; right: overlay). The intracellular distribution or rSP* and 

rSP*/AbISCO in EEA1 stained DCs was comparable. After 30 min of pulse a 

similar amount of rSP* and rSP*/AbISCO co-localized within early endosomes. A 

similar pattern was evident for LAMP1. Pulsing DCs with rSP* or rSP*/AbISCO for 

60 min revealed no different abundance of rSP* and rSP*/AbISCO in lysosomes. 

Both experimental setups indicate that AbISCO did not improve antigen uptake. 



Results - 65 - 
_______________________________________________________________ 

B – LAMP1

--

AbISCO

A – EEA1

--

AbISCO

rSP* (Oregon Green) OverlayEEA1

rSP* (Oregon Green) OverlayLAMP1

 
Figure 30:  In vitro uptake of rSP* by bone marrow derived DCs.  

5x104 CD11c+ DCs were pulsed in chambered cover glasses with rSP* (1 µg) ± AbISCO (0.25 µg) for (A) 30 

minutes and (B) 60 minutes. (A) DCs were stained for early endosome antigen 1 (EEA1) and (B) was stained 

for lysosomal-associated membrane protein 1 (LAMP1). The upper panel in (A) displays rSP* pulse without 

AbISCO (left: rSP*, middle: EEA1, right: overlay), the lower panel of (A) illustrates the uptake with AbISCO 

(left: rSP*, middle: EEA1, right: overlay).The upper panel of (B) displays rSP* pulse without AbISCO (left: 

rSP*, middle: LAMP1, right: overlay), the lower panel of (B) depicts the uptake with AbISCO formulation (left: 

rSP*, middle: LAMP1, right: overlay). One representative experiment is shown. 

 

 To investigate the effect of AbISCO on in vivo rSP* antigen delivery, B6 

mice were i.m. vaccinated with PBS, rSP*/AbISCO or rSP*. Tibialis anterior 

muscle cells were isolated on the following day and analyzed by FCM. Without 

formulation rSP* positive cells could be detected after 16 h (Fig. 31A). Formulation 

with AbISCO (rSP*/AbISCO) revealed no detectable Oregon Green© signal in 

isolated cells (Fig. 31A). These analyses suggested that a considerable proportion 

of rSP* was stably associated within the muscle when delivered without adjuvant. 

In contrast, rSP* were rapidly removed from the muscle when delivered with 

AbISCO. Since 16 hours were sufficient for elimination of rSP* positive cells, I next 

asked in which time frame this rSP*/AbISCO-specific degradation/transport takes 

place. Therefore B6 mice were i.m vaccinated with rSP* codelivered with AbISCO, 



Results - 66 - 
_______________________________________________________________ 

followed by cell isolation from muscles 1 h, 2 h and 4 h later. Interestingly the 

fluorescence intensity decreased within 4 h beneath 5%, also pointing out that the 

antigen was rapidly removed from muscle cells (Fig. 31B). 
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Figure 31:  Uptake of rSP* in vivo. 

B6 mice (2 mice per group) were i.m immunized with PBS, 10 µg rSP* formulated with 12.5 µg AbISCO or 10 

µg rSP*. (A) 24 h later cells were isolated from dissected muscle, subsequently processed and analyzed by 

FCM. (B) B6 mice (2 mice per group) were left untreated (group 1) or immunized (groups 2, 3, 4) i.m. with 10 

µg rSP* formulated with 12.5 µg AbISCO. Muscle cells were isolated 1 h, 2 h and 4 h post immunization and 

subsequently prepared for FCM analysis. Oregon Green© positive cells were plotted as percentage of MFI. 

One representative experiment is shown. 

 

 Abovementioned analyses showed that rSP* persists in the muscle at the 

injection site without adjuvant formulation. I next asked if these intramuscular 

present rSP* can afterwards be made accessible for the immune system by 

AbISCO. Therefore B6 mice were vaccinated i.m. with AbISCO 3 d or 1 d prior 

(Fig. 32, groups 2, 3) or 1 d and 3 d post (Fig. 32, groups 5, 6) rSP immunization. 

As a control, B6 mice were i.m. immunized with a mixture of rSP/AbISCO vaccine 

(Fig. 32, group 4). Splenocytes were harvested 12 d post rSP vaccination, ex vivo 

restimulated with Kb/S208 or control peptides and analyzed by FCM. No Kb/S208-

specific immune response was primed when AbISCO was delivered prior to the 
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antigen (Fig. 32, groups 2 and 3). In contrast, vaccination with AbISCO one day or 

even three days after rSP application triggered a Kb/S208-specific CD8 T cell 

response (Fig. 32; groups 5 and 6). Thus AbISCO enhanced the immunogenicity 

of intramuscular, persistent rSP. 
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Figure 32:  Effectiveness of AbISCO.  

B6 mice (3 mice per group) were i.m. vaccinated with 20 µg rSP. AbISCO was either not applied (group 1) or 

three days (group 2) or one day prior (group 3), codelivered (group 4), one day (group 5) or three days post 

(group 6) rSP vaccination applicated. 12 days post rSP vaccination splenocytes were ex vivo restimulated with 

Kb/S208 for 4 h, followed by determination of IFNγ+ CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T 

cells (+ SD) of a representative experiment are shown. 

 

 Since the transport of rSP mediated by AbISCO is an early event in the 

HBsAg-specific immune response, I next investigated cell populations that might 

be involved in the transport and/or antigen presentation of rSP*. For this purpose 

B6 mice were immunized s.c. at the basis of the tail with rSP*±AbISCO. 16 h later 

mice were sacrificed and inguinal lymph nodes (iLNs) were analyzed by FCM for 

the presence of rSP*. To identify specific cell populations that are involved in 

uptake/transport of rSP* in vivo, rSP* positive lymph node-derived cells were 

stained for different cell surface markers, i.e., CD8, CD11c, F4/80 and CD11b. 

Without formulation of rSP* only a weak background of CD8+ cells (Fig. 33, group 

1), CD11c+ cells (Fig. 33, group 2), F4/80+ cells (Fig. 33, group 3) or CD11b+ cells 

(Fig. 33, group 4) revealed an Oregon Green© positive signal (Tab. 9). Co-delivery 

of rSP* with AbISCO in contrast resulted in a 3-4-fold increase over the 

background of rSP* in CD8+-, CD11c+- and F4/80+-cells (Fig. 33, groups 1, 2 and 

3; tab. 9, right panel) in iLNs. Interestingly most rSP* positive cells are CD11b+ 

(Fig. 33 group 4, circle), almost 10-fold more than the normal level (Tab. 9, right 

panel). 
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Figure 33:  Immunomodulatory capacity of AbISCO.  

B6 mice (one individual per group) were immunized s.c. at the basis of the tail with 10 µg rSP* (left panel) and 

10 µg rSP* formulated with 12.5 µg AbISCO (right panel). 16 hours after vaccination inguinal lymph nodes 

(iLNs) were dissected and surface stained, followed by FCM. Isolated lymphocytes were stained with CD8- 

(group 1), CD11c- (group 2), F4/80- (group 3) and CD11b- antibodies (group 5). Most rSP* positive cells 

(circle) were detected in the CD8- F4/80- CD11c- CD11b+ cell population, when rSP* was codelivered with 

AbISCO. One representative experiment is shown. 

 

 AbISCO application increased markedly the total cell numbers present in 

iLNs, specific for the indicated surface markers (Tab. 9, left panel). About 2-fold 

more CD8+ and F4/80+ cells were found (Tab. 9) when AbISCO was applicated. 

This increase was more prominent in CD11b+ cells, 4-fold more cells compared to 

not treated B6 mice were present in iLNs. CD11c+ cell quantity remained nearly 

constant (Tab. 9), indicating only a minor role of CD11c+ in rSP* transport. The 

absolute cell numbers of iLNs were greatly increased in AbISCO treated B6 mice, 

supporting the massive immunostimulatory capacity of AbISCO. 
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Table 9:  Cell frequencies following rSP* +/- AbISCO vaccination 

Marker

rSP* rSP*/AbISCO rSP* rSP*/AbISCO

CD8+ 58308 118739 46 253

CD8- 58716 161106 507 2294

CD11c+ 534 738 59 199

CD11c- 116490 279107 644 2628

F4/80+ 74058 113786 32 186

F4/80- 69460 156224 255 1694

CD11b+ 2086 8357 133 2084

CD11b- 70503 273611 289 623

Surface marker positive cells [#] Oregon Green posit ive cells [#]

 

 

 To understand the underlying function of AbISCO directly on professional 

APCs, BM-DCs were generated. CD11c+ cells were purified using MACS and in 

vitro pulsed with AbISCO or rSP followed by surface marker analysis. BM-DCs 

showed up-regulation CD86 (Fig. 34, right panel) after treatment with AbISCO for 

16 h compared to control or rSP treated BM-DCs (Fig. 34, left and middle panel). 

This indicates an AbISCO mediated stimulation and activation of professional 

APCs, encouraging their co-stimulatory capacity to induce HBsAg specific 

immunity. 

-- rSP [20 µg] AbISCO [2.5 µg]

CD86 surface expression  
Figure 34:  Activation of bone marrow derived DCs in vitro mediated by AbISCO.  

CD11c+ DCs were in vitro cultivated for 16 h without agent (left panel), in the presence of 20 µg rSP (middle 

panel) or 2.5 µg AbISCO (right panel). DCs were analyzed for surface marker expression with CD86-antibody, 

followed by FCM analysis. One representative experiment is shown. 
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3.3.2.  The Kb/S208-specific immune response induced by the 

  rSP/AbISCO vaccine is CD4 T cell independent 

 To analyze the CD4 T cell dependency of HBsAg-specific CD8 T cell 

responses, I investigated Kb/S190- and Kb/S208-specific CD8 T cells in 

vaccinated B6 and MHC class II-deficient Aα mice. Mice were immunized with 

pCI/S or rSP/AbISCO and IFNγ+ Kb/S190- and Kb/S208-specific CD8 T cell 

frequencies were determined. The rSP/AbISCO vaccine elicited high Kb/S208-

specific CD8 T cells in both mouse strains (Fig. 35A). In contrast, DNA-based 

vaccination efficiently induced Kb/S190-specific CD8 T cells in B6, but not in Aα 

mice (Fig. 35A). Thus, the Kb/S208-specific CD8 T cell response induced by 

rSP/AbISCO is CD4 T cell-independent, whereas the dominant Kb/S190-specific 

CD8 T cell response induced by pCI/S DNA critically depends on CD4 T cell ‘help’.

 To identify whether the AbISCO adjuvant activity relies on B cells, B cell-

deficient mice were vaccinated with rSP/AbISCO and pCI/S. 12 days post priming 

Kb/S190- and Kb/S208-specific T cell responses were determined by FCM. 

Comparable frequencies of Kb/S208-specific CD8 T cells were found in 

rSP/AbISCO vaccinated B cell-deficient and B6 mice (Fig. 35B), as well as a 

similar proportion of Kb/S190-specific CD8 T cells was detected in pCI/S 

immunized B cell-deficient and B6 mice (Fig. 35B).This suggests that the 

rSP/AbISCO vaccine does not rely on B cells. 
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Figure 35:  DNA/protein immunization with HBsAg vaccines in CD4  T cell and B cell deficient mice.  

(A) B6 and Aα mice (2-3 mice per group) were i.m. vaccinated with 20 µg rSP formulated with 12.5 µg 

AbISCO (left panel) or 100 µg pCI/S (right panel). (B) B6 and IgH -/- mice (2 mice per group) were i.m. 

vaccinated with 20 µg rSP formulated with 12.5 µg AbISCO (left panel) or 100 µg pCI/S encoding DNA (right 

panel). 12 days post vaccination splenocytes were ex vivo restimulated with the Kb/S208 or Kb/S190 peptides 

for 4 h, followed by determination of IFNγ+ CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ 

SD) of a representative experiment are shown. 

 

 The regulatory role of NKT cells in licensing DCs for efficient cross-priming 

of CTLs was described for the OVA antigen. To evaluate to what extend NKT cells 

contribute to HBsAg immunity B6 wt, CD1d -/- (lacking NKT cells) and double 

knock out mice Aα -/- x CD1d -/- mice (lacking CD4 T cells and NKT cells) were 

used in vaccination studies. To verify the knock out status of mice, the surface 

marker expression of CD3+ CD4+ T cells (Fig. 36A, left panel) and CD1d 

expression (Fig. 36A, right panel) was examined. B6 and CD1d -/- mice showed a 

CD3+ CD4+ T cell population, whereas Aα and Aα -/- x CD1d -/- mice did not (Fig. 

36A). CD1d was detectable in B6 and Aα -/- mice, but not in CD1d -/- and Aα -/- x 

CD1d -/- mice (Fig. 36A). Mice were twice vaccinated with rSP/AbISCO and 

Kb/S208-specific CD8 T cell frequencies were determined. Interestingly a 

Kb/S208-specific immune response was detectable in CD11d -/- and Aα -/- x 

CD1d -/- mice by the rSP/AbISCO vaccine (Fig. 36B), demonstrating that this T 

cell response requires neither NKT cell- nor CD4 T cell-help. 
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Figure 36:  Protein immunization in NKT cell and CD4 T cell defi cient mice.  

(A) Blood of B6, Aα -/- , CD1d -/- and Aα -/- x CD1d -/- mice was stained with CD3-, CD4- or CD1d antibodies 

and subsequently analyzed by FCM. One representative experiment is shown. (B) B6, CD1d -/- and CD1d -/- 

x Aα -/- mice (2-3 mice per group) were twice i.m. vaccinated with 20 µg rSP formulated with 12.5 µg AbISCO. 

12 days post booster vaccination splenocytes were ex vivo restimulated with the Kb/S208 peptide for 4 h, 

followed by determination of IFNγ+ CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a 

representative experiment are shown. 

 

 I next asked if depletion of a distinct subpopulation of ‘innate’ immune cells 

(namely NK cells) alters the rSP/AbISCO immunity. B6 mice were depleted two 

times prior and one day post rSP/AbISCO vaccination with a NK cell-depleting 

anti-asialo GM1 antibody. To assess the depletion efficacy blood was collected 

before immunization and stained for DX5+ NK cells. Injection of asialo GM1 

antibody significantly reduced DX5+ NK cells (Fig. 37A) and, as a consequence, 

the rSP/AbISCO vaccine induced significant lower frequencies of Kb/S208-specific 

T cells (Fig. 37B). This indicates that DX5+ NK cells play a prominent role in 

triggering Kb/S208-specific immune responses by rSP/AbISCO. 
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Figure 37: Depletion of NK cells . 

(A) Blood of not treated (1 individual) or depleted (1 individual) B6 mice was collected after second depletion 

and stained with CD49b antibody to test depletion efficacy. (B) B6 mice (2 mice per group) were treated three 

times with anti-asialo antibody (-3 d, -1 d and +1 d, group 2) or were left untreated (group 1) and i.m. 

vaccinated with 20 µg rSP formulated with 12.5 µg AbISCO. 12 days post vaccination splenocytes were ex 

vivo restimulated with the Kb/S208 peptide for 4 h, followed by determination of IFNγ+ CD8 T cell frequencies 

by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a representative experiment are shown. 

 

3.3.3.  The missing K b/S190-specific CD8 T cell response  

  could not be restored in rSP/AbISCO vaccinated mi ce 

  with defects in specific proteases 

 

Above mentioned experiments showed an almost selective induction of Kb/S208-

specific CD8 T cells in rSP/AbISCO vaccinated mice. It is unknown whether the 

efficient priming of Kb/S208-specific CD8 T cells depends on the absence of the 

dominant Kb/S190-specific CD8 T cell response. Furthermore it is possible that 

this epitope is destroyed by a specific protease within the endo-/lysosomal 

processing/presentation entered by rSP/AbISCO. To identify proteases potentially 

involved in degradation of Kb/S190, I used various transgenic mouse strains 

deficient for different lysosomal/cytosolic proteases. Mice were vaccinated with the 
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rSP/AbISCO vaccine and Kb/S190- and Kb/S208-specific CD8 T cell frequencies 

were determined. Mice deficient for proteases involved in antigen-processing/-

presentation, e.g., asparagine endopeptidase -/- (AEP -/-) mice (deficient for MHC 

class II processing AEP), cathepsin L -/- mice (deficient for NKT cells) and 

tripeptidyl-peptidase II (TPP II) -/- mice, defective for the cytosolic TPP II, revealed 

no increased Kb/S190-specific CD8 T cell response. Moreover all mentioned 

knock out strains exhibited a Kb/S208-specific T cell immunity (Tab. 10). This 

indicates on the one hand that the Kb/S208-epitope presentation is not influenced 

by the tested proteases/peptidases and on the other hand that the Kb/S190-

epitope presentation is not promoted by AEP, TPP II or cathepsin L. 

 

Table 10: Specific T cell frequencies elicited by rSP/AbISCO vaccination in tg mice strains 

Strain Deficiency Kb /S190-IFNγ+/CD8+ [%] Kb /S208-IFNγ+/CD8+ [%]

B6 - 0.5 5.6

AEP -/- asparaginyl endopeptidase 0.3 6.0

Cath L -/- cathepsin L 0.2 6.5

TPP II -/- tripeptidyl peptidase II 0.1 3.3  

 

3.3.4.  AbISCO facilitated immune responses to diff erent  

  recombinant antigens 

 The transmissibility of the adjuvant effect of AbISCO was elucidated with 

alternative antigens. B6 and Aα mice were immunized twice with recombinant 

HBcAg (rCP) or rCP formulated with AbISCO (rCP/AbISCO). Splenocytes were 

harvested, followed by surface staining with a Kb/C93-100 (Kb/C93) tetramer to 

determine tetramer+ CD8 T cells. The rCP/AbISCO vaccine efficiently induced a 

Kb/C93-specific CD8 T cell response in both, B6 and Aa mice (Fig. 38A, group 3). 

No Kb/C93-specific CD8 T cell response was detectable in untreated or in B6 or 

Aα mice immunized with rCP (Fig. 38A, groups 1, 2). Similarly, OVA/AbISCO- but 

not OVA- or no immunization revealed OVA257-tetramer+ CD8 T cells in B6 and 

Aα mice (Fig. 38B). Thus, a CD4 T cell-independent adjuvant activity of AbISCO 

was evident for different antigen models. 
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Figure 38:  Immunization with HBcAg/OVA encoding protein vaccin es. 

(A) B6 and Aα mice (3 mice per group) were left untreated, i.m. vaccinated with 20 µg rCP (group 1, left 

panel), 20 µg rCP formulated with 12.5 µg AbISCO (group 2, left panel. 12 days post vaccination Kb/C93-

specific CD8 T cells were determined by Kb/C93-tetramer surface staining of splenocytes, followed by FCM. 

Mean % of Kb/C93-tetramer+ CD8 T cells (+ SD) of a representative experiment are shown. (B) B6 and Aα 

mice (3 mice per group) were i.m. vaccinated with 20 µg rOVA (group 1, left panel), 20 µg rOVA formulated 

with 12.5 µg AbISCO (group 2, left panel), pCI/OVA encoding DNA (group 2, right panel) or pCI as control 

(group1, right panel). 12 days post vaccination Kb/OVA257-specific CD8 T cells were determined by 

Kb/OVA257-tetramer surface staining of splenocytes, followed by FCM. Mean % of Kb/OVA257-tetramer+ 

CD8 T cells (+ SD) of a representative experiment are shown. 

 

3.3.5  AbISCO adjuvant effect induced adaptive immu nity in 

  elderly 

 Immunosenescence, i.e. the deterioration of the immune response in aged 

individuals, impairs the adaptive immunity of elderly to vaccines. To evaluate the 

capacity of AbISCO to induce an antigen specific immune response in aging mice, 

I vaccinated young (<3 months old) and old (>24 months old) B6 mice twice either 

with rSP/ODN-1826 or rSP/AbISCO. The HBsAg specific serum antibody 

response (mlU/ml) was determined by a commercial, competitive ELISA. The 

ODN-1826 vaccine efficiently induced S-specific antibody titers in young, but not in 

old mice (Fig. 39A). The rSP/AbISCO vaccine significantly improved S-specific 

antibody titers in young and especially also in old mice (Fig. 39B). 
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To determine the specific CD8 T cell immune response in aging mice, the 

rSP/AbISCO vaccine was injected into young (<3 months old) and old (>24 

months old) B6 mice. The Kb/S208-specific CD8 T cell response was determined 

by FCM. As shown above, the rSP/AbISCO vaccine efficiently induced Kb/S208-

specific CD8 T cells in young mice (Fig. 39B). However, this vaccine inefficiently 

triggered Kb/S208-specific CD8 T cells in the old mice (Fig. 39B). This suggests 

that the AbISCO adjuvant is a potent immunostimulatory agent to elicit specific 

humoral (but not CD8 T cell) immune responses in old individuals. 
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Figure 39:  AbISCO efficacy in elderly.  

(A) Young (<3 months) and old  (>24 months) B6 mice (2 mice per group) were twice i.m. vaccinated with 20 

µg rSP formulated with 100 µg ODN-1826 or (B) 12.5 µg AbISCO. 12 days post booster vaccination sera were 

collected and HBsAg specific antibody responses were determined using ELISA. 12 days booster vaccination 

splenocytes were ex vivo restimulated with the Kb/OVA257 or Kb/S208 peptide for 4 h, followed by 

determination of IFNγ+ CD8 T cell frequencies by FCM. Mean % of IFNγ+ CD8 T cells (+ SD) of a 

representative experiment are shown. 
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4.  Discussion 

 

 Vaccines are designed to prime multispecific CD8 T cell responses that 

mediate protective immunity against different intracellular pathogens [179]. 

However, interference between responses to individual epitopes presented by the 

same or different MHC class I molecules is the well established phenomenon of 

‘immunodominance’ that limits the repertoire diversity of CD8 T cell responses 

primed by those vaccines [71]. Previous publications have shown that 

immunodominance hierarchies operate in CD8 T cell responses to different 

epitopes of the same antigen, between different antigens of the same virus or 

between unrelated antigens [122, 139, 140, 168, 169]. 

 Different factors have been proposed to contribute to ‘immunodominance’ 

such as competition between epitopes to bind to the same MHC class I molecules 

[113, 150], or competition between different MHC class I alleles for cell surface 

expression [161]. Here I used a simple i.m. DNA/protein vaccination approach for 

HCMV and HBV model antigens to demonstrate to what extend 

immunodominance hierarchies operate in CD8 T cell immunity under tightly-

controlled experimental conditions (inbred mice, well defined antigens and their 

MHC class I-restricted epitopes). 

 

4.1.  Immunodominance hierarchies within human  

  cytomegalovirus (HCMV) 

 

 In the present study, the major CD8 T cell response in vaccinated HLA-

A*0201 tg mice is directed against the e6/pp65495-503 epitope among the published 

HLA-A*0201 binding epitopes [40, 134, 155, 175]. Inactivation of the e6 epitope 

from the pp65 vaccine (st-pp65∆501-503) significantly enhanced CD8 T cell 

responses against two other (e3 and e8) epitopes of pp65, indicating that the e6-

specific immunity suppresses these CD8 T cell specificities. 

 The HLA*0201 tg mice used in this study only express the human HLA-

A*0201 MHC class I molecule [106, 107]. Simple differences in HLA-A*0201-

binding by the dominant e6 and the subdominant e3 and e8 peptides do not 
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explain the observed immunodominance in HCMV/pp65-immune mice because all 

three peptides have a similar HLA-A*0201-binding/stabilization capacity (see figs. 

8B, C). Using antibody-mediated CD4 T cell-depletion of pp65-immune mice 

revealed that the immunogenicity of the immunodominant e6 (but not the e3 and 

e8) epitope depends on CD4 T cell ‘help’. CD4 T cells play a major role in 

establishing and sustaining CD8 T cell responses directed against pp65 tegument 

protein. The DNA-primed CD8 T cell responses peaked at 12 - 14 days post 

vaccination and declined to low levels in the following 20 - 30 days as previously 

reported for other antigens [57] (this work see fig. 20). Therefore I assume that 

CD4 T cell help facilitates priming of e6-specific CD8 T cells in pp65-immune mice, 

which limit e3 and e8 CD8 T cell responses by a yet unknown mechanism. 

 It is poorly understood, why many (but not all) CD8 T cell responses require 

CD4 T cell help. Here a different source of ‘help’ facilitates priming of 

immunodominant (e6) and subdominant (e3 and e8) CD8 T cell responses. 

Monospecific DNA- or peptide/ODN-based vaccines efficiently elicited e3- and e8- 

(but not e6)-specific CD8 T cell responses in HLA-A*0201 tg mice. CpG-containing 

ODN have been shown to provide TLR9-dependent, immunostimulatory signals to 

the innate immune system [79]. Similarly, plasmid DNA induced 

immunostimulatory immune responses in mice [82]. This nonspecific ‘innate help’ 

is thus sufficient to induce e3- and e8- (but not e6)-specific CD8 T cells. In 

contrast, priming of e6-specific CD8 T cell responses by peptide-based vaccines 

critically depends on heterologous CD4 T cell help. An eight residue, NH2-terminal 

extension to the e6 epitope (i.e. pp65487-503) efficiently improved peptide-based 

priming of e6-specific CD8 T cell responses in A2-HHD-II and in A2-DR1 tg mice, 

indicating that this sequence is an essential contribution to a promiscuous I-Ab- 

and HLA-DR1-binding helper epitope [3]. Previous studies have indicated that 

either promiscuous CD4 T cell stimulating domains contain a nested set of 

overlapping epitopes which bind to different (e.g. I-Ab and HLA-DR1 or I-Ab and I-

Ad) class II molecules, or different class II molecules share largely overlapping 

epitope binding repertoires (e.g. HLA-DR1, HLA-DR4, HLA-DR7) [86, 123, 156]. 

Peptides binding class II molecules are at least 10 aa long. They contain a 9 

amino acid core domain with specific MHC class II-binding anchor motifs. The 

nested pp65487-503 domain (WQAGILARNLVPMVATV) encodes different HLA-

DR1-, HLA-DR4- and HLA-DR7-binding motifs with common anchor residues at 
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position 1 (i.e. W, I, L, V) and position 6 (i.e. T, L, V, A) [156]. Multispecific CD4 T 

cell responses primed by this nested domain could thus contribute to the priming 

of e6-specific CD8 T cells by peptide-based vaccines. The homologous pp65-

specific helper sequence can be exchanged in peptide-based vaccines by an I-Ab-

binding HBV-C128 (C128) epitope or a universal HLA-DR-binding tetanus toxin 

derived epitope (TT830). These vaccines efficiently elicited e6-specific CD8 T cell 

responses in A2-HHD-II and A2-DR1 mice, respectively, confirming that induction 

of e6-specific immunity depends on CD4 T cell help [8, 126]. In contrast, co-

delivery of the subdominant e8 epitope with heterologous, I-Ab-restricted CD4 T 

cell help did not improve e8-specific CD8 T cell responses. CD4 T cell-depletion of 

st-pp65 or st-pp65∆501-503-immune mice did not down-modulate e3- and e8-specific 

CD8 T cell responses (Fig. 11). CD4 T cell help is thus important to induce e6- 

(but not e3 and e8)-specific CD8 T cell responses by monospecific (peptide-

based) and multispecific (DNA-based) vaccines. The pp65 antigen encodes 

several HLA-DR-binding motifs [55, 73, 74] which could bind to HLA-DR1 

molecules in A2-DR1 mice and trigger CD4 T cell help [156]. It is yet unknown 

which CD4 T cell specificities contribute to the induction of the immunodominant, 

e6-specific CD8 T cell response in pp65-immune mice. 

 Amino acid sequences flanking a CD8 T cell epitope can affect its 

processing and presentation efficacy [44, 142]. Using the pCI/st-pp65∆501-

503∆e1/+e6 vaccine I showed that the position of the e6 epitope within the 

overlapping (‘nested’) CD4 T cell helper domain is not critical to induce the e6-

specific CD8 T cell response to pp65. The NH2-terminal flanking sequence of the 

e6 epitope differed in the st-pp65∆501-503∆e1/+e6 antigen 

(RRCPEMISNLVPMVATV) and the wild type st-pp65 antigen 

(WQAGILARNLVPMVATV). This suggests that the NH2-terminal flanking 

sequence is not important for HLA-A*0201-restricted processing and presentation 

of the e6 epitope. However, a pCI/st-pp65∆480-490 vaccine, in which eleven amino 

acids at position pp65480-490 were deleted (i.e., at the extreme NH2-terminus of the 

e6 epitope), induced lower frequencies of e6-specific CD8 T cells compared to 

those induced by pCI/st-pp65 or pCI/st-pp65∆501-503∆e1/+e6 DNA. Thus there is 

preliminary evidence that the immunogenicity of the e6 epitope depends (at least 

in part) on its NH2-terminal flanking sequence when expressed at its natural 

position in the pp65. 
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HLA-A*0201 tg mice represent a suitable model system to study immune 

responses against complex antigens [77]. Therefore these mice are used to study 

vaccine-induced CD8 T cell responses under highly controlled conditions (i.e. one 

HCMV antigen, one presenting MHC class I molecule, sensitive 

detection/quantification of CD8 T cell frequencies). The interference between CD8 

T cell responses may be more complex in the HCMV infection of man, because 

more antigens are expressed and more antigenic epitopes compete for 

binding/presentation of different MHC class I and class II molecules. Amongst 

others CD4 T cell-mediated ‘help’ might assist in the induction of dominant but not 

subdominant CD8 T cell responses to HCMV/pp65 antigen. 

 

4.2. Immunodominance hierarchies within Hepatitis B  

 virus surface antigen (HBsAg) 

 

 As shown for HCMV a single immunodominant epitope can efficiently 

suppress many other CD8 T cell responses to epitopes of the same antigen. Since 

immunodominance influences most T cell responses, current experimental 

vaccination appendages aim to induce multispecific CD8 T-cell responses also to 

subdominant epitopes. Various mechanisms contribute to immunodominance, e.g. 

competition of antigenic peptides for processing, transport, MHC class I binding, 

competition of T cells for APC and regulatory interaction between T cells [49, 72, 

128, 150, 174]. This is also verifiable for HBV immunity mediated by CD8 T cells. 

Previous work showed that an immunodominant Ld-restricted epitope from the 

hepatitis B surface antigen (HBsAg) suppressed multispecific CD8 T cell 

responses to Kd-, Dd- and Kb-restricted epitopes of HBsAg, when administered as 

DNA vaccine. The inactivation of the immunodominant Ld-restricted epitope by a 

single amino acid exchange within the HBsAg efficiently restored priming of 

multiple subdominant CD8 T cell responses in Balb/C mice [169]. The very distinct 

affinities (Fig. 16) of the Kb/S190- and the Kb/S208-epitope indicate operating 

immunodominance hierarchies between both epitopes. The immunogenicity of 

Kb/S190 acts also against epitopes of alternative antigens, e.g. the suppression of 

a ppins-specific diabetogenic epitope by the dominant Kb/S190-specific T cell 
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response [12]. In Balb/C mice the priming to the dominant Ld/28-39-specific CD8 T 

cells by rSP was previously shown to be CD4 T cell ‘help’ dependent [172]. Using 

MHC class II-deficient Aα mice, I showed that induction of CD8 T cell responses 

by pCI/S DNA (but not rSP/AbISCO) depends on CD4 T cell ‘help’ (Fig. 35A). The 

specific immune response to rSP/AbISCO vaccine in B cell deficient mice was also 

not affected by the missing cellular compartment responsible for a humoral 

immune response (see fig. 35B). This suggests that the adjuvant effect of AbISCO 

negotiates the missing ‘help’ of CD4 T cells as well as the humoral response 

mediated by B cells (see fig. 35B). Beside CD4 T cells also NKT cells provided 

‘help’ for cross-priming DCs for efficient induction of CTLs [148]. Mice deficient for 

NKT cells have been reported to inefficiently clear viral infections attributed to the 

missing of NKT cells [48]. Here I showed no impaired specific immune response 

triggered by the rSP/AbISCO vaccine (Fig. 36) even in CD4 T cell and NKT cell 

double knock out mice (Fig 36). Interestingly, the depletion of DX5+ NK cells, using 

anti-asialo GM1 antibody, diminished the specific T cell response (Fig. 37). NK 

cells regulate the immune response by physical interaction with infected cells or 

macrophages, DCs, T-, B- or NKT-cells [67] indicating a lack of NK cell derived 

stimulatory signal for cells of the immune system might be the reason for the 

impaired HBsAg specific immunity. 

 Former studies revealed that both HBsAg-specific epitopes are derived from 

different antigen processing pathways, i.e., the Kb/S190 endogenous and the 

Kb/S208 from the exogenous pathway [142]. I confirmed these findings in in vitro 

co-culture experiments of Kb/S190- and Kb/S208-specific CTLs using novel, 

HBsAg-expressing transfectants (expressing selectively endogenous HBsAg), 

HBsAg-expressing HCs derived from different tg mice or in vitro generated BM-

DCs pulsed with recombinant HBsAg particles (rSP) (Figs. 21, 22). Furthermore, 

vaccination studies in B6 mice showed a predominant induction of Kb/S190-

specific CD8 T cells by pCI/S DNA (Fig. 18) and a predominant induction of 

Kb/S208-specific CD8 T cells by rSP/AbISCO (Fig. 19). Interestingly, DNA-based 

vaccines elicited different Kb/S190- and Kb/208-specific immune responses in 

1.4HBV-Smut mice (Fig. 23). Kb/S190-specific CD8 T cell responses were neither 

detectable in the spleen nor in the liver of pCI/S-immunized 1.4HBV-Smut mice, 

indicating that specific tolerance and/or regulatory mechanisms inhibited this 

specific T cell response. However, the missing Kb/S190-specific CD8 T cell 
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response in vaccinated 1.4HBV-Smut mice correlated with appearance of high 

frequencies of Kb/S208-specific CD8 T cells (Fig. 23). Thus, the missing Kb/S190-

specific CD8 T cell response in DNA-immunized 1.4HBV-Smut mice apparently 

allowed efficient priming of Kb/S208-specific CD8 T cells. Similarly, destruction of 

the Kb/S190-epitope in HBsAg-encoding vaccines by two point mutations in the 

Kb-anchor positions 5 and 8 of the epitope (i.e., pCI/S194A/197A or pCI/LS-

1.4Smut
194A/197A DNA) facilitated induction of Kb/S208-specific CD8 T cell 

responses in wild type B6 mice. Eight- to ten-fold higher numbers of Kb/S208-

specific CD8 T cells were induced by the pCI/S194A/197A as compared to the pCI/S 

vaccine (see Fig. 26, groups 2 and 3). This indicated that the Kb/S190-specific T 

cell response dominates the Kb/S208-specific one. Thus, intracellular DNA-based 

surface antigens as well as the recombinant (exogenous) rSP could elicit 

Kb/S208-specific CD8 T cells. This strongly supports the notion that the Kb/S208-

epitope is potentially generated in the endogenous and exogenous 

processing/presentation pathway. 

 Vaccination with rSP/AbISCO induced a marginal Kb/S190-specific and a 

very high Kb/S208-specific immune response in B6 mice (Fig. 19B.). A defect in 

the generation of the Kb/S190-epitope in the exogenous processing/presentation 

pathway may thus allow the circumvention of the Kb/S190-specific 

immunodomination and the efficient induction of Kb/S190-specific CD8 T cells. 

 Endosomal, lysosomal or cytosolic proteases are needed for efficient 

processing of MHC class I ligands [162]. To detect possible proteases involved in 

Kb/S190 degradation, deficient mouse strains (listed in table 10) were immunized 

with the rSP/AbISCO vaccine. Asparaginyl endopeptidase (AEP) deficient mice 

are characterized through an impaired MHC class II processing. The processing 

and supporting of the maturation of lysosomal proteases (e.g., cathepsins B, L and 

H) by AEP is diminished in these mice [31], but no enhanced Kb/S190-specific 

CD8 T cell response was detected. The cysteine protease cathepsin L regulates 

the MHC class II antigen presentation and was shown to support NKT cell 

development [64]. No amended Kb/S190-specific T cell response was evident for 

rSP/AbISCO vaccinated cathepsin L knock out mice. Recent studies emphasized 

the role of intracellular translocation of ISCOMATRIX formulated tumor antigen to 

the cytosolic located tripeptidyl peptidase II (TPP II) for an efficient induction of 

CTLs [147], but Kb/S190 specific CD8 T cells were not successfully induced in 
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TPP II knock out mice, indicating another underlying reason for the abolished 

Kb/S190-specific immunity. Summarized, none of the indicated strains revealed a 

Kb/S190-specific CD8 T cell response. I thus suppose that the Kb/S190-epitope is 

either degraded by other proteases or is destroyed during acidification in the 

course of endo-/lysosomal antigen processing of rSP. Recombinant rCP or OVA 

formulated with AbISCO efficiently induced CD8 T cell responses (Fig. 38). These 

results indicate that the Kb/C93- as well as the Kb/OVA257 epitopes are in 

contrast to the Kb/S190-epitope, not affected by the endo-/lysosomal 

processing/presentation pathway. 

 Deletion of an immunodominant, antigenic domain from a vaccine assists 

‘subdominant’ or ‘cryptic’ epitopes that can mediate important biological effects, 

e.g. antiviral clearance in HBV expressing HCs [122]. Previous studies showed 

that a subdominant, HBcAg-specific but not a dominant HBsAg-specific CD8 T cell 

response was efficiently elicited in tg mice that harbor a replicating HBV genome 

in the liver [88]. Here I showed that ‘subdominant’ determinants, i.e. Kb/S208-

epitope, on a DNA encoded vaccine are able to induce CD8 T cell immunity in an 

HBsAg tolerogenic milieu (see fig. 23A). As HCs of 1.4HBV-Smut mice did not 

present the Kb/S208-epitope due to competition with Kb/S190-epitope (see fig. 

22C) they were not attacked by Kb/S208-specific T cells. Moreover expression of 

viral intermediates is not altered by rSP/AbISCO vaccination due to the not 

presented Kb/S208 epitope in 1.4HBV-Smut mice (see fig. 24). HBcAg-specific CD8 

T cells in contrast accumulated in the liver of vaccinated mice and transiently 

suppressed HBV replication [88, 122]. 

 The interference between epitopes and/or CD8 T cell responses may be 

more complex in the natural HBV infection, as more antigens (core/precore, 

preS2, preS1, S, polymerase, X-antigen) are expressed and more antigenic 

epitopes compete for MHC class I binding/-presentation. Little is known about how 

immunodominant and subdominant determinants are distinguished by the CD8 T 

cell system. Protective immunity often does not correlate with the hierarchy of 

virus-specific cytotoxic T cell responses to naturally processed peptides [45, 63, 

122, 139, 167]. Various factors have been identified to contribute to 

immunodominance, including the competition between responding T cells [131], 

interaction between T cells and APCs [174], processing [159] or peptide binding to 

MHC class I molecules [113]. Moreover only a few specific precursors for 
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subdominant determinants (SDDs) in the naïve T cell pool might respond or a high 

number of specific T cells or immunodominant determinants (IDDs) prevent the 

induction of subdominant responses [41]. Alternatively immunodominance is 

influenced by competition between the presentation of single MHC class I alleles 

presentation at the cell surface [161], the kinetics of viral protein expression [114], 

and also regulatory T cells that selectively suppress certain responses [53]. Here I 

provided example that the diverse affinity, the route of antigen delivery and the 

tolerogenic milieu of HBsAg tg mice accounted for the dominant Kb/S190- and the 

subdominant Kb/S208-specific T cell response. 

 

4.3. ISCOMATRIX (AbISCO ®-100) adjuvant efficacy in 

 HBsAg immunity 

 

 ISCOM based adjuvants activate the immune system through multiple 

effects. Formulated antigen together with the ISCOM adjuvant mimics physically a 

‘microorganism’ and is similar to protein micelles, liposomes or virus-like particles 

(VLPs). The antigen is partly incorporated into ISCOMs and also exposed on the 

surface of the particles [100]. After endocytosis the codelivered antigen is targeted 

to the antigen processing machinery either for presentation on MHC class II or for 

cross-presentation on MHC class I. ISCOM based adjuvants elicit humoral as well 

as cellular immunity [100, 144] depending on the cytokines induced by AbISCO, 

e.g., IFNγ, IL-1, IL-6 and IL-12 [100].  

 Adjuvant formulation with ISCOM makes poorly immunogenic antigens, 

e.g., ovalbumin [37] or subunit vaccines, e.g., tumor antigens [146, 147] 

accessible for CD8 T cells, resulting in CTL induction. The originally used ISCOM 

adjuvant was a mixture of saponins derived from the bark of Quillaja saponaria 

Molina trees, associated with cholesterols and phospholipids from plants. The 

adjuvant incorporates amphipathic antigens of interest and forms 40 nm spherical 

cage-like particles, depending on the firm affinity of saponin and cholesterol. The 

particulate structure stabilizes the fragile saponins. Since not all antigens are 

easily incorporated into ISCOMs, e.g. membrane derived antigens or recombinant 

proteins, the ISCOMATRIX adjuvants provide a perfect adjuvant for high molar 

antigens through their modular composition, without need of incorporation of the 
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antigen. Two purified fractions of Quillaja saponaria Molina, i.e. QS-7 and QS-21, 

yield the ISCOMATRIX adjuvant AbISCO (see fig. 5). The rSP used in this work 

have per se a size of approximately 20 nm (Fig. 19A) and are presumably not 

easily incorporated into ISCOMS. In contrast to recent studies [144] the rSP 

structure here was intact and not degraded. 

 Formulation with alternative adjuvants, e.g. TLR-9 stimulating ODN or TLR-

3 activating poly I:C induced only an impaired T cell response directed against 

HBsAg (see fig. 27). These findings indicate a limited adjuvant efficacy of agents 

acting through PRRs for HBsAg specific immunity. Thus AbISCO efficiency in 

HBsAg immunity relies on other mechanisms, e.g. attraction of APCs, followed by 

incorporation of rSP lipoparticles directly into membranes (compare figs. 29, 30). 

Codelivery of rSP with ISCOMATRIX adjuvant AbISCO efficiently induced HBsAg-

specific T cells (see fig. 27), similar to other described ISCOM based adjuvants 

[144]. Without formulation rSP did not induce an immune response in B6 mice 

(see fig. 19B). In high responders Balb/C mice rSP efficiently induced a specific 

CD8 T cell response (directed against the dominant Ld/28-39-epitope) [172]. This 

suggests a further need of additional ‘signal’ provided through AbISCO to trigger 

potent CTLs in B6 mice. In B6 mice AbISCO formulation led to CTL induction 

without need of CD4 T cells and also B cells (see fig. 35), suggesting an important 

role for another cellular subset either mediating the antigen presentation or 

modulating the cytokine milieu. 

 AbISCO administration removes rSP rapidly from the injection site 

(compare fig. 31) and transports rSP to the draining lymph node [99] (see fig. 32). 

However, antigen endocytosis and presentation is an early event in the onset of 

adaptive immunity. A further aspect of the adjuvant capability of ISCOM derived 

adjuvants relies on the selective targeting of codelivered antigen to specialized 

APCs, e.g., to CD11c+ CD8+ DCs [146] or as shown here to CD11b+ cells (see fig. 

33). Those might belong to monocytes, neutrophils or eosinophils, as a recent 

study with an alternative squalene based adjuvant (MF59) revealed [18]. AbISCO 

induces a massive augmentation of cells involved in antigen presentation (see 

table 9), that bypassed all restrictive deficiencies. DCs were encouraged to up-

regulate co-stimulatory receptors (Fig. 33). The up-regulated co-stimulatory 

molecules CD80 and CD86 interact with CD28 on CD8 T cell and sustain their 

effector function [66]. 
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 Elderly exhibit an impaired immune response to pathogens. The 

dysfunctions include the innate immune response regarding to the breaking down 

of epithelial barriers, e.g., of the skin, lung or the gastrointestinal tract and also the 

adaptive immunity [78]. With progressive age the thymus reduces its function and 

as a result the production of naïve T cells in aged individuals decreases [102]. The 

limited naïve T cell pool is further influenced by the life long exposure to 

pathogens in old individuals, ending in generation of memory T cells furthermore 

diminishing the naive T cell population. However, vaccination against influenza for 

example was able to protect only about 30 – 50% of immunized aged individuals 

[101]. The immune response in elderly is promoted by immunostimulatory and 

immunomodulatory adjuvants, e.g., ISCOMs (QS21) or ISCOMATRIX adjuvants, 

e.g. AbISCO. Here I provide evidence for an effective humoral immune response 

to HBsAg (see fig. 39) mediated by AbISCO. Despite the limited specific immune 

response, the ISCOMATRIX adjuvant AbISCO is able to induce neutralizing 

antibodies against HBsAg even in aged individuals. Those findings have important 

implications for vaccination strategies in elderly as well as the design of vaccines. 
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5. Summary 

 

Immunodominance hierarchies operating in immune responses to viral antigens 

limit the diversity of the elicited CD8 T cell responses. I evaluated in I-Ab+/A2-HHD-

II and HLA-DR1+/A2-DR1 mice the HLA-A*0201-restricted, multispecific CD8 T cell 

responses to the human cytomegalovirus (HCMV) pp65 antigen. Vaccination of 

mice with pp65-encoding DNA elicited high IFNγ+ CD8 T cell frequencies to the 

pp65495-503/(e6) epitope and low responses to the pp65320-328/(e3) and pp65522-

530/(e8) epitopes. Abrogation of the e6-specific immunity efficiently enhanced e3- 

and e8-specific T cell responses by a pp65∆501-503 DNA vaccine. The 

immunodominant e6- (but not the e3- and e8)-specific CD8 T cell response 

critically depends on CD4 T cell ‘help’. Injection of monospecific DNA- or peptide-

based vaccines encoding the e3 or e8 (but not the e6) epitope into HLA-A*0201 tg 

mice elicited CD8 T cells. Co-delivering the antigenic peptides with different 

heterologous CD4 T cell helper epitopes enhanced e6- (but not e3 or e8)-specific 

CD8 T cell responses. Similarly, homologous CD4 T cell ‘help’, located within an 

overlapping (‘nested’) pp65487-503 domain, facilitated induction of e6-specific CD8 T 

cell responses by peptide-based vaccination. The position of the e6 epitope within 

this ‘nested’ domain is not critical to induce the immunodominant, e6-specific CD8 

T cell response to the pp65 antigen. Distant CD4 T cell epitope(s) can thus provide 

efficient ‘help’ for establishing pp65-e6 immunodominance in vaccinated mice. 

 In the second part of my thesis I analyzed CD8 T cell responses against the 

hepatitis B surface antigen (HBsAg). Two Kb-restricted epitopes i.e., the Kb/S190-197 

(Kb/S190) and the Kb/S208-215 (Kb/S208) epitope have been mapped. These 

epitopes were thought to be generated by alternative antigen 

processing/presentation: (i) the Kb/S190-epitope in an ‘endogenous’ pathway 

(because this epitope is selectively presented by HBsAg-expressing APCs, and 

Kb/S190-specific CD8 T cells are almost exclusively primed in mice by DNA-based 

vaccines); (ii) the Kb/S208-epitope in an ‘exogenous’ or cross-presentation 

pathway (because this epitope is selectively presented by different APCs pulsed 

with recombinant HBsAg particles, and Kb/S208-specific CD8 T cells are 

exclusively primed in mice by a HBsAg/ISCOMATRIX vaccine). I showed that 

inactivation of the Kb/S190-epitope in HBsAg-encoding DNA vaccines significantly 
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improved Kb/S208-specific CD8 T cell responses, indicating that the missing 

Kb/S190-specific CD8 T cell response allows efficient priming of Kb/S208-specific 

CD8 T cells. This identified a novel immunodominance hierarchy (i.e., the 

dominant Kb/S190 suppresses the Kb/S208 response). Moreover, protein- and 

DNA-based vaccines elicited distinct Kb/S190- and Kb/208-specific immune 

responses in the tolerogenic milieu of HBV tg mice, expressing either endogenous 

(1.4HBV-Smut) or endo-/exogenous HBsAg (Alb/HBs) in hepatocytes (HCs). 

Neither single nor boosted injections of DNA- or protein-based vaccines could 

elicit Kb/S190- or Kb/208-specific CD8 T cell responses in Alb/HBs tg mice, or 

Kb/S190-specific CD8 T cell responses in 1.4HBV-Smut mice, indicating that these 

mice are tolerant to the examined CD8 T cell specificities. Vaccination of 1.4HBV-

Smut mice with DNA- or protein-based vaccines efficiently induced high levels of 

IFNγ+ Kb/S208-specific CD8 T cells, indicating that no tolerance or regulatory 

mechanism operates against this T cell response. However, the induced Kb/S208-

specific CD8 T cell response could not inhibit HBV replication in the liver of 

1.4HBV-Smut tg mice because the Kb/S208-epitope is not presented by HBsAg-

expressing HCs.  

 In these experiments I delivered recombinant antigens with ISCOMATRIX 

adjuvant (AbISCO®-100), which is derived from the immune stimulating complexes 

(ISCOMs). Vaccines, made by simply mixing the antigen with preformed 

ISCOMATRIX adjuvant, efficiently elicited CD8 T cell responses in immunized 

mice. Interestingly, specific T cell responses were independent of CD4 T cell 

and/or NKT cell ‘help’. These results have practical implications for the design of 

new T cell-stimulating vaccines. 
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7.  Appendix 

 

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 

Bactotryptone   DIFCO    0123-07-5 

β-ME     BioRad    161-0710 

bromphenol blue    Sigma    B-8026 

BSA      PAA     K41-001 

CaCl2x2H2O     Merck    1.02383 

Coomassie Brilliant Blue R250  Serva     17525 

diethanolamin    Fluka     31590 

DMSO     Applichem    67-68-5 

EDTA     Fluka     3677 

ethanol     VWR     20821.330 

ethidium bromide    Applichem    A2273 

gelatine     Merck    1.04078 

glycerol     J.T.Baker    7044 

glycine     Applichem    A1377 

H2SO4     Merck    1.00731 
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Product    provider   cat.no.  

 

HCl      VWR     20252.290 

Hepes     Serva     25245 

isopropanol     Fluka     59300 

kanamycin     Fluka     60615 

K2HPO4     Sigma    P5655 

leupeptin     Fluka     62070 

LiCl      Roth     3739.2 

methanol     Fluka     65543 

MgCl2x6H2O    Sigma    M2670 

Na2HPO4x2H2O    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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