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1 Introduction  

1 Introduction  

1.1 The immune system protects hosts against infection with 
pathogens 

1.1.1 Innate and adaptive immunity 

The immune system represents a defense mechanism that protects an 

organism against many microbial infections by recognizing and eliminating 

pathogens. Furthermore, in case of some infections, the immune system has 

the remarkable capacity to maintain lifelong memory responses that protect 

against reinfection. The “innate” immune response serves as a first line defense 

against microorganisms. Immune cells contributing to “innate” immunity 

comprise natural killer (NK) cells, macrophages and different types of 

granulocytes. These immune cells non-specifically eliminate pathogens and 

infected cells by phagocytosis and destruction of infected cells. Innate immune 

cells of the host express pathogen recognition receptors (PRR) that are 

triggered by pathogen associated molecular patterns (PAMP). PRRs comprise 

different types of receptor families, such as Toll-like receptors (TLRs), RIG-like 

receptors, NOD-like receptors and presumably other yet unknown systems 

[Meylan et al., 2006]. TLRs are the best studied pattern-recognition receptors 

that bind a multitude of PAMPs. 12 members of the TLR familiy exist that are 

triggered by PAMPs such as LPS, double-stranded (ds) RNA, single-stranded 

(ss) RNA, prokaryotic DNA containing CpG motives and many others [Takeda 

et al., 2003; Akira et al., 2004; Kawai et al., 2006].  

In contrast, the “adaptive” immune system has the ability to specifically 

recognize single pathogen species and to mount specific memory responses. 

Specific immunity is conferred by B and T lymphocytes. Similarly to all other 

immune cells, B cells differentiate from a common precursor in the bone 

marrow. Mature B cells recirculate and populate secondary lymphoid organs. 

Upon direct binding of antigen to the B cell receptor (BCR) and subsequent 

BCR crosslinking, B cells are activated and secrete immunoglobulins that show 
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the identical specificity as the BCR. In contrast, T cells derive from a T cell 

precursor that migrates from bone marrow to the thymus where T cells 

rearrange the T cell receptor (TCR). After positive and negative selection, 

mature T cells leave the thymus and populate secondary lymphoid organs. 

Unlike the BCR, the TCR recognizes protein fragments, i.e. peptides, displayed 

on self-molecules of the major histocompatibility complex (MHC). 

T lymphocytes are classified according to their surface receptor expression 

patterns and functions into two major subsets, CD8+ cytotoxic T lymphocytes 

(CTL) that mediate lysis of infected cells and CD4+ T helper (Th) cells which 

activate other immune cells. Within CD4+ T helper cells, Th1, Th2, Th17, and 

Treg can be discriminated. Th1 cells participate in cell mediated immunity by 

controlling elimination of intracellular pathogens, whereas Th2 cells primarily 

participate in clearance of extracellular pathogens and provide help for B cells. 

Th17 cells have recently been identified as a unique IL-17 producing T cell 

subset that develops upon IL-23 stimulation and that promotes inflammatory 

processes [Tato et al., 2006]. CD4+ T cells constitutively expressing CD25 on 

their surface can exhibit regulatory functions (Treg cells). The forkhead box 

transcription factor (Foxp3) is specifically expressed by Treg cells and plays a 

major role in the regulation of Treg development and function [Fontenot et al., 

2005]. These cells are necessary for maintaining self-tolerance in new borns 

and for avoiding autoimmunity in adults [Shevach, 2000].  

 

1.1.2 The induction of antibody responses  

Upon pathogen encounter, antibody responses are usually induced and lifelong 

protective immunity is often maintained. Whereas T lymphocytes confer cellular 

immunity and exhibit effector functions, B lymphocytes contribute to humoral 

immune responses. Antibodies can control pathogens by various different 

mechanisms: binding of antibodies to viruses or intracellular bacteria prevents 

pathogens from entering cells, i.e. pathogens are directly neutralized. 

Furthermore, extracellularly replicating bacteria that are coated by antibodies 

can be efficiently eliminated by phagocytic cells which recognize the Fc-part 

 2



 
1 Introduction  

(constant region) of bound antibody, a process called opsonization. Finally, 

antibodies can trigger activation of the complement system. After binding of 

antibodies to the pathogen’s surface and formation of a complement-antibody 

complex, serum complement components are activated through the classical 

pathway. The complement system comprises nearly 30 soluble plasma proteins 

that can be activated directly by pathogens or indirectly by antibodies bound to 

the surface of pathogens. Triggering of complement initiates a cascade of 

proteolytic cleavage reactions that finally results in formation of a complex 

formed by the final components of the cascade that perforates the pathogen’s 

membrane and leads to direct killing of certain microorganisms. 

In the periphery, pathogens are taken up by dendritic cells (DC). This antigen 

uptake activates DC and is followed by DC migration into the draining lymph 

nodes (LN). During migration, DCs undergo maturation that is characterized by 

upregulation of MHC class II and induction of the costimulatory molecules CD80 

and CD86. In the LN, DCs present the processed antigen to lymphocytes. 

When DCs enter the T cell zone of LN, antigen-specific T cells bind antigen-

derived peptides presented by MHC. For full T cell activation, in addition to the 

antigen-dependent TCR-MHC interaction, the CD28 receptor, which is 

constitutively expressed by T cells, has to interact with CD80 and/or CD86 on 

DC. Following activation, CD4+ T cells proliferate and differentiate into Th cells, 

which move around to screen for antigen-specific B cells.  

Upon antigen encounter, B cells migrate to the border between the B and T cell 

zone, and interact with T helper cells. Then, stimulated lymphocytes migrate to 

the T cell zone, proliferate and build “primary foci” where B cells also 

differentiate to plasmablasts. In addition, some B cells migrate to primary 

lymphoid follicle where they continue to proliferate and form germinal centers 

(GC). 

 

1.1.3 Germinal Centers 

Germinal centers (GC), which are also known as secondary follicles, are the 

sites of massive B cell proliferation and differentiation. Several studies showed 
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that BCR hypermutation and selection of high affinity BCR take place in GC 

[Jacob et al., 1991; Berek et al., 1991]. Furthermore, immunoglobulin subclass 

switch from IgM to IgG, IgA or IgE isotypes is initiated within the GC [Wolniak et 

al., 2004]. The switch is controlled by Th cells or by DC-derived cytokines 

[Schneider, 2005]. Following selection, B cells leave GC and differentiate either 

into memory B cells or to plasma cells [MacLennan, 1994; Nossal, 1994]. 

Memory B cells are primarily found in secondary lymphoid organs, whereas 

plasma cells home to the bone marrow to produce high levels of IgG. 

In the GC, B cells undergo several important modifications. Firstly, low affinity 

B cells enter the follicle and proliferate in the dark zone. In this phase, B cells 

are also called centroblasts. After proliferation, the V-region DNA sequences of 

BCR undergo “somatic hypermutation”. Hypermutated B cells move into the 

light zone where they are called centrocytes. These centrocytes express 

surface Ig and are selected by a dense network of follicular dendritic cells (FDC) 

that continuously present antigen to activated B cells for high affinity binding. 

This process is called “affinity maturation” Certain GC B cells whose BCR lost 

specific binding during somatic hypermutation or evolved auto-specificity, are 

counter-selected and undergo apoptosis [Wolniak et al., 2004].  

Within secondary lymophoid organs, B cells are present in the marginal zone 

(MZ). MZ B cells are specialised to quickly carry out T cell-independent (TI) IgM 

responses [Fagarasan et al., 2000; Gatto et al., 2004] and to initiate the early 

plasmablast wave during the first three days of an antibody response against 

TI antigens [Martin et al., 2000]. Generally, TI antigens are classified into two 

groups, TI-1 and TI-2 antigens. TI-1 antigens, such as LPS, are randomly 

organized structured antigens which have inherent mitogenic activity, whereas 

TI-2 antigens, such as bacterial capsular polysaccharides, have highly repetitive 

structures and activate B cells via multiple epitopes and BCR crosslinking.  Due 

to their limited size, viruses can even reach the follicles to directly trigger 

follicular B cells [Gatto et al., 2004]. In general, GCs are found in both follicular 

and marginal zone B cell blasts. However, the majority of marginal zone B cells 

remain in the marginal zone as plasma cells to facilitate IgM and IgG-mediated 

opsonization of circulating pathogen. IgM antibody responses usually show a 

 4



 
1 Introduction  

very short serum half-life. Therefore, the IgM to IgG subclass switch is required 

to maintain elevated serum titers of neutralizing antibodies that confer long term 

protection. T cell-dependent (TD) rapid isotype class switch was shown to be 

essential for survival of a VSV infection [Thomsen et al., 1997]. The importance 

of the induction of various different IgG isotypes during viral infection is 

controversially discussed. In mice, viral infections frequently elict IgG2a 

responses [Coutelier et al., 1987].  

 

1.2 Interferons 

Interferon (IFN) was originally discovered on the basis of its antiviral activity 

[Isaacs et al., 1987]. IFNs are classified into two types, type I IFN that include 

IFN-α, IFN-β and IFN-ω and type II IFN, also termed IFN-γ. Type I IFN s directly 

induced upon virus infection of cells, whereas IFN-γ is synthesized only by 

certain cells of the immune system, including natural killer cells (NK), CD4 

Th1 cells and CD8 suppressor cells [Bach et al., 1997]. Both types of IFN show 

primary sequence homology and use distinct cell surface receptors [Chen et al., 

2004; Pestka et al., 2004]. Type I IFN includes small isogenic proteins encoded 

by up to 13 different IFN-α genes, depending on the species, and one IFN-β 

gene.  

Type I IFN bind to a common surface receptor, the type I Interferon Receptor 

(IFNAR) [Branca et al., 1981]. The heterodimeric IFNAR is composed of two 

subunits, IFNAR1 and IFNAR2 [Lutfalla et al., 1992] which are members of the 

class II cytokine receptor family. Both subunits participate in ligand binding and 

intracellular signaling. In a first step, IFN binds to IFNAR2 that subsequently 

recruits IFNAR1 to form a complex that mediates signaling [Lamken et al., 

2004]. 

Mice that are deficient in type I IFN receptor (IFNAR-/-) are highly susceptible to 

infection with different viruses [Muller et al., 1994]. Furthermore, they are unable 

to establish an antiviral state, demonstrating that type I IFN plays an important 

role in host response to viral pathogens. Within the first hours after virus 

infection, a number of pathogen-associated molecular patterns (PAMPs) trigger 
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innate immunity, and cytokines, such as type I IFN, are produced that ensure 

initial survival of the host [Kawai et al., 2006].  

Whereas virtually all tissues cell types express IFNAR and thus respond to type 

I IFN by the expression of a wide array of IFN-inducible genes [Samuel, 2001], 

only few cells are specialized to produce large amounts of type I IFN upon 

in vivo infection [Barchet et al., 2002; Colonna et al., 2004; Asselin-Paturel et 

al., 2005; Cao et al., 2007]. Upon infection with vesicular stomatitis virus (VSV), 

a specialized DC subset with a plasma cell-like morphology, so-called 

plasmacytoid DCs (pDCs), represents one major source of type I IFN [Barchet 

et al., 2002]. Apart from pDCs, myeloid DCs (mDCs) may also produce type I 

IFN upon virus infection [Barchet et al., 2005]. 

 

1.2.1 The Impact of type I IFN stimulation on immune responses 

In addition to anti-viral activity [Samuel, 2001] type I IFN shows pleiotrophic 

effects such as anti-proliferative effects [Petricoin, III et al., 1997], apoptotic 

effects [Marrack et al., 1999] and effects on the expression of cytokines and 

cytokine receptors [Holan et al., 1991; Strengell et al., 2004]. Furthermore, it 

was reported that type I IFN exerts direct and indirect effects on lymphocytes 

and might have an impact on antibody responses. Many indirect effects of type I 

IFN are presumably mediated by the activation of APCs [Le Bon et al., 2001] 

which in turn secrete various cytokines, such as IL-15, that can act on 

lymphocytes [Zhang et al., 1998].  

About T cells, it was recently described that type I IFN has a direct effect on 

CD8+ T cells to promote clonal expansion [Aichele et al., 2006] and formation of 

memory T cells by enhancing cell survival [Kolumam et al., 2005]. In vivo, type I 

IFN plays a critical role in cross-priming of CD8+ T cells [Le Bon et al., 2003]. 

Several lines of evidence pointed towards the impact of type I IFN on antibody 

responses. In in vitro studies, B cells treated with suboptimal anti-IgM showed 

an enhanced IgM production upon costimulation with IFN-α/β [Braun et al., 

2002]. More strikingly, in vivo experiments established an adjuvant effect of 

IFN-α/β leading to improved antibody responses. In this context, it was shown 
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that IgG responses towards an influenza subunit vaccine [Proietti et al., 2002] 

and against the soluble protein chicken gamma globulin (CGG) [Le Bon et al., 

2001; Le Bon et al., 2006] were enhanced by type I IFN stimulation. In the latter 

model, Le Bon et al. demonstrated that injection with CGG devoid of adjuvans 

induced only very weak antibody responses, whereas coinjection of CGG and 

IFN-α/β induced significant CGG-specific IgM and IgG responses. Under these 

conditions, IFN-α/β  stimulation of DCs, as well as of B and T cells, played a 

critical role [Le Bon et al., 2001; Le Bon et al., 2006; Le Bon et al., 2006a]. 

Furthermore, type I IFN was shown to promote plasma cell differentiation [Jego 

et al., 2003].  

Depending on the virus infection analyzed, virus-induced type I IFN may or may 

not have an impact on anti-viral antibody responses. Van den Broek et al. 

demonstrated that after infection with the non-cytopathic lymphocytic 

choriomeningitis virus (LCMV), which induces significant type I IFN responses 

[Malmgaard et al., 2002], IFNAR-/- mice and wild-type (WT) controls mounted 

similar antibody responses against the nuclear protein (NP) of LCMV. These 

NP-specific antibody responses were not neutralizing and probably had no 

protective effect. Nevertheless, they showed a comparable magnitude and 

similar isotype pattern [van den Broek et al., 1995]. In contrast, after infection 

with a low pathogenic influenza virus strain that is similarly cleared in IFNAR-/- 

and WT mice, IFNAR signaling was one of the first direct stimulatory signals 

required for local lymph node B cells to mount antibody responses. In this 

model, IFNAR-/- mice, which showed a reduced frequency of influenza-specific 

B cells, produced a changed isotype pattern of influenza-specific antibodies. In 

addition, the differentiation of activated B cells to antibody-secreting plasma 

cells was hampered [Coro et al., 2006]. Recent VSV infection studies conducted 

in mice carrying adoptively transferred transgenic VSV-specific B cells 

suggested that IFNAR signaling of B cells enhanced plasma blast formation and 

increased IgM responses [Fink et al., 2006]. However, in these studies the 

adoptively transferred IFNAR-deficient B cells expressed a transgenic B cell 

receptor and competed with endogenous IFNAR-competent B cells. Therefore, 

the overall neutralizing antibody responses were rather similar, irrespective of 
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whether IFNAR deficient or IFNAR competent transgenic B cells were 

transferred.  

 

1.3 Vesicular stomatitis virus (VSV)  

Vesicular stomatitis virus (VSV) is a single-stranded (-) RNA virus of the genus 

Vesiculovirus and belongs to the family Rhabdoviridae [Dietschhold et al., 

1996]. VSV shows bullet-shaped morphology and measures about 170 nm in 

length and 70 nm in width (Figure 1). VSV encodes 5 structural proteins (N, L, 

P, M and G). The envelope of VSV is based on the matrix (M) protein inserted 

in a host cell-derived lipid bi-layer. The externally oriented glycoprotein (VSV-G) 

forms the paracrystalline virion surface that is characterized by the tips of VSV-

G which are arranged at a distance of 5-10 nm, each [Bachmann et al., 1995]. 

GM

A B

GM

A B

 

Figure 1  Vesicular Stomatitis Virus (VSV). (A) Schematic illustration of VSV showing 

the matrix (M) protein lining the envelope and the VSV-G (G) surface protein that surrounds the 

envelope. (B) Electron microscopic picture of VSV. 

 
Several serotypes of VSV exist, including the experimentally used strains New 

Yersey (NY) and Indiana (IND). VSV shows a very broad host spectrum ranging 

from mammals and birds to insects. Main hosts are horses, cattle and swine. 

VSV causes a disease characterized by vesicular lesions in the mouth that led 

to the name of “vesicular stomatitis”. Inoculation of VSV in humans can cause 

an influenza-like disease. In mice, intravenous (i.v.) infection is tolerized up to a 

rather high dose of 108 plaque-forming units (PFU). The highly-repetitive pattern 
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of VSV-G protein results in BCR cross-linking of VSV-G specific B cells, and 

therefore provides a strong signal to induce early IgM responses without further 

need of T cell help [Bachmann et al., 1995]. VSV is therefore classified as a T 

cell-independent (TI-1) antigen [Ochsenbein et al., 1999]. 

The anti-VSV humoral response is directed nearly exclusively to one major 

determinant of VSV-G, probably because only the tip of VSV-G is accessible to 

antibodies [Bachmann et al., 1994; Roost et al., 1996; Kalinke et al., 1996].  

Intravenous VSV infection of mice induces maximal type I IFN levels after 

approximately 12 h. At later time points, type I IFN levels decline and reach 

back-ground levels by day 2 [Barchet et al., 2002; Kamphuis et al., 2006]. Rapid 

type I IFN induction is critically required for the initial survival as demonstrated 

by VSV infected IFNAR-/- mice that succumb to low-dose infection within few 

days, whereas WT mice usually survive infections with up to 108 virus particles 

[Muller et al., 1994]. Furthermore, protection requires the induction of VSV 

neutralizing antibody responses as indicated by B cell-deficient mice that 

succumb to VSV infection between day 5 and 7 [Thomsen et al., 1997]. Finally, 

long-term protection is supported by the subclass switch of neutralizing IgM to 

IgG. This was demonstrated by mice depleted of CD4+ T cells that mounted 

VSV neutralizing IgM responses, but did not show an IgG subclass switch and 

showed an increased sensitivity to lethal VSV infection [Bachmann et al., 1997].  

 

1.4 Prion biology  

1.4.1 Prion diseases 

Prion diseases or transmissible spongiform encephalopathies (TSE) are fatal 

neurodegenerative disorders that affect humans and a wide variety of animals. 

Bovine spongiform encephalopathy (BSE) in cattle [Wells et al., 1987], scrapie 

in sheep and goats [McGowan, 1922], or Creutzfeldt-Jakob disease (CJD) 

[Creuzfeldt, 1920] in humans represent the most prominent types of TSEs 

(Table1). Prion diseases share important mechanistic aspects with more 

frequent neurodegenerative diseases such as Alzheimer´s disease and 

Parkinson´s disease, but they are unique in that they are transmissible within 
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and between species. Clinical features of TSEs are mental changes, ataxia and 

massive loss of neuronal function in the brain [Parry, 1983].  

 

Table 1   Overview of TSE diseases in humans and animals 

Disease Natural host 
species 

Transmission route 
or  mechanism of 
pathogenesis  

References  

Bovine spongiform 
encephalopathy 
(BSE) 

Cattel Ingestion of BSE-
contaminated meal 

[Wells et al., 1987] 

Chronic wasting 
disease (CWD) 

Deer and elk Transmission unknown [Williams et al., 1980] 

Creuzfeldt-Jakob 
disease (CJD) 

Human Sporadic, familial 
(Prnp germline 
mutation) 

[Kretzschmar, 1993] 

Feline spongiform 
encephalopathy 
(FSE) 

Zoological 
and domestic 
cats 

Ingestion of BSE-
contaminated meat 

[Bessen et al., 1994]  

Gerstmann-
Sträussler-Schenker 
syndrome (GSS) 

Humans Familial (Prnp germline 
mutation) 

[Gerstmann et al., 1936]  

Kuru Human Ingestion of ritualistic 
cannibalism 

[Gajdusek, 1977]  

Scrapie Sheep and 
goats 

Ingestion [McGowan,1922] 

Transmissible mink 
encephalopathy 
(TME)  

Mink Ingestion [Marsh et al., 1993] 

Variant Creuzfeldt-
Jakob disease 
(vCJD) 

Human Ingestion of BSE-
contaminated food 

[Will et al., 1996]  

 

For a long time it was believed that the infectious source of TSEs was a virus or 

a viroid [Sigurdsson, 1954; Thormar, 1971] until additional studies revealed that 

the scrapie agent is resistant to procedures that destroy nucleic acids such as 

treatment with nucleases and UV irradiation. These findings led to the 

suggestion that the infectious agent is devoid of nucleic acids [Alper et al., 
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1967]. In 1967, J. S. Griffith postulated the hypothesis that the causative agent 

is a protein [Griffith, 1967]. 15 years later Stanley Prusiner showed that prion 

diseases are caused by an infectious  agent named prion [Prusiner et al., 1982]. 

The term prion is the abbreviation for “proteinaceous infectious particle” and 

was defined as “small proteinaceous infectious particle”.  

In the past decade, TSE diseases have achieved enhanced attention due to the 

appearance of BSE or ‘mad cow disease’ and vCJD in the UK, which strongly 

influenced medical, agricultural, economic and political issues worldwide. 

Currently, another prion disease of unknown origin, the chronic wasting disease 

(CWD), appears in wild and captive populations of deer and elk in North 

America [Williams, 2002; Williams et al., 2003]. The spread of prions entering 

an organism via the food chain has been shown to start out by the infection of 

immune and lymphoreticular cells and the subsequent infection of the peripheral 

and the central nervous system [Aguzzi et al., 2003].  

 

1.4.2 The prion protein 

The prion protein (PrP) is a cell-surface glycosylphosphatidylinositol (GPI) 

anchored protein [Stahl et al., 1991] that is widely expressed in mammals 

[Schatzl et al., 1995]. PrP comprises 253 amino acids (aa) and includes two 

signal sequences in the amino- and carboxy-terminal ends which are removed 

during post-translational modifications (Figure 2). The N-terminal region 

contains a segment of several octapeptide-repeat regions that preferentially 

binds copper [Hornshaw et al., 1995]. 

High expression levels of PrP are particularly found in the central nervous 

system and in cells of the immune system [Ford et al., 2002]. However, the 

exact physiological role of the cellular prion protein (PrPC) is still unknown. Mice 

lacking PrP (Prnp0/0) showed no obvious phenotype [Bueler et al., 1992; Bueler 

et al., 1993; Weissmann et al., 2003]. A comprehensive analysis of Prnp0/0 mice 

revealed subtle phenotypes such as abnormalities in synaptic physiology 

[Collinge et al., 1994] and deviations in circadian rhythm and sleep [Tobler et 

al., 1996]. Furthermore, recent evidence pointed towards a role of PrP in 
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renewal of hematopoetic stem cells under stress [Zhang et al., 2006]. 

Interestingly, Prnp0/0 mice are completely resistant to prion disease [Bueler et 

al., 1992; Bueler et al., 1993] indicating that PrPC expression is essential for 

prion replication and disease development [Bueler et al., 1993].  

The pathogenic PrP isoform is referred to as PrPSc and shows great resistance 

to radiation and nucleases [Alper et al., 1967]. The high proportion of ß-sheets 

in PrPSc renders it insoluble and markedly resistant to proteases [Cohen et al., 

1998]. In contrast to PrPSc, the cellular PrPC contains mostly alpha-helical 

structures and a small portion of flattened ß-sheet. Therefore, PrPC is highly 

susceptible to proteinase K (PK) digestion, whereas PrPSc is largely resistant. 

Although PrPC
 and PrPSc share an identical amino acid sequence, they differ in 

their secondary and presumably tertiary structure. So far, only the 3D structure 

of PrPC was resolved, but not that of PrPSc [Riek et al., 1996]. 
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Figure 2 Primary structure of the prion protein. The cellular prion protein (PrPC) is a 

glycosylphosphatidylinositol (GPI) anchored protein of 253 amino acid (aa) residues. It consists 

of a flexible N-terminal and a globular C-terminal domain. During PrPC processing, a 22 aa N-

terminal signal peptide is removed together with a 23 aa C-terminal signal sequence to promote 

attachment of the GPI-anchor at aa 231. The N-terminus possesses the copper-binding site of a 

series of 5 octarepeats. The C-terminus is highly structured and possesses two glycosylation 

sites (Asn-181 and Asn-197) and cysteine residues (aa 179 and aa 214) act as sites to form a 

disulfide bound. 

 

The “protein-only“ hypothesis postulates that the disease-associated prion 

protein PrPSc is the causing agent of prion diseases and that it replicates by 

converting the abnormal PrPC into the pathological PrPSc conformer [Prusiner et 

al., 1982; Stahl et al., 1991].  
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1.4.3 The prion hypothesis  

The conversion of PrPC to PrPSc has been proposed to be a self-propagating 

conversion, for which two models are being discussed (Figure 3). In the 

refolding model (A), the conformational change is kinetically controlled. A high 

activation energy barrier prevents spontaneous conversion of PrPC to PrPSc, 

whereas the interaction with PrPSc induces a conformational change to yield 

PrPSc [Kocisko et al., 1994]. The seeding model (B) postulates an equilibrium 

between PrPC and PrPSc, that strongly favours PrPC. In that model PrPSc is only 

stabilized when it adds onto a crystal-like seed of PrPSc. The seeding model, 

also referred to as the nucleation model, has found convincing experimental 

support in case of yeast prions, and recently also for mammalian prions 

[Weissmann, 2004].  
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Figure 3  Conversion models of PrPC to PrPSc. (A) The “refolding model” postulates an 

interaction between PrPC and PrPSc, which is induced to transform itself into more PrPSc. 

(B) The “seeding model” postulates that PrPC and PrPSc are in equilibrium, with PrPC being 

strongly favoured. Only if several monomeric PrPSc forms a seed, more PrPSc can be recruited 

to form PrPSc aggregates (adapted from A.Aguzzi [Aguzzi et al., 2001]). 
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1.5 Active immunization against the prion protein, possible or 
impossible?  

Prion biology is very different when compared with conventional pathogens. The 

difficulty of inducing anti-PrPC antibodies is likely due to the fact that the prion 

protein is a self-antigen expressed on the surface of many host cells that 

confers immunologic self-tolerance. As the immune system evolved in a way 

that self-determinants normally are not attacked, it is not surprising that prion 

infection does not induce protective immunity. Furthermore, PrPC specific 

immune response can not be easily stimulated by vaccination. If the induction of 

an immune response specifically against the pathogenic PrPSc
 was possible, it 

probably would cross-react with PrPC
 that might lead to undesirable 

autoimmune reactions. Prnp0/0 mice that are devoid of PrPC can easily be 

immunized to mount PrP-specific antibody responses. Unfortunately, so far no 

antibody has been identified that reliably discriminates between PrPC and PrPSc. 

Several groups worked first in vitro and later in vivo to establish the basis for 

therapeutic or prophylactic antibody therapies against prion diseases. 

Strategies for therapeutic vaccination rely on antibodies directed against PrPC 

that would inhibit the conversion of PrPC into PrPSc in the periphery before the 

pathogen can invade the central nervous system. 

 

1.5.1 Passive immunotherapy of prion diseases  

Several cell lines, including the murine neuroblastoma cell line N2a, can 

propagate scrapie prions (PrPSc) such as the Rocky Mountain laboratory (RML) 

strain. Prion infected cell lines have been used to identify prion neutralizing 

monoclonal antibodies (mAb) and to study mechanisms of antibody-mediated 

prion inactivation [Enari et al., 2001]. To elucidate mechanisms of antibody 

mediated inhibition of PrPSc formation, neutralizing activities of mAbs and 

antibody fragments have been assessed in cell culture systems persistently 

infected with prions [Enari et al., 2001; Peretz et al., 2001; Beringue et al., 2004; 

Perrier et al., 2004; Miyamoto et al., 2005]. Furthermore, several groups studied 

the effect of passive anti-PrP immunization on scrapie [Sigurdsson et al., 2003; 
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White et al., 2003; Feraudet et al., 2005]. White et al. tested two different 

monoclonal antibodies (mAb) by intraperitoneal (i.p.) administration in mice. 

When mAb treatment was started 30 days following scrapie infection, a time 

when peripheral prion accumulation reached plateau levels, splenic PrPSc was 

significantly reduced after 30 days of mAb therapy. Under continued mAb 

therapy mice survived for more than 500 days, whereas controls showed first 

signs of disease after approximately 195 days. Protective effects of passive 

immunization were only observed upon i.p. infection, whereas upon 

intracerebral (i.c.) exposure mAb treatment was ineffective. This was most likely 

due to the inability of mAbs to cross the blood-brain barrier. Overall, passive 

immunization against prion diseases showed significant prolongation of survival 

times and scrapie inhibition after peripheral prion infection. Continuous mAb 

treatment resulted in PrPSc clearance, even when massive prion replication had 

taken place in the periphery. A major obstacle of passive immunization 

strategies is to stably maintain protective anti-PrP antibody levels.  

 

1.5.2 Tolerance and autoimmunity 

Because somatic BCR and TCR rearrangement is a random process, a 

significant proportion of B and T cells potentially recognize self-antigens. The 

discrimination of “self” from “non-self” is a hall-mark of the immune system. 

Already in the twentieth century, Paul Ehrlich proposed the concept of “horror 

autotoxicus”. He concluded from his experiments that the immune system 

usually does not attack self-tissues [Ehrlich P. et al., 1957]. 

Generally, autoimmune diseases can be prevented by mechanisms that delete 

or inactivate self-reactive lymphocytes [Goodnow et al., 2005]. Immune cells 

that express self-reactive receptors can be triggered to die (clonal deletion). 

Alternatively, immune cells can ‘edit’ potentially hazardous receptors by 

recombination events or mutations to express receptors that are not self-

reactive. Furthermore, several intrinsic and extrinsic factors reduce or suppress 

the ability of self-reactive lymphocytes to be activated (peripheral tolerance). 

This leads to an “anergic” state. In the end, extrinsic factors can also limit the 
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danger in the periphery, if potentially self-reactive lymphocytes escaped 

tolerance mechanisms.  

In B lymphocytes two concepts of immune tolerance are proposed: In the first 

concept developing lymphocytes have to pass through a tolerance-susceptible 

stage. The encounter of antigen leads to deletion or functional inactivation of 

lymphocytes. However, those B cells which progress through this stage in the 

absence of antigen will loose tolerance sensitivity and acquire antigen-inducible 

functions [Nossal, 1994]. In the second concept, antigen encounter (signal 1) is 

generally tolerizing and B cells become only activated if a second costimulatory 

signal is provided by a helper T cell (signal 2) [Bretscher et al., 1970]. After all, 

B cell tolerance is a subject of controversy and there are arguments against an 

intrinsic B cell tolerance, where B cell unresponsiveness is mainly considered to 

be the result of insufficient T cell help or weak BCR cross-linking by antigens 

[Bachmann et al., 1997]. For B cell tolerance, the concentration of a self-

antigen, multivalent presentation to a B cell and the affintiy of the B cell 

receptors play an important role. Some B cells with low affinity for self-antigens 

may be capable to secrete low affinity anti-self antibodies. 

The presence of low concentration of self-antigens in a host leads to complete T 

cell tolerization, whereas B cells need a higher antigen dose for tolerization 

(Figure 4). The presence of high amounts of antigens (e.g. MHC molecules) 

induces complete T and B cell tolerance, whereas low self-antigen expression 

(e.g. the cellular PrPC protein) probably does not completely tolerize B cells. 
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Figure 4  Model of T cell versus B cell tolerance. T cells show 100% tolerization when 

low concentrations of self-antigens are present in a host. In contrast, B cells need higher 

expression level amounts of self-antigens (e.g. MHC) for complete tolerization. 

 

In general, the level of self-antigen expression required for the induction of B 

cell tolerance is higher than that required for the induction of T cell tolerance. 

Therefore, an important mechanism to prevent the immunoglobulin switch from 

of the M isotype (IgM) to potentially more harmful immunoglobulins of the G 

isotype (IgG) simply ensures absence of T cell help by the relative ease of 

inducing T cell tolerance. 

Breaking tolerance to specific self-antigens may result in autoimmunity. The 

immune system may then attack self-tissues by inducing autoantibodies or 

recruiting lymphocytes that are reactive with host antigens. The aberrant 

immune response can cause autoimmune diseases. However, the mechanism 

is poorly understood. Many parameters, such as genetic predisposition, 

environmental factors, signaling defects or tissue damage are involved. 

Considering the specificity of autoimmune diseases, it is widely believed that 

inappropriate activation of self-reactive B or T lymphocytes takes place. One 

possible mechanism has been described as “molecular mimicry. In this model, 

an exogenous antigen which mimics a self-antigen can activate autoreactive T 

cells, thus causing autoimmunity. Alternatively, viral or microbial superantigens 
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can activate large numbers of T cells. Those viral or bacterial infections lead to 

local activation of antigen-presenting cells and can result in enhanced 

processing and presentation of self-antigens.  

 

1.5.3 PrP-specific tolerance vs. immunity  

Heppner et al. addressed the question whether in the presence of endogenous 

PrP, B cells develop which recognize PrPC. To this end, a transgenic mouse 

model was generated in which the immunoglobulin heavy chain of a PrP-

specific antibody was expressed [Heppner et al., 2001]. The expression of the 

transgenic immunoglobulin heavy chain caused a skewed B cell repertoire that 

resulted in spontaneous production of anti-PrP serum antibodies. Interestingly, 

the expression of PrP-specific serum antibodies was independent of whether 

endogenous PrP was present or not. This observation was in contrast to other 

transgenic immunoglobulin mouse models in which co-expression of the antigen 

and the corresponding B cell receptor caused deletion, anergy or editing of 

antigen-specific B cells [Goodnow et al., 1988; Nemazee et al., 1989; Hartley et 

al., 1991; Gay et al., 1993; Tiegs et al., 1993]. 

Interestingly, in double-transgenic mice overexpressing PrP, deletion of 

transgenic PrP-specific B cells was observed [Heppner et al., 2001]. This 

suggested that endogenous PrP expression was probably too low to induce 

complete B cell tolerance in mice. Furthermore, anti-PrP transgenic mice 

expressing endogenous PrP did not show obvious signs of autoimmunity. This 

was presumably due to the fact that the transgenic Ig was expressed as an IgM. 

Transgenic mice that were i.p. challenged with RML prions did not show PrPSc 

in the spleen until 234 days post infection, whereas control mice showed 

infectivity in spleen by day 50. This observation clearly showed that PrPC-

specific transgenic serum antibodies significantly delayed scrapie pathogenesis. 

However, when anti-PrP transgenic mice were administered with prions 

intracerebrally they were not protected. 

The cellular and molecular basis of tolerance to PrPC was addressed in a set of 

transgenic mouse lines expressing PrP in selected tissues. Transgenic mice 
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expressing PrP under the control of an oligodendrocyte and Schwann cell-

specific promoter (MBP-PrP) mounted a significant anti-PrPC humoral immune 

response when immunized with bacterially expressed PrP [Polymenidou et al., 

2004]. All other transgenic mice behaved similar to wild-type mice and showed 

PrP-specific antibody responses that recognized PrP by ELISA, but failed to 

recognize the native form of PrPC. Those data implicated that in mice which 

expressed PrP exclusively on oligodendrocytes and Schwann cells PrP-specific 

B cells were not tolerized. Unfortunately, MBP-PrP mice do not support prion 

propagation. Therefore, in these mice the protective efficacy of the PrP-specific 

antibody responses could not be assessed directly.  

 

1.5.4 Strategies to overcome B cell self-tolerance 

Considering the efficacy of passive anti-prion vaccination strategies, active 

immunization against PrPC seemed to be a straight forward approach to prevent 

prion infection. However, the induction of PrPC-specific immunity is hampered 

by immunologic tolerance phenomena. Various attempts have been undertaken 

to induce PrP-specific antibody responses. Most of these studies have been 

carried out in rodents, especially in mice, because in these models scrapie 

incubation periods are much shorter than in cattle or sheep. For immunization, 

PrP-specific peptides or bacterially expressed recombinant PrP together with 

various different adjuvants have been used [Hanan et al., 2001; Souan et al., 

2001; Sigurdsson et al., 2002; Polymenidou et al., 2004; Rosset et al., 2004]. 

PrP antigens were also coupled to different immunogenic carriers [Koller et al., 

2002; Arbel et al., 2003; Schwarz et al., 2003]. In most of these studies, 

however, only faint PrP-specific immune responses were induced that, at best, 

delayed disease onset by a couple of days. In another approach, PrPC-specific 

antibody responses were induced by using dimeric PrP consisting of a tandem 

duplication of mouse PrP [Gilch et al., 2003]. Interestingly, such sera were 

effective in clearing PrPSc in a PrPSc inhibition in vitro assay. However, mice 

immunized with the dimeric PrP showed only a minor delay of prion 

pathogenesis.  
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In summary, all active immunization studies undertaken so far revealed that 

normal mice mount rather low PrP-specific antibody responses that are not 

directed against the native form of PrPC and thus can not significantly interfere 

with prion replication in vivo. 

 

It has been proposed that the mammalian immune system evolved to recognize 

pathogens which often display repetitive determinants at a spacing of 50-100 Ǻ 

[Bachmann et al., 1993; Bachmann et al., 1996]. Certain viruses (e.g. VSV) and 

bacteria that consist of strictly ordered components are better immunogens than 

suspensions of isolated components that show irregularly arranged 

determinants [Fehr et al., 1997]. In a study it was shown that autoantibodies 

were induced by papillomavirus or polyomavirus virus-like particles (VLP) 

coated with TNF-alpha [Chackerian et al., 2001]. The strongest autoantibody 

response was observed when VLP were coated with the highest density of self-

antigen. This indicates that the density of self-antigens played a critical role 

[Chackerian et al., 2002]. In conclusion, is seems to be possible to overcome 

B cell tolerance by displaying relevant determinants on some highly 

immunogenic viral carrier. 

 

1.5.5 Virus-like particles (VLP)  

In previous decades, prophylactic vaccines have been developed against a 

variety of different infectious diseases. Attenuated and inactivated 

microorganisms as well as toxoids or protein subunits have been used for 

vaccination purposes (for review see [Deml et al., 2005]). Several groups have 

shown that especially VLP can be used to induce strong immune resonses 

against selected virus determinants. VLP lack the potential to proliferate and 

thus to express unwanted immuno-suppressive viral proteins. To date, 

numerous types of VLP have been produced utilizing the ability of more than 30 

different viruses to self-assemble into highly organized particulate structures 

[Deml et al., 2005]. Most frequently used VLP are hepatitis B virus cores, 

displaying e.g. influenza, human immunodeficiency, polio- or hantavirus derived 
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determinants (reviewed in [Pumpens et al., 2001]). Furthermore, human 

immunodeficiency virus (HIV) Gag proteins were used as carriers to present 

foreign polypeptides and determinants [Deml et al., 2005]. Because the 

structure, morphogenesis and molecular mechanism of virus assembly are well 

understood, display scaffolds of phage particles such as the RNA phage Qβ 

were generated [Kozlovska et al., 1996]. Two groups of vectors that display 

foreign polypeptides were classified: type I and type II VLP. Both differ with 

respect to the kind of antigen presentation. Type I VLP display proteins that are 

fused to the Gag polyprotein, whereas type II VLP present the antigen at the 

outer particle surface [Deml et al., 2005]. Unlike other VLP, retrovirus-based 

VLP are enveloped particles that can easily incorporate complete polypeptides 

or proteins into the membrane. The incorporation of the foreign polypeptides or 

proteins can be achieved by using either the retrovirally derived envelope (Env) 

protein or by unspecific packaging of host membrane proteins into their 

envelope [Hammarstedt et al., 2000; Hammarstedt et al., 2004]. Furthermore, 

retrovirus-based VLP are highly immunogenic and facilitate introduction of 

antigens in the MHC class I and II processing and presentation pathway. 

Additionally, they act as “danger signals” to activate the innate immune system 

thus, initiating strong Th1-biased humoral and cellular immune responses [Deml 

et al., 2005]. 
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2 Aims of this thesis  
Several in vitro and in vivo studies suggested that active vaccination against 

prion diseases should be a feasible approach to prevent prion infection. 

However, in previous approaches the induction of anti-PrPC immune responses 

was hampered by tolerance phenomena. PrPC-specific tolerance is associated 

with the fact that PrPC is an endogenous protein that is widely expressed in 

many tissues and does not confer “danger signals” upon immunization to induce 

the host immunity. The aim of this thesis was to analyze whether in analogy to 

conventional pathogens antibody responses can be induced against prions and 

if so, whether PrPC-specific antibodies are protective. 

For theoretical reasons, highly immunogenic antigens that do not replicate in 

the host represent ideal vaccine candidates for immunization studies. To assess 

the immunogenicity of VLP, in a first step VLP displaying the vesicular stomatitis 

virus (VSV) glycoprotein (VSV-G) on the surface (VLP-VSV) were generated 

and characterized by ELISA and electron microscopy. Upon immunization of 

mice with VLP-VSV, T help-independent VSV neutralizing IgM was induced. 

This IgM switched to IgG in a T help-dependent manner. Interestingly, the IgG 

subclass switch needed type I IFN receptor (IFNAR) signaling. Thus, VLP-VSV 

was highly immunogenic and induced VSV neutralizing antibody responses that 

in many aspects were reminiscent of antibody responses induced by live VSV.  

In a second step, PrPC-displaying VLP were developed. Since the C-terminal 

part of PrPC was crucially involved in the conversion of PrPC into PrPSc, PrPC 

encoding amino acids 121-231 (PrP111) was displayed on VLP (VLP-PrPD111). 

Upon VLP-PrPD111 immunization, PrP deficient (Prnp0/0) mice mounted strong 

PrPC-specific IgM and IgG antibody responses. Upon VLP-PrPD111 immunization 

of wild-type mice strong IgM but only very weak IgG antibody responses were 

induced that declined shortly after immunization. Those results showed that the 

T cell-dependent switch from the IgM to the IgG isotype of PrPC-specific 

antibodies was less pronounced in wild-type mice than in Prnp0/0 mice, probably 

due to T helper cell tolerance. 
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An important objective of this thesis was to circumvent tolerance to PrPC in wild-

type mice. This issue was addressed by a series of PrP-immunization 

approaches including VLP-PrPD111 emulsified in adjuvant or VLP 

priming/boosting strategies. 

To trigger PrPC-specific T cell help, VLP-PrPD111-retroparticles expressing 

foreign T helper epitopes were generated and analyzed for the induction of 

PrPC-specific antibodies in wild-type mice. Furthermore, the induction of anti-

PrPC antibody responses upon adoptive transfer of Prnp0/0 “memory” B cells into 

wild-type mice was assessed. In this approach it was tested whether activated 

PrPC-specific “memory” B cells were able to mount anti-PrPC IgG antibody 

responses in wild-type recipient mice. Finally, the protective capacity of the 

different immunization protocols was evaluated. 
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3  Material and Methods 

3.1 Materials 

3.1.1 Mice  

C57BL/6 mice were purchased from Charles River. Transgenic mice were bred 

under specific pathogen-free (SPF)-conditions in individually ventilated cages 

(IVCs) or filter-isolated cages at the mouse facility of the Paul-Ehrlich-Institut. 

Experimental animal work was conducted in compliance with the German 

federal and state legislation on animal experiments.  

 

Table 2   Mouse strains used in this study 

Mouse strain Literature Background 

C57BL/6 Charles River or PEI homozygous BL/6 

IFNAR-/- [Muller et al., 1994] homozygous BL/6 

Tg20  [Fischer et al., 1996] heterozygous 
SV129 

Tg33  [Raeber et al., 1999] heterozygous 
SV129 

C57/BL6 Prnp0/0 U. Kalinke, unpublished, PEI homozygous BL/6 

Prnp0/0  [Bueler et al., 1992] heterozygous 
SV129 

CD4Cre+/- / CD19Cre+/- 

IFNARflox/flox
[Bach et al., 2007] homozygous BL/6 

CD19Cre+/- IFNARflox/flox [Kamphuis et al., 2006] homozygous BL/6 

CD4Cre+/- IFNARflox/flox [Kamphuis et al., 2006] homozygous BL/6 
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3.1.2 Equipment 

Table 3   Overview of Equipment 

Equipment Source 

37°C room PEI, Langen 

Alarm clock  NeoLab, Heidelberg 

Balance (LP 820) Satorius AG, Göttingen 

BD MoFLo Cell Sorter Becton Dickinson Gmbh, 
Heidelberg 

Biorad Protean II chamber  Biorad, München 

Centrifuge (Biofuge fresco # 3328, 
Megafuge 1.0 # 2705) 

Heraeus Sepatech, Osterode 
am Harz 

Cooling block Eppendorf AG, Hamburg 

Cooling centrifuge (Varifuge 3.0 R,# 8078), 
Beckmann J6-HC, # JS-4.7 

Heraeus Sepatech, Osterode 
am Harz; Beckman Coulter, 
Fullerton, California 

ELISA reader, Sunrise Tecan Deutschland GmbH, 
Crailsheim 

FACScan Becton Dickinson Gmbh, 
Heidelberg 

Fast blot device Biometra, Göttingen 

Freezer Liebherr, Biberach an der Riss 

Gradiend former (Model 385) Biorad, München 

Incubators with supply of CO2 (Cytoperm) Heraeus, Hanau 

LSR II  Becton Dickinson Gmbh, 
Heidelberg 

Magnetic stirrer (Combimag Ret) IKA, Werke GmbH, Staufen 

Manual counter IVO, Villingen-Schwenningen 
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Equipment Source 

Microscope Axiovert 25, Axiolab, Zeiss, 
Jena 

Microwave (9025E) Privileg, Fürth  

Mouse restrainer (3 cm tube diameter) Harnischmacher, Kassel 

Multichannel pipettes Socorex, Schweiz 

Novex Power Ease 500  Biorad, München 

Overhead shaker (Heto Mastermix) Holm and Halby, Brondby, 
Denmark 

pH-Meter (761 Calimatic) Knick, Egelsbach 

Photometer (Ultraspec 3000) Pharmacia Biotech, Freiburg 

Pipetboy (Pipetboy acu) IBS Integra Biosciences, Chur, 
Schweiz 

Pipette (10 - 100 µl or 50 – 200 µl)  Eppendorf AG, Hamburg 

Pipette 10 µl Eppendorf AG, Hamburg 

Power supply (Power Pac 300) Biorad, München 

Refrigerator Liebherr, Biberach an der Riss 

Set of surgical instruments  Hauptner/Herberholz, Solingen 

Shaker  Infors AG, Sitzerland 

Sterile work bench (Steril Gard II Advance) 
“The Baker Company” 

Labotect, Göttingen 

Table centrifuge (5415C) Eppendorf AG, Hamburg 

Transmission electron microscope EM 109 
or 902 

Carl Zeiss, Jena 

Ultra low freezer (-80°C) New Brunswick Scientific, UK 
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Equipment Source 

Ultrsonic homogenizer (Sonoplus) Bandelin, Berlin 

UV-irradiator (CL-1) Herolab, Wiesloch 

Vacuum pump (Vacusafe)  IBS Integra Biosciences, Chur, 
Schweiz 

Vortexer  VWR, Darmstadt 

Water bath Gesellschaft für Labortechnik 
(GFL), Burgwedel 

 

 

3.1.3 Consumables 

Table 4  Overview of Consumables 

Consumables Source 

96 well round/-flat/V-bottom cell culture 
plates 

Nunc, Karlsruhe 

Carbon-vaporised and flamed 400-mesh 
Cu/Rh grids 

Plano, adapted in PEI 
microscopy facility  

Cell scraper Greiner Bio One, Essen 

Chemiluminescence films Amersham, Freiburg 

Gloves Braun, Melsungen 

Combitips (1 ml, 2.5 ml, 5 ml,10 ml, 25 ml, 
50 ml) 

Eppendorf AG, Hamburg 

Counting beads Caltag Laboratories, Hamburg    
# PCB-100 

Cover slip VWR, Darmstadt 

Cryo conservation tubes (1.2 ml, 2.5 ml) Nunc, Karlsruhe 
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Consumables Source 

Cups (1.5 ml, 2 ml) Eppendorf AG, Hamburg 

Dialyse membrane: Spectra pore MWCO: 
8.000  

Spectrum, Broadwick, California

Erlenmeyer flask Schott, Mainz 

FACS tubes large/small (0.5 ml) Becton Dickinson Gmbh, 
Heidelberg 

Filicon (70 µm) Becton Dickinson Gmbh, 
Heidelberg 

Filter paper Whatman, Schleicher & 
Schuell, Dassel 

Glass capillaries VWR, Darmstadt 

Glass with a top (for anesthesia) Schott, Mainz 

Kodak Estar electron microscope film Kodak, Stuttgart 

LB-AMP-plates PEI , Langen 

Microscope slides Labor Optic, Friedrichsdorf 

Neubauer cell counting chamber Labor Optik, Freidrichsdorf 

Nickel-nitrilotriacetic acid (NTA) agarose 
resin 

Qiagen, Hilden 

Novex Tricine gels (10-20%) Invitrogen, Karlsruhe 

Nunc Maxisorb ELISA plates (96 well/384 
well) 

Nunc, Karlsruhe 

NuPage Novex 12% Bis-Tris gel Invitrogen, Karlsruhe 

Omnican F (1 ml/0,01 ml) (High precision 
dosing syringe, 0.3 mm diameter canula 
integrated into syringe)  

Braun, Melsungen 

 

One way Mask (Coldex) Procter and Gamble, 
Schwalbach 
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Consumables Source 

One way plastic pipettes (2 ml, 5 ml, 10 ml, 
25 ml) 

Greiner Bio One, Essen 

Parafilm American National Can Group, 
Chicago, USA 

Petri dishes Greiner Bio One, Essen  

Pipette tips  Eppendorf AG, Hamburg 

Poly Prep Chromatography colums Biorad, München 

PVDF-Membrane (Immobilon-P) Millipore, Schwalbach 

Snap freezing tube (13 x 32 mm with cap) Kartell SPA, Milano 

Sterile filters Qualilab (0.45 µm) VWR, Darmstadt 

Steritop filters GP 0.22 µm Millipore GmbH, Schwalbach 

Tissue culture flasks Greiner Bio One, Essen 

Tissue culture plates (6 well, 96 well) TPP, Schweiz 

Tumbler Schott, Mainz 

Vacutainer-Microtainer, Serum  Becton Dickinson Gmbh, 
Heidelberg via Döll 
Medizintechnik 
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3.1.4 Chemicals 

Table 5   Overview of chemicals 

Chemicals Source 

ABTS (2, 2’-azino-bis-(3-
ethylbenziazoline-6-sulfonic acid) 

Roche, Mannheim 

Acetic acid Merck KG, Darmstadt 

Agarose Invitrogen, Karlsruhe 

Aluminium Hydroxide Sigma-Aldrich, München 

Ampicilline Merck KG, Darmstadt 

Aqua dest.  PEI, Langen 

Bovine Serum Albumin (BSA) Sigma-Aldrich, München 

Bromphenol blue Biorad, München 

Chloroform Merck KG, Darmstadt 

Complete Freund’s Adjuvant (CFA) Sigma-Aldrich, München 

Coomassie brilliant blue Biorad, München 

CpG 1668 Sigma-Aldrich, München 

Crystal violet Sigma-Aldrich, München 

Desderman Schülkes and Mayr, Norderstedt 

Dimethylsulfoxyd (DMSO) Sigma-Aldrich, München 

DNA marker Invitrogen, Karlsruhe 

Double-distilled H2O PEI, Langen 

Ethanol Merck KG, Darmstadt 

Ethidium bromide  Merck KG, Darmstadt 

Ethylenediaminotetraacetate (EDTA)  Merck KG, Darmstadt 
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Chemicals Source 

FACS-Clean/-Rinse/-Flow Becton Dickinson Gmbh, 
Heidelberg 

FACS Lysing solution Becton Dickinson Gmbh, 
Heidelberg 

Fetal calf serum (FCS) Biochrom, Berlin;  Gibco Karlsruhe 

Ficoll  Biochrom, Berlin 

Glutamax Gibco, Karlsruhe 

Glutathione Sigma-Aldrich,  München 

Glycerine Merck KG, Darmstadt 

Guanidinium Hydrochloride (GdmCl) Sigma-Aldrich, München 

H2O2 Merck KG, Darmstadt 

HEPES 1M PEI, Langen 

Hydrochloric acid Merck KG, Darmstadt 

Immidazol Merck KG, Darmstadt 

Incomplete Freund’s Adjuvant (CFA) Sigma-Aldrich, München 

Isofluran Baxter, München 

Isopropanol p.a. Merck KG, Darmstadt 

Isopropyl-ß-D-galactopyranoside 
(IPTG) 

Sigma-Aldrich, München 

Ketamine Wirtschaftsgenossenschaft 
Deutscher Tierärzte (WDT), 
Garbsen 

L-Glutamine Gibco, Karlsruhe 

Lipofectamine 2000 Invitrogen, Karlsruhe 

Magnesiumchloride (MgCl2) Qiagen, Hilden 
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Chemicals Source 

Methanol Roth, Karlsruhe 

Methylamine tungestate (Wolframat) Agar Scientific, Essex, England 

Methylcellulose (Methocel MC) Fluka, Taufkirchen 

Milk powder Roth, Karlsruhe 

Multi Mark marker Invitrogen, Karlsruhe 

Paraformaldehyde (PFA)  Fluka, Taufkirchen 

Peanut hemagglutinin (PNA) Vector Laboratories, UK 

Pefabloc  (100 mg) Roche, Mannheim 

Penicillin/Streptomycin Gibco, Karlsruhe 

Proteinase K (20 µg/ml) Roche, Mannheim 

Rompun® TS (Xylazine) Bayer , Leverkusen 

Sodium azide (NaN3) Merck KG, Darmstadt 

Sodium bicarbonate (7.5%) Gibco, Karlsruhe 

Sodium chloride (NaCl) Merck KG, Darmstadt 

Sodium dihydrogene phosphate 
(NaH2PO4) 

Merck KG, Darmstadt 

Sodium hydrogene carbonate 
(NaHCO3) 

Roth, Karlsruhe 

Sodium hydrogene phosphate 
(Na2PO4) 

Merck KG, Darmstadt 

Sodium pyruvate (C3H3NaO3)  Sigma-Aldrich, München 

ß-mercaptoethanol Sigma-Aldrich, München 

Streptavidin-PE  Becton Dickinson Gmbh, 
Heidelberg  
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Chemicals Source 

SuperSignal Pico ECL Pierce, Bonn 

Terralin Liquid Schülkes and Mayr, Norderstedt 

Titer Max® Sigma-Aldrich, München 

Tris Sigma-Aldrich, München 

Trypan blue solution Invitrogen, Karlsruhe 

Trypsin-Melnik (2.5 M) PEI, Langen 

Tween 20 Fluka, Taufkirchen 

Uranyl acetate  Merck AG,Darmstadt; prepared in 
PEI microscopy facility 

 

 

3.1.5 Buffers and Media 

Table 6   Overview of buffers and media 

Buffer Source 

ABC/peroxidase  Dako Cytomation, Hamburg 

BCA-Assay Pierce, Bonn 

C-type-RT Activity Assay Cavidi Tech, Uppsala, Sweden 

Dulbecco’s modified Eagle’s medium 
(DMEM) 

Invitrogen, Karlsruhe 

Dulbecco’s modified Eagle’s medium 
(DMEM) + 4.500 mg/l Glycose 

Invitrogen, Karlsruhe 

Earle’s MEM Biochrom, Berlin 

LB AMP-Medium  PEI, Langen 

MEM (10 x) Gibco, Karlsruhe 
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Buffer Source 

Novex Tricine SDS Sample-buffer (2x) Invitrogen, Karlsruhe 

Novex Tricine SDS-running buffer (10x) Invitrogen, Karlsruhe  

NuPage MES SDS- running buffer (20x) Invitrogen, Karlsruhe 

PBS  Gibco, Karlsruhe 

PBS Dulbecco (without Ca and Mg) PEI, Langen 

Qiagen plasmid kits  Qiagen, Hilden 

Red blood cell lysing buffer Sigma-Aldrich, München 

SOC medium  Invitrogen, Karlsruhe 

TBE (10x) PEI, Langen 

TBS-T (10x) PEI, Langen 

Tissue Freezing medium Leica Microsystems, Bensheim 

 

 

3.1.6 Prepared Buffers, Media and other reagents 

Table 7  Prepared buffers, media and other reagents 

Buffer  

Anesthesia  (Ketamine/Rompun)  1 ml Ketamine 10% 

0.25 ml Rompun 2% 

5 ml 0.9% NaCl (sterile)  

Blotting buffer (1x) 50 ml 10x Transferpuffer (10x) 

100 ml Methanol 

350 ml Aqua dest. 
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Buffer  

Buffer B  10 mM Tris-HCL, 

100 mM Na2PO4 (pH 8.0) 

Buffer D  10 mM Na2PO4 (pH 5.8) 

Buffer G 6 M Guanidinium Hydrochloride 
(GdmCl) 

5 mM Tris-HCl 

100 mM Na2PO4 

10 mM reduced Glutathione (pH 
8.0) 

Crystal violet 0.5% Crystal violet   

5% Formaldehyde  

0.8% NaCl 

Aqua dest. 

DNA sampling buffer (6x) 0.25% Bromphenol blue, 30% 
Glycerine 

Aqua dest. 

Dulbecco’s modified Eagle’s medium 
(DMEM) 

Gibco, Invitrogen, Karlsruhe 

Supplement: 

10% FCS 

1% GlutaMax 

1% Penicillin/Streptomycin 

ELISA blocking buffer  

(Prepare immediately before use!) 

5% BSA  

0.1% Tween 20 

PBS 
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Buffer  

ELISA coating buffer 3.18 g/l Na2CO3   

5.88 g/l NaHCO3

Aqua dest. 

Adjust to pH 9.6 with 0.1 M 
NaHCO3

ELISA serum and antibody dilution 
buffer  

1% BSA 

0.1% Tween 20 

PBS 

FACS buffer, pH 8.0 PBS 

2% BSA 

0.03% NaN3

20 mM EDTA 

Lysis buffer 100 mM NaCl 

0.5% NP-40 

0.5% Sodium-Deoxycholate 

10 mM Tris-HCl (pH 8.0) 

MACS buffer, pH 7.3 PBS 

2% FCS 

2 mM EDTA 

Methylcellulose 2% Dissolve 15 g Methycellulose in 
750 ml Aqua dest. under stirring at 
4°C ON, autoclaving 
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Buffer  

PBS  10 mM NaCl 

80 mM Na2HPO2

20 mM KH2PO4

Sample buffer (4x) 200 mM Tris/HCl (pH 6.8), 

8% SDS, 

0.4% Gromphenolblue, 

40% Glycerin 

4% ß-mercaptoethanol (freshly 
added) 

ß-mercaptoethanol (280 mM) for VSV 
neutralizing assay 

 

100 µl 14 M ß-mercaptoethanol 
(concentrated)  

5 ml 0.9% NaCl 

TBE (10 x) 890 mM Tris Base 

890 mM Boric acid 

25 mM EDTA, pH 8.0 

TBS-T buffer  10 mM Tris pH 8 

150 mM NaCl,  

0.05% Tween 20  

Transfer buffer (10x) 24 mM Tris 

192 mM Glycine 

20% Methanol 
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3.1.7 Bacteria, Viruses and Prion Inoculum 

Table 8   Bacteria, Viruses and Prion Inoculum 

Bacteria and Viruses  Source 

E.coli XL2-blue Stratagene, Amsterdam, The 
Netherlands 

E.coli BL21 (DE3) Invitrogen, Karlsruhe 

RML 5.0 Obtained by Adriano Aguzzi 

VSV-Indiana (Mudd-Summers isolate), 
wild type virus  

Originally obtained from D. 
Kolakofsky, University of Geneva, 
Switzerland 

 

3.1.8 Antibodies 

Table 9  Antibodies used in this study 

Primary Antibodies Source 

mAb anti-CD4 (GK-1.5) Harlan Bioproducts, Indianapolis, 
USA 

mAb anti-VSV-G IgG2a (VI24),        
(stock, 1mg/ml) 

Provided by Ulrich Kalinke 

mAb mouse anti-mouse PrP IgG1 
(6H4) 

Prionics, Zürich # 01-011 

mAb mouse anti-p24 (880-A) Chemicon, Hampshire, UK 

Mouse anti-HA (clone 12CA5)  Roche, Mannheim 

Mouse IgG2a, k-FITC (isotype control) Biozol, Echingen # 0117-02 

Polyclonal goat anti-p30   Quality, Biotech, New Jersey, USA 

Polyclonal rabbit anti-mouse PrP  Labordiagnostic, Leipzig                   
# 940.2101.4 
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Primary Antibodies Source 

Polyclonal rabbit anti-VSV-G Kindly provided by Bernhard 
Odermatt, Zürich 

Rat anti-mouse CD21-FITC Becton Dickinson Gmbh, Heidelberg   
# 553318 

Rat anti-mouse CD23-APC Caltag Laboratories, Hamburg            
# MCD2305 

Rat anti-mouse  CD8-FITC (for sorting 
experiments)  

NatuTec, Frankfurt  # CTS11362F 

Rat anti-mouse CD19-PE (for sorting 
experiments) 

NatuTec, Frankfurt # CTS11439PE 

Rat anti-mouse CD3-PE Caltag Laboratories, Hamburg            
# RM 3404-3 

Rat anti-mouse CD45R/B220-PE 
Cy5.5 

Caltag Laboratories, Hamburg            
# RM2618 

Rat anti-mouse CD4-FITC (for sorting 
experiments)  

NatuTec, Frankfurt # CTS11107F 

Rat anti-mouse CD4-PE Becton Dickinson Gmbh, Heidelberg   
# 55 36 52 

Rat anti-mouse CD8-FITC Biozol, Echingen # 1550-02 S  

Rat IgG2a-PE Cy5.5 (isotype control) Caltag Laboratories, Hamburg            
# R2a18 

Rat mAb clone FDC-M1  Becton Dickinson Gmbh, Heidelberg 

   

Secondary Antibodies Source 

Donkey anti-mouse IgG-FITC Dianova, Hamburg # 715-095-150 

Donkey anti human IgG-HRP Dianova, Hamburg # 709-035-149 

Goat anti-mouse IgG 10 nm gold Dianova, Hamburg, provided by PEI 
microscopy facility 
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Secondary Antibodies Source 

Goat anti-mouse IgG1-HRP Southern Biotech, Burmingham, 
Alabama # 1070-05 

Goat anti-mouse IgM/IgG labeled       
with 5 nm gold  

Biocell, provided by PEI microscopy 
facility 

Goat anti-mouse IgM-FITC Caltag, Hamburg # M31501 

Goat anti-rabbit IgG labeled with      
10 nm gold  

Biocell, provided by PEI microscopy 
facility 

Polyclonal Rabbit anti-goat-HRP Dako Cytomation, Hamburg                 
# P0449 

Rabbit anti-mouse IgG2a-HRP Zymed Invitrogen, Karlsruhe             
# 61-0220 

Rabbit anti-mouse IgM, G+A-HRP Zymed Invitrogen, Karlsruhe              
# 61-6420 

Rabbit anti-mouse IgM-HRP Zymed Invitrogen, Karlsruhe               
# 61-6820 

 

3.1.9 Plasmids and vectors  

 

All plasmids used are described in detail in the Appendix.  

 

Table 10  Origin of plamids and vectors used in this study 

Plasmids and vectors Source 

pCMV∆R8.2 human immunodeficiency 
virus gag/pol genes (HIVgp) 

Kindly provided by Christian 
Buchholz, PEI 

[Naldini et al., 1996] 
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Plasmids and vectors Source 

pHIT60 murine leukaemia virus (MLV)-
based gag/pol expression plasmid  

Plasmid factory 

[Soneoka et al., 1995]  

pMDG VSV-G protein Kindly provided by Christian 
Buchholz, PEI 

[Naldini et al., 1996] 

pDPrP111 murine Prion protein 
(mPrP)121-231aa 

Kindly provided by Daphne Nikles, 
PEI 

pD-EGF human epidermal growth factor 
(hEGF) fused to PDGFR-TMD  

Kindly provided by Christian 
Buchholz, PEI  

[Merten et al., 2003]  

pRSETa procaryotic expression vector Invitrogen Catalog, Karlsruhe       
# V351-20 

pRSETa mPrP (121-231aa) Kindly provided by K.Wüthrich, 
Zurich 

pDisplay (pD) vector platelet derived 
growth factor receptor (PDGFR)  

Invitrogen Catalog, Karlsruhe       
# V660-20 

 

All DNA restrictions were performed using commercially available restriction 

endonucleases from New England Biolabs (NEB) according to the 

manufacturer’s instructions.  

 

3.1.10 Software  

Table 11  Software 

Software Source 

BD FACS DIVA Software Becton Dickinson Gmbh, 
Heidelberg 
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Software Source 

Graph Pad Prism  Graph Pad Software Inc, San 
Diego, USA 

CellQuest Pro software Becton Dickinson Gmbh, 
Heidelberg 

Vector NTI Advance 9.0 Invitrogen, Karlsruhe 
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3.2 Methods 

3.2.1 Molecular biology 

3.2.1.1 Transformation of competent bacteria  

Transformation of E. coli (BL21 (DE3) or XL2 blue) is the method of choice to 

amplify plasmid DNA through cellular replication. For this purpose, 100 µl 

competent cells were thawed on ice and approximately 50 ng DNA were added. 

After further incubation on ice for 30 min, a heat shock at 42°C for 45 sec was 

performed in a thermoblock. After 2 min incubation on ice, 900 µl of prewarmed 

(37°C) SOC medium was added to the cells and incubated for 60 min at 37°C. 

The bacteria suspension was plated onto LB-AMP-plates and incubated over 

night at 37°C.  

 

3.2.1.2  Plasmid preparation  

Preparation of plasmids from bacteria was performed using the Qiagen plasmid 

kits according to the manufacturer’s instructions. The basic principle of this 

method is binding of DNA to anion exchange columns. Thus, all cellular 

compounds such as proteins can be washed away, whereas the DNA is 

retained within the columns. For purification of low amounts of DNA (Miniprep), 

3 ml over night cultures were inoculated using LB-AMP-Medium. The next day, 

bacteria were harvested at 16,000 x g for 30 sec. The resulting pellet was lysed 

using solutions delivered by the manufacturer (P1 & P2). Chromosomal DNA 

and cellular fragments were excluded by centrifugation (16,000 x g for 10 min). 

Subsequently, the supernatant was applied to anion exchange columns 

according to the manual. For extraction of larger amounts of DNA (Maxiprep), 

200 ml LB-AMP-Media were inoculated and cultivated over night. Bacterial yield 

was performed at 6000 x g for 15 min. Afterwards, cells were lysed and the 

remaining cell debris and chromosomal DNA was removed by centrifugation 

(15,000 x g for 30 min, 4°C). The resulting supernatant was subsequently 

purified via an anion exchange column according to the manufacturer’s 
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instructions. Finally, concentration and purity of the DNA was determined 

photometrically.  

 

3.2.2 Cell culture  

3.2.2.1 Cells and media  

Table 12  Overview of cells and media 

Cells Source 

N2a #58-22L Obtained from S.Lehmann, France 

[Nishida et al., 2000] 

HEK 293FT cells Originally obtained from American 
Type Culture Collection (ATCC)  

Vero cells (African green monkey cell 
line) 

Originally obtained from ATCC 

 

Human embryonic kidney (HEK) 293FT cells were cultivated in DMEM 

supplemented with 10% FCS, 1% Glutamax and antibiotics (100 units/ml 

penicillin, 50 mg/ml streptomycin). 

N2a #58-22L cells were grown in Dulbecco´s Modified Eagles Medium (DMEM) 

plus 4500 mg/l Glucose, supplemented with 10% FCS, 1% Glutamax and 

antibiotics (100 units/ml penicillin, 50 mg/ml streptomycin).  

Vero cells were cultivated in Modified Eagles Medium (MEM) supplemented 

with 5% FCS and 1% Glutamax. 

 

All cell lines were cultivated in an incubator at 37°C, 5% CO2 and saturated 

water atmosphere. Cells were trypsinised (0.25% trypsin in PBS) for passaging. 

A fraction of the resulting suspension was seeded into new culture flasks and 

fresh medium was added.  
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3.2.2.2 Freezing and thawing of cultured cells  

For storage, cells were kept at -80°C. Long term storage was performed in 

liquid nitrogen.  

 

Freezing  

Cells were trypsinized and resuspended in appropriate medium. After 

centrifugation (300 x g for 5 min at 4°C) cells were resuspended in freezing 

medium (90% DMEM, 10% DMSO), divided into cryotube aliquots of 

approximately 5 x 106 cells and frozen at -80°C.  

 

Thawing  

Cryotubes were incubated in a water bath at 37°C until the ice thawed. Then the 

cell suspension was immediately transferred into a falcon tube with 15 ml 

prewarmed medium. To remove the cytotoxic DMSO, cells were subsequently 

centrifuged (300 x g for 5 min at RT), resuspended in fresh medium and seeded 

into appropriate culture flasks.  

 

3.2.2.3 Manual counting of cells 

After shaking of cell suspension, 50 µl were taken and mixed 1:1 in a 96-well 

microtiter plate together with trypan blue solution. Dilutions of 1:10 to 1:50 were 

prepared for analysis in a Neubauer counting chamber and covered with a slip. 

Vital lymphocytes - as characterized by pale grey colour - were counted 

manually per microscope in the four large squares at the corners of the 

chamber grid. Cell numbers were calculated using the following formula:  

 

Cells/ml = n/4 x dilution x 104 
x volume [ml] of total suspension  

n = counted cells in four squares 
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3.2.3 Protein biochemistry 

3.2.3.1 SDS-polyacrylamide-gelelectrophoresis  

The SDS-polyacrylamide-gelelectrophoresis (SDS-PAGE) (modified after 

[Laemmli, 1970]) allows to separate protein mixtures according to their apparent 

molecular weight. The basic principle includes binding of multiple molecules of 

the negatively charged detergent sodium dodecylsulfate (SDS) via hydrophobic 

interactions to denatured protein molecules. That way, the latter ones acquire 

an excess of negative charges on their surface and can thus be applied to 

electrophoresis. For this purpose, samples are loaded on polyacrylamid gels 

which act like molecular sieves, similarly to agarose gels. Samples were mixed 

with the appropriate amount of sample buffer (4x) and loaded either on 10-12% 

Tricine gels or Nu page 12% Bis-Tris gel, within a Biorad Protean II chamber.  

SDS-PAGE was performed according to the manufacturer’s instructions using a 

Power Ease 500 Power supply with the appropriate running buffer. 

 

The MultiMark marker was used as protein standard.  

 

MultiMark marker size standards (kD): 

250, 148, 60, 42, 30, 22, 17, 6, 4 

 

Coomassie staining of SDS-gels 

After electrophoretic separation of proteins via SDS-PAGE, the bands were 

stained by incubating the gel for 15 min in a solution of Coomassie brilliant blue. 

Excessive dye was removed with a mixture of acetic acid and methanol until 

distinct protein bands were visible. 

 

3.2.3.2 Western blot analysis  

The Western blot technique is a method which enables the transfer of proteins 

on membranes. This transfer, also termed blot, enables the specific 

visualization of proteins of interest by immunostaining. Usually, proteins which 

have been separated by SDS-PAGE are applied to Western blot analysis.  
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Samples were separated on appropriate SDS gels and then transferred to a 

PVDF membrane within a Fastblot-device, according to the manufacturer’s 

instructions. For this, membranes were shortly incubated in methanol and 

blotted in transfer buffer. After blotting at 15 V for 45 min, unspecific binding 

sites were blocked with 5% milk powder in TBS-T for 2 h. For specific protein 

staining, antibodies were diluted in 2% milk powder in TBS-T. Staining of PrP 

was performed using the anti-PrP monoclonal antibody 6H4 (1:5000) ON at 

4°C. The membranes were washed three times with TBS-T before they were 

incubated for 1 h at RT with the secondary antibody horseradish peroxidase 

(HRP)-conjugated rabbit anti-goat IgG (1:10000 in TBS-T). After washing as 

described above, bands were visualized using the chemoluminescence kit 

according to the manufacturer’s instructions. The two reagents contain a HRP 

substrate that emits light during conversion into the product. Hence the signal 

can be visualized by using chemiluminescence films. The signal was collected 

for 5-60 min, depending on the signal intensities. 

 

3.2.3.3 In vitro PrP-neutralizing assay 

Antibody treatment of cells 

First, 1x105 N2a #58-22L cells/well were seeded into 6 well plates. At day 2, 4 

and 6 cells were treated with different concentrations of antibodies (6H4 or 

mouse sera) diluted in 1.5 ml of appropriate medium. Seven days after antibody 

treatment cells were lysed. 

 

Preparation of cell lysates  

For preparation of cell lysates, cells were lysed with 75 µl/well of lysis buffer for 

5 min at 4°C and subsequently centrifuged for 3 min at 2400 x g at 4°C. 

Supernatants were stored at -80°C. Protein concentration was determined by a 

BCA assay according to the manufacturer’s instructions. 
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Proteinase K digestion  

Digestion with Proteinase K (PK) was performed using 20 µg/ml PK. 200 µg of 

protein was incubated with the appropriate amount of PK (2.6 µl in 20 µl sample 

volume; 20 µg/ml final concentration) at 37°C for 30 min. The reaction was 

stopped by addition of 1 mM Pefablock (final concentration) and centrifugation 

for 45 min, 4°C, 16,000 x g. After removal of supernatant 20 µl of lysis buffer 

was added to the pellet, mixed with 4 x sample buffer plus 1% ß-

mercaptoethanol and incubated at 95°C for 10 min. Usually 100-200 µg of cell 

lysates were then loaded onto the SDS gel. 

 

3.2.3.4 Expression and purification of recombinant mouse PrP amino acid 
121-231 

The expression plasmid pRSETa mPrP(121-231) fused to an N-terminal 

histidine tag (obtained from K.Wüthrich Zürich, Sitzerland) was transformed into 

E. coli BL21 (DE3) as described in 3.2.1.1. Protein purification was performed 

with a modified protocol according to Zahn [Zahn et al., 1997]. Bacteria were 

grown to an OD600 of 0.5 and then induced with 1 mM isopropyl-ß-D-

galactopyranoside (IPTG). Cells were harvested 6 h after induction and 

centrifuged for 10 min, 6000 x g. The pellet was resuspended in 10 ml 

denaturating buffer G. After sonification on ice (8 x 60 sec) and subsequent 

centrifugation for 10 min, 5400 x g at 4°C, the soluble protein fraction was 

added on a nickel-nitrilotriacetic acid (NTA) agarose resin (6 ml) in a 

chromatography colum. For efficient protein binding, the agarose resin was 

incubated for 1 h at RT on an overhead shaker. Subsequently, the resin was 

washed three times with 10 ml of buffer G. In a next step, buffer G was 

exchanged with 25 ml to buffer B (in ratio 1:1) via a gradient former for protein 

refolding and washed additionally with 10 ml of buffer B. The protein was eluted 

with 50 mM immidazol in buffer B (4 ml). After a short incubation time (10 min), 

the residual protein was eluted from the resin by using 4 ml 150 mM immidazol 

dissolved in buffer B. In a final step the recombinant mPrPREC121-231 protein was 

dialyzed via a dialyze membrane (MWCO: 8000) over night at 4°C in buffer D 

(100 ml). 
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3.2.4 Electron microscopy 

3.2.4.1 Immungold-labelling 

For detection of PrP or VSV-G displayed on retrovirus particles, virions 

concentrated from the cell supernatant were used. For immunonegative 

staining, 10 µl of concentrated particle suspension was adsorbed to glow 

discharged carbon coated formvar grids for 2 min. In case of VSV stain, purified 

VSV (stock 1012 PFU) was applied in a volume of 5 µl to the grids. After rinsing 

in PBS, grids were incubated with appropriate antibodies for 15 min at RT. 

 

Table 13  Primary antibodies for immunogold-labelling 

Primary antibodies dilution 

Polyclonal anti-VSV-G rabbit antiserum 1:1000 

6H4 antibody 1:500 

 

Grids were washed two times with PBS and incubated with the appropriate 

secondary antibody (1:50) for 15 min, respectively.  

 

Table 14  Secondary antibodies for immunogold-labelling 

Secondary antibodies dilution 

Goat anti-mouse IgM/IgG 5nm gold (PrP) 1:50 

Goat anti-mouse IgG 10nm (PrP) 1:50 

Goat anti-rabbit IgG 10nm gold (VSV-G) 1:50 

 

Finally, immunolabled virus-like particles were washed two times with PBS and 

one time with Aqua dest. before particles were negatively stained with 2% 

uranylacetate or methylwolframat for 10 sec. Electron micoscopic preparations 
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were examined in a transmission electron microscope EM 109 or 902 and 

micrographs were taken on Kodak Estar electron microscope film. 

 

3.2.5 Virological methods  

3.2.5.1 Cell transfection and production of VLP  

To express plasmids within eukaryotic cells, transfection using Lipofectamine 

2000 was performed. The corresponding method is based on a complex 

formation between plasmid DNA and liposomes which subsequently fuse with 

the cellular membrane. Hence, the DNA is taken up by endocytotic 

mechanisms. For the generation of VLP, 3 x 106 
cells were seeded into a T175 

flask at the day before transfection. After cultivation over night, the transfection 

was performed as follows: Plasmid mixture with combined plasmids (Table 15) 

was diluted in 2 ml serum free DMEM. In parallel, 90 µl Lipofectamine 2000 was 

suspended in another 2 ml serum free DMEM (without any supplements). After 

incubation for 5 min at RT, both samples were mixed. This solution was 

incubated for further 20 min. Afterwards medium was exchanged against the 

transfection mixture (4 ml + 8 ml serum free DMEM) and the cells were 

incubated for 4 h at 37°C. After 4 h of incubation the transfection mixture was 

exchanged against DMEM containing serum. Cell culture supernatants were 

harvested 48 h after transfection, filtered through a sterile 0.45 µm filter and 

particles were concentrated by low speed centrifugation (16 h- 24 h, 2500 x g, 

4°C). In case of VLP-PrPD111, HIV-PrPD111, or VLP-EGFD particles, cell culture 

supernatants were harvested twice, 48 and 72 hours after transfection. 

For standard particle preparations, twelve T175 flasks were transfected. After 

low-speed concentration, harvested particles were resuspended in 1 ml PBS 

Dulbecco + 1% FCS and divided into 20 aliquots of 50 µl. VLP were used for 

electron microscopy and immunization experiments. For quantification of 

particle numbers ELISA tests were performed as described in Chapter 3.2.8.2.  
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Table 15  Plasmid concentration for transfection of one T175 cell culture flask 

Particles pHIT60 pCMV∆R8.2  pmDG pDEGF pDPrP111 

VLP-VSV 12.5 µg  5.0 µg   

VLP-PrPD111 15.0 µg    15.0 µg 

VLP-EGFD 15.0 µg   15.0 µg  

VLP-PrPD111/VSV 12.5 µg  5.0 µg  12.5 µg 

HIV-PrPD111  15.0 µg   15.0 µg 

 

3.2.5.2 Reverse Transcriptase (RT) activity assay  

The Reverse Transcriptase assay is based on detecting the activity of the viral 

enzyme reverse transcriptase (RT), which converts retroviral genomic RNA into 

double stranded DNA during the viral life cycle. The RT test solutions are 

commercially available. For detection of MLV particles the C-type RT test was 

used. All RT tests were performed by the group of Christian Buchholz (PEI, 

Langen). 

Since the average amount of RT per particle has been evaluated [Pyra et al., 

1994], it is possible to calculate particle values present per sample using the 

following equation:  

n
CP 

= 3 × 109 [p/units] × RT-value [units]  

 

3.2.5.3 Viruses 

Vesicular stomatitis virus serotype Indiana (VSV-IND, Mudd-Summers isolate) 

was originally obtained from D. Kolakofsky, University of Geneva, Switzerland, 

and was grown on BHK cells in MEM supplemented with 5% FCS to obtain 

virus stocks containing 109 PFU/ml. UV inactivation was performed with an UV 

irradiator on ice at 300 mJ, 45 sec. For immunizations into mice, VSV was 

diluted in PBS + 0.1% BSA. 
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3.2.5.4 VSV neutralization assay 

Vero cells were seeded at a density of 2 x 105 cells/ml in 100 µl/well, MEM 5% 

FCS, using 96-well flat bottom cell culture plates. The plates were kept in the 

incubator to grow to confluency.  

On day 2, anti-VSV mouse sera were reduced for the determination of IgG by 

adding 10 µl 280 mM ß-mercaptoethanol to 10 µl of the serum samples. The 

reduced sera were incubated for 1 h at RT. Untreated sera were used for 

determination of total Ig (IgM+IgG). Next, the sera were prediluted 1:40 by 

adding 380 µl MEM 5% FCS to the reduced sera and 390 µl MEM 5% FCS to 

the untreated sera. In order to destroy the complement system, the prediluted 

sera were heat-inactivated for 30 min at 56°C.  

For serial dilutions of the sera, lines 2-12 of new 96-well plates were filled with 

100 µl MEM 5% FCS. Subsequently, 200 µl heat-inactivated serum dilutions 

were added to the first line of the wells and 1:2 titration steps were made. Next, 

100 µl VSV were added at a concentration of 103 PFU/ml to all wells already 

containing 100 µl antibody dilution. These plates were left to incubate for 90 min 

at 37°C without stapling.  

Then, the medium of the confluently grown Vero cell culture plates was flicked 

off and 80 µl of the serum-VSV mixture was transferred onto the Vero cell layers 

by pipetting from front to back. The plates were incubated for 1 h at 37°C and 

methylcellulose 1 x MEM was adapted to 37°C. The plates were overlayed with 

100 µl 1% methylcellulose 1x MEM (I) and incubated over night at 37°C.  

On day 3, the medium was flicked off and the cultures were overlayed with 

crystal violet and incubated for 1 h at RT. Finally, the dye was carefully removed 

and the plates were washed extensively. The plates were air dried and the 

plaques were counted. The serum dilution reducing the number of plaques by 

50% was taken as titer [Charan et al., 1986]. 

 

 52



 
3 Material and Methods  

 (I) Preparation of 1% methylcellulose in 1 x MEM  

15 g methocel was dissolved in 750 ml double-distilled H2O (2%) ON under 

stirring in the cold room. After autoclaving, a methylcellulose block was formed 

that dissolved at RT within 24 h. 250 ml of 2% methocel were mixed with 50 ml 

10 x MEM. 30 ml 7.5% sodium bicarbonate was added. A final 1 x concentration 

of 0.44% was reached by filling up to 500 ml with 170 ml double-distilled H2O. 
 

3.2.6 Mouse experiments 

3.2.6.1 Mouse anesthesia  

One mouse was set into the glass prepared with approximately 1 ml Isofluran 

and observed for progressive stages of induction of anesthesia. The operation 

stage of anesthesia was achieved after usually 10 sec, when the mice started to 

breath profoundly and more slowly. The mice were then immediately taken out 

and manipulations could be performed for approximately 20-30 sec. 

For general anesthesia mice were i.p. injected with 100 µl Ketamin/Rompun per 

10 g body weight.  

 

3.2.6.2 Immunization and infection of mice  

Mice were warmed up in their cages for 10 min by an infra-red lamp. 

Subsequently, mice were introduced into restrainers and injected intravenously 

(i.v.) with 200 µl of appropriate antigen (VLP or VSV) diluted in PBS 0.1% BSA 

into the lateral tail vein using a 0.3 mm syringe.  

For immunizations in the presence of various adjuvants, PrP-displaying virus-

like particles were emulsified in an equal volume of CpG1668 (50 µg/mouse, 

1:2), Titer Max (1:2), Alum (1:2) or complete/incomplete Freund’s adjuvant 

(CFA/IFA) (1:2) immediately before subcutaneous administration (100 µl total 

volume), respectively. For boosting upon priming with VLP-PrPD111 in CFA, IFA 

was used. 

For intracerebral (i.c.) infections, mice were first anesthetized i.p. with 

Ketamin/Rompun and afterwards inoculated i.c. with 1:10000 diluted RML 5.0 
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(stock: 10% homogenate in 0.32 M sucrose) in PBS containing 5% BSA. The 

inoculum was given in a 30 µl volume by i.c. injection using a 0.3 mm syringe 

into the right parietal lobe at a depth of 4 to 5 mm. 

The prion inoculum used in these experiments was RML 5.0, which was derived 

by fivefold serial passage in CD-1 mice of a Chandler mouse-adapted scrapie 

strain (obtained from the group of A. Aguzzi, Zurich).  

For i.p. infection experiments, mice were injected with 100 µl of a 10000-fold 

dilution of the inoculum RML 5.0 diluted in PBS 5% BSA. 

 

3.2.6.3 Blood sampling for serum analysis  

Mice were anesthetized and bled with capillary behind the eye (retroorbital 

bleeding). Blood was collected in heparinized micotainer tubes for FACS 

staining or for serum sampling in serum vacutainers. 

 

3.2.6.4 Isolation of splenocytes  

Mice were anesthetized and sacrificed by atlanto-occipital dislocation. The 

bodies were bathed in 70% ethanol for disinfection and with a pair of scissors 

and tweezers the spleen was prepared. The organ was put into a petri dish, 

squeezed with a 5 ml plastic pipette after opened the splenic capsule. 

Splenocytes were filtered through a 70 µm Filicon and caught in a 15 ml Falcon 

tube. After centrifugation for 5 min, 300 x g, at 4°C, the pellet was resuspended 

in 5 ml red blood lysing solution for 2 min at RT followed by a centrifugation step 

(5 min, 300 x g at 4°C). Finally, the cell pellet was resupended in FACS buffer. 

Cells are ready for cell staining. 

 

3.2.6.5 Depletion of CD4+ T cells 

Three and one day before immunization with VLP-VSV or VSV, mice were 

injected i.p. with a dose of 500 µg of GK1.5 mAb per injection. Depletion 

efficiency, as determined by FACS analysis of peripheral blood, typically 

exceeded 99.9%.  
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3.2.7 Immunohistology 

Freshly removed organs were immersed in Tissue Freezing Medium and snap 

frozen for several minutes in liquid nitrogen. Further steps were performed by 

the group of B.Odermatt, Zurich. 

In brief, tissue sections of 5 µm thickness were cut in a cryostat, placed on 

siliconized glass slides, air dried, fixed with acetone for 10 min, and stored at -

70°C. Immunohistological stainings were performed as described previously 

[Bachmann et al., 1996] except for detection of germinal center cells, which was 

done by using biotinylated PNA (1:50). For staining of follicular dendritic cells 

(FDC), rehydrated tissue sections were incubated with rat monoclonal 

antibodies clone FDC- M1 (1:50). Staining was revealed by the ABC/peroxidase 

method according to the manufacturer’s instructions 

 

3.2.8 ELISA analysis 

3.2.8.1 Analysis of VSV-specific serum binding  

Purified VSV-IND was prediluted 1:10000 in coating buffer (0.1 M NaHCO3, pH 

9.6) and coated in 0.1 M NaHCO3, pH 9.6 on 96 well Nunc Maxisorp ELISA 

plates (100 µl/well). The plates were incubated over night at 4°C. The virus 

dilution was carefully flicked off and the plates were washed two times with 

150 µl/well of PBS, 0.1 % Tween 20. To saturate unspecific protein binding, 

100 µl/well of 5% BSA in PBS, 0.1% Tween 20 was added. After incubation for 

2 h at RT, VSV-coated plates were washed two times with 150 µl/well as 

described above. Next, 150 µl of serum samples diluted in PBS, 0.1% Tween 

20 were serially 3-fold diluted (20xlog3) and added to the VSV-coated plates. 

The mAb VI24 (1:2000) was used as a positive control. After 2 h incubation at 

RT, the VSV coated plates were washed three times with 150 µl/well PBS 0.1% 

Tween 20. To detect VSV-specific antibodies, 80 µl/well HRP-coupled detection 

antibodies (anti-IgG2a 1:1000, diluted in 1% BSA, PBS, 0.1% Tween 20) was 

added and the plates were incubated for 1 h at RT. In the meantime, aliquots of 

ABTS, the substrate of HRP, were thawed and activated by supplementing 
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20 µl 30% H2O2 
to 11 ml ABTS aliquots. Then, the incubated plates were 

washed three times and 100 µl/well of the substrate (0.5 mg/ml ABTS in 0.1 M 

NaH2PO4, pH 4 and 30% H2O2 was added. After an incubation time of 45 min at 

RT, the optical density was determined at a wave length of λ= 405 by an ELISA 

reader.  

 

3.2.8.2 Charaterization and Quantification of VLP or VSV  

To analyze molecules displayed by retrovirus-like particles, 96 well Nunc 

Maxisorb ELISA plates were coated with purified VLP which were prediluted 

1:10 in 0.1 M NaHCO3, pH 9.6 and subsequently serially three fold diluted 

(10xlog3). For detection of VSV-G molecules on purified VSV, 96 well Nunc 

Maxisorb ELISA plates were coated with 1:1000 prediluted virus in a serially 

three fold dilution. Upon blocking with 100 µl 5% BSA in PBS 0.1% Tween, 50 

µl/well of the primary antibody (Table 16) diluted in PBS, 0.1% Tween, 1% BSA 

was added for 2 h at RT. Upon thorough washing, bound antibody was 

decorated using appropriate HRP-conjugated secondary antibodies (80 µl/well) 

diluted in 1% BSA, PBS, 0.1% Tween 20. After 1 h incubation at RT plates were 

washed and bound HRP-coupled antibodies were measured as described in 

Chapter 3.2.8.1.  

 

Table 16  Antibodies for VLP-ELISA 

Antigen Primary  antibody Secondary antibody 

VSV-G mAb VI24 (1:200) anti-IgG2a-HRP (1:1000) 

PrP 6H4 (1:500) polyclonal rabbit anti-mouse 
IgM, G+A-HRP (1:1000) 

P30 Polyclonal anti-p30 (1:1000) polyclonal rabbit anti-goat-HRP 
(1:500) 

P24 mAb 880-A (1:500) donkey anti human IgG-HRP 
(1:1000) 

 56



 
3 Material and Methods  

3.2.8.3 Analysis of PrP-specific serum binding 

384 well Nunc Maxisorb ELISA plates were coated with 5 µg/ml per well of 

mPrPREC121-231 (purified in Chapter 3.2.3.4) diluted in PBS and blocked with 

50 µl 5% bovine serum albumin (BSA). Serial PrP-specific serum dilutions in 

PBS, 0.1% Tween, 1% BSA were added. After 2 h incubation at RT, plates 

were thoroughly washed and 1:1000 diluted HRP-conjugated polyclonal rabbit 

anti-mouse Ig M, G+A antibody was added. After 1 h incubation at RT plates 

were washed and bound HRP-coupled antibodies were measured as described 

in Chapter 3.2.8.1. 

 

3.2.9 Flow cytometric analysis 

3.2.9.1 Flow cytometric determination of PrPC-specific serum binding 

For flow cytometric determination of PrPC-specific serum antibody binding, 10 µl 

heparinized tg33 mouse blood (1:15 in FACS buffer) was applied on 96 well V-

bottom cell culture plate and washed with 150 µl FACS buffer by centrifugation 

(300 x g, 4°C for 5 min). Serum of immunized mice (1 µl), preimmune serum 

(1 µl), isotype controls (1 µl) or the positive control 6H4 (1:200) were separately 

mixed with anti-CD3-PE (0.5 µl) and incubated with tg33 blood cells for 20 min 

at 4°C. After washing with 150 µl FACS buffer at 300 x g, 4°C for 5 min, blood 

cells were incubated additionally for 20 min at 4°C with 10 µl of donkey anti-

mouse IgG-FITC (1:50) or goat anti-mouse IgM-FITC (1:50). After washing, 

pellets were resuspended in 200 µl red blood cell lysing buffer for 15 min at RT. 

Finally, cells were washed two times, and pellet was resuspended in 150 µl 

FACS buffer. Samples were measured on a FACScan machine by acquiring 

10000 events in the lymphocyte gate. Data analysis was performed using the 

BD Cell quest software. 
 

3.2.9.2 Detection of germinal center B cells by FACS analysis 

Spleens were removed as described in Chapter 3.2.6.4 and single cell 

suspensions were prepared. After red blood cell lysis by treatment with 5 ml red 
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blood lysing buffer, splenocytes were centrifugated (300 x g, for 5 min at 4°C) 

and the pellet was resuspended in 3 ml FACS buffer. For staining procedures 

1x106 cells were added in a 96 well V-bottom cell culture plate and pelleted by 

an additional centrifugation step (300 x g, for 5 min at 4°C). Next, splenocytes 

were incubated with biotinylated peanut hemagglutinin (PNA) (1:2000) in FACS 

buffer at 4°C for 15 min. After extensive washing with 180 µl FACS buffer 

(300 x g for 5 min at 4°C), cells were stained with a mixture of streptavidin-PE 

(10 µl), B220-PECy5.5 antibody (1 µl), FITC-conjugated anti-CD21 (1 µl) and 

APC-conjugated anti-CD23 (1 µl) for 10 min at 4°C in a total volume of 25 µl 

FACS buffer. After two washing steps, cells were resuspended in 150 µl FACS 

buffer and samples were analyzed on a FACS BD LSR II using BD FACS Diva 

software. 

 

3.2.9.3 Purification of PrP-specific memory B cells 

Splenocytes from six immunized homozygous C57/BL6 Prnp0/0 donor mice 

were prepared as described in Chapter 3.2.6.4 and subsequently pooled in 

12 ml MACS buffer for sorting experiments. MACS buffer was used in all 

staining steps.  

1.2 x108 splenocytes were stained with CD19-PE (1:800), CD4-FITC (1:1000) 

and CD8-FITC (1:800) for 15 min at 4°C and centrifugated for 5 min 300 x g at 

4°C. Pellet was resuspended in 10 ml MACS buffer before cell suspension was 

filtered through a 70 µm Filicon and titrated to 6x107 cells/ml.  

Cell sorting was performed by a BD MoFLo Cell Sorter. Preparation of 

splenocytes as well as cell sorting procedure was accomplished by the group of 

T.Winkler in Erlangen.  

For adoptive transfer experiments Prnp+/+ recipient mice were injected i.v. with 

1x107 CD19+ B cells/mice.  

 

3.2.9.4 Competition assay 

Sera of immunized mice or mAb 6H4 were first titrated for 80% binding 

capacity. Thus, 10 µl blood of tg33 mice was incubated with 10 µl of different 

 58



 
3 Material and Methods  

serial log 5 dilutions of the 6H4 antibody. In case of serum antibodies, 10 µl of 

different serial log 3 dilutions were added together with 1 µl anti-CD3-PE for 

20 min at 4°C. Staining was performed as described in detail in Chapter 3.2.9.1.  

For competition assay limiting antibody concentrations were incubated together 

with 200 ng mPrPREC121-231 which was purified as described in Chapter 3.2.3.4. 

Different concentrations of VLP-PrPD111 (total volume of 30 µl) were used as 

competitors. Serum antibodies and competitors were incubated for 3 h at 4°C 

on a shaker. PrPC-specific binding of mAb 6H4 or serum antibodies to native 

PrPC was measured by FACS using 10 µl blood of tg33 mice overexpressing 

PrPC on T cells (see Chapter 3.2.9.1). 

 

3.2.9.5 Counting of absolute cell numbers by FACS 

To directly count absolute numbers of lymphocytes, a quantitative method on 

the base of reference counting beads was performed. Counting beads, which 

contained about 1000 beads/µl, were pipetted into 96 well plates together with 

splenocytes (1x106 cells) in a ratio 1:1. The samples were stained as described 

in detail in Chapter 3.2.9.1. To count absolute numbers of peripheral blood 

lymphocytes by FACS, cell numbers were analyzed as described in the 

manufacturer´s instructions. In brief, the counting beads were gated 

simultaneously in the forward scatter (FSC)/side scatter (SSC) (Figure 5, left) as 

well as in the fluorescence channel 2/SSC (Figure 5, right).  
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Figure 5  Lymphocyte count by FACS. Left plot shows the FSC/SSC plot with 

lymphocyte gate (P1) and beads gate (P6), right: fluorescence 2/SSC with combined beads 

gate (P3). Events were depicted in dot plots to adjust the detritus threshold. The samples were 

measured for 5000 beads.  
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4 Results  
In this thesis the question was addressed whether in analogy to vaccination 

against “normal” pathogens, protective antibody responses can be induced 

against prions. In the first chapter of this thesis, virus-like particles (VLP) 

displaying the vesicular stomatitis virus (VSV) glycoprotein (VSV-G) were 

generated (VLP-VSV) to assess the immunogenicity of VLP. Furthermore, VLP 

were tested whether they are suitable for the induction of protective immunity 

against “normal” pathogens. Interestingly, the VLP-VSV mediated induction of 

VSV neutralizing IgG antibodies was type I IFN dependent. In the second 

chapter, different types of VLP displaying parts of the cellular prion protein on 

the surface were produced and tested for their capacity to induce PrPC-specific 

antibody responses. Probably due to immunological tolerance, vaccination 

against prion diseases turned out to be rather difficult in wild-type mice. 

Therefore, a series of immunization strategies was studied to circumvent 

tolerance to PrPC. VLP-induced anti-PrPC antibodies were subsequently 

analyzed in in vitro and in vivo settings for their potential to inhibit PrPSc 

propagation. Furthermore, PrPC-displaying VLP were tested in a competition 

assay to study the fine specificity of anti-PrPC antibody responses.  

 

4.1 Virus-like particles (VLP) can trigger VSV neutralizing 
antibody responses  

Bacteria or viruses that infect a host are immediately recognized by the immune 

system to ensure surveillance of the infective agent and survival of the host. In 

contrast, infective prions share the identical amino acid sequence of 

endogenously expressed prion protein. Thus, upon scrapie infection, PrPSc is 

not attacked by immune defense mechanisms. The molecular structure of an 

antigen plays a major role for the induction of antibody responses. Soluble 

foreign proteins such as chicken gamma globulin (CGG) injected into mice 

provide very limited or no danger signals and therefore elict only very poor 

immune responses. In contrast, VSV shows a repetitive organization of the 
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immunogenic VSV-G protein on the surface that is one reason accounting for 

the strong immunogenicity of the virus. In addition, the viral genome is 

recognized by TLR7 [Lund et al., 2004; Kawai et al., 2006] and thus serves as a 

“danger” signal. Furthermore, virus replication can be sensed by the helicase 

RIG-I [Kato et al., 2005; Kawai et al., 2007]. For safety reasons, vaccines are 

based on antigens that are very immunogenic and replication deficient. In a first 

approach we addressed whether non-replicative virus-like particles expressing 

the major antigen of VSV on the surface are able to induce antibody responses 

that protect against VSV. If VLP-VSV turned out to be an efficient inducer of 

protective antibody responses against the virus they might be good vaccine 

candidates for PrPC-specific immunization as well. Because VLP are able to 

present different kinds of antigens at the outer particle surface [Deml et al., 

2005], PrPC-displaying VLP can be readily generated. 

 

4.1.1 Generation of virus-like particles displaying the VSV-G or EGF 
protein on the surface 

First, we generated murine leukemia virus (MLV)-derived VLP that display the 

vesicular stomatitis virus glycoprotein VSV-G on the surface. To produce such 

VLP, a new subclone of the human kidney derived cell line HEK 293FT was 

chosen. HEK 293FT cells grow faster than the original clone and express the 

large T antigen (SV40), facilitating optimal viral production. HEK 293FT cells 

were cotransfected with the expression plasmid pHIT60 coding for the MLV viral 

structure proteins gag/pol together with the VSV-G expression construct pmDG. 

48 h after transfection, cell culture supernatant was harvested and particles 

were concentrated by low speed centrifugation (Figure 6). 
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Figure 6  Production of virus-like particles (VLP) expressing the VSV-G protein. 
Plasmids coding for either the VSV-G sequence or the MLV structural proteins gag/pol were 

cotransfected into HEK 293FT producer cells. VLP incorporating VSV-G into the viral envelope 

(VLP-VSV) are subsequently released. 

 

In addition to VLP-VSV expressing the VSV-G protein (Figure 7 A), VLP-EGFD 

control particles were generated which display the human epidermal growth 

factor (EGF) on surface (Figure 7 B). In case of VLP-EGFD the pD-EGF plasmid 

was used instead of the pmDG VSV-G expression plasmid. The EGF coding 

sequence was inserted in a commercially available display vector (pDisplay 

(pD)). The pDisplay system functions as a multi-fusion protein, in which the 

target sequence is N-terminally flanked by the murine immunglobulin κ chain 

signal peptide and C-terminally flanked by the transmembrane domain of the 

platelet derived growth factor receptor (PDGFR) anchoring the protein into the 

plasma membrane.  
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Figure 7  Schematic representation of virus-like particles displaying VSV (A) or EGF 
(B) on the surface.  

 

The VSV or EGF protein
 
encoded by the pmDG or pD-EGF plasmids is 

unspecifically incorporated into VLP derived from the murine leukemia virus 

(MLV). Generally, proteins that are presented on the cell surface in a high 

amount seem to be incorporated by viral particles in a passive process, while 

the budding from the cell surface resulted in the production of protein displaying 

virus-like particles. In this way, virus-like particles harboring the protein of 

interest in their membranes can be produced [Nikles et al., 2005]. 

In particle preparations it might be possible that besides virus-like particles 

which are regular, round-shaped and equal in size, vesicle-like structures that 

potentially bud from the cell surface are also present. The latter would also 

penetrate through the filter and would co-sediment with viral particles upon 

centrifugation of the sample, because of similar weight and density. Therefore, 

the structure of virus-like particles and the quality of each preparation was 

analyzed by electron microscopy method. 
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4.1.2 Characterization of VLP-VSV by electron microscopy 

The expression of VSV-G protein on the surface of virus-like particles was 

analyzed by immunogold-labeling and subsequent visualization by electron 

microscopy (Figure 8). VSV-G was marked by a polyclonal rabbit serum 

specifically binding VSV-G which was detected by a gold-labeled anti-mouse 

antibody, as described in detail in Chapter 3.2.4.1.  

Particle preparations showed mostly 50% of virus-like particles that exhibit the 

typical morphology of C-type retroviruses, which were determined as VLP-VSV. 

Furthermore, pleomorphic vesicle-like structures were detectable. Both types of 

particles were present in roughly similar amounts and were surrounded by 

numerous immunogold particles. VLP-VSV displayed the VSV-G protein on the 

surface in a highly organized fashion (Figure 8).    

The specificity of the anti-VSV-G staining was confirmed by using VLP-EGFD as 

a control. VLP-EGFD was negative for anti-VSV-G staining (Figure 3). Because 

VSV shows high expression of VSV-G protein on the surface it was chosen as a 

positive control for VSV-G specific protein staining. Indeed, immunoelectron 

microscopic analysis revealed that VSV was significantly decorated by 

polyclonal rabbit serum specifically binding to VSV-G (Figure 8).  

 

 

Figure 8  Analysis of VSV-G expression on the surface of VLP by immunoelectron 
microscopy. Samples of VSV, VLP-VSV and VLP-EGFD were applied to glow-discharged-

carbon coated Formvar grids. VSV-G was labelled by a polyclonal anti-VSV-G rabbit serum and 

a 10 nm diameter gold particle-labelled anti-rabbit-IgG (arrowheads). The bar is equivalent to 50 

nm. 
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4.1.3 Characterization of VLP-VSV and live VSV by ELISA  

VLP-VSV was further characterized for VSV-G expression by ELISA. VLP-VSV, 

VSV and VLP-EGFD were coated in log 3 dilution steps on ELISA plates. After 

incubation with the VSV neutralizing mAb VI24, only VSV and VLP-VSV, but not 

VLP-EGFD, showed binding of the anti-VSV-G antibody VI24. Staining with a 

VLP-specific anti-p30 serum was positive only for VLP-VSV and VLP-EGFD but 

not for VSV (Figure 9). Thus, VLP-VSV displayed VSV-G in a way that 

neutralizing determinants, as recognized by VI24 in an ELISA assay, were 

expressed.  
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Figure 9  Analysis of VSV-G expression by ELISA. ELISA plates were coated in log 3 

dilution steps with graded concentrations of VLP-EGFD, VLP-VSV and VSV. After blocking of 

unspecific binding, plates were incubated with the VSV-G-specific mouse mAb VI24 (filled 

circles) or with MLV-specific goat anti-p30 polyclonal serum (filled squares). Bound antibodies 

were detected by an anti-goat IgG-HRP (open triangles) or anti-mouse IgG2a-HRP (asterisks) 

antibody. 

 

These results clearly demonstrated that VLP-VSV incorporated VSV-G and 

displayed the protein on the surface. Moreover, preparations concentrated by 

low-speed centrifugation of cell culture supernatants contained vesicles and 

vesicle-like structures, presenting VSV-G as well. The conservation of the 

immunogenic VSV-G epitopes was confirmed by ELISA which further served as 

equilibration method of individual VLP preparations. 
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4.1.4 Quantification and equilibration of VLP-VSV  

The efficient production of MLV-derived VLP and the expression of VSV-G on 

the surface were successfully analyzed by electron microscopy and by ELISA. 

However, for mouse immunization experiments, it was necessary to determine 

the amount of relevant antigen injected. Standard methods for quantification of 

MLV-derived VLP are reverse transcriptase (RT) assays. Usually, the activity of 

RT in virus stocks is determined by RT assays. To estimate absolute particle 

numbers, RT units were measured from VLP preparations in a C-type RT 

activity assay (performed by the group of C. Buchholz). The amount of VLP-

particle in the preparations tested, varied between 50 and 450 RT units/ml (data 

not shown). Assuming that 1 RT unit corresponded to 3x109 VLP [Pyra et al., 

1994] approximately 109 particles were used for typical immunization 

experiments. For further equilibration of different particle preparations, ELISA 

tests were performed. To this end, particles were analyzed by coating log 3 

dilutions of concentrated stocks on ELISA plates. For quantification of VLP, anti-

p30 serum was used in combination with a goat-specific secondary HRP-

labelled antibody. In a next step, relative VLP concentrations were calculated 

comparing half-maximum values of each particle preparation (Figure 10). 
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Figure 10  Equilibration of VLP-VSV by ELISA. ELISA plates were coated with two 

different VLP-VSV preparations (Prep 1 and Prep 2) in indicated dilutions. MLV-specific p30 

proteins were detected by polyclonal anti-p30 antiserum (open symbols). A 2nd anti-goat 

antibody was used as a negative control (asterisks). Half-maximal dilution is indicated by dotted 

lines. 
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Throughout this study, the ELISA method was used in addition to the RT assay 

to standardize particle preparations for immunization purposes. 

Taken together, virus-like particles displaying the VSV-G protein on the surface 

were successfully generated as characterized by electron microscopy and by 

ELISA. The next chapter addresses the question whether those particles were 

suitable for inducing VSV neutralizing antibody responses. 

 

4.1.5 Analysis of VSV neutralizing antibody responses induced by 
VLP-VSV or VSV 

As indicated by electron microscopic studies and ELISA experiments, VSV and 

VLP-VSV expressed determinants recognized by the VSV neutralizing mAb 

VI24. To study next, whether VSV and VLP-VSV also induced similar VSV 

neutralizing antibody responses, wild-type mice were i.v. injected with 

approximately 109 VLP-VSV or 2x106 PFU VSV.  Live VSV was chosen as a 

positive control because it induces high anti-VSV-G antibody responses in wild-

type mice [Gobet et al., 1988]. Every 4 days serum samples of VLP-VSV and 

VSV infected mice were collected. Determination of VSV neutralizing serum 

titers revealed that within 4 days after injection of VLP-VSV, wild-type mice 

mounted VSV neutralizing IgM that switched to the IgG subclass by day 12 and 

remained elevated (Figure 11, left upper panel). Similarly, VSV injected mice 

mounted neutralizing IgM by day 4 that switched to IgG by day 8 and remained 

elevated (Figure 11, left lower panel). 

In summary, VLP-VSV induced IgM responses were slightly enhanced when 

compared to those induced by VSV, whereas IgG responses were 

approximately 2-4 log 2 steps lower than those induced by VSV (Figure 11, left 

panel).  
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Figure 11  Similarly to VSV, VLP-VSV induces a T help-independent neutralizing IgM 
response that switches T help-dependently to IgG. For depletion of CD4+ T cells, wild-type 

mice were treated intraperitoneally with the monoclonal antibody GK1.5 on day 3 and 1 before 

intravenous injection of VLP-VSV or 2x106 PFU VSV. Serum samples were collected at the 

indicated time points and VSV neutralization assay was performed.  Data shown are the mean 

of three mice per group ±SEM. One of two similar experiments is shown. 

 

As described previously [Leist et al., 1987], upon VSV infection the IgG switch is 

T help-dependent. This was indicated by CD4-depleted mice that upon VSV 

infection mount VSV neutralizing IgM, but do not show a switch to IgG. To 

further analyze the T help-dependence of VLP-VSV induced antibody 

responses, untreated control mice and mice depleted of CD4+ T cells were 

immunized with VSV or VLP-VSV and VSV neutralizing serum antibodies were 

determined. Similarly, VLP-VSV immunized mice devoid of CD4+ T cells 

showed a neutralizing IgM response but no IgG switch (Figure 11, right upper 

panel). VSV- and VLP-VSV-induced IgM responses were slightly reduced in 

CD4-depleted mice when compared to untreated controls (Figure 11, right 

panel). Collectively, these results indicated that VSV and VLP-VSV induced T 

help-independent IgM responses that switched to IgG in a T help-dependent 

manner. 
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4.2 VLP induce antibody responses that are type I IFN 
dependent  

Similarly to VSV, replication deficient VLP-VSV was able to induce strong VSV 

neutralizing IgM that switched to IgG. Therefore, VLP-VSV could be used as a 

tool for studying virus induced B cell responses. In the early phase of VSV 

infection, high amounts of type I IFN are secreted to assure the initial survival of 

VSV-infected mice. In previous studies it was shown that type I IFN stimulation 

can potently enhance humoral immunity towards the soluble protein chicken 

gamma globulin (CGG) via a direct effect on B cells [Le Bon et al., 2001; Le Bon 

et al., 2006]. The question whether virus-induced type I IFN does influence anti-

viral B cell responses is controversially discussed because this question cannot 

be easily addressed. IFNAR-deficient mice that have been instrumental in 

studying type I IFN effects in vivo succumb to VSV infection within few days 

after injection of low doses of VSV. Thus, replication deficient VLP-VSV was 

used to analyze the role of endogenously produced type I IFN in virus 

neutralizing B cell responses. 

 

4.2.1 Analysis of IFNAR dependence in the context of VLP-VSV 
induced antibody responses 

Recent publications showed that virus-induced type I IFN may or may not have 

an impact on anti-viral antibody responses [van den Broek et al., 1995; Fink et 

al., 2006; Coro et al., 2006]. To assess the IFNAR dependence of VLP-VSV 

induced antibody responses, wild-type controls and mice that are deficient of 

the type I IFN receptor (IFNAR-/-) were injected with VLP-VSV and serum 

samples were collected every 4 days.  

VSV-specific Ig binding was assessed by ELISA. To this end, purified VSV was 

coated on ELISA plates and serially diluted serum samples were added to the 

plate. Specifically bound IgM or IgG was detected using a goat anti-mouse IgM 

or goat anti-mouse IgG antibody conjugated with HRP. Compared to wild-type 

controls, VLP-VSV injected IFNAR-/- mice showed slightly reduced VSV-specific 

IgM titers on day 4, whereas VSV-specific IgG titers on day 12 and 20 were 

 70



 
4 Results  

significantly reduced (Figure 12 A). Because virus neutralization per definition is 

more specific than ELISA binding and additionally reflects the biological 

functions of antibody responses, serum was further analyzed in a virus 

neutralizing assay. Similarly to VSV binding antibody responses, VSV 

neutralizing IgM responses were only slightly reduced in IFNAR-/- mice when 

compared to wild-type mice. In contrast, the switch to neutralizing IgG and the 

sustained IgG production at later time points was entirely missing in VLP-VSV 

treated IFNAR-/- mice (Figure 12 B).  
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Figure 12  In the absence of a functional type I interferon system, VLP-VSV induces a 
VSV-specific IgM response but no switch to IgG. Wild-type and IFNAR-/- mice were 

immunized intravenously with VLP-VSV and serum samples were taken at indicated time 

points. (A) VSV-binding was analyzed by an ELISA method. Serum samples were taken on day 

12 and 20 and tested in log3 serial dilutions (20-fold pre-diluted) for the presence of VSV-G-

specific IgM or IgG. (B) VSV neutralizing antibodies were determined by a neutralization assay. 

On indicated days, blood was taken and the serum was analyzed for the presence of VSV 

neutralizing IgM+G (filled circles) or IgG (open squares) antibodies. Data shown are the mean 

of three mice per group ± SEM. One of two similar experiments is shown. 
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Thus, upon VLP-VSV immunization, the induction of neutralizing IgM was 

largely IFNAR-independent, whereas the T help-dependent switch to 

neutralizing IgG was strictly IFNAR-dependent. 

 

4.2.2 Characterization of germinal center (GC) formation in IFNAR-/- 
mice upon VLP-VSV immunization 

As germinal centers (GC) play a key role in subclass switch, GC formation was 

studied in wild-type controls and IFNAR-/- mice after VLP-VSV treatment. 

Histological analysis is a broadly used method for detection of germinal centers. 

Mice were injected with VSV or VLP-VSV, and 14 days later spleens were 

prepared for immunohistological analysis. GCs were identified by colocalization 

of peanut hemaglutinin (PNA) (Figure 13 A, upper panels) and M1 staining of 

follicular dendritic cells (FDC) on consecutive sections (Figure 13 A, lower 

panels). Spleens of untreated wild-type and IFNAR-/- mice basically did not 

show GCs, whereas after VLP-VSV or VSV immunization approximately 32 and 

38 GCs per section were found in wild-type spleens, respectively (Figure 13 

A+B). Upon VLP-VSV immunization, IFNAR-/- spleens showed approximately 18 

GCs per section. Untreated animals were negative for PNA or FDC staining 

(Figure 13 B). 
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Figure 13  IFNAR-/- mice show a reduced germinal center formation after VLP-VSV 
immunization. (A) Histological analysis of germinal center formation after i.v. immunization with 

VLP-VSV. Representative sections of spleens from mice treated with or without VLP-VSV 14 

days after immunization were analyzed. The stained markers are indicated in each panel: PNA, 

peanut hemaglutinin; FDC, follicular dendritic cells. Micrographs were taken at an original 

magnification of x 110, the bar is equivalent to 100 µm. (B) Number of GCs per spleen section. 

Spleens were analyzed for the presence of GCs. Sections from two to three different mice were 

analyzed. 

 

Thus, VLP-VSV induced strong memory B cell responses with life-long elevated 

IgG titers in wild-type mice. Furthermore, a strong GC reaction was observed as 

reflected by PNA and FDC immunohistology stainings. The absence of anti-

VSV IgG titers in IFNAR-/- mice was determined by a VSV neutralizing assay 

and correlated with a reduced GC reaction. 

The presence of GC B cells was further evaluated by flow cytometric analysis. 

Therefore, we developed a method to stain VSV-specific B cells. 14 days after 

VLP-VSV or PBS treatment, splenocytes of IFNAR-/- mice and WT controls were 

stained with anti-B220, anti-CD21, anti-CD23 and PNA (Figure 14). PNA 
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decorates GC B cells whereas CD21 and CD23 were selected to distinguish 

marginal and follicular GC B cells from other B cell subsets. FACS analysis 

revealed that PBS-treated wild-type mice showed approximately 0.9% 

B220+PNAhi GC B cells, whereas 14 days after VLP-VSV treatment 2.7% 

B220+PNAhi GC B cells were detected. B220+PNAhi GC B cells were primarily 

found amongst CD21intCD23hi and CD21loCD23lo B cells that are referred to as 

follicular B cells and transitional B cells, respectively. In contrast, B220+PNAhi 

GC B cells were only rarely found amongst CD21hiCD23lo marginal zone B cells 

(Figure 14). In untreated IFNAR-/- mice, 0.9% B220+PNAhi GC B cells were 

detected, whereas 14 days after VLP-VSV injection 1.4% B220+PNAhi GC B 

cells were found. Also in IFNAR-/- mice the majority of B220+PNAhi GC B cells 

were located amongst CD21intCD23hi and CD21loCD23lo B cells (Figure 14). 

Overall, the distribution of marginal zone B cells and follicular B cells of 

approximately 5-7% and 80-85%, respectively, did not change significantly in 

wild-type and IFNAR-/- mice upon VLP-VSV treatment, whereas CD21loCD23lo B 

cells showed a slight increase in immunized mice.  

 

 
Figure 14  Expression of B220 PNA GC B cells after VLP-VSV immunization in + hi wild-
type (WT) and IFNAR  mice by FACS analysis. Cells were stained with anti-B220-PE Cy5.5, 

anti-CD21-FITC, anti-CD23-APC antibodies and PNA-streptavidine-PE. In FACS analysis, 

B220  B cells (white dots) were examined for the expression of CD21 and CD23 to identify 

CD21 CD23  marginal zone B cells (R1), CD21 CD23  follicular B cells (R2) and 

CD21 CD23  transitional B cells (R3). Furthermore, B220  B cells were analyzed for PNA 

binding. In the CD21/CD23 diagram, B220 PNA  cells are shown as black dots. Representative 

data are shown of splenocytes from naïve mice (d0) or VLP-VSV immunized mice (d14).
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+ lo int hi
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In conclusion, both immunohistological and FACS analysis revealed that VLP-

VSV treatment induced a GC reaction that was moderately reduced in IFNAR-/- 

mice when compared to wild-type controls. 

 

4.2.3 Neutralizing antibody responses in VLP-VSV primed and VSV- 
boosted IFNAR-/- mice. 

To address whether in complete absence of a functional type I IFN system the 

subclass switch of neutralizing antibody responses could be induced at all, wild-

type controls and IFNAR-/- mice were primed with VLP-VSV and challenged with 

VSV. After VLP-VSV priming and VSV challenge of wild-type mice, VSV 

neutralizing IgM was induced by day 4 and significant IgG titers were detected 

after 8 days (Figure 15, protocol A and B). When IFNAR-/- mice were challenged 

2 days after VLP-VSV treatment, no VSV neutralizing antibodies were induced 

and mice succumbed to infection by day 4 (Figure 15, Protocol A). In contrast, 

mice that were VSV challenged 4 days after VLP-VSV priming survived for a 

total of 10 days before first signs of disease became apparent and the 

experiment had to be discontinued. Under such conditions, day 10 sera showed 

neutralizing IgG in all animals tested (Figure 15, Protocol B). Thus, compared to 

IFNAR-/- mice, wild-type controls showed an earlier switch to the IgG subclass 

by day 6 instead of day 10. Nevertheless, IFNAR-/- mice were able to mount 

neutralizing IgG responses, if stimulated appropriately. 
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Figure 15  VLP-VSV primed IFNAR  mice mount neutralizing IgG antibodies after 
VSV challenge. 

-/-

WT and IFNAR mice were first injected intravenously with 10  VLP-VSV 

particles. Two (Protocol A) or 4 days (Protocol B) later mice were challenged with 2x10  PFU 

of live VSV. Serum samples were collected at the indicated time points and VSV neutralizing 

IgM+G (filled circles) or IgG (open squares) antibodies were determined by a neutralization 

assay. Data shown are the mean of three mice per group ± SEM. One of two similar 

experiments is shown. 

-/- 9
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4.2.4  Analysis of direct IFNAR-triggering of lymphocytes in VLP-
VSV infected mice.  

As the VLP-VSV induced IgG switch was T help-dependent, it was analyzed 

whether direct IFNAR triggering of T cells and/or B cells played a critical role. 

To this end, conditional mice with a T cell (IFNAR-T), a B cell (IFNAR-B) or a 

combined B and T cell-specific (IFNAR-BT) IFNAR ablation were injected with 

109 VLP-VSV. Immunized mice showed high anti-VSV-G IgM titers at day 4. 

Interestingly, all analyzed cell type-specific IFNAR deficient mouse lines 

showed an IgG switch, although IgG responses in IFNAR-BT mice were 

reduced when compared to IFNAR-B, IFNAR-T and wild-type controls (Figure 

16). 
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Figure 16  Direct IFNAR triggering on lymphocytes has no impact on the VLP-VSV 
induced IgG subclass switch. Mice with a cell-type specific type I IFN receptor ablation in B 

and T lymphocytes (CD19-Cre CD4-Cre IFNAR ; IFNAR-BT), or only in B cells (CD19-

Cre IFNAR ; IFNAR-B), or only in T cells (CD4-Cre IFNAR ; IFNAR-T) were 

immunized intravenously with VLP-VSV. VSV neutralizing IgM+G (filled circles) or IgG (open 

squares) antibodies were determined at the indicated time points in a neutralization assay. The 

slopes of the IgG curves of IFNAR-B and 

+/- +/- flox/flox

+/- flox/flox +/- flox/flox

wild-type mice are statistically significantly higher than 

those of IFNAR-B/T and IFNAR-T mice (p=0.0003). Moreover, the absolute neutralization titers 

on day 12 and 16 of IFNAR-B/T mice are significantly reduced when compared with the other 

groups (* p=0.0046). Data shown are the mean of three mice per group ± SEM. 

 

Thus, direct IFNAR triggering of B cells or T cells was not critically required to 

promote the VLP-VSV induced IgG switch. Nevertheless, reduced IgG levels 

observed in IFNAR-BT mice suggested that IFNAR triggering of both 

lymphocyte subsets further improved the IgG switch.  

 

4.2.5 Analysis of VSV induced neutralizing antibody responses in 
mice with a lymphocyte-specific IFNAR deletion. 

To study whether upon VSV infection direct IFNAR triggering of B and/or T cells 

played a role, conditional knockout mice with a lymphocyte-specific IFNAR 

ablation were VSV infected and blood samples were collected at the indicated 

time points. Interestingly, IFNAR-BT as well as IFNAR-B or IFNAR-T mice 
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mounted neutralizing IgM and IgG antibody responses that were very similar to 

those of VSV infected wild-type mice (Figure 17). 
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Figure 17  Mice with a lymphocyte-specific IFNAR ablation mount normal 
neutralizing antibody responses after VSV infection. Wild-type, IFNAR-B/T, IFNAR-B and 

IFNAR-T mice were injected intravenously with 2x106 PFU of VSV and VSV neutralizing IgM+G 

(filled circles) or IgG (open squares) serum titers were determined at the indicated time points in 

a neutralization assay. Data shown are the mean of three mice per group ± SEM. 

 

In a next step, GC formation after VSV infection was analyzed in IFNAR-B 

versus wild-type mice by immunohistological analysis. To this end, spleen 

sections of untreated and VSV infected wild-type or IFNAR-B mice were 

prepared 14 days after VSV infection and stained with a PNA-, FDC- or a VSV-

specific B cell antibody. Spleen sections of VSV-infected IFNAR-B mice 

revealed a normal GC formation (Figure 18). In addition, numbers of GCs per 

spleen section were similar in IFNAR-B mice and wild-type controls 

(approximately 41 and 32 GCs, respectively).  
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Figure 18  VSV infected mice with a B lymphocyte-specific IFNAR ablation show a 
normal GC formation. Histological analysis of germinal center formation after VSV infection. 

Representative sections of spleens from mice treated with or without VSV were analyzed 14 

days after VSV infection. Stained markers are indicated in each panel: PNA, peanut 

hemaglutinin; FDC, follicular dendritic cells, VSV-B, VSV-specific B cells. Micrographs were 

taken at an original magnification of x 110, the bar is equivalent to 100 µm. 

 

Furthermore, GC formation was analyzed in VSV infected IFNAR-B mice by 

FACS-analysis. Spleens of PBS treated or VSV infected wild-type and IFNAR-B 

mice were prepared at day 14 and stained for GC B cells with anti-B220, anti-

CD21, anti-CD23 and PNA. FACS analysis showed a normal increase of 0.9% 

B220+PNAhi GC B cells in untreated IFNAR-B mice to 1.7% B220+PNAhi GC B 

cells in VSV-infected IFNAR-B mice (Figure 19).  
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Figure 19 FACS analysis of PNAhi B220+ GC B cells after VSV infection of wild-type 
(WT) and IFNAR-/- mice. Data shown are representative stainings of spleen cells from naïve 

mice (d0) or VSV infected mice (d14). Cells were stained with anti-B220-PE Cy5.5, anti-CD21-

FITC, anti-CD23-APC antibodies and PNA-streptavidine-PE. PNAhi GC B cells were analyzed 

amongst B220+ B lymphocytes (black dots). Data represent mean percentages ± SEM of three 

mice of one representative experiment out of three. 

 

Thus, the data obtained so far indicated that after VSV infection direct type I IFN 

stimulation of lymphocytes is not critically required for the induction of 

neutralizing IgM responses and for the promotion of the T help-dependent IgG 

switch. 

In a last approach IFNAR-B mice, IFNAR-B/T and IFNAR-T mice were analyzed 

for absolute counts and relative percentages of PNAhi GC B cells (Figure 20). 

Similarly to the experiments described above, 14 days after VSV infection 

spleens were isolated and stained for B220+PNAhi GC B cells. For 

determination of absolute cell numbers, calibration beads were added to each 

sample which allowed acquisition of FACS data equivalent to a defined sample 

volume. As expected, wild-type and conditional knockout mice with a 

lymphocyte-specific IFNAR ablation showed an increase of B220+ PNAhi GC B 

cells 14 days after VSV injection that was more pronounced in wild-type and 

IFNAR-B mice compared to IFNAR-B/T and IFNAR-T mice. Quantification of 
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absolute cell counts showed similar amounts of splenocytes in wild-type and 

conditional knockout animals before and after immunization (Figure 20). The 

VSV induced increase of GC B cells was statistically significant only in wild-type 

and IFNAR-B mice, whereas it was not in IFNAR-T and IFNAR-B/T mice. Thus, 

after VSV infection direct type I IFN stimulation of B cells is not critically 

required for the induction of neutralizing IgM responses. 
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Figure 20  Total numbers of PNAhi B220+ GC B cells were significantly increased in 
wild-type (WT) and IFNAR-B mice after VSV infection. Total spleen cells counts as well as 

absolute cell numbers and percentages of PNAhi GC B cells per spleen were analyzed for wild-

type, IFNAR-B, IFNAR-B/T and IFNAR-T mice before and after VSV injection (* p<0.0304 WT 

versus WT+VSV; ** p<0,0091 IFNAR-B versus IFNAR-B+VSV). Data represent mean 

percentages ± SEM of three mice. 

 

In summary, VLP-VSV induced a T help-dependent IgG switch of VSV 

neutralizing antibodies which was critically dependent on IFNAR signaling. 

Although IFNAR triggering of lymphocytes is not a limiting step, it may gradually 
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enhance the IgG switch. In VSV infected mice, IFNAR triggering of B cells does 

neither critically affect germinal center formation nor the IgG switch of 

neutralizing antibody responses. Collectively these data illustrated that similar to 

live VSV, VLP-VSV showed a striking immunogenicity. As VLP-VSV turned out 

to be an extremely potent B cell antigen, VLP might also be suitable for inducing 

antibody responses against PrPC displayed by VLP. 

 

4.3 VLP represent potent B cell antigens in anti-PrPC 
immunization approaches 

Previous experiments showed that VLP, expressing the VSV-G protein in a 

highly organized fashion on their surface, were effective immunogens for 

inducing VSV neutralizing antibody responses. Besides many other features, 

VLP are non-replicative and thus present perfect B cell antigens for vaccination 

purposes. Many anti-PrPC vaccination approaches failed to induce anti-PrPC 

antibodies in wild-type mice because of immunological tolerance phenomena. 

Reasoning that on the surface of virus-like particles PrPC could also be 

presented in an ideal way to serve as a B cell immunogen, such VLP were 

developed as a potent vaccine candidate against mouse scrapie. To this end, 

PrP-displaying virus-like particles were generated to study the cellular and 

molecular basis of tolerance to PrPC. The retroviral display system was used to 

generate different VLP displaying amino acids 121 to 231 of PrPC on the 

envelope of murine leukemia virus-like particles (termed VLP-PrPD111). The C-

terminal part of the PrPC region is known to play a critical role in the conversion 

of PrPC to PrPSc. After characterization of efficient PrPC-display by ELISA and 

electron microscopy methods, VLP-PrPD111 was tested in a series of active 

immunization approaches. In a next step, the binding specificity of VLP-PrPD111-

induced serum antibodies was assessed by competition assays using VLP-

PrPD111 as competitors. Finally, prion inoculation experiments were performed in 

VLP-PrPD111 vaccinated mice to test whether PrPC-specific antibody responses 

were protective.  
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4.3.1 Generation of VLP-PrPD111 

Similarly to VLP-EGFD described in Chapter 4.1.1 the pDisplay system was 

used to present the cellular isoform of the murine prion protein (mPrP) on the 

surface of virus-like particles derived from retroviruses.  

The PrP expression plasmid that contains the murine mPrP DNA fragment 

coding for the C-terminal region aa 121-231 (mPrP111) was generated by 

Daphne Nikles and described in detail in [Nikles et al., 2005]. Cotransfection of 

a plasmid coding for the viral structural proteins gag/pol (pHIT60) and a plasmid 

coding for the transmembrane domain PrP-fusion-protein (pDPrP111) should 

allow the production of PrPD111 bearing VLP, which were termed VLP-PrPD111 

(Figure 21).  

 

Figure 21 Production of VLP-PrPD111. HEK 293FT cells were cotransfected with a 

pDisplay vector (pDPrP111) and the MLV gag/pol expression plasmid pHIT60. Transfectants 

produced MLV-derived VLP-PrPD111 that were harvested in the cell supernatant.  
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4.3.2 Characterization of VLP-PrPD111 by electron microscopy 

Visualization of cell-surface located PrPD111 
was achieved by electron 

microscopy with the anti-PrP monoclonal antibody 6H4. Secondary antibodies 

used for detection in electron microscopy were coupled to gold particles of 10 

nm diameter. The specificity of the anti-PrPC 6H4 staining was confirmed by 

using VLP-EGFD 
particles as negative controls.  

 

 

Figure 22 Electron microscopic pictures of VLP-PrPD111 and VLP-EGFD. PrPC (black 

dots) was labeled by anti-PrP 6H4 monoclonal antibody and a 10 nm gold particle labeled anti-

mouse IgG (A+B). VLP-EGFD-retroparticles (C+D) were used as negative controls. VLP were 

stained either with methylwolframat (left panel) or uranylacetat (right panel). Bars represent 100 

nm.  

 

In low speed centrifugated cell culture supernatants, VLP-PrPD111 was present 

exhibiting the typical morphology of C-type retroviruses that were specifically 

surrounded by numerous immunogold particles (Figure 22 A+B). In contrast, 

VLP-EGFD was completely negative for anti-PrPC specific binding, showing that 

anti-PrPC gold labelling was specific (Figure 22 B+D). 
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4.3.3 Quantification of VLP-PrPD111 by ELISA 

In addition to electron microscopy, VLP-PrPD111 was characterized and 

equilibrated by ELISA (Figure 23). Therefore, VLP-PrPD111 was analyzed by 

coating log 3 dilutions of concentrated particle stocks on ELISA plates. PrPD111 

was subsequently detected using the anti-PrP 6H4 antibody and an anti-mouse-

IgG-HRP conjugated secondary antibody. To equilibrate particles in different 

preparations, anti-p30 serum was used in combination with a goat-specific 

secondary HRP-labelled antibody. 
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Figure 23 Analysis of VLP-PrPD111 (A) and VLP-EGFD (B) by ELISA. ELISA plates were 

coated with concentrated stocks of particles at indicated dilutions. PrPD111 or viral expressed 

antigens were detected by the use of the anti-PrP mAb 6H4 (filled rectangles), polyclonal anti-

p30 antiserum (open ovals), or mouse preimmune serum (open triangles). Data represent one 

out of two experiments with similar results.  

 

VLP-PrPD111 showed strong binding of the PrP-specific 6H4 antibody (filled 

rectangles) and anti-p30 antibody (open ovals) (Figure 23 A). In contrast, no 

anti-PrPC binding was observed for VLP-EGFD (Figure 23 B). Taken together, 

these data clearly demonstrated that virus-like particles were successfully 

generated that efficiently displayed the cellular prion protein on their surface.  
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4.3.4 Expression and purification of recombinant mouse prion 
protein mPrPREC121-231 

For binding analysis of VLP-PrPD111-induced serum antibodies and PrPC 

competition experiments that are later described in chapter 4.3.6, a recombinant 

polypeptide comprising residues aa 121-231 of the mouse prion protein was 

expressed. To this end, the plasmid pRSET A mPrP(121-231) fused to an N-

terminal histidine tag was transformed into E-coli. Bacteria were grown to an 

OD600 of 0.5 and then induced with 1 mM isopropyl-ß-D-galactopyranoside 

(IPTG). Cells were harvested 6 h after induction and checked for protein 

induction on SDS gel electrophoresis. The mPrPREC121-231 protein (14,7 kDa) 

was induced after IPTG expression as shown in Figure 24. After sonification 

and centrifugation of the Guanidinium Hydrochloride (GdmCl) denaturated 

E.coli cell lysate, the soluble protein fraction was added to a nickel-

nitrilotriacetic acid (NTA) agarose resin for purification. Finally, the mPrPREC121-

231 protein was eluated from the resin using immidazol and removal of the N-

terminal histidine tail with thrombin resulted in a purified mPrPREC121-231 protein 

(Figure 24). 
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Figure 24 Purification of mPrPREC121-231 protein. After induction with 1mM IPTG and 

expression in E.coli BL21(DE3), mPrPREC121-231 was purified via an NTA agarose resin. The 

mPrPREC121-231 was analyzed using a 10-20% Tricine gel (Comassie staining). 

 
The bacterially expressed and purified mPrPREC121-231 protein was used in 

experiments during this study. 
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4.3.5 Induction of anti-PrPC response in mice immunized with VLP- 
PrPD111 

To verify the antigenicity of the VLP-PrPD111, different types of mice were 

immunized. Firstly, Prnp knock-out mice (Prnp0/0) were subjected to 

immunization experiments, in which the immune response was expected to be 

high because PrPC is not expressed as a self-antigen in those animals. Since 

the main goal was to circumvent tolerance in animals expressing PrPC, both 

Prnp heterozygous mice (Prnp+/0) and wild-type mice (Prnp+/+) expressing either 

one or two Prnp alleles were included in immunization studies. For this purpose, 

groups of three mice were intravenously (i.v.) immunized with approximately 109  

VLP-PrPD111 or VLP-EGFD and serum was taken weekly (Figure 25). 
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Figure 25 Schematic representation of VLP-PrPD111 immunization strategy. Prnp0/0 

Prnp+/0 and Prnp+/+ mice were immunized intravenously with PrPD111 or EGF-displaying VLP. 

Serum samples were taken weekly and analyzed for anti-PrPC-specific antibodies. 

 
In a first approach, serum samples of VLP-PrPD111-immunized mice were 

analyzed for PrPC-specific binding by ELISA. Therefore, ELISA plates were 

coated with recombinant mPrPREC121-231 which was purified as described in 

Chapter 3.2.3.4. Prediluted serum was added in log 2 dilutions to the ELISA 

plate. Already seven days after immunization, Prnp0/0
 mice showed high titers of 

PrP-specific antibodies as indicated by an ELISA, detecting PrPC-specific
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immunoglobulin of the M, G, and A subclasses (Figure 26 A). Interestingly, 

despite the expression of one or two Prnp alleles, also Prnp+/0 and Prnp+/+ mice 

mounted PrP-specific antibody responses, albeit at substantially reduced levels 

when compared to Prnp0/0 mice (Figure 26  B+C). Similarily, anti-PrP response 

curves were monitored with sera obtained 14 days after immunization (data not 

shown). PrP-specific antibody responses in Prnp+/+ mice were slightly lower 

than in Prnp+/0 mice which might be explained by a higher level of PrP-specific 

tolerance in Prnp+/+ mice than in Prnp+/0 mice.  

 

 

Figure 26 Sera of mice immunized with VLP-PrPD111 specifically bind recombinant 
mPrPREC121-231 in ELISA. VLP-PrPD111-retroparticles devoid of adjuvant were i.v. injected into 

three individual mice of the Prnp0/0 (A), Prnp+/0 (B), or Prnp+/+ (C) genotypes, respectively (open 

symbols). Seven days after immunization, serum samples were taken and tested in log2 

dilutions for the presence of PrP-specific immunoglobulin of the M, G, and A subclasses 

reactive against bacterially expressed mPrPREC121-231. As controls, the anti-PrP monoclonal 

antibody 6H4 (filled rectangles), preimmune serum (filled triangles) or sera from mice injected 

with VLP-EGFD (filled circles) were used. The experiments were repeated two times with similar 

results.
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Next, studies were perfomed to analyze whether serum antibodies showing 

PrP-specific binding by ELISA would also bind the native form of PrPC as 

expressed on the cell surface. 
To this end, peripheral blood was taken from tg33 mice overexpressing PrPC on 

T lymphocytes [Raeber et al., 1999]. CD3 positive T cells were tested for 

binding of serum IgM or IgG derived from immunized mice by FACS analysis 

(Figure 27). 
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Figure 27 Schematic representation of tg33 FACS assay to detect cell surface PrPC-
specific binding of antibodies. Blood cells of tg33 mice overexpressing PrPC on T cells (1) 
were incubated with sera of immunized mice and analyzed for Ig subtypes specifically binding 

PrPC (2). 

 

At first, groups of three Prnp0/0 mice were injected i.v. with VLP-PrPD111 or VLP-

EGFD and sera were analyzed for PrPC-specific antibodies 14 days after 

immunization in the tg33 FACS assay (Figure 28). As controls, preimmune 

serum (green line) or the 6H4 antibody (red line) was used to determine the 

binding specificity of serum antibodies. VLP-EGFD-immunized Prnp0/0 mice 

(grey lines) do not show any PrPC-specific binding. In contrast, Prnp0/0 mice that 

were immunized with VLP-PrPD111 particles mounted high anti-PrPC IgG titers 

and were comparable to 6H4 binding. Treatment with control particles 

expressing the EGF protein (VLP-EGFD) instead of PrPD111 did not induce PrPC-

specific binding, neither in Prnp0/0 nor in Prnp+/+ mice. Thus, VLP-PrPD111 

expressed PrPC in a way that allowed efficient B cell activation. 
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Figure 28 Prnp0/0 mice immunized with VLP-PrPD111 showed high anti-PrPC specific 
IgG titers 14 days after immunization. Prnp0/0 mice were injected intravenously either with 

VLP-EGFD or VLP-PrPD111-retroparticles. Serum samples of three mice per group (grey lines) 

were analyzed for PrPC-specific binding 14 days after immunization. As controls the 6H4 

antibody (red line) or preimmune serum (green line) were used. 

 

These data clearly indicated that VLP-PrPD111 induce native anti-PrPC 

antibodies in Prnp0/0 mice.  

The anti-PrPC specificity of the tg33 FACS method was additionally verified by 

using preimmune serum of Prnp0/0 as well as serum of VLP-EGFD-immunized 

Prnp0/0 mice which do not bind PrPC expressed on tg33 T cells. To further verify 

the specificity and reliability of the FACS method used for determination of 

PrPC-reactive antibodies, a number of control experiments were performed as 

shown in Figure 29.  

First, N2a neuroblastoma cells and tg33 derived T cells incubated with 6H4 

antibody or various different PrPC-reactive immune sera showed very similar 

staining, indicating that the tg33 based FACS method revealed binding of PrPC 

as expressed on normal cells (data not shown). Secondly, a potential inter-

individual heterogeneity with respect to spontaneous PrPC-specific antibody 

titers was assessed. To this end, individual preimmune sera and pools of 

preimmune sera derived from wild-type (Prnp+/+) and Prnp0/0 mice were assayed 

for binding to tg33 cells in the tg33 based FACS assay. In no case significant 

PrPC binding of preimmune serum was observed (Figure 29 A, lower panel). 

Furthermore, the very narrow scattering of the blots of staining with individual 
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preimmune sera demonstrated the reliability and reproducibility of the FACS 

method (Figure 29 A, lower panel).  
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Figure 29 Different control experiments showed the specificity of the tg33 FACS 
assay for determination of PrPC reactive antibodies. Sera from immunized Prnp0/0 or Prnp+/+ 

mice were tested for the reactivity of IgG subtypes with T cells from tg33 mice (A, upper panel, 

grey lines) or T cells from Prnp0/0 mice (B, grey lines). Preimmune sera are shown in green. 

Preimmune sera from five individual Prnp+/+ mice (A, lower panel, colored lines) or pooled 

preimmune sera from seven Prnp0/0 mice (A, upper panel, green line) were tested for IgG 

reactivity against PrPC as expressed on tg33 T cells. (C) Prnp0/0 mice immunized with 

mPrPREC121-231 in CFA and IFA mounted significant levels of anti-PrPC antibodies, whereas 

Prnp+/+ mice were unresponsive to immunizations. Bacterially expressed mPrPREC121-231 

emulsified in CFA and IFA was injected into mice of the Prnp0/0 and Prnp+/+ genotypes 

[Polymenidou et al., 2004]. At 28 days after immunization, serum samples were analyzed for 

their IgG reactivity against PrPC expressed on tg33-derived T cells. Three individuals were 

analyzed per group (grey lines). Cells incubated with preimmune serum (green) or 6H4 (red) 

were used as controls. Histograms in all panels show PrPC-specific binding gated on CD3-

positive T cells. 

 

To further verify the PrPC-specificity of serum binding, Prnp0/0 derived T cells 

were included in the FACS analysis as negative controls. Even if strong binding 

of tg33 derived T cells was observed, no IgG binding of Prnp0/0 derived T cells 

was detected, neither with serum from Prnp0/0 nor with serum from Prnp+/+ 
mice 

(Figure 29 B). Finally, sera from Prnp0/0 and Prnp+/+ mice immunized with 

bacterially produced mPrPREC121-231 
were analyzed by the tg33 based FACS 

assay. In contrast to the sera obtained from immunizations with VLP-PrPD111, no 

antibodies were detected in Prnp+/+ mice that recognized the native cell surface 

exposed PrPC (Figure 29 C lower panel). This failure of mPrPREC121-231 
to 
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circumvent tolerance in wild-type animals is in line with recently published data 

[Gilch et al., 2003; Polymenidou et al., 2004] .  

After analyzing the specificity of the tg33 FACS assay, serum samples of VLP-

PrPD111-immunized Prnp0/0, Prnp+/0 and Prnp+/+ mice which were previously 

tested for PrPC-specific binding by ELISA (Figure 26), were next analyzed for 

native anti-PrPC specific IgM or IgG binding in the tg33 cell based FACS assay 

(Figure 30).   
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Figure 30 Sera of mice immunized with VLP-PrPD111 specifically bind the native form 
of PrPC as expressed on the cell surface of tg33 derived T cells. Serum samples taken 7 

(A) or 14 days (B) after i.v. injection of VLP-PrPD111 into Prnp0/0, Prnp+/0 or Prnp+/+ mice were 

analyzed for their reactivity against PrPC as expressed on T cells derived from PrPC 

overexpressing tg33 transgenic mice. Five individuals were analyzed per group (grey lines). IgM 

(left panels) and IgG subtypes (right panels) were determined. The histograms show PrPC-

specific binding gated on CD3-positive T cells. Cells incubated with preimmune serum (green) 

or 6H4 (red) were used as controls. 
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Seven days after immunization of Prnp0/0 mice, serum showed PrPC-specific 

IgM binding that was slightly decreased by day 14. In contrast, strong PrPC-

specific IgG binding was detected on day 7, that was further increased by day 

14, even beyond the binding strength of the positive control 6H4 (Figure 30 

A+B). Reminiscent of the above ELISA results (Figure 26), 7 days after 

immunization of Prnp+/0 mice, serum showed PrPC-specific IgM binding that was 

slightly lower than that of Prnp0/0 mice and slightly higher than that of Prnp+/+ 

mice (Figure 30 A).  However, no PrPC-specific IgM binding was detectable 14 

days after immunization, neither in serum of Prnp+/0 nor Prnp+/+ mice (Figure 30 

B). Compared to Prnp0/0 mice, PrPC-specific IgG binding was substantially 

reduced in the serum of Prnp+/0 and Prnp+/+ mice, whereas serum of Prnp+/0 

mice showed slightly higher binding than that of Prnp+/+ mice. Interestingly, 

some PrPC-specific IgG was still detectable 14 days after immunization (Figure 

30 B). VLP-PrPD111 boosting did not enhance or prolong the anti-PrPC antibody 

response. 

In conclusion, VLP-PrPD111 is a good B cell antigen as indicated by strong 

antibody responses induced in Prnp0/0 mice. Furthermore, VLP-PrPD111 can 

induce low but significant native PrPC-specific IgG antibodies in mice carrying 

one or two Prnp wild-type alleles, thus being superior to recombinant, bacterially 

expressed PrP. 

In the end, those data showed that immunological tolerance towards the self-

determinant PrPC left some space for activation of potentially self-reactive PrPC-

specific B cells.  

 

4.3.6 VLP-PrPD111 as a tool to map the fine specificity of antibodies 
binding to PrPC  

VLP-PrPD111-retroparticles were determined as striking immunogens in anti-

PrPC immune responses. Furthermore, serum antibodies of VLP-PrPD111-

vaccinated mice detected the native form of PrPC. Besides their properties in 

inducing anti-PrPC specific antibodies, VLP-PrPD111 can be used for definition 

and characterization of antibody binding specificities. To this end, binding of the 
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PrPC reactive mAb 6H4 and of polyclonal PrPC-specific serum antibodies 

induced by VLP-PrPD111 was assessed by a competition analysis comparing 

bacterially expressed mPrPREC121-231 and VLP-PrPD111 as competitors. For this 

approach, the tg33 cell based FACS assay was selected for determination of 

PrPC-specifc binding qualities (Figure 31).  
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Figure 31 Schematic representation of tg33 FACS competition assay. Serum 

antibodies of VLP-PrPD111-immunized mice or mAb 6H4 were first titrated for 80% binding 

capacity as shown in Figure 32. Limiting antibody concentrations were incubated together with 

mPrPREC121-231 (A) or VLP-PrPD111 (B) as competitors for 3h at 4°C. PrPC-specific binding of mAb 

6H4 or anti-PrPC specific serum antibodies to native PrPC was measured in an FACS assay 

using blood of tg33 mice overexpressing PrPC on T cells. 

 
Before PrPC-specific serum antibodies or 6H4 were tested for binding 

properties, limiting antibody concentrations that showed 80% binding capacity 

to tg33 blood cells have to be determined. At first, positive control 6H4 was 

added in different log 5 dilutions to tg33 blood cells and tested for binding 

capacitiy to native PrPC in the tg33 FACS assay (Figure 31). 80% of 6H4 

binding to native PrPC was assessed when the antibody was diluted 1:5000. 

Serum of VLP-PrPD111-immunized Prnp0/0 mice was used for titration of anti-

PrPC serum antibodies. Therefore, serum was prediluted 1:10 and subsequently 

added to tg33 cells in different log 3 dilutions. Serum antibodies of VLP-PrPD111-

immunized Prnp0/0 mice showed a limiting binding capacity of about 80% when 
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it was added in a 1:30 dilution (data not shown). Concentrations of titrated anti-

PrPC antibodies were used in the following FACS competition assays. 
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Figure 32 Titration of mAb 6H4 on tg33 cells. 6H4 was titrated in log 5 dilution and 

limiting antibody binding concentration was analyzed on blood cells of tg33 mice. 6H4 antibody 

showed 80% binding capacity to native PrPC when added in a 1:5000 dilution. 

 
In a first attempt binding of anti-PrPC serum antibodies from VLP-PrPD111-

immunized Prnp0/0 mice was analyzed by competition with bacterially expressed 

mPrPREC121-231 protein. This approach might give a hint whether VLP-PrPD111-

induced serum antibodies bind linear epitopes of PrP. We therefore incubated 

d14 serum of VLP-PrPD111-immunized Prnp0/0 mice (Figure 33 A) or Prnp0/0-

preimmune serum (Figure 33 B) together with 200 ng of mPrPREC121-231. After 3 

h incubation at 4 °C, serum was analyzed in the tg33 FACS assay for capacity 

of binding to native PrPC. As positive control the 6H4 antibody was included 

(Figure 33 C). Binding of the PrPC-specific mAb 6H4 to native PrPC was 

quantitatively competed by using bacterially expressed mPrPREC121-231 as a 

competitor (Figure 33 C, green line). In contrast, PrPC-specific serum antibodies 

that were induced in Prnp0/0 mice upon VLP-PrPD111 immunization were only 

partially inhibited by mPrPREC121-231 (Figure 33 A, green line). As expected, 

incubation of preimmune serum of Prnp0/0 mice was negative for anti-PrPC 

binding (Figure 33 B). 
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Figure 33 Binding of mAb 6H4 or anti-PrPC serum antibodies to native PrPC was only 
partially inhibited by mPrPREC121-231 in the tg33 FACS competition assay. Bacterially 

expressed mPrPREC121-231 (200 ng) was used for anti-PrPC antibody competition. mPrPREC121-231 

was able to partially inhibit binding of anti-PrPC specific serum antibodies of Prnp0/0 (A) or mAb 

6H4 (C) to native PrPC. As a negative control Prnp0/0 preimmune serum was used (B). 

 
Those findings suggested that PrPC, as expressed on the surface of VLP-

PrPD111-retroparticles, shared many more antigenic determinants of native PrPC 

than bacterially expressed PrP. 

To determine whether VLP-PrPD111-retroparticles that express the PrPC protein 

in a native form on the VLP surface are able to compete binding of anti-PrPC 

serum antibodies to native PrPC, they were next tested as competitors. To this 

end, serum of VLP-PrPD111 immunized Prnp0/0 mice was simultanelously 

incubated with different concentrations of log 5 diluted VLP-PrPD111 (Figure 34 

A). Additionally, serum of VLP-PrPD111-immunized Prnp+/+ mice (1:10 diluted) 

was tested (Figure 34 B). For controls Prnp0/0 preimmune serum (Figure 34 C) 

and 6H4 (Figure 34 D) were used. As expected, the binding of 6H4 and Prnp0/0 

serum antibodies to native PrPC was quantitatively inhibited by VLP-PrPD111 up 

to a VLP dilution of 1:125 (Figure 34 A+D). When serum of Prnp+/+ mice was 

incubated with undiluted VLP-PrPD111, binding to native PrPC was completetly 

competed by VLP-PrPD111 (Figure 34 B, green line). Prnp0/0 preimmune serum 

did not interfere with VLP-PrPD111 and showed no anti-PrPC binding (Figure 34 

C). 
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Figure 34 Binding of 6H4 or serum antibodies to native PrPC was quantitatively 
inhibited by VLP-PrPD111. VLP-PrPD111-retroparticles were incubated in log 5 dilutions together 

with serum antibodies of immunized Prnp0/0 (A) or Prnp+/+ mice (B) or Prnp0/0 preimmune serum 

(C). Binding of serum antibodies to native PrPC was inhibited by VLP-PrPD111. VLP-PrPD111 was 

able to inhibit binding of mAb 6H4 to native PrPC completely (D). 

 

Those data clearly indicated that in VLP-PrPD111-immunized mice native anti- 

PrPC antibodies were induced. To prove the specificity of VLP-PrPD111 

competition, VLP-EGFD was included in this study. Therefore, VLP-EGFD was 

incubated together with different dilutions of serum antibodies from VLP-

PrPD111-immunized Prnp0/0 mice or 6H4. No competition of anti-PrPC-specific 

antibodies was observed by VLP-EGFD (Figure 35).  
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Figure 35 VLP-EGFD-retroparticles were not able to compete PrPC-specific binding 
of mAb 6H4 or serum antibodies to native PrPC. VLP-EGFD was incubated with PrPC-specific 

serum of an immunized Prnp0/0 mouse) (A) or mAb 6H4 (B) and tested in the tg33 FACS 

competition assay. Binding to native PrPC was unaffected by VLP-EGFD.  
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Taken together, data showed that VLP-PrPD111-retroparticles are a good tool for 

mapping fine specificity of antibodies binding to the cellular form of the prion 

protein. Further insights of binding properties of anti-PrPC specific antibodies 

could be analyzed by PrPC deletion mutants that are displayed on VLP surface.  

 

4.4 Circumventing tolerance to PrPC in wild-type mice by 
different VLP immunization approaches 

Above data indicated that breaking tolerance to the self-expressed protein PrPC 

seems to be very difficult. VLP-PrPD111 induced high titers in Prnp-deficient mice 

and wild-type (Prnp+/+) mice mounted native anti-PrPC IgM antibodies. However, 

anti-PrPC IgG titers in wild-type mice were rather low and declined early after 

immunization. Long term anti-PrPC titers are necessary for protection against 

scrapie diseases. The major problem might be that the T cell-dependent switch 

from IgM to IgG isotype of PrPC-specific antibodies was less pronounced. As a 

consequence, anti-PrPC antibody titers were rather short-lived. Thus, it seemed 

that immunologic tolerance manifested on the T cell level can not easily be 

overcome. Some various experimental approaches were included in this study 

to overcome tolerance to PrPC in wild-type mice which might resulted in long 

term anti-PrPC antibodies.  

 

4.4.1 Induction of anti-PrPC antibody response by VLP-PrPD111 
emulsified in different adjuvants 

In several anti-PrP immunization approaches, PrP-antigens were combinded 

with  different adjuvants to boost PrP-specific antibody responses [Hanan et al., 

2001; Koller et al., 2002; Gilch et al., 2003; Polymenidou et al., 2004].  

Thus, we assessed whether higher antibody titers against native PrPC
 could be 

induced in wild-type mice when immunized with VLP-PrPD111 emulsified in 

various different adjuvants, such as TiterMax, aluminium hydroxide (Alum), 

Cytidyl-guanyl oligodeoxynucleotides (CpG1668) or Complete Freund´s 

adjuvant (CFA) (Figure 36).  
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Figure 36 Induction of PrPC-specific antibodies in Prnp+/+ mice immunized with VLP-
PrPD111 in combination with different adjuvants. Prnp+/+ (three individuals per group, grey 

lines) were s.c. injected with VLP-PrPD111emulsified in Titer Max, Alum, CpG1668 (A) or 

CFA/IFA (B). As controls, mice were i.v. injected with VLP-PrPD111 devoid of adjuvant (A, right 

lower panel). PrPC-specific binding of IgM (left panels) or IgG (right panel) was determined at 

the indicated days after immunization by FACS analysis using blood of tg33 transgenic mice 

overexpressing PrPC specifically on T cells. 6H4 (red line) or preimmune serum (green line) 

were used as controls. 

 
Upon subcutaneous (s.c.) immunization of Prnp+/+ mice with VLP-PrPD111 

emulsified in TiterMax, (Alum) and CpG1668, only low PrPC-specific IgM titers 

were detectable at day 7 that rapidly declined at later time points. Under similar 

experimental conditions, CpG1668 did not show major adjuvant effects, 
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compared to Prnp+/+ immunized i.v. with VLP-PrPD111 devoid of an adjuvant 

(Figure 36 A). 

Additionally, we tested whether another commonly used adjuant CFA would 

have a boosting effect in anti-PrPC specific antibody response. Therefore, 

Prnp+/+ mice were primarily immunized with VLP-PrPD111 emulsified in CFA and 

boosted with antigen in incomplete Freund´s adjuvant (IFA) 2 weeks later 

(Figure 36 B). Seven days after primary immunization, Prnp+/+ mice showed 

PrPC-specific IgM titers that were generally lower than those of i.v. immunized 

mice (Figure 26 A right, lower panel). However, in single individuals this 

vaccination regimen resulted in increased native PrPC-specific IgM titers (Figure 

36 B, d7 and d14) that switched to the IgG serotype upon boosting (Figure 36 

B, d28, d63, d144).  

 
In summary, VLP-PrPD111 is a useful antigen for anti-PrPC immunization 

strategies in Prnp+/+ mice, irrespective of whether emulsified in adjuvant or not. 

Notably, co-existence of PrPC-specific antibodies and of endogenous PrPC
 in 

VLP-PrPD111-immunized mice did not result in obvious signs of autoimmune 

side effects. If those induced antibodies have protective effects in prion 

pathogenesis remain to be elucidated. 

 

4.4.2 Induction of anti-PrPC antibody responses by PrPC-displaying 
particles combined with different foreign T helper epitopes   

To boost PrPC-specific B cells and to overcome tolerance to PrPC in wild-type 

mice some additional approaches were tried to trigger PrPC-specific T cell help. 

First, we analyzed whether a combination of PrPC together with an additional 

foreign T-helper epitope presented on the same VLP, would enhance antibody 

responses in wild-type mice. Therefore, VLP were produced that displayed 

PrPD111 in combination with the VSV-G protein on the VLP surface (Figure 37 

C). In a next approach, PrPC expressing VLP based on the human 

immunodeficiency virus, denoted as HIV-PrPD111, were tested for the induction 

of anti-PrPC response (Figure 37 D). By definition, HIV-PrPD111 and VLP-PrPD111 

shared PrPC determinants but no other components. Such HIV-PrPD111 particles 
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may be useful to enhance immune responses against virus-derived display 

particles and to establish immunization protocols. Thus, priming/boosting 

schemes involving VLP-PrPD111 and HIV-PrPD111 could be analyzed. 
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Figure 37  Overview of virus-like particles used in different anti-PrPC immunization 
approaches. VLP that displayed proteins like PrPD111 (A) EGFD (B) or VLP which displayed 

both PrPD111 and VSV-G protein on the surface (C) are derived from the murine leukaemia virus 

(white capsid). PrP-lentiparticles HIV-PrPD111 (yellow capsid) that displayed PrPD111 protein on 

the surface were produced using human immunodeficiency virus derived structural proteins 

encoded by gag and pol genes (D). 

 

4.4.2.1 Induction of PrPC-specific antibody response by immunization 
with VLP-PrPD111/VSV  

In previous experiments (see chapter 4.1.1) it was shown that the VSV-G 

protein has been efficiently presented on VLP surface and was determined to 

be very immunogenic. Therefore, we generated MLV-derived particles that 

displayed both the PrPC protein and the VSV-G protein on the same VLP 

surface. Efficient display of the VSV-G protein would act as a foreign T-helper 

epitope that potentially activates T cell help and might boost PrPC-specific 

antibody response in wild-type mice.    
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4.4.2.2 Characterization of VLP-PrPD111/VSV  

VLP were produced as described in chapter 4.1.1. HEK 293FT cells were 

transfected with pHIT60, pDPrPD111 and pmDG plasmid. pHIT60 encodes for 

MLV structure proteins, pDPrPD111 encodes for the PrPD111 protein and pmDG 

for the expression of the VSV-G protein. 

48h after transfection particles were harvested from the supernatant and 

analyzed for protein expression by ELISA. VLP-PrPD111/VSV particles were 

coated on ELISA plates in different dilutions and PrPC was detected using the 

6H4 antibody. The efficient expression of the VSV-G protein was detected with 

the monoclonal anti-VSV-G (VI24) antibody (Figure 38). 
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Figure 38 VLP-PrPD111/VSV expresses PrPC and VSV-G protein simultaneously on the 
surface. Concentrated stocks of VLP-PrPD111/VSV-retroparticles were coated in indicated 

dilutions on ELISA plates. PrPC was detected by the 6H4 antibody (open triangles), MLV-

derived protein p30 was analyzed with a polyclonal anti-p30 antiserum (filled squares). VI24 

antibody detected the VSV-G protein (open circles). For control preimmune mouse serum was 

used (asterisks).  

 
ELISA analysis showed that VLP-PrPD111/VSV was efficiently produced that 

expressed the VSV-G and PrPC on VLP surface. Comparison of the VSV-G 

(open circles) and PrPC (open triangles) ELISA curves implicated that the 

amount of expressed VSV-G protein was slightly higher than PrPC expression 

(Figure 38). However, coexpression of PrPC and VSV-G protein on the same 

VLP could not be determined by ELISA method. 
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The coexistenz of VSV-G and PrPC on VLP-PrPD111/VSV was analyzed by 

electron microscopy. Two sizes of secondary gold-labled antibody (5 nm and 10 

nm) were chosen for detection of expressed proteins. PrPC was marked with the 

6H4 antibody that subsequently was recognized by a secondary 5 nm diameter 

gold-labed antibody. In the same step VSV was marked by an anti-VI24 and a 

10 nm-diameter gold-labeled anti-mouse IgG antibody (Figure 39).  

   

 

Figure 39 PrPC and VSV-G was expressed simultaneously on VLP-PrPD111/VSV-
retroparticles. VSV-G protein (big dots, black arrowheads) was labeled by an anti-VSV-G VI24 

antibody and a 10 nm gold-particle labeld anti-mouse IgG (A, C). In addition, the PrPC protein 

(small dots, white arrowheads) was marked by an anti-PrP 6H4 and an anti-mouse 5 nm gold-

labled IgG antibody (B, C). VLP-EGFD (D, E) was used as a negative control. VLP-PrPD111/VSV 

was stained either with methylwolframat (upper panel) or uranylacetat (lower panel). Bars 

represent 100 nm. 

 

Single stainings were performed using an anti-VSV-G/10nm IgG gold antibody 

or an anti-PrPC/5nm gold-labled IgG antibody. The VSV-G protein (Figure 39 A) 

was displayed in a lower amount on VLP-PrPD111/VSV compared to PrPC that 

showed specific and strong surroundings on the VLP surface (Figure 39 B). On 

each VLP, only 2 to 5 VSV-G proteins were detectable (Figure 39 A). This was 

also observed in double stainings (Figure 39 C). The specificity of anti-VI24 and 

anti-PrPC staining was confirmed by using VLP-EGFD-retroparticles as negative 
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controls (Figure 39 D+E). No antibody binding was observed in VLP-EGFD 

particle preparations, verifying that anti-VSV and anti-PrPC staining was 

specific.  

Taken together, these data implicated that VLP-PrPD111/VSV-retroparticles were 

successfully generated which displayed PrPC and VSV-G simultaneously on 

one and the same VLP. Electron microscopic analysis revealed expression of 

more PrPC than VSV-G proteins on the surface of VLP-PrPD111/VSV. However, 

those data were contradictory to observations made by ELISA analysis (Figure 

38).  
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4.4.2.3 Analysis of PrPC-specific antibody responses induced by VLP-
PrPD111/VSV 

To analyze the immunogenicity of VLP-PrPD111/VSV, Prnp0/0, Prnp+/0 and Prnp+/+ 

mice were i.v. immunized with VLP-PrPD111/VSV and analyzed for IgM or IgG 

PrPC-specific binding in the tg33 FACS assay (Figure 40). 
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Figure 40 Prnp0/0 and Prnp+/0 mice mount anti-PrPC IgM and IgG titers after 
immunization with VLP-PrPD111/VSV, whereas Prnp+/+ mice did not show any anti-PrPC 
response. After i.v. immunization with VLP-PrPD111/VSV of Prnp0/0, Prnp+/0 and Prnp+/+ mice, d7 

and d14 sera were analyzed for their reactivity against native PrPC in the tg33 FACS assay. Two 

to three individuals were analyzed per group (grey lines). IgM and IgG antibody titers were 

determined. Cells incubated with preimmune serum (green) were used as controls. 6H4 served 

as positive control. 

 

As early as 7 days after priming with VLP-PrPD111/VSV high IgM PrPC-specific 

antibody titers were induced in Prnp0/0 mice that switched to the IgG subtype at 

day 14 (Figure 40). Compared to Prnp0/0 mice, heterozygous Prnp+/0 mice 

showed similar IgM PrPC-specific antibody titers at day 7 but only weak anti-

PrPC specific IgG binding at day 14. Surprisingly, no anti-PrPC IgM or IgG titers 

were observed in the Prnp+/+ group at day 7 and day 14 after VLP-PrPD111/VSV 

immunization. This observation clearly showed that additionally expressed 

foreign T-helper epitopes like the VSV-G protein did not allow efficient B cell 

activation in Prnp+/+ mice. Thus, VLP-PrPD111/VSV-retroparticles seemed to be 
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good antigens for anti-PrPC immunization in Prnp0/0 and Prnp+/0 mice. However, 

in Prnp+/+ mice they were not efficient for breaking tolerance to PrPC. 

 

4.4.3 VLP-PrPD111 priming and HIV-PrPD111 boosting strategies  

Virus-like particle production, as described above for the C-type retrovirus 

candidate MLV, is also possible with lentiviral particles. Since vector systems 

based on the lentivirus HIV are available and the viral structural proteins coded 

by gag and pol are sufficient for particle budding, these viral particles can be 

produced in the same way as MLV derived VLP.  

HIV-PrPD111-retroparticles were produced by using pCMV plasmid that encodes 

for HIV-virus assembly together with the plasmid pPrP111 which was formerly 

used for VLP-PrPD111 production. The transfection protocol was done according 

to Chapter 3.2.5.1. 

PrPC displayed on HIV-PrPD111 was verified by ELISA (Figure 41). HIV-derived 

capsid protein was detected by an anti-p24 antibody. PrPC was stained with the 

6H4 antibody. 
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Figure 41 Analysis of HIV-PrPD111 by ELISA. Concentrated stocks of HIV-PrPD111-

retroparticles were coated on ELISA plates with indicated dilutions. Virally expressed antigens 

were detected by the use of polyclonal anti-p24 antiserum (filled rectangles). PrPC was detected 

by the anti-PrP 6H4 antibody (open squares). For control mouse preimmune serum (asterisks) 

was used.  

 

To determine the immunogenicity of HIV-PrPD111, Prnp0/0, heterozygous Prnp+/0 

and Prnp+/+ mice were intravenously injected with 109 HIV-PrPD111. The serum 
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was analyzed 7 days after immunization for anti-PrPC specific IgM binding in the 

tg33 FACS assay (Figure 42). 
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Figure 42 HIV-PrPD111 induces anti-PrPC specific IgM antibodies in Prnp+/+ mice. After 

i.v. injection of HIV-PrPD111 into Prnp0/0, Prnp+/0 or WT mice (Prnp+/+), sera of immunized mice 

were analyzed for their reactivity against PrPC as expressed on T cells derived from PrPC-

overexpressing tg33 transgenic mice. Three individuals were analyzed per group (grey lines). 

IgM antibody titers were determined. Cells incubated with preimmune serum (green lines) were 

used as controls. 

 

Similarly to VLP-PrPD111, HIV-PrPD111-retroparticles were able to induce high 

IgM titers in Prnp0/0 mice. In addition, Prnp+/0 as well as Prnp+/+ mice mounted 

anti-PrPC IgM antibodies 7 days after immunization (Figure 42), indicating that 

HIV-PrPD111 also serves as a potent anti-PrPC antigen. Furthermore, anti-PrPC 

IgG titers were observed in all genotypes of Prnp mice 14 days after 

immunization (data not shown). 

In a next approach priming/boosting protocols were performed, potentially 

enhancing immunization efficiencies. For this purpose, Prnp0/0, Prnp+/0 and 

Prnp+/+ mice were primed with VLP-PrPD111 and boosted with HIV-PrPD111 vice 

versa. At different time points after immunization, serum was taken and 

analyzed for anti-PrPC specific IgM or IgG titers. Prnp0/0 and Prnp+/0 mice 

showed high anti-PrPC IgG titers that were more or less similar to those induced 

by single application of VLP-PrPD111 or HIV-PrPD111 (data not shown). This 
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indicated that priming/boosting protocols did not enhance antibody responses to 

PrPC. Nevertheless, Prnp+/+ mice were further analyzed in detail for anti-PrPC 

IgG induction after priming/boosting immunizations (Figure 43).  
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Figure 43 Prnp+/+ mice that were primed with VLP-PrPD111 and boosted with HIV-
PrPD111 mounted anti-PrPC IgG antibody titers. After i.v. immunization with VLP-PrPD111 and 

boosting with HIV-PrPD111 vice versa, Prnp+/+ sera were analyzed for their reactivity against 

native PrPC at indicated time points by the tg33 cell based FACS assay. Three individuals were 

analyzed per group (grey lines). IgM antibody titers were determined. Cells incubated with 

preimmune serum (green) or 6H4 (red) were used as controls. 

 
Prnp+/+ mice that were primed with VLP-PrPD111 and boosted with HIV-PrPD111 

mounted anti-PrPC IgG titers at day 21 or 35 compared to HIV-PrPD111 primed or 

VLP-PrPD111 boosted animals (Figure 43). After analyzing the serum of Prnp+/+ 

mice at day 65, IgG titers were still detectable but were not increased after a 

third boost with VLP-PrPD111. Surprisingly, no anti-PrPC IgG titers were found in 

HIV-PrPD111/VLP-PrPD111-immunized mice at any tested time points (Figure 43). 

These observations were also made in Prnp+/0 mice that showed reduced IgG 

titers after immunization with HIV-PrPD111/VLP-PrPD111 compared to the 

reversed VLP-PrPD111/HIV-PrPD111 protocol (data not shown). 

Thus, Prnp+/+ mice primed with VLP-PrPD111 and boosted with HIV-PrPD111 

showed PrPC-specific IgG serum titers that were detectable up to 65 days after 
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a third VLP-PrPD111 boost. Those data implicated that the VLP-PrPD111/HIV-

PrPD111 immunization protocol was very effective and comparable to previous 

vaccination approaches. Unfortunately, induced anti-PrPC IgG titers were still 

very low and did not increase during boosting protocols. Furthermore, a third 

VLP-PrPD111 boosting did not enhance or prolonged anti-PrP antibody 

response.  

In conclusion, VLP seem to display PrPC in a way that allowed efficient B cell 

activation. However, compared to Prnp0/0 or Prnp+/0 mice, Prnp+/+ animals 

mounted reduced anti-PrPC antibody levels in various anti-PrP immunizations. 

Data indicated that host tolerance to PrPC still resides, at least in part of T 

helper cell tolerance. Further experiments would help clarifying, whether 

induced anti-PrPC titers that were short-lived in Prnp+/+ mice could potentially 

inhibit prion diseases.  

 

4.5 PrPSc clearance by treatment with PrPC-specific anti-sera 

Above VLP-PrPD111 immunization experiments showed high induction of native 

anti-PrPC antibodies in Prnp0/0 mice. To test whether those VLP-PrPD111-induced 

IgG antibody responses do inhibit prion replication, prion infected N2a #58-22L 

cells were treated with d14 serum of VLP-PrPD111-immunized Prnp0/0 mice and 

assayed for PrPSc formation. 6H4, Prnp0/0-preimmune serum as well as serum 

of mice that were immunized with VLP-EGFD were chosen as controls. Scrapie 

cells were exposed to 6H4 (10 µg) or to serum antibodies in dilutions from 1:50 

to 1:100 and subsequently cultured for seven days without passaging. After cell 

lysis, antibody treated cells were analyzed for PrPSc load in western blot using 

mAb 6H4 for PrP detection (Figure 43). After PK treatment, PrPSc was barely 

detectable in case of 6H4 pretreatment (Figure 44, lane 5) or pretreatment with 

serum (1:50) of vaccinated Prnp0/0 mice (Figure 44, lane 8). No toxic effects 

were observed. In contrast, anti-PrPC serum of Prnp0/0 mice showed only a 

slight PrPSc-inhibitory effect when added in a 1:100 dilution (Figure 44, lane 6). 

After treatment of cells with serum from immunized Prnp+/+ mice no reduction in 

PrPSc levels was observed when serum was added at dilutions of 1:50 or 1:100 
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(Figure 44, lane 7 and 9). Prnp0/0-preimmune serum (Figure 44, lane 3) or 

serum of VLP-EGFD-immunized mice (Figure 44, lane 4) did not affect PrPSc 

levels. PrPSc infectivity and efficient PK digestion of N2a #58-22L cells was 

verified by application of untreated N2a #58-22L cells (Figure 44, lane 1 and 2).  
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2 41 75 63

+ + +

8 9M
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Figure 44 Levels of PrPSc in chronically infected N2a #58-22L cells after treatment 
with serum antibodies determined by western blot analysis. Cells were lysed and samples 

were incubated in the presence (+) or absence (-) of Proteinase K (20 µg/ml). N2a #58-22L cells 

that were left untreated (lane 1 and 2), treated with Prnp0/0 preimmune serum (1:50) (lane 3) or 

with VLP-EGFD-serum of Prnp0/0 mice (1:50, lane 4) were used as controls. Cells treated with 

6H4 antibody (lane 5) or with serum of Prnp0/0 mice (lane 8,1:50) showed reduced scrapie levels 

after treatment. Serum of Prnp0/0 mice (lane 6, 1:100) and Prnp+/+ serum (lane 7, 1:100; lane 9, 

1:50) did not show reduced srcapie levels. 

 

In summary, serum antibodies of VLP-PrPD111-immunized Prnp0/0 mice, but not 

those of Prnp+/+ mice diminished PrPSc levels in vitro. In further experiments, 

different concentrations of anti-PrPC serum antibodies have to be titrated to 

determine optimal inhibitory conditions in conversion of PrPC to PrPSc.  

 

Assessment of in vivo protection against scrapie by VLP-
PrPD111 immunization 

Active immunization experiments described above showed, that native anti-

PrPC IgM and IgG antibodies were induced in VLP-PrPD111-immunized Prnp+/+ 

mice. However, anti-PrPC antibody responses were rather short-lived. To 

 110



 
4 Results  

address whether already low levels of anti-PrPC IgG have a protective effect in 

prion pathogenesis, Prnp+/+ mice and Prnp0/0 controls were tested in an in vivo 

protection assay. Therefore, groups of eight to ten Prnp+/+ mice that were 

previously immunized with three different anti-PrPC immunization protocols 

(Table 17) were challenged by i.p. injection of the mouse adapted prion strain 

RML 5.0. Afterwards, they were analyzed for the onset of scrapie symptoms 

(Figure 45 A). 

 

Table 17  Anti-PrPC immunization protocols 

Group Priming  1st Boost  2nd Boost Synonym 

I VLP-PrPD111 VLP-PrPD111 HIV-PrPD111 MLV/MLV/ HIV 

II VLP-PrPD111 VLP-PrPD111 - MLV/ MLV 

III HIV-PrPD111 - - HIV 

 

The quality of the inoculum was approved by intracerebral (i.c.) inoculation of 

Prnp+/+ mice that develop scrapie symptoms at day 190 when infected with an 

average dose of RML 5.0. Mock treated animals that received wild-type brain 

homogenates of uninfected mice were additionally included as well as Prnp0/0 

animals that are resistant to scrapie and fail to replicate the agent. Furthermore, 

a control group of non-immunized Prnp+/+ mice were challenged with RML 5.0 

inoculum. 

To determine PrPSc infectivity in spleen and brain tissues from scrapie 

inoculated mice, several mice were sacrificed at different time points (Figure 45 

B). Thus, spleens and brains from Prnp+/+ mice were prepared on day 45, 60, 

90, 150 post infection (d.p.i.) for transmission into tg20 indicator mice. 

Alternatively, prion titers in spleens and brains of infected mice could be 

analyzed by western blot. 
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Figure 45 Schematic representation of in vivo protection assay. Prnp+/+ mice were 
primarily immunized with VLP-PrPD111. After determination of anti-PrPC titers in the tg33 

FACS assay, mice were infected i.p. with RML 5.0. At first, groups of mice were analyzed for 

scrapie symptoms until the onset of scrapie disease (A). In a second approach spleen and brain 

tissues were isolated from PrPSc infected mice at different time points post infection. 

Homogenates of tissues were subsequently analyzed for PrPSc load in western blot. 

Alternatively, spleen homogenates were used for transmission experiments into tg20 mice (B).  

 

After inoculation of infectious agent, typical clinical signs of scrapie such as 

ataxia, hind leg paresis, plastic tail or waddling gait were daily analyzed at a 

time when usually first clinical symptoms appeared. The incubation time to 

terminal disease was measured. Despite the presence of substantial anti-PrPC 

titers, immunized Prnp+/+ mice did not exhibited a significant delay in the onset 

of prion disease (Table 18 and Figure 46). Most vaccinated animals succumbed 

to infection on day 230 p.i., whereas non-immunized Prnp+/+ animals showed 

clinical signs of prion infection 225±5 d.p.i.. Moreover, no significant differences 

were observed between groups of mice that were immunized with different VLP-

immunization protocols (Figure 46). Three of twenty-six vaccinated Prnp+/+ mice 

survived prion inoculation but did not show increased anti-PrPC titers. Mock 

treated Prnp+/+ and Prnp0/0 mice showed no clinical symptoms after i.p. 

challenge with scrapie (Figure 46). 
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Because in control groups one of eight non-immunized wild-type mice did not 

developed scrapie, it was difficult to comment on immunization efficiencies. 

 

Table 18  Latency of scrapie in different immunized wild-type mice 

died**
killed *

100µl 10-4 RML 5.0 i.p227,229,233,251,>2754/5MLV/MLVC57/BL6

100µl 10-4 RML 5.0 i.p207,226,233, 247,2495/5MLV/MLVC57/BL6

100µl 10-4 RML 5.0 i.p222,229,230,233,>2755/5HIVC57/BL6

100µl 10-4 RML 5.0 i.p222,222,2283/3HIVC57/BL6WT immunized

100µl 10-4 RML 5.0 i.p199**,221,2293/3MLV/MLV/HIVC57/BL6

100µl 10-4 RML 5.0 i.p207,226,226,230, >2754/5MLV/MLV/HIVC57/BL6

100µl 10-4 RML 5.0 i.p215*,221,234,>2753/4NoC57/BL6

100µl 10-4 RML 5.0 i.p2491/1NoC57/BL6WT infected

100µl 10-4 RML 5.0 i.p222, 227, 2343/3NoC57/BL6

100µl 10-4 RML 5.0 i.p>2750/6NoPrnp0/0Control

100µl 10-4 Mock i.p>2750/3NoC57/BL6

100µl 10-4 RML 5.0 i.c191, 191, 1913/3NoC57/BL6

inocculationterminal sick (days)
mice

succumbing to 
scrapie

treatment / 
immunization

mouse
line
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Figure 46 Different VLP-vaccination strategies did not increase survival times of 
Prnp+/+ mice after scrapie inocculation. VLP-immunized Prnp+/+ mice were analyzed for 

scrapie survival. Mock treated as well as i.p. or i.c. PrPSc-inoculated Prnp+/+ mice were used as 

controls. Furthermore, a group of PrPSc infected Prnp0/0 mice were included. 

 
In order to determine prion infectivity over time in spleens of mice, we 

performed transmission assays into tg20 mice, which overexpressed mouse 

PrPC and showed shortened incubation periods until obvious signs of prion 

disease became apparent. Therefore, four tg20 indicator mice per group were 

i.c. inoculated with 30 µl 1% spleen homogenates of VLP-immunized or control 

mice that were sacrificed at different time points before clinical symptoms 

became apparent (Table 19).  
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Table 19 Tg20 transmission assay with spleen homogenates of scrapie infected 
immunized Prnp+/+ mice. 

killed*

30µl 1% slpeen homogenate114*, >1421/298MLV/MLV/HIVC57/BL6

30µl 1% slpeen homogenate122* >1421/398MLV/MLV/HIVC57/BL6

30µl 1% slpeen homogenate68*1/160MLV/MLV/HIVC57/BL6

30µl 1% slpeen homogenate68*, 68*, 70*3/360MLV/MLV/HIVC57/BL6

30µl 1% slpeen homogenate73*, 73*2/260MLV/MLV/HIVC57/BL6

30µl 1% slpeen homogenate71*,73* 2/260MLV/MLV/HIVC57/BL6WT immunized

30µl 1% slpeen homogenate>1420/445MLV/MLV/HIVC57/BL6

30µl 1% slpeen homogenate66*,66*,66*,68*4/445MLV/MLV/HIVC57/BL6

30µl 1% slpeen homogenate>1420/460NoPrnp0/0

30µl 1% slpeen homogenate>1420/460NoPrnp0/0

30µl 1% slpeen homogenatePrnp0/0

30µl 1% slpeen homogenatePrnp0/0

30µl 1% slpeen homogenateC57/BL6

30µl 1% slpeen homogenateC57/BL6

30µl 1% slpeen homogenateC57/BL6

30µl 1% slpeen homogenateC57/BL6

30µl 1% slpeen homogenateC57/BL6Control

30µl 1% slpeen homogenateC57/BL6

30µl 1% slpeen homogenateC57/BL6

30µl 1% slpeen homogenateC57/BL6

inocculationmouse line

>1420/460No

>1420/445No

66*, 66*, 66*, 68*, 68*5/598No

73*, 73*, 90*3/398No

71*, 205*2/298No

70*, 73*2/298No

>1420/460No

64*, 64*, 64*, 66* 4/460No

68*,70*, 70*, 90*4/445No

>1420/445No

onset of disease (days)
indicator mice
succumbing to 
scrapie (tg20)

days after
inocculation

treatment
immunization

 
 

Transmission of different spleen homogenates from non-immunized wild-type 

mice into tg20 indicator mice caused terminal disease after approximately 70 

days. Unfortunately, two indicator mice did not succumb to scrapie after 

inoculation of spleen homogenates from non-immunized scrapie infected wild-

type mice isolated at day 45 and 60. Those data might refer to inoculum 

application problems (Table 19). As controls, one group of tg20 mice were 

inoculated with spleen homogenates from Prnp0/0 mice. Such mice did not show 

obvious scrapie symptoms.  

Because MLV/MLV/HIV immunized Prnp+/+ mice showed the highest level of 

anti-PrPC titer in FACS assay, those mice were chosen for transmission. 

Therefore, spleens of MLV/MLV/HIV immunized mice were prepared on day 45, 

60 or 98 dpi and homogenates were transmitted into groups of four tg20 mice. 

Similar incubation times were found after transmission, showing that infectivity 

in spleens was observed already after 45 days (Table 19). Tg20 mice 
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inoculated with PrPSc positive spleen homogenates isolated from MLV/MLV/HIV 

immunized wild-type mice developed typical scrapie symptoms within 70 d.p.i. 

(Table 19). However, a prolonged survival was observed in tg20 mice that were 

injected with spleen homogenates from 45 or 98 d.p.i.. 

Taken together these data implicated that in most cases VLP-immunizations did 

not prolong the onset of scrapie symptoms. Although antibodies against PrPC 

were induced in wild-type mice, they did not significantly interfere with scrapie 

pathogenesis and were therefore not of therapeutic value.  

 

Memory B cell based induction of PrPC-specific immune 
response upon VLP-PrPD111 immunization 

4.7 

In VLP-PrPD111 vaccination approaches, the T cell-dependent switch from IgM 

to IgG isotype of PrPC-specific antibodies was rather weak, probably due to 

tolerance of PrP-specific T helper cells. This further illustrated that tolerance 

manifested on the T cell level cannot easily be overcome by VLP-PrPD111 

immunization. In a previous study it was shown that virus-specific “memory” B 

cells can be activated by viral particles to produce virus-specific IgG antibodies 

with neutralizing capacity in the absence of T helper cells [Hebeis et al., 2004]. 

In this study, activated “memory” B cells were adoptively transferred into 

RAG-1-/- mice that are deficient of B and T cells. Upon antigenic stimulation, 

rapid IgG production was induced. Reasoning that VLP-PrPD111 immunizations 

induced long lived anti-PrPC specific IgG antibodies in Prnp0/0 mice, it is a 

matter of question whether upon adoptive transfer of PrP-specifc “memory” 

B cells from Prnp0/0 mice into wild-type mice, those memory B cells can be 

activated to produce PrPC-specific IgG. If activation of “memory” B cells does 

not need T cell help, it should be possible to induce anti-PrPC specific IgG 

antibody responses under such conditions. For adoptive transfer experiments 

donor and recipient cells have to share identical MHC genes. Therefore, SV129 

x C57/BL6 Prnp0/0 mice were backcrossed to the C57BL/6 background for 10 

generations prior to the use in the context of adoptive transfer experiments. 

Homozygous C57BL/6 Prnp0/0 offspring were first immunized with VLP-PrPD111 
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and sorted Prnp0/0 “memory” B cells were subsequently adoptively transferred 

into wild-type or Prnp0/0 control animals. Because it has been previously 

reported that sublethal irradiation would improve the immunological 

susceptibility of adoptively transferred cells [Coligan et al., 1991], one group of 

Prnp+/+ recipient mice was sublethally irradiated with 500 rad and subsequently 

adoptively transferred with PrPC-specific memory B cells. For adoptive transfer, 

six weeks after the last immunization, CD19+ B cells were isolated from spleens 

of 7 VLP-PrPD111-immunized Prnp0/0 donor mice by two rounds of cell sorting 

(Sorting was performed with MoFlow in cooperation with T. Winkler, Erlangen). 

In general, a purity of >99.8% was achieved by this procedure. Individual 

Prnp+/+ and Prnp0/0 recipient mice were adoptively transferred with 1x107 

purified B cells. Prnp0/0 recipients were included as controls to verify efficient 

transfer of B cell. Eight days after the B cell transfer, mice were challenged with 

VLP-PrPD111 and serum was analyzed for PrPC-specific antibodies in the tg33 

FACS assay at different time points post challenge. Prnp+/+ and Prnp0/0 recipient 

mice were subsequently inoculated with RML 5.0 (Figure 47). 
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Figure 47 Overview of experimental the immunization protocol, adoptive transfer, 
and challenge with VLP-PrP . D111 Prnp  mice were immunized twice with VLP-PrP . 180 

days later, sorted B cells from the Prnp  spleens were adoptively transferred into Prnp  

recipients. 

0/0 D111

0/0 +/+

 

Adoptively transferred Prnp0/0 mice mounted high anti-PrPC IgM responses 

5 days after VLP-PrPD111 challenge (Figure 48 A). On day 15 high anti-PrPC IgG 

titers were observed (Figure 48 B). Some individuals of Prnp+/+ recipients 
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mounted increased anti-PrPC IgM antibody responses 5 days after challenge. 

However, no anti-PrPC IgG responses were found in Prnp+/+ recipients (Figure 

48 B) or in immunized mice that did not receive memory B cells (data not 

shown). Nevertheless, in some irradiated Prnp+/+ recipients minor PrPC-specific 

IgG titers were observed. Prnp+/+ recipient mice that survived scrapie infection 

showed different IgM responses on day 5 (Figure 48 A, indicated in blue lines). 

Surprisingly, only one irradiated Prnp+/+ mouse survived scrapie infection and 

showed anti-PrP IgG titer on day 15 (Figure 48 B).  
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Figure 48  Prnp0/0 and Prnp+/+ recipients showed high native anti-PrPC specific IgM 
antibodies already 5 days after VLP-PrPD111 challenge. Serum of adoptively transferred 

Prnp0/0 , Prnp+/+  (a total of 10 mice was analyzed, 5 animals are shown in panel “group I” and 5 

other animals shown in panel “group II”) or Prnp+/+ (irradiated) mice were analyzed for anti-PrPC 

IgM titers on day 5 p.c. (A) or IgG titers on day 15 p.c. (B, grey lines). Prnp+/+ mice that survived 

scrapie infection are indicated in blue lines. Cells incubated with preimmune serum (green) or 

6H4 (red) were used as controls. 
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These experiments indicated, that PrPC-specific memory B cells that were 

originally induced in a PrP deficient environment, were tolerized upon adoptive 

transfer into PrP competent mice. Thus, indeed peripheral mechanisms exist 

which reduce responsiveness of PrP-specific B cells in a PrP competent 

environment.  

To check for protective effects that could have been mediated by memory B 

cells independently of PrPC-specific antibody responses, adoptively transferred 

Prnp+/+ and Prnp0/0 recipient mice were inoculated i.p. with RML 5.0, and the 

time untill onset of terminal disease was monitored. Surprisingly, four of fifteen 

Prnp+/+ animals carrying memory B cells did not develop scrapie and survived 

more than 290 days (Figures 49 and 50). By contrast, other Prnp+/+ recipients in 

this group succumbed to scrapie within 230 days after RML 5.0 injection. 

Interestingly, in surviving Prnp+/+ mice no significant anti-PrPC IgG responses 

but increased levels of anti-PrP IgM antibodies were observed (Figure 48). 

Prnp+/+ mice that were immunized with VLP-PrPD111 but were not transferred 

with PrPC-specific “memory” B cells did not mount increased IgG titers and 

developed scrapie symptoms at times when non-immunized Prnp+/+ controls 

usually develop disease (Figure 49). As expected, adoptively transferred Prnp0/0 

recipients or Prnp0/0 control mice (without adoptively transferred B cells) that 

were infected with scrapie stayed healthy during the whole experiment. 
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Figure 49   Adoptive transfer of “memory” B cells prolonged incubation times in 
Prnp+/+ recipients after i.p. administration of scapie inocculum. Prnp0/0 or Prnp+/+ mice were 

infected with RML 5.0 after adoptive transfer of PrPC-specific memory B cells and challenge with 

VLP-PrPD111. Controls received no memory B cell preparations. Data represent incubation times 

of mice that succumb to terminal disease and had to be sacrified. 

 

Four of fifteen Prnp+/+ mice that received PrPC-specific memory B cells from 

Prnp0/0 mice did exhibit a significant delay in the onset of prion disease 

compared to mice that were just immunized with VLP-PrPD111 and did not 

receive PrPC-specific memory B cells.  Moreover, three of nine adoptively 

transferred Prnp+/+ mice survived scrapie inoculation whereas Prnp+/+ control 

animals developed typical scrapie symptoms and had to be sacrificed around 

day 225. Statistical analysis of survival curves yielded p=0.0177, indicating that 

the incubation times in both groups were significantly different (Figure 50). 
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Figure 50 Survival plot visualizing incubation times until development of terminal 
disease of transferred Prnp+/+ recipients in comparison to Prnp+/+ controls after i.p. 
challenge with prions. Three of nine recipient mice did not develop scrapie symptoms until 

290 d.p.i (p =0.017). 

 

Those preliminary results suggested that adoptively transferred memory B cells 

are rendered less responsive in a PrP competent environment, despite the fact 

that B cells have originally been induced in PrP-deficient mice. Nevertheless, 

although PrP-deficient memory B cells showed a reduced PrP-responsiveness 

in PrP-competent recipients, they still supported PrPC-specific immune 

responses and prevented prion infection in a certain proportion of Prnp+/+ mice 

tested. PrPSc levels in spleen and brains from prion-infected mice have to be 

further investigated by western blot analysis and by histology. 
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5 Discussion 
Prion diseases are fatal neurodegenerative diseases for which no therapeutic or 

prophylactic treatment is available, yet. A number of possible therapeutic agents 

such as Congo red (CR), anthrocyclines or quinacrine have been tested for their 

potency to interfere with PrPSc propagation. However, those reagents have 

limitations in terms of toxicity and ability to cross the blood-brain barrier [Rudyk 

et al., 2000; Head et al., 2000]. Besides compound treatment, passive 

immunizations against prion diseases using anti-PrPC specific antibodies or 

active vaccination trials would be feasible approaches to prevent prion infection. 

TSE-infected animals do not mount measurable immune responses against 

infectious prion protein. Nevertheless, the immune system does play a role in 

TSE pathogenesis, i.e. for the transport of prions from the periphery to the CNS. 

This step is dependent on the lymphoreticular system [Aucouturier et al., 2001]. 

According to Klein et al. mature B cells, germinal centers and follicular dendritic 

cellular networks are required for the development of clinical scrapie after 

peripheral injection of pathogenic doses of PrPSc [Klein et al., 1997]. Thus, the 

immune system appears to assist rather than to impair the propagation of prions 

and their access to the CNS.  

Passive immunization studies with PrPC-specific antibodies that recognize the 

C-terminal part of the prion protein have been shown to be effective in blocking 

prion replication in vitro and in vivo or prolonging the incubation period of 

scrapie [Peretz et al., 2001; Sigurdsson et al., 2002; Sigurdsson et al., 2003; 

White et al., 2003]. However, a major obstacle of passive immunization 

strategies is the stable maintenance of protective antibody levels. In very 

elaborate studies passive immunization with anti-PrPC monoclonal antibodies 

could delay scrapie [Sigurdsson et al., 2003; White et al., 2003], but active 

vaccination might be a straightforward approach for prophylaxis and treatment 

of prion diseases. Unfortunately, induction of PrPC-specific antibody responses 

is hampered by tolerance phenomena to PrPC which is an endogenous 

ubiquitously expressed self-protein [Bueler et al., 1993]. Experiments with 

transgenic mice expressing PrPC-specific antibodies suggested that B cell 
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tolerance is not complete and that potentially auto-reactive PrPC-specific B cells 

do develop in vivo [Heppner et al., 2001].  

In this thesis it was studied whether it was possible to induce antibody 

responses against PrPC in wild-type (Prnp+/+) mice and whether such responses 

have protective effects. To address this issue, in a first step the immunogenicity 

of a replication deficient expression system was assessed. To this end, VLP 

expressing VSV-G on the surface was generated and analyzed for 

immunogenicity. Then, PrPC-displaying VLP were generated and tested in 

different immunization approaches for the induction of anti-PrPC specific 

immune responses. Finally, the protective capacity of PrPC-specific immune 

respones was assessed. 

 

5.1 VLP are highly immunogenic antigens  

In order to study the immunogenicity of retrovirus-like particles, VLP expressing 

the VSV-G protein (VLP-VSV) and control VLP expressing the EGF protein 

(VLP-EGFD) were generated. Based on their ability to accommodate foreign 

transmembrane proteins in their envelope membrane, retroviral particles were 

selected as display vehicles. An important prerequisite for good display of 

antigenic determinants on VLP is the efficient cell surface expression to 

increase the likelihood of incorporation of antigenic determinants as foreign 

transmembrane proteins at sites of viral budding. VLP contain many copies of 

antigens in a structured order, thereby mimicking viral surface structures. Since 

VLP-VSV was generated in the absence of Env, only cellular proteins and VSV-

G constituted the surface components and unwanted regulatory proteins or 

infectious genetic material of the retrovirus were absent. 

In a first step, VLP-VSV was characterized by ELISA and electron microscopy 

for efficient display of VSV-G. As a positive control, the replication competent 

and highly immunogenic VSV was used. ELISA and electron microscopic data 

showed that the VSV-G protein was efficiently displayed on VLP-VSV-

retroparticles. Furthermore, VLP-VSV and VSV similarly expressed VSV 

neutralizing determinants. This was indicated by the observation that upon 
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pseudotyping of retroviral and lentiviral vectors, VSV-G forms a fully functional 

trimeric complex that mediates cell entry and membrane fusion [Cronin et al., 

2005]. One difference of VLP-VSV compared to VSV is the amount of VSV-G 

expressed per particle, which is likely to be higher in VSV. Furthermore, bullet 

shaped VSV displays strictly ordered glycoprotein in a paracrystalline manner, 

whereas on spherically shaped VLP VSV-G is probably less ordered. 

Nevertheless, these differences are not expected to significantly affect the 

expression of VSV neutralizing epitopes as also supported by electron 

microscopic studies in which a polyclonal anti-VSV-G serum decorated VSV 

and VLP-VSV but not VLP-EGFD (Figure 8 A).  

In a next step, antibody responses induced by VLP-VSV or VSV were analyzed 

for their virus neutralizing activity using one and the same live VSV Indiana 

isolate in all neutralization tests. Indeed, reminiscent of live VSV, VLP-VSV 

turned out to be highly immunogenic and induced VSV neutralizing 

T independent IgM responses that switched to the IgG subclass in a T help-

dependent manner. Thus, VSV and VLP-VSV can be classified as TI antigens. 

Nevertheless, as the switch to IgG responses towards VSV-G required T cell 

help [Leist et al., 1987; Bachmann et al., 1995], in case of VSV the 

discrimination between TI-1 or TI-2 antigens is not trivial and caused diverse 

discussions in the literature. Usually, the independence of T cell help is 

determined by using CD4-depleted X chromosome-linked immunodeficient 

(XID) mice which carry a missense mutation in the gene encoding for the 

intracellular Burton´s tyrosine kinase (Btk) that participates in BCR signal 

transduction. XID B cells exhibit an activation defect, which facilitated the 

identification of any residual requirements for T cell help during IgM responses 

[Boswell et al., 1980]. TI-1 antigens are completely independent of T cell help 

and can thus be elicted in XID mice, wheres TI-2 antigens require residual help 

from T cells or maybe even NK cells [Snapper et al., 1993; Mond et al., 1995]. 

Similarly to VSV, VLP-VSV leads to optimal BCR-crosslinking that provides 

strong activation for the induction of IgM responses in the absence of T cell 

help. Thus, VLP-VSV should be classified as a TI-1 antigen.  
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In conclusion, although VLP-VSV and VSV are considerably divergent reagents, 

the overall quality of antibody responses induced by these reagents are 

comparable in many regards. Furthermore, unlike UV-inactivated VSV that 

induces IgM, but no IgG responses at a broad range of doses, VLP-VSV was 

very immunogenic and turned out to be a good tool for studying virus-induced 

antibody responses.  

 

5.2 VLP immune responses are critically dependent on IFNAR 
triggering 

Antiviral host defenses are mediated by the rapid induction of type I IFN and 

proinflammatory cytokines, which plays a role in subsequent activation of the 

adaptive immune response [Le Bon et al., 2001]. Several vaccination studies 

performed by Proietti et al., Le Bon et al. and others indicated earlier that type I 

IFN stimulation may potently enhance antibody responses [Proietti et al., 2002; 

Le Bon et al., 2006]. Therefore, VLP-VSV was used as a tool to address the 

question whether virus-induced type I IFN responses had an impact on the 

induction of neutralizing antibody responses. This question is of particular 

interest, because virus particles often display highly ordered antigens that 

induce T help-independent IgM responses, whereas the switch to the IgG 

subclass is T help-dependent. In contrast, soluble antigens such as chicken 

gamma globulin (CGG) induce IgM and IgG responses in a T help-dependent 

manner [Le Bon et al., 2001]. Usually a time gap of several days exists between 

the induction of IFN-α/β responses and the appearance of neutralizing serum 

antibodies. Therefore, it is important to understand whether early IFN-α/β 

affects only early events such as the induction of IgM responses in primary foci 

and by local B cells. Alternatively, IFN-α/β could also have an impact on later 

immune reactions such as the IgG switch of protective neutralizing antibody 

responses. IFN-α/β receptor deficient (IFNAR-/-) mice have been instrumental in 

studying IFN-α/β effects in vivo. Unfortunately, they are extremely sensitive to 

lethal VSV infection [Muller et al., 1994]. Thus, VLP-VSV that are entirely 

replication deficient, and thus non-infective, were used as an alternative to VSV 
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to analyze virus-induced immune responses in IFNAR-/- mice. VLP-VSV 

immunization data demonstrated that VSV neutralizing antibody responses 

showed a T help-dependent IgG switch that was critically dependent on IFNAR 

signaling. Furthermore, the lack of subclass switch in IFNAR-/- mice was 

associated with a reduced germinal center reaction, which was confirmed by 

immuno histochemistry and by FACS analysis. 

The IFNAR dependence of VLP-VSV induced IgG switch raised the question of 

how type I IFN promotes the subclass switch. Many possible mechanisms were 

described including involvement of type I IFN in recruitment of lymphocytes into 

B and T cell zones [Kamphuis et al., 2006] and improvement of B cell-priming 

and the GC formation through upregulation of the costimulatory molecules on 

DCs, B and T lymphocytes [Klaus et al., 1994; McAdam et al., 2000; Walker et 

al., 2000]. Type I IFN stimulation enhances B cell survival in vitro [Jego et al., 

2003] and could hence rescue B cells from apoptosis in vivo, an effect which 

was recently identified in CD8+ T cells as a crucial mechanism to promote the 

generation of cytotoxic T lymphocytes [Kolumam et al., 2005]. Finally, virus 

infection may activate pDCs to secrete IFN-α/β which supports generation of 

non-Ig-secreting plasma blasts and IL-6 to promote differentiation into Ig-

secreting plasma cells [Jego et al., 2003]. 

  

5.3 IFNAR signaling on the level of B cells does not contribute 
to the IgG switch  

VLP-VSV-induced antibody responses showed a T help-dependent switch of 

neutralizing IgM to IgG that was critically dependent on IFNAR triggering. 

Interestingly under these conditions, IFNAR signaling on the level of B or T cells 

did not critically contribute to the IgG switch. The observation that mice with a 

combined B and T cell-specific IFNAR ablation showed moderately reduced 

neutralizing antibody responses upon VLP-VSV immunization suggested that 

IFNAR signaling on lymphocytes may synergize to further improve the IgG 

switch. 
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Conditional IFNAR mice with a B cell, a T cell or a combined B and T cell-

specific IFNAR ablation infected with VSV mounted normal neutralizing IgM and 

IgG responses. Furthermore, IFNAR-B mice showed a normal GC reaction after 

virus infection. These observations are in contrast to a recent study by Fink et 

al. who observed reduced IgM responses in VSV infected mice [Fink et al., 

2006]. In this study mice were used, that carried 3x106 adoptively transferred 

VSV-specific B cells that were IFNAR proficient or deficient. It was shown that 

upon in vitro incubation of IFNAR-deficient splenocytes with VSV, any cell type 

including specific and non-specific B cells, macrophages, pDCs and DCs were 

readily infected. In contrast, IFNAR-competent splenocytes showed a strikingly 

reduced infection with basically only VSV-specific B cells and to a lesser extent 

unspecific B cells being infected. Thus, it is likely that in this system the 3x106 

adoptively transferred IFNAR-deficient B cells bound a good proportion of the 

2x106 PFU injected VSV that then resulted in infection of the B cells and 

subsequent cell lysis. In conclusion, it is possible that in mice carrying 

adoptively transferred IFNAR deficient B cells, VSV-induced antibody 

responses were reduced due to experimental conditions that favoured VSV 

infection of VSV-specific and IFNAR-deficient B cells. 

In the mouse model used in this thesis, IFNAR-B mice showed a polyclonal B 

cell repertoire. Thus, in IFNAR-B mice effects as discussed above are unlikely 

to take place. Assuming the presence of more than 109 B cells in a mouse, 

basically all of which are IFNAR deficient [Kamphuis et al., 2006; Le Bon et al., 

2006], less than 0.1% of the B cells can theoretically get infected upon injection 

of 2x106 PFU VSV. Because in the absence of IFNAR, VSV-specific B cells do 

not seem to become preferentially infected [Fink et al., 2006], this would result 

in the infection and destruction of less than 0.1% of the VSV-specific B cell 

repertoire. Thus, the observations described here probably reflect the in vivo 

conditions more appropriately than adoptive transfer experiments. 

Many controversial effects of IFNAR signaling on B cell responses were 

reported. One study by Coro et al. showed that influenza virus infection induced 

early local antibody responses that were dependent on B cell-specific IFNAR 

signaling [Coro et al., 2006]. In this study, a low pathogenic influenza virus 
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strain was used which was similarly well cleared in IFNAR-/- and wild-type mice 

and thus allowed a comparative analysis of influenza virus-specific B cell 

responses in both mouse strains.  

In another model, LCMV infection induced similar immunoglobulin responses 

against the nuclear protein (NP) in IFNAR-/- and wild-type mice [van den Broek 

et al., 1995]. Although type I IFN responses are induced by LCMV [Malmgaard 

et al., 2002], these results suggested that in the case of LCMV-induced 

antibody responses IFNAR triggering did not play a role. 

Upon in vitro B cell receptor (BCR) crosslinking, type I IFN was shown to 

increase the sensitivity of naïve B cells to produce IgM [Braun et al., 2002]. This 

suggested a lowered threshold for the induction of T help-independent IgM 

responses. Upon VLP-VSV immunization, IFNAR-/- mice raised slightly reduced 

IgM responses when compared to wild-type mice. Nevertheless, IFNAR-B mice 

did not show such a difference. Thus, in the case of the highly repetitive T cell-

independent VSV-G surface antigen, optimal conditions for BCR cross-linking 

are provided [Bachmann et al., 1995; Bachmann et al., 1997] that cannot be 

further enhanced by type I IFN stimulation. This is in contrast to the T cell-

dependent antigen CGG as discussed previously [Le Bon et al., 2006]. Thus, 

antibody responses that differ with respect to their IFNAR-dependence are 

induced depending on the nature of the administered antigen. Low 

immunogenic antigens such as CGG induce significantly improved antibody 

responses if co-administered with type I IFN. Under such conditions type I IFN 

has a direct impact on APCs, T cells and B cells. In contrast, VLP-VSV that is 

more immunogenic but replication deficient induced an IFNAR dependent IgG 

switch. Under such conditions, lymphocyte-specific IFNAR triggering played a 

very minor role. Local infection with low pathogenic influenza virus required 

IFNAR triggering of B cells. In this model it is possible, that IFN-γ and IFN-α/β 

crosstalk played a role [Takaoka et al., 2000]. Finally, replication competent 

LCMV or VSV induced antibody responses that were largely independent of B 

cell-specific IFNAR triggering. Hence, an overall strong immune activation could 

compensate for the lack of type I IFN stimulation. Indeed, considering that many 

viruses have developed means to interfere with the induction of type I IFN 
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[Ploegh, 1998; Foy et al., 2003; Stojdl et al., 2003; Abate et al., 2004; Dauber et 

al., 2004; DiPerna et al., 2004] it seems likely that some kind of functional 

redundancy has evolved to guarantee the efficient induction of protective anti-

viral antibody responses.  

Toll-like-receptors (TLR) play an important role in antiviral responses by 

recognizing viral components. It has been shown recently that VSV can trigger 

IFN-α production in vivo through TLR7 triggering [Lund et al., 2004]. Moreover, 

VSV mediated B cell activation was dependent on TLR-7 expression. However, 

it was unclear whether the B cell activation was mediated directly by TLR7 or 

IFN-α. Fink et al. reported that TLR7 expression on VSV-specific B cells 

supported B cell expansion and IgM production independently of IFN-α.  

A requirement of TLR signaling in B cells for optimal T cell-dependent antibody 

responses was furthermore reported by the group of Medzhitov [Pasare et al., 

2005]. In contrast, another study by the Nemazee group showed that the 

induction of antibody responses was possible even in the complete absence of 

TLR signaling. In this report mice lacking TLR signaling were able to respond to 

T cell-dependent antigens if the antigen was administered in an adjuvant. This 

suggested that TLR signaling was dispensible for vaccine-induced antibody 

responses [Gavin et al., 2006]. Thus, so far it cannot be ultimately stated 

whether TLR7 signaling of B cells played a role in the induction of VSV-specific 

antibody responses. Kato et al. observed that a cytoplasmic protein, retinoic-

acid inducible gene-I (RIG-I), but not the TLR system, plays an essential role in 

antiviral responses in various cells, except for pDCs [Kato et al., 2005]. This 

observation indicates that type I IFN can be triggered by RNA viruses either via 

RIG-I or the TLR system, depending on the infected cell type.  

In conclusion, VLP-VSV data showed that although IFNAR triggering of 

lymphocytes is not a limiting step, it may gradually enhance the IgG switch. In 

VSV infected mice, IFNAR triggering of B cells does neither critically affect 

germinal center formation nor the IgG switch of neutralizing antibody responses 

[Bach et al., 2007]. 
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To study the mechanism of VLP-VSV mediated IFN-α induction, MyD88-/-

/TRIF-/- mice that are completely deficient of TLR signaling, were immunized 

with VLP-VSV and analyzed for VSV-neutralizing antibody responses. Upon 

VLP-VSV immunization, MyD88-/-/TRIF-/- mice showed a T help-independent 

IgM whereas the switch to IgG was absent. Thus, TLR signaling seemed to 

have an influence on the subclass switch to VSV-neutralizing IgG. Currently, 

adoptive transfer experiments of MyD88-/- or TRIF-/- B cells into JHT mice which 

lack B cells are perfomed to analyze the role of TLR signaling in B lymphocytes. 

Furthermore, the question will be addressed whether IFN treatment of MyD88-/-

/TRIF-/- mice can restore the IgG switch after VLP-VSV immunization. 

 

VLP induce high anti-PrPC immune responses in Prnp0/0 

mice and represent a tool to study fine specificity of anti-
PrPC antibody responses  

5.4 

Because previous data showed that VLP are highly immunogenic, the 

retrovirus-like system was utilized to display the C-terminal part of the PrP 

domain (PrP111) via a PDGFR-derived transmembrane domain on the surface 

of VLP. Antibodies directed against this C-terminal region have previously been 

shown to interfere with prion propagation [Enari et al., 2001; Peretz et al., 2001; 

White et al., 2003; Beringue et al., 2004; Perrier et al., 2004; Miyamoto et al., 

2005]. Electron microscopy and ELISA showed efficient display of PrP111 on 

VLP. In contrast, attempts to display the complete PrP molecule (PrP209) on 

VLP failed, probably because the rather flexible and disordered N-terminal 

domain of PrP impedes proper folding of the PrP209 molecule, while the 

globularly structured PrP111 and EGF molecules are well suited for expression 

in the retroviral membrane [Nikles et al., 2005].  

Compared to the VSV-G protein displayed on VLP-VSV, PrP111 was better 

expressed on the VLP-PrPD111 surface. This variation in protein expression 

might result from the properties of both proteins. VSV-G has a larger globular 

structure than PrPC and occupied more space on the VLP surface.  
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Next, VLP-PrPD111 was tested to determine whether such particles induce 

immune responses against PrPC. Anti-PrPC antibody responses were assessed 

by ELISA using bacterially expressed mPrPREC121-231 coated to plastic and by 

FACS analysis using transgenic T cells overexpressing PrPC on the cell 

surface. Data showed that a single i.v. immunization with VLP-PrPD111 was 

sufficient to induce native PrPC
 binding of IgM and IgG antibodies in Prnp0/0 

mice. Remarkably, the IgG serum antibodies showed at least as strong PrPC 

binding as the monoclonal anti-PrP IgG antibody 6H4.  

The magnitude of PrPC-specific IgM responses upon i.v. VLP-PrPD111 

immunization was inversely correlated with the number of Prnp alleles 

expressed, i.e. highest PrPC-specific IgM was induced in Prnp0/0 mice, whereas 

intermediate and lower levels were detected in Prnp+/0 and Prnp+/+ mice, 

respectively. Nevertheless, it is remarkable, that overall similar IgM levels were 

induced in mice of all three genotypes, especially at early time points.   

Most immunization strategies described in the literature induced anti-PrP 

antibodies that bind recombinant PrP or peptides in an ELISA assay or western 

blot assay, but were never directed against the native form of PrPC [Hanan et 

al., 2001; Hanan et al., 2001; Souan et al., 2001; Koller et al., 2002; Arbel et al., 

2003; Gilch et al., 2003; Schwarz et al., 2003; Sigurdsson et al., 2003; Rosset 

et al., 2004].  

Furthermore, it was shown that antibodies which exclusively bind recombinant 

PrP are not sufficient to confer prionostatic effects in wild-type mice following 

peripheral prion challenge [Heppner et al., 2004; Polymenidou et al., 2004]. 

However, a correlation between recognition of native anti-PrPC and the effect on 

prion replication has been proposed [Heppner et al., 2004]. In a recent report, 

immunization with bacterially expressed recombinant full-length PrP emulsified 

in CFA resulted in the induction of antibodies directed against native PrPC, only 

if mice aberrantly expressing transgenic PrP under the control of an 

oligodendrocyte and Schwann cell specific promoter were used, whereas wild-

type controls and all other PrP transgenic mice tested showed at best serum 

binding to PrPREC
 coated to plastic [Polymenidou et al., 2004]. Thus, upon 
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expressing PrP in most tissues except oligodendrocytes and Schwann cells, 

tolerance mechanisms were still operative.  

Thus, in conclusion it was remarkable that native anti-PrPC specific IgM and IgG 

titers were induced in Prnp+/+ mice upon VLP-PrPD111 immunization. Moreover, 

no evidence for autoimmune reactions was observed in PrP-competent mice. 

 

Based on the observation that VLP-PrPD111 was highly immunogenic, such 

particles were evaluated to characterize binding properties of PrPC-specific 

antibodies induced by VLP-PrPD111. Data showed that serum of VLP-PrPD111-

immunized Prnp0/0 as well as Prnp+/+ mice was quantitatively competed by VLP-

PrPD111, whereas the linear epitope of mPrPREC121-231 was only partially able to 

compete anti-PrPC antibodies. This observation further supported the concept 

that antibodies induced by VLP-PrPD111 bound the native form of PrPC.  

Because the retroviral-display system allows the display of various different 

deletion mutants of PrP on the VLP surface, this system can further be utilized 

for the analysis of the fine specificity of anti-PrP antibody responses. For 

example, polyclonal antibodies can be tested for preferential binding of either 

the C-terminal portion or the octarepeat region of PrP. This is of importance, 

because it was known that the C-terminal region was crucial for PrPSc inhibition, 

whereas the octarepeat sequence was not essential for PrPSc formation. 

Unfortunately, attempts to generate VLP displaying various different deletion 

mutants of PrP failed. Incorporated PrP mutant proteins were not detectable by 

electron microscopy and by ELISA (data not shown). This failure might be 

explained by inefficient display or wrong folding of PrPC molecules on the VLP 

surface. 

 

Wild-type mice immunized with VLP-PrPD111 mount PrPC-
specific antibody responses that recognize the native form 
of PrPC  

5.5 

Because PrPC-specific antibodies can block PrPSc formation, various attempts 

have been undertaken to induce PrPC-specific antibody responses in wild-type 
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mice. Former studies showed that the application of an immunogen emulsified 

in an adjuvant induced a strong immune response [Freund , 1956; Warren et 

al., 1986]. Immune responses against Hepatitis B were enhanced when the 

antigen was coadministered together with CpG-ODN or IFA [McCluskie et al., 

1998; Weeratna et al., 2001]. Thus, in a first attempt to further enhance PrPC-

specific antibody responses, wild-type mice were immunized with VLP-PrPD111 

emulsified in various different adjuvants. VLP-PrPD111 immunization of wild-type 

mice showed early induction of native anti-PrPC IgM antibodies. Remarkably, 

one out of three immunized mice mounted an IgG titer that was stable for up to 

144 days after immunization. However, those anti-PrPC titers declined when 

tested at later time points. The application of other adjuvants such as Titer Max, 

CpG1668 or Alum showed no effect. Overall, various different vaccination 

approaches based on numerous adjuvants revealed no significantly enhanced 

antibody responses against endogenous PrPC.  

Some disadvantages of adjuvant application were reported in several former 

vaccination studies. For instance, CFA application induced strong immunization 

effect but also resulted in destruction of tissues [Broderson, 1989]. Furthermore, 

one exciting study reported that high doses application of CpG-ODN protected 

mice from scrapie [Sethi et al., 2002]. In this study CpG applications resulted in 

destruction of the FDC network [Heikenwalder et al., 2004]. Thus, considering 

the deleterious effects of those compounds, it would be more appropriate to 

vaccinate in the absence of adjuvants.  

Obviously, VLP-PrPD111 immunization data showed that immunologic host 

tolerance seems to be predominantly manifested on the T cell level. Thus, the 

magnitude of PrPC-specific IgM responses is only gradually influenced by the 

expression level of the PrPC self-determinant [Adelstein et al., 1991; Hartley et 

al., 1991; Tiegs et al., 1993]. Accordingly, the switch from the IgM to the IgG 

isotype of PrPC-specific antibodies is less pronounced in wild-type animals 

when compared to Prnp0/0
 mice. However, T helper determinants accounting for 

the IgG switch in wild-type animals are probably provided by MLV related 

antigens. 
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To test whether the addition of foreign T helper epitopes would boost PrPC-

specific immune responses, VLP were generated that equally expressed PrPC 

and VSV-G proteins on one and the same VLP particle. Electron microscopy 

and ELISA analysis suggested that both proteins were indeed co-expressed on 

the VLP surface. However, those particles did not induce significantly higher 

IgG antibodies in wild-type mice when compared with conventional VLP-

PrPD111. This result might indicate that in particle preparations only a minor 

portion of VLP coexpressed PrP and VSV-G. 

In a last step, priming and boosting strategies with two different types of VLP 

were performed to test whether immune reactions against PrPC can be 

enhanced. Similarly to the MLV display approach, HIV-PrPD111-displaying virus-

like particles were produced. HIV-PrPD111 turned out to be very immunogenic in 

inducing anti-PrPC specific antibodies in Prnp0/0 mice. Thus, they were tested for 

the induction of anti-PrPC immune responses in wild-type mice. Immunization 

data revealed that VLP-PrPD111 and HIV-PrPD111 induced comparable anti-PrPC 

antibody responses. 

However, priming boosting approaches did not enhance anti-PrPC IgG 

antibodies in wild-type mice, showing that even in the presence of diverse T 

helper epitopes, it was difficult to induce protective long-term anti-PrPC IgG 

antibodies.  

Taken together, the phenomenon of PrPC-specific tolerance is a major hurdle 

that cannot easily be overcome. Nevertheless, virus-like particles seemed to be 

capable of inducing MLV-specific T cell help accounting for PrPC-specific IgG 

production with low affinity in approximately 20% of the immunized wild-type 

animals in most of the tested vaccination protocols. Noteworthy, VLP-PrPD111 

induced PrPC-specific antibodies that are directed against the native form of 

PrPC. In most vaccination studies published so far, PrPC-specific antibody 

responses were rather weak and were never directed against the native form of 

PrPC. Modest prionostatic effects observed in these settings are questionable, 

as control studies demonstrated prion inhibition after injection of certain 

adjuvants devoid of antigen.  
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In conclusion, it is remarkable that host tolerance left enough room for the 

induction of potentially autoreactive PrPC-specific IgM antibody responses. VLP-

PrPD111 are promising vaccine candidates, however, they were primarily able to 

induce rather short lived PrPC-specific IgM responses due to limited T cell help. 

 

5.6 VLP-PrPD111-induced anti-PrPC antibody responses inhibit 
prion replication in vitro but do not show in vivo protective 
effects  

Next it was addressed whether VLP-PrPD111-induced PrPC-specific antibody 

responses are able to interfere with PrPSc propagation. To this end, serum of 

VLP-PrPD111 immunized Prnp0/0 and wild-type mice were analyzed for PrPSc 

clearance in a cell culture system persistently infected with prions. Notably, 

PrPC-specific serum of Prnp0/0 mice was able to reduce PrPSc levels. Those 

data were in line with the findings of several other groups that showed a 

reduction of PrPSc after treatment with PrPC-specific antibodies [Enari et al., 

2001; Beringue et al., 2004; Miyamoto et al., 2005]. PrPC-autoantibodies 

induced in wild-type mice by VLP-PrPD111 immunization did not show an 

inhibitory effect. This observation was in contrast to a recently published study 

which showed a reduction of PrPSc levels in cell culture after treatment with 

PrPC-specific autoantibodies induced upon immunization with a PrP dimer 

[Gilch et al., 2003]. 

The failure of antibody mediated prion inactivation may result from weak binding 

of VLP-PrPD111-induced antibodies to PrPC. It would be important to test 

whether higher concentrations of PrPC-specific antibodies are able to reduce 

PrPSc levels. How can PrPC-specific antibodies interfere with neoformation of 

PrPSc? Recently, several discussed mechanisms of prion neutralization have 

been summarized (as reviewed in [Buchholz et al., 2006]). Examples of PrPSc 

neutralization include antibody binding to a region within the helix 1 of PrPC that 

inhibits the interaction between PrPC and PrPSc [Enari et al., 2001; Peretz et al., 

2001; White et al., 2003; Beringue et al., 2004; Perrier et al., 2004; Miyamoto et 

al., 2005]. Alternatively, specific binding of the misfolded PrPSc could be 
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effective [Paramithiotis et al., 2003]. Furthermore, antibody binding to 

endogenously expressed PrPC on the cell membrane was proposed as a 

mechanism that limits the availability of PrPC as a substrate for conversion into 

PrPSc [Perrier et al., 2004]. 

Additionally, two independent studies identified mAbs that inhibited PrPSc 

formation via binding sequences in the octapeptide repeat region [Kim et al., 

2004; Perrier et al., 2004]. Finally, PrPC-specific monovalent Fab antibody 

fragments [Peretz et al., 2001] or single-chain Fv fragments derived from the 

scrapie neutralizing mAb 6H4 [Donofrio et al., 2005] were reported to inhibit 

PrPSc formation which excluded Fc mediated effects to play a crucial role in 

prion neutralization.  

Upon VLP-PrPD111 immunization, wild-type mice mounted anti-PrPC IgG 

antibody responses. Because a correlation between recognition of native cell 

surface PrPC and inhibition of prion replication has been proposed [Heppner et 

al., 2004] it was a matter of question whether induced antibody levels sufficed to 

prevent prion disease in vivo. 

Therefore, wild-type mice were immunized with different immunization protocols 

and subsequently inoculated with the mouse adapted scrapie isolate RML 5.0. 

Two weeks after immunization, wild-type mice were screened for PrPC-specific 

IgM and IgG serum antibodies. All immunized mice showed high PrPC-specific 

IgM titers. However, only weak IgG titers were observed in few wild-type 

individuals. RML 5.0 challenge of wild-type mice revealed that irrespective of 

which immunization protocol was used, no significantly delayed prion 

pathogenesis was observed. Remarkably, one RML 5.0 infected mouse in each 

VLP-immunization group survived scrapie infection. However, the prolonged 

survival of individual mice did not correlate with increased IgG antibody titers. 

Thus, it is difficult to speculate which mechanism was responsible for PrPSc 

inhibition. Unfortunately, one Prnp+/+ mice in the control group did also survive 

scrapie infection, indicating that the survival of VLP-immunized mice was rather 

associated with inoculum application problems than with immunological effects 

induced upon VLP-immunization. 
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The tg20 transmission assay further indicated that in the above discussed 

experiment inoculation problems played a role: Individual tg20 indicator mice 

which received spleen homogenates from a VLP-immunized mouse survived 

reinfection. However, also two tg20 control groups that were inoculated with 

spleen homogenates from non-immunized mice showed no clinical symptoms. 

 

Thus, although in some wild-type mice PrPC-specific IgG antibody responses 

were induced, they did not mediate protection. Reasons for that might be low 

levels and short half-lifes of the PrP-specfic IgG responses. When PrP-specific 

IgG levels in wild-type mice declined before the infectious material was cleared, 

animals succumb of scrapie disease. 

Future experiments will reveal whether individual Prnp+/+ mice showed 

differences in the PrPSc load. Therefore, levels of PrPSc deposition in spleen and 

brain homogenates from VLP-immunized Prnp+/+ mice will be quantified by 

western blot.  

 

New strategies to overcome PrPC-specific tolerance 5.7 

As PrPC-specific tolerance hampered efficacious anti-PrPC vaccination, two 

additional strategies are being evaluated, i.e. adoptive transfer of PrPC-specific 

“memory cells” and VLP-PrPD111 immunization of Treg deficient mice.  

In the literature it was described that virus-specific “memory” B cells can be 

activated by viral particles to produce virus-specific neutralizing IgG antibodies 

in the absence of T helper cells [Hebeis et al., 2004]. Thus, in the last part of 

this thesis it was studied whether sorted PrPC-specific “memory” B cells that 

were originally induced in Prnp0/0 mice, can be adoptively transferred into wild-

type recipient mice to induce PrPC-specific IgG antibody responses upon VLP-

PrPD111 treatment. If indeed in the absence of T help PrPC-specific “memory” B 

cells can be activated in wild-type recipients upon VLP-PrPD111 challenge, it 

should be possible to induce significant PrPC-specific IgG antibody responses. 

Indeed, naïve Prnp0/0 recipients mounted anti-PrP IgM antibodies already 5 

days post VLP-PrPD111 challenge. Furthermore, high levels of PrPC-specific IgG 
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antibodies were detected in the serum of Prnp0/0 mice at day 15 post challenge. 

Despite Prnp+/+ recipients showed rather high levels of IgM titers 5 d.p.i., none 

of them mounted IgG antibodies at day 15. As an exception, wild-type mice 

which were irradiated before adoptive transfer of PrPC-specific memory B cells 

mounted very low IgG titers. Sublethal irradiation of mice leads to an increased 

susceptibility to “memory” B cells and probably PrPC-specific IgG levels were 

detectable after VLP-PrPD111 immunization. 

Surprisingly, scrapie inoculation experiments using the group of non-irradiated 

mice revealed that although no PrPC-specific IgG titers were observed, several 

wild-type mice that received memory B cells (3 of 9 animals) were protected 

against prion infection.  

Overall, PrPSc protected mice showed higher IgM anti-PrPC specific antibodies 

than all other recipients in the group. Thus, it is conceivable that efficient 

induction of native anti-PrPC antibodies can protect against prion disease.  

One can speculate that already IgM antibodies that were induced after adoptive 

transfer in individual Prnp+/+ recipients interfered with PrPSc. Prevention of 

scrapie pathogenesis was also observed by Heppner et al. who showed that 

transgenic mice expressing IgM antibodies mounted reduced infectivity in 

spleen and brain after intraperitoneal challenge [Heppner et al., 2001]. The 

mechanism of PrPSc interference may rely to IgM antibodies that hinder 

interaction of prions with PrPC or capturing the incoming PrPSc inoculum.  

Additional adoptive transfer experiments are planned to quantitate the level of 

PrPSc deposition in spleen and brain of Prnp+/+ recipient mice. Furthermore, 

various inoculation setups can clarify whether high IgM levels suffice to clear 

PrPSc infection. For this purpose, the inoculum is applied few days directly after 

VLP-PrPD111challenge. In another approach, the survival of transferred 

“memory” B cells in Prnp+/+ recipient mice will be monitored by FACS-analysis 

using an antibody recognizing an allotype-specific Ly-5 marker that is only 

expressed on the transferred B cells. For such experiments congenic C57BL/6 

mice expressing the Ly5.1 marker will be used to distinguish between host and 

transferred “memory” B cells the latter of which express Ly5.2. 
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Finally, a second strategy is being tested that is based on deletion of Treg cells. 

Treg cells have been described to play an important role in modulating host 

responses against tumors and in inhibiting the development of autoimmunity 

[Sakaguchi, 2005; Coombes et al., 2005]. Currently it is tested whether in the 

absence of Treg cells specific anti-PrPC immune responses can be induced 

upon VLP-PrPD111 immunization. In this context, a transgenic mouse model is 

used in which Foxp3 positive Treg cells can be selectively depleted upon 

Diphtheria toxin (DT) treatment [Lahl et al., 2007].  

 

In conclusion, VLP-PrPD111 turned out to be a versatile tool to elucidate basic 

mechanisms of PrPC-specific tolerance. In addition, findings were obtained with 

VLP-PrPD111 that are encouraging to pursue the development of a prion 

vaccine. Also in terms of Alzheimer’s diseases (AD), VLP might be potent 

vaccine candidates. Early trials of VLP-Aß immunization studies in transgenic 

AD model mice showed an induction of Aß-specific antibody responses (data 

not shown). Furthermore, VLP-Aß immunization resulted in a reduced amyloid 

plaque load in the brain of vaccinated mice (data not shown).  

In contrast to all other PrP vaccination approaches that have been tested until 

now, VLP-PrPD111 is able to induce native PrPC-specific antibody responses. 

Recently, one publication showed that immunization of rabbits with 

papillomavirus-like particles displaying the murine/rat PrPC protein on the 

surface (PrP-VLPs), resulted in the induction of native anti-PrPC antibodies that 

inhibited PrPSc de novo synthesis in prion infected cells [Handisurya et al., 

2007]. However, whether papillomavirus-like particles induced PrPC-specific 

antibodies are also effective in vivo remains to be elucidated.  

A recently described Salmonella typhimurium derived vaccine is currently 

regarded as the most promising candidate for anti-PrP vaccination. A study in 

which mucosal vaccination with recombinant S. typhimurium encoding PrP was 

carried out, showed increased survival times of orally exposed mice, indicating 

that the route of vaccination and infection might play a critical role [Goni et al., 

2005]. Notably, about 30% of the vaccinated animals were free of symptoms at 

500 days post vaccination. 
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Arguing that BSE can be a thread for humans, and that BSE-specific immunity 

could serve as a first-line defense on mucosal epithelia, an interesting approach 

was followed in which mice were orally immunized against bovine PrP. These 

experiments illustrated possible directions of future vaccine development.   

Due to “spontaneous misfolding” of the endogenous PrPC protein in cattle, BSE 

still constitutes a threat for humans. The generation of PrPC-deficient cattle is a 

promising attempt to prevent BSE distribution due to “spontaneously mutated 

prions” [Richt et al., 2007]. Also in terms of “vaccine production” the issue of 

scrapie safety is critical, because vaccines may be contaminated by animal 

materials (e.g. contaminated FCS in cell culture) that contain misfolded prions 

and other transmissible agents. Thus, a therapeutic and prophylactic anti-PrPC 

vaccine would be desirable to diminish the risk of TSE infectivity. 

Recent developments in the prion field may well influence new vaccination 

strategies against other self-antigens, e.g. for the treatment of cancer or 

Alzheimer’s disease. However, for prion diseases, the option of triggering a 

selective immune response against the pathogenic form of PrP should be kept 

in mind as well. Although currently out of reach, such a vaccine would resemble 

the successful strategy behind the marketed vaccines against other pathogens 

that resulted in complete or partial eradication of many widespread infectious 

diseases of bacterial or viral origin. 
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6 Summary 
Transmissible spongiform encephalopathies (TSEs) or prion diseases are a 

group of infectious neurodegenerative diseases that are associated with 

misfolding of the cellular form of the cellular prion protein (PrPC) into a disease 

associated conformer (PrPSc). No therapy for prion diseases is available at 

present. So far, anti-PrPC vaccination is hampered by immunological tolerance 

of the mammalian immune system to endogenous PrPC. The aim of this thesis 

was to set up a new vaccination strategy based on virus-like particles (VLP) to 

induce anti-PrPC antibody responses in PrPC-competent mice. 

In a first step it was assessed whether VLP have the capacity to induce 

antibody responses that are protective against conventional pathogens. For this 

purpose, VLP displaying the vesicular stomatitis virus-gylcoprotein (VLP-VSV) 

were generated and tested for their immunogenicity. Similarly to live vesicular 

stomatitis virus (VSV), replication deficient VLP-VSV induced T help-

independent VSV neutralizing IgM responses that switched to the IgG subclass 

in a T help-dependent manner. Furthermore, type I IFN receptor (IFNAR) 

triggering only marginally affected VLP-VSV induced neutralizing IgM 

responses, whereas it was critically required to promote the IgG switch. The 

analysis of conditional knockout mice with a lymphocyte-specific IFNAR deletion 

revealed that IFNAR triggering of lymphocytes did not play a crucial role, neither 

upon VLP-VSV nor VSV immunization. Collectively, these data verified the high 

immunogenicity of VLP.  

Therefore, in a next step VLP were generated displaying the C-terminal half of 

PrP (residues 121-231aa) fused to the platelet derived growth factor receptor 

(PDGFR) transmembrane region (VLP-PrPD111) for anti-PrPC immunization. On 

the surface of such retroparticles, PrPC was expressed at high levels as 

determined by electron microscopy. VLP-PrPD111 immunization of Prnp-deficient 

(Prnp0/0) mice resulted in antibody response specifically binding the cellular 

form of PrPC. Upon intravenous injection of wild-type mice, high PrPC-specific 

IgM responses were induced, whereas the T cell-dependent switch from the 

IgM to the IgG subclass was less pronounced. As a consequence, anti-PrPC 
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titers were rather short-lived. The impaired subclass switch was probably 

related with host T cell tolerance to endogenous PrPC. Attempts to increase 

anti-PrPC IgG responses in wild-type mice via administration of VLP-PrPD111 

emulsified in various different adjuvants failed. Nevertheless, in single 

individuals low IgG antibodies were induced after immunization of VLP-PrPD111 

emulsified in CFA. To circumvent T cell tolerance in wild-type mice, a multitude 

of different immunization strategies was tested, including priming and boosting 

protocols with different types of VLP or VLP expressing PrPC together with 

foreign T helper epitopes. Overall, those efforts did not improve anti-PrPC IgG 

responses in wild-type mice. Interestingly, anti-PrPC antibodies induced in 

Prnp0/0 mice reduced PrPSc levels in prion infected cell cultures, whereas serum 

of vaccinated wild-type mice did not. To assess the protective capacity of VLP-

PrPD111 induced immune responses, vaccinated wild-type mice were infected 

with scrapie (RML 5.0). Unfortunately, vaccinated mice did not show a 

significant delay in the onset of scrapie. In a last part of the thesis it was studied 

whether in the absence of T cell help activated “memory” B cells were able to 

produce anti-PrPC specific antibodies. To address this question, PrPC-specific 

memory B cells were sorted from vaccinated Prnp0/0 mice and adoptively 

transferred into wild-type recipient mice. Upon VLP-PrPD111 challenge, no PrPC-

specific IgG titers were induced in the recipients. Nevertheless, several VLP-

PrPD111 challenged recipient mice were protected against scrapie infection. 

In conclusion, VLP were characterized as highly immunogenic vaccines that 

were used to elucidate various questions concerning adaptive immune 

response and basic mechanisms of PrPC-specific tolerance vs. immunity. 

Remarkably, VLP-PrPD111 was able to induce native PrPC-specific antibodies in 

wild-type mice but major difficulties associated with PrPC-specific tolerance 

made efficacious scrapie vaccination impossible. New vaccination approaches 

are being tested to overcome these limitations. 

 

 142



 
7 German Summary  

7 German Summary  
Prionkrankheiten sind tödlich verlaufende neurodegenerative Erkrankungen des 

zentralen Nervensystems. Der Erreger ist das infektiöse pathologisch gefaltete 

Prionen Protein PrPSc, welches durch Umfaltung des zellulären ubiquitär 

exprimierten Prionen Proteins PrPC entsteht. Bis heute existieren keine 

erfolgreichen Therapiemöglichkeiten für Prionkrankheiten. Aus 

unterschiedlichen Zellkulturstudien ist jedoch bekannt, dass Antikörper, die 

gegen das zelluläre PrPC gerichtet sind, eine PrPSc Ausbreitung verhindern 

können. Weiterhin zeigen Infektionsstudien in Mäusen, in denen passive 

Immunisierungen mit PrPC-spezifischen Antikörpern vorgenommen wurden, 

eine Verlängerung der Inkubationszeit bis zum Ausbruch der Erkrankung.  

In dieser Arbeit sollte untersucht werden, ob es möglich ist, durch eine aktive 

Immunisierung mit Virus-ähnlichen Partikeln (VLP) anti-PrPC spezifische 

Antikörperantworten zu induzieren, die gegen Prionkrankheiten Schutz 

vermitteln können. Dazu wurde zuerst die Immunogenität von VLP bestimmt, 

um anschließend PrPC exprimierende VLP als Antigene für PrP-

Immunisierungen zu entwickeln. 

Im ersten Teil dieser Arbeit wurden replikationsdefiziente VLP, die als fremdes 

Protein das Vesikuläre Stomatitis Virus Glykoprotein auf der Oberfläche 

exprimieren, hergestellt (VLP-VSV). VLP-VSV immunisierte Mäuse zeigten 

analog zu VSV infizierten Tieren T-Zell Hilfe unabhängige neutralisierende IgM 

Antikörperantworten und einen T-Zell Hilfe abhängigen Subklassenwechsel 

nach IgG. Interessanterweise ist nach VLP-VSV Immunisierung die frühe 

Induktion von neutralisierenden IgM Antikörpern unabhängig vom Typ I 

Interferon Rezeptor (IFNAR) Signalweg. Dagegen wird für den 

Subklassenwechsel nach IgG der IFNAR-Signalweg benötigt. Mäuse mit einer 

lymphozytenspezifischen IFNAR-Deletion zeigten nach VLP-VSV oder VSV 

Infektion IgM und IgG Antikörperantworten gegen VSV. Diese Beobachtungen 

zeigten, dass der Signalweg über den IFNAR auf Lymphozyten keine 

entscheidende Rolle bei der Induktion von VSV-neutralisierenden IgG 

Antikörpern spielte. Zusammenfassend ergab sich aus den Daten, dass VLP-
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VSV Retropartikel starke Immunogene sind, geeignet um schützende 

Immunantworten gegen ein Modellvirus zu induzieren.  

Im zweiten Teil der Arbeit wurden PrPC exprimierende VLP hergestellt. Da der 

C-terminale Teil des Prionenproteins eine wichtige Rolle bei der Umfaltung von 

PrPC nach PrPSc spielt, wurde die distale Domäne (Aminosäure 121-231) auf 

der Oberfläche von VLP exprimiert (VLP-PrPD111). Die erfolgreiche 

Inkorporation von PrP111 auf VLP konnte mittels Elektronenmikroskopie 

gezeigt werden. Im nächsten Schritt wurden PrP-defiziente (Prnp0/0) Mäuse mit 

VLP-PrPD111 immunisiert und auf PrPC-spezifischen Antikörperantworten 

untersucht. Tatsächlich induzierte die Immunisierung mit VLP-PrPD111 starke 

Antikörperantworten mit hohen IgG Serum-Titern, die spezifisch die native Form 

des Prionen Proteins erkannten. Nach VLP-PrPD111 Immunisierung von Wildtyp 

Mäusen wurde eine Induktion von frühen IgM Antikörperantworten beobachtet, 

der Subklassenwechsel nach IgG erfolgte jedoch nur sehr schwach. Die 

induzierten IgG Antikörper zeigten eine geringe Affinität zu PrP und waren nicht 

lange im Serum nachweisbar. Eine mögliche Ursache hierfür ist die PrPC-

spezifische T-Zell Toleranz. Die Zugabe von unterschiedlichen Adjuvanzien zu  

VLP-PrPD111 verbesserte die IgG Antwort nicht. Als Ausnahme konnte in 

einzelnen Wildtyp Mäusen nach Immunisierung mit VLP-PrPD111 in „complete 

Freund´s Adjvant“ (CFA) IgG Antikörper detektiert werden, die bis zu 144 Tage 

nach der Immunisierung im Serum wiederzufinden waren. Zu einem späteren 

Zeitpunkt waren diese PrPC-spezifischen Antikörper jedoch nicht mehr 

detektierbar.  

Um die T-Zell Toleranz zu umgehen, wurden im nächsten Schritt 

unterschiedliche Retropartikel in verschiedenen Immunisierungsstrategien 

getestet. Im Einzelnen wurden verschiedene Typen von PrP-exprimierende HIV 

oder MLV Retropartikel in Primär- und Sekundärimmunisierungen eingesetzt 

oder VLP hergestellt, die zusätzlich zum Prion-Protein das VSV-G Protein als 

fremdes T-Helfer Epitop auf der Oberfläche exprimierten. Mit Hilfe dieser 

Immunisierungsansätze konnten jedoch keine verstärkten IgG  

Antikörperantworten in Wildtyp Mäusen erzielt werden. 

 144



 
7 German Summary  

In Zellkultur konnten die in Prnp0/0 Mäusen induzierten PrPC-spezifischen 

Antikörper den PrPSc-Gehalt in Prion-infizierten Zellen reduzieren. Die Seren 

der VLP-PrPD111 immunisierten Wildtyp Mäuse zeigten jedoch keinen 

Schutzeffekt. Im Weiteren wurde getestet, ob VLP-PrPD111 immunisierte Wildtyp 

Mäuse nach Inokulation eines Maus-adaptierten Scrapiestammes (RML 5.0) 

geschützt sind. Die VLP-PrPD111 immunisierten Mäuse erkrankten jedoch im 

gleichen Zeitraum wie nicht immunisierte Kontrolltiere.  

Der letzte Teil dieser Arbeit beschäftigte sich mit der Frage, ob nach adoptivem 

Transfer von Prnp0/0 B-Gedächtniszellen in Wildtyp Rezipienten eine Steigerung 

der PrPC-spezifischen Immunantwort in Abwesenheit von T-Zellhilfe erzielt 

werden kann. Dazu wurden aus VLP-PrPD111 immunisierten Prnp0/0 Mäusen B-

Zellen isoliert und adoptiv in Wildtyp Rezipienten transferiert. Nach VLP-

PrPD111-Immunisierung der Wildtyp Rezipienten konnten keine erhöhten IgG 

Antikörper Titer beobachtet werden. Trotzdem waren einzelne Wildtyp Mäuse 

nach PrPSc Inokulation gegen Scrapie geschützt.  

Zusammenfassend wurde in dieser Arbeit gezeigt, dass VLP-PrPD111 sehr gute 

Antigene sind, die durchaus eine Umgehung der PrP-spezifischen Toleranz 

erlauben. Im Vergleich zu anderen bisher beschriebenen PrP-spezifischen 

Antikörperantworten, die nach Immunisierung vorzugsweise lineare Epitope 

erkennen, induzierten VLP-PrPD111 Autoantikörperantworten, die gegen das 

native PrPC Protein gerichtet sind. Schwierigkeiten bezüglich aktiver PrP-

Immunisierungen liegen jedoch in der verbleibenden T-Zell Toleranz gegenüber 

PrPC. 
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8.1 Plasmid maps 

8.1.1 pDPrP111 
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8.1.2 pD-EGF and pmDG 
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8.1.3 pHIT60 and pCMV∆R8.2  
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8.1.4 pRSETA mPrP(121-231) 

 

pRSETa mPrP (121-231)
3202 bp

amp
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BamHI
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8.2 Abbreviations 

% Percentage 
°C Degree Celsius 
µg Microgram 
6H4 PrPC-specific monoclonal antibody 
aa Amino acid 
Ab Antibody 
AD Alzheimer’s disease 
APC Antigen-presenting cell 
Aq.dest Aqua destillata 
BCR B cell receptor 
BL/6  C57/BL/6 mice, immunocompetent black wild-type mice 
bp Base pair 
BSA Bovine serum albumin 
BSE Bovine spongiform encephalopathy 
CD Cluster of differentiation 
CFA Complete Freund´s adjuvant 
CGG Chicken gamma globulin 
CJD Creuzfeldt-Jakob disease 
CMV Cytomegali virus 
CpG Unmethylated structural element in DNA: cytidine-

phosphate-guanosine 
CR Congo Red 
CTL Cytotoxic T lymphocytes 
CWD Chronic wasting disease 
Cy  Cychrome 
d Days 
d.p.i.  Days post infection 
DC Dendritic cell 
DMEM Dulbecco’s modified Eagle’s medium 
DMSO Dimethylsulfoxide 
DNA Desoxyribonucleic acid 
E.coli Escherichia coli 
e.g. For example 
ECL Enhanced Chemiluminescense 
EDTA Ethylenediamintetraacetat 
Eenv Envelope proteins 
EGF Epidermal growth factor 
EGFD Epidermal growth factor fusion protein with platelet-derived 

growth factor receptor transmembrane domain 
ELISA Enzyme-linked immunosorbent assay 
FACS Fluorescence-activated cell sorting 
FCS Fetal calf serum 
FDC Follicular dendritic cell 
FITC Fluorescence isothiocyanate 
FSC Forward scatter in FACS, indicates particle size 
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g Gram 
g Gravity 
Gag Group-specific antigens 
GC Germinal center 
GPI Glycosyl phosphatidyl inositol 
h Hours 
HA Immunological tag derived from hemagglutinine A 
HEK 293FT Human embryonic kidney cells, fast growing subclone 
HEPES 2-(4-(2-Hydroxyetyl)-1piperazinyl) ethanesulfonic 
HIV Human immunodeficient virus 
HRP Horse radish peroxidase 
i.c. Intracerebral 
i.e. That is 
i.n.  Intranasal 
i.p. Intraperitoneal 
i.v.  Intravenous 
IFA Incomplete Freund’s adjuvant 
IFN Interferon 
IFNAR Interferon-α/ß receptor 
Ig Immunoglobulin 
IL Interleukin 
IVC Individually ventilated cage 
kDa Kilodalton 
l Liter 
LD50 Lethal dose 
LN Lymph node 
M Matrix protein of VSV 
M Molar 
mA Milliampere 
MACS Magnetic adsorption cell sorting 
mDC Myeloid dendritic cell 
mg Milligram 
MHC Major histocompatibility complex 
min Minutes 
ml Millilitre 
MLV Murine leukemia virus 
mM Milimolar 
mPrP Murine prion protein 
mPrP111 Murine prion protein containing amino acids121 to231 
myc Immunological tag derived from the human c-myc 

protooncogene 
MZ Marginal zone 
MZB  Marginal zone B cell 
N2a Murine neuroblastoma cell line 
NK Natural killer cell 
NP Nuclear protein 
N-terminal Aminoterminal 
OD Optical density 

 151



 
8 Appendix  

OVA Ovalbumin 
p.a. Pro analysis 
p.c. Post challenge 
p30 MLV-derived capsid protein 
PAMP Pathogen-associated molecular pattern 
PCR Polymerase chain reaction 
pDC Plasmacytoid dendritic cell 
PDGFR-TM Platelet derived growth factor receptor transmembrane 

domain 
PE Phycoerythin 
PEI Paul-Ehrlich Institut 
PFU Plaque - forming unit 
PK Proteinase K 
PNA  Peanut hemagglutinin 
Prnp Prion protein gene 
Prnp+/+ C57BL/6 wild-type mice 
Prnp0/0 PrP knockout mice 
PrP Prion protein 
PrPC Cellular prion protein 
PrPD111 Prion protein aa121-231 fusion protein with platelet derived 

growth factor transmembrane domain 
PrPSc Pathogenic isoform of the prion protein 
PVDF Polyvinylidenedifluoride 
REC Recombinant 
RML Rocky Mountain Laboratory 
RNA Ribonuclei acid 
RT Reverse transcriptase 
s.c. Subcutaneous 
SD Standard deviation 
SDS Sodium dodecyl sulphate 
SDS-PAGE Sodium dodecyl sulphate polyacrylamid gelelectrophoresis 
sec Seconds 
SEM Standard error of the mean 
SPF Specific pathogen-free 
SSC Side scatter in FACS, indicates particle granularity 
ssDNA Single-stranded deoxynucleotide 
SU Soluble unit of the retroviral envelope protein 
SV40 Simian virus 40 
TBE Tris borate EDTA 
TBS Tris buffer saline 
TBST Tris buffered saline/Tween 20 
TCR T cell receptor 
TD T cell-dependent 
tg  Transgenic 
Th T helper cell 
TI T cell-independent 
TLR Toll-like receptor 
TM Transmembrane domain of the retroviral envelope protein 
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TSE Transmissible spongiform encephalopathies 
TZ T cell zone 
U Unit 
UK United kingdom 
UV Ultraviolet 
VLP Virus-like particles 
Vs. Versus 
VSV Vesicular stomatitis virus 
VSV-G Glycoprotein of vesicular stomatitis virus 
WT Wild-type 
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