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BMDCs bone marrow- derived dendritic cells 
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EM electron microscopy 
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kDa kilodalton  

LPS lipopolysacharide 

MHC Major histocompatibility complex 

MPyV mouse polyomavirus 

PBS phosphate saline buffer 

PCR polymerase chain reaction 

pDCs pulsed dendritic cells 

PFU plaque forming units 

rEGFP recombinant EGFP protein prepared in our laboratory and used for control 

immunization of mice 

RNA riboneclic acid 

SDS-PAGE SDS-polyacrylamid gel electrophoresis 

tVP3 truncated VP3 minor capsid protein of mouse polyomavirus (C-terminus 105-

204 amino acids) 

VLPs virus-like particles 
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Vaccination is a method how to prevent disease or to eliminate it from the organism. 

However, most of the vaccines are based on the attenuated or inactive 

microorganisms and their incomplete inactivation represents a risk. Capsid proteins 

of some viruses spontaneously self-assemble into structures of empty capsids (virus-

like particles; VLPs), which could be used for development of new and safe types of 

vaccines. A well-known example of this strategy is the VLP vaccine against human 

papillomavirus types 6, 11, 16 and 18 [1]. Recently, VLPs have become studied not 

only for immune responses against the antigens of the virus, which they are derived 

from, but also for the ability to induce immune response against heterologous 

antigens introduced into the capsid as a part of one of the structural proteins.  

We used the ability of mouse polyomavirus capsid proteins to self-assemble into 

VLPs to deliver different epitopes into the cells of immune systems of model 

animals. The epitopes were fused to the truncated minor capsid protein, VP3, which 

is localized inside the capsid. Therefore, the epitopes were carried hidden inside the 

particles.  
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2.1 Virus-like particles derived from polyomaviruses used for preparation of 

various types of vaccines 

2.1.1 Structure of polyomavirus virions and characterization of virus-like 

particles 

Polyomaviruses are small non-enveloped DNA viruses with circular 5.3 kbp genome 

which encodes (besides early antigens) three structural proteins VP1, VP2 and VP3. 

The icosahedral capsid is formed by 60 hexavalent and 12 pentavalent capsomeres, 

both composed of pentamers of the major structural protein, VP1. The structure and 

architecture of polyomavirus capsid is shown in the Fig. 1. The major structural 

protein VP1 is able to self assemble into virus-like particles (VLPs) in cell nuclei 

when expressed in insect or yeast cells, or VLPs can be assembled in vitro from VP1 

pentamers produced in E. coli [2, 3, 4]. Structural and functional properties of VP1 

protein can be divided into three parts. N-terminal part includes nuclear localization 

signal (first 12 amino acids) and DNA binding domain which interacts with DNA 

nonspecifically [5, 6]. Central part of VP1 molecule is formed by α-helixes and β-

sheets which are connected with loops   BC, DE, HI, EF and FG. BC, DE and HI 

loops are exposed on the surface of the capsid and play an important role during the 

virion adsorption and receptor recognition. C-terminal part of the protein is very 

flexible and is responsible for the inter-pentamer interactions within the capsid.  
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Fig. 1. Structure and architecture of polyomavirus capsid. The major structural protein VP1 

forms pentameric capsomeres   pentamers (top and side view, different colors for each VP1 

monomer). Polyomavirus capsid composed of hexavalent (light blue) and pentavalent (dark 

blue) pentamers. Taken from Pattenden et al. [7]. 

 

 

The minor capsid proteins VP2 and VP3 are synthesized from the same open 

reading frame. Entire VP3 sequence forms C-terminal part of VP2. Unique N-

terminus part of VP2 is myristylated on N-terminal glycin. Both proteins are 

localized inside the capsid. Their common C-termini interact with the central cavity 

of VP1 pentamers and their N-termini are directed towards the nucleocore (Fig. 2). 

Each pentamer binds one molecule of either VP2 or VP3 protein. 

Mouse polyomavirus-like particles (MPyV VLPs) as well as native virions 

enter cells by receptor mediated endocytosis. VP1 protein is responsible for the 

recognition of the ganglioside receptors GD1a and GT1b [8]. MPyV VLPs enter 

different types of cells including mouse and human dendritic cells and can reach a 

broad range of mouse tissues after different ways of administration into mice [9, 10, 

11].  
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Fig. 2. Structure of VP1-VP2 complex and localization of the minor capsid protein inside 

the cavity of the VP1 pentamer. (A) Cut through a pentamer showing localization of VP2 

molecule in red and three of five VP1 molecules in blue. Dotted line of VP2 indicates 

regions where the exact secondary structure was not determined (269-278).  Dashed line 

represents the N-terminus of VP2 not visible in electron density map. (B) Surface 

representation of the complex VP1-VP2. Taken from Chen et al. [12]. 

 

 

2.1.2 Use of polyomavirus-like particles for gene transfer 

On the basis of unique properties of the major capsid protein VP1 (ability to 

self-assemble into VLPs, non-specific DNA binding activity, receptor recognition), 

several studies were performed to use mouse polyomavirus VLPs for delivery of 

genes into cells. The feasibility of the gene transfer via polyomavirus VLPs by 

infection-like process was evidenced by transfer of polyomavirus linear 1.6 kbp 

fragment carrying transforming dl8 mutant gene for polyomavirus middle T antigen 

under the early polyomavirus promoter into rat2 fibroblasts [9]. The dl8 middle T 

antigen was stably transferred and integrated in low copy numbers into the host 

chromosome. Similarly, MPyV VLPs were successfully used for transfer and expression 

of chloramphenicol acetyl transferase gene into a human liver cell line, or a low-level 

endogenously expressed gene, p43, into human embryo lung fibroblasts. In comparison 

with the calcium phosphate DNA coprecipitation procedure, or with lipofectin route, the 

MPyV VLPs approach was shown to have advantages in terms of maintenance of DNA 

fidelity; and increased efficiency of gene expression [9]. Both linear and plasmid 
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circular supercoiled DNA was packaged into MPyV VLPs.  Analysis of VLP  DNA 

complexes showed that naked DNA was packaged into VLPs efficiently from free 

ends of linear DNA or by weeker interactions with circular DNA, possibly via loop 

formation. DNase I treatment of VLPs after packaging revealed that aprox. 3kb of 

naked DNA was packaged and protected from DNase I digestion [13]. In insect cell 

nuclei, during VP1 expression, VLPs containing  pseudonucleocore  composed of 

fragments  of cellular or baculoviral DNA and host histones are formed. Fragment 

size of DNA packaged into VLPs together with histones reached the size of 

polyomavirus genome (approx. 5kbp) [14, 15].  

In the next study, the authors tried to overcome the limitation in packaged 

DNA size by using polycationic amine   polylysine [14]. It electrostatically interacts 

with negatively charged DNA and binds it to the ligands and also condenses it into a 

compact structure. A fraction of VLPs containing DNA (7.2 kbp) treated with 

polylysine managed to deliver it to the cells both in vitro and in vivo, allowing stable 

and persistent gene expression [14]. Another study showed ability of VLPs to deliver 

DNA to the cells in vivo when administered to mice by different routes [11]. VLPs 

targeted a broad range of organs and enhanced persistence of transferred gene for a 

longer period when compared to using DNA alone. Moreover, VLPs packaged with 

DNA were able to induce stronger immune response to the carried transgene product 

than immunization with DNA only [16, 17]. On the other hand, authors reported poor 

short term in vitro expression and too high immunogenicity of VLPs for repeated use 

as gene therapy vehicles. Furthermore, Krauzewicz et al. reported two possible 

routes of entry into the cells used by both MPyV virions and VLPs. One was 

dependent on the microtubules and the other required actin fibers [18]. However, 

only pathway using microtubules resulted in a gene transfer. Unfortunately, majority 

of VP1 signal was observed to be transported via actin-mediated, for gene transfer 

non-productive route [18]. Richterova et al. showed that both actin fibers and 

microtubules play a role in virus movement either in early or late stages, respectively 

[19]. They did not observe any substantial differences in the trafficking of MPyV 

virions and VLPs [19], despite the remarkable differences in the efficiency of DNA 

delivery mediated by virions and VLPs. This might be due to the absence of the 

minor structural proteins, VP2 and VP3, in the artificial VP1 VLPs, since it was 

shown that the expression of both proteins and their presence in viral particle are 

essential for viral infectivity [20]. 
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Other members of Polyomaviridae family were investigated for gene transfer 

into cells. VLPs derived from human polyomavirus JC packaged plasmid DNA, 

which was then protected from degradation by DNase. The DNA was efficiently 

transferred into cells and the expression of reporter gene was observed in vitro [21, 

22]. Recently, Voronkova et al. used hamster polyomavirus VLPs for transfer of 

plasmid expressing EGFP into mammalian cells in vitro [23]. The transfer resulted in 

the expression of reported gene, but in a low level. The successful gene transfer was 

achieved using VLPs originated from Simian virus 40 (SV40). The structural 

proteins, VP1, VP2 and VP3 were produced in insect cells and either SV40 DNA or 

plasmid DNA (up to 7.5 kbp) was packaged into the VLPs in in vitro assembly 

procedure [24]. Both types of DNA were transported into the target cells leading to 

the gene expression. Moreover, packaged SV40 genome resulted not only in the 

expression of specific genes but also in production of viable particles shown by cell 

lysis of CV-1 cells infected at a low multiplicity of infection [24]. In another study, 

the authors reported a new packaging system which is based of cotransfecting COS 

cells with the plasmid of interest and wild-type SV40 DNA as a helper [25]. The 

COS cells express large T-antigen that allows plasmid DNA replication and helper 

plasmid provides the late viral gene products, VP1, VP2 and VP3. Expression of 

transported gene delivered by in vitro packaged vectors and VLPs prepared in the 

COS cells was compared. In contrast to in vitro packaged VLPs which allowed 

transient expression of reported gene lasting for approximately 20 days, the 

expression of transported gene by VLPs prepared in COS cells lasted for at least 

three months [25]. However, the presence of large T-antigen in the packaging cells 

may cause a risk in the preparation of VLPs since it can result in the appearance of 

recombinant wild-type virus. Therefore, a new packaging cell line for SV40 vectors 

was established [26]. T-antigen expression cassette which reduced the identity 

between SV40 suquence in the packaging cell line and the vector sequences from 2 

kbp to only 83 bp (which is below the size needed for efficient homologous 

recombination) was prepared [26]. However, the transducing activity of the plasmid 

was being lost after repeated passaging, more noticeable for larger plasmids, which 

was due to accumulation of deletions during propagation. On the other hand, one of 

the cell lines which were tested allowed propagation of high titers stocks with 

minimal loss of transducing activity of reporter gene [26].  
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Similarly, scientific group of J. Schiller prepared packaging system for 

papillomaviral vectors (viruses close to polyomaviruses) [27]. They cotransfected 

293H cells with plasmid expressing L1/L2 proteins (structural proteins of 

papillomaviruses) and a reporter plasmid. They obtained higher vector yields for a 

target plasmid smaller (6 kbp) than that which is close to the size of the 

papillomavirus genome (7.9 kbp) [27]. 

Although the experiments described above showed gene transfer via VP1  

VLPs feasible, the basic improvement of  VLPs  designing  them  to resemble  more 

native virions will be necessary.  

 

2.1.3 Immunogenicity of polyomavirus VLPs 

VLPs derived from mouse polyomavirus were proved to be highly 

immunogenic. High immunogenicity of VLPs may complicate the development of 

gene delivery system based on virus structures (the necessity to develop less 

immunogenic variants) but it offers another exploitation of virus structures for 

development of effective types of vaccine against the virus from which VLPs are 

derived, or vaccines based on VLPs as carriers for the delivery of antigens of other 

diseases.  

MPyV VLPs enter a variety of cell types (including mouse and human 

dendritic cells) and are able to target many organs of mouse after different routes of 

administration [9, 10, 11]. Two studies mentioned in the previous chapter [16, 17] 

used MPyV VLPs for gene transfer in vitro in a mouse model. In both sets of 

experiments, mice inoculated either intraperitoneally or intranasally with MPyV 

VLPs developed high titers of antibodies against major structural protein VP1. 

Caparros-Wanderley et al. tested the effect of long term storage of VLPs on their 

immunogenicity [28]. No reduced induction of immune responses in intranasally 

immunized mice was observed after VLPs were stored 9 weeks at room temperature. 

Based on the fact that MPyV VLPs evoke strong immune responses, their ability to 

protect mice against mouse polyomavirus infection was determined. T cell deficient 

mice were immunized intraperitoneally with four doses of MPyV VLPs or four doses 

of MPyV temperature sensitive mutants and then challenged with PyV A2 strain 

(100 HAU). Mice were then sacrificed in regular intervals and tissues were tested for 

the presence of PyV DNA using PCR. Approximately half of mice from each 
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immunized group were PyV DNA free and protected against induced infection [29]. 

In the following study, authors tried to improve the percentage of protected mice 

using different immunization protocols [30]. Normal or T cell deficient mice were 

immunized subcutaneously four times with MPyV VLPs alone or together with 

complete or incomplete Freund s adjuvants. For comparison of immunogenicity 

glutathione-S-transferase-VP1 fusion protein was administered.  All groups of mice, 

except that when T cell deficient mice were inoculated with glutathione-S-

transferase-VP1 fusion protein, were protected against MPyV challenge. 

Another aspect of immunogenicity of VLPs is their ability to stimulate 

dendritic cells (DCs). Not all VLPs derived from different polyomaviruses were 

shown to induce DCs maturation [31]. Stimulation of human DCs with VLPs derived 

from hamster and mouse polyomaviruses resulted in increased expression of DC 

surface markers CD83, CD80, CD86, MHC class I and II. However, VLPs derived 

from human polyomaviruses BK and JC and simian virus 40 only slightly induced 

CD86, while the levels of all other markers were not affected. Additionally, 

induction of secretion of IL-12 was observed after stimulation of DCs with VLPs 

originated from rodents, but not from primates [31]. Bickert et al. also showed 

upregulation of surface markers of DCs after their stimulation with mouse 

polyomavirus VLPs [32]. In contrast, no upregulation of dendritic cell surface 

markers were observed by Tegerstedt et al. when DCs were incubated with chimeric 

MPyV VLPs transporting epitopes of human Her2 protein inside the capsids [33]. 

This is in agreement with results obtained earlier in our laboratory using either wild-

type MPyV VLPs or chimeric EGFP VLPs to stimulate maturation in vitro [10]. 

However, in both cases, MPyV VLPs induced secretion of IL-12 by dendritic cells. 

On the other hand, papers describing results of induction of expression of maturation 

markers on DCs by hamster polyomavirus VLPs has been so far more uniform. 

Either wild-type or chimeric hamster VLPs were able to upregulate expression of 

surface molecules on dendritic cell and also markedly increase secretion of IL-12 by 

DCs was observed [31, 34].   

2.1.4 Chimeric PyV VLPs 

During the preparation of chimeric VLPs a sequence of foreign epitope 

(epitopes) is introduced into the sequence of one of the structural proteins. For 

polyomaviruses, the epitope can be inserted into one of the surface loops of the major 
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structural protein VP1 resulting in the generation of VLPs with epitopes exposed on 

the surface of the capsid. This design is limited to short peptides (usually 20-40 aa), 

because longer epitopes could influence assembly and stability of chimeric VLPs. 

However, Gleiter et al. inserted the sequences of dihydrofolate reductase from E. 

coli, the protein of molecular weight of 18 kDa, into HI loop of MPyV VP1 [35]. 

Surprisingly, they showed the ability of modified VP1 protein to assemble into VLPs 

which were of diverse size (20-50 nm) with preference to form the smaller ones. The 

insertion also disturbed or covered the binding sites for sialic acid (which is the part 

of the receptor for MPyV) proved by the fact that chimeric VLPs did not 

haemagglutinate red blood cells. Later, the same scientific group constructed VLPs 

containing a 6.8 kDa domain of protein Z (antibody binding domain derived from 

Staphylococcus aureus) in the HI loop [36]. The reduction in the size of the inserted 

protein helped to generate homogenous VLPs of diameter 50 nm. They tried to 

couple an antibody to the inserted epitope which resulted in changing of the tropism 

of the VLPs towards different cells. In another study, they engineered VLPs carrying 

a negatively charged peptide (Glu8, Cys) in the HI loop. This peptide interferes with 

binding of VP1 to the natural receptor on mammalian cells and serves as an adapter 

for coupling of antibody fragments that contain complementary charged fusion 

peptides. In this study, authors retargeted the modified VLPs to antigen presenting 

cells by coupling an Fv fragment of the tumor-specific antibody B3, which 

specifically recognizes tumor cell presenting  the antigen Lewis Y (found in breast 

and epidermoid tumour cells) [37]. Recently, Skratinska et al. prepared chimeric 

VLPs carrying a hydrophilic component of pre S1 sequence of the hepatitis B virus 

(75 aa) in the HI loop of mouse polyomavirus VP1 protein [38]. Pre S1 sequence is 

of highest interest for the multitarget hepatitis B vaccine development. It is directly 

responsible for HBV binding to human hepatocytes and is not present in 22 nm HBV 

particles used as a commercial vaccine. Using electron microscopy, they showed that 

chimeric VP1 protein carrying hydrophilic pre S1 sequence was able to self-assemble 

into VLPs. VLPs were then subcutaneously applied to mice in three doses and 

immune response to inserted epitope was investigated. High titers of antibodies 

against inserted epitope were developed in the sera of immunized mice and 

interestingly, insertion of the epitope led to strong decrease of humoral response to 

VP1 protein. Low and medium production of IL-12 and IFN-γ respectively, specific 

to carried antigen was detected. However, no proliferative response was observed. 
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Neugebauer et al. chose BC and/or FG loop of MPyV VP1 for insertion of two 

epitopes (12 and 14 aa) of keyhole limpet hemocyanin known to induce strong 

humoral immune response in pigs [39]. Chimeric VP1 protein was in most constructs 

fused at its N-terminus with streptavidin tag for better isolation. However, the fusion 

destroyed the ability of VP1 protein to form VLPs and only pentamers were 

produced, while chimeric VP1 protein without the tag assembled into VLPs. The 

immune response of piglets after administration of either pentamers or chimeric 

VLPs was investigated. All animals developed anti-peptides antibodies with only 

slightly lower titers for cases when peptides were carried by pentamers than by 

VLPs. Interestingly, authors compared both insertion sites (BC and FG loops) with 

regard to ability of the transferred epitope to induce stronger response. Insertion into 

BC loop led to development of higher anti-peptide antibody response than that 

induced by the same peptide when carried in the FG loop.     

Several years ago, scientific group of Ulrich prepared different types of chimeric 

VLPs derived from hamster polyomavirus [40, 41, 42, 43]. First, they inserted 5-

amino acid long peptide from hepatitis B virus into one of four different regions of 

hamster polyomavirus VP1 protein (position 1: between 80-89 aa, 2: 221-224, 3: 

243-247, 4: 288-295). In two additional constructs, they used two sites for the 

insertion of the same peptide (1 and 2 or 1 and 3) [40]. In the structure model of VP1 

of the hamster polyomavirus (Fig. 3), sites 1, 3, and 4 are located in turn regions and 

exposed on the VP1 pentamer surface, whereas site 2 is situated at the beginning of a 

b -sheet  and has direct contact with parts of other subunits. Therefore, the insertion 

of foreign amino acids in this region should influence the interaction between 

different subunit. 
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Fig. 3. Sites of insertion in one subunit of the model structure of hamster polyomavirus 

VLPs. Taken from Gedvilaite et al. [40]. 

 

 

 

All recombinant VP1 proteins were shown by electron microscopy to 

assemble into chimeric VLPs. All chimeric VLPs were intraperitoneally 

administered to mice together with complete Freund s adjuvants and immune 

responses of the animals were investigated. As expected, VLPs carrying two epitopes 

per one molecule of VP1 induced stronger antibody response than those with one 

epitope per VP1 chain. The ability of chimeric VLPs to evoke anti-peptide specific 

antibodies was dependent on the site of insertion in favor for the position 1. In the 

subsequent study, the authors used the same sites for insertion of longer (45, 80 or 

120 aa) epitopes from Puumala hantavirus nucleocapsid protein and investigated the 

ability of recombinant VP1 protein to self-assemble into VLPs and to induce antigen 

specific immune response [41]. Insertion in the sites 1 and 4 did not disturb 

formation of chimeric VLPs however, sites 2 and 3 did not tolerate the inserted 

epitope and VLP assembly was highly affected. Mice immunized with those 
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constructs, which were able to from VLPs, developed high titers of antigen-specific 

antibodies. Additionally, the production of cytokines (IL-12 and IFN-γ) after the 

stimulation with antigen was observed in splenocytes derived from immunized 

animals. In the next study, the same group prepared hamster chimeric VLPs carrying 

carcinoembryonic antigen-derived T cell epitope in the sites 1 or 4 with and without 

flanking linker (Serine-Glycine-Serine-Glycine on both sides) or in the sites 1 and 4 

(both with or without flanking linker) or in all four sites surrounded by flanking 

linker [42]. All types of recombinant VP1 were able to form chimeric VLPs 

independently from the presence or absence of the flanking linkers, except those with 

insertion in all four sites. Mice immunized intraperitoneally by all types of chimeric 

proteins without adjuvants developed anti-epitope specific antibodies, except those 

immunized by VP1 protein with insertions in all 4 sites, not assembled into VLPs. 

Interestingly, this chimeric VP1 also did not induce production of antibodies specific 

to VP1 protein itself. The antibody response was the highest for VLPs with inserted 

epitope in site 1 without any influence of linker sequence on their immunogenicity. 

In the recent study, authors inserted mucin-1 cytotoxic T-cell epitope into site 1 

or/and 4 or both with or without serine-glycine linker or into all four sites surrounded 

by linker [43]. In agreement with previous study, only VP1 carrying four epitopes 

did not self-assemble into chimeric VLPs. They found the construct carrying the 

epitope in the sites 1 and 4 (with linker sequences) to be the most potent in the 

induction of T-cell response in vitro and so they used it in the next experiments. 

VLPs were shown to maturate human DCs, to evoke specific CD8 T-cell response in 

vitro and to induce specific anti-peptide antibodies in mice. 

Another approach for engineering chimeric VLPs is to fuse a foreign epitope 

with the minor structural protein VP2 or VP3 or with its common C-terminal part, 

responsible for binding of the minor structural proteins to the VP1 pentamer. The 

epitope is then hidden inside the particle and also its length is not as limited as for the 

first type of construction (insertion into VP1). Teoretically, 72 molecules of epitope 

can be connected with 72 VP1 pentamers. However, if the introduced fragment is too 

large, the less number of molecules can be packed into the particle. Abbing et al. 

fused green fluorescence protein (GFP) to C-terminal part of VP2 of mouse 

polyomavirus and determined the ability of fusion protein to be packed into the VLPs 

in vitro after expression of both proteins in E. coli [44]. They showed by electron 

microscopy assembled chimeric VLPs and calculated that number of GFP-VP2 
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fusion molecules was 64 per particle. VLPs were internalized into mouse fibroblasts 

efficiently. Moreover, they covalently coupled low molecular weight substance 

(methotrexate) to the C-terminal part of VP2 protein and showed that it was 

transported in the particles into to the cells in vitro. Similar chimeric VLPs were 

prepared in our laboratory, enhanced GFP protein was fused to C-terminal part of 

protein VP3 and particles were expressed in insect cells [10]. They entered different 

types of mammalian cells efficiently and were processed by lysosomes and 

proteasomes. However, they did not induce maturation of dendritic cells in vitro, but 

they induced secretion of IL-12.  

Tegerstedt et al. constructed another type of chimeric VLPs originated from mouse 

polyomavirus [45]. They fused 683 aa long fragment of human Her2/neu protein to 

whole VP2 protein. The appearance of chimeric VLPs was identical to those formed 

by VP1 protein only, but the efficiency of fusion protein to be packed into the 

particles was calculated to three molecules per particle. Despite low incorporation of 

epitope inside the particles, a single vaccination of mice (50 μg of VLPs) resulted in 

their protection against challenge with a lethal dose of Her2-positive cells. 

Additionally, ELISPOT confirmed the presence of Her2-specific T cells in 

splenocytes derived from immunized mice. In the next study, they tried different 

immunization strategies. Mice were immunized with dendritic cells (DCs) loaded 

with chimeric VLPs (5 μg) carrying the same fragment of Her2/neu protein [33].  

While one out of ten mice immunized with DCs loaded with VLPs developed a 

tumor after the challenge, administration of the same amount of VLPs alone 

protected half of the mice. Moreover, the immunization by VLPs alone in amount of 

5 μg per dose was not improved when three doses were administered. For both 

immunization strategies, no specific antibodies against Her2 protein were detected. 

Interestingly, no maturation of human and mouse dendritic cells by chimeric VLPs 

was observed. However, DCs stimulated by VLPs displayed increased secretion of 

IL-12. In the recent study, the same scientific group prepared chimeric VLPs derived 

from MPyV or mouse pneumotropic virus carrying transmembrane and extracellular 

domains of either human or rat Her2/neu antigens fused to C-terminal part of the 

minor protein [46]. All four types of chimeric VLPs were tested for ability to induce 

immune response in mice and study comparing cross-reactivity between human and 

rat antigens were examined. While homologous Her2/neu protein protected 80% of 

immunized animals against challenge by human tumor cells, the heterologous rat 
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protein protected only 5-25% of animals. Additionally, the ability of VLPs to serve 

as a therapeutic vaccine was examined. Chimeric VLPs (filled with CpG 

oligonucleotides) were efficient in the protection when given to animals up to 6 days 

post challenge.  

Besides two mentioned possibilities to construct chimeric VLPs, there is also an option 

to fuse the epitope to the C-terminal part of major capsid protein VP1. However, this 

type of approach can easily lead to the loss of VP1 protein to self-assemble into VLPs, 

because C-terminal part of VP1 protein is responsible for the interactions among each 

pentamer. Bickert et al. fused CD8 restricted peptide of ovalbumin to the C-terminus of 

VP1 without disturbing the VLP formation [47]. The chimeric VLPs induced CD8
+
 and 

CD4
+
 T cell response specific to carried antigen [32]. However, when the same scientific 

group constructed recombinant VP1 protein with the CD8 restricted peptide of tyrosine-

related protein 2 fused to C-terminus, the generation of the capsids was highly affected 

and recombinant protein formed only pentamers [48]. 
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2.2 Chronic Myeloid Leukemia 

2.2.1 Introduction 

Chronic myeloid leukemia (CML) is a lethal disease of blood stem cells characterized by 

the presence of Philadelphia chromosome and Bcr-Abl oncogene. The disease has three 

stages. Initial chronic phase is often asymptomatic or has mild symptoms and after 4 to 5 

years it progresses to accelerated phase. The latter is characterized by the appearance of 

higher number of immature cells in blood and by worse response to therapy. Final stage 

of CML, blast crisis, is dominated by the presence of poorly differentiated blast cells in 

the blood. The overall state of patients is getting worse and survival is several weeks or 

months. 

2.2.2 The Philadelphia chromosome and types of junctions of Bcr-Abl 

The Philadelphia chromosome is shortened chromosome 22. It is a result of a 

reciprocal translocation between the long arms of chromosomes 9 and 22   

t(9;22)(q34;q11). The breakpoints in the abl gene can occur at three places: upstream 

of the first exon Ib, downstream of the second exon Ia or between exons Ia and Ib 

(the most frequent) [49]. However, splicing generates Bcr-Abl mRNA molecule so 

that bcr sequences are fused to the exon a2 of abl. Breakpoints within bcr gene are 

found in three locations called breakpoint cluster regions (bcr). According to the 

number of breakpoints for the individual region, they are differentiated into major 

(M-bcr), minor (m-bcr) and micro (µ-bcr) regions. In most patients with CML the 

breakpoint in bcr gene occurs within M-bcr which comprises exons 12-16 (originally 

known as b1-b5) [50]. The most frequent mRNAs contain junctions b2a2 or b3a2 

resulting in the expression of 210 kDa chimeric fusion protein p210
Bcr-Abl

. In 

minority of CML patients, the breakpoint in bcr gene is localized within the m-bcr 

region between exons e2′ and e2 [51]. Resulting Bcr-Abl transcript contains e1e2 

junction and is translated into 190 kDa protein (190
Bcr-Abl

). In extremely rare cases, 

the breakpoint appears between exons e19 and e20 (µ-bcr) resulting in the generation 

of mRNA containing e19a2 junction and encoding for a large protein p230
Bcr-Abl

 

[52]. 

Fig. 4 shows schematic representation of breakpoints within abl and bcr genes and 

resulting chimeric mRNAs. 
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Fig. 4. Schematic representation of breakpoints in abl and bcr genes and structures of the 

chimeric mRNAs. Arrows pointing to abl gene show breakpoints in abl. Breakpoints in bcr 

occur in one of three breakpoint cluster regions (M-, m-, µ-bcr). Generated chimeric 

mRNAs are formed according to occurrence of the breakpoint in bcr gene: e1a2 in m-bcr, 

b2a2 and b3a2 in M-bcr and e19a2 in µ-bcr. Taken from Deininger et al. [53]. 

 

 

2.2.3 Protein p210
Bcr-Abl

 

Fusion gene product p210
Bcr-Abl

 is known to be essential for malignant transformation of 

hematopoetic cells. It has large influence on cell growth and differentiation, cell 

adhesion and apoptosis. Several specific parts of the chimeric protein Bcr-Abl have been 

identified to be essential for cellular transformation. In Bcr part, it is a coiled-coil motif 

localized at the N-terminus [54], tyrosine at position 177 [55] and phosphoserine-

threonine-rich sequences [56]. In Abl protein, it includes mainly tyrosine kinase which is 

encoded by SH1 domain of Abl gene. The fusion of Bcr-Abl results in its abnormally 

high kinase activity, autophosphorylation of Abl and localization of tyrosine kinase to 

cytoplasm [56]. 

It is generally known that CML cells display enhanced proliferation. CML cells derived 

from patients in blast crisis are able to proliferate in the absence of growth factors and 

cells taken from patients in chronic phase was shown to proliferate in much lower 

cytokine concentrations [57] compared to normal cells. Moreover, leukemic cells were 
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proved to have autocrine production of IL-3 [58], which is sufficient to stimulate cells to 

enter S-phase. Furthermore, CML progenitor cells exhibit decrease adhesion to bone 

marrow stroma cells and extracellular matrix [59]. Adhesion to stroma negatively 

regulates cell proliferation, which is therefore strongly enhanced in CML cells. Also, β-

integrins play an important role during the interaction of stroma cells and CML 

progenitor cells. CML progenitors express β1 integrin, which acts as an inhibitor of 

adhesion and is not present on the surface of normal cells [60].  

Bcr-Abl protein carries antiapoptotic properties, which support progression of the 

disease and are responsible for the resistance to the treatment. This becomes more 

evident in the late stage of CML when the production of Bcr-Abl is increased. There are 

several mechanisms how Bcr-Abl protein inhibits apoptosis. It acts through transcription 

factor Stat5, which is constitutively phosphorylated in cells expressing Bcr-Abl [61]. 

Stat5 is responsible for activation of antiapoptotic proteins e.g. Bcl-xL [62]. Another 

way of apoptosis inhibition by Bcr-Abl is based on phosphorylation of pro-apoptotic 

proteins (e.g. Bad), which then lack ability of binding of antiapoptotic proteins [63]. 

 

2.2.4 Current treatment of CML 

One of the most effective treatments of CML is allogene transplantation of bone 

marrow. However, patients, who can undergo it, are limited by age, compatibility of 

HLA molecules and stage of the disease. For patients, who are not suitable for 

allogene transplantation, other types of treatment are being administered. Among 

those, interferon α or different inhibitors of Bcr-Abl tyrosine kinase are the most 

widely used. Effects of interferon α on CML treatment was proved when patients, 

who received it as a therapy, survived longer compared to those, who were cured by 

standard medicine [64]. In 20-25% of cases, the complete cytogenetic response 

(disappearance of Ph chromosome during cytogenetic examination) was achieved 

[65]. Moreover, the effects of interferon α can be improved by its combination with 

another drug [66]. 

Highly attractive therapeutic strategy is targeting of tyrosine kinase activity of Bcr-

Abl protein. The first signal transduction inhibitor (STI), which became widely used 

as a treatment of CML, is imatinib mesylate (STI 571), derivate of 2-

phenylaminopyrimidine. It specifically inhibits Abl tyrosine kinase at micromolar 

concentrations by competing with ATP for its specific binding site in the kinase 
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domain, thus blocking the phosphorylation of tyrosine residues [67, 68]. Inhibition 

results in transcriptional modulation of various genes, which are involved in the 

control of cell cycle, adhesion and cytoskeleton organization leading to apoptosis of 

Ph positive cells [69]. However, it was reported that patients acquire resistance to the 

treatment by production of mutant leukemic cells with mutations detected in many 

different amino acids [reviewed in 70]. Therefore, new drugs, which would prevent 

or overcome imatinib mesylate resistance, are being developed. Recently, another 

two tyrosine kinase inhibitors (dasatinib, nilotinib) were approved for treatment of 

CML in patients who failed imatinib mesylate therapy. Dasatinib is more potent than 

imatinib and is capable to inhibit the proliferation and tyrosine kinase activity of 

wild-type and most mutant Bcr-Abl cell lines [71]. Nilotinib is a derivative of 

imatinib, but it is 20-fold more potent in inhibiting wild type Bcr-Abl cells than 

imatinib in vitro [71]. Both drugs induce high rates of hematologic and cytogenetic 

responses in patients with imatinib resistance [72].  

 

2.2.5 Development of Bcr-Abl peptide derived vaccines 

Bcr-Abl fusion protein contains a new sequence of amino acids in the breakpoint 

region, which is not present in any other known proteins. This junctional sequence is 

promising tumor specific target for immunotherapy. Different peptides (9-11 aa) 

involving the breakpoint region of Bcr-Abl were tested to induce specific cytotoxic 

response and a longer 25 aa Bcr-Abl peptide was tested for ability to elicit specific 

proliferative response in vitro. Bcr-Abl peptides were able to induce Bcr-Abl specific 

cytotoxic T lymphocytes response in HLA-matched healthy donors of DCs [73, 74]. 

Also, specific proliferative response after stimulation of lymphocytes with 25 aa Bcr-

Abl peptide was observed [73]. Furthermore, Bcr-Abl peptides covering b3a2 fusion 

breakpoint were investigated for ability of induction of immune response in patients 

after vaccination of 12 people in chronic phase of CML with the peptide vaccine 

mixed with adjuvant [75]. Ex vivo autologous peptide specific T cell proliferation 

was observed, but no specific CTL activity was detected. Another study showed that 

administration of Bcr-Abl peptides to patients in chronic phase of CML treated with 

imatinib generated T-cell responses in the majority of patients [76]. In some cases 

peptides were linked to PADRE, a molecule which binds well to most common 

HLA-DR types and induce CD4+ T cell response. However, in contrast to the 
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promising success mentioned above, more recent studies showed that Bcr-Abl 

protein is apparently not an immunodominant antigen in CML [77]. In the study of 

Abu-Eisha et al. 23-mer b3a2 peptide failed to induce proliferative response in most 

of normal subjects and CML patients even when mature autologous dendritic cells 

were used to present the peptide [78]. In addition, no intracellular production of IFN-

γ by CD4
+
 cells was induced by the peptide [78]. 

On the other hand, the trials using mouse models displayed more promising results. In 

the past several years, the research group of E. Katsanis has been working on the 

development of vaccine against chronic myeloid leukemia [79, 80, 81]. They used 12B1 

tumor-derived chaperone-rich cell lysate (CRCL) for subcutaneous vaccination of mice 

which were significantly protected against lethal challenge [79]. Further, they used the 

tumor derived CRCL to prepare vaccine based on the lysate loaded dendritic cells and 

were able to induce Bcr-Abl specific cytotoxic activity in vivo [80]. In the last study they 

prepared vaccine composed of liver CRCL (not leukemia derived) embedded with 

exogenous peptide covering Bcr-Abl breakpoint (GFKQSSKAL) and followed the 

survival of the immunized animals, which showed to be up to 50% [81]. Positive in vivo 

response of immunized animals was also demonstrated by Sobotkova et al. [82]. They 

tried to cure mice previously inoculated with 12B1 leukemic cells by chemotherapy in 

combination with genetically modified tumor cells derived from B210 leukemic cells 

and engineered to produce various cytokines. Similarly, when chemotherapy was 

combined with 12B1 tumor-derived CRCL to treat mice inoculated with leukemic cells, 

it resulted in increased survival of animals compared to animals treated with  12B1 

tumor-derived CRCL only [83]. In contrast to the cell and CRCL vaccine, when Bcr-Abl 

peptide (GFKQSSKAL) was administered to mice alone for comparison to effectiveness 

of CRCL adjuvant properties, mice survival was similar to those of negative control 

(PBS-immunized or liver CRCL Bcr-Abl peptide free- immunized) and animals died 

around 25 days post challenge [81].  
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3 Aims of the PhD Thesis 
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One of the aims of our laboratory is to develop system based on mouse polyomavirus 

VLPs for transfer of  therapeutic molecules (nucleic acids, small proteins or  peptides 

and  other compounds) into cells for purposes of gene and cancer therapy. 

Previously, model chimeric virus-like particles derived from mouse polyomavirus 

carrying enhanced green fluorescence protein fused to C-terminal part of the minor 

capsid protein VP3 (EGFP-VLPs) were constructed in our laboratory. Their ability to 

enter different types of mammalian cells as well as their pathway and procession 

within the cells were examined. Finally, they were analyzed for their ability to induce 

maturation of human and mouse dendritic cells in vitro. However, no experiments 

showing immune response of animals have been studied and no introduction of 

cancer epitope to the cells via chimeric VLPs has been performed in our laboratory. 

Therefore, the specific aims of my PhD thesis were:  

 

1. To analyze cellular and humoral responses of mice immunized by isolated 

EGFP- VLPs. 

a) Use prepared EGFP-VLPs for immunization of mice. 

b) Analyze cellular and humoral immune response of immunized animals. 

c) Evaluate the effect of different inhibitors of antigen processing on chimeric 

VLPs presentation. 

 

2. Based on the model EGFP-VLPs, to construct chimeric VLPs (Bcr-Abl VLPs) 

carrying inside the capsid epitopes of human Bcr-Abl fusion protein, present in 

the cells of patients with chronic myeloid leukemia.   

a) Analyze the ability of VP1 and Bcr-Abl-tVP3 fusion protein to assemble into 

VLPs and determine the number of packaged epitope inside the particle. 

b) Examine the ability of VLPs to be adsorbed and internalized into mammalian 

cells and determine maturation of dendritic cells after their incubation with 

VLPs. 

c) Follow the immune response of mice immunized by VLPs. 

d) Test other types of vaccination to improve the immune response specific to 

Bcr-Abl. 

 



 

 30 

3. To prepare plasmid DNA vaccine containing the epitope of Bcr-Abl fusion 

protein and analyze the immune response of mice after DNA vaccine 

application. 
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4 Materials and Methods 
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4.1 Description of used plasmids 

pGD210 - plasmid containing the whole sequence of human fusion protein p210
bcr-abl 

[84] 

pFastBacDual-VP1/tVP3 - plasmid carrying the MPyV genes for the major 

structural protein, VP1, and the truncated minor structural protein VP3 (tVP3, aa105-

aa204) under the polyhedrin promoter and p10 promoter respectively (kindly 

provided by M. Marek) 

pEGFP-N1   plasmid for expression of EGFP protein in mammalian cells 

(Clontech) 

 

4.2 Primers 

Bcr-Abl forward:  

5'CTCGCTTCTAGAATGGATTACAAGGACGATGACGACAAGGCTACGGAG

AGGCTGAAG 3' 

Bcr-Abl reverse: 

5' GCTCGCGAGCTCGTGGTATCTCCACTGGCC 3' 

Primers were synthesized by KRD. Bcr-Abl forward and Bcr-Abl reverse primers 

were used to amplify 171 amino acid long fragment of Bcr-Abl breakpoint region 

(aa810-aa981). Bcr-Abl primer was designed to introduce Flag sequence (marked in 

blue) in front of Bcr-Abl epitope for easier detection by antibodies. 

 

4.3 Synthetic peptides and MHC class I pentamers  

The peptide covering Bcr-Abl fusion region GFKQSSKAL (9-mer Bcr-Abl peptide), 

control peptide HYLSTQSAL (referred to as irrelevant peptide) and longer Bcr-Abl 

peptide (18-mer Bcr-Abl peptide) HSATGFKQSSKALQRPVA were synthesized by 

Clonestar Peptide Services (Prague, Czech Republic). Irrelevant peptide and 9-mer 

Bcr-Abl peptide were both used for pulsing of dendritic cells, 18-mer Bcr-Abl 

peptide was used for control mice immunization. R-phycoerythrin labeled murine 

H2-Kd/ GFKQSSKAL MHC class I pentamers used for detection of cytotoxic T-

cells from immunized mice were synthesized by ProImmune (Oxford, UK).  
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4.4 Antibodies 

The following antibodies were used for immunostaining (Western blot, 

immunoelectron microscopy, immunofluorescence) and as a positive control for 

detection of antibodies by ELISA: anti-PyV VP1 mouse monoclonal antibody [85], 

rabbit anti-Bcr-Abl polyclonal antibody reactive with the epitope created by the 

fusion of Bcr and Abl proteins [86], mouse monoclonal anti-Flag antibody (Sigma), 

mouse monoclonal anti-VP2/3 antibody [85], mouse monoclonal anti-HSP70 

antibody (Santa Cruz), rabbit polyclonal anti-EGFP antibody (Abcam). Secondary 

antibodies: Alexa Fluor-488 (green) goat anti-mouse antibody (Molecular Probes) for 

immunofluorescence staining, goat anti-rabbit IgG antibody conjugated with 10 nm 

colloidal gold for immunoelectron microscopy, goat anti-mouse IgG horseradish 

peroxidase-conjugated antibody (Biorad) or goat anti-mouse IgM horseradish 

peroxidase-conjugated antibody (Sigma) for detection of specific antibodies in the 

sera of mice by ELISA and for western blot analysis. Rat anti-mouse CD19 antibody 

conjugated with PE-Cy5 (ProImmune, Oxford, UK), rat anti mouse CD8α antibody 

conjugated with FITC (ProImmune, Oxford, UK), mouse anti mouse MHCII 

antibody conjugated with FITC (Serotec, Kidlington, UK) and rat anti mouse CD86 

antibody conjugated with R-PE (Molecular Probes) were used for flow cytometric 

analysis.   

 

4.5 Construction of plasmid pFastBacDual-VP1/Bcr-Abl171-tVP3 and 

generation of recombinant baculovirus 

Sequence of human fusion protein p210
bcr-abl 

was obtained from pGD210 plasmid 

[84]. Sequence of 171 amino acids long fragment (aa810-aa981) covering newly 

created lysine 928 of b3a2 breakpoint was amplified by PCR using primers Bcr-Abl 

forward and Bcr-Abl reverse and plasmid pGD210 as a template. Primers were 

designed to introduce Flag sequence upstream of the sequence for Bcr-Abl epitope 

for easy detection of inserted amino acids. Amplified fragment was then digested 

with restriction endonucleases Sac I and Xba I and ligated into plasmid 

pFastBacDual-VP1/tVP3 (cut with Sac I and Bcu I), which carries the MPyV genes 

for the major structural protein, VP1, and the truncated minor structural protein VP3 

(tVP3, aa105-aa204) under the polyhedrin promoter and p10 promoter respectively. 

Sequence for Flag-Bcr-Abl epitope was fused upstream in frame with tVP3 to obtain 

fusion gene Flag-Bcr-Abl171-tVP3 (further referred as Bcr-Abl171-tVP3). Generated 
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plasmid pFastBacDual-VP1/Bcr-Abl171-tVP3 was then transformed to E. coli 

DH10Bac to obtain recombinant bacmid DNA according to Invitrogen instruction 

[87]. The E. coli DH10Bac containing recombinant bacmid DNA was propagated on 

LB medium with antibiotics (50 μg/ml kanamycin, 7 μg/ml gentamicin, and 10 μg/ml 

tetracycline), 100 μg/ml X-gal and 40 μg/ml IPTG. The white (Lac−) colonies were 

selected for further isolation of recombinant bacmid DNA, which was used for 

transfection of Sf9 insect cells and preparation of recombinant baculovirus as 

described by O Reilly et al. [88]. 

 

4.6 Construction of pΔ EGFP-N1-Bcr-Abl171/tVP3 plasmid for DNA 

vaccination 

Sequences for fusion protein Bcr-Abl171-tVP3 were cut out from plasmid 

pFastBacDual-VP1/Bcr-Abl171-tVP3 using Sma I and Nhe I restriction 

endonucleases. Purified fragment was then ligated into the plasmid pEGFP-N1, 

which was digested with Sma I and Xba I. The construction was designed to replace 

EGFP by inserting the sequences of fusion gene Bcr-Abl171-tVP3 instead. Generated 

plasmid pΔEGFP-N1-Bcr-Abl171/tVP3 was used as DNA vaccine (referred as Bcr-

Abl DNA vaccine) to immunize mice using gene-gun.  

 

4.7 Cell cultures  

Spodoptera frugiperda (Sf9) cells were grown as monolayer cultures at 27ºC in 

TNM-FH medium (Sigma) containing 10% FCS (Gibco). Swiss albino mouse 

fibroblasts 3T6 were grown at 37ºC, 5% CO2 in Dulbecco`s modified Eagle`s medium 

(DMEM; Sigma) supplemented with 4 mM L-glutamine (Gibco) and 10% FCS. 

 

4.8 Immunofluorescence staining of insect cells infected by recombinant 

baculovirus 

Insect cells grown on coverslips were infected with recombinant baculovirus (5 

PFU/cell) for production of VP1 protein and Bcr-Abl171-tVP3 fusion protein. 48 h 

post infection cells were washed with PBS and fixed with mixture of 

methanol/acetone 1:1. After 5 min, the mixture was removed and cells were left for 

several minutes to evaporate the rest of the methanol/acetone. Fixed cells were 

saturated by 0.25% BSA (Sigma) and 0.25% gelatin (Sigma) in PBS. Incubation with 
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primary and secondary antibodies was carried out for 1h and 0.5 h, respectively, with 

extensive washing with PBS after each of incubation.  

 

4.9 Preparation of virus-like particles 

Insect cells Sf9 were infected (10 PFU per cell) with recombinant baculovirus 

carrying the genes for production of VP1 and Bcr-Abl171-tVP3. Cells were harvested 

72 h post infection, lysed by sonication (3x30s) and virus-like particles were purified 

by CsCl and sucrose gradients as described by Forstová et al. [85]. The quality of 

preparation was examined by SDS-PAGE, Western blot and by electron microscopy. 

The amounts of VLPs were determined by measurement of protein concentration 

using Bradford method. 

 

4.10 SDS-PAGE and Western blot analysis 

Purified VLPs or lysate of 3T6 cells transfected with pΔEGFP-N1-Bcr-Abl171/tVP3 

plasmid were boiled for 5 min in Laemmli loading buffer and separated on 10% 

SDS-polyacrylamide gels. For Western blot, proteins were electro-transferred onto a 

nitrocellulose membrane (Sigma). The membranes were incubated in 5% fat-free 

milk in PBS for 1 h. Subsequent immunostaining with primary and secondary 

antibodies was carried out by incubation for 1 h and 30 min respectively, with 

intensive washing with PBS after both incubations. Signal of proteins was detected 

onto X-ray films using chemiluminiscence detection system (ECL, Amersham). To 

estimate an average number of Bcr-Abl171-tVP3 molecules incorporated into each 

VLP, purified VLPs separated on 10% SDS-polyacrylamide gels were stained with 

Coomassie Brilliant Blue (Sigma) and densities of VP1 and Bcr-Abl171-tVP3 bands 

were measured and an average number of molecules of fusion protein incorporated 

into one VLP was calculated. 

 

4.11 Electron and immunoelectron microscopy 

For morphology analysis, VLPs were adsorbed on carbon-coated parlodion 

membrane of electron microscopy (EM) grids and activated with glow discharge. 

Grids were then washed in redistilled water and contrasted on a drop of 

phosphowolframic acid. For immunoelectron microscopy analysis, grids with 
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adsorbed VLPs were incubated with a drop of primary antibody, washed in PBS and 

exposed to colloidal gold-conjugated secondary antibody. Grids were washed in 

redistilled water and finally contrasted by phosphowolframic acid. For detection of 

Bcr-Abl epitopes carried by VLPs, the VLPs were disassembled into pentamers by 

treatment with 10 mM DTT (Roche) prior to adsorption on grids to uncover epitopes 

for anti Bcr-Abl antibody. 

 

4.12 Pseudoinfection of 3T6 cells by Bcr-Abl VLPs followed by 

immunofluorescence staining 

Cells grown on coverslips were cooled on ice and then pseudoinfected with Bcr-Abl 

VLPs (10
4
 VLPs /cell). After 30 minute adsorption of VLPs on the cell surface at 

0ºC, cells were either fixed immediately or supplied with 0.5 ml of pre-warmed 

(37ºC) DMEM with 10% FCS, incubated for 1h at 37ºC and then fixed. Fixation 

(after rinsing cells with PBS) was performed with 3% paraformaldehyd in PBS for 

15 min. Cells were further permeabilized using 0.5% Triton X-100 (Sigma) in PBS 

for 5 min. Fixed cells were saturated by 0.25% BSA (Sigma) and 0.25% gelatin 

(Sigma) in PBS. Immunostaining with primary and secondary antibodies was carried 

out by incubation for 1 h and 30 min respectively, with intensive washing with PBS 

after both incubations. 

 

4.13 Transfection of 3T6 cells by Amaxa Nucleofector Kit and subsequent 

detection of expressed fusion protein Bcr-Abl171-tVP3 by 

immunofluorescence or Western blot 

3T6 cells grown to 70% of confluence were transferred to suspension and mixed with 

plasmid DNA (1x10
6
 cells with 2 μg) and nucleofector solution provided together 

with Amaxa Nucleofector Kit (Lonza). Transfection was performed according to 

manufacturer΄s instruction. After 8 h post transfection, cells attached to coverslips 

were fixed and stained with antibodies as described in previous paragraph. For 

detection of expressed fusion protein on Western blot, cells were harvested 6 or 22 h 

post transfection and lysates were prepared in RIPA buffer (150 mM NaCl, 5 mM 

EDTA, 50 mM Tris-HCl pH 7.4, 0.05% NP-40, 1% sodium deoxycholate, 1% Triton 

X-100, 0.1% SDS) by 20 min incubation on ice.  
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4.14 Mice 

Female mice of inbred strain BALB/c at the age of 7-10 weeks were used in the 

experiments. All the experiments were approved by the local Animal Ethics Committee. 

 

4.15 Isolation of RNA from skin cells of mouse immunized by DNA vaccine to 

verify its expression 

Mouse was immunized with two shots of DNA vaccine (2 μg DNA/shot) and after 48 h 

RNA was isolated from skin cells (30 mg of skin) from the site of immunization using 

RNA Isolation Kit according to manufacturer΄s instruction (Qiagen). Isolated RNA was 

treated with DNase to remove possible contamination by DNA and then reverse 

transcription PCR was performed. Obtained DNA was used as a template for PCR using 

primers Bcr-Abl forward and Bcr-Abl reverse to amplify Bcr-Abl171 fragment. The 

presence of fragment was checked by ethidium bromide staining of DNA separated on 

horizontal agarose gel electrophoresis. 

 

4.16 Preparation of DCs loaded with Bcr-Abl VLPs 

Five days old mouse DCs (2 × 10
5
) were incubated with 50 μg of Bcr-Abl VLPs on 

ice for 1 h. Cells were then washed twice with ice cold PBS and resuspended in final 

volume of 100 μl. Also, a part of the cells was treated the same way except VLPs 

were not added and it served as a negative control for immunization. 

 

4.17 Immunizations 

Mice were divided into groups and immunized intranasally with two doses, 

intraperitoneally with four doses of Bcr-Abl VLPs (50 μg/dose/mouse) in two week 

intervals. Control groups of mice were immunized with PBS administered by either 

intranasally or intraperitoneally. Two groups of mice were immunized intravenously 

with DCs loaded with Bcr-Abl VLPs (50 μg of VLPs loaded on 2 × 10
5
 DCs/mouse) or 

empty DCs (control group). Some groups of animals were immunized three times in 

one week intervals with Bcr-Abl DNA vaccine using gene gun (2 shots/mouse, 1 μg 

DNA/shot). Other groups of mice were immunized with 18-mer Bcr-Abl peptide (50 

μg/dose/mouse) twice, first in CFA (complete Freund´s adjuvant) second in 

incomplete Freund´s adjuvant. Fourteen days after the last VLP administration or one 

week after the last DNA vaccine application, animals were bled by tail snipping 
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under total anesthesia with Narcotan and then sacrificed. Blood sera were prepared 

and spleens were removed for further analysis. 

 

4.18 Detection of specific VP1 and Bcr-Abl antibodies 

Maxisorp 96-well plates were coated overnight at 4°C with either 5 m g VLPs or 10 

m g 18-mer Bcr-Abl synthetic peptide in 100 m l of PBS per well. Wells were washed 

with PBS/Tween-20 (0.1%) and saturated with 200 m l of 2% milk powder in PBS. 

After 2 h incubation at room temperature, the blocking solution was removed and 

wells were overlaid with 100 m l of decreasing dilutions of sera (1:50, 1:250, 1:1250, 

1: 6250, 1:31000) from control or immunized mice and incubated for 1 h at room 

temperature. Anti-PyV-VP1 mouse monoclonal antibody or anti-Bcr-Abl rabbit 

polyclonal serum was used as positive controls. After fourtimes washing of the wells 

with PBS/Tween 20 (0.1%), secondary antibodies conjugated with horseradish 

peroxidase were added. After 1 h incubation at room temperature, wells were washed 

with PBS/Tween 20 (0.1%) and overlaid with 100 m l of substrate solution (ABTS, 

Sigma). The absorbance of each well was determined at 415 nm.  

 

4.19 Detection of neutralizing antibodies in the sera of VLP-immunized or 

polyomavirus infected mice. 

Mice were intranasally immunized with two doses of EGFP-VLPs or infected with 

polyomavirus. Ten days after the application of the last dose, sera were prepared and 

used for detection of neutralizing antibodies. Mouse polyomavirus was preincubated 

with individual sera diluted 10 or 100x for 30 min and then used for infection of 3T6 

cells. Percentage of infected cells was detected after 24 hrs by flow cytometry after 

staining for MpyV early large T antigen.  

 

4.20 Generation of bone marrow-derived dendritic cells (BMDCs) 

Bone marrow was flushed from femurs and tibias of BALB/c mice. Suspension of 

cells (1x10
6
 cells/ml) were plated for 5 days in RPMI-1640 medium (Sigma) 

supplemented with 10% FCS (Sigma), antibiotics (100 U/ml of penicillin, 100 mg/ml 

of streptomycin), 10 mM HEPES buffer and 50 μM 2-b  mercaptoethanol (complete 

medium). Culture supernatant (final concentration of 5%) from a cell line transfected 
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with the murine GM-CSF gene [89] was used as a source of GM-CSF equal to 100 

U/ml recombinant murine GM-CSF. Every second day, the cultures were fed by 

adding fresh complete medium with GM-CSF. 

 

4.21 Pulsing of BMDCs with VLPs or Bcr-Abl peptides and evaluation of DCs 

activation 

Five days old BMDCs were washed with RPMI medium without FCS and seeded in 

24-well plate at the concentration of 1x10
6
 cells/well in the volume of 200 μl/well in 

RPMI medium without FCS. VLPs (5μg/well) or 18-mer or 9-mer Bcr-Abl peptide 

or irrelevant peptide (10μg/well) were added to the cultures and incubated at 37°C in 

a 5% CO2 incubator for 1 h. Cells were then supplemented with complete medium to 

the final volume of 1 ml/well and incubation continued for another 4-20 h. Part of the 

cells was left unpulsed and served as a negative control. Pulsed and unpulsed DCs 

were used as stimulatory cells. To analyze the state of DC activation, Bcr-Abl or 

peptides pulsed DCs were stained for the presence of surface markers CD86 and 

MHC II. Cells were saturated by 30 min incubation in 0.2% gelatin and 5% FCS in 

PBS. Then, incubation with appropriate antibody conjugated to fluorescence tag was 

performed for 45 min in the dark followed by washing the cells with PBS. DCs 

pulsed by LPS and unpulsed DCs served as controls. Stained cells were analyzed by 

flow cytometry using LSRII cytometer (BD Bioscience). 

 

4.22 Inhibition of antigen presentation pathways using different inhibitors 

To evaluate the effects of various inhibitors of antigen processing dendritic cells 

(1 ´  10
6
 cells/well in CM and cultured in 24-well plates) were preincubated with 

different inhibitors (Bafilomycin A, Epoxomycin, Chloroquine, Cathepsin S, all from 

Sigma) at the indicated concentrations for 30 min at 37°C before pulsing with EGFP-

VLPs. After incubation, dendritic cells were washed once with cold PBS, fixed with 

cold 0.5% paraformaldehyde (in PBS) for 15 min, and finally washed twice with cold 

complete medium. Dendritic cells treated with inhibitor and pulsed with EGFP-VLPs 

were used for stimulation of purified T (CD4
+
 or CD8

+
) cells, originated from EGFP-

VLP-immunized mice as effectors.  
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4.23 Proliferation analysis of cells from immunized mice 

Single-cell suspensions (effector cells) from the spleens from immunized mice were 

prepared in complete medium. Effector cells were labeled with 2 μM CFSE (Molecular 

Probes) by incubation in 5% CO2 incubator for 5 min followed by twice wash in 

complete medium. Labeled effector cells (1.5×10
6
) were cultivated with pulsed or 

unpulsed DCs (3×10
5
) in 48-well plate for 4 days. Proliferation of T cells was 

evaluated by gradual CFSE dilution in dividing T cells by flow cytometry. 

 

4.24 Cytotoxicity assay using target cells labeled with two different CFSE 

intensities 

Spleen cells from immunized mice were re-stimulated in vitro by 4 day-incubation 

with DCs pulsed with VLPs or Bcr-Abl peptide and used as effector cells for in vitro 

cytotoxicity assay (ratio of spleen cells to pulsed DCs was 5:1). Five days old DCs 

were pulsed with VLPs, Bcr-Abl peptide or irrelevant peptide. VLP and Bcr-Abl 

peptide pulsed DCs were labeled with 0.6 µM CFSE for 5 min (high intensity) and 

DCs pulsed with irrelevant peptide were labeled with 0.04 m M CFSE for 3 min (low 

intensity) by incubation in 5% CO2 incubator followed by washing in complete 

medium. Both fractions were adjusted to a similar concentration, mixed at ratios 1:1 

and used as target cells. Effector cells were mixed with target cells at ratios 100:1, 

50:1, 25:1 and incubated in complete medium in 96-U-well plate at 37ºC in a CO2 

incubator over night. The decrease of high CFSE labeled target cells was determined 

by flow cytometry analysis. The simplified illustrated schema of the experiment is 

shown in Fig. 5. 
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Fig. 5. Schema of the cytotoxicity assay using target cells labeled with two different CFSE 

intensities. 

4.25 Cytotoxicity assay using MHC class I Bcr-Abl specific pentamers 

Single spleen cell suspensions from immunized and control mice were prepared. 

Splenocytes were depleted from red blood cells by 15 minute incubation with 

ammonium chloride lysing solution (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM EDTA 

in distilled water) in the dark, at room temperature followed by washing with PBS 

and then resuspended in wash buffer (0.1% BSA in PBS). After washing the 

splenocytes (2 x 10
6
) with ice-cold wash buffer cells were resuspended in the 

residual volume (approx. 50m l) and incubated with 10m l of labeled pentamers for 10 

minutes at room temperature shielded from light. Splenocytes were washed with 2 ml 

of ice-cold wash buffer and again re-suspended in the residual volume. Anti-CD8 

and anti-CD19 antibodies were added and the samples were incubated on ice for 20 

minutes in the dark. Cells were washed twice with ice cold wash buffer, re-

suspended in residual volume and analyzed by LSRII flow cytometer. 
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5 Results 
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5.1 Humoral and cellular immune responses developed in mice after 

intranasal delivery of model mouse polyomavirus derived VLPs carrying 

epitope of enhanced green fluorescence protein (EGFP) 

 

This chapter briefly summarizes results published in the paper: Fric J, Marek M, 

Hrusková V, Holán V, Forstová J.: Cellular and humoral immune responses to 

chimeric EGFP-pseudocapsids derived from the mouse polyomavirus after their 

intranasal administration. Vaccine. 2008 19;26(26):3242-51. It describes in more 

details results by which I contributed to the work.  

5.1.1 Characterization, isolation and control of purity of EGFP-VLPs 

 

Model chimeric "green" EGFP-VLPs carrying green fluorescence protein 

fused to 101 C-terminal aa of the minor capsid protein, VP3 (truncated, tVP3), 

including sequences responsible for interaction of the minor structural proteins with 

VP1 pentamer, were previously prepared in our laboratory. Fig. 6A shows the 

schematic representation of fusion protein EGFP-tVP3 incorporated inside the cavity 

of the pentamer composed of VP1 protein. EGFP-VLPs were tested for the ability to 

enter mammalian cells and to maturate human and mouse dendritic cells in vitro 

[10]. We were further interested what type of immune response would be induced 

after their administration to mice. EGFP-VLPs were isolated by CsCl and sucrose 

gradient centrifugation and their quality was examined by electron microscopy (Fig. 

6B). Electron microscopy revealed homogenous population of VLPs. In contrast to 

particles composed of VP1 only, EGFP-VLPs were irregular in size and often 

imperfectly assembled, probably due to steric stress caused by the presence of EGFP-

tVP3. SDS-PAGE gel stained with Coomassie Brilliant Blue proved satisfactory 

purity of particles (Fig. 7Aa). Also, EGFP-tVP3 protein with expected molecular 

weight of 40 kDa was detected on Western blot using rabbit antibody against EGFP 

(Fig. 7Ab). Additionally, the isolated VLPs were examined for the presence of 

HSP70 by Western blot (Fig. 7B). HSP70, which is known to induce strong non-

specific immune response, may co-purify with VLPs during CsCl gradient 

centrifugation. Therefore, EGFP-VLPs were additionally purified by sucrose 

gradient centrifugation. As shown in Fig. 7B, HSP70 was not detected in VLP 

sample (10 m g of VLPs loaded, more than 10
11

 VLPs). Finally, the purity of isolation 
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was analyzed by DNA agarose electrophoresis to exclude the presence of DNA in the 

VLP fraction. VLPs formed in the insect cells may encapsidate DNA fragments of 

cell or baculovirus origin ("full" VLPs). "Full" and "empty" VLPs can be separated 

by density gradient centrifugation. Fig. 7C shows comparison of "full" and "empty" 

(used for vaccination) EGFP-VLPs on agarose gel stained with ethidium bromide    

(5 × 10
10

 VLPs per line). HSP70 and DNA free fractions were stored in - 80°C and 

used in the next experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Structure and architecture of the analyzed EGFP-VLPs. (A) View-through the 

pentamer composed of 5 molecules of VP1 protein (blue). C-terminal part of minor 

structural protein VP3 (red) interacts with central cavity of VP1 pentamer and is fused with 

EGFP (green). (B) Electron microscopy of isolated VLPs. 
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Fig. 7. Purity of isolated EGFP-VLPs. (A) SDS-PAGE gel stained with Coomassie Brilliant 

Blue of separated particles (a) and immunodetection of EGFP-tVP3 protein on Western blot 

using rabbit anti-EGFP antibody (b). (B) Detection of HSP70 protein in the fraction of 

isolated EGFP-VLPs (c), lysates from mouse fibroblasts (a) and insect cells (b) were used 

as positive controls. Western blot visualized by mouse monoclonal antibody against HSP70 

(C) Agarose gel electrophoresis of fractions of "full" (a) and "empty" (b) EGFP-VLPs 

stained with ethidium bromide. Arrows point at DNA present in the fraction of "full" VLPs.  

 

 

5.1.2 Immune response induced in mice after intranasal application of EGFP-

VLPs 

 

Purified EGFP-VLPs were intranasally administered to mice in two doses (50 

μg of VLPs per dose) in two week intervals. Fourteen days after the last 

immunization mice were sacrificed, blood sera were prepared and splenocytes were 

analyzed. Blood sera were examined for the presence of specific anti-VP1 and anti-

EGFP antibodies by ELISA. While high titers of antibodies specific to VP1 protein 

were developed in the sera of VLP-immunized animals, no antibodies against EGFP 

protein were detected. On the other hand, isolated recombinant EGFP (rEGFP) 

administered to mice in CFA was able to induce anti-EGFP antibodies. Further, we 

examined the presence of VP1 specific neutralizing antibodies in regard to possible 

repeating immunization. We used sera from VLP-immunized mice or polyomavirus 

infected mice (diluted 10x and 100x) to neutralize virus before the infection of 
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mouse fibroblasts. The ability of the virus treated with the sera to infect cells was 

evaluated by flow cytometry after staining of MPyV early antigen LT. The data of 

flow cytometry analysis showed that although VLPs derived from some viruses 

induced production of neutralizing antibodies [90], sera obtained from mice 

immunized by one or two doses of MPyV VLPs did not prevent viral infection of 

cells. This result suggests the possibility of repeating administration of chimeric 

VLPs without being neutralized. On the other hand, we were able to detect 

statistically significant decrease in the infectivity after preincubation with sera 

obtained from mice infected with polyomavirus. The results are shown in Fig. 8. 

 

 

 

 

Fig. 8. Detection of neutralizing antibodies in the sera of VLP-immunized or polyomavirus 

infected mice. MPyV was preincubated with individual sera (diluted 10 and 100x) prior to 

infection of 3T6 cells. Percentage of infected 3T6 cells was detected 24 hrs post infection by 

flow cytometry after staining with antibody against MPyV early antigen LT. Sera from PBS 

immunized mice were used as a negative control. 
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Next, we were interested whether EGFP-VLPs induce cellular immune 

responses. Splenocytes from immunized and control mice were restimulated with 

VLP or rEGFP pulsed dendritic cells or with untreated DCs for up to 4 days and their 

antigen specific reactions were examined. First, the production of IL-2 and IFN-g 

was analyzed in the supernatants harvested after 48 h or 72 h, respectively. Increased 

secretion of both IL-2 and IFN-γ by splenocytes derived from EGFP-VLP 

immunized animals was detected after the splenocytes were restimulated with either 

EGFP-VLP or rEGFP pulsed DCs. Similarly, proliferation of splenocytes derived 

from immunized mice and activated for 4 days with untreated or pulsed DCs (with 

VLPs or rEGFP) was examined. Cell proliferation was determined according to 

incorporation of 
3
H-thymidine added to the cells for the last 6 h of the 96 h period. 

Alternatively, splenocytes were stained with CFSE prior their cultivation with DCs. 

Proliferation was evaluated by gradual CFSE dilution in dividing cells by flow 

cytometry. Proliferation specific to VP1 as well as to EGFP was detected when 

splenocytes were stimulated with VLPs or rEGFP, respectively. In more detailed 

experiment, restimulated, CFSE stained splenocytes were additionally labeled with 

monoclonal antibodies anti-CD4 and anti-CD8 prior flow cytometry analysis. This 

additional staining revealed that CD4
+
, but not CD8

+
, T cells were responsible for 

specific VP1 and EGFP proliferative response. Moreover, EGFP-VLPs induced 

stronger specific anti-EGFP T cell proliferation than rEGFP protein alone when 

administered in the same way in a corresponding amount, showing the 

immunoadjuvant effect of VLPs.  

Further, we were interested whether intranasal delivery of antigen induces 

specific cytotoxic response. We used three methods (
51

Cr release, in vivo and in vitro 

cytotoxic assay with CFSE stained target cells) to detect any positive antigen specific 

cytotoxicity. However, we were not able to detect any positive cytotoxic activity of 

spleen cells derived from immunized mice. 

Since polyomaviruses induce in their hosts persistent asymptomatic infection, 

it might be possible, that virions take part in the immune response modulation. 

Therefore, the levels of different T cell subpopulations after intranasal immunization 

with native MPyV virions and EGFP-VLPs were examined. Reduction in the 

numbers of a subpopulation of CD4
+
 cells, CD25

+
Foxp3

+
, was observed in spleens of 

immunized animals. However, the numbers in the lymph nodes and in peripheral 
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blood remained unchanged. These results suggest that polyomaviruses might affect 

distribution of Foxp3
+
 Treg cell population.  

 

5.1.3 Effect of different inhibitors of antigen presentation pathways on the 

EGFP-VLP processing and presentation 

 

We studied the mechanism of processing and presentation of EGFP-VLPs to 

CD4
+
 T cells (MHC class II presentation pathway) using different inhibitors that 

selectively inhibit separate components of the antigen presentation routes. Dendritic 

cells were preincubated with appropriate inhibitor (Bafilomycin A, Epoxomicin, 

Chloroquine, Cathepsin S) at different concentrations for 30 min at 37°C before the 

EGFP-VLPs were added to the cells for 24 h. After the incubation period, EGFP-

VLP pulsed DCs were washed with cold PBS, fixed with 0.5% paraformaldehyde 

and washed with cold complete medium. They were then used for stimulation of 

purified CD4+ cells derived from EGFP-VLP immunized mice. The effect of 

inhibition was calculated as: % response = 100% × T cell proliferation level with 

inhibitor/T cell proliferation level without drug.  

The presence of inhibitors of endo-lysosomal acidification, Bafilomycin A 

and Chloroquine, resulted in a significant blockade of presentation of class II-

restricted exogenous EGFP-VLP antigens (Fig. 9Ba, b). This provides evidence that 

EGFP transported by VLPs is delivered, degraded to the peptides and presented on 

MHC class II. We asked whether the used inhibitors do not influence EGFP-VLP 

presentation by affecting MHC class II surface expression, Therefore, DCs were 

cultivated in the presence of inhibitors for 12 h and number of cells expressing MHC 

class II as well as their viability were analyzed by flow cytometry (cells were stained 

with antibody against MHC class II prior analysis). Fig. 9Aa shows that the nubmers 

of MHC class II positive cells treated with decreasing concentrations of both 

Bafilomycin A and Chloroquine did not differ significantly from those of untreated 

DCs assigned as 100% (Fig. 9Ab). These results provide evidence that both drugs do 

not affect surface expression of MHC class II, while their presence leads to inhibition 

of EGFP-VLP presentation. 

Next, we evaluated effect of presence of the selective proteasomal inhibitor, 

Epoxomicin, on MHC class II EGFP-VLP presentation. Similarly, the presentation of 
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peptides was significantly reduced after treatment with the proteasomal inhibitor in 

the concentrations higher than 0.01 m M (Fig. 9Bc), suggesting that MHC class II 

might present the peptides processed by proteasomes. However, we also observed a 

moderate negative effect of Epoxomicin on MHC class II maturation and surface 

expression (Fig. 9Aa). 

Finally, we examined the presence of Cathepsin S inhibitor on MHC class II 

presentation. Cathepsin S inhibits cysteine protease which directly influences MHC 

class II maturation. Similarly to Epoxomicin, this drug also slightly reduced MHC 

class II expression (Fig. 9Aa) and significantly reduced EGFP-VLP presentation 

even in the lowest concentration (Fig. 9Bd). 
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Fig. 9. EGFP-VLP presentation is blocked by inhibitors of endosomal acidification and 

proteasome function. (A) DCs were harvested, changes in surface expression of MHCgp II 

were controlled (using antibody against MHCgp class II I-A conjugated to FITC) by flow 

cytometry analysis of numbers of cells expressing MHC class II. Results from two parallel 

experiments are shown. On x- axis of the diagram (Aa), changes in amounts of cells 

expressing MHC class II on the cell surface after treatment with inhibitors are expressed as 

relative change (in %) in respect to the value of control MHC II positive cell (black column, 

assigned as 100% ; FACS analysis of the control untreated cells shown in Ab ). 

(B) Inhibitory effects of bafilomycin A (a), chloroquine (b), epoxomicin (c), and cathepsin S 

inhibitor (d) on the EGFP-VLP presentation measured in in vitro CD4
+
 T-cell proliferation 

system. DCs were treated as in A, but, in the end of 12 h incubation, the cells were fixed 

with 0.5% paraformaldehyde for 15 min. The fixed DCs were washed and coincubated with 

spleen cells from EGFP-VLP-immunized mice. The ability of these DCs to induce CD4
+
 T-

cell proliferation was assessed either by flow cytometry (CFSE-labeled T cells) or 
3
H-

thymidine incorporation. Antigen presentation was determined by comparison of cell 

proliferation induced by EGFP-VLP-pulsed DCs cultivated in the absence of inhibitors or in 

the presence of inhibitors. The data shown are expressed as a proliferative response (mean ± 

SE) and are the average of 8 immunized mice measured in four separate experiments. 
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5.2 Chimeric VLPs derived from mouse polyomavirus carrying epitopes of 

human Bcr-Abl fusion protein (Bcr-Abl VLPs) 

 

This chapter refers to the results published in the paper: Hrusková V, Morávková A, 

Babiarová K, Ludvíková V, Fric J, Vonka V, Forstová J.: Bcr-Abl fusion sequences 

do not induce immune responses in mice when administered in mouse polyomavirus 

based virus-like particles. Int J Oncol. 2009;35(6):1247-56. It also describes results 

obtained during the testing of other types of vaccines containing Bcr-Abl epitopes, 

which are not included in the paper. 

5.2.1 Preparation and characterization of chimeric Bcr-Abl VLPs  

 

 Plasmid pFastBacDual-VP1/Bcr-Abl171-tVP3 carrying the MPyV gene for the 

major structural protein, VP1, and the sequence for the fusion protein Bcr-Abl171-

tVP3 under the polyhedrin promoter and p10 promoter respectively was prepared. 

The schema of the construction is shown in Fig. 10A. The plasmid was then used to 

generate recombinant bacmid DNA according to Invitrogen instructions. 

Recombinant baculovirus producing both VP1 protein and Bcr-Abl171-tVP3 fusion 

protein was obtained by transfection of Sf9 insect cells with recombinant bacmid 

DNA. Production of VP1 protein and Bcr-Abl171-tVP3 fusion protein was verified by 

immunofluorescence of Sf9 cells infected with the recombinant baculovirus (Fig. 

10B) using anti-PyV VP1 mouse monoclonal antibody (a), anti-VP2/3 mouse 

monoclonal antibody (b) and anti-Flag mouse monoclonal antibody (c). 
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Fig. 10. (A) The schema of the construction of plasmid pFastBacDual-VP1/Bcr-Abl171-

tVP3. Flag-Bcr-Abl sequences were fused in frame upstream of sequence for tVP3. (B) 

Immunological detection of VP1 protein and Bcr-Abl171-tVP3 fusion protein in insect cells 

infected with the recombinant baculovirus. The signal for VP1 was visualized using anti-

PyV VP1 mouse monoclonal antibody (a), the fusion protein, Bcr-Abl171-tVP3, was 

detected by anti-VP2/3 mouse monoclonal antibody (b) or anti-Flag mouse monoclonal 

antibody (c). Non-infected cells served as negative control (d). Primary antibodies were 

followed by Alexa Fluor-488 goat anti-mouse secondary antibody. 

 

 

Bcr-Abl171 fragment was fused to the C-terminal part of VP3 protein, which is 

responsible for the interaction with the central cavity of the pentamers formed by 

VP1 protein and localizes the whole fusion protein Bcr-Abl171-tVP3 to be  hidden  

inside the particle. Schema of the particle structure is shown in Fig. 11A. The 

particles were produced in insect cells infected with the recombinant baculovirus 

carrying the fusion Bcr-Abl171-tVP3 sequences and wild type VP1 gene under 

different baculoviral late promoters. Chimeric VLPs were purified from insect cells, 

harvested 60-70 h post infection, by ultracentrifugation in CsCl and sucrose 

gradients. The ability of VP1 and the fusion protein to assemble into VLPs was 

determined by electron microscopy. The incorporation of the large epitope inside the 

particles influenced their morphology as shown by negative staining of isolated 

particles (Fig. 11C). Chimeric VLPs, similar to EGFP-VLPs, were larger and more 

irregular in comparison with the VLPs composed of wt VP1 only, but their assembly 

and stability was not substantially affected.  The presence of fusion protein Bcr-
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Abl171-tVP3 inside of purified particles was determined by several methods. Western 

blot using mouse monoclonal antibody against Flag and anti-VP2/3 mouse 

monoclonal antibody showed bands with molecular weight approximately 33kDa 

which corresponds to the fusion protein Bcr-Abl171-tVP3 (Fig. 11Bb, c). SDS-PAGE 

revealed a large band representing VP1 protein and a thin band representing the 

fusion protein (Fig. 11Ba). Finally, the purified VLPs were disassembled under 

reducing conditions using 10 mM DTT to uncover the epitopes of fusion protein, 

which were hidden inside the particles. Then, they were examined by 

immunoelectron microscopy using anti-Bcr-Abl rabbit polyclonal serum (Fig. 11D). 

To estimate an average number of Bcr-Abl171-tVP3 molecules incorporated into each 

VLP, purified VLPs were separated on SDS-PAGE, stained with Coomassie Brilliant 

Blue and densities of VP1 and Bcr-Abl171-tVP3 bands were measured. Theoretically, 

maximum 72 pentameres of VP1 are available for tVP3 interactions in one virus 

particle. The number of Bcr-Abl171-tVP3 per particle calculated from densities and 

molecular weights of both proteins was 11.4. 
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Fig. 11. Structure and architecture of the analyzed MPyV VLPs carrying epitope of Bcr-Abl 

fusion protein. (A) View-through the pentamer composed of 5 molecules of VP1 protein 

(blue). C-terminal part of VP3 minor structural protein (red) interacts with central cavity of 

VP1 pentamer and is fused with Flag-Bcr-Abl epitope (illustrated as yellow pentagon). (Ba)  

Purified VLPs separated on SDS-PAGE gel stained with Coomassie Brilliant Blue and (Bb, 

c) western blot of VLPs using (b) mouse monoclonal anti-Flag antibody and (c) mouse 

monoclonal anti VP2/3 antibody followed by goat anti-mouse IgG antibody conjugated with 

horse-radish peroxidase. (C) Electron microscopy and (D) immunoelectron microscopy with 

anti-Bcr-Abl rabbit polyclonal serum followed by goat anti-rabbit IgG antibody conjugated 

with 10 nm colloidal gold. 

 

 

  Since the morphology of chimeric VLPs was influenced by incorporation of 

the large epitope, the ability of isolated VLPs to adsorb on the cell surface and to be 

internalized by mouse 3T6 fibroblasts was examined by confocal microscopy to 

reveal whether the interaction with virus receptor was not affected. Cells were fixed 

and stained with anti VP1 antibody after adsorption of VLPs on their surface at 0ºC 

or after adsorption and 1 hour incubation at 37ºC. Morphological changes caused by 

incorporation of Bcr-Abl epitopes had no effect on Bcr-Abl VLP receptor binding; 

they adsorbed to and entered cells efficiently as shown in Fig. 12 a, b.  
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Fig. 12. Adsorption (a) and following internalization (b) of VLPs to the cells. Cell sections 

from confocal microscope. VLPs were adsorbed on the membrane of mouse 3T6 fibroblasts  

and fixed 0 min or 1 h post-adsorption. The signal of VP1 protein (green) was visualized 

using anti-PyV VP1 mouse monoclonal antibody followed by Alexa Fluor-488 goat anti-

mouse secondary antibody and examined by confocal microscope.  

 

 

5.2.2 In vitro activation of bone-marrow derived dendritic cells by Bcr-Abl 

VLPs  

To investigate immunogenicity of Bcr-Abl VLPs, in vitro activation of BMDCs was 

determined. Also, the ability to upregulate expression of DC maturation markers by 

18-mer and 9-mer Bcr-Abl peptides containing Bcr-Abl breakpoint sequence was 

tested. Five days old DCs were pulsed with Bcr-Abl VLPs, 18-mer or 9-mer peptide 

for 20 h and then the cells were stained for CD86 and MHC class II and analyzed by 

flow cytometry. LPS was used as a positive control and untreated BMDCs served as 

a negative control. Increased expression of CD86 and MHC class II was observed 

when BMDCs were stimulated with Bcr-Abl VLPs. Moreover, the level of 

expression of MHC II was higher than that induced by LPS (Fig. 13B). However, no 

upregulation of either CD86 or MHC II was observed on DCs pulsed with 18-mer or 

9-mer Bcr-Abl peptides and the expression of the surface markers was compared to 

expression of unpulsed DCs (Fig. 13).  
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Fig. 13. Activation of dendritic cells by VLPs and 18-mer and 9-mer Bcr-Abl peptides. 

Expression of CD86 (A) and MHC II (B) surface molecules by dendritic cells after pulsing 

by VLPs, 18-mer or 9-mer Bcr-Abl peptides. Untreated DCs served as negative control and 

DCs pulsed with LPS was used as positive control. One of two representative experiments is 

shown.  

 

5.2.3 Study of immune response to chimeric Bcr-Abl VLPs after their 

intranasal or intraperitoneal administration to mice 

 

Mice were immunized intranasally with two doses or intraperitoneally with 

four doses of Bcr-Abl VLPs (50 µg/dose/mouse). Fourteen days after the last 

immunization animals were sacrificed, sera were prepared from their blood and 

spleens were removed for further analysis. The presence of specific anti-VP1 and 

anti-Bcr-Abl antibodies in the sera of immunized and control mice were determined 

by ELISA. Maxisorp 96-well plates were coated with either VLPs (for detection of 

VP1 specific antibodies) or 18-mer Bcr-Abl synthetic peptide (for detection of Bcr-
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Abl specific antibodies).  Mouse sera were diluted 1:50, 1:250, 1:1250, 1:6250 and 

1:31000 and used as primary antibodies. All mice immunized by Bcr-Abl VLPs 

developed high titers of specific IgG anti-VP1 antibodies (Fig. 14A). In addition, 

when mice were immunized intraperitoneally with four doses of VLPs, the titers of 

specific anti-VP1 antibodies were much higher than those of mice after twice 

intranasal administration (Fig. 14A black triangles). However, no specific anti-Bcr-

Abl IgG antibodies were developed in the sera of both intranasally and 

intraperitoneally immunized mice (Fig. 14B). Moreover, no specific anti-Bcr-Abl 

IgM antibodies were detected by ELISA as shown in the Fig. 14C. Finally, synthetic 

Bcr-Abl peptide (18-mer) was administered intraperitoneally in CFA into mice. 

Neither specific anti-Bcr-Abl IgG nor IgM antibodies in the sera of immunized mice 

were detected. 
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Fig. 14. Specific anti-VP1 and anti-Bcr-Abl antibodies detected in the sera of control and 

immunized mice. (A) Anti-VP1 IgG antibodies in sera from intranasally (i. n.) and 

intraperitoneally (i. p.) PBS- (negative control) or VLP-immunized mice. Anti-VP1 mouse 

monoclonal antibody served as positive control. (B) IgG and (C) IgM anti-Bcr-Abl 

antibodies in sera from intranasally (i. n.) and intraperitoneally (i. p.) PBS- (negative 

control) or VLP-immunized mice. Anti-Bcr-Abl rabbit polyclonal serum was used as 

positive control. For i. n. immunized and control mice n = 10, for i. p. immunized and 

control mice n = 4. 

 

 

 To investigate whether Bcr-Abl VLPs induce cell mediated immune response, 

proliferation of splenocytes from immunized mice were studied. Mice were 

immunized intranasally with two doses of Bcr-Abl VLPs and fourteen days after the 

last immunization they were sacrificed. Spleens from control and immunized mice 

were removed and single cell suspensions were prepared. Splenocytes were labeled 

with CFSE and stimulated for 4 days with three different types of BMDCs (unpulsed 

or pulsed with VLPs or pulsed with 9-mer Bcr-Abl peptide). Proliferation of T cells 

was determined by flow cytometry and corresponds to CFSE diminution. VP1 
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specific proliferative response was observed when T cells from immunized mice 

were stimulated with Bcr-Abl VLP-pulsed DCs. However, no Bcr-Abl specific 

proliferation was detected after stimulation of T cells from immunized mice with 

Bcr-Abl peptide pulsed DCs (Fig. 15). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Proliferation of T cells from mice immunized intranasally by Bcr-Abl VLPs. Spleen 

cell suspensions from immunized mice were re-stimulated with untreated DCs or DCs 

pulsed with VLPs or Bcr-Abl peptide. Specific proliferative response corresponds to CFSE 

diminution. One of three experiments is shown. 

  

 

As the most important component of immune response in development of 

anti-cancer vaccine is the induction of specific cytotoxic T cell immunity against a 

cancer antigen, the ability of Bcr-Abl VLPs to evoke CTL response after their 

administration into mice was studied. In the first experiments, mice were immunized 

intranasally with two doses of chimeric VLPs and two weeks from the last 

immunization the spleens were removed and cell suspension were prepared. To 

stimulate the activity of splenocytes (effector cells) from immunized mice, spleen 

cells were first cultivated with Bcr-Abl peptide pulsed DCs (to determine CTL 

response specific against Bcr-Abl epitope) or VLP pulsed DCs (to determine CTL 

response specific against VP1 protein) for 4 days prior to cytotoxic assay. Stimulated 

effector cells were then incubated with two populations of target cells labeled with 

low or high CFSE intensity over night. The ratios of effector cells : target cells were 
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100:1, 50:1 and 25:1. The specific cytotoxic activity was evaluated by flow 

cytometry as disappearance of high CFSE labeled target cells (pulsed with Bcr-Abl 

peptide or VLPs). Fig. 16 shows cytotoxic assay specific to Bcr-Abl epitope (A) and 

specific to VP1 protein (B). While VP1 specific CTL response was calculated to be 

5% decrease of high CFSE labeled target cells (pulsed with VLPs), no disappearance 

of Bcr-Abl peptide pulsed DCs corresponding to specific Bcr-Abl cytotoxic activity 

was observed.  

 Additionally, more sensitive cytotoxic assay using MHC class I pentamers 

conjugated with Bcr-Abl restricted peptide was performed. Mice were immunized 

intranasally and intraperitoneally and fourteen days after the last VLP administration, 

cell suspensions from spleens were prepared. Splenocytes were incubated with 

labeled MHC class I pentamers to analyze specific Bcr-Abl CTL response. 

Simultaneously, cells were stained for CD8 and CD19 to exclude false positive T 

cells. However, no specific cytotoxic T cell response was developed in mice after 

both intranasal (Fig. 17A) and intraperitoneal (Fig. 17B) application of Bcr-Abl 

VLPs. Mice immunized intranasally or intraperitoneally with PBS were involved in 

the experiment as a negative control.  
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Fig. 16. Cytotoxic response of spleen cells from control and intranasally immunized mice. 

Spleen cells from mice immunized by Bcr-Abl VLPs were used as effector cells after their 

previous restimulation in vitro by dendritic cells pulsed with Bcr-Abl peptide or VLPs. DCs 

pulsed with Bcr-Abl peptide (A) or pulsed with VLPs (B) (high CFSE intensity) and 

irrelevant peptide (low CFSE intensity) were mixed 1:1 and used as target cells with 

decreasing ratios of effector cells : target cells ( 100:1, 50:1, 25:1). Specific Bcr-Abl CTL 

response (A) or specific CTL response to VP1 (B) was evaluated by flow cytometry as 

disappearance of high CFSE labeled cells. One of three experiments is shown. 
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Fig. 17. Detection of Bcr-Abl specific cytotoxic T lymphocytes in splenocytes of 

immunized mice. Mice were immunized intranasally (i.n., A) or intraperitoneally (i.p., B) 

with Bcr-Abl VLPs (a). The presence of Bcr-Abl specific T lymphocytes (upper right 

quadrant of each graph) was determined using MHC class I Bcr-Abl specific pentamer 

staining. To exclude the background of unspecific binding of labeled pentamer, mice 

immunized intranasally (Ab) or intraperitoneally (Bb) with PBS were involved in the 

experiment. One representative example from one of two experiments is shown (n = 2 for 

each group in each experiment). 
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5.2.4 Immunization of mice with DCs loaded with Bcr-Abl VLPs 

 

Based on the results published by Tegerstedt et al. [33] that mice immunized 

with DCs loaded with Her21-683PyVLPs were protected more efficiently against 

outgrowth of tumor compared to mice vaccinated with Her21-683PyVLPs alone, 

immune responses of mice immunized with DCs loaded with Bcr-Abl VLPs were 

studied. Mice were immunized intravenously twice with 50 μg of Bcr-Abl VLPs 

loaded on DCs in two week interval. Control mice were immunized with  empty  

DCs. Two weeks after the last immunization, mice were sacrificed and immune 

response specific to Bcr-Abl antigen was analyzed. First, ELISA assay was 

performed to analyze whether mice developed specific antibodies. Fig. 18 shows 

high titers of VP1 specific antibodies (A) detected in the sera of mice immunized 

with DCs loaded with Bcr-Abl VLPs, while titers of both IgG (B) and IgM (C) anti 

Bcr-Abl specific antibodies were not increased in comparison with titers of the 

control mice.  

 To investigate whether T cells of immunized mice react specifically to 

stimulation by Bcr-Abl antigen, two assays were performed. To analyze proliferative 

response, splenocytes were labeled with CFSE and incubated with three different 

types of pulsed DCs (9-mer Bcr-Abl peptide pulsed DCs or VLPs pulsed DCS or 

unpulsed DCs) for 4 days. Splenocytes were then analyzed by flow cytometer and 

proliferation was determined as CFSE diminution. Fig. 19A shows that T cells 

derived from mice immunized with DCs loaded with Bcr-Abl VLPs responded only 

to stimulation by DCs pulsed with VLPs suggesting that specific immunity against 

VP1 antigen was developed. However, no proliferation of T cells was observed after 

their incubation with DCs pulsed with 9-mer Bcr-Abl peptide.  To determine whether 

mice developed specific Bcr-Abl cytotoxic immune response, cytotoxic assay using 

target cells labeled with two different CFSE intensities was done. Splenocytes from 

immunized mice were first cultivated with 9-mer Bcr-Abl peptide pDCs for 4 days. 

They were then incubated overnight with two populations of target cells (pulsed with 

9-mer Bcr-Abl peptide or pulsed with irrelevant peptide) labeled with high and low 

CFSE intensities respectively. Specific CTL response was analyzed by flow 

cytometry and corresponded to disappearance of high CFSE labeled target cells. 

Again, no specific Bcr-Abl cytotoxic response was detected even the ratio of effector 
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to target cells was 100:1 (Fig. 19B). For both assays only one experiment was 

performed to minimize the number of mice.  

 

 

 

Fig. 18. Specific anti-VP1 (A) and anti-Bcr-Abl IgG (B) and IgM (C) antibodies detected in 

the sera of mice immunized with Bcr-Abl VLP loaded DCs or with  empty  DCs (negative 

control). Anti-VP1 mouse monoclonal antibody and anti-Bcr-Abl rabbit polyclonal serum 

served as positive controls. For immunized and control mice n = 2. 
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Fig. 19. Specific anti-Bcr-Abl immune responses of spleen cells from mice immunized with 

DCs loaded with Bcr-Abl VLPs. (A) Proliferation of T cells when splenocytes were 

stimulated with untreated or VLP pulsed DCs or DCs pulsed by 9-mer Bcr-Abl peptide. 

Specific proliferative response corresponds to CFSE diminution. (B) Cytotoxic response of 

spleen cells after their previous stimulation with DCs pulsed by 9-mer Bcr-Abl peptide. 

Target cells were labeled with high and low CFSE intensities and incubated with effector 

cells over night. Specific killing was determined as disappearance of high CFSE labeled 

target cells (pulsed with 9-mer Bcr-Abl peptide). One experiment is shown. 
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5.3 Preparation of DNA vaccine expressing the breakpoint epitope of Bcr-

Abl fusion protein 

 

5.3.1 Preparation and characterization of pΔ EGFP-N1-Bcr-Abl171-tVP3 

plasmid 

  

To prepare DNA vaccine carrying epitopes of Bcr-Abl fusion protein the 

plasmid pEGFP-N1 for expression of proteins in mammalian cells was used. 

Sequence for EGFP protein was replaced by the sequence for fusion protein Bcr-

Abl171-tVP3 cut out from the plasmid pFastBacDual-VP1/Bcr-Abl171-tVP3. The 

schema of the construction is shown in Fig. 20A. Generated plasmid pΔEGFP-N1-

Bcr-Abl171-tVP3 was then used for transfection of mouse 3T6 cells to verify the 

expression of the fusion protein. Transfected cells were fixed 8 h post transfection 

and stained for VP3 protein. Signal of the expressed protein was visualised using 

mouse monoclonal anti VP2/3 antibody followed by Alexa Fluor-488 goat anti 

mouse antibody (Fig. 20B). In addition, a part of the cells was used 6 and 22 h post 

transfection for lysate preparation and presence of the fusion protein Bcr-Abl171-

tVP3 was determined by Western blot analysis with antibody against VP2/3 protein 

(Fig. 20C). Western blot analysis of the lysate of transfected cells revealed high 

expression of the fusion protein at early time (6 h) post transfection represented by a 

band with molecular weight approximately 33 kDa (Fig. 20Cb). However, later post 

transfection (22 h) the large amount of the protein was degraded by the cells and the 

signal detected by Western blot was weak (Fig. 20Cc). Purified Bcr-Abl VLPs were 

used as a positive control (Fig. 20Ca). 

 Further, expression of the plasmid after its administration to mouse was 

investigated. A mouse was immunized with plasmid DNA using gene gun (2 

shots/mouse, 1 μg DNA/shot). After 48 h post immunization, RNA from skin (30 

mg) from the site of administration was isolated. RNA was then incubated with 

DNase to purify the sample from DNA. DNA free RNA was further used as a 

template for reverse transcription PCR and generated DNA served as a template for 

PCR to acquire Bcr-Abl fragment. Fig. 21a shows yield of the amplified fragment on 

1% agarose gel visualized by ethidium bromide confirming that the plasmid is 

processed in mouse after its administration. Plasmid pΔEGFP-N1-Bcr-Abl171-tVP3 
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was used as a positive control for PCR and DNA free RNA served as a negative 

control (Fig. 21b, c). 

 

 

 

 

Fig. 20. (A) The schema of the construction of the plasmid pΔEGFP-N1-Bcr-Abl171-tVP3. 

Sequence for EGFP protein was replaced by sequence for fusion protein Bcr-Abl171-tVP3. 

(B) Immunofluorescence detection of fusion protein Bcr-Abl171-tVP3 after its expression in 

3T6 cells transfected with the plasmid pΔEGFP-N1-Bcr-Abl171-tVP3 using anti-VP2/3 

mouse monoclonal antibody. (C) Western blot analysis of lysate of transfected cells 6 h (Cb) 

and 22 h (Cc) post tranfection with anti-VP2/3 mouse monoclonal antibody. Purified Bcr-

Abl VLPs were used as a positive control (Ca). 
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Fig. 21. Agarose gel electrophoresis of Bcr-Abl fragment after its amplification by PCR with 

cDNA as a template. RNA from DNA vaccinated mouse was isolated, treated with DNase 

and used as a template for RT PCR to generate cDNA. Obtained cDNA was further used to 

amplify Bcr-Abl fragment by PCR. Amplified fragment was visualized on the agarose gel by 

staining with ethidium bromide (a). DNase treated RNA was used as a negative control (b) 

and plasmid pΔEGFP-N1-Bcr-Abl171-tVP3 served as a positive control (c). 

 

 

 

5.3.2 Study of immune response of mice after their immunization with DNA 

vaccine 

 

Mice were immunized with three doses of DNA vaccine (2 μg 

DNA/dose/mouse) in one week intervals. Control mice were immunized with the 

same amount of the control plasmid pEGFP-N1. One week after the last 

administration, mice were sacrificed and blood sera and spleen cells were analyzed 

for specific anti-Bcr-Abl response. To investigate whether immunized mice 

developed any specific anti-Bcr-Abl antibodies, ELISA assay was performed. Plates 

were coated with 18-mer Bcr-Abl peptide and mouse sera were diluted (1:50, 1:250, 

1:1250, 1:6250, 1:31000) and used as primary antibodies. Secondary antibodies anti 

mouse IgG and IgM conjugated with horseradish peroxidase were used to detect 

specific anti-Bcr-Abl IgG and IgM respectively.Fig. 22 shows that neither specific 

anti-Bcr-Abl IgG (A) nor IgM (B) antibodies were developed in the sera of DNA 

vaccinated mice. 
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Fig. 22. Specific anti-Bcr-Abl antibody production in mice immunized with pΔEGFP-N1-

Bcr-Abl171-tVP3 or pEGFP-N1 DNA (negative control). IgG (A) or IgM anti-Bcr-Abl 

antibodies in the sera of immunized and control mice were detected by ELISA. For 

immunized and control mice n = 6. 

 

 

 Further, specific Bcr-Abl immune response of splenocytes derived from mice 

vaccinated with plasmid DNA was examined. To investigate proliferative response 

of T cells, a part of the splenocytes was labeled with CFSE and incubated (4 days) 

with unpulsed DCs or with DCs pulsed with 9-mer Bcr-Abl peptide. Proliferation of 

T cells was evaluated as decreasing CFSE intensity in dividing T cells by flow 

cytometry. Fig. 23A shows no proliferative response of splenocytes from immunized 

mice stimulated with 9-mer Bcr-Abl peptide pulsed DCs. T cells incubated with 

untreated DCs were used as a negative control.  

Simultaneously, second part of the splenocytes was used to determine 

whether DNA immunized mice developed any Bcr-Abl specific CTL response. 

Spleen cells (effector cells) were first stimulated with 9-mer Bcr-Abl peptide pDCs 

for 4 days. Then, they were incubated over night with two populations of DCs (target 

cells) pulsed with 9-mer Bcr-Abl peptide or irrelevant peptide labeled with high and 

low CFSE intensities respectively. Even in this experiment, flow cytometry analysis 

showed no decrease of Bcr-Abl pulsed target cells (Fig. 23B) meaning that no Bcr-

Abl specific cytotoxic response was developed in the immunized mice.  
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Fig. 23. Specific anti-Bcr-Abl immune responses of spleen cells from DNA immunized 

mice. (A) Proliferation of T cells when splenocytes were stimulated with untreated or 9-mer 

Bcr-Abl peptide pDCs. Specific proliferative response corresponds to decreasing CFSE 

intensities in dividing cells. (B) Cytotoxic response of spleen cells after their previous 

stimulation with 9-mer Bcr-Abl peptide pDCs. Target cells were labeled with high and low 

CFSE intensities and incubated with effector cells over night. Specific killing was 

determined as decreasing of high CFSE labeled target cells (pulsed with 9-mer Bcr-Abl 

peptide). One representative experiment of two is shown for both assays. 
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6 Discussion 
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6.1 Humoral and cellular immune responses developed in mice after 

intranasal deliveryof model mouse polyomavirus derived VLPs carrying 

epitope of enhanced green fluorescence protein (EGFP)  

 

Virus-like particles of many viruses were shown to be potent inducers of 

immune response against viral capsid proteins without the need of adjuvants [16, 91, 

92]. The best example is the approval of vaccine against human papillomavirus types 

6, 11, 16 and 18 [1]. Moreover, VLPs are being intensively studied as potentially 

useful vehicles for transport of various cancer epitopes and simultaneously, for 

participating as adjuvants [38, 45]. Therefore, we were interested whether VLPs 

derived from mouse polyomavirus can deliver foreign proteins or peptides into the 

cells and serve as adjuvants in induction of immune response against carried 

epitopes. Previously, model chimeric MPyV VLPs, carrying EGFP protein fused to 

the C-terminal part of VP3 minor capsid protein (EGFP-VLPs), were constructed in 

our laboratory and tested for their ability to self-assemble into VLPs, to enter 

different types of cells and to activate human and mouse dendritic cells in vitro [10]. 

We used chimeric EGFP-VLPs for intranasal immunization of mice and studied the 

immune responses to both carrier protein VP1 and EGFP protein. 

Intranasally administered EGFP-VLPs induced high titers of specific anti-

VP1 antibodies. This is in agreement with results obtained earlier that immunization 

with MPyV VLPs evokes specific anti-VP1 antibody response [28, 29, 30]. Further, 

we tested the sera from immunized mice for presence of neutralizing antibodies. In 

spite of high titers of anti-VP1 IgG antibodies, sera obtained from mice immunized 

by chimeric EGFP-VLPs did not neutralize mouse polyomavirus (MPyV was 

incubated with different dilutions of sera prior infection) and infection of cells was 

not decreased compared to negative control (virus preincubated with sera from mice 

immunized with PBS). In contrast, VLPs derived from papillomavirus were able to 

induce production of neutralizing antibodies [93]. Our results indicate possibility of 

repeating administration of chimeric VLPs carrying hidden antigen without being 

neutralized.  

In contrast to high titers of anti-VP1 antibodies, we did not detect any specific 

anti-EGFP antibodies in the sera of VLP-immunized mice. This is in agreement with 

study of Tegerstedt et al., who used MPyV VLPs carrying epitopes of Her2/neu 

protein inside the particle and did not obtain any epitope specific antibodies [45]. 
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However, administration of rEGFP together with CFA to mice induced production of 

specific anti-EGFP antibodies. These findings might reflect possible differences in 

antigen processing between the VLPs and EGFP. Moreover, the number of EGFP 

molecules per particle is limited to the theoretical maximum of 72 (each of 72 VP1 

pentamers present in the capsid is able to bind one minor capsid protein molecule). 

Abbing et al. prepared chimeric VLPs carrying GFP fused to the truncated VP2 

protein [44]. Proteins produced in E. coli and assembled in vitro formed particles 

which were regular and of normal or smaller size. The authors calculated the number 

of GFP molecules per particle to be 64 [44]. We have shown previously, that EGFP-

VLPs made in insect cells were slightly irregular in shape and often larger when 

compared to pseudocapsids composed of VP1 only, which suggests that the content 

of EGFP molecules per particle might be close to the theoretical value.    

We have shown that administration of EGFP-VLPs evoked production of IL-

2 and IFN-γ by splenocytes derived from immunized mice specific to VP1 and 

EGFP. Similarly, chimeric VLPs derived from hamster polyomavirus, carrying 

epitopes from Puumala hantavirus nucleocapsid protein in the surface loops of viral 

major structural protein, were able to induce both IL-2 and IFN-γ secretion by 

splenocytes specific to transported antigen [41]. In contrast, chimeric VLPs carrying 

a hydrophilic component of the hepatitis B virus in the HI loop of mouse 

polyomavirus VP1 protein were not shown to stimulate antigen specific secretion of 

cytokines [38]. Further, we tested whether intranasal administration of EGFP-VLPs 

induced EGFP specific proliferation of splenocytes derived from immunized mice. 

We have shown EGFP specific proliferative response of spleen cells derived from 

mice immunized by either chimeric VLPs or rEGFP. Detailed investigation proved 

CD4
+
 T cells to be responsible for proliferation response, while proliferation of CD8

+
 

T cells was not detected. Intranasally administered EGFP-VLPs induced stronger 

specific T cell proliferation than rEGFP protein alone when administered in the same 

way in a corresponding amount, suggesting that MPyV VLPs possess 

immunoadjuvant property. Similarly, chimeric VLPs carrying CD8 restricted peptide 

from ovalbumin fused to C-terminus of VP1 structural protein of MPyV were able to 

induce antigen specific proliferation of spleen cells, moreover of both CD4
+
 and 

CD8
+
 T cells [32]. On the other hand, Skrastika et al. used chimeric VLPs carrying a 

hydrophilic component of the hepatitis B virus in the HI loop of mouse polyomavirus 

VP1 protein and were not able to detect any proliferation response [38]. Variability 
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in the results indicates that induction of cytokine secretion and proliferation of spleen 

cells depends on the immunogenicity of carried antigen, site of insertion of 

transported epitope, type of administration and/or on the combination of all the 

factors.  

We were further interested whether EGFP protein delivered by MPyV VLPs 

induces any specific cytotoxic response. However, using three methods (
51

Cr release, 

in vivo or in vitro cytotoxic assay with CFSE stained target cells) we were not able to 

detect any EGFP specific cytotoxic activity of splenocytes (restimulated in vitro by 

EGFP peptide) derived from VLP-immunized mice. On the other hand, mice 

immunized with rEGFP protein alone in CFA developed EGFP specific cytotoxic T 

cells. In contrast, Tegerstedt et al., who immunized mice with MPyV VLPs carrying 

Her2/neu antigen inside the particles, showed the presence of antigen specific 

cytotoxic T cells after a single vaccination [45]. In the following study, they 

enhanced cytotoxic activity when they immunized mice with dendritic cells loaded 

by chimeric VLPs [33]. 

Further, we were interested in the route of presentation of EGFP-VLPs. 

Previously, we showed that a fraction of EGFP-VLPs became degraded in 

lysosomes, however, a substantial fraction of VLPs escaped or passed off and 

continued to a perinuclear space. Colocalosation of EGFP-VLPs with ubiquitine was 

detected 8 h post pseudoinfection [10]. In this study, we treated DCs by endosomal 

(Bafilomycin A, Chloroqiune) and proteasomal (Epoxomicin) inhibitors and 

followed whether the presentation of VLPs by DCs would be inhibited. The 

treatment of DCs by inhibitors of endosomal acidification blocked EGFP-VLP 

presentation providing evidence that the protein transported in the VLPs is delivered, 

degraded to the peptides and presented in the context of MHC class II. It also 

suggests that presentation of peptides on MHC class II is dependent on acidic 

environment of endosomes. Additionally, we observed a significant reduction in 

EGFP-VLP presentation in the presence of proteasomal inhibitor, suggesting that 

MHC class II might load peptides processed by the proteasomes.  

The fact that polyomaviruses induce in their natural host persistent 

asymptomatic infections could mean that virions might modulate immune response. 

Therefore, we were interested whether we would be able to detect any changes in the 

levels of T cells subpopulations after intranasal immunization with native mouse 

polyomavirus or EGFP-VLPs. We have shown that a subpopulation of CD4
+
 T cells, 
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namely regulatory CD25
+
Foxp3

+
 (Treg), displayed reduction in the numbers of 

Foxp3
+
 T cells in spleens of mice immunized by both native virions and chimeric 

VLPs. However, the numbers of Foxp3
+
 T cells in lymph nodes and peripheral blood 

were not changed. This result suggests that MPyV might possess equipment for 

modulation of immune response. It was published previously that different viral 

products can influence Treg distribution [94, 95].  Also, some adjuvants used for 

more efficient delivery of antigen through mucosal surfaces such as B. pertussis 

toxin have been shown responsible for down-regulating splenic CD4
+
CD25

+
 cells 

[96, 97].  

 

6.2 Chimeric VLPs derived from mouse polyomavirus carrying epitopes of 

human Bcr-Abl fusion protein (Bcr-Abl VLPs) 

 

Based on the model chimeric EGFP-VLPs, we were strongly interested in 

study of properties and immune responses to chimeric VLPs carrying a cancer 

epitope. We have constructed chimeric MPyV VLPs (Bcr-Abl VLPs) transporting an 

epitope of human fusion protein p210
Bcr-Abl

 of chronic myeloid leukemia. Bcr-Abl 

protein is responsible for malignant transformation and also markedly influences 

behavior of malignant cells. Additionally, it contains a new sequence of amino acids 

in the breakpoint region which is not present in normal cells and therefore it might be 

a potential T cell target. It was published previously that 12 aa peptides covering the 

breakpoint region of b3a2 applied together with Freud s adjuvants resulted in 

induction of T cell responses in mouse models [98]. Also, several studies have shown 

that b3a2 or b2a2 peptides from junctional region were able to activate CD4 T cells 

in CML patients [75, 99, 100]. Inspired by these promising results, we started to 

investigate whether immune response to the Bcr-Abl breakpoint region can be 

stimulated when the epitope will be carried inside MPyV VLPs.   

We have confirmed the incorporation of the epitope inside the purified 

particles by several methods (Western blot, SDS-PAGE gel stained with Coomassie 

Brilliant Blue, immunoelectron microscopy). Similarly to model EGFP-VLPs, the 

presence of 171 aa long Bcr-Abl epitope (covering the breakpoint region) changed 

the morphology of the particles resulting in loss of their regular shape. In contrast, 

Tegerstedt et al. prepared chimeric VLPs carrying 683 aa long epitope of Her2/neu 

protein inside the particles and referred that incorporation of the epitope did not 
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influence their shape and that chimeric VLPs did not differ from those composed of 

VP1 only [45]. However, the estimated number of Her2/neu molecules per particle 

was very low (around three). We have evaluated an average number of the Bcr-Abl 

epitope molecules in one particle to be 11-12 (calculated from the ratio of intensities 

of VP1 and Bcr-Abl171-tVP3 bands on SDS-PGE stained gel). In spite of irregular 

shape, the stability of Bcr-Abl VLPs was not substantially affected and just like 

EGFP-VLPs, they adsorbed to and became internalized by mammalian cells 

efficiently.  

We were further interested whether Bcr-Abl VLPs induce maturation of 

dendritic cells. It was shown previously that VLPs derived from human 

polyomaviruses did not activate dendritic cells [31, 101]. In our previous study, 

neither MPyV VLPs composed of VP1 only or EGFP-VLPs upregulated surface 

markers of dendritic cells in vitro except of induction of IL-12 secretion [10]. 

Similarly, Gedvialite et al. detected increased production of IL-12 by DCs after 

hamster and mouse polyomavirus VLPs stimulation. However, they did observe 

increased expression of surface markers of DCs (CD80, CD86, MHC class II). Also, 

Bickert et al. showed induction of dendritic cell maturation markers by MPyV VLPs 

in a dose dependent manner [32]. They found induction in doses approximately 10 

times higher than those used in our previous experiments [10]. Therefore, we used 

Bcr-Abl VLPs in similar concentration and tested them for ability to upregulate 

CD86 and MHC class II molecules in vitro. We observed increased expression of 

both markers similar or even higher than that for positive control 

(lipopolysaccharide). Surprisingly, Tegerstedt et al. did not detect upregulation of 

CD83, CD86 or MHC class II when they stimulated DCs with chimeric VLPs 

carrying Her2/neu epitope even with higher VLP concentrations [33]. In contrast to 

induction of DC maturation by Bcr-Abl VLPs, both 9-mer and 18-mer Bcr-Abl 

peptides did not induce DC maturation and expression of CD86 and MHC class II 

was the same as for non treated DCs (negative control). 

As expected, mice immunized with Bcr-Abl VLPs (intranasally and 

intraperitoneally) and with dendritic cells loaded with Bcr-Abl VLPs developed high 

titers of anti-VP1 specific antibodies. This is in agreement with results obtained with 

our model EGFP-VLPs or with study of Tegerstedt et al. who used chimeric VLPs 

carrying Her2/neu epitope [33, 45]. However, when they immunized mice with DCs 

loaded with chimeric VLPs, the titers of anti-VP1 antibodies was approximately 6 
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times lower than in the sera of mice immunized by VLPs only [33]. This might 

reflect the fact that VLPs bound to DCs are first internalized and processed by 

dendritic cells and thereafter the peptides are exposed on the MHC molecules and 

shown to immune system. We did not observe decreased titers of anti-VP1 antibodies 

in mice immunized by DCs loaded with VLPs, the antibody production was 

comparable with that achieved by intranasally applied VLPs (when the same number 

of doses per mice was used). Previously, we detect very low presence of neutralizing 

antibodies against VP1 protein in the sera of intranasally immunized animals 

suggesting the possibility of repeating administration of chimeric VLPs without 

being neutralized. These findings are also reflected in our observation that the more 

number of repeating immunizations the higher titers of anti-VP1 antibodies was 

detected in the sera of immunized animals (comparing intranasally immunized mice 

with two doses and intraperitoneally immunized mice with four doses). The 

increased titers of anti VP1 antibodies after repeating immunization was also 

observed when mice were immunized by VLPs carrying Her2/neu epitope [33]. 

Similar to the study of model EGFP-VLPs and to the results of Tegerstedt et 

al. [33, 45], we were not able to detect any specific antibodies (neither IgG nor IgM) 

against carried antigen for all types of VLP administration. Additionally, we did not 

observe any anti-Bcr-Abl antibodies in the sera of mice immunized with 18-mer Bcr-

Abl peptide in CFA. On the other hand, the same peptide conjugated with blue 

carrier immunogenic protein induced specific antibody response in rabbits [86]. 

Newetherless, using the rabbit anti-Bcr-Abl polyclonal serum as a positive control 

for ELISA, we found its titer very low (Fig. 14B and C, Fig. 18B and C). All this 

suggests low immunogenicity of the applied peptide. 

   The most important part of immune response in development of anti-cancer 

vaccine is induction of specific cytotoxic T cell immunity against a cancer antigen. 

We have tested splenocytes derived from mice immunized intranasally and 

intraperitoneally with VLPs and immunized with DCs loaded with VLPs for the 

presence of specific anti-Bcr-Abl cytotoxic T cells using in vitro cytotoxicity assay 

with CFSE-labeled target cells. Additionally, we applied highly sensitive cytotoxic 

assay using MHC class I Bcr-Abl pentamers to detect specific cytotoxic T cells in 

mice immunized intranasally or intraperitoneally with Bcr-Abl VLPs. However, all 

our effort to detect anti-Bcr-Abl cytotoxic T cells failed. In contrast to VLP-pulsed 

DCs, which were able to induce VP1 specific proliferation of splenocytes, Bcr-Abl 
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peptide-pulsed DCs did not stimulate antigen specific proliferation of splenocytes 

derived from mice immunized by VLPs or by DCs loaded with VLPs. In contrast, 

Tegerstedt et al, proved the presence of specific anti-Her2/neu cytotoxic T cells after 

a single vaccination by chimeric VLPs carrying Her2/neu epitope [45]. Moreover, 

the induced specific immunity was so high that mice were protected against a lethal 

dose of Her2 positive tumor cell challenge. When they used DCs loaded with 

chimeric VLPs, the protection of mice against challenge increased [33]. However, 

they did not observe anti-Her2/neu positive cytotoxic activity after immunization of 

mice with Her2/neu protein alone [45], suggesting that MPyV VLPs possess 

immunoadjuvant property. Similarly, we have shown using model EGFP-VLPs that 

intranasal delivery of EGFP protein by MPyV VLPs induced a stronger CD4
+
 T cell 

response than administration of rEGFP alone in a corresponding amount, pointing at 

that VLPs serve as an efficient adjuvants.      

Finally, we investigated whether the same fusion protein Bcr-Abl171-tVP3 

applied as a DNA vaccine would be more efficient in inducing immune responses 

than that transported by VLPs. Therefore, we have constructed plasmid DNA for the 

expression of the Bcr-Abl171-tVP3 protein in mammalian cells. However, mice 

immunized with three doses of DNA vaccine using gene-gun did not develop any 

Bcr-Abl specific immune responses. This is in agreement with the study of Lucansky 

et al. who prepared several types of DNA vaccine covering whole sequences of Bcr-

Abl protein and tested them for ability to protect mice against challenge [102]. None 

of the vaccines based on a single fragment provided potent protection; however, 

when they used entire Bcr-Abl gene, protection was induced. Interestingly, the 

combinations of all prepared plasmids with Bcr-Abl fragments covering the whole 

Bcr-Abl gene gave negative results. Limited protection was achieved by combination 

of some fragments from the Abl region. The authors identified the N-terminal 

fragment (197 aa) of Bcr-Abl protein to be responsible for decreasing the 

immunogenicity of combined fragment vaccines. One possible explanation of these 

results is that the fusion protein with active Bcr-Abl kinase activity is necessary for 

immune response development. 

Recently, several groups have been working on the development of vaccine 

against chronic myeloid leukemia. In approximately 75% of cases the investigators 

failed to elicit in vitro sizable CTL responses to Bcr-Abl epitopes in healthy donors 

as well as in patients with CML and found that Bcr-Abl protein is apparently not an 
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immunodominant antigen in CML [74, 77]. Study of Abu-Eisha et al. showed that 

most normal subjects and CML patients developed no proliferative responses to the 

23-mer b3a2 fusion peptide. Moreover, no improvement was obtained by using 

mature autologous dendritic cells to present the peptide. Intracellular IFNγ 

production by CD4
+
 T-cells was also not induced by the 23-mer b3a2 peptide [78]. 

On the other hand, the trials using mouse models displayed more promising results. 

In the past several years, the research group of Katsanis has been working on the 

CML vaccine development [79, 80, 81]. They induced Bcr-Abl specific cytotoxicity 

in vivo by vaccination of mice with 12B1 tumor-derived chaperone-rich cell lysate 

(CRCL) [79] or by dendrtitic cells loaded with CRCL [80], or by liver CRCL (not 

leukemia derived) embedded with exogenous MHC class I restricted Bcr-Abl peptide 

[81]. However, when they applied MHC class I restricted peptide alone, protection of 

mice was similar to that of the negative control (PBS-immunized or liver CRCL Bcr-

Abl peptide free immunized) [81]. Also, Sobotkova et al. showed positive in vivo 

response of mice when they used chemotherapy as a treatment combined with 

genetically modified tumor cells derived from B210 leukemic cells engineered to 

produce various cytokines [82]. Similarly, when 12B1 tumor-derived CRCL was 

combined with chemotherapy, the survival of animals was substantially increased 

[83]. These results suggest that Bcr-Abl epitope covering breakpoint region is able to 

elicit some specific immune response when delivered with strong adjuvants. 

However, although MPyV VLPs proved to be strong inducers of immune responses 

in our experiment and in the experiments of others [45], they failed to support 

immune response against carried Bcr-Abl epitope.  

Recently, hypothesis appeared that not Bcr-Abl, itself, but genes that are up-

regulated by the Bcr-Abl kinase activity may represent the crucial antigens for the 

induction of a cytotoxic T-cell response against CML cells [77, 103]. Scheich et al. 

demonstrated that the constitutively active kinase domain of Bcr-Abl has a key role 

in enhancing the immunogenicity of Bcr-Abl cells as the HLA class I restricted T-

cell responses were dominated by Bcr-Abl regulated antigens, and not by Bcr-Abl 

itself [103]. This hypothesis and results indicate new approaches in development of 

therapeutic vaccines in CML therapy. 
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7 Summary 
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7.1 Humoral and cellular immune responses developed in mice after 

intranasal delivery of model mouse polyomavirus derived VLPs carrying 

epitope of enhanced green fluorescence protein (EGFP) 

 

· Model chimeric EGFP-VLPs were purified and proved to be free of nucleic 

acids and protein contamination. Isolated chimeric VLPs were used for 

immunization of mice and immune response of immunized animals was 

examined. 

· No specific antibodies against EGFP protein, but high titers of specific 

antibodies against major structural protein VP1 were developed in the sera of 

immunized animals. 

· Splenocytes derived from immunized animals secreted IL-2 and IFN-γ after 

their antigen (EGFP or VP1) restimulation.  

· Proliferation of CD4
+
, but not CD8

+
 T cells from immunized mice after the 

stimulation with both EGFP and VP1 was observed.  

· No EGFP specific cytotoxic activity of splenocytes from immunized mice 

was detected using three detection methods. 

· The presentation of EGFP-VLPs in the context of MHC class II was blocked 

by inhibitors of endo-lysosomal as well as proteasomal compartments. 

· Changes in the numbers of CD25
+
Foxp3

+
 subpopulation of CD4

+
 T cells 

were observed in the spleens if immunized mice.  

 

7.2 Chimeric VLPs derived from mouse polyomavirus carrying epitopes of 

human Bcr-Abl fusion protein (Bcr-Abl VLPs) 

 

· Recombinant baculovirus for the production of MPyV major structural 

protein, VP1 and fusion protein composed of 171 amino acids sequence of 

Bcr-Abl protein (containing Bcr-Abl breakpoint region) and truncated MPyV 

VP3 protein, Bcr-Abl171-tVP3 was prepared. 

· Chimeric Bcr-Abl VLPs were isolated by density gradient centrifugations, 

examined by electron microscopy for ability of the proteins to assemble into 

VLPs and the presence of the epitope was proved by SDS-PAGE, Western 

blot and immunoelectron microscopy. 
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· Analysis of confocal microscopy proved that VLPs adsorbed on and entered 

mouse fibroblasts efficiently.  

· Chimeric VLPs were used for immunization of mice and immune response 

studies. 

· VP1-specific antibodies were developed in the sera from immunized animals; 

however, no anti-Bcr-Abl antibodies (IgG and IgM) were detected. 

·  Bcr-Abl VLPs induced activation of dendritic cells in vitro as shown by 

increased expression of CD86 and MHC II. In contrast, Bcr-Abl peptides 

(both 9-mer and 18 mer) did not. 

· Proliferation of splenocytes from immunized mice, specific to VP1, was 

observed, but no proliferation of cells specific to Bcr-Abl was detected. 

· No cytotoxicity specific to Bcr-Abl was detected by two different assays. 

· Another type of immunization strategy was tested: chimeric VLPs were 

loaded on dendritic cells and used for immunization. However, immunization 

with DCs loaded with VLPs did not result in the induction of any type of 

immune response specific to Bcr-Abl (antibody production, proliferation, 

cytotoxic activity). 

 

7.3 Preparation of DNA vaccine expressing the epitope of Bcr-Abl fusion 

protein 

 

· Plasmid for the expression of fusion protein Bcr-Abl171-tVP3 in mammalian 

cells was prepared.  

· The expression of the protein was verified in vitro by transfection of mouse 

fibroblasts and by detection the protein on Western blot and by 

immunofluorescence analysis of transfected cells. 

· Mice were immunized by the plasmid DNA using gene-gun and their immune 

response was investigated. Again, administration of the vaccine did not lead 

to the induction of any immune responses (antibody production, proliferation, 

cytotoxic activity). 
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8 Conclusion 
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Virus-like particles derived from mouse polyomavirus were shown previously to be 

highly immunogenic [16, 17]. Therefore, they are being studied for purposes to serve 

as immune stimulators and adjuvants. This property could be used for administration 

of non-replication antigens which are usually poorly immunogenic and often require 

addition of appropriate adjuvants. We have proved immunoadjuvant effect of 

chimeric VLPs by inducing higher antigen-specific immune response compared to 

administration of the same amount of antigen alone. This represents the possibility 

for mouse polyomavirus VLPs to use them as potent antigen delivery devices and 

simultaneously to serve as adjuvants. However, their unique adjuvant ability failed to 

support induction of immune response against such a low immunogenic antigen as 

sequences containing breakpoint region of Bcr-Abl fusion protein were found. 
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