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Abstract

Many tumour cells express high levels of proteins which are present in normal cells at 
lower levels. Such proteins might be targets for immunotherapy if lymphocytes with 
specificity for these proteins are present in the repertoire and can discriminate between 
cells expressing high or low levels of the target protein. The first step in exploring the 

possibility of targeting immunotherapy to normal self proteins is therefore to determine 
whether lymphocytes specific for molecules overexpressed in tumours exist and can be 
activated to recognise specifically cells expressing high levels of the proteins.

It was possible to stimulate murine cyclin D1 or mdm2 specific cytotoxic T lymphocytes 
(CTL) by in vivo priming of mice with recombinant vaccinia virus expressing the 
proteins. The in vitro conditions used for restimulation of in vivo primed CTL were 
found to have a profound effect on the magnitude of the CTL response observed in vitro. 
In addition, in vitro priming of CTL from naive spleens with peptide pulsed dendritic 
cells identified a mdm2 derived peptide, mdp441, which could stimulate CTL capable of 
recognising endogenously processed mdm2. These peptide specific CTL were of high 
avidity in contrast to most of the peptide specific CTL stimulated with other self peptides. 
The mdp441 peptide was not recognised by mdm2 specific CTL generated by in vivo 
immunisation with mdm2 protein.

The results show that tolerance to self proteins is not absolute and that it is possible to 
stimulate CTL to recognise endogenously processed self protein either by in vivo 
immunisation with recombinant vaccinia virus expressing the self protein or by in vitro 
priming of naive responder cells with peptide pulsed antigen presenting cells. These 
results have implications for immunotherapy of human cancers.
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1. Introduction

The immune system consists of a combination of cells and molecules which enable 
vertebrae including humans to detect and eliminate cellular or molecular components 
which are abnormal. The immune system is the body's defence against pathogens 

including viruses, bacteria and parasites. During recent years it has become clear that the 
immune system is able to recognise and eliminate tumour cells using mechanisms also 
involved in the control of pathogens. This thesis will deal with the identification of 
molecules which are expressed in tumours and which can stimulate the immune system to 
react to these tumours.

1.1. The function and role of the immune system

The immune system is able to provide a state of protection from disease, immunity. 
Immunity can be provided by two different mechanisms. Innate immunity is provided via 
polyspecific mechanisms, which do not improve on repeated contact with the same 
substance. Adaptive specific immunity is provided via specific mechanisms enabling the 
host to respond with increasing efficiency to repeated contact with the same substance (1; 

2).

The innate immune system is based on cellular as well as soluble factors. The main 
mechanisms involve phagocytosis of abnormal cells by phagocytic cells or lysis of 
abnormal cells. Professional phagocytic cells such as the polymorphonuclear neutrophils 
and to a lesser extent eosinophils residing mainly in the blood stream and the 
macrophages residing in the tissues can recognise foreign particles and phagocytose them 
(1). In the innate immune system, lysis of abnormal cells can occur via several 
mechanisms. Tumour cells or cells infected with microorganisms can be lysed by natural 
killer cells (NK cells). NK cells are bone marrow derived and thymus independent and 
constitute 5-10% of the peripheral blood lymphocytes in humans (2). The cells are 
operative in normal healthy individuals but can be further activated by interferons and IL-
2. The cells use integrins for target cell adhesion and probably operate via several 
receptors and target ligands in the recognition phase (3). Abnormal cells can also be lysed 

by the effects of soluble proteins such as the complement proteins or by secreted 
interferons derived from a variety of different cell types such as macrophages or NK 
cells. Interferons are particularly important to prevent viral replication (2).
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The innate immune system is based on the recognition of a limited number of components 
shared between different types of abnormal cells. These components include microbial 
polysaccharides, which stabilise the complement enzyme C3bBb on the surface of the 
microorganism or trigger immediate bactericidal activities of macrophages.

The innate immune system has three main characteristics (4). Firstly, the innate immune 
system is polyspecific due to the use of multiple receptors to recognise core components 
of common microbial constituents associated with a range of pathogens. Secondly, the 
system offers a certain degree of self non-self distinction. Finally, the innate system is 
characterised by rapid response kinetics in that all cells able to recognise a given microbial 
pattern rapidly become effectors.

Receptors on cells of the innate immune system are non-clonal. The limitations of innate 

immunity are mainly due to the limited number of different receptors resulting in restricted 
specificity. This becomes problematic once microorganisms change and evolve strategies 
to escape existing components of the innate immune system.

The limitations of innate immunity are overcome by specific acquired immunity. Specific 
acquired immunity is characterised by specificity and memory and is based on cellular 
components as well as soluble components. The specificity of acquired immunity is due 
to the involvement of two different cell types, B lymphocytes and T lymphocytes, 
carrying clonally expressed antigen receptors. Specific acquired immunity is to a certain 
degree influenced by cells and molecules also important for the development of innate 
immunity.

B lymphocytes mature in the bone marrow and traffic between tissues, the blood stream 
and lymph glands following maturation. B lymphocytes contain membrane bound 
antibodies which are able to interact with extracellular components found in the tissues or 
blood stream. When antigen is bound specifically to surface bound antibodies, the 
lymphocytes are triggered to develop into a population of antibody secreting plasma cells 
or non-dividing memory cells over a period of 4 to 5 days (1; 2). All clonal progeny 
from a given B cell secrete antibody molecules with the same specificity. The clonal 
proliferation of antigen specific B cells form the basis of the specificity and rapidity of the 
antibody response upon subsequent encounters with antigen.

T lymphocytes mature in the thymus and will be described in more detail in later sections.
As with B lymphocytes, T lymphocytes circulate between tissues, the blood stream and 
lymph glands after maturation. T cells do not recognise whole cells or molecules, but 
recognise peptides presented on the surface of cells in the context of major 
histocompatibility complex (MHC) class I or class II molecules. Like B lymphocytes, T
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lymphocytes mediate the antigen specific interaction with antigen presenting cells via 
specific receptors known as T cell receptors (1; 2).
There are two major T lymphocyte subsets, CD4 positive T cells and CD8 positive T 
cells. T helper cells are mostly CD4 positive and recognise peptides derived from 
exogenous or membrane bound proteins in the context of MHC class II molecules. T 
helper cells interact with antigen presenting cells such as macrophages, dendritic cells and 
B lymphocytes. This interaction can result in the production of cytokines by the T helper 
cell. The production of cytokines stimulate effector function and proliferation of a wide 
variety of cell types including B lymphocytes and cytotoxic T lymphocytes (CTL). CTL 
are mostly CDS positive. CTL recognise peptides in the context of MHC class I 
molecules. Interaction of CTL with MHC class I/peptide complexes on target antigen 
presenting cells can result in differentiation and proliferation of the CTL and lysis of the 

target cell ( 1; 2).

Experimental evidence indicate that acquired specific immunity can contribute to tumour 
recognition and elimination in vitro and in vivo (5; 6; 7). In contrast, the role of innate 
immunity in tumour recognition is still ill defined, but will be briefly summarised below 
prior to outlining the reasons for primarily focusing on acquired specific immunity and 
CTL in particular in a tumour immunotherapy context.

Granulocytes and NK cells are cell types involved in innate immunity which are thought 
to play some role in tumour elimination in vivo. Firstly, macrophages can autonomously 
lyse some tumour cells, but activation by T cell secreted cytokines and IF N -y can 

augment the process (8). Secondly, granulocytes and in particular eosinophils have been 
found to infiltrate and be important for rejection of tumours in several murine 
experimental systems involving the use of tumours transfected with cytokines (9; 10). 
Thirdly, NK cells recognise and lyse tumour cells in several different ways one of which 
is dependent on low or absent MHC class I expression on the target cell (2; 3; 10). 
Certain MHC class I molecules present on target cells appear to deliver an inhibitory 
signal to NK cells via the interaction with specific receptors on the NK cells including the 
Ly49 family in the mouse and the p58 family in humans (11). In vivo, NK cells are 
thought to be important in the defence against tumours which are poorly immunogenic 
and unable to elicit a strong T cell response due to low levels of MHC expression.

NK cells as well as neutrophils and monocytes can also participate in tumour recognition 
by interacting with components of the specific acquired immune system, namely antigen 
specific antibodies. These cells possess receptors for antibodies, Fc receptors, on the cell 
surface. Binding of tumour specific antibodies to these receptors can mediate antibody 
dependent cell- mediated cytotoxicity of tumours (2; 12). To mention one example, NK
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cells and antibodies were recently found to be required for recognition and elimination of 
gp75 expressing melanoma cells in mice (13).

Antibodies specific for oncogenes or other tumour specific proteins have been found at 
high levels in several cancer patients and the use of labelled and unlabelled antibodies is 
currently being investigated as an alternative to chemotherapy in humans (12; 14). 
Passive antibody based therapies represent a way of specifically targeting tumours. 
Problems with access to tumour sites as well as unwanted immune responses to 
components of the antibodies used might limit the use of passive antibody based 

immunotherapy. Active antibody based immunotherapy based on in vivo immunisation 
has also been problematic due to problems with inducing strong antibody responses in 
vivo (5). However, there are examples of immunisation protocols, such as immunisation 

with purified or modified glycolipid antigens or antiidiotypic antibodies against the 
melanoma specific ganglioside (cell surface glycolipid) GD2, which appear to be 
associated with prolonged disease-free survival in patients with metastatic melanoma 
(15).

Activation of CTL against tumour specific antigens would overcome some of the 
limitations of some of the antibody based therapies. There is overwhelming evidence that 
CTL specific for a wide range of tumour antigens can recognise and destroy tumour cells 
in vitro and in vivo (5; 16; 17; 18). Results from clinical trials in humans suggest that 
activation of tumour specific CTL is involved in the specific recognition and destruction 
of tumours in humans in vivo (19; 20). The use of CTL to target tumours requires that 
the CTL can get into contact with the tumour or tumour derived antigens and specifically 
recognise and destroy tumour cells without simultaneously destroying surrounding 
healthy tissue. To achieve these goals, it will be important to profoundly understand a 
wide range of issues dealing with the nature of CTL, the nature of tumours and the nature 
of the interaction between CTL and tumours. These issues include

I) The mechanisms determining the identity of the antigens presented to CTL, including:-
a) mechanisms of peptide binding to MHC class I molecules
b) mechanisms of synthesis and assembly of peptide/MHC class I complexes.

II) The mechanisms determining the identity of the CTL being able to be activated, such 

as:-
a) mechanisms of T cell recognition of antigen.
b) mechanisms of T cell activation.
c) mechanisms of execution of T cell effector function.
d) mechanisms by which the T cell repertoire is influenced by T cell development in the 
thymus and in the periphery
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III) Tumours as potential targets for specific CTL, such as:-
a) the contribution of altered protein expression in tumour cells to the generation of novel 
tumour antigens.
b) the potential benefits and disadvantages of using normal self proteins as targets for 
tumour specific CTL.



18
1.2. The mechanisms determining the identity of the antigens presented to CTL

The identity of the peptide antigens presented on the cell surface to CTL is determined by 
several factors. These factors include the nature of the MHC class I molecules on the cell 
surface and the mechanisms involved in the synthesis and assembly of MHC class 
1/peptide complexes.

1.2.1. Polvmorphic MHC class I molecules bind peptides and present them to CTL 
Cytotoxic T lymphocytes (CTL) are mostly CDS positive and recognise target cells 
sharing MHC class I molecules with the CTL (21). The discovery of the principle of 
MHC restricted CTL recognition was important for the later discovery that CTL do not 
recognise whole proteins in a manner analogous to the recognition of antigen by B cells, 
but instead recognise MHC class I molecules in association with small peptides (22). The 

interaction between T cell receptors on the CTL and MHC class I/peptide complexes on 
antigen presenting cells trigger a series of intercellular signals which lead to CTL 
differentiation, proliferation and execution of effector function.

MHC class I molecules are heterodimers composed of a membrane-anchored heavy chain 
(with extracellular domains a l ,  a2  and a3 ) non-covalently linked to soluble P2 
microglobulin (p2m) (23). MHC class I heavy chains are encoded by the A, B and C loci 

on chromosome 6 in humans and by the K, D and L loci on chromosome 17 in mice and 
are extremely polymorphic (23). As an example, it has been estimated that there are 
between 50 and 100 alleles at both the K and D loci (24). Each individual can express a 
maximum of 6 different class I molecules and it is estimated that between 10^ to 10^ class 
I molecules are present on the cell surface (25).

A particular combination of class I alleles is denominated the haplotype. Certain inbred 

mice strains have been designated as prototype strains, and the haplotype expressed by 
these strains is designated by a particular superscript. Mice of the H-2b haplotype such as 

C57BL/6 mice express only two different class I molecules, and Dl’, on the cell 
surface, whereas mice of the H-2^ haplotype, such as Balb/c mice, express three different 
class I molecules, K^, L^ and D^ (2). Most of the amino acid substitutions between the 
products of different class I alleles are localised to the a l  and a2  domain with the a3 
domain being relatively conserved and P2m invariant. As an example there are 

approximately 50 amino acid differences between and Dl’ molecules.

The first crystal structure of a MHC class I molecule with bound peptide was solved in 
1987 (26) and to date the crystal structures of five different MHC class I molecules, 
human HLA-A2, HLA-Aw68 and HLA-B27 and murine Kl’ and Dl> molecules have been 
solved (for review see (27)). All these class I molecules were crystallised together with
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peptide. The crystallographic data has been supplemented by sequence data of peptides 
naturally bound to class I molecules (28; 29; 30; 31). It appears that peptides bound to 
class I molecules are usually 8 to 9 amino acids long although there are some longer 
exceptions. The peptides are bound in an extended conformation along a 30 A long cleft 
formed by the a l  and a2  helix of the class I heavy chain. The peptide backbone forms a 

number of hydrogen bonds and van der Waal's bonds with the MHC molecule. These 

interactions are independent of the sidechain of the peptide and will stabilise any peptide 
which can adopt the required backbone conformation (27).

While the network of hydrogen bonds and van der Waal's contacts connects the peptide 
main chain to complementary MHC side chains, further interactions involve a few peptide 

binding side chains. These interactions impose sequence requirements on the peptides that 
can bind, a so-called peptide binding motif. The presence of these motifs is due to a 
number of pockets in the peptide binding cleft of the class I molecules. Many of the MHC 
side chains that contribute to these pockets are polymorphic, so the stereochemistry of the 
pockets differ between class I molecules. The size and charge of these pockets will 
determine the amino acid sequence of the peptide being able to bind stably in the MHC 
class I cleft. As an example, elution of peptides bound from the murine molecule has 
shown that the bound peptides preferably contain asparigine at position 5 (31). 
Crystallographic studies have shown that the pocket accommodating this amino acid 
contains amino acids with polar and large side chains including Glu9, GlnTO, Gln97 and 
Tyrl56 and these residues can form hydrogen bonds with the smaller P5 Asn anchor side 
chain (32). Amino acids which are very specific for certain pockets in the class I 
molecules are called primary anchors. However, a few binding peptides are found which 
do not contain these primary anchor residues. In addition to the strict primary side chain 
binding pockets, there are further interactions with side chains that do not have a strict 
preference for individual side chains but can nevertheless modulate the affinity of peptide 
MHC complexes. These amino acids are referred to as secondary anchors (27).

Certain MHC class I molecules such as HLA-A2.1 and HLA-B7 have been found to be 
associated with thousands of different peptides. It appears that more than 90% of peptides 
eluted from cells of different origins but expressing the same class I molecule are identical 
(25). The identities of several peptides eluted from class I molecules have been revealed 
(25). The peptides bound to MHC class I molecules originate from a variety of different 
sources including proteins involved in the regulation of the cell cycle such as cyclin D2 
and cyclin B, ribosomal proteins, heat shock proteins, proteins involved in metabolism 
such as fructose-6-phosphate amino transferase and proteins involved in translation such 
as elongation factor 2 (33; 34). Peptides derived from abundant proteins such as 
elongation factor 2 involved in house keeping as well as peptides derived from less 
abundant proteins making up as little as 0.01-0.02% of total cellular protein such as the
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regulatory subunit of phosphatase 2a have been found in association with MHC class I 
molecules on the cell surface (34). This means that other factors than the relative 
abundance of a protein influences whether the peptide is presented. One of these factors 
includes the ability of protein derived peptides to bind to MHC class I molecules as 
outlined above. The ability to be processed and presented for binding to a given MHC 
class I molecule is equally important and is a major factor contributing to the stable 

assembly of MHC class I molecules.

1.2.2. The synthesis and assembly of peptide/MHC class I complexes

At physiological temperatures, MHC class I molecules can not remain in a stable 
conformation without peptide (35; 36) and intracellularly supplied peptides able to bind 
to class I molecules are essential for the formation of stable class I molecules in the first 
place (37; 38). Peptides are generated in the cytosol and transported into the endoplasmic 
reticulum (ER) by a set of transporter molecules, TAPI and TAP2. In the ER, peptides 
associate with newly synthesised class I molecule/p2in dimers that are retained there by 

the p88/IP90 chaperone calnexin (39). Calnexin is an abundant calcium binding ER 
membrane protein. It can bind to several conformations of the MHC class I molecules and 
seems to be important in stabilising the newly synthesised and unfolded class I molecule 
in both mouse and man (40). However, human cell lines deficient in calnexin have been 
found to have normal transport and surface expression of class I molecules (41) and 
altogether the role of molecular chaperones in the MHC class I assembly process is still 
unclear.
From the ER, the heavy chain class I/peptide complex is transported to the cell surface via 

the Golgi apparatus (39), Figure 1.2.1.
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The MHC class II pathway resulting in the presentation of peptides to CD4 positive T 
helper cells is different. In the ER, newly synthesised MHC class II molecules are 
assembled together with a transmembrane glycoprotein, the so-called Invariant chain (li). 
Association with li prevents binding of peptides to MHC class II molecules. li contains 
an endosomal/lysosomal targeting motif which is responsible for the delivery of the 
newly synthesised class II li complexes to a prelysosomal compartment called an early 

MHC class II compartment (early MIIC). li is degraded by proteases such as cathepsin B 
and D in the early MIIC. A fragment of li, CLIP, remains bound to the class II molecule. 

Proteins or partially degraded proteins which are derived from the cell membrane or taken 
up by endocytosis from the extracellular fluid are also present in this compartment. The 
proteins will gradually be completely degraded and travel together with the class II /CLIP 
complexes to the MHC class II compartment (MIIC). In this compartment, CLIP is 
removed by the DM molecule and peptide will be able to bind (42). From the MIIC, the 
peptide MHC class II complexes are transported to the cell surface.

The differences in the way class I and class II molecules load peptides explain why class 
II restricted T cells mainly recognise peptides derived from exogenous proteins whereas 
class I restricted CTL mainly recognise peptides derived from endogenously produced 
proteins present in the cytosol. There is increasing evidence that exogenous proteins can 
also get access to the class I pathway (43; 44; 45; 46; 47), but the physiological 
relevance of this finding is unclear (47). The mechanism by which exogenous proteins 
get access to the class I pathway is still not clear, but the pathway could be important for 
priming of CTL responses to proteins released from dying cells such as necrotic tumour 
tissue. In this respect, complexing of proteins with heat shock protein gp96 has been 
found to provide a way of linking exogenous protein uptake to the class I pathway (48).

Peptides presented by MHC class I molecules are mostly derived from proteins cleaved in 
the cytosol by proteases. There is now ample evidence that the protease responsible for 
the generation of at least some epitopes is the multi-catalytic protease complex, the 
proteasome. The proteasome is involved in the ubiquitin dependent degradation of the 
bulk of cellular proteins. The catalytic core of the complex is the 20S particle. This 
particle comprises about 1% of total cellular protein and is located in the cytosol and the 
nucleus of all eukaryotic cells (49). The 20S particle associates with a 19S particle. The 
19S particle has a binding site for ubiquitin and appears to function as a chaperone 
unfolding polypeptides and injecting them into the 20S complex, which contains up to 5 
different peptidase activities (50). The 20S proteasome contains about 14 distinct, but 
related subunits of which HC7-I, H C10-11 and HN3 are responsible for tryptic, 
chymotryptic and V8-protease-like actions respectively (51). In vitro transfection studies 
have shown that the LMP7 subunit increases the capacity of the proteasome to cleave after 
hydrophobic and basic residues and decreases the ability to cleave after acid residues
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whereas the LMP2 subunit increases the cleavage after hydrophobic residues and 
decreases the ability to cleave after acidic residues (52). Interferon-y (IFN-y) affects the 

proteolytic activity of the proteasome, enhancing the activity for endoproteolytic cleavage 
of peptide bonds on the carboxyl side of basic and neutral residues, while decreasing their 
activities for peptides containing acidic amino acids. IFN-y does not affect HC7-I, HCIO- 

II and HN3, but does up-regulate LMP2 and LMP7. These subunits appear to replace 
two other subunits, the X and Y subunits, and thereby influence the specificity of the 
complex (51).

The evidence of the role of the ubiquitin/proteasome system in the generation of antigenic 
epitopes is based on several lines of evidence. Firstly, inhibitors of the proteasome such 
as peptide aldehydes (53; 54) or lactacystein (55) prevent the generation of certain 
peptide epitopes. Secondly, purified proteasome 20S particles have been shown to 
produce certain immunodominant CTL epitopes exactly such as a hepatitis B virus e- 
protein epitope from a longer peptide precursor (56) or the ovalbumin OVAp257 epitope 
from whole ovalbumin (57). In the latter case, a subdominant ovalbumin epitope was 
cleaved by the proteasome at internal sites with the cleavage depending on the amino acid 
sequences surrounding the peptides in question (57). Thirdly, LMP2 knock-out mice and 
LMP7 knock-out mice are deficient in the presentation of certain CTL epitopes (58; 59) 
although in vitro experiments have questioned the importance of these subunits in the 
generation of peptide epitopes in general (60). Finally, the rate of antigen degradation by 
the ubiquitin-proteasome pathway has been found to correlate with the ability to present a 
certain antigen (ovalbumin) to a class I restricted T cell hybridoma (61), but ubiquitin 
might not be required for the generation of other epitopes (56).

Peptides from the cytosol are transported into the ER via an ATP dependent mechanism 
involving the translocation of the peptides through a channel in the ER membrane formed 
by the interaction of two subunits of the TAP transporter complex, TAPI and TAP2 (62;
63). The TAP molecules are able to physically interact with the MHC class I/p2m 

complex in the ER (64; 65) through binding of the TAP2 subunit to the complex (63).
The physical interaction between TAP molecules and the MHC class I molecules appears 
to be essential for peptide binding to MHC class I molecules, as human cell lines with 
genetic defects preventing this association have defective binding of peptides to class I 

molecules (66).

The human TAP molecule has been found to transport peptides of 8-12 amino acids in a 
rather promiscuous way, but transport of peptides as long as 28 amino acids has also 
been reported (67). Human TAP molecules preferentially select peptides with a 
hydrophobic and basic C terminal residue (68; 69), and with hydrophobic residues in 
position 3 and hydrophobic or charged residues in position 2 (68). The mouse TAP
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molecule has been shown to preferentially transport peptides with a minimum of 9 amino 
acids with a hydrophobic C terminus (69; 70). Interestingly, several immunodominant 
peptides have been found to be very inefficiently transported by mouse (71) or human 
TAP molecules (68). Certain amino acids in certain positions have been found to have a 
deleterious effect on transport (68; 71) but the transport can be improved by introducing 

certain amino acid substitutions in the sequence or by including naturally flanking amino 
acids to the peptide sequence (71). The later finding may suggest that some peptides are 
transported into the ER having a size optimal for class I binding, whereas others are 
transported as longer fragments which potentially could be trimmed in the ER (68; 71). 
Proteases able to produce antigenic peptides are present in the ER (72; 73). This would 
also explain how class I molecules such as HLA-B7 bind peptides which have motifs 
differing significantly from the TAP motifs. In one case, the lack of TAP transport of an 
immunogenic self peptide was shown to be the restriction point preventing the 
endogenously produced peptide to be presented to CTL able to be activated by 
exogenously added peptide (74). There is a limited degree of sequence polymorphism in 
human and murine TAP molecules, but this polymorphism does not appear to influence 
the set of peptides transported (75; 76).

In summary, the identity of the antigens available for presentation to CTL is strongly 
influenced by four main factors
1) The abundance of the proteins in the cells;
2) The nature of the peptides generated by proteolytic processing of individual proteins in 
the cell;
3) The efficiency with which the peptides are translocated into the endoplasmic reticulum;
4) The efficiency of the binding of peptides to MHC class I molecules.

These four factors are all involved in determining the number of peptides derived from an 
individual protein which is presented on the cell surface by MHC molecules. In addition, 
for a given protein able to be processed for presentation by MHC class I molecules, there 
appears to be proportionality between the level of protein produced by the cell and the 
level of peptides presented on the surface. This has been shown by analysis of the 
presentation of peptide epitopes from the Listeria monocytogenes protein p60 (77). 
According to this, a normal cell expressing low levels of a house keeping self protein 
such as cyclin D l or mdm2 would be expected to have less MHC class I complexes 

containing a particular cyclin Dl or mdm2 derived peptide on the cell surface than a 
tumour cell expressing high levels of cyclin D l or mdm2, providing that other 
components of the MHC class I synthesis and assembly pathway are unchanged.
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The presence of MHC/peptide complexes on the cell surface is an absolute requirement 
for the activation of CTL. The availability of T cells able to recognise the MHC/peptide 
complexes with sufficient avidity to allow activation is equally important and will be dealt 
with in the next section.
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1.3. The mechanisms determining the identity of the CTL able to be activated by 
presented antigens

1.3.1. The molecular interaction between T cell receptor and MHC/peptide complexes 

T cells recognise antigens via the T cell receptor (TCR). Two different types of T cell 
receptors exist, the ap  TCR made up a a  chain and a p chain, and the yÔ TCR made up 
o f a y  chain and a Ô chain. The aP  complex or the yô complex are non-covalently 
associated with five other invariant molecules including the TCR Ç chain. The whole 
complex is called the CD3 complex. The ap  receptor is the most common receptor and is 
present on 95% of peripheral blood T cells (78). yô T cells are implicated in the 

recognition of certain bacterial or virus infected cells including mycobacteria infected 
cells. The recognition is peptide independent and involves non-peptidic antigens such as 
isopentenyl pyrophospate (79).

T cell receptor genes are split in the germline DNA into a number of gene segments 
comprising V, D, J and C segments. These gene segments recombine in a developing T 
cell to produce a contiguous V-(D)-J exon. This exon is spliced together with the C 
region at the level of RNA. There are approximately 50 V a  segments, over 70 J a  
segments, one single C a  segment, nearly 60 v p  segments and two Cp segments which 

each possesses a set of Jp segments and one Dp segments, the recombination of which 

allows a high degree of diversity in the T cell receptor repertoire. In addition to the 
diversity created by the combination of the V, D, J and C segments, non-germline 
encoded nucleotides can be added at the V-(D)-J and Ja-C a. Altogether, more than lÔ G 
junctional combinations may exist for the aP  heterodimers (78). Within the aP  TCR 

there are three hypervariable regions, CDRl, CDR2 and CDR3. CDR3 is located at the 
VJ and VDJ junctions of the a  and p chains respectively. It seems likely that CDR3 

regions will make direct contact with the antigenic peptide presented by the MHC 
molecule (80).

The crystal structure of the TCR/peptide/MHC complex has not been solved yet, but 
mutational analysis as well as structure data obtained from the crystal structures of MHC 
class I/peptide complexes indicate that the T cell receptor makes direct contact with certain 
amino acids. The overall orientation of the TCR on the MHC target has been found to be 
identical for different TCR/MHC/peptide complexes with the T cell receptor contacting 
residues in the C-terminal region of the a  helices on the class I molecule and having an 
orientation that is parallel to the P-pleated strands and diagonal to the a  helices (81). The 

use of different class I specific antibodies has shown that MHC class I molecules adopt 
different conformations depending on which peptide is bound. It has been suggested that 
this peptide related conformational change in the MHC molecule might affect T cell 
recognition (82; 83). The crystal structure of different peptides bound to the same class I
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molecule does confirm that different MHC class I side chains are in different 
conformations depending on which peptide is bound (84). Individual peptide/MHC 
complexes seem to be able to be contacted by different T cell receptors in several different 
ways. As an example, three different T cell clones specific for HLA-Al in association 
with a peptide derived from a melanoma specific antigen MAGE-1 were found to have 
different T cell receptors which were dependent on different amino acids within the 
peptides bound to the class I molecule for recognition of the complex (85).

The affinity of the T cell receptor for the peptide/MHC class I complex is low compared 
with the affinity of other receptor ligand interactions including most antibody-antigen 
interactions or growth factor-growth factor receptor interactions. The binding of trace 
labelled soluble peptide MHC class I complexes to TCR molecules on intact cells has 
been used to measure the equilibrium constant for the interaction between TCR and 
MHC/peptide complex. The equilibrium constant was estimated to be 1 x 10^-2 x 10^ M‘l 
when a particular TCR was interacting with peptide in association with allogeneic MHC 
molecule and 1.5 x 10^ M'^ when a different TCR was interacting with the same peptide 
in association with syngeneic MHC molecule (86).
Despite being of low affinity, the discriminatory power of certain T cell receptors for 
particular peptide/MHC class I complexes is impressive. A CTL clone specific for a self 
peptide 2Ca in the context of the murine class I molecule was found to be able to 
distinguish between peptides which differed in only a single oxygen atom (87). Even a 
few MHC/peptide complexes on antigen presenting cells can stimulate CTL. The number 
of complexes needed to sensitise T cells to lysis vary between 10 and several thousands, 
and the fraction of surface class I molecules occupied by the epitope varies from less than 
1 per mille as in the case of the ovalbumin derived CTL epitope OVAp257 to as much as 
67% for some peptides (88). Serial triggering of many T cell receptors by a single 
peptide-MHC complex could be responsible for the low number of complexes which can 
activate a T cell (89).

Despite the high discriminatory power of the T cell receptor, the same receptor is able to 
bind to many different MHC class I/peptide complexes, although in some cases with 

different affinity. The concept of so-called molecular mimicry or cross reactivity of 
different peptide ligands is extremely important for the understanding of the generation of 
the T cell receptor repertoire and maintenance of T cell memory. For class II restricted T 
cells, it has been found that peptides with as little as 1 amino acid in common could 
stimulate specific T cell responses (90) and T cell clones derived from multiple sclerosis 
patients and specific for myelin basic protein were found to cross react with several 
virally and bacterially derived peptides (91). Molecular modelling of MHC class 
Il/peptide complexes has shown that molecular mimicry is not based on sequence
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similarities between different peptides but rather on similarity between the antigenic 
surfaces seen by the T cell receptor (92).

1.3.2. Mechanisms of T cell activation.

Peripheral T cells are generally thought of as being in one of three states: naive, memory 
or effector (93). A naive T cell is a circulating precursor which has not encountered 
antigen, and hence been activated, since exit from the thymus. A memory T cell is derived 
from a naive cell after encountering antigen in the context of antigen presenting cells at 
least once, but has subsequently returned to a resting state. Memory T cells exist at a 
higher frequency than naive T cells and are long lived as a population. Effector cells are 
short-lived cells which arise from either naive or memory cells several days after 
restimulation. A proportion of effectors appear to die shortly after restimulation, whereas 
some survive and go to the memory pool. Memory and effector T cells respond well to 
TCR stimulation, but naive T cells respond weakly or not at all (93).

T cell activation (proliferation and secretion of cytokines) is brought about by a 
combination of TCR and co-stimulatory signals. These interactions include the 
interactions between CD28/CTLA-4 and B7-1, 2 or 3 as well as the interactions between 
CDS and MHC class I, LFA-I and ICAM-I, CD2 and LEA 3, CD5 and CD72 and VLA 
integrins and their respective ligands. The importance of some of these interactions in 
mediating adhesion and signalling to activation seems to depend on the affinity of the 
TCR for the MHC/peptide complex. Of all these interactions, B7-1, 2 and 3 appear to be 
the principal costimulatory molecules while the other molecules mostly seem to function 
in increasing the avidity of the interaction between the T cell and the antigen presenting 
cell (93). The combined action of the TCR with the MHC class I/peptide complex and 
other adhesion molecules contributes to the overall avidity of the interaction of a T cell 
with an antigen presenting cell.

The CDS molecule is disulphide linked heterodimer of two unrelated a  and P chains. 

Most class I restricted CTL express this molecule whereas class II restricted T helper cells 
express the CD4 molecule. The interaction of CD4 and CDS molecules with MHC 
molecules during T cell development and response to antigen is very important (94). CDS 
is involved in both adhesion and signalling. The CDS molecule interacts with both the a2  
and a3 domain of the MHC class I molecule (95; 96). Basal affinity of CDS for class I is 

insufficient to mediate sufficient adhesion, but engagement of the TCR activates CDS 
possibly by phosphorylation of the tyrosine kinase p56^^^. When activated CDS binds to 
class I, p56 (̂^  ̂ undergoes dephosphorylation. This results in increased activity of the 
enzyme and activation of other enzymes further down the signalling pathway (93; 97;
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98). Most allo-specific CTL lines do not need any cell surface molecular interaction to 
trigger degranulation other than the interaction between the T cell receptor and the class I 
molecule (98). Allo-specific CTL generally bind to APCs with high avidity due to high 
affinity of the T cell receptor for the MHC class I /peptide complex (86). CTL which can 
engage in high avidity interactions with a target cell, due to the interactions between TCR 

and MHC/peptide complexes, are less dependent of CD8 than CTL only being able to 
engage in similar low avidity interactions (99; 100).

CD28 is expressed on most CD4+CD8+ thymocytes and peripheral CD4+ or CD8+ T 
cells. CTLA-4 is expressed on activated CD4+ and CD8+ T cells and is regulated by 
signals from CD28. The abundance of CTLA-4 is lower than the abundance of CD28, but 
the molecule binds with higher affinity to B7-1 than CD28 does (101). B7-1 (CD80) and 
B7-2 (CD86) appear to have different roles. B7-2 is the dominant costimulatory ligand 
during primary immune responses whereas B7-1 which is up-regulated later in immune 
responses may be critical in prolonging primary T cell responses or costimulating 
secondary T cell responses. B7-1 is expressed at low levels on dendritic cells, 
macrophages and thymic epithelial cells, but is up-regulated on these cells following 
activation. B7-2 is constitutively expressed on dendritic cells and macrophages and is up- 
regulated upon activation. On B cells, B7-2 is rapidly expressed after activation, whereas 
B7-1 expression appears significantly later (102).

Binding of CD28 is required for antigen specific T cell responses and absence of 
costimulation via this molecule leads to functional inactivation or clonal anergy of T 
helper clones. This state is characterised by failure to produce IL-2 and can be corrected 
by the addition of exogenous IL-2 (101). Blocking of CD28 function during primary T 
cell activation does not induce anergy as with T helper clones, but the interaction between 
CD28 and B7-1 or B7-2 can clearly facilitate the initiation and progression of T cell 
responses. With respect to T helper cells, it has been suggested that, depending on how 
well the T cell bind to the antigen presenting cell via TCR/MHC/peptide interactions, the 
CD28/B7 interaction might not be absolutely required for primary T cell activation, but it 
might be essential for clonal expansion in vitro and perhaps in vivo (102). For T helper 
cells, the dependency of the CD28 mediated signal is thought to relate to the strength of 
the TCR engagement by the antigen, with CD28 signalling being essential under 
conditions of low antigen density but not necessary under some conditions of high 
antigen density, such as during a virus infection. CD28 signalling might even contribute 
to down-regulation of immune responses via clonal exhaustion under conditions of 
extremely high levels of TCR occupancy (102).
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With respect to CTL, naive CTL are less responsive to TCR mediated signals than 
memory CTL and naive CTL require more costimulation for maximal proliferation and 
cytokine production than memory CTL do. Effector CTL have the lowest requirement for 
costimulation (93). Altogether, the CD28-B7-1 interaction is required during the inductive 
phase of a CD8+ CTL response leading to the generation of effector CTL but is not 
required during the effector phase. W ith a sufficient signal mediated by the 
TCR/CD8/MHC/peptide interaction and CD28/B7 interaction, help provided by CD4 T 
helper cells is not needed (103; 104; 105).

Most human tumours studied by immunohistology do not bind monoclonal antibodies 
specific for B7-1 and B7-2 (106). This could explain why many tumours which do 
indeed express antigens able to be recognised by CTL do not induce immune responses.
This was initially demonstrated with a B7-1 negative melanoma cell line unable to induce 
CTL despite expressing high levels of a defined tumour antigen, the human 
papillomavirus protein B7. Transfection of B7-1 into the cell line resulted in the induction 
of CTL able to recognise both the B7-1 positive and B7-1 negative tumour. The presence 
of B7-1 was required to induce the immune response but not to serve as a target (107).
This work has since been confirmed using several other tumour cell lines. Some tumours 
are not able to stimulate CTL to proliferate and exert effector function even in the presence 
of antigen and B7-1/B7-2 -CD28 interaction (106). Additional costimulatory signals 
provided by ICAM-1 were necessary to stimulate a primary immune response for some of 
the tumours falling into that category (10). A subset of NK cells also express CD28 and 
the B7-1/CD28 interaction is thought to be important in NK mediated rejection of tumours 
expressing only low levels of MHC class I molecules (108). The issue of stimulation of 
tumour specific CTL responses will be discussed in more detail in section 1.4.

The requirement of a second signal to activate T cells might also play an important role in 
the maintenance of T cell tolerance towards self proteins in normal non-cancerous cells in 
vivo, see also section 1.3.3. To mention an example, transgenic mice expressing high 
levels of class II molecules on islet cells in the pancreas are healthy, whereas mice 
expressing both high levels of class II and B7-1 develop autoimmune destruction of (3- 

cells in the pancreas (109).

Adhesion mediated by several integrins on the T cells, such as LFA-1 or members of the 
VLA protein family, is also up-regulated upon TCR engagement (98). The interaction 
between ICAM-1 and LFA-1 has been found to deliver a costimulatory signal allowing 
for antigen induced proliferation of CD4 T lymphocytes. This signal is not linked to the 
induction of IL-2 secretion (106).
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In addition to costimulatory signals provided by the interaction of surface molecules, a 
variety of different cytokines influence the generation of CTL. The number of known and 
unknown cytokines able to influence the CTL response either directly or indirectly (via 
the action on T helper cells) is huge. Only the major trends will be discussed here, for 
extensive reviews see (110; 111; 112; 113; 114).

IL-2 has been found to be both necessary and sufficient for the proliferation and 
differentiation of CTL into effector function (115). Exogenous IL-2 can be provided by T 

helper cells, but the mechanisms by which this help is provided in vivo are still not clear.
In one in vitro model using cloned T helper cells, the T helper cell clones produced IL-2 
and provided help to CTL only when the CTL and T helper clone interacted with peptides 
presented on the surface on the same antigen presenting cell, but the peptides did not have 
to be derived from the same molecule (116). However, not all CTL need help from T 
helper cells in vivo or in vitro. The use of transgenic mice has shown that T cells able to 
engage in high avidity interactions with antigen presenting cells are less dependent on 
help (99; 117). High avidity T cell interaction with an antigen presenting cell results in 
the production of IL-2 and IL-2 receptor by the CTL and proliferation of the cell. In 
contrast, low avidity T cell interactions with an antigen presenting cell results in no IL-2 
production by the CTL and no proliferation although IL-2 receptor is synthesised (117).
The nature of the antigen presenting cell interacting with the CTL plays an important role 
in determining the need for help. In that respect, dendritic cells have been found to 
stimulate primary CTL responses to some antigens in the absence of CD4 T helper cells 
(118; 119). Dendritic cells were used extensively as antigen presenting cells in the 
present work and will be described in more detail in chapter 4 and chapter 5.

During T cell culture in vitro, IL-2 is added exogenously to support proliferation and 
effector function of CTL irrespective of the avidity with which they are able to interact 
with the antigen presenting cells used in the culture. The situation is different in vivo. If 
in vivo immunisation is performed in a way which does not stimulate any T cell help or 
local production of IL-2, the proliferation of CTL able to engage in high avidity 
interactions with target antigen presenting cells will be favoured. NK cells also expand in 
response to IL-2, but higher concentration are required than for CTL, as NK cells 
predominantly express the p75 intermediate affinity IL-2 receptor (118).

In an in vivo setting, T helper cells will be a major source of cytokines influencing the 
CTL response in a positive or negative direction. T helper (Th) cells develop from a ThO 
subset producing IL-2, IFN-y and IL-4 into either Thl producing IL-2, IFN-y and 
tumour necrosis factor p (TNF-P) or Th2 producing IL-4, IL-5,IL-6,IL-10 and IL-13. 

T hl cells stimulate cell mediated immunity, whereas Th2 cells primarily stimulate
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humoral responses and some allergic type responses with the activation of eosinophils 
and basophils (120; 121). The two subsets are also involved in mutual regulation of their 
activities. This is important not only for mounting appropriate response to different 
pathogens, but also for regulation of autoimmune responses. Lymphokines produced by 
Th2 cells can regulate the activities of Thl cells which in some cases of prolonged 

activation might be responsible for local inflammation and tissue damage (120). IL-12 
and a newly identified cytokine, IFN-y-inducing factor (IGIF), are known to stimulate 

CTL responses by stimulating production of IFN-y by T hl cells, whereas IL-4 can 

stimulate the development of Th2 responses (122; 123).

The source of the cytokines influencing T helper cell differentiation in vivo is unclear. 
Macrophages infected with intracellular organisms produce IL-12. IL-12 can rapidly 
stimulate NK cells to produce IFN-y which, together with suitable APCs, can prime naive 
T cells to become IFN-y producers. IL-4 could be derived from mast cells, basophils or 

both (113). It has been suggested that the interaction of B7-1 and B7-2 with CD28 on T 
helper cells could result in a Th2 and Thl type response respectively (124). This finding 
conflicts with findings by other groups indicating that the effect is the opposite or that the 
two costimulatory molecules are involved in similar types of responses. These conflicting 
results could possibly be explained by variability of the strength of the TCR-mediated 

signals following exposure to antigen in the different systems (102).

The dose of antigen used and the affinity of the TCR for the MHC class Il/peptide 
complexes have been found to influence the profile of cytokines secreted by T helper 
cells. Low and high antigen doses during immunisation of mice in vivo have been found 
to result in the development of primarily Thl or Th2 responses respectively (113). In 
vitro experiments based on the analysis of a class II restricted T helper clone showed that 
if the T cell receptor bound with high affinity to a ligand, IFN-y would primarily be 

produced, but if the T cell receptor bound with low affinity to a ligand, IL-4 would 

primarily be produced (125).

The molecular mechanism and cellular signalling events which follow engagement of the 
T cell receptor are complex. Binding of the TCR and CDS to the MHC class I/peptide 
complex leads to the activation and effector function by at least two independent 
pathways, A and B. The two pathways may function in conjunction with each other. 

Binding of T cell CD28 to costimulatory molecules on APCs generates a third signal, but 
it is not clear how the signals derived from the TCR/CD8 and CD28 are linked (126).

Pathway A involves phosphoinositide (PI) turnover through the action of two different 
lipid kinases, the phosphoinositide kinases (PI kinases) PI 3 kinase and PI 4 kinase. The 
SH3 domain of the protein tyrosine kinase p56̂ ^̂  ̂binds via hydrophobic interactions to
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the regulatory p85 subunit of the PI 3 kinase. The PI 3 kinase then becomes activated and 
mediates the generation of inositides phosphorylated at the position 3 of the inositol ring. 
These phosphoinositides include phosphoinositide-3-phosphate (PI 3-P), 
phosphoinositide 3,4-diphosphate (PI 3,4-P2) and phosphoinositide 3,4,5-triphosphate 
(PI 3,4,5-P3). The function of the position 3 phosphorylated inositides is currently 
unclear. Unlike the phosphoinositides, they are not a substrate for phospholipase C-y. 

p56 also binds to PI 4 kinase and activates it. PI 4 kinase phosphorylates 
phosphatidylinositol and eventually this results in the generation of phosphoinositide 4,5- 
diphosphate (PI 4,5-P2). This molecule is also generated from the second pathway, 
pathway B, activated by TCR ligation.

Pathway B involves the phosphorylation of the TCR Ç chains by the tyrosine kinase 
p56^^^. The phosphorylation of TCR Ç creates a binding site for the protein tyrosine 

kinase ZAP 70. Upon activation, ZAP 70 phosphorylates and activates phospholipase C- 
y and a MAP-2 kinase. Phospholipase C-y will cleave PI 4,5-P2 to Inositol 1,4,5- 

triphosphate (IP3) and diacylglycerol. These two compounds are involved in the 
mobilisation of intracellular Ca^+ and stimulation of a protein kinase C. MAP-2 kinase 
can also be activated by activated TCR Ç via the binding of phosphorylated TCR Ç to a 

small adaptor molecule, SHC. This adaptor molecule binds two other adaptor molecules 
Grb-2 and SOS. The latter binds to and activates p21ras. Activated p21ras then activates a 
series of kinases which finally activates MAP-2 kinase. It is thought that CD28 signalling 
also results in the activation of two pathways, one of which interacts with the pathways 
activated by TCR ligation, while the other involves activation of PI-3 kinase and finally 
IL-2 production. It is not well understood how signal transduction is mediated by CD28 
or CTLA-4. It is thought that TCR and CD28 signals are both required for full activation 
of two mitogen activated protein kinases (MAPKs), JNKl and JNK2, involved in 
phosphorylation of the c-Jun activation domain and the activation of transcription factor 
AP-1. This transcription factor plays a crucial role in T cell activation (127).

The presence of several pathways involved in T cell signalling could partly explain why 
different CTL functions such as effector function, proliferation and IL-2 production can 

be uncoupled, although the mechanism by which this occurs are not clear. Altered peptide 
ligands (APLs) are peptides which bind with similar affinity to a particular MHC class I 
molecule as a T cell agonist, but which do not activate or only partially activate the T cell. 
Some APLs have been shown to induce a different phosphorylation pattern on ZAP 70 
compared with the pattern induced by a T cell agonist, but the significance of this finding 
in terms of the final outcome of the signalling cascade is unclear (128).
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1.3.3. Mechanism of execution of effector function by CTL 

Execution of effector function of CTL involves the following steps (98):

1) Initial contact between CTL and an antigen presenting cell via weak interaction between 
LFA-1 on the T cell and ICAM-1 on the antigen presenting cell.
2) T cell receptor binding to MHC class Fpeptide complexes resulting in upregulation and 
activation of other molecules involved in adhesion such as CDS, LFA-1 and the VLA 
group of proteins.
3) Additional costimulation of the CTL.
4) Lysis of the target cell.

5) Recycling of the CTL to lyse additional targets.
CTL effector function is commonly evaluated by the ability to lyse target cells in a period 
of 4 to 6 hours. The duration of the assay will be sufficient to detect lysis of most target 
cells. Conjugate formation between T cells and target cells is rapid and usually takes place 
within a few minutes. Some target cells are lysed within 5 to 10 minutes whereas others 
require 2 to 3 hours. Only some tumour cells and fibroblast monolayers may require up to 
24 hours to be lysed (129).

CTL predominantly use two pathways to lyse target cells directly. Both pathways induce 
apoptosis of the target cell as characterised by DNA fragmentation. One pathway involves 
the formation of pores in the target cell and the release of proteolytic enzymes from 
granules while the other pathway involves receptor mediated apoptosis of the target cell. 
Quiescent (GO) cells are refractory to CTL-induced DNA fragmentation whereas G1 stage 
targets are susceptible (130).

The first pathway CTL use to kill target cells involves the release of granules which 
contain perforin and different enzymes such as granzyme A and B. The release of 
granules is dependent on extracellular Ca^+ and an increase in intracellular Ca^+. Perforin 

molecules insert themselves in the lipid bilayer of the target cell and create 15-20 nm holes 
in the cell membrane. As a result, granzyme A and B released from the CTL granules can 
enter the target cells (129). CTL are resistant to killing by their own secreted perforin due 
to presence of a membrane bound protein which interacts with perforin (131). The holes 
in the cell membrane can reseal, but the target cells will die because the action of 
granzymes A and B somehow mediates the DNA fragmentation characteristic of the 
apoptotic process (130).

CTL are serial killers in the sense that one T cell can kill several target cells. The serial 
killing occurs partly because granules fill up after lysis of a target cell and partly because 
CTL secrete approximately a third of newly synthesised lytic proteins instead of storing 
them in granules. The secretion of these lytic proteins might also lead to some bystander
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lysis of target cells not expressing MHC class I/peptide complexes involved in the 
interaction with the T cell (132).
In vivo, the perforin pathway is crucial in the protection against cells infected with non- 
cytopathic viruses such as LCMV. The perforin pathway does not appear to important for 
the in vivo clearance of cells infected with cytopathic viruses such as vaccinia virus. This 
does not mean that CTL can not lyse target cells infected with vaccinia virus via the 

perforin pathway, but instead that the mechanism of recognition and lysis by CTL using 
this mechanism is too slow to significantly reduce the number of virus progeny produced 
by a cell infected with a cytopathic virus in vivo (133).

The second major pathway used by CTL to kill target cells is induction of apoptosis in the 
target cell by the interaction between Fas ligand (C95L) expressed on the CTL and Fas 
(CD95) expressed on the target cell. This pathway is independent of extracellular Ca^+ 
and observed with some target cells such as the Fas expressing thymoma cell line EL4 
(130). Fas is a 48 kDa transmembrane glycoprotein homologous to the TNF-a receptor.

Fas ligand is a 40 kDa transmembrane protein of the TNF family and it is expressed on 
activated T cells. CD4 positive cytolytic T cells do exist and current evidence indicates 
that the Fas-dependent pathway has a more important role in CD4+ than CD8+ mediated 
cytotoxicity and might even be the only lytic mechanism used by this T cell subset (133).
It has been suggested that the signalling pathways for induction of perforin-and CD95- 
dependent cytolysis may be different. Alteration of one amino acid in a peptide otherwise 
known to induce CTL lysis of peptide coated target cells by both the Apo/Fas pathway 
and the perforin pathway was found to result in the same CTL being able to lyse peptide 
coated target cells only by the Apo/Fas pathway (134).

A third pathway consisting of lysis by surface bound TNF-a bound on the CTL is also 

known to exist and possibly be important in prolonged in vivo responses (135). The two 
receptors for TNF-a are elevated on many cells during inflammatory responses, but the 

pathway is much slower than the Apo/Fas and perforin pathways and would not be 
detected in a 4 hour ^^Cr release assay. All the lysis observed in a 4 to 6 hour ^^Cr 
release assay is therefore accounted for by the degranulation and Fas pathways (135). 
T N F -a was originally defined by its anti tumour activity in vivo and in vitro but the 

cytokine has been found to exhibit cytotoxicity against only a limited number of tumour 
cells (136). Lately, it has been found that its cytotoxicity can be augmented by synergy 
with IFN-y m vitro (137). This mechanism might play a role in vivo as non-cytolytic 
CD8+ T lymphocytes secreting IFN-y and TNF-a were found to mediate tumour rejection 
in vivo provided that the action of IFN-y and to some extent TNF-a were not blocked 

(138). The tumour rejection might possibly have involved lysis by tumoricidal 
macrophages induced by IFN-y produced by T cells as such IFN-y activated macrophages 

have been found to lyse other tumour types (8).
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As already mentioned, a 4 to 6 hour ^^Cr release assay is used to measure effector 
function of CTL in the present work. This means that the read out used is the ability of 

CTL to lyse target cells directly within a 4 to 6 hour assay via degranulation or the 
Apo/Fas pathway. Perforin knock-out mice and mice deficient in either Fas or Fas ligand 
have been used to clearly demonstrate the importance of the lytic pathway in vivo (139). 

M any experim entally induced murine tumours including fibrosarcom as and 

plasmacytomas are known to be lysed by direct lysis in vivo and in vitro (139; 140). The 
mechanism is also involved in the destruction of several human tumours. CTL activity 
against such tumours, and melanomas in particular, is commonly evaluated by using the 
^^Cr release assay (20; 141; 142; 143; 144). The ^^Cr release assay is also considered 
to be extremely sensitve for detecting secondary CTL responses to viruses even when 
compared with in vivo assays (145).
Assays measuring the CTL responses to peptide coated target cells, have shown that the 
extent of degranulation is directly proportional to the concentration of peptide used to 
pulse class I, suggesting that activation as measured by degranulation is a direct function 
of the TCR occupancy level (146).
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1.3.4. Mechanisms bv which the T cell repertoire is influenced by processes taking 
place during T cell development in the thymus and in the periphery.

T lymphocytes are bone marrow derived cells which have separated into a thymus derived 
lineage of cells and an extra-thymically derived lineage of cells (120). The extra- 
thymically derived lineage of T lymphocytes consists of both aP  and yô T lymphocytes 

which reside and mature in the gut epithelium. The function of these T cell subsets is still 
not clear. Intra-thymic development is by far the most important route for the production 
of mature T lymphocytes of both the a p  and yÔ lineage. Development and export of T 

lymphocytes starts during the late phase of embryonic life and continues until puberty 
( 120).

In the thymus, the immature T lymphocytes (thymocytes) undergo two major selection 
events, positive selection and negative selection. Positive selection involves the rescue of 
immature CD4+CD8+ TCR+ thymocytes from apoptosis provided they carry T cell 
receptors which can bind with a certain strength to peptide/MHC class I complexes in the 
thymus. Positive selection takes place in the cortex of the thymus and can be mediated by 
several different antigen presenting cell types in addition to thymic epithelial cells. 
Thymocytes which are unable to be positively selected will undergo apoptosis, activation 
induced cell death or be functionally inactivated through anergy. CD4+CD8+ thymocytes 
develop into single positive CD4+CD8' or CD4"CD8+ thymocytes. Down-regulation of 
either CD4 or CD8 appears to be a stochastic process occurring independent of the MHC 
specificity of the T cell receptor. During the final stages of positive selection, interaction 
of the transitional CD4+CD8" or CD4 CD8+ thymocyte with APCs will result in 
maturation of the single positive thymocyte if the thymocyte express the appropriate 
coreceptor (147; 148).

The process of positive selection forms the basis of the MHC restriction of T 
lymphocytes. Peptides can influence the process of positive selection in vitro (149; 150), 
but it is not known whether the T cell receptor actually interacts with a peptide component 

in vivo or directly with the MHC class I molecule. Experiments have shown that the same 
peptide can induce positive selection, T cell activation and negative selection depending 

on the peptide concentration used (151). In other words, the avidity of the interaction 
between a T cell and an antigen presenting cell (as defined by the overall sum of the T cell 
receptor affinity, the density of costimulatory molecules and the density of peptide/MHC 
class I complexes on the cell surface) can determine the fate of the T cell (152).

The idea of low avidity interactions being responsible for positive selection is supported 
by the finding that selected peptides which are unable to stimulate T cells to effector
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function in vivo (T cell antagonists) are able to induce positive selection of T cell in vitro 
(153). However, peptides which can stimulate T cells to effector functions (T cell 
agonists) have been found to be unable to induce positive selection (154). This suggests, 
that the fate of the thymocyte is not exclusively determined by the avidity of the 
interaction, but that different mechanisms might be involved in positive selection and T 
cell activation. T cells recognising viral (foreign) peptides presented by syngeneic class I 
molecules as well as T cells recognising peptides presented by allogeneic class I 
molecules, have been found also to recognise self peptides presented by syngeneic class I 
molecules in vivo. This degree of cross-reaction explains how T cells specific for 
peptides not found in the thymus are positively selected and supports the notion that the T 
cell receptor does not recognise a peptide in particular but rather a conformation/antigenic 

surface composed of the combination of peptide plus MHC (155).

The second major selection process taking place in the thymus is the process of negative 
selection. Transgenic mice expressing specific T cell receptors and/or the antigen 
recognised by an individual T cell receptor such as the male antigen HY or the murine 
class I molecule have been fundamental for the understanding of this process (120; 
156).

The process of negative selection results in the induction of apoptosis of T cells 
interacting with high avidity with cells in the thymus (120). As already mentioned, avidity 
is considered as the sum of the affinity of T cell receptors, the density of peptide/MHC 

class I complexes and density of other costimulatory molecules. This means that T cells 
recognising abundantly presented self peptides as well as T cells carrying high affinity or 
high density T cell receptors specific for particular self peptide/MHC complexes will be 
deleted. Deletion of T cells carrying specific receptors therefore depends on how well the 
antigen in question is presented on cells in the thymus and how well the T cell interact 
with peptide/MHC class I complexes via the T cell receptors. Negative selection is 
important to reduce the risk of CTL reacting to self proteins in the body. Negative 
selection can also influence the T cell response to foreign antigens. This is the case when 
T cells which can potentially recognise self MHC plus foreign peptide are eliminated 
because these T cells also react with high avidity with certain combinations of self MHC 
plus self peptide. As an example, recognition of HLA-B44 presented self peptide by CTL 
results in elimination of certain HLA-B8 restricted CTL responses to EBV proteins in 
HLA-B44, HLA-B8 positive humans (157).

Transgenic mice expressing exogenous proteins, such as LCMV nucleoprotein, hen's egg 
white lysozyme or the murine class I molecule K^, as self proteins have been used to 
show that certain T cells specific for self proteins can avoid negative deletion and escape 
to the periphery. These T cells fall into two categories. The first category includes T cells
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which are specific for epitopes known to be immunodominant and well presented in 
normal mice, but which can only engage in low avidity interactions with cells presenting 
these epitopes. The second category includes T cells which can interact with high avidity 

with antigen presenting cells, but where the epitopes are subdominant epitopes which are 
not efficiently presented and which do not stimulate CTL in normal mice (158; 159; 160; 

161). Similar findings have been reached using specific T cell receptor transgenic mice 
and, either crossing them with mice expressing the antigen of interest such as a variant of 
haemoglobin (162), or by introducing the peptide recognised by the TCR intraperitoneally 
(163). In both cases, only T cells able to engage in low avidity interactions with cells 
presenting the antigen are found in the periphery.

The dose of self antigen can clearly influence the nature of the T cells found in the 

periphery, as shown in transgenic mice expressing different levels of hen's egg white 
lysozyme. At very high antigen doses, even T cells specific for subdominant epitopes are 
deleted, indicating that at these high protein concentrations even poorly presented peptides 
can be presented at sufficient high levels on the cell surface to allow high avidity 
interactions and subsequent deletion of autoreactive T cells (159).

Alio MHC molecules are not present in the thymus. This means that thymocytes with 
TCRs which can bind with high affinity to alio MHC or peptide/allo MHC would be able 
to escape negative selection. Indeed, a T cell clone specific for self peptide presented on a 
syngeneic MHC class I molecule was been shown to be of considerably lower affinity 
than a T cell clone specific for the same peptide but presented by an allogeneic MHC class 
I molecule (86). Although the generality of this finding can not automatically be assumed, 
higher avidity of alio CTL could explain the ability of an individual's T cells to react with 
high intensity against the disparate MHC proteins of other individuals of the same species 
(86) and the ability of some alio CTL to be activated by very low number of peptide/MHC 

class I complexes (164).

Activation of mature T cells to effector function requires higher avidity interactions with 
antigen presenting cells than negative selection of thymocytes (151; 165). This means 
that self peptide specific T cells which have escaped negative selection can exist in the 
periphery without doing any harm to normal tissue. It has been found that self specific T 
cells in the periphery can be activated if the avidity of the interaction between T cell and 
antigen presenting cells in the periphery is increased. This can be achieved by increasing 
the dose of antigen presented to self specific T cells, either by producing more protein or 
by increasing the level of MHC expression and/or by up-regulating the level of 
costimulatory molecules such as B7-1 (109; 160; 166). The addition of cytokines such 
as IL-2 (167; 168; 169) or viral, bacterial or parasitic infection (170; 171) can equally
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contribute to the activation of autoreactive cells. Infection might contribute to breakage of 
tolerance by inducing the production of inflammatory cytokines such as IFN-y resulting 

in the activation of T cells and/or up-regulation of antigen processing and MHC 
synthesis, but also by producing proteins which can act as superantigens (172) or 
generating peptides which mimic self peptides (91 ; 170).

When T cell specific for self peptides are exposed to additional levels of self antigen or 
activation signals in the periphery, they can not only become activated, but also deleted by 

activation induced apoptosis or become totally unresponsive to additional antigen by 
down-regulation of surface levels of T cell receptors (166; 173; 174; 175; 176). The 

outcome of T cell stimulation appears to depend on the type of antigen presenting cells 
used to stimulate the T cells as well as the dose of antigen. In mice carrying TCRs 
specific for the male antigen HY, a transient exposure of virgin T cells to the antigen leads 
to activation and development of memory T cells whereas an intermediate dose results in 
activation induced apoptosis of T cells and a high dose results in activation followed by 
anergy and down regulation of surface levels of CDS (175).
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1.4. Tumours as potential targets for CTL

As with conventional CTL target cells, tumour cells will only be able to be recognised and 
eliminated by CTL if the tumour cells produce suitable CTL epitopes and are able to serve 
as targets for CTL.

1.4.1. The contribution of altered protein expression in tumour cells to the generation
of novel tumour antigens

Tumour cells or neoplastic cells are cells which differ from normal cells in that they grow 
abnormally and are no longer responsive to normal growth controlling mechanisms. 
Tumours can be benign or malignant. In the latter case, the tumours are referred to as 
carcinomas or sarcomas depending on whether they are epithelial or mesenchymal 
tumours. Tumours of the hematopoetic or lymphopoetic system are classified by the 
suffix "-emia". In the malignant cases, the tumour bearing state is referred to as cancer 
and the process which leads to the development of cancer is referred to as carcinogenesis 

(177).

Carcinogenesis is a multistep process. The first step is initiation, which is characterised 
by the induction of stable structural and/or functional alterations in the genes following 
(point)-m utations, deletions, substitutions, gene am plifications, chromosomal 
translocations or in some cases transductions and insertional mutagenesis. In most cases, 
the initiated cell will die or the altered genes will be repaired. However, if the initiated cell 
undergoes mitosis, the change is permanent and the cell is susceptible to tumour 
promotion. This does not include additional DNA changes but is rather due to altered 
expression of proteins in the initiated cells. The result is the generation of small nodules, 
polyps or papillomas. After this stage the benign tumour can progress to a malignant 
tumour through additional genetic alterations (177).

The genetic alterations which are important in carcinogenesis contribute to a loss of 
growth control of the cell. This happens either because cells divide all the time in an 

autonomous way or because the cells refuse to die, i.e. undergo apoptosis at stages where 
normal cells would do so. These cellular processes are the result of the actions of 
oncogenes or the inactivation of so-called tumour suppressor genes. Oncogenes are 
defined as genes which under certain conditions are able to induce cells to become 
neoplastic through mutation or change in the control of expression of normal genes, so- 
called proto-oncogenes. Retroviral oncogenes are derivatives of cellular genes linked to 
regulatory sequences elements and coding sequences of viral genes and carry the prefix 
"v-". Indeed, a retroviral oncogene, v-src, derived from Rous sarcoma virus was the first 
oncogene which was identified as being responsible for cell transformation (178).
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Oncogenes generally fall into four categories (178; 179; 180): -
1) growth factors such as fibroblast growth factor and platelet derived growth factor ;
2) growth factor receptors and in particular the receptor tyrosine kinases such as her- 
2/neu (HER-2), the epidermal growth factor receptor or the fibroblast growth factor 
receptor;

3) cytoplasmic onco-proteins involved in signal transduction or regulation of the cell cycle 
such as ras and cyclins such as cyclin E and cyclin D l;
4) nuclear oncogenes involved in control of transcription such as c-myc, c-fos and c-jun 
or mdm2.

Finally mutations in tumour suppressor genes such as p53 are found to involved in 60% 
of human cancers (181).

Tumours have been known to be immunogenic for a very long time. Experimentally 
induced murine tumours were found to be rejected when transplanted into syngeneic mice 
and the rejection was found to be tumour specific. This led to the hypothesis that tumours 
expressed so called tumour specific transplantation antigens, TSTA. For a long time only 
surface bound tumour specific molecules recognised by antibodies were identified. These 
molecules were either differentiation antigens such as oncofoetal antigens a-feto-protein 

on human hepatomas and carcinoembryonic antigen on colon carcinomas or cell surface 
glycolipids such as gangliosides on melanomas and neuroblastomas (5). The work of 
Thierry Boon and co-workers in the late 1980's led to the identification of a series of 
tumour derived class I presented peptides which were recognised by tumour specific 
CTL. Peptides derived from proteins expressed in melanomas were the first naturally 
presented human CTL epitopes to be identified. Since then naturally presented CTL 
epitopes from other human and murine tumours have been identified as well as epitopes 
recognised by class II restricted tumour specific T helper cells, for detailed reviews see 
(5; 17; 182; 183; 184).

The antigens recognised on human tumours or murine experimental tumours by CTL or T 
helper cells can be divided into at least four categories.

The first category represents tumour antigens derived from viral proteins. This includes 
CTL epitopes derived from the Epstein-Barr virus (EBV) produced proteins EBNA2, 3, 
4, 5 or 6 and LM Pl and LMP2 (185) or the CTL epitopes identified in human 
papillomavirus (HPV) type 16 E6 and E7 proteins (186). EBV and HPV are associated 
with Burkitt's lymphoma and cervical cancer respectively.
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The second category of tumour antigens are derived from oncogenes activated by a point 
mutation, resulting in the generation of novel T cell epitope(s). Such epitopes include the 
CD4+ T helper and CD8+ CTL epitopes in p21 K-ras containing a glycine to aspartic acid 
substitution at amino acid 13 and recognised by T cells from a colon cancer patient (187). 
Another recent example is the HLA-A2.1 presented peptide derived from cyclin 
dependent kinase cdk4 with an arginine to cysteine substitution at amino acid 24 and 
recognised by CTL from a melanoma patient (188).

The third category of tumour antigens are derived from oncogenes which are activated as 
a result of a fusion of parts of genes encoding two different proteins. The most interesting 

example is the translocation of the human c-abl protooncogene to the specific breakpoint 
cluster region on chromosome 22 resulting in a bcr-abl fusion protein with abnormal 
tyrosine kinase activity. This translocation has been found in more than 95% of patients 
with chronic myeloid leukemia and preliminary experiments have shown that the protein 
can induce CD4+T helper responses as well as CD8+ CTL responses in mice (183).

The fourth category of tumour antigens are derived from proteins which do not carry any 
point mutation but are normal self proteins which are expressed at high levels in the 
tumour cell due to gene amplification or abnormal transcriptional or translational control. 
Most of the CTL epitopes and T helper epitopes which have been identified in cancer 
patients are derived from overexpressed self proteins. T helper responses and CTL 
responses to HER-2/neu have been detected in patients with breast cancer and ovarian 
cancer (189; 190; 191). The HER-2 protein is an example of a protein which is widely 
expressed in normal epithelial cells, but over expressed in a large percentage of breast -, 
lung-, colon- and ovarian cancers (between 20-80% depending on the cancer type) (183).
In addition a wide variety of melanoma differentiation antigens including MART-1 (141;
142; 143; 192), gp 100 (20; 144; 193) or the MAGE antigens (194; 195; 196; 197) 

stimulate human tumour specific CD8+ CTL. Both CD8+ as well as a CD4+ T helper cell 
epitopes have been identified in the melanoma antigen tyrosinase (198; 199; 200).
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1.4.2. Potential benefits and disadvantages of using normal self proteins as targets for 
tumour reactive CTL

Self proteins represent an attractive target for tumour specific CTL. Overexpression of a 
particular self protein is found in a large percentage of different cancers and this 
overexpression often appears to be linked to the role the overexpressed protein plays in 
maintaining the transformed phenotype of the tumour cell. In some respects, it is more 
advantageous to target normal self proteins than mutated proteins as CTL targets because 
the nature of mutations can vary from individual to individual and the number of 
mutations found within oncogenes or tumour suppressor genes have been found to be 

enormous. As an example more than 2000 different mutations have been found in p53 

(181; 201). Due to the increased genomic instability of cancer cells, as many as one 
mutation in every 10-30 kb of the genome can be found in early tumour development 
(202).

CTL specific for proteins overexpressed in a tumour can mediate tumour rejection without 
causing damage to the surrounding tissue, as demonstrated in a murine model using the 
Friend Leukemia virus envelope (env) protein as a "self-protein" (203). CTL specific for 
the envelope protein and transferred to mice expressing low levels of the env proteins in 
normal tissue and high levels of the env protein in a transplanted tumour were found to 
mediate rejection of the tumour. The CTL did not damage the normal tissue expressing 
lower levels of the protein, thereby lending support to the hypothesis that tumour specific 
CTL would indeed be able to discriminate between cells expressing different levels of the 
same protein. In some cases, tumour specific CTL have been found to be able to 
distinguish between cells with only a two-fold difference in the level of expression of the 

protein giving rise to the antigen recognised by the CTL (204). The implications of these 
findings is th a t, as long as efficient priming of tumour specific CTL is provided either in 
vitro  or in vivo, these CTL will potentially be able to selectively lyse tumour cells 
expressing as little as a few times more protein than normal tissue.

In several murine models, CD8+ CTL have been shown to be directly responsible for the 
in vivo eradication of tumours expressing the antigen recognised by the CTL (6). The 
proof of a role of CTL in tumour rejection in vivo in humans is still indirect. Firstly, 
immunocompromised patients typically develop a variety of tumours of some viral origin. 
Secondly, tumour infiltrating CTL detected by immunohistochemistry in melanoma 
patients have in some cases been found to express a predominant TCR indicating 
clonality. These CTL have been found to cluster around melanoma cells in vivo and kill 
melanoma cells specifically in ^^Cr release assays in vitro (205). Thirdly, CDS positive 
CTL isolated from tumour sites have been shown to carry the CD45RO isoform.
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indicative of T cell memory and previous activation in vivo (206). Finally, transfer of 
tumour infiltrating lymphocytes specific for gplOO or tyrosinase to two different 

melanoma patients has been found to result in dramatic regression of cancer métastasés 
(19; 211).

Many tumour antigens have been identified by culturing tumour infiltrating lymphocytes 
(TILs) or lymphocytes derived from peripheral blood (PBLs) with autologous tumours 
for an extendend period of time in vitro before specific cytotoxicity was detected. This 
could suggest that some CTL are anergic in vivo but activated by the exposure to 

cytokines and antigen in vitro. There is evidence of reversible T cell anergy towards some 
tumours in vivo based on the pattern of cytokine expression (207). However, there is 
also evidence of tumour specific T cells not being anergic but activated in vivo. Freshly 
isolated TILs derived from lung cancer patients and grown for only 6 days in culture
(208) or TILs derived from melanoma patients and restimulated for a short time in vitro 
with IL-2 only and no antigen (209; 210) can specifically lyse tumour cells in vitro, 
suggesting that the T cells have indeed been activated in vivo. The precursor frequency of 
such activated CTL has been estimated to range from approximately 1/1000 to 1/30,000 
as measured by limiting dilution of T cells derived from PBLs in melanoma patients
(209).

In vivo, tumours can escape immune recognition by several mechanisms and this will 
obviously have to be taken into account when designing a strategy based on the use of 
overexpressed normal self proteins as targets for tumours specific CTL.

Firstly, tumour cells are constantly cycling. This means that the tumour burden can 
quickly overwhelm the host before the immune system has been sufficiently activated (7).

Secondly, tumours are heterogeneous due to genetic instability and possibly also due to 
pressure by the immune system (16; 202). Loss of antigens and development of antigen 
variants are known to occur in cancer patients in vivo as demonstrated by the loss of five 
different CTL epitopes and the gain of one completely new epitope by tumour cells in a 
melanoma patient in a period of five years (212). However, the chance of escape of 
antigen variants would be reduced by targeting normal overexpressed self proteins where 
a normal not mutated amino acid sequence is essential for the maintenance of the 
transformed phenotype.

Thirdly, tumours can escape immunosurveillance either by having low levels of class I 
molecules due to defects in the transcriptional regulation of the class I genes, deleted class 
I genes, deficiencies in the TAP transporters or lack of ^ 2 ^  expression (213; 214; 215;
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216). As mentioned in section 1.3.2., tumours can also escape immune recognition by 
providing insufficient levels of cell surface costimulatory molecules necessary to activate 
CTL. In murine tumour models, the problem of lack of costimulation has been overcome 
by immunising with cells expressing costimulatory molecules such as B7-1 or ICAM-1 
alone or in combination with MHC molecules or cytokine molecules (106; 217; 218) or 
by transfecting tumour cells with cytokines enhancing the differentiation and activation of 
host APCs such as GM-CSF (106; 219). The tumour itself might not necessarily have to 
be involved in priming of the CTL. Bone marrow derived antigen presenting cells can 
present tumour derived antigens to class I restricted CTL (220). CTL could be primed by 
encountering tumour specific antigens on professional antigen presenting cells in the 

lymphoid organs. The tumour could then serve as targets for activated CTL as low levels 
of costimulatory molecules are not critical for execution of effector function by CTL (see 
section 1.3.2.).

Finally, the tumours are themselves able to inhibit the action of the immune system by the 
secretion of various inhibitory cytokines or interacting directly with cells of the immune 
system (5). This could result in defective signaling in CTL as most dramatically observed 
in the reduction in the level of p56̂ (̂  ̂and p59^y" and complete absence of CD3 Ç in mice 

carrying a murine colon carcinoma MC38 or in human colon cancer patients (221).

The potential problems mentioned above will need to be overcome if CTL based 
immunotherapy is going to be efficient. Nevertheless, the first problem to solve is to 
identify proteins which can serve as useful targets for tumour specific immunotherapy.

Cyclin D l, mdm2, fibroblast growth factor receptor I and p53 are all examples of 
oncogenes or mutated tumour suppressor proteins which are expressed at high levels in 
different human cancers. All four proteins have an important function in regulation of the 
growth and division of normal cells. The properties of the different proteins are listed in 

Table 1.4.1.

Cyclin D l is a member of the cyclin family of proteins. These proteins are involved in the 
regulation of the cell cycle. Cyclin D l is involved in the transition from the G1 phase to 
the S phase of the cell cycle. The protein associates with cyclin dependent kinase 4 (cdk4) 
and to some extent with cyclin dependent kinase 6 (cdk6). These complexes can associate 
with the tumour suppressor protein, the retinoblastoma protein, and this association 
somehow enables the cells to enter the S phase (222; 223). Cyclin D l is present in the 
nucleus until the S-phase (224; 225). The intracellular level of the protein increases up to 

G1 but stays relatively constant during the rest of the cell cycle (223). The protein is 
expressed at low levels in most tissues and in the proliferative zones of epithelial tissues 
such as gastric and breast epithelial tissues in particular (225). In contrast to cyclin D2
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and cyclin D3, cyclin D l is not expressed in T cells (226) and can not be detected by 
immunocytochemistry in lymphoid tissues such as tonsil, spleen and lymph nodes (225). 
Despite being important for the regulation of the cell cycle, cyclin D l knock-out mice are 

viable but exhibit some neurological defects, defects in the breast epithelial cells during 
pregnancy and reduced body size (227; 228). Cyclin D l has been shown to contribute to 

cell transformation in vitro by substituting for other oncogenes (229) and in vivo where 
mice overexpressing the protein develop adenocarcinomas in the mammary glands (230). 
Paradoxically, it is difficult to create stable cell lines over expressing cyclin D l and there 
seems to be some limit to how much of the protein a cell can tolerate (231; 232; 233).
The protein was originally only associated with parathyroid adenomas and certain B cell 
neoplasms (234) but has since been found to be expressed at high levels in a large 

fraction of cancers in particular breast carcinomas, hepatocellular carcinomas, 
lymphomas, melanomas, head and neck squamous cell carcinomas and colorectal 
carcinomas (225; 235; 236; 237; 238; 239), see Table 1.4.1. As an example, 30% of 
breast cancer patients are reported to overexpress cyclin D l moderately with levels being 
2 to 3 times higher than in normal tissues, while 30% of patients overexpress the protein 
strongly with levels being 3.5 to 7 times higher than in normal tissue (236).

mdm2 and p53 are also involved in regulation of the cell cycle but in a different way than 
cyclin D l is. Both proteins are expressed in all tissue including the spleen and the thymus 
(240; 241). The two proteins regulate each others activities both on the transcriptional 
and post translational level (242; 243). Both proteins are involved in the regulation of 
transcription, but in different ways. The activities of p53 are involved in negative 
regulation of the cell cycle by controlling the G1 to S transition. Mdm2 rather seems to 
have a positive role on G1 to S transition by its ability to bind to the transcription factors 
B2F1 and DPI (244). Mdm2 is able to bind and inhibit the function of p53 (245; 246) 
and retinoblastoma protein (247). This means that the protein is able to block the action of 
proteins which inhibit cell cycle progression. This explains why mdm2 knock-out mice 
are not viable unless they are crossed with mice having a deleted p53 gene to create 
m dm 2"p53"“ mice (248; 249). On the other hand, p53 can influence the expression of 
mdm2 protein, as transcription of mdm2 can be regulated by p53 binding specifically to a 

region in intron 1 of the mdm2 gene (242).
Mdm2 has been found to be expressed at high levels in wide variety of cancers including 

sarcomas (250; 251; 252; 253; 254), leukemias (255; 256; 257), lymphomas (257), 
breast carcinomas (258) and pancreatic carcinomas (259), see table 1.4.1. To give a 
detailed example, 8 out of 12 patients (75%) with pancreatic carcinomas had more than 6 
times higher levels of the mdm2 proteins in the tumour than in normal tissue (259).

P53 is a famous molecule, being elected molecule of the year in Science Magazine in 
1992. The protein appears to negatively regulate the cell cycle and suppress tumour
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formation. Two lines of evidence supports this hypothesis. Firstly, mutations in the 
protein have been identified in 60% of all cancer patients and 85.6% of these mutations 
are missense mutations resulting in a faulty gene (181). Secondly, p53 knock-out mice 
are viable but develop tumours at an early age (260).

Mutant p53 can form a complex with a potential normal version of the protein and inhibit 
its function. P53 in a mutant conformation has been found to be expressed at high levels 
in a wide variety of tumours. In addition, overexpression of p53 with apparently no 

mutations has also been observed in several tumours. In many cases, the wild type p53 
has been found to be bound by other proteins such as overexpressed mdm2 and 
prevented from performing its function in the nucleus (261).

Mutated p53 would be an ideal target for tumour immunotherapy if it was not for the fact 
that so far more than 2000 different mutations have been identified in the protein (201). 
There are a number of mutational hot spots, but the mutations at these hot spots are not 
identical. As an example, at amino acid 175, 8 different mutations was found in 35 
patients (262) Singling out individual mutations to stimulate T cell responses would be 
hopeless. Instead, one could exploit the fact that mutant p53 is commonly overexpressed 
and that it might be possible to induce CTL to normal epitopes found in common in most 
p53 proteins irrespective of the mutation found in the protein. Cancer patients have been 
found to have both p53 specific antibodies (263; 264; 265; 266; 267) and p53 specific 
T helper responses (265; 268). These responses are directed against non-mutated 
sequences in the protein, despite mutant versions of the protein being expressed in the 
individuals.

The fibroblast growth factor receptor (FR) represents the receptor tyrosine kinase 
category of oncogenes. In both mice and humans, the FR family of proteins is a 
multigene family and so far 5 distinct genes have been identified (269). The present work 
will involve a splice variant of the FRI gene. The cDNA encoding this form is 267 bp 
shorter than the longer splice variant of FRI (270; 271). The short form dealt with in the 
present work contains two extracellular immunoglobulin like domains (in contrast to three 
Ig domains in the long form), a transmembrane domain and a cytoplasmic tail involved in 
signaling. The homology between the murine and human proteins are 98% on the amino 

acid level (269).
The fibroblast growth factor receptor I has more limited tissue expression than cyclin D l, 
mdm2 and WT p53, but is expressed in a variety of tissues. The protein is expressed in 
endothelial and epithelial cells such as in neuroepithelial cells in the brain and epithelial 
cells of the cortex and the medulla of the thymus, the breast and the cervix. The protein 
has also been found in pancreatic acinar cells, kératinocytes, fibroblasts and on basophils 
and acidophils of the pituitary gland (270; 272; 273; 274). FRI is found to be over
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expressed in cancers in the brain (malignant astrocytomas) (275; 276), breast carcinomas 
(273) and ovarian carcinomas (277) as well as pancreatic adenocarcinomas (274).

Altogether the four proteins cyclin D l, mdm2, p53 and fibroblast growth factor receptor I 
represent four proteins which are expressed in normal tissue at low levels but found to be 
expressed at high levels in several different human cancers. These proteins will be used in 
a murine system to investigate the extent of CTL tolerance to these proteins and whether it 
is possible to identify specific epitopes recognised by self protein specific CTL.
This would be the first step towards identification of CTL able to recognise tumours 
expressing high levels of the proteins.

Table 1.4.1.

Properties of the murine self proteins cyclin D l, mdm2, fibroblast 
growth factor receptor I (FRI) and wild type p53 (WT p53)

Protein Function Normal tissue 
distribution

Cancers
c h a r a c ter ised  by 
h ig h  le v e ls  o f  
expression  o f the 
protein

Cvclin D l
(CDl)
34 kDa 
295 aa

Cell cycle progression ; 
G1 to S phase

Most cell types except 
T cells, B cells and 
fibroblast cell lines

Breast carcinomas 
Colorectal carcinomas 
Lymphomas 
Melanomas 
Cervical carcinomas

FRI
85 kDa 
733 aa

Receptor for acidic and basic 
fibroblast growth factor, which 
are mitogens for a variety of 
cells and involved in 
angiogenesis

Epithelial cells 
Endothelial cells 
Kératinocytes 
Fibroblasts

Invasive bladder carcinomas 
Ovarian carcinomas 
Hepatocellular carcinomas 
Pancreatic adenocarcinoma 
Malignant astrocytomas

mdm2
95 kDa 
489 aa

Negative regulator of p53 
Transcription factor

Ubiquitiousikidney, 
brain, lung, testis, 
thymus etc.

Sarcomas 
Breast carcinomas. 
Leukemias 
Lymphomas

p53
53 kDa 
393 aa

Transcription factor 
Negative regulator of cell growth 
Induces apoptosis in response to 
DNA damage 
Blocks cells in G1 phase.

Ubiquitious; but 
highest in spleen and 
thymus

Colorectal carcinomas 
Breast carcinomas 
Soft tissue sarcoma 
Astrocytomas 
Lymphomas
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1.5. Properties of selected recombinant vaccinia virus and adenovirus expression systems 
In the present work, the experimental approach used to investigate the state of tolerance to 
selected murine self proteins is based on :

1) the use of recombinant viruses expressing the proteins for in vivo immunisation and 
stimulation of CTL in vitro and
2) peptides for in vivo and in vitro immunisations.
The two viruses used in the present work are vaccinia virus and adenovirus. The 
properties of the two viruses and the reasons underlying the choice of these viral 
expression systems will be outlined below.

1.5.1. Biology of vaccinia virus 

Vaccinia virus is a cytopathic DNA virus. The virus belongs to the genus of 
Orthopoxviruses which is a part of the Poxviridae Family. Orthopox viruses comprise at 
least 10 species including cowpox virus and variola virus. The latter is the cause of 
human smallpox (278). Vaccinia virus has been used to immunise against smallpox at 
least since 1967 where the WHO Intensified Smallpox eradication programme began. The 
origin of vaccinia virus and its relation to variola virus and cowpox virus remains 
obscure. Originally, cowpox virus was used to immunise humans against smallpox, but 

no strain of virus used for vaccine production since 1967, and probably very much 
earlier, has been characterised as cowpox. Instead, all strains have had the biological 
characteristics of vaccinia virus (278).

Vaccinia virus has a broad host range but so far no natural animal reservoir of vaccinia 
virus has been discovered apart from some observations with buffalo pox in India. In 
humans, infection with vaccinia virus is unlikely to occur except by deliberate 
immunisation or during experimental work with the virus. Work with the virus requires 

certain precautions and is usually carried out in a class II containment laboratory. 
Infection can cause skin complications such as eczema or generalised vaccinia, eye 
infections or in severe cases encephalitis. However, due to strong immune response to 
the virus, fatal complications mostly occur in immunocompromised individuals and the 
virus is relatively safe to work with (278).

Vaccinia virions appear as oval-or brick shaped bodies about 200-400 nm long (279). 

The virion is composed of a lipoprotein bilayer surrounding a biconcave core (279).
The vaccinia virus genome is now well characterised and consists of a linear duplex 191 
kb long DNA molecule. Each terminus is composed of an incompletely base-paired 
hairpin of 101 nucleotides, so one may consider the genome as self complementary 
circular strand. One strain, the Copenhagen Strain, has been completely sequenced and
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found to encode as many as 263 potential proteins, of which most have a role in nucleic 
acid metabolism or biosynthesis or in evading the host immune response (280).

The life cycle of the virus takes 20 to 24 hours and is divided into virus entry, early 
transcription, DNA replication and late gene expression followed by virion assembly and 
virus dissemination. Figure 1.5.1. As many as 10,000 infectious virus particles can be 
generated per cell (279). Often the vaccinia virus will remain in the infected cell until it is 
harvested. This intracellular form is referred to as intracellular naked virus (INV) but does 
contain an envelope. Extracellular enveloped virus acquires a second membrane upon 
exiting the cell and is important in virus dissemination in an infected host animal (281).

It takes approximately 30 minutes for the virus to enter the cell. Once the virus has 

entered the cell, early transcription begins. Vaccinia virus and members of the pox virus 
family are the only known DNA viruses (with the exception of African swine fever virus) 
that synthesise their mRNA in the cytoplasm of the infected cell. Figure 1.5.1. The virus 
core contains all the enzymes necessary for the transcription of the early genes including a 
RNA polymerase, transcription and termination factors, RNA capping and methylating 
enzymes and a poly (A) polymerase (279). Replication starts within the first 2 hours of 
infection and goes on for up to 12 hours post infection. Host protein synthesis is shut 

off. Vaccinia virus has also been reported to interfere negatively with class I surface 
molecule expression. In one case, infection with vaccinia virus was shown to reduce the 
surface levels of some class I molecules 2 to 5 fold upon 24 hours post infection (282).

Vaccinia virus is useful for expressing foreign genes for several reasons. Apart from the 
broad host range of the virus, at least 25 kb of foreign DNA can be inserted into the 
genome without any deleterious effect on virus yield. Post translational modification 
including glycosylation, phosphorylation, ADP-ribosylation and acylation of eukaryotic 

proteins seem to occur faithfully (281 ; 283). The virus has been used to express a variety 
of different eukaryotic, viral and bacterial proteins including Factor IX, Influenza A viral 

proteins and E. coli proteins (283).
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1.5.2. The immune response to recombinant vaccinia virus

Expression of recombinant proteins by vaccinia virus can induce a strong humoral as well 
as a cellular response to the recombinant protein.

There are examples of the generation of neutralising and protective antibodies to proteins 
expressed in vaccinia virus in many different species including mice, rabbits, chicken, 
cattle, monkeys and humans. Some examples include the generation of protective 
antibodies to rabies virus in foxes by immunising the animals with recombinant vaccinia 
expressing rabies virus glycoprotein and the generation of protective antibodies to 
influenza virus with recombinant vaccinia virus expressing influenza hemagglutinin 

(284).

Vaccinia virus is also very efficient in delivering exogenous recombinant proteins to the 
class I pathway because the entire life cycle of the virus takes place in the cytosol. CTL 
have clearly been shown to be essential for the immuneresponse to many recombinant 
proteins expressed by vaccinia virus. This has been demonstrated by CTL assays in vitro 
and by passive transfer experiments of primed CTL as well as by blocking the function of 
CTL in vivo (284; 285). CTL have been induced to numerous recombinant proteins 
expressed by vaccinia virus in a variety of hosts. In mice, several protocols exist for 
inducing CTL in vivo (for one review see (285)). When mice are immunised with 
recombinant vaccinia virus, intraperitoneal or intravenous administration is commonly 
used and both methods work equally well (285). When spleen cells from immunised mice 
are put into culture, the CTL activity will peak after 6 to 7 days in culture (285). In mice, 
CTL responses have been generated to viral proteins such as influenza virus 
nucleoprotein or human papillomavirus proteins (285; 286) or various oncogenes such as 
mutant ras (287). In humans, recombinant vaccinia virus expressing a tumour antigen, 
carcinoembryonic antigen (CEA), has recently been used to elicit specific CTL responses 
in cancer patients suffering from metastatic breast carcinoma (288).

It seems that the natural protection against vaccinia virus in vivo is mediated by antibodies 
as well as by CD4+ and CD8+ T lymphocytes (133; 278), although experiments in 
CD 8+ T cell deficient mice have shown that the virus itself can be cleared in mice 
deficient of CD8+ CTL (289). Secretion of IFN-y and TN F-a by CD4+ and CD8+ T 

cells is involved in the immunity against poxviruses. Experiments with knock-out mice 
have shown that Fas and perforin do not seem to be necessary for clearance of the virus. 
The number of CTL precursors specific for vaccinia virus components can be as much as 
10 to 100 times higher than for other viruses also known to be potent inducers of CTL 
such as influenza virus (285). Nevertheless, it has been suggested that recognition and
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lysis of an infected cell by CTL is too slow to significantly reduce the number of virus 
produced by a cell that is infected with a cytopathic virus such as vaccinia virus (133).

Vaccinia virus can enter the body through abrasions in the skin or oral mucosa 
membrane, through inoculation or through infection via the respiratory and sometimes the 
intestinal tract. In natural infections, respiratory infection was the principal mode of 
infection in smallpox (278). The virus first infects cells at the port of entry and causes 
lytic death of infected cells. When lytic cell death occurs as a consequence of viral 

infection this leads to a local inflammatory response. Local dendritic cells subsequently 
become activated and migrate to draining lymph nodes, where they present exogenous 

viral antigens (290). The virus itself moves from the port of entry to the lymph nodes 
where it replicates (278). Once the virus has entered the lymph nodes it can again be 
presented by professional antigen presenting cells to CTL.

Spleen cells from vaccinia virus infected mice have been shown to produce various 
cytokines such as IFN-y, IL-6 and TNF-a within 12 hours of restimulation with virus- 

infected UV-irradiated syngenic cells in vitro with CD4+ T cells and adherent cells being 
responsible for the IFN-y production and adherent cells producing IL-6 and TN F-a 

(291).

The frequency of CTL precursors specific for vaccinia virus itself is high. This means 
that the CTL response to the virus itself will be very strong and might dominate the 
immune response if the conditions for restimulation of T cells are not carefully chosen. In 
addition, vaccinia virus is also able to induce in vitro primary responses. If mice have 
been immunised in vivo with vaccinia virus, it will be advantageous to stimulate the 
responder T cell in vitro by other means than by using vaccinia virus because otherwise 
the vaccinia response tends to overwhelm all but the strongest of responses to extrinsic 

antigens (285).
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1.5.3. Vectors used to construct recombinant vaccinia virus

p S C ll (292) is a 7.88 kb vector widely used to clone a variety of eukaryotic, prokaryotic 
and viral cDNAs aimed at being expressed in vaccinia virus, Figure 1.5.2. and for review 

see (283; 293; 294). The vector contains the same features as the vaccinia virus vector 

pGS20 (295). This means that p S C ll is pUC9 based and that the foreign cDNA is 
cloned under the P7.5 promoter (see below) between the left and the right end of the 
vaccinia virus thymidine kinase gene. The thymidine kinase sequences mediate 
homologous recombination with wild type vaccinia virus. Recombinant virus will then be 
thymidine kinase negative (tk“). This provides an opportunity to select recombinant tk“ 
virus with bromodeoxyuridine (BrdU) (292; 295). BrdU is a thymidine analogue. Wild 
type virus harbouring an intact thymidine kinase gene will be able to phosphorylate BrdU 
and incorporate it into their DNA with fatal consequences. In contrast tk“ recombinant 
virus will not be able to phosphorylate the BrdU and it will not be incorporated into the 
DNA (296).

In addition to the features in common with pGS20, pSCl 1 contains the (3-galactosidase 
gene (lacZ) under the control of the vaccinia virus late promoter PI 1. p-galactosidase is 
able to convert the colourless compound 5-brom o-4-chloro-3-indolyl-P-D - 

galactopyranoside (Xgal) to its indoxyl derivative which in turn is oxidised to the blue 
dye 5,5'-dibromo-4,4'cloroindigo (296). This means that cells containing recombinant 
virus and thus p-galactosidase can be identified by their blue colour.

Vaccinia virus contains and encodes its own RNA polymerase which directs transcription 
from vaccinia virus promoters but not eukaryotic gene promoters (294). Transcribed 
mRNAs are not spliced. This means that expression of eukaryotic genes is only achieved 
if the cDNA is inserted under control of vaccinia promoter. In p S C ll, the vaccinia 
early/late promoter of the 7.5 gene (297) is used to direct expression of foreign cDNAs.
The cDNA is cloned in an unique Smal site immediately downstream of the promoter 
(292; 295). The vector does not have an ATG codon positioned downstream of the 
promoter so foreign sequences need to contain their own ATG initiation codon. 
Expression can be detected within one hour of infection and continues throughout the 
whole infective cycle of the virus (295; 298). The level of protein expressed using the 
P7.5 promoter has been reported to be as much as 1-2 mg protein per litre cell culture 

(283)
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Figure 1.5.2.
Schematic representation of the vaccinia virus expression vector pSC l 1.
The foreign cDNA is inserted in the Sm al site under control o f the vaccinia 
early/late promoter P7.5.
Recombinant virus is generated by homologous recombination with wild type 
vaccinia virus via the flanking thymidine kinase sequences, tkR and tkL. 
Expression of (3-galactosidase under the late promoter PI 1 allows identification 
of recombinant virus.
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1.5.4. Biology of human adenovirus type 5 (Ad51

Adenoviruses are intermediate-size lytic DNA viruses. The virus is an icosahedron of 70 
to 90 nm in diameter with 252 capsomeres, 12 of these at the vertices carrying 

filamentous projections. The virion consists exclusively of protein and DNA (299; 300).

Adenoviruses have been isolated from a large number of mammalian and fowl species 

and to date more than 100 different serotypes have been isolated. The human serotypes 
have been grouped into six subgenera (A-F) whose members have close sequence 
similarity and share a variety of other properties. The most well characterised are 
Adenovirus type 2 and 5 (subgenus C), type 7 (Subgenus B) and 12 (Subgenus A) 
(299). The present work will deal with Adenovims type 5 (Ad5).

Human Ad5 is not generally associated with serious illness. In most cases, infection is 
limited to the upper respiratory tract with or without fever, but some variants might be 
more pathogenic than others. Retrospective antibody sampling studies of antibody titres 
to Ad5 show that, depending on the geographic region, from 50% to almost 100% of the 
population over the age of 5 years have been infected with Ad5.

Adenoviruses including Ad5 can cause latent infections and are isolated with high 
frequency from tonsils of asymptomatic patients. The genome consists of 36,000 bp of 
linear double stranded DNA. The virus can transform several different cell types, 
resulting in integration of the viral DNA into the host chromosome (301).
Several human adenovirus serotypes including Ad5 can cause tumours in animals such as 
hamsters but there is no evidence that the virus plays any role in human cancer except in 
certain rare instances (299; 301). The region of the adenovirus DNA which are important 
in oncogenic transformation of cells in culture and in tumour induction in vivo are 
contained within the left approximately 12% of the viral genome. This region corresponds 
to the so-called early region 1 (El). This is one of four regions which are expressed prior 
to DNA replication (301). Although human cells transformed by human adenoviruses 
exist, they have been generated with great difficulty using non-infectious viral DNA 
fragments. This was the case with the 293 cell line (see below). No human cell 
transformed by infectious adenovirus has ever been established as a permanent cell line 
(299). In Britain, work with adenoviruses has to be carried out in Containment level II 

laboratories.

The human adenovirus has a very restricted host range compared to vaccinia virus. 
Human epithelial cells are most efficiently infected although the viruses grow reasonably 
well in some human fibroblast cell lines (299). The virus is also able to infect a variety of 
different human brain cells including neurons, oligodendrocytes and myelinated axons as
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well as muscle cells (302). Only a small fraction of human lymphocytes are infected by 
and capable of replicating human adenoviruses. In general, infection of cultured cells of 
other species results in much less or no virus production when compared with human 
epithelial cells. Mouse cells in culture are semipermissive for Ad5 replication (299). The 

virus has also been reported to infect and express recombinant proteins in mouse spleen 
cells and liver cells (299; 303).

Adenovirus is attractive as mammalian expression vector because the genome is relatively 
stable and inserts of foreign genes are generally maintained without change through 
successive rounds of replication (299). Adenovirus 5 is being used in vaccine research, 
but the virus is currently also being intensively investigated for use in human gene 
therapy (302).

The virus cycle takes 32 to 36 hours and differs from the cycle of the vaccinia virus in 
several ways. In particular, many parts of the adenovirus life cycle are carried out in the 
nucleus where the vaccinia virus life cycle is entirely cytoplasmic. Adenovirus replication 
starts at 6 to 9 hours post infection and takes place in the nucleus. During replication, host 
DNA synthesis is reduced by up to 90%. Virus assembly also takes place in the nucleus 
after single polypeptides have been assembled into capsomeres in the cytoplasm (304).

The virus replication cycle contains 2 major phases. The early phase precedes DNA 
replication. During this phase, four non-contiguous regions are expressed namely early 
region E l consisting of E l A and ElB  and early regions E2, E3 and E4. E l A activates 
transcription of the other early regions. DNA replication requires both virally encoded and 
cellular functions. After the onset of DNA replication, the major late promoter (MLP) 
drives much of the viral transcription. The late transcripts are processed into a complex 
array of different mRNAs that encode most of the structural virion proteins. Production 
of late structural proteins is extremely efficient because of selective shut-off of host-cell 
protein synthesis (299).

Infected cells produce 1000 to 10,000 plaque forming units of virus and virions remain 
concentrated within the cell long after yields have reached maximum levels. This clearly 
facilitates collection of vims and vims produced protein (299).

Adenovims type 5 vectors with inserts resulting in viral DNA close to or less than a net 
genome size of 105% of the wild type genome grow well and are relatively stable, but if 
the size of the DNA exceeds this, the resulting vector will grow poorly and undergo rapid 
rearrangement (305). This means that there is a relatively tight constraint on the amount of 
DNA which can be packaged into virions compared to vaccinia vims.



59
About 2 kb of DNA in addition to the wild type adenovirus genome can be packaged in 
virions. Part of the adenovirus genome can be deleted to accommodate more DNA 
provided that the modifications are not essential for viral replication and packaging. 
Foreign DNA can be inserted into essential regions such as E l A provided that the defect 
is compensated for by suitable host cells such as 293 cells. These cells are human 
embryonic kidney cells which contain the extreme left of the adenovirus genome 
including the E l A gene (306), see also section 2.2.1. Adenovirus vectors with insertions 

in the E l A gene can consequently be used to generate infectious viruses in the 293 cell 
line. Deletions of up to 3.2 kb can be made in E l without compromising the ability of the 
virus to grow in 293 cells.
Alternatively, substitutions can be made in the E3 region or in a region just before the 
start of E4 transcription (299).
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1.5.5. The immune response to recombinant adenovirus

Recombinant adenovirus are being increasingly used to induce humoral and cellular 

immune responses. Despite the inefficient replication of human adenoviruses in cultured 
cells of most animal species, Ad5 recombinants produced either by insertion in the E l A 
gene or the E3 gene have successfully been used to induce antibodies to a variety of 
proteins. As an example, the pMV60/pJM17 system, which uses insertion in the E l A 

gene and will be described below, has recently been used to generate protective humoral 
immunity to tick-borne encephalitis virus in mice (307). In addition, Ad5 recombinants 
carrying inserts of herpes simplex virus, vesicular stomatitis virus or rabies glycoproteins 
in the E3 region have been shown to stimulate neutralising antibodies in rhesus monkeys, 
cows, dogs, foxes, striped skunks, racoons and mice (299).

The CTL response to Ad5 itself is well characterised in several strains of mice. In H-2^ 
mice, the CTL response is directed exclusively against the products of the E l A region 
(308). Adenovirus has not been used to generate CTL responses to recombinant proteins 
as much as vaccinia virus has, but there are several reports in the literature. As an 
example, CTL responses have been generated in H-2k mice to human cytomegalovirus 
glycoprotein B expressed under the E3 promoter. Immunisation with recombinant 
adenovirus was found to be superior to immunisation with a recombinant vaccinia virus 
expressing the protein under the vaccinia virus H6 early/late promoter (303).

The biggest problem encountered when using adenovirus to induce or stimulate CTL 
responses is the ability of the E3/19 K protein to interfere with the transcription of class I 
molecules or the export of class I molecules from the endoplasmic reticulum. The ability 
to do so depends on the individual strain of virus. Ad5 E3/19 K does not interfere with 
transcription of class I molecules but it does bind various class I molecules (309). 
However, the affinity of E3/gpl9K for mouse and molecules is reportedly low. 
To illustrate this point, expression of Ad5 E3/19K by vaccinia virus has been found not 
to alter CTL responses (310). The recombinant adenovirus used in the present work 
contains a deletion in the E3 gene, see section 1.5.6.
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1.5.6. Vectors used to generate recombinant adenovirus.

The pMV60/pJM17 cloning system used to generate recombinant adenovirus involves the 
use of three different vectors, pMVlOO, pMV60 and pJM17,

The system is based on homologous recombination between a plasmid (pJM17) which 

contains most of the Ad5 genome and a plasmid which contains the foreign DNA flanked 
by a fraction of the Ad5 E l gene in a pUC based vector (pMV60). Neither plasmid can 

give rise to infectious virus on its own. The foreign cDNA is cloned into pMV60 after 
first having been cloned behind the cytomegalovirus immediate early promoter (CMV-IE 
promoter) in the intermediate vector pMVlOO. The expression cassette containing the 
CMV-IE promoter plus foreign cDNA is cut out from pMV 100 with Hindllll and cloned 
into the pMV60 vector, Figure 1.5.3. (311). Vector pMVlOO is used as an intermediate 
because it is convenient to have a smaller vector for the intermediate manipulation steps.

pMV60 is derived from the vector pXCX2 (312). pXCX2 contains the left 16% of the 
adenovirus genome, minus a 2.7 kb deletion in the Ad5 E l region, cloned into 
BamHI/Sall of pBR322. The vector still contains bp 20-458 and bp 3318-5578 of the E l 
region. Regions which are necessary for cis viability including part of the left inverted 
terminal repeat (ITR) (1-103 bp) and packaging signals (194-300 bp) or for the structure 
of the virus as ( the protein IX gene, bp 3500 to the end of the E l gene) (313) have been 
left intact. pMV60 is identical to pXCX2 except that the Xbal cloning site has been 
substituted with a Hindin cloning site (311).

The big plasmid, pJM17, contains the entire Ad5dl309 genome (314; 315) plus a 4.3 kb 
insertion of the pBRx plasmid in the E l A gene (316). The pBRx fragment contains the 
ampicillin and the tetracyclin resistance genes. The Ad5dl309 is a mutant of Ad5 with a 
deletion in the E3 region. On its own, pJM17 is 40.3 kb in size and thus approximately 2 
kb to big to be packaged into infectious virions. However, the E l A sequences can be 
used to mediate homologous recombination with the smaller pMV60 plasmid.
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Figure 1.5.3.
Schematic representation of the cloning strategy used to generate the 
recombinant adenovirus plasmid pM V60 -X.
Recombinant live adenovirus is generated by cotransfecting this vector together 
with vector pJM17 into 293 cells, see text for details.
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During homologous recombination between pJM17 and pMV60, the E l A region with the 
pBRx plasmid will be excised from pJMlV and replaced with the E l A region from 

pMV60 containing the CMV-IE expression cassette. The resulting plasmid will therefore 
contain major deletions in E l and be smaller than pJM17 provided that the cDNA cloned 
into pMV60 is not bigger than 5 kb. The plasmid will be able to give rise to infectious 

virus, as long as the recombination takes place in a cell line providing the amputated E l A 
function such as the 293 cell line. The pMV60 vector cannot give rise to any virus on its 
own due to the lack of the necessary adenovirus genes.

The CMV-IE promoter is derived from the immediate early promoter from human 
cytomegalovirus (HCMV) strain AD 169 and is strong due to an efficient enhancer 
element (317). The promoter can be used for both transient and constitutive expression 
and is functional in a wide range of different cell types. A construct containing a truncated 
form of the promoter from bp -299 to + 69 and the CMV-IE poly A signal (also derived 
from HCMV strain AD 169) has been shown to give high levels of protein expression up 
to 144 hours after infection in a fibroblast cell line. In other cell lines maximum levels of 
protein expression are reached after 48 hours (311). A map of the CMV-IE expression 
cassette is shown in Figure 1.5.4.

There are several advantages of an adenovirus system based on insertion into E l A and 
with the foreign gene driven by the CMV-IE promoter. Infection of cells lacking the E l 
helper function results in constitutive expression from the CMV-IE promoter with 
simultaneous activation of the adenovirus immediate early-phase gene expression. 
Secondly, inserted genes are generally maintained without change through successive 

rounds of replication (313).
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Figure 1.5.4.
The eukaryotic CMV-IE expression cassette present in vector pMVlOO.
The expression cassette contains the CMV-IE promoter (-299 to +69 ) upstream of 
a Xbal cloning site and a poly A signal also derived from the major CMV-IE gene 
(+2757 to + 3053). The whole fragment between the two Hindlll sites is 735 bp.
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2. Materials and methods

2.1. Molecular biology and protein chemistry techniques

2.1.1. Growth and handling of bacteria 

Bacterial strains
E. coli XL 1-Blue (Stratagene) was used for transformation and amplification of 
recombinant plasmids containing the ampicillin resistance gene. The genotype is recAl, 
endA l, gyrA96, thi-1, hsdRlT, supE44, relA l, lac, [F'proAB, lacH AM15,TnlO (tetO].

Bacterial medium and antibiotics
LB medium (Luria-Bertani medium) and SOB medium were supplied by ICRF Central 
Media Department, Clare Hall.
LB-medium contains 1% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract and 1% (w/v) 
NaCl. LB agar plates were made from LB medium solidified with 1.5% (w/v) agar.
SOB medium contains 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.06% (w/v) NaCl, 
0.02% (w/v) KCl, 0.2% (w/v) MgCh and 0.25% (w/v) MgS0 4 .

Tetracycline was made up in ethanol as a 5 mg/ml stock solution and used at a 
concentration of 12.5 pg/ml.

Ampicillin was made up in H2O as a 50 mg/ml stock solution and used at concentration of 
50 |Xg/ml.

Crvopreservation of bacterial stocks
Bacterial stocks were stored in 10% (v/v) sterile glycerol in 1.5 ml Eppendorf tubes at 
-70°C. To resuscitate the bacteria, some frozen cells were streaked out an LB agar plate 
with appropriate antibiotics and grown overnight at 37°C.
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Preparation of a small bacterial stocks (5 ml culture)
A single colony from a LB agar plate with appropriate antibiotics was used to inoculate 5 
ml of selective LB medium. The culture was grown to saturation (12-16 hours).

Large scale bacterial stock (200-400 ml culture)
A freshly prepared small scale bacterial stock was diluted 1:100 into a larger volume of 
selective LB medium and regrown to saturation (16-18 hours).

2.1.2. General procedures for handling of DNA 

Phenol equilibration
Phenol was equilibrated to pH above 7.5 as described by (318). One volume of liquid 
phenol with added 0.1% (w/v) hydroxyquinoline was mixed with one volume 0.5 M 
Tris-HCl, pH 8.0. The mixture was stirred for 15 minutes protected from light. The 
phases were allowed to separate and the top aqueous phase was removed. 1 volume of
0.1 M Tris-HCl, pH 8.0. was added to the bottom phenol layer. The mixture was again 
stirred for 15 minutes protected from light. The phases were allowed to separate and the 

top aqueous phase was removed. pH was checked and 1/10 volume 0.1 M Tris-HCl, pH
8.0 containing 0.2% (v/v) p-mercaptoethanol was added to the phenol for storage. The 

equilibrated phenol was stored for up to one month at 4°C in a glass container protected 
from light.

Phenol/chloroform  extraction
Proteins were removed from plasmid and DNA fragment preparations by phenol 
chloroform extraction unless something else is indicated. Immediately prior to use, 1 

volume equilibrated phenol was mixed with 1 volume chloroform. 1 volume of the 
phenol/chloroform mixture was added to 1 volume DNA solution. The emulsion was 
mixed on a whirli mixer for 60 seconds and centrifuged for 2 minutes in a 
microcentrifuge at 12000 rpm (6000 x g). The aqueous top layer was transferred to a 
fresh tube and mixed with 1 volume chloroform using a whirli mixer for 60 seconds. 
After centrifugation, the top aqueous DNA containing layer was transferred to a new 
tube.
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Agarose gel electrophoresis of DNA

DNA fragments were separated by electrophoresis in agarose gels in 45 mM Tris-borate,
1 mM EDTA buffer (0.5 x TBE buffer). The agarose content of the gel depended on the 
size of the DNA fragments to be separated in the gel. G.7-0.8% gels or 1% gels were 
used for most purposes and would separate DNA fragments between 0.8 to 10 kb (318). 
1.5% gels are efficient for separating fragments between 0.2-3 kb (318), so these gels 
were always used to separate PCR products.
A 10 X TBE buffer stock solution was made from 108 g/1 Tris base, 55 g/1 boric acid and 
40 ml/1 0.5 M EDTA, pH 8.0 (318). Gels were made by melting agarose in 0.5 x TBE 
buffer in a microwave oven, cooling the solution to 60°C and adding ethidium bromide 
(EtBr) to give a final concentration of 0.5 pg/ml. After having cast the gel, one volume 

DNA sample was mixed with 1/5 volume DNA loading buffer and loaded on the gel. The 
6 X concentrated DNA loading buffer contained 0.25% (w/v) bromophenol blue and 40% 
(w/v) sucrose in water. Electrophoresis was performed in 0.5 x TBE under constant 
voltage. Under these conditions, the bromophenol blue migrates at approximately the 
same rate as linear double-stranded DNA 300 bp in length. After electrophoresis, the 
binding of EtBr to DNA allowed visualisation of the DNA fragments under UV light. 
EtBr binds to DNA by intercalating between the bases and causing the double helix to 
unwind.

Precipitation of DNA
DNA was precipitated with 1/10 volume 3 M NaAc, pH 5.3 and 2 volumes of ethanol. 
Samples estimated to contain at least 10 pg/ml DNA were precipitated for 10 minutes at 

-70°C whereas samples with lower DNA concentrations were left overnight at -20°C. The 
latter procedure will precipitate DNA at concentrations as low as 10 ng/ml. Following 
precipitation, the DNA was peleted by centrifugation for 15 minutes at 4°C at 12,000 x g 
(15,000 rpm in a Sigma 2K15 centrifuge), washed once in 70% (v/v) ethanol, dried 

under vacuum and resuspended in H2O or TE, pH 8.0

Small scale plasmid preparations
Small scale plasmid preparations were obtained by the alkaline lysis method essentially as 
described by (318).
1.5 ml of bacterial culture from a fresh small scale bacterial stock was transferred to a 1.5 
ml Eppendorf tube. The cells were pelleted in a microcentrifuge, washed once in 1 ml of 
STE buffer (100 mM NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0)) and 
resuspended in 100 pi 50 mM glucose, 25 mM Tris-HCl (pH 8.0), 10 mM EDTA (pH 
8.0). The cells were lysed by adding 200 pi of freshly made 0.2 M NaOH, 1% (w/v) 
SDS. Proteins, cellular debris and chromosomal DNA were precipitated by adding 150 pi
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ice-cold 3.0 M KAc, pH 5.3, incubating for 5 minutes on ice and centrifuging at 12,000 
X g for 10 minutes. Remaining proteins were removed by one phenol/chloroform 
extraction. The DNA was precipitated with 1/10 volume 3 M NaAc, pH 5.3 and 2 
volumes of EtOH. After precipitation, the DNA was resuspended in 50 |il TE buffer (10 
mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0)) containing 20 fig/ml RNAse. The yield 

from high copy number plasmids such as the pUC based pSCl 1 or pMVlOO (see section
1.5.) was about 3-5 |ig  DNA per millilitre original culture. For lower copy number 

plasmids such as the pBR322 based pMV60 (see section 1.5.), the yield was roughly 1-2 
jig DNA per millilitre original culture.

Large scale plasmid preparations
Large scale plasmid preparations were obtained with the Qiagen Plasmid Maxi Kit 
(Qiagen GmbH). The method is based on the use of Qiagen-tip 500 columns to 
selectively bind DNA. The column consists of a resin with a hydrophilic surface 
containing diethylaminoethyl (DEAE) groups. The resin functions as an anion-exchanger 
that selectively separates nucleic acids from other substances, such as proteins and 
carbohydrates. Six different solutions are used in the Qiagen kit. Solution PI is 50 mM 
Tris-HCl (pH 8.0), 10 mM EDTA with added RNAse to give a final concentration of 100 
|ig/ml. Solution P2 is 200 mM NaOH, 1% (w/v) SDS and solution P3 is 3.0 M KAc, pH

5.5. Buffer QBT is 750 mM NaCl, 50 mM MOPS (pH 7.0), 15% (v/v) EtOH, 0.15% 
(v/v) Triton X-100. Buffer QC is 1.0 M NaCl, 50 mM MOPS (pH 7.0), 15% (v/v) EtOH 
and buffer QBE is 1.25 M NaCl, 50 mM Tris-HCl (pH 8.5) and 15% (v/v) EtOH.

First, a large scale bacterial stock was made. 100 ml of culture was used to prepare high 

copy number plasmids such as p S C ll and pMVlOO and derivatives of these vectors 
whereas 500 ml of culture was used to prepare low copy number plasmids such as 
pMV60 and derivatives of pMV60. The culture was harvested and the bacteria was 
centrifuged 15 minutes at 2500 x g (3750 rpm in a centrifuge with a rotor radius of 16 cm
i.e. Beckman GPR centrifuge). The bacterial pellet was resuspended in 10 ml of buffer 
P I. 10 ml of buffer P2 was added, the sample was mixed and incubated at room 
temperature for 5 minutes exactly. 10 ml of chilled buffer P3 was added, the sample was 
mixed and incubated on ice for 20 minutes. The samples were centrifuged at 4°C for 45 
minutes at 2,500 x g (3750 rpm). The supernatant was removed and immediately applied 
to a Quiagen-tip 500 column which had been equilibrated with 10 ml of buffer QBT. The 
column was washed 2 times with 30 ml of buffer QC, and the DNA was subsequently 

eluted with 15 ml of buffer QF. The DNA was precipitated with 0.7 volumes of 
isopropanol (room temperature) and centrifuged for 30 minutes at 4“C at 15,000 x g 
(11,000 rpm in a Beckman J2-21 with a JA-20 rotor, radius 10.7 cm). The DNA was 
washed with 15 ml of ice-cold 70% (v/v) ethanol, air dried for 5 minutes and redissolved
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in 1 ml of TE buffer. The DNA concentration and quality were evaluated by agarose gel 

electrophoresis and by measuring A26O and A280- An A260/A28O ratio of 1.75 indicating a 
high DNA/protein ratio was found to be acceptable on the basis of the recommendations 
of (318). Under these circumstances, the DNA concentration was calculated on the basis 
of the assumption that an A26O value of 1 corresponds to 50 |ig/ml DNA (318).

Restriction digests
Most restriction digests were done in One-Phor-All Buffer Plus (Pharmacia). The 10 x 

stock solution contains 100 mM Tris-acetate (pH 7.5), 100 mM magnesium acetate and 
500 mM potassium acetate. The stock solution was diluted according to instructions given 

by the manufacturer.
Restrictions digests using Notl were done in 1 x Gibco ERL Basic REACT buffer 3 (50 
mM Tris-HCl (pH 8.0), 10 mM MgCl2, 100 mM NaCl) and Eco72I and SphI digests 
were done in 1 x Promega buffer K (10 mM Tris-HCl (pH 7.1), 10 mM MgCl2, 150 mM 
KCl). SphI digests were done in Pharmacia One-Phor-All Buffer Plus, if the enzyme was 
used in conjunction with other restriction enzymes which did not work well in Promega 
buffer K.

Purification of small DNA fragments
DNA fragments used as inserts in ligation reactions or as probes in blots were resin 
purified with the Geneclean method (Stratech Scientific). This method is based on the 
binding of DNA to an insoluble silica matrix "Glassmilk". The DNA fragments were 
separated by agarose gel electrophoresis and the relevant band was excised under UV 
light. The agarose fragment(s) containing the DNA was weighed and the volume of the 
slice was determined on the assumption that 1 g equals 1 ml of gel. 3 volumes Nal 
solution was added per volume gel. The tube was kept for 5 minutes at 55°C in a 
waterbath to dissolve the agarose. Glassmilk was added to the tube. Approximately 5 pi 
Glassmilk was used per 5 pg DNA to be bound. The suspension was incubated for 5 

minutes on ice. The DNA/Glassmilk complexes were pelleted by brief centrifugation and 
the pellet was washed three times with the "New Wash" washing solution. The washing 
solution contains so-called New Formula (supplied with the kit by Stratech Scientific), 
H2O and EtOH in a ratio (vol: vol: vol) of 14: 280: 310. Great care was taken after the 
last wash to make sure that as much of the washing solution had been removed as 
possible. The DNA was finally eluted using the same volume of TE as the volume of 
Glassmilk used to bind the DNA. The samples were incubated at 55°C for 3 minutes and 
centrifuged. The supernatant containing the DNA was kept. The DNA content of the 

supernatant was checked by agarose gel electrophoresis.
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Filling in of recessed 3* termini on inserts
The Klenow fragment of DNA polymerase I was used to fill in recessed 3' termini to 
create blunt ends. The Klenow fragment retains the complete polymerase activity and 3' 
to 5' exonuclease activity of DNA polymerase I, but lacks the 5' to 3' exonuclease 
activity (296). Up to 5 |ig digested DNA was reacted in 50 mM Tris-HCl (pH 7.5), 10 
mM M gS04, 100 pM DTT and 50 pg/ml BSA (fraction V) using 80 pM  of each dNTP 

and 5 units Klenow fragment in a total volume of 25 p i for 30 minutes at room 

temperature (318). The reaction was stopped with the addition of 1 pi 0.5 M EDTA, pH 

8.0. The fragments were phenol/chloroform extracted and precipitated. After 
resuspension in a small volume of TE, pH 8.0 (usually 10 pi), the inserts were ready for 

ligation.

Déphosphorylation of vectors
5' terminal phosphate residues were removed on vectors prior to ligation by treatment 
with calf intestinal alkaline phosphatase (Pharmacia) to prevent vectors from religating. 
Only foreign DNA inserts providing phosphate groups will be ligated efficiently to the 
dephosphorylated vector DNA to give an open circular DNA containing two nicks. This 
circular DNA will transform more efficiently than the linear vector and the two remaining 
open phosphodiester bonds are closed in vivo after transformation into the bacterial cell 
(296; 318). Between 1 and 5 pg vector were dephosphorylated in 1 x One-Phor-All 
buffer (Pharmacia) in a volume of 50 p i with 0.1 unit calf intestinal phosphatase 

(Pharmacia) for 30 minutes at 37°C. Following dephosphorylation, the alkaline 
phosphatase was inactivated by heating the sample for 15 minutes at 85°C. The 
dephosphorylated vector was used directly with no change of buffer in subsequent 
ligation reactions.

Ligation of vector and insert
Inserts were ligated to dephosphorylated vectors with T4 ligase for 16 hours at 16°C in 1 
X One-Phor-All buffer (Pharmacia) and 0.5 mM ATP in a total volume of 10 pi. For 

cohesive end ligations, the molar ratio of vector to insert was approximately 0.5, and 0.5 

-5 units T4 ligase was used. For blunt end ligations the molar ratio of vector to insert was 
approximately 3, and 1 pi of 8 units/ml T4 ligase was used. For blunt end ligations, 

ligation for 4 hours at room temperature worked as well as 16 hours at 16°C overnight.

Following ligation, 4 p i of the ligation mixture were used to transform 100 p i of 

competent XLl Blue E. coli cells.
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Transformation of E, coli
Competent cells:

The composition of the solutions used to make competent cells is given in Table 2.1.1.
A single colony E. coli XLl BLue was used to inoculate 7 ml of SOB medium overnight.
The following morning 4 ml of the primary culture were transferred to 400 ml SOB and 
grown for between 2 to 4 hours to A550 0.45-0.55. The cell suspension was aliquoted 
into 8 ice-cold 50 ml Falcon Tubes and kept on ice for 3 minutes. The cells were pelleted 

by centrifugation at 4°C for 5 minutes at 1130 x g ( 2500 rpm, 16 cm rotor radius). The 

cells were resuspended in 5 ml ice-cold solution I after which additional 15 ml solution I 
were added. The cells were kept on ice for 30 minutes and centrifuged for 5 minutes at 
4°C at 1130 X g (2500 rpm). The cells were resuspended in 4 ml ice-cold solution II and 
aliquoted into pre-cooled Eppendorf tubes. The cells were kept at 4°C overnight prior to 
freezing them at -70° C.

Table 2.1.1.

Solutions used for making competent E. coli ceils

Solution I
30 mM KAc 

50 mM MnCl2 

100 mM KCl 
lO m M CaCh 

15% (w/v) Glycerol 
pH was adjusted to 5.8 with 0.2 M Acetic Acid

Solution II
10 mM MOPS 

75 mM CaCl2 
10 mM KCl 

15% (w/v) Glycerol

For transformation, 100 pi competent cells were thawed on ice. Between 4 and 40 ng 
DNA in a volume of no more than 4 pi were added to the cells. The cells were incubated 

with the DNA for 40 minutes on ice, heat shocked for 90 seconds at 42°C and then again 
transferred to ice for one minute. 400 pi LB medium were added to the cells, followed by 
a one hour incubation at 37°C. Finally, 100 pi cells were plated out on selective LB agar 

plates and incubated at 37°C overnight.
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2.1.3. Transfection of mammalian cell lines.

Transfection bv CaPOa precipitation

Recombinant DNA was introduced into adherent cells by a modification of the CaP04 
precipitation method (319). The buffers used during the procedure are listed in Table 
2 . 1 . 2 .

One day in advance of the transfection, adherent cells were seeded in T75 flasks in order 
to reach 70% confluency the following day.
On the day of transfection 10-20 pg DNA was mixed with 200 pi transfection buffer 2 in 

a 20 ml universal tube. Water was added to give a final volume of 500 pi. 500 pi of 

transfection buffer 1 was added. After 30 minutes at room temperature, the medium was 
removed from the T75 flask containing the cells to be transfected. The DNA mixture was 
added to the cells. Following a 25 minutes incubation at 37°C, 5 ml of E4, 5% PCS were 

added. The cells were incubated for 4 hours at 37°C. 1 ml of a mixture of 56% (v/v) 
DMSO and 44% (v/v) RPMI, 5% PCS was added and left on the cell layer for 25 minutes 
at 37°C. The medium and DMSO were removed and replaced with 15 ml of E4, 5% PCS.
The cells were placed in the incubator. The following morning, the medium was replaced 
with fresh E4, 5% PCS.

Table 2.1.2. 

Buffers used for transfection of DNA via calcium precipitation

Transfection buffer 1
274 mMNaCl 

10 mMKCl 
1.4 mM Na2HP04 

12 mM glucose 
42 m M HEPES,pH 7.1

Transfection buffer 2 = 5 x CaCb

625 mM CaCl2

pH of both buffers were checked and adjusted to 7.1 if necessary
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Transfection bv electroporation
Mammalian cells were transfected with linearised DNA by electroporation using a Biorad 
Gene Puiser linked to a Biorad Capacitance Extender. 5 x 10^ cells were mixed with 
between 10 to 20 jig recombinant DNA and 20 jLig sonicated and boiled salmon sperm 

carrier DNA in a volume of 1 ml IMDM without any PCS. The sample was transferred to 
a cuvette and kept on ice for 5 minutes to avoid cell damage during local heating during 
the following pulsing. The cells were electroporated using the conditions listed in Table
2.1.3. After electroporation, the cells were left on ice for 5 minutes to prolong the period 

where the pores would be open. The electroporated cells were finally plated out in a 24 

well plate at a concentration of 2 x 10  ̂ cells per well on top of a layer of 1 x 10  ̂
syngeneic irradiated (3000 rads) splenocytes per well. In the present work, all transfected 
plasmids contained the neo gene, so transfected cells could be selected on Geniticin 
(G418). G418 is an aminoglycoside antibiotic which inhibits protein synthesis. 
Resistance to G418 is conferred by the neo gene which encodes an aminoglycoside 
phosphotransferase which phosphorylates G418, thereby rendering it inactive. The 
frequency of spontaneous resistance is lower than 10"^ (296). Selection was initiated at 
48-96 hours after electroporation, depending of the apparent health of the cells. The 
concentration of G418 used for selection would depend on the transfected cell line, see 
Table 2.1.3. The medium would be changed every 2 to 4 days for 2 to 3 weeks to get rid 
of debris of dead cells and to allow colonies of resistant cells to grow out.

Table 2.1.3.

Conditions used for transfection of mammalian cells by
electroporation

Cell line Voltage

(V )

Capacitance
(liF )

A ctive  
concentration of 
G418 used for 

selection  
(jig/m l)

EL4 450 125 450

RMA 200 960 600

PIHTR 800 25 350

A20 450 250 450
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2.1.4. Isolation and analysis of genomic DNA from mammalian cells 

Isolation of genomic DNA

Genomic DNA was isolated by lysing cells with SDS followed by proteinase K digestion 
and several rounds of phenol and chloroform extractions. Briefly, 10^ mammalian cells 
were harvested, centrifuged for 5 minutes at 300 x g, washed once in PBSA and 
resuspended in 100 |xl PBSA. The cells were lysed by adding 1 ml of 50 mM Tris (pH 
7.5), 100 mM EDTA, 0.5% (w/v) SDS. Proteins were digested by adding 80 |xl of a 5 
mg/ml stock solution of proteinase K to give a final concentration of 300 |ig/ml enzyme. 

Proteinase K is a serine protease with broad specificity and suitable for non-specific 

elimination of cellular proteins. The samples were incubated overnight at 55°C. Enzyme 
as well as digested proteins and lipid components were removed the following day by 
first extracting twice with phenol for at least 2 hours on a rotor and then extracting twice 
with chloroform for 10-20 minutes on a rotor. The DNA was precipitated with 0.1 
volume 3 M NaAc, pH 5.3 and 2 volumes ice-cold 100% ethanol and centrifuged 
immediately for 15 minutes at 12,000 x g at 4°C. If no firm precipitate was formed after 
the centrifugation, the sample was kept for one hour at -70°C before centrifugation. The 
precipitate was washed in 80% ethanol and resuspended in 50 |il TE, pH 8.0 containing 
10 |ig/ml RNAse.

The quality of the DNA was checked by agarose gel electrophoresis. An estimate of 
remaining protein which could interfere with subsequent treatment and analysis of the 
DNA was obtained by measuring the optical absorbance of the sample at 260 nm and 280 

nm (A26O and A280). An A26O to A28O ratio greater than 1.75 was considered satisfactory. 
Under these conditions, the concentration of the DNA would be calculated from the 
assumption that an A26O value of 1 corresponds to 50 luig/ml double stranded DNA (318).
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Analysis of genomic DNA with Southern blots
Between 10 and 15 jig genomic DNA was digested in a volume of 60 jxl. The fragments 

were separated by electrophoresis in a 0.7% agarose gel overnight at 0.7 V/cm. 
Following electrophoresis, the gel was soaked for 1 hour in 0.5 M NaOH, 1.5 M NaCl to 
denature the DNA. The gel was rinsed briefly in distilled H2O and neutralised by soaking 

it two times for 30 minutes each time in 0.5 M Tris (pH 7.4), 1.5 M NaCl. The DNA was 
transferred to a nylon membrane (Hybond N) by capillary transfer under neutral 
conditions in 20 x SSC (318).

Hvbridisation of radiolabelled probe to the immobilised DNA
All incubations including pre-hybridisation and washes of the filter were carried out in 
hybridisation bottles at 68°C using a Hybaid Maxi hybridisation oven.

The filter was pre-washed in 0.1 x SSC, 0.5% (w/v) SDS for 1 hour and pre-hybridised 
for 1 hour in a solution made up from 1 volume 7% (w/v) SDS, 1% (w/v) ESA (fraction 
V), 1 mM EDTA and 1 volume 1 M Na2HP04 pH 7-7.5 ("hybridisation solution"). The 
hybridisation was carried out by removing the pre-hybridisation solution and adding 15 
ml fresh hybridisation solution and labelled probe.

The DNA probe was labelled in advance by resuspending approximately 100 ng DNA in
29.5 pi H2O. The DNA was made single stranded by boiling it for 5 minutes and 
transferred to ice. 10 pi OLE buffer (see Table 2.1.4.), 2 pi ESA (fraction V) from a 10 
pg/ml stock solution and 5 pi ^^P-dCTP ( >3000 Ci/mmole,10 mCi/ml, Amersham) and 

2 units E. coli DNA polymerase I (Klenow fragment) were added sequentially. The 
labelling reaction was allowed to proceed for 2.5 hours at 37°C and stopped by adding 1 
pi 0.5 M EDTA, pH 8.0. Un-incorporated nucleotides were removed by gel filtration 

with TE buffer, pH 8.0 on a Sephadex G50 column (Pharmacia). The probe was eluted 
in 500 pi TE, pH 8.0. 1 pi of the probe was diluted in 10 ml scintillation liquid and 

counted on Beckmann L S I800 Scintillation counter. The labelled probe was kept on ice 
and boiled for 5 minutes just prior to addition to the hybridisation solution. 10^ cpm of 
probe was added per ml hybridisation solution.
The DNA probes used in the present work are listed in Table 2.1.5.
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Table 2.1.4.

Solutions used for labelling of DNA probes for DNA-DNA  
hybridisation on nylon membranes

Solution O
1.45 M Tris-HCl, pH 8.0 

0.145 M M gCl2

Solution A
865 pi Solution O 

18 pi p-mercaptoethanol 
50 pi 10 mM dATP 

50 pi 10 mM dGTP 
50 pi 10 mM dTTP

Solution B
2 M Hepes, 

pH 6.6

Solution C
90 Unit/ml Hexanucleotide 

(Pharmacia) in 
3 mM Tris-HCl (pH 7.5), 
0.2 mM EDTA (pH 8.0)

OLE Buffer
100 pi Solution A 
250 pi Solution B 
150 pi Solution C

After overnight hybridisation, the filter was washed once in 5 x SSC, 1% (w/v) SDS for 
30 minutes, once in 2 x SSC, 0.1% (w/v) SDS for 30 minutes and finally once in 0.2 x 
SSC, 0.1% (w/v) SDS for 30 minutes. The filter was exposed to a Fuji autoradiography 
film at -70°C for varying lengths of time.
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Table 2.1.5.

DNA probes used in hybridisations

Probe Obtained from Length

Murine cyclin D1 (CDl) 
cDNA

CDl in pJ7-omega 
vector

(V. Fantl, ICRF)

1.3 kb

EcoRI fragment

Murine fibroblast growth 

factor receptor I 
(FRI) cDNA

FRI in pDO-R vector 

(N. Lemoine, ICRF)
2.2 kb

EcoRI/Sall fragment

Murine mdm2 
cDNA

mdm2 in Bluescript KS 
vector
(A. Levine, Princeton)

1.7 kb
EcoRI fragment

Murine wild type p53 
(WT p53) cDNA

p53 in pT7-7 vector 
(L. Crawford, ICRF)

2.0 kb
Xbal-Hindlll fragment

Murine p-actin 

cDNA

p-actin in pUC8 vector 

(Ludwig Institute for 
Cancer Research, 
London)

1.8 kb
PstI fragment
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2.1.5. Isolation and analysis of mRNA from mammalian cells

Isolation and analysis of RNA was carried out taking special precautions recommended 
by (318) to avoid degradation of RNA by RNAse. H2O was treated for 2 hours with 
diethylpyrocarbonate (DEPC) at 37°C to give a final concentration of 0.1% (v/v) DEPC 
and subsequently autoclaved. Most solutions were treated similarly, except solutions 
containing amines such as Tris buffers or solutions which could not be autoclaved. All 

glassware was baked for 7-8 hours at 180°C. Gel tanks and trays which could not be 
baked was cleaned with detergent, rinsed with water, dried with ethanol and treated with 

3% (v/v) H2O2. After 10 minutes at room temperature, the equipment was rinsed with 
DEPC treated H2O.

Isolation of total RNA from mammalian cells
RNA was purified from mammalian cells with a mixture of guanidiumthiocyanate salt, 
urea and phenol using the total RNA isolation reagent from Advanced Biotechnologies 
based on the method of (320).
5x10^ cells were suspended in 1 ml of the guanidiumthiocyanate and phenol containing 
RNA isolation reagent. This procedure will lyse cells, denature proteins and release 
proteins bound to RNA and DNA. Subsequent physical separation of the RNA in an 

aqueous top phase from protein, lipid and DNA in the interface and the organic bottom 
phase was achieved by adding 200 |i l  chloroform to the sample followed by 

centrifugation at 12,000 x g for 15 minutes at 4°C. The RNA was precipitated by adding 
an equal volume of isopropanol to the sample, leaving it on ice for 15 minutes and 
centrifuging it at 12,000 x g for 15 minutes at 4°C. The precipitate was washed once in 
80% (v/v) ethanol and resuspended in 30 \i\ of DEPC treated H2O. The purity of the final 

RNA preparation with respect to contaminating protein was estimated by measuring the 

ratio of A26O to A28O. A ratio of 1.8 or more was considered satisfactory. The 
concentration of RNA in the sample was estimated assuming that an A26O value of 1 
corresponds to 40 |Xg/ml of single stranded RNA (318). A measure of the quality of the 

RNA was obtained by checking for the presence of abundant 18S and 28S Ribosomal 
RNA bands upon gel electrophoresis.
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Reverse transcription of RNA

First strand cDNA was synthesised from mRNA with Moloney Murine Leukemia Virus 
Reverse Transcriptase (M-MLY RT) as follows: 5 |xg RNA in 10 |Lil DEPC treated H2O 

was heated to 94°C for 1 minute and put on ice. Reverse transcription was performed in 1 

X Reverse Transcriptase buffer from Gibco BRL (50 mM Tris-HCl, pH 8.3, 75 mM 
KCl, 3 mM M gCli), 10 mM DTT, 40 units RNAse inhibitor, 1 mM of each dNTP, 
0.036 units random hexamer (Pharmacia) and 400 units Murine Moloney Leukemia virus 
Reverse Transcriptase. The reverse transcription reaction was allowed to proceed for 1 
hour at 37°C. Samples were kept at 4°C until further use. 5 |il of the cDNA mixture was 

routinely used per PCR reaction.

Polymerase Chain Reaction (PCR)
The polymerase chain reaction was carried out with Thermus species thermostable DNA 
polymerase (Promega). The buffer used was PCR reaction buffer IV from Advanced 
Biotechnologies. The 10 x concentrated buffer contains 200 mM (NH4)2S0 4 , 750 mM 

Tris-HCl, pH 9.0 (at 25“C), 0.1% (w/v) Tween and 15 mM MgCl2.
The PCR reaction mixture consisted of 1 x Buffer IV, 125 )aM of each dNTP, 0.5 |Xg 

(approximately 50 picomoles) of each oligonucleotide primer and finally target DNA as 
appropriate. Water was added to give a volume of 90 |xl.

The PCR reaction was carried out in a Perkin Elmer Cetus DNA Thermal cycler as 
follows: The samples were heated for 5 minutes at 94°C and then cooled to 57°C. The 
temperature was kept at 57°C for 5 minutes during which time 10 \i\ of a 0.25 units/ |xl 

Taq polymerase were added to each sample.
After addition of the Taq enzyme, the programme consisted of 30 cycles of each 1 minute 
at 94°C for strand separation, 1 minute at 57°C for annealing of the primers and 1 minute 
extension at 72°C followed by a final extension step for 5 minutes at 72°C. The samples 
were kept at 4°C until analysed in a 1.5% agarose gel. The oligonucleotides used for PCR 
amplification of cDNA products are listed in Table 2.1.6.
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Oligonucleotides used as primers in P C R

cDNA and 
ËMBL accession  
number

1. primer
(sen se)

2 . primer 
(antisense) 
written as reverse 
com plem ent 
sequence

A m plified
fragm ent

Murine cyclin D1 

M64403
CTC AAG AGO GAG 

GAG ACC TG

ATG GCG GCG AGG TTC 

CAC TT

Bp 281-651 

= 371 bp

Murine fibroblast 
growth factor 
receptor I (FRI) 
M28998

GAT AAG GAC AAA 

CCC AAC

TCA GCA GCT TGA AAA 

GTT

Bp 1291-1930 

= 640 bp

Murine mdm2 
X58876

ACA CAG ATG AGC 

TAG CTG GG

CTT CTT CTG CCT GAG 

CTG AG

Bp 704-1261 

= 558 bp

Murine wild type 
p53 (WT p53) 

X01237 
Set 1

TAT TCT GCC AGC TGG 

TGA AGA CGT G

AAC TCT AAG GCC TCA 

TTC AGC TCC C

Bp 546-1197 

=652 bp

Murine wild type 
p53 (WT p53) 
X01237 
Set 2
("Donehower")

GGG ACA GCC AAG 

TCT GTT ATG TGC

CTC CCG GAA CAT CTC 

GAA GC

Bp 497-1195 

= 699 bp

Murine
hypoxanthine
phosphoribosyl
transferase
(HPRT)

(positive control) 
J00423

GTT TGT TGT TGG 

ATA TGC CCT TGA C

GGG GAC GCA GCA 

ACT GAC ATT TCT A

Bp 645-895 

= 251 bp (mouse)

Bp 643 -909 =

267 bp (human)

NB: the murine 

sequence covered by the 

antisense primer differs 

at two nucleotides from 

the corresponding 

human sequence
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A nalysis o f total RNA with Northern blots

Total RNA was isolated by the guanidinium thiocyanate method as described above. The 
RNA was separated in gels containing denaturing formaldehyde and using the buffers and 
reagents listed below (318). All solutions were DEPC treated unless otherwise specified.

S o l u t io n s  p r e p a r e d  f o r  e l e c t r o p h o r e s is  o f  RNA in

FO RM ALDEH YDE GELS

1) 5 X concentrated formaldehyde gel running buffer 
The buffer contained 0.1 M MOPS (pH 7.0), 40 mM sodium acetate and 5 mM 
EDTA ( pH 8.0) and was prepared as follows: 20.6 g MOPS was dissolved in 800 ml 
DEPC treated 50 mM NaAc. pH was adjusted to 7.0 with 2 M NaOH and 10 ml 
DEPC treated 0.5 M EDTA was added. The volume was adjusted to 1 litre. The 
solution was filtered through a 0.2 pm filter and kept at room temperature protected 

from light.

2) Deionised Formamide 
Formamide was deionised my mixing 50 ml formamide with 5 g Dowex G50 mixed 
bead resin for 30 minutes at room temperature in the dark. The solution was filtered 
twice through Whatman n“ 1 filters.

3) Gel loading buffer 
50% (v/v) glycerol 

1 mMEDTA, pH 8.0 
0.25% (w/v) bromophenol blue 
0.25% (w/v) xylene cyanol FF 
made up in DEPC treated H2O

The electrophoresis gel was made up by mixing
1) 3.5 part 1.6% (w/v) melted agarose in DEPC treated water and cooled to 60°C

2) 1 part 12.3 M formaldehyde (pH>4.0) and
3) 1.1 part 5 x formaldehyde gel running buffer
The RNA samples were prepared by mixing approximately 20 pg RNA in 4.5 pi DEPC 
treated H2O with 2.0 pi formaldehyde gel running buffer, 3.5 pi formaldehyde and 10 pi 
deionised formamide. A sample containing 1 pg 0.24 kb-9.5 kb RNA ladder was also 

prepared. The samples were heated at 65°C for 15 minutes, put on ice for a few minutes.
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centrifuged briefly and put back on ice. 2 |il sample loading buffer were then added to 

each sample.

The formaldehyde gel was pre-run for 5 minutes at 3-4 V/cm after which the samples 
were loaded immediately on the gel. The gel was usually run at 2 V/cm.
After electrophoresis, the lane containing the RNA ladder was cut off the gel. The ladder 
was stained for 45 minutes in 0.1 M NH4AC containing 0.5 |ig /m l EtBr and 

photographed under UV light, juxtaposed to a ruler. The rest of the gel was rinsed several 
times in DEPC treated water to remove formaldehyde, soaked in 0.05 M NaOH for 20 
minutes to subject the RNA to partial hydrolysis, rinsed in DEPC treated water and 
soaked in DEPC treated 20 x SSC for 45 minutes.

Transfer of RNA to Hybond N filters was exactly as described for Southern blots, except 
that all solutions used were DEPC treated. After transfer, the filter was washed for 5 
minutes in 6 x SSC and dried on a paper towel. The RNA was immobilised by baking the 
filter for 2 hours at 80°C.

The probes used in hybridisation were always DNA probes labelled with ^^dCTP as 
described for Southern hybridisations.

The pre-hybridisation and hybridisation buffer were identical and contained 1 M NaCl, 
10% dextran sulphate (w/v), 50% deionized formamide (v/v) and 1% (w/v) SDS. The 
pre-hybridisation solution was made up fresh, heated to 42°C for 30 minutes and added 
to the filter. After 10 minutes, the pre-hybridisation solution was removed and replaced 
with fresh pre-heated hybridisation solution containing no more than 1 x 10^-4 x 10^ 
cpm/ml of labelled and boiled probe and 100 |Xg denatured salmon sperm DNA. The 

hybridisation reaction was carried out for 15-18 hours at 42°C.

The filter was washed twice with 2 x SSC for 5 minutes at room temperature, twice with 
2 X SSC, 1% (w/v) SDS at 60°C for 30 minutes at constant agitation and finally twice 
with 0.1 X SSC for 30 minutes at room temperature with constant agitation. The filter was 
exposed to autoradiography with a Fuji film for varying lengths of time at -70°C.
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2.1.6. Isolation and analysis of cellular proteins 

Immunoprécipitation of cellular proteins
The solutions and reagents used for immunoprécipitations are listed below.

SOLUTIONS AND REAGENTS USED FOR IM M UNO PRECIPITATIO N

1) RIPA buffer:
0.05 M Tris-HCl, pH 7.2 

0.15 M NaCl 
0.1% (w/v) SDS 

1% (w/v) sodium deoxycholate 
1% (v/v) Triton X-100.

2) Protein A beads:
500 mg of beads were swelled in 25 ml of RIPA buffer on a roller wheel at 4°C. The 

beads were washed three times by centrifugation at 400 x g (1500 rpm) for 5 minutes 
and resuspended in RIPA buffer. The final pellet was resuspended in 3.5 ml of RIPA 
buffer and stored at 4°C.

3) Protein Loading buffer
5% (w/v) SDS 

12.5% (v/v) |3-mercaptoethanol 

25% (v/v) glycerol
0.1% (w/v) bromophenol blue

5 x1 0^  cells were washed in methionine free E4 medium. 500 jiCi of S^^ methionine (50 
jil of a 1 mCi/100 pi solution (Amersham)) were added to the cells in a volume of no 

more than 5 ml methionine free E4 medium. The medium contained 0.5% (v/v) heat 
inactivated ECS which had been dialysed to remove free amino acids. The cells were 
harvested 10-12 hours later after the addition of the S^^ methionine. Adherent cells were
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washed 3 times in PB SA and then scraped off using a rubber police man into PBS. Non
adherent cells were harvested, washed 3 times in PB SA and finally once in PBS.

The labelled cells were resuspended and lysed in 250 jil RIPA buffer containing 2 pg/ ml 
leupeptin, 10 pg/ml soybean trypsin inhibitor and 1 mg/ml aprotinin and left for 10 

minutes on ice. Leupeptin inhibits serine and thiol proteases, soybean trypsin inhibitor 
inhibits serine proteases and aprotinin inhibits serine proteases. The cell lysate was 
centrifuged for 15 minutes at 12,000 x g to pellet the nuclei.

The supernatant was transferred to a fresh tube and pre-cleared with 25 pi of rabbit pre- 
immune serum (DAKO X901) at 4°C for 15 hours on a rotor. 50 p i of Protein A 

Sepharose in RIPA were added and the sample was mixed for 30 minutes on a rotor at 
4°C. The beads were pelleted by centrifugation at 12,000 x g for 5 minutes and specific 
antibody was added to the supernatant. The volume of antibody added was 5-12 pi if it 
was a polyclonal antiserum and 50-100 pi if it was a supernatant from a hybridoma 

producing monoclonal antibodies. The antibodies were allowed to bind for 4 hours at 4°C 
on a rotor. 50 pi of Protein A beads were added and following a one hour incubation at 

4°C on a rotor, the beads were pelleted by centrifugation for 5 minutes at 12,000 x g. The 
beads were washed at least 5 times in RIPA buffer and resuspended in 100 pi of protein 

gel loading buffer. The samples were left for 15 minutes at 25°C and then clarified by 
brief centrifugation. The supernatant was heated for 2 minutes at 100°C and then loaded 
on a polyacrylamide gel.

The antibodies used for detection of recombinant proteins are listed in Table 2.1.7.
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Antibodies used for immunoprécipitations

Antibody Sp ecificity Type Source

a D l

(321)
Human and murine 

cyclin D1 

C-terminus 

aa 281-295 

LACTPTDVRDVDI

Rabbit

polyclonal

G. Peters & S.Bates 

ICRF, UK.

2A10, clone 11.

(322)
Human mdm2 

Zn finger domain 

aa 294-339

Cross reacts with murine 

mdm2

Mouse

monoclonal

A. Levine,

Princeton University, 

NJ, USA.

BG90 Human fibroblast growth 

factor receptor I 

(fig) C terminus 

RHPAOLANGGLKRR

Rabbit

polyclonal

Hing Leung & 

N. Lemoine 

ICRF, UK.
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SDS-Polvacrvlam ide gel electrophoresis TSDS-PAGE) of proteins
SDS-PAGE was carried out using the discontinuous buffer system originally described 
by Laemmli (324). The separating gel was 12% T (total cross linker) and the stacking gel 
was 5% (T). The gels were 0.75 mm thick. The reagents used for electrophoresis are 
listed below and are adapted from (325).

Preparation of separation and stacking gels for SDS-PAGE of proteins

30 ml Separating gel (12% T)

The gel was prepared by mixing:
12.0 ml Protogel (30% Acrylamide)

7.5 ml 1.5 M Tris-HCl, pH 8.8 
300 ml 10% (w/v) SDS and 

9.9 ml H2O 
To this mixture was added:

300 pi 10% APS (freshly made in H2O) and
12plTBMED

The gel was poured immediately after adding APS and TEMED. After pouring the gel, 
it was overlaid with water saturated isobutanol to prevent oxygen from interfering with 
the polymerisation. The gel was allowed to set for 30 minutes. The isobutanol was 
removed with a filter paper.

10 mi Stacking gel (5% T1

The stacking gel was prepared by mixing:
1.7 ml Protogel 

1.25 ml Tris-HCl, pH 6.8 
100 ml 10% (w/v) SDS and 

6.8 rnl H2O 
To this mixture was added:

100 pi 10% APS (freshly made in H2O) and
10 pi TEMED

The stacking gel was poured immediately after adding the latter two components. The 
gel was allowed to polymerise for 30 minutes.

Running buffer
The running buffer was 0.192 M Glycine, 25 mM Tris and 0.1% (w/v) SDS.

The protein samples were boiled for 5 minutes before loading them onto the gel. A ^^C 
high molecular weight protein marker from Gibco-BRL was used as protein standard. 

Electrophoresis was performed in Hoefer Scientific Instruments Vertical Slab Gel Unit, 
model SE600 attached to a Hoefer PS500X DC Power Supply and a Hoefer RCB 
refrigerated Circulating Waterbath. The gel was run at 40 mA constant current. The 
temperature of the waterbath was kept at 16°C during electrophoresis to prevent over 

heating of the gel.
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Following electrophoresis, the gel was treated for 15 minutes in 1 M Sodiumsalicylate to 
enhance the signal. The gel was dried in a Biorad Model 583 gel dryer for 1 hour at 80°C 
and exposed to autoradiography with a Fuji film for 1-3 weeks at -70°C.



2.2. Tissue culture

2.2.1. Chemicals, animals and cell lines

Buffers and stock solutions

All media and solutions used for tissue culture were made with water prepared at ICRF, 
Clare Hall. The water was double distilled, purified by a Millipore Reverse Osmosis 
system and finally organic filtered to give water at < /  lOMQ.cm.

All buffers and solutions with the exception of PB SA, PESE and PESC were made in 
the lab. PESA was supplied from ICRF Clare Hall together with PESE and PESC. The 
recipes for making the most commonly used buffers and stock solutions are in Appendix
I.

A nim als
(K^DdLd), C57BL/10ScSn (KboW and C57BL/6 (K^Db) mice were supplied by 

ICRF breeding colony. Mice were used at the age of 6 to 12 weeks.

Media
All media used except IMDM were obtained ready made and filter sterilised from the 
central cell services at ICRF Clare Hall.
RPMI, 2% bicarbonate was used as growth medium for all cells in suspension except T 
cells. For simplicity, the medium will be referred to as RPMI. RPMI medium from Clare 
Hall was made up with 10.392 g/litre RPMI powder (Gibco ERL), 2g/litre NaHCOg, 2 
mM L-Glutamine, 100 units/ml penicillin and streptomycin and with pH adjusted to 7.0 

with CO2

E4 (Dulbecco's modified Eagle's medium) was used as growth medium for all adherent 
cells. The E4 made up by ICRF Clare Hall was identical to the E4 medium manufactured 
by Gibco ERL.

MEM (Minimum Essential Medium) was used when infecting cells with vaccinia virus or 
adenovirus. MEM was made up with 9.68 g/1 MEM powder (ICN) with added 4.36 g/1 
HEPES and 100 units/ml penicillin and streptomycin and with pH adjusted to 7.0 with 10 
M NaOH.

The medium used was always less than 6 weeks old. Additional glutamine was not added 
to the medium which at the time of preparation contained 4 mM glutamine.
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IMDM (Iscove's modified Dulbeccos medium) was used for T cell culture and for 
transfections.

IMDM medium was made up in this laboratory. It was prepared with 17.66 g/1 IMDM 
powder (Gibco BRL), 5 pg/ml transferrin, 100 units/ml penicillin and streptomycin and 

3.02 g/1 (36 mM ) NaHCOg. The medium was filter sterilised and used within two weeks 
of the preparation date.

Details of the individual components of the media such as mineral, vitamin, amino acid 
and antibiotic content can be obtained from ICRF Clare Hall (E4, RPMI), from Gibco 
BRL (E4, RPMI, IMDM) or ICN (MEM).

For most purposes, except T cell culture, heat inactivated foetal calf serum was used. The 
foetal calf serum was thawed on water bath at 37°C and complement was inactivated by 
incubating the serum for 30 minutes at 56°C in a waterbath. The heat inactivated serum 
was aliquoted and kept at - 20°C.
T cell culture foetal calf serum was taken from special T cell culture tested FCS batches 
and used directly without heat inactivation.
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Cell lines
The origin and haplotype of the cell lines used are summarised in Table 2.2.1. The table 
also includes transfectants which have been generated as part of the present project.

Murine cell lines

RM A cells originate from a Rauscher virus-induced C57BL/6N T cell lymphoma RBL-5 
which was mutagenised with ethyl methane sulfonate (326).

RMA-S cells are RMA cells which were exposed to five rounds of anti-H-2 alloantisera 
and rabbit complement treatment to select for low H-2 expressing cells (326).
The cell line expresses 5% of the level of assembled H-2 D̂ >, and p2m expressed by 

RMA cells (327). Incubation of the cells at 26°C induces up-regulation of expression of 
empty class I molecules (35; 36; 326). The defect in surface class I expression is due to 
the lack of a functional TAP 2 protein. The cell line contains only one copy of the TAP 2 
gene. The gene has a point mutation at nucleotide 97 which generates a premature stop 
codon (328).

EL4 cells were established in tissue culture from a murine 9:10- dimethyl-benzan-thracene 
induced thymoma from C57BL/6N mice (329).

Tp53 is a murine thymoma cell line established from a p53 negative mouse (260) and L. 
Dianda, ICRF, unpublished results. Class I expression is low on this cell line, but can be 
up-regulated by adding 10 -100 u/ml IFN-yto the culture (own observation).

C57 is a murine epithelial cell line derived from a C57BL/6 mouse and immortalised by 
HPV (H. Stauss, personal communication).

EL4 FRI ("EF") are EL4 cells transfected with the pDO-R vector (330) containing the 
cDNA encoding murine fibroblast growth factor receptor I.

EL4 mdm2 ("EM") are EL4 cells transfected with the pDO-R vector (330) containing the 

cDNA encoding murine mdm2.

Pl.H TR is derived from the murine DBA/2 methylcholantrene induced mastocytoma 
P815. The cell line has a high efficiency of transfection for exogenous DNA (184).

Pl.H TR  FRI ("PF") are Pl.H TR cells transfected with the pDO-R vector (330) 
containing the cDNA encoding murine fibroblast growth factor receptor I.
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Pl.H TR  mdm2 ("FM") are Pl.HTR cells transfected with the pDO-R vector (330) 
containing the cDNA encoding murine mdm2.

Human cell lines
293 cells are human embryonic kidney cells transformed with DNA fragments of 
Adenovirus type 5. The cells contains 4-5 copies of the left hand 12% of the Ad5 genome 
and 1 copy of the right hand 10% of the Ad5 genome. This has resulted in a cell line 
producing the Ad5 E lA  and ElB  proteins (306).

Tk"143 (143B) is a human osteogenic sarcoma cell line transformed with Kirsten mouse 
sarcoma virus (Ki-MSV). The cell line does not express thymidine kinase (332).

Hela cells are Hela cells which have been transfected with the murine class I 
molecule. The cell line is an epithelial cell line derived from a cervical carcinoma (333).

Hamster cell lines
CHO c e l l s  a r e  d e r i v e d  f r o m  t h e  o v a r i e s  o f  a n  a d u l t  C h i n e s e  h a m s t e r  (334).
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Murine cell lines

Cell line Origin MHC class I 
expression

Growth medium Source

RMA Murine T cell 
lymphoma

Kb Db RPMI, 8% FCS K. Karre,

Stockholm,
Sweden

RMA-S Murine T cell 
lymphoma

Kb, Db RPMI, 8% FCS K. Karre,
Stockholm,
Sweden

EL4 Murine
thymoma

Kb, Db RPMI, 8% FCS ATCC

EL4FRI
("EF")

Murine
thymoma

Kb, Db RPMI, 10% FCS 
450 |ig/ml G418

Produced at the 
TIU

EL4mdm2
("EM")

Murine
thymoma

Kb, Db RPMI, 10% FCS 
450 pg/ml G418

Produced at the 
TIU

Tp53 Murine
thymoma

Kb, Db RPMI, 10% FCS L. Dianda, 
ICRF

C57 Murine epithe
lial cell line

K b,D b RPMI, 10% FCS L. Crawford, 
ICRF

Pl.H TR Murine
mastocytoma

Kd, Dd, Ld RPMI, 8% FCS ECACC

Pl.H TR-
FRIC'PF")

Murine
mastocytoma

Kd, Dd, Ld RPMI, 10% FCS 
350 pg/ml G418

Produced at the 
TIU

Pl.H TR-
mdm2

("PM")

Murine
mastocytoma

Kd, Dd, Ld RPMI, 10% FCS 
350 pg/ml G418

Produced at the 
TIU

Pl.HTRKb
("PKb")

Murine
mastocytoma

Kd, Dd, Ld, Kb RPMI, 10% FCS 
350 pg/ml G418

Produced at the 
TIU

Pl.HTRDb
("POb")

Murine
mastocytoma

Kd,Dd, Ld, Db RPMI, 10% FCS 
350 pg/ml G418

Produced at the 
TIU
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Table 2.2.2,

Human cell lines

Cell line Origin Growth medium Source

Tk-143
(143B)

Human
osteogenic
sarcoma

E4, 8% FCS 
25 |ig/ml BrdU

ATCC

Hela Kb Human 

epithelial cells

E4, 8% FCS Produced at the 
TIU

293 Human 
embryonic 

kidney cells

E4, 8% FCS ATCC

Table 2.2.3.

Hamster cell lines

Cell line Origin Growth medium Source

CHO Chinese 
hamster ovary 
cells

E4, 8% FCS ATCC
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Preparation of Con A supernatants
Spleens from normal rats were teased into single cell suspension. The cells were pelleted 
at 250 X g for 10 minutes and washed once in MEM. The cells were resuspended at 5 x  

10^ nucleated cells/ml in IMDM, 5% FCS and 3 pg/ml Concanavelin A in a T 125 flask. 

After 48 hours culture at 37°C, the cells were spun at 800 x  g for 20 minutes. The 
supernatant was collected, filtered through a 0.2 pm filter and stored at -20°C until use.

Peptides
Peptides were synthesised by the Peptide Synthesis Laboratory at ICRF, Lincoln's Inn 

Fields by standard fmoc chemistry. The quality of the peptide was checked by mass 
spectrometry and HPLC.

The peptides derived from cyclin D1, mdm2 and p53 were given the prefix cd, md and 
p53 respectively followed by the number of the first amino acid according to published 
protein sequences. As an example, a peptide derived from cyclin D1 starting at position 
20 in the protein sequence would be abbreviated "cdp20".
8 and 9 mer peptide stock solutions were made up as a 1 mg/ml (roughly 1 mM) solutions 
in PBS A except for the peptides cdp41, cdp84, p53pl27 and p53p320. These peptides 
were dissolved in DMSO and PBSA was then added to give a final DMSO concentration 
of 10% (v/v). The peptide solutions were filtered through 0.2 |xm and stored at -20°C.
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2.2.2. Culture of immortalised tumour cell lines and transfectants 

Handling of tumour cell lines and transfectants
Tumour cell lines and transfectants were washed or transferred to fresh medium by 
centrifugation of the cells for 5 minutes at 300 x g (1300 rpm in a Beckman GPR with 
rotor radius of 16 cm) followed by resuspension of the cells in the appropriate medium.

Culture of cells growing in suspension
Cells grown in suspension were usually seeded at 2 x 10^ cells/ml and repassaged at a 
concentration around 1 x 10^ cells/ml. The medium used for culturing individual cell lines 
is listed in Table 2.2.1., 2.2.2. and 2.2.3. Transfectants were grown in the same medium 
as the parental cell line but with a selecting antibiotic such as Geneticin, G418. The 
concentration of G418 in the medium depended of the cell line used, see Table 2.2.1.

Culture of adherent cells
Adherent cell lines such as Tk"143, CHO and Hela were subcultured by detachment 
of the cells with trypsin as follows:
4 ml of 0.25% (w/v) trypsin in Tris Saline was mixed with 16 ml of 0.02% (w/v) versene 
(EDTA) in PBSA and kept at 37°C.
The medium was removed from the adherent cell layer, the cells were washed once with 
PBSA and the pre-heated trypsin/versene was added to the cells. The volume of 
trypsin/versene added depended on the size of the flask containing the cells. 1 ml was 
used to a T25 flask, 2.5 ml was used to a T75 flask and 5 ml were used to a T 125 flask. 
The cells were incubated for a few minutes at 37°C until the cells had detached from the 
tissue culture flask. The cells were centrifuged and washed 3 times with E4, 2% FCS.

Semiadherent cell lines such as the 293 cells were not trypsinised. The cells were washed 
once with PBSA and detached by gently tapping the flask.
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2.2.3. General methods for analysis of cells 

V iability

Cell viability was estimated by trypan blue exclusion. 1 volume of cells was mixed with 
one volume of trypan blue. The cells were counted using an improved Neubauer 
standard haemocytometer.

FACS Analysis
Cells were analysed by flow cytometry by direct or indirect immunofluorescence staining.

The cells were washed once in PBSA, 2% FCS, 0.01% (w/v) sodiumazide and 
distributed at 1 x 10^ cells per well in 96 well round bottom non-tissue culture treated 
Falcon plates (referred to as assay plates). Cells were incubated with a saturating 
concentration of first layer antibody. The first layer antibody was either unconjugated 
(indirect staining) or conjugated to a fluorescent dye (direct staining). The cells were left 
for 30 minutes on ice and washed 2 times with PBSA, 2% FCS, 0.01% (w/v) 
sodiumazide. For indirect immunofluorescence staining, a second layer antibody 
conjugated to a fluorescent dye was then added. If the first layer consisted of a 
biotinylated antibody, then the second layer would be a streptavidin conjugate. The cells 
were incubated for 30 minutes on ice protected from light. Cells were washed twice with 
PBSA, 2% FCS, 0.01% (w/v) sodiumazide. Stained cells were analysed on a Becton 
Dickinson FACSscan flow cytometer. The mean fluorescence channel FL l was 
determined on a 4- logarithmic scale containing a total of 1023 fluorescence channels. The 
values were converted to linear values by using the formula: 
mean FLl = 10(mean FLl channel/1023) x  4 (335).

The monoclonal and polyclonal antibodies used for cell staining are listed in Table 2.2.4. 
and Table 2.2.5.

The conjugated antibodies or other molecules used in the present work are listed in Table 

2 .2 .6 .
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Antibodies directed against murine determinants

A ntibody S p ecific ity Type
' '

Source

Hb 27 (28-14-8S) 

(336)

Db, DQ. Ld
0̂ 3 domain

Mouse
cytotoxic mAb 

IgGza, K

ATCC

Y3

(337; 338; 339)

Kb
a l  + a 2 domains

Mouse mAb 

IgG2b, K

ATCC

Hb31 Ld Mouse mAb 

IgG2a, K

ATCC

Hb75 (34-4-20S) 

(340)

Dd Mouse
cytotoxic mAb 

IgG2a, K

ATCC

Tib 120 (M5/114.5.2) 
(341)

I-A (b,d,q) 

I-E (d.k)
Rat mAb 

IgG2b, K

ATCC

N418
(342)

a-chain of a 150,90 

kDa integrin (CDl Ic) 
on DCs. Not on 
splenic lymphocytes 
and macrophages.

Hamster mAb ATCC

RA3-6B2 
(343; 344; 345)

B220: 220 kDa cell 
surface protein on B 

lymphocytes and NK 
cells.

Rat mAb 

IgG2a,K

PharMingen

16-lOAl

(346)
B7-1 Hamster mAb D.Harlan

Wisconsin

M l/70.15 
(347; 348)

M ad  (CDl lb): 
macrophages, 
monocytes, granulo
cytes and NK cells

Rat mAb 

IgG2b

Sera-lab
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Table 2.2.5.

Antibodies directed against buman determinants

A ntibody S p ecific ity Type Source

Hb95 (Hw6/32) 

(349)

HLA-A, B, C 
(heavy chain, not 
with p2-niicro- 

globulin)

Mouse mAb 
IgG2b,K

ATCC
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Table 2.2.6»

Conjugated antibodies or other molecules used 
for FACS analysis

S p ec ific ity Type of 
antibody

M olecu le(s)  
conjugated  
to the 
antibody/ 
m olecule

Supplier

Mouse CD8a  

(Ly-2)
Rat IgGia, K 

mAb
Clone 53-6.7

FITC PharMingen

Mouse CD4 
(L3T4)

Rat IgG2a, K 

mAb
Clone RM4-5

R-PE PharMingen

Mouse polyvalent 
immunoglobulins 
(IgG, IgA, IgM)

Affinity 
purified goat 
polyclonal 
antibodies

FITC Sigma

Hamster
polyvalent
immunoglobulins

Goat polyclonal 
antibodies

FITC Nordic
Immunological
Laboratories

Rat polyvalent 
immunoglobulins

Goat polyclonal 
antibodies

FITC Nordic
Immunological
Laboratories

B220 Mouse mAb 

IgGia, K 

(Table 2.2.4)

Biotin PharMingen

Biotin - Streptavidin- 
cytochrome C

PharMingen
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Peptide binding assays

The ability of peptides to bind to murine class I KP or molecules was determined using 
a whole cell binding assay. The assay measures the ability of peptides to stabilise class I 
molecules on the cell surface of temperature-induced RMA-S cells.

The day before the assay, RMA-S cells were seeded at 1 x 10^ cells/ml in RPMI, 10%
PCS in a T25 flask. The cells were temperature induced for 24 hours at 26°C in a 5%
CO2 incubator to increase expression of class I molecules on the cell surface (35).

The medium used for the binding assay consisted of RPMI, 2% PCS. The medium had 
been heated for 10 minutes at 100°C in a waterbath to inactivate proteases (350). Serial 
dilutions of peptides were prepared in assay medium in 96 well, U-bottom, non-tissue 
culture treated assay plates (referred to as assay plates). Two rows with medium but no 
peptide were also prepared. The temperature-induced RMA-S cells were centrifuged and 
resuspended at 1 x 10^ cells/ml in assay medium. A sample of these cells was 
subsequently withheld and kept on ice as positive control. The remaining RMA-S cells 
were added to the assay plate. 1 x 10  ̂cells were added to each well in each row in the 
assay plate, except one of the rows without peptide. This row would be used later for the 
positive control cells. The other row without peptide and to which RMA-S cells were 
added would serve as negative control.

Binding of the RMA-S cells to the peptides in the assay plate was allowed to proceed for 
2 hours at 37°C. After this incubation period, the RMA-S cells serving as positive control 
were added to the assay plate to the row which did not contain peptide and which had not 
received any RMA-S cells previously. All cells were subsequently washed once with 
PBS A, 2% PCS, 0.01% (w/v) sodiumazide. The cells were stained with monoclonal 
antibodies specific for murine or molecules and analysed by FACS analysis as 
described above. Half maximal binding for an individual peptide was determined as the 
concentration of peptide needed to obtain 50% of the maximum mean FLl signal obtained 
for the peptide when using the mean FLl obtained with RMA-S cells incubated without 
any peptide (negative control cells) as baseline.
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CTL assays

Cytotoxic T cell activity was determined in a release assay. The assay uses the 
release of chromium from pre-labelled target cells to measure lysis of target cells after 
contact with effector T cells.

The design of the assay depended of the purpose of the assay. Three different assay 
designs were used. The overall principle of mixing effector and labelled target cells for 4 

hours at 37°C was always the same, but the details of the assay set-up varied. For 
reasons of clarity, the three main assay types will be explained separately.

Design and set up of assays
All CTL assays were carried out in 96 well U-bottom non-tissue culture treated assay 
plates from Falcon. In the following, these plates will simply be referred to as assay 
plates.
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C TL Assay type I:
Standard assay using a fixed concentration of target antigen but varying concentrations of 
effector cells.

This assay was the most widely used. The release of chromium from the target cells is 
measured as a function of an increasing effector to target cell ratio, where the T cell 
effectors is the variable parameter whereas the target cell concentration remains constant.

The assay medium used was RPMI, 5% PCS, 10 mM HEPES, pH 7.0.

Step 1: Pre-treatment of target cells

The target cells used in the chromium release assay would either be tumour cell lines, 
virus infected or peptide pulsed tumour cell lines.

a) Virus infected tumour cell lines : lxlO &  cells were infected overnight with 10 pfu/cell 
virus in a volume of 2 ml RPMI, 2% PCS in a 24 well tissue culture plate. The following 
morning, the infected cells were harvested, spun down and resuspended in 50 |il assay 

medium and transferred to an assay plate.

h) Uninfected tumour cell lines except RMA-S cells: The cells were seeded at a 
concentration of 5 x 10^ cells/ml in RPMI, 10% PCS the day before the assay. On the 
day of the assay 1x10^ target cells were spun down, resuspended in 50 pi RPMI, 10%

PCS and transferred to an assay plate

cl RMA-S cells: The cells were seeded at 1 x 10^ cells/ml in RPMI, 10% PCS the day 
before the assay. The cells were temperature induced for 24 hours in a 26°C incubator.
On the day of the assay, 1 x 10^ target cells were spun down, resuspended in 50 pi 

RPMI, 10% PCS and transferred to an assay plate.

Step 2: Labelling of target cells.
The cells were labelled for 1 hour with 50 pCi Na^^Cr04  by adding 10 pi of 5 mCi 

Na^lCr04 to the target cells in the assay plate.
The labelling was done in a 26°C incubator for RMA-S cells and a 37°C incubator for all 
other cell lines. The cells were washed three times and resuspended^t 5 x 10^ cell/ml in 
RPMI, 5% PCS, 10 mM HEPES, pH 7.5. If peptide loaded RMA-S cells were used as 
targets, RMA-S cells would be incubated at this stage with 100 pM  peptide for 1 hour, 

washed once and resuspended again at 5 x 10^ cells/ml. During the incubation of the 
RMA-S cells with peptide, the other target cells would be kept in an incubator at 37°C.
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Step 3: Preparation of effector cells
A serial dilution of effector cells was done in assay medium in an assay plate. The volume 
in each well was 100 jil prior to the addition of target cells. Rows with 100 |il medium or 
100 |xl 0.5% (w/v) SDS representing spontaneous and maximum release respectively 

were prepared on separate plates.

Step 4: Incubation of target cells with the effector cells
5 X 10^ labelled target cells i.e. 100 pi were added to the wells containing the 

effector cells and the wells representing spontaneous and maximum release. The plates 
were centrifuged for 2 minutes at 450 x g and incubated for 4 hours at 37°C.
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CTL Assay type II
Assay using different concentrations of blocking antibodies and a fixed effector to target 

cell ratio
This type of assay was based on the use of fixed effector to target cell ratios and variable 

concentrations of antibody targeted at CD4 or CD8.

The assay medium used was RPMI, 5% PCS, 10 mM HEPES, pH 7.0.

Step 1 and 2: Pre-treatment and labelling of target cells
The pre-treatment and labelling of target cells were as for the standard assay using fixed 
ratio of effector cells and target antigen (type I, see above) except that the target cells were 
resuspended at a concentration of 1 x 10  ̂cells/ml after the labelling.

Step 3: Preparation of effector cells and incubation with anti CD4 or anti CDS antibodies 
Serial dilutions of blocking antibody were done in duplicate in wells containing 100 pi 

assay medium in an assay plate. The highest concentration of antibody used was 100 
pg/ml. (This would give a final concentration of 50 pg/ml once the effector cells and 
target cells were added to the well). Rows containing 100 pi medium but no antibody 

were also prepared.

Effector T cells were harvested, spun down and resuspended at the appropriate 
concentration. 50 pi of T cells were added to the wells containing the antibody dilutions 

or the medium alone. The plates were incubated for 30 minutes in a 37°C incubator.

Step 4: Incubation of target cells with the effector cells.
50 pi 5l(3r labelled target cells (5 x 10^ cells) were added to each well containing T cells 
and antibody or T cells and medium. 50 pi target cells was also added to wells containing 
150 pi medium with no T cells and no antibody representing spontaneous release as well 
as to wells containing 150 pi 0.5% (w/v) SDS representing maximum release. The plates 

were centrifuged for 2 minutes at 450 x g and incubated for 4 hours in a 37°C incubator.
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C TL Assay type III:
Assay using a fixed concentration of effector cells and varying concentrations of target 
antigen (peptide titrationl

This type of assay was used to measure the effect of decreasing peptide concentration on 
the lysis of peptide coated target cells by effector T cells.

The assay medium used was RPMI, 5% PCS, 10 mM HEPES, pH 7.0 which had been
heated for 10 minutes at 100°C to inactivate proteases (350).

Step 1: Pre-treatment of target cells.
RMA-S cells were used as target cells. The labelling of the RMA-S cells were as 
described for the standard assay (type I).

Step 2 : Labelling and preparation of target cells
The cells were labelled for 1 hour with 50 jxCi Na^^CrO^ by adding 10 |il of 5 mCi 

Na5lCr04 to the target cells in the assay plates.
The labelling was done in a 26°C incubator. After 1 hour, the cells were washed three
times and resuspended to give a concentration of 1 x 10  ̂cell/ml.
During labelling of the target cells, serial dilutions of peptides were set up in duplicate in 
assay medium. The volume in each well was 100 pi. The concentrations of peptide 
covered the range from 2 pM to 200 fM with 10 fold dilution steps. This would give a 
final concentration range from 1 pM to 100 fM when the RMA-S cells and effector T cells 

were added.
For spontaneous release, a row was prepared with no peptide, but 150 pi assay medium 
only. For maximum release, a row was prepared with no peptide but 150 pi 0.5% (w/v)
SDS only. Peptide toxicity was checked by setting up wells containing 100 pM of each 
peptide in 150 pi assay medium.

5x103  labelled and washed RMA-S cells in a volume of 50 pi were added to all the wells 

in the assay plate, including wells containing peptide and wells with no peptide 
representing spontaneous and maximum release. Binding of peptide to the RMA-S cells 
was allowed to proceed for 1 hour at 37°C.

Step 3: Preparation of effector cells
Meanwhile effector T cells were counted. The T cells were spun down and resuspended 
in assay medium at the concentration needed to give the E/T ratio wanted in the assay.
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Step 4: Incubation of effector T cells with the peptide coated target cells.
50 pi of T cells were added to the wells containing the RMA-S cells and the peptide. No 
T cells were added to the wells set up to check the toxicity. These wells received 50 pi 

medium instead.
The plates were centrifuged for 2 minutes at 450 x g and incubated for 4 hours in a 37°C 
incubator.

Harvest of assay and analysis of results
Independent of the assay type used (CTL assay type I, II or III), the harvest and analysis 
of results were identical.

100 pi supernatant was harvested from each well in the assay plates and counted in a 
LKB Wallac 1272 Clinigamma y-counter linked to an Olivetti PCS 286 computer.

The "% specific release" was calculated as:

(experimental release-spontaneous release!  ̂ %QQ%. 

(maximum release - spontaneous release)
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Cell separation using magnetic beads
Subpopulations of cells could be obtained by using the MACS magnetic cell separation 
system (Miltenyi Biotec) by following the instmctions given by the manufacturer:
The cells were resuspended at concentration of 10^ cells per 90 jil in PBS, 0.5% (w/v) 

BSA. The cells were incubated with 10 |il monoclonal antibody coated magnetic beads 

per 10^ cells for 15 minutes at 4°C. The cells were washed once with PBS, 0.5% (w/v) 
BSA, resuspended in 500 pi PBS, 0.5% (w/v) BSA and applied to the top of a MACS 

separation column attached to a MACS separator providing a magnetic field. The column 
had been equilibrated with PBS, 0.5% (w/v) BSA. A 23 G needle was attached to the 
MACS column. After having added the cells, the column was washed with 3 ml of PBS, 
0.5% (w/v) BSA. To elute the cells, the column was removed from the separator and the 
cells were collected in 500 pi PBS, 0.5% (w/v) BSA.
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Preparation of peptides from whole cell Ivsates

Peptides were prepared from cell lysates as described (351), with some minor 
modifications. The preparation of peptides included the following steps:

1) Preparation of a whole cell Ivsate

Peptides from virus infected cells were obtained from cells which had been infected 
overnight at a density of 1 x 10^ cells/ml in RPMI, 2% PCS with 10 pfu /cell recombinant 
virus.
The following day, 2 x 10^ infected or uninfected cells were washed three times in 
PBS A. The cells were centrifuged at 350 x g (1400 rpm) for 5 minutes. All supernatant 
was removed. The cells were lysed by resuspending them with a glass pipette in 3 ml 
0.7% TFA. The cell lysate was kept at -70°C until further use.

Peptides from spleen cells were obtained from whole spleens which had been depleted of 
red blood cells with Gey's solution. Briefly, the spleens were passed through a mesh and 
the cell suspension was spun down at 350 x g for 5 minutes. The cells were washed once 
in PBSA and separated into universals so that each universal would contain cells from 6- 
7 spleens or less. Red blood cells were lysed by resuspending the cells in 1 ml Gey's 
solution per spleen and incubating for 3 minutes. 10 ml PBSA were added per universal, 
the cells were spun down and washed 3 times with PBSA. Finally, the cells were pooled 
and resuspended with a glass pipette in 3 ml 0.7% TFA per 5 spleens. The cell lysate was 
kept at -70°C until further use.

Gey's solution for lysis of red blood cells

Solution A Solution B

35 g NH4CI 2.1 g MgCl2'6H20

0.56 g Na2HP04 0.7 g MgS04-7H20

1.85 g KCl 1.7 g CaCl2

0.12 g KH2PO4 H2O up to 500 ml

5 g Glucose
H2O up to 1000 ml Solution C

11.2 5 gN aH C03
H2O up to 500 ml

Complete Gey's solution is made up by mixing Solution A, B and C to give 20% (v/v)
Solution A, 5% (v/v) Solution B and 5% (v/v) Solution C.
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2) Preparation of peptides from whole cell lysates

The cell lysate was transferred to a 20 ml universal tube, put on ice and sonicated with a 
Branson sonicator on output 2, duty cycle at 50% and timer on hold. 3 x 10 bursts were 
delivered. The sample was allowed to cool and transferred with a glass pipette into two 2 
ml Eppendorf tubes. The tubes were vortexed for 3 minutes and centrifuged for 60 
minutes at 12,000 x g (15,000 rpm in a Sigma 2 K15 centrifuge).

The supernatant was transferred into a centricon 10 filter unit and centrifuged at 4°C for
2.5 hours at 5000 x g (6500 rpm in a Beckmann J2-21 centrifuge using a 45 angle JA20 
rotor). The material which had passed through the filter and which contained small 
proteins and peptides was either used directly for HPLC separation or stored at -70°C.

3) Separation of peptides by HPLC
Peptides were separated by reverse phase HPLC using a Pharmacia HPLC system 
according to the protocol described by (351). The equipment used consisted of a 
Pharmacia LKB HPLC pump 2248, a Pharmacia LKB UV monitor VWM 2141, a 
Pharmacia LKB fraction collector FRAC-100, a Pharmacia LKB reverse phase column 
Superpac Pep-S No 80-1266-36.
Buffer A and B consisted of 0.1% (v/v) TFA in H^O and 0.1% (v/v) TFA in acetonitrile. 
The peptide retention standard was from Pierce Rockford. It was resuspended in 0.1% 
(v/v) TFA to make a 0.1 mg/ml stock solution.
The program used for separating the peptides consisted of
1) 0-40 min : increase in buffer B from 0% to 40% at a rate of 1% per minute
2) 40-46 min: increase in buffer B to 90%
3) 46-51 min: buffer B constant at 90%
4) 51-52 min: decrease of buffer B from 90% to 0%
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2.2.4. Induction of cytotoxic T lymphocytes

In vivo im m unisations
al Immunisation with recombinant vaccinia virus 

The route of immunisation was intraperitoneal injection.

The recombinant virus was diluted in PBSA and no adjuvant was used. The 
immunisation schedules used in individual experiments will be specified and discussed in 
more detail in chapter 4.

Mice were either immunised once with 2 x 10^ recombinant vaccinia virus and spleens 
were taken either one week or three weeks later. Alternatively, the mice were immunised 
twice or more, first time with 2 x 10? pfu recombinant virus and second time two weeks 

later with 1 x 10^ pfu recombinant vaccinia virus. The boost was occasionally repeated 
one week later. Spleens were taken one week after the last boost.

b) Immunisation with svnthetic peptide.
Synthetic peptides were administered by subcutaneous injection. 50 |xg peptide was given 

per injection.
Three types of adjuvant were used:
The peptide was given as a 1:1 water in oil emulsion with Incomplete Freund's Adjuvant. 
Alternatively 50 |ig peptide was mixed with 5 |ig of a muramyl peptide derivative and 

mixed 1:1 (vol: vol) with adjuvant STP ("aqueous adjuvant": 0.2% Tween-80 (Sigma),
5% squalane (BASF), 2.5% L121 polymer (Aldrich)) or with adjuvant STPm ("lipid 

adjuvant": 0.6% Tween-80, 15% squalane and 0.015% L121 polymer). The muramyl 
dipeptide used was N-acetyl-D-glucosaminyl-(beta-l-4)-N-acetylmuramyl-alanyl-D- 
isoglutamine (GMPD) (352). The muramyl dipeptide and the ready made STP and STPm 

adjuvants were kindly provided by Dr. R. Homung, National Cancer Institute-Frederick 

Cancer Research and Development Center, Maryland.

Mice were mostly either immunised once and the spleens were taken one or three weeks 
later or the mice were immunised once followed by a boost ten days later and removal of 
the spleen after seven days. The immunisation schedule used in individual cases will be 

discussed in chapter 5.
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In vitro restimulation of T cells

T cells were restimulated in vitro with uninfected or vaccinia infected tumour cell lines, 
peptide pulse or vaccinia infected dendritic cells or adenovirus infected spleen cells or 
tumour cell lines. The conditions used will be described below and in chapter 4.
Irrespective of the antigen presenting cells used to stimulated the T cells, all T cells were 

grown in the same type of medium and on a layer of feeder cells after 6 days in culture.

T cell medium

The T cell medium was IMDM, 10% PCS, 10 u/ml rIL-2 and 5 x 10"  ̂2-ME. For the first 
6 days of culture, the IL-2 was omitted.

General handling of splenocytes and T cell cultures
T cells or splenocytes were washed or transferred to fresh medium by centrifugation of 
the cells for 10 minutes at 180 x g (1000 rpm in a Beckman GPR centrifuge with a rotor 
radius of 16 cm) unless anything else is specified.

Effector cells
Effector T cells were obtaiji^^frgm ^eens of immunised or naive mice. Spleens from at 
least two animals were\6sed per experiment. Spleens were removed from the dead 
animals, transferred to a universal with RPMI, 10% PCS and teased through a mesh to 
make a single cell suspension. The spleen cells were centrifuged, leaving most cell 
debris, connective tissue fragments and dead cells in the supernatant. The cells were 
resuspended in a small volume of T cell medium, counted and diluted to give the 
appropriate concentration.

Feeders
Freshly prepared spleen cells from a syngeneic mouse were used as feeders. A single cell 
suspension of 5-10 x 10^ cells/ml in RPMI, 10% PCS was irradiated with 3000 rads 
from a l^^Cs y-irradiator to prevent DNA replication. The cells were centrifuged. The 

cells were resuspended in a small volume of fresh T cell medium, counted and diluted to 

give the appropriate concentration.
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Antigen presenting cells and culture conditions

The different types of antigen presenting cells used and the set up and expansion of lines 
will be described below. The combinations used for individual T cell lines and clones will 
be discussed in more detail in chapter 4 and 5.

I) Cultures using syngeneic untransfected, transfected or vaccinia infected  
tumour cells as antigen presenting cells 
Step 1 : Pre-treatment of stimulator cells
If vaccinia infected tumour cell lines were used as APCs, then 5 x 1 0 ^  tumour cells were 
infected with 10 pfu/cell vaccinia virus for 4 hours in 5 ml RPMI, 2% PCS.
Infected or uninfected tumour cell lines were treated with mitomycin C to prevent DNA 
and RNA synthesis. The mitomycin C treatment was done by resuspending the cells at
2.5 X 10^ cells/ml in serum free medium in an universal wrapped in aluminium foil 
followed by the addition of mitomycin C to give a concentration of 50 pg/ml. Cells were 

incubated for 60 minutes at 37°C and washed three times with medium containing 5% 

PCS.

Step 2: Set up and expansion of cultures.
Bulk cultures were set up in 96 well plates using 4 x 10^ responder T cells and 4 x 10  ̂
stimulators in a total volume of 200 pi per well. On day 6, the cells were harvested and 

tested for cytotoxicity. The T cells were passed on to new 96 well plates with fresh APCs 
and feeders. Each well contained 5 x lO'  ̂T cells, 5 x 10^ stimulator cells and 3 x 10^ 
syngeneic spleen cells as feeders. The cells were passaged weekly. Cells aimed for 
cloning were passaged with two weeks intervals. The T cells were assayed for cytotoxic 
activity in ^^Cr release assays on day 6 and/or day 7 after restimulation.
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ID Cultures using cell preparations enriched for dendritic cells as APCs
Dendritic cells were enriched from spleens and then incubated with peptide or infected 
with recombinant vaccinia virus or adenovirus and used as APCs.

Step 1: Enrichment of dendritic cells from mouse spleens

Dendritic cells were enriched from mouse spleens by taking advantage of two properties 
of dendritic cells: adherence and low buoyant density. Macrophages and other strongly 
adherent cells adhere to tissue culture flasks and stay adherent after an over night 
incubation whereas dendritic cells do adhere to tissue culture flasks initially, but start 
detaching after 1-2 hours and will be non-adherent after an overnight incubation. These 
non-adherent and low density dendritic cells can subsequently be separated from other 
non-adherent but high-density cells such as lymphocytes by centrifugation on a layer of 
metrizamide (353).
Spleens were removed from syngeneic mice and teased through a mesh to make a single 
cell suspension. Cells were centrifuged and resuspended at 5 x 10^ cells/ml in RPMI,
10% PCS. 1 X 10^ spleen cells were seeded per T75 flask and allowed to adhere over 
night. The following day, non-adherent cells were taken from the flasks. The non
adherent cells were centrifuged and resuspended at 10^ cells per ml in RPMI, 10% PCS. 
8x10^  cells in a volume of 8 ml were layered on top of 2 ml 14.5% (w/v) metrizamide in 
RPMI, 10% PCS in a 10 ml universal tube. The cells were centrifuged for 10 minutes at 
600 X g (1800 rpm). The low density cells in the interface were collected and washed.
Por reasons of simplicity, the cell preparation will be referred to as DCs.

Step 2: Use of cell preparations enriched for dendritic cells as APCs.
The DCs were used as APCs either after having been pulsed with peptide or after having 

been infected with recombinant vaccinia virus or adenovirus.
1x10^  DCs in a volume of 1 ml RPMI, 2% PCS were either incubated for 4 hours with 
100 pM  peptide or infected for 4 hours with 10 pfu per cell vaccinia virus or adenovirus. 

The cells were washed once and used as APCs.

Step 3: Initiation and expansion of T cell cultures
Bulk T cell cultures were set up in 96 well plates using an effector : DC ratio of 50. Each 
well contained 4 x 10^ responder T cells and 8 x 10^ peptide pulsed or virus infected 
DCs. 100 nM peptide were added to cultures containing peptide pulsed DCs. The cells 
were tested for cytotoxicity and restimulated on day 6. Prom this day, the T cells were 
passed every two weeks. Each well contained 5 x 10"̂  responder T cells, 5 x 10^ peptide 
pulsed or vaccinia infected DCs and 3x10^  syngeneic mouse spleen cells as feeders in a 
volume of 200 pi. This gives an effector: DC ratio of 10. Again, additional 100 nM 

peptide were added to the cultures containing peptide pulsed DCs. Prom day 20 i.e. the
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second restimulation, the dendritic cells were omitted from the cultures which had been 
set up originally with peptide pulsed DCs. Instead, the T cells were restimulated with 100 
nM peptide only. The T cells were assayed for cytotoxic activity in ^^Cr release assays on 
day 6 and day 7 after restimulation and were restimulated every two weeks.

I ll)  Cultures using adherent spleen ceils or unfractionated spleen cells as 
APCs
On a few occasions, adherent spleen cells or unfractionated spleen cells were used as 
APCs. Splenocytes were obtained as described above and allowed to adhere overnight.
The following morning, the non-adherent cells would be discarded and the adherent cells 
would be infected with recombinant adenovirus in a volume of 5 ml E 4 ,0.5% PCS for 8- 
12 hours. Alternatively, recombinant adenovirus would be added to the whole flask 
without removing the non-adherent cells. Following infection, the cells were harvested 
and washed once. T cell cultures were set up exactly as when using peptide pulsed or 

virus infected DCs, see above.

Sometimes T cell cultures were set up using a tumour cell line for the first 6 days of in 
vitro restimulation followed by peptide pulsed or vaccinia infected DCs as antigen 
presenting cells. The conditions will be described for individual lines in chapter 4 and 5.

T cell cloning.
T cells were cloned after having been 34-35 days in culture. The cells were cloned 14 
days after the previous restimulation. 96 well plates containing 1 T cell, 10 T cells or 100 
T cells per well were set up. In addition to T cells, each well contained 3 x 10^ irradiated 
syngeneic spleen cells as feeders and 10 u/ml IL-2. Peptide specific T cell lines were 

cloned using 100 nM peptide per well.
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2.3. Generation of recombinant vaccinia virus and adenovirus

2.3.1. Construction, amplification and analysis of recombinant vaccinia virus 
Maps of all vectors used are in section 1.5.

Generation of p S C ll recombinant plasmids
For details of the cloning techniques described below, see section 2.1.2.
The vector, pSCl l ,  was digested with Smal and dephosphorylated. Inserts were 
prepared as follows: All cDNAs used in the present work were cut out of their original 
plasmids by using restriction enzymes generating 5" overhanging ends. The inserts were 
resin purified using the Geneclean method and the recessed 3 'ends were filled in with the 
Klenow fragment of DNA polymerase. The blunt ended insert was subsequently ligated 
to the dephosphorylated pSCl 1. After transformation and identification of recombinant 
constructs containing the insert in the correct orientation, a large stock of recombinant 
DNA was prepared by making maxi preps with the Qiagen method.

Generation of recombinant virus in vivo
One day prior to transfection, 2 x 10^ Tk"143 cells were seeded in 15 ml RPMI, 10% 
FCS in a T75 tissue culture flask. The following day, the semiconfluent cell layer was 
infected with 0.05 pfu per cell wild type vaccinia virus in 2 ml MEM, 2% FCS. The 
tissue culture flask was gently moved every 30 minutes (virus absorption time) to 

optimise the number of cells infected. After 2 hours, the inoculum was removed. The 
infected cells were transfected by the CaP04 method (section 2.1.3.) using between 10 
and 20 |Xg non-linearised pSCl 1 vector containing the cDNA of interest. No additional 

carrier DNA was used. After 48 hours without any selection, the cells were harvested, 
centrifuged at 300 x g for 5 minutes and resuspended in 1 ml MEM, 2% FCS. Virus was 
liberated by subjecting the cells to three rounds of freeze/thawing and sonicated briefly. 
Recombinant virus were identified by titration and selection with BrdU and X-Gal as 

described below.

Titration of recombinant vaccinia virus
Recombinant vaccinia virus were thymidine kinase negative and were selected by adding 
BrdU to cultures of virus infected cells. The pSCl l  vector contains the p-galactosidase 

gene, see section 1.5. The presence of this gene allows recombinants to be identified by 
the formation of blue plaques generated by the conversion of the substrate X-Gal to the 
blue coloured dye 5,5' -dibromo-4,4'cloroindigo using the procedure described by (354) 

with some minor modifications.
One day in advance, 6 x 10^ Tk'143 cells in E4, 10% FCS were seeded per well in 6 
well plates. The following day, 6 dilutions of virus were made in MEM in universals.
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The medium was removed from the adherent cells and the cells were washed with 1 ml of 
MEM per well. 0.25 ml of each virus dilution was added per well and the plate was put in 
a 37°C incubator. The plates were gently moved every 30 minutes. 2 hours later, the 
virus inoculum was removed. The inoculum was replaced with 3 ml of a mixture 
containing equal volumes of : 1) E4, 4% FCS, 50 pg/ml BrdU and 2) E4, 2% low 

melting point agarose. After 36-48 hours, plaques were visible at some of the virus 

dilutions depending on the concentration of the virus. At this stage, a second agarose 
layer consisting of E4, 1% low melting point agarose and 300 p-g/ml X-Gal was added. 

Recombinant virus were identified by blue colour development. To prevent virus 
inactivation, plaques were picked from the plate with a plastic Pasteur pipette no more 
than 6 hours after the addition of the X-gal layer. If the colour development was weak, 
the plate was left for 1/2 hour at room temperature to intensify the colour (354).

For estimation of the entire virus concentration including the concentration of non
recombinant virus, a dilution series of virus was made and added to semiconfluent Tk"
143 cells as described above. The infected cells were incubated in E4, 2% FCS, 25 pg/ml 

BrdU with no agarose. The medium was removed after approximately 48 hours. The 
cells were washed once with PBSA and stained for 1 minute with 1 ml of 1% (w/v) 
crystal violet in 70% (v/v) ethanol. After removal of the dye, the plates were left to dry in 
the tissue culture hood. Plaques were identified and counted on the basis of the 
appearance of holes in the blue background cell layer.



117
Preparation of a vaccinia virus stock
Virus stocks were generated and maintained by following the procedure recommended by 
(293) with some minor modifications.

About half the virus recovered from one plaque in a volume of 0.5 ml was used to infect a 
25 cm2 monolayer of Tk“143 cells which had just reached confluence. After 2 hours the 
inoculum was removed and replaced with 5 ml E4, 4% FCS, 25 pg/ ml BrdU. After 36- 

48 hours, most of the cells looked rounded up and plaques were visible. The cells were 
harvested by scraping with a rubber policeman, resuspended in 2 ml 10 mM Tris-HCl, 

pH 9, 1 mM BDTA and freeze/thawed 3 times. This small scale stock ( "T25 stock") was 
kept at -70“C.

The T25 stock was used for DNA, mRNA and protein analysis and to generate larger 
stocks. The stock was thawed and briefly sonicated prior to use. To make a large stock, 
half the virus from the small stock was incubated with 0.1 volume 2.5 mg/ml trypsin for 
30 minutes at 37°C. The virus stock was diluted to 16 ml with MEM, 2% FCS. 2 ml 
were used to inoculate each of 8 T125 flasks containing a just confluent layer of Tk"143 
cells. After 2 hours the inoculum was removed and 40 ml E4, 4% FCS were added. The 
cells were incubated for 48 hours, harvested by cell scraping, resuspended in 2 ml MEM 
per monolayer and freeze/ thawed 3 times.
As an alternative to this, larger stocks could also be generated via an intermediate step.
100 \i\ virus from a T25 stock was used to infected 5 T75 flasks containing semiconfluent 

layers of Tk"143 cells. The cells were harvested after 36-48 hours, lysed, resuspended in 
1 ml MEM per T75 flask and freeze/ thawed 3 times. This stock was called "The master 
stock". 100 \l\ of master stock was used to infect 10 T125 flasks containing 

semiconfluent layers of Tk"143 cells. The cells were harvested after 36-48 hours, lysed, 
resuspended in 1 ml per T125 flask and freeze/ thawed 3 times. This stock was called the 

"final stock".

The lysed cells and the supernatant were usually frozen directly at this stage at -70°C. For 
some later stocks, the cell debris were removed by centrifugation and the supernatant was 

kept at -70°C.
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2.3.2. Construction, amplification and analysis of recombinant adenovirus 

Generation of recombinant adenovirus.
Recombinant adenovirus was generated by co-transfecting vector pJM17 with vector 
pMV60 containing the cDNA of interest into 293 cells by following the guidelines 
outlined by (316).
The plasmids used were transfected as circular DNA and an equimolar amount of the two 
plasmids were used. The plasmids were transfected into the 293 cells by using the CaP04 
method described in section 2.1.3. The medium used was MEM, 5% FCS. After 
transfection, the medium was changed approximately every 2 or 3 day due to the rapid 
metabolism of the cells. When plaques were visible 7 -8  days after the transfection, the 
cells were harvested by scraping of the cells with a rubber policeman.

Extraction of adenovirus from infected cells.
Adenovirus were isolated from infected cell by extracting the cells once with Arklone 
(300). The cells were spun down for 5 minutes at 500 x g. The supernatant was removed 
as completely as possible and the cells were resuspended in 1 ml PBS per 2 x 1 0 ^  cells or 
less. The cells were put on ice and one volume Arklone was added. The cells were mixed 
thoroughly for 4 x 15 seconds on a whirli mixer while being kept on ice in between the 
mixing. The cells were centrifuged for 5 minutes at 500 x g. The upper aqueous phase 
containing the virus was carefully removed and stored at -20°C. The aqueous phase was 
opalescent if the virus had expanded well in the cells. The bottom fluorocarbon phase and 
the interface were occasionally extracted once more with an equal volume of PBS, but the 
second extraction rarely increased the virus yield considerably.

Titration and growing of a large stock of adenovirus.
The adenovirus which had been harvested and extracted after the CaP04 transfection was 

titrated on layers of 293 cells. 1 x 10^ 293 cells were seeded per well in a 6 well plate.
The following day, dilutions of newly generated recombinant adenovirus or a control 
recombinant adenovirus, Rad35, were done in MEM. 1 ml of each virus dilution was 
added per well containing 293 cells. 2 hours later, 3 ml E4, 5% FCS was added to each 
well. The wells were observed for 6-8 days. Wells containing cells which had similar 

morphology as cells infected with the control Rad35 virus were harvested.

A master stock was produced by using 100 pi of virus extract from one 6 well to infect a 

semiconfluent layer of 293 cells in a T75 flask. The infected cells were harvested after 5-6 
days, spun down and resuspended in 1 ml per T75 flask. The timing of the harvest of the 
cells depended on the appearance of the cell layer. The virus was extracted from the cells 
with Arklone. 100 pi of the master stock was used to infect a semiconfluent layer of 293
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cells in a T125 flask. The infected cells were harvested after 5-6 days, the virus was 
extracted with Arklone and stored at -20°C.

To get an estimate of the vims concentration, triplicate dilutions of vims were done in E4, 
0.5% FCS in a 96 well flat bottom tissue culture treated plate to give a volume of 100 |il 
per well. Subsequently 100 [Û of 293 cells in E4, 0.5% FCS at a concentration of 3 x 10^ 

cells/ml were added to each well. The plates were put in a 37°C incubator and left for 6 
days. The lowest concentration of vims which was seen to give partial destmction of the 
293 cell layer was used to calculate the titer of the vims.



120

3. Generation o f expression systems for the production o f mdm2. cvclin  
D l. fibroblast growth factor receptor I and wild type p53 in mammalian 
cells.

Introduction

The ability of normal self proteins to serve as targets for tumour specific cytotoxic T 
lymphocytes (CTL) would first be investigated by establishing whether it would be 
possible to stimulate CTL to recognise and eliminate cells overexpressing selected self 
proteins. Priming, restimulation and analysis of CTL specific for peptides derived from 
normal self proteins required the generation of suitable expression systems which would 
allow the selected self proteins to get access to antigen presenting cells and be presented 
to CTL in vivo and in vitro.

The choice of expression systems had to meet several requirements.

1) Firstly, the expression systems should allow the expressed proteins to gain access to 
antigen presenting cells, be processed endogenously and presented via the MHC class I 
pathway in vivo and in vitro. Viral expression systems based on vaccinia virus and 
adenovirus involve delivery of the relevant cDNA by infection of the appropriate cells. 
Recombinant protein is produced transiently within the cytosol of infected cells and gain 
access to the class I pathway. In contrast to the transient viral expression systems, 
transfection of cells with the cDNA encoding the protein of interest can ensure stable 
production of protein.

2) Secondly, expression systems producing high levels of protein as well as expression 
systems producing only moderate levels of protein, relative to the levels found in normal 

cells, should be available.
Viral expression system such as the vaccinia virus and adenovirus systems produce high 
levels of protein compared to the levels found in normal cells and should therefore be 

useful for T cell priming, stimulation and analysis.
Mammalian cells stably transfected with exogenous cDNA express lower levels of protein 
than the levels which can be achieved by viral infection and this would be useful for 
restimulation and analysis of already activated T cells. Stably transfected tumour cell lines 
would also be useful to study the ability of T cells to recognise and eliminate tumour cells 

overexpressing the protein in vitro and in vivo.
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3) Thirdly, the expression system should allow proteins to be expressed in cells of 
different haplotypes.
Viral expression systems such as vaccinia virus and adenovirus infect a broad range of 
cell types independent of haplotype. This makes stimulation and analysis of CTL 
restricted by different MHC class I alleles easy. In order to get stable transfectants of 
different haplotypes, it is necessary to transfect different cell lines, a process which is 
more time consuming than viral infection of different cells with a single stock of virus.

4) It should be possible to achieve protein expression in primary cells in vitro and in vivo. 
Viruses such as vaccinia virus and to a less extent adenovirus infect a wide range of cell 
types including professional antigen presenting cells.

5) The expression system used for in vivo immunisation of mice should have an adjuvant 
effect. Immunisation with recombinant virus such as vaccinia virus and adenovirus 
induce a local inflammatory response which might contribute to the breakage of tolerance 
to self proteins.

6) It would be desirable to have more than one expression system for each individual 
protein to avoid CTL induction and stimulation to components of the vector used to 

deliver the proteins.

Finally, the choice of expression systems would also depend on properties of the 
individual proteins under investigation (mdm2, cyclin D l, the fibroblast growth factor 
receptor I and wild type p53). The expression of each of the four proteins is tightly 

regulated in the normal cell and overexpression of the proteins could potentially interfere 
with the growth of the cells expressing the proteins.

mdm2 does not seem to possess any properties which would disfavour the generation of 
stable cell lines expressing high levels of the protein. It has been possible to achieve 
stable overexpression of the protein in vitro under the control of its own promoter or 
exogenous stronger promoters in several different cell lines such as Rat2 cells or NIH3T3 
cells (241; 355). No detrimental effect on cell growth due to transfection of mdm2 cDNA 
has been reported. Instead transfection of cells have resulted in immortalisation of 
primary cells and tumorgenicity of previously non-tumorgenic immortalised cell lines 

(241). On basis of this information, it was decided to express mdm2 using recombinant 
vaccinia virus, adenovirus as well as transfectants.

In contrast to mdm2, high levels of exogenously derived cyclin D l are reported to mostly 
have a negative effect on cell growth. Despite the protein being expressed at high levels in 
several tumours, attempts to create stable cells lines which overexpress cyclin D l has
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either been fruitless or resulted in cells with markedly inhibited growth (231 ; 232; 233; 
356). In rodent fibroblasts, cyclin D l could not be stably expressed under a strong 
promoter such as the Moloney Murine Leukemia virus promoter or the cytomegalovirus 
promoter but only under a less strong promoter such as the avian Rous sarcoma virus 
promoter. On average, a three fold overexpression of the protein could be achieved but as 
much as five to ten fold overexpression of the protein was possible in NIH 3T3 cells 
(233). There appears to be an upper limit to the amount of cyclin D l a cell can tolerate 

(357). It was therefore decided not to try to make stable transfectants overexpressing 
cyclin D l but instead use EL4 thymoma cells for restimulation of T cells. EL4 cells 
overexpress cyclin D l presumably due to proviral insertion by Friend murine leukemia 
virus at the Fis-1 locus upstream of the murine cyclin D l gene on chromosome 7 (358) 
and G. Peters, ICRF, personal communication. The EL4 thymoma cell line would 
therefore provide stable expression of cyclin D l whereas transient production of the 
protein would be achieved by using recombinant vaccinia virus and adenovirus.

The murine fibroblast growth factor receptor I (FRI) has been stably expressed in a 
functional form in a variety of cell lines including Chinese hamster ovary cells (CHO), 
Rat-2 fibroblasts and FDC-Pl myeloid cells and overexpression is not known to have any 
negative impact on cell proliferation (359). For this reason, it was decided that FRI 
should be transiently expressed by recombinant vaccinia virus and stably expressed by 
cell lines of two different haplotypes transfected with the FRI cDNA.

Finally, stable overexpression of wild type p53 protein has been found to have a 
profound negative effect on cell proliferation in a variety of different cell types. 
Introduction of WT p53 was found to be incompatible with growth in Saos-2 
osteosarcoma cells (360; 361) and S6 myeloid leukemia cells (362). In the latter case, the 
effect was found to be dose dependent and most likely due to p53 induced apoptosis. In 
GM47.23 glioblastoma cells (363; 364; 365) or the pre-B cell line L12 (366) 
overexpression of WT p53 cells did not affect viability but resulted in pronounced slow 
growth. On the basis of this information, only transient viral expression systems would 
be generated to deliver WT p53 to antigen presenting cells in vitro and in vivo.

To summarise, it was decided to generate recombinant vaccinia virus expressing four 
selected self proteins, cyclin D l, mdm2, wild type p53 (WT p53) and fibroblast growth 
factor receptor I (FRI) for priming of CTL in vivo and restimulation and analysis of CTL 
in vitro. Alternative expression systems based on adenovirus and transfectants would be 
produced to the widest extent possible. The expression systems which would be 
generated to prime, stimulate and analyse CTL specific for the four selected self proteins 
cyclin Dl,mdm2, WT p53 and FRI are summarised in Table 3.1. Details of the cloning 
techniques used to generate the constructs are in chapter 2.
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Table 3.1.

Expression systems for priming, stimulation and analysis of C TL
in vivo and in vitro

Protein Expression svstem

mdm2
Recombinant vaccinia virus
Recombinant adenovirus
EL4 cells transfected with mdm2 cDNA
Pl.H TR  cells transfected with mdm2
cDNA

Cyclin D l (CDl)

Recombinant vaccinia virus 
Recombinant adenovirus 
EL4 cells, untransfected

Fibroblast growth factor receptor I 
(FRI)

Recombinant vaccinia virus 
Recombinant adenovirus 
EL4 cells transfected with FRI cDNA 
Pl.HTR cells transfected with FRI cDNA

Wild type p53 (WT p53) Recombinant vaccinia virus 
Recombinant adenovirus
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3.1. Generation of mdm2 expression systems

The mdm2 cDNA in the vector pBluescript KS’ was a generous gift from Dr. A. Levine, 
Princeton University. The sequence of the cDNA was retrieved from the EMBL data 
base, accession number X58876.

3.1.1. Generation of recombinant vaccinia virus expressing mdm2 

The procedure used to generate recombinant vaccinia virus expressing mdm2 is outlined 
in figure 3.1.1.

The entire murine 1.7 kb mdm2 cDNA was cloned into the Smal site of pSCl 1 by blunt 
end ligation and used to transform E. coli X Ll Blue cells. Plasmid DNA from 
transformed cells was analysed for the presence and orientation of the mdm2 cDNA by 
restriction digestion with BamHI which cuts p S C ll a few nucleotides upstream of the 
Smal cloning site in pSCl 1 and murine mdm2 cDNA at position 601 (see Figure 3.1.1.). 
Plasmid DNA producing a novel 0.6 kb BamHI fragment upon digestion was subjected 
to PCR analysis using primers spanning nucleotide 704 to 1261 of the mdm2 cDNA to 
confirm the identity of the insert (data not shown). Plasmid pSCl 1 mdm2 was selected 
and amplified.

Recom binant vaccinia virus expressing mdm2 was obtained by homologous 
recombination of pSC 11 mdm2 with wild type vaccinia virus in the thymidine kinase 
negative human cell line Tk"143. The recombinant virus was subjected to four rounds of 
plaque purification. Two plaques ,VV mdm2 3.1.2. and mdm2 3.2.1., were picked from 
the final round of purification and analysed. Virus stocks prepared from the plaques 
appeared to contain more than 95% recombinant virus as determined by comparing the 
ability of the stocks to produce plaques expressing p-galactosidase (blue plaques) with 

the overall ability to produce plaques as determined by staining of infected cell layers with 
crystal violet. Due to the number of plaque purifications used and the purity of the viral 
stocks, the preparations were considered to be derived from single virus clones and will 
be referred to as clonal.
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f i ori

T7 promoter 
EcoRI

ColEl \ \ \  4.54 kb mdm2 cDNA
ORI

L a d  

T3 promoter

1) EcoRI digestion of pBlueScript KS" mdm2.
2) Purification of 1.7 kb EcoRI fragment 

containing mdm2 cDNA.
3) Fill in of 3' recessed ends with Klenow fragment 

of DNA polymerase I.
4) Digestion of p S C ll with Smal.
5) Dephosphorylation of pSC II.
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1) Generation of recombinant vaccinia virus by 
homologous recombination of p S C ll mdm2 with
wild type vaccinia virus VV WT in Tk"143 cells.

2) Plaque purification.
3) Analysis of clone VV mdm2 3.1.2. and clone VV 

mdm2 3.2.1.

Figure 3.1.1.
Outline o f the procedure used to generate recombinant vaccinia virus expressing 
murine mdm2.
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Integration of the entire mdm2 cDNA in the vaccinia virus genome was confirmed by 
Southern blot analysis of DNA from cells infected with the recombinant virus (Figure
3.1.2.)

10^ Tk"143 cells were either not infected or infected with wild type vaccinia virus or one 
of the two recombinant vaccinia virus mdm2 stocks at 1 pfu per cell. Cellular DNA was 
isolated 15 hours post infection. 15 |Lig DNA from each sample was digested with EcoRI 

and BamHI, (Figure 3.1.1.). The combined action of these two enzymes would cut out 
any fragment cloned into the Smal site and additionally cut mdm2 at the internal BamHI 
site at nucleotide 601 in the mdm2 cDNA. The DNA fragments were separated by agarose 
gel electrophoresis, transferred to a nylon membrane and probed with the entire mdm2 
cDNA.
Figure 3.1.2. shows that EcoRI and BamHI digested DNA derived from cells infected 
with the recombinant vaccinia virus mdm2 stocks, VV mdm2 3.1.2. and VV mdm2
3.2.1., contained 0.6 kb and 1.1 kb fragments hybridising to the mdm2 cDNA. The size 
of these bands corresponded to the expected size based on the nucleotide sequence of the 
mdm2 cDNA and p S C ll. The two bands were also present in the positive control, 
p S C ll mdm2 DNA digested with EcoRI and BamHI. No corresponding bands were 
found in uninfected Tk"143 cells or Tk"143 cells infected with wild type vaccinia virus. 
Clone VV mdm2 3.2.1. was used for further analysis.
The murine and human mdm2 coding regions are 80.3% homologous on the nucleotide 
level (254). Stringent washing conditions including a final wash at 68°C in 0.2 x SSC 
was used for the blot shown in Figure 3.1.2. The Tm of a DNA-DNA hybrid is expected 

to decrease by 1-1.5°C with every 1% decrease in homology (318) so the washing 
conditions most likely accounts for the insignificant background of endogenous mdm2 
bands seen in the human Tk"143 cells.
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Figure 3.1.2.
Presence of mdm2 cDNA in Tk"143 cells infected with recombinant vaccinia 
virus mdm2.

Southern blot of DNA from uninfected Tk"143 cells, Tk" 143 cells infected with 
wild type vaccinia virus (VV WT) or recombinant vaccinia virus mdm2
(VV mdm2 3.1.2. or VV mdm2 3.2.1.). Tk"143 cells were infected with 1 pfu 
virus per cell over night. Cellular DNA was isolated, digested with EcoRI and 
BamHI, separated in a 1 % agarose gel, transferred to a nylon membrane and 
probed with a 1.7 kb fragment containing the entire mdm2 cDNA. pSC l 1 mdm2 
DNA digested with EcoRI and BamHI was used as positive control.
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mRNA production in cells infected with recombinant VV mdm2 3.2.1. was analysed by 
RT-PCR, Figure 3.1.3.
Tk"143 cells were either not infected with virus or infected for 12 hours with 5 pfu 
recombinant or wild type vaccinia virus per cell. The cells were harvested at 12 hours 
post infection as there are reportedly two peaks in the transcription activity of the P7.5 

promoter which drives the transcription of the mdm2 insert in pSCl 1. These peaks are 
about 2 hours post infection and at 12 hours post infection (298). Following isolation, 
total RNA was reverse transcribed and analysed by PCR by using the mdm2 primers 
spanning bp 704 to bp 1261 which selectively amplify a 558 bp fragment in the murine 
mdm2 cDNA sequence (254). Since the sequence homology between mouse and human 
mdm2 correspond to 70% identity for the sense primer and 75% identity for the antisense 
primer it should be possible to selectively amplify mdm2 cDNA.
Figure 3.1.3. shows that reverse transcribed RNA derived from Tk"143 cells infected 
with VV mdm2 3.2.1 generated the correct 558 bp fragment in the PCR reaction whereas 
this fragment was not seen in samples from uninfected Tk'143 cells or Tk"143 cells 
infected with wild type vaccinia virus.
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Figure 3.1.3.
Production of rnurine mdm2 mRNA in Tk‘ 143 cells infected with rcom binant 
vaccinia virus mdm2.

RT-PCR of total RNA isolated from Tk‘ 143 cells irfected with VVvVT or VV 
mdm2 3.2.1.. 4 x 10^ cells were infected over night with 5 pfu virmper cell or left 
uninfected. Total RNA was isolated, reverse transcribed and subjec;d to RT-PCR 
using mdm2 prim ers or murine HPRT primers as positive control.
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Protein expression in cells infected with recombinant vaccinia virus mdm2 was examined 
by immunoprécipitation of cytosolic protein with a monoclonal antibody specific for 
human mdm2, Figure 3.1.4.
5 X 10^ CHO cells were either left uninfected or infected for 2 hours with approximately 
40 pfu per cell of recombinant vaccinia virus mdm2 3.2.1. or a control recombinant 

vaccinia virus p53 (see later). The cells were labelled with methionine for 10 hours 
without removing the virus inoculum before being harvested and lysed at 12 hours post 
infection. Proteins from the pre-cleared cell lysate containing cytosolic proteins were 
incubated with a mouse monoclonal antibody 2A 10 specific for amino acid 294-339 in the 
human mdm2 sequence. The 2A 10 antibody also reacts with murine mdm2 (B. Elenbaas, 
Princeton University, personal communication). The corresponding murine sequence 
differs in only three amino acids in this sequence (corresponding to amino acid 292 to 
337 in the murine sequence). The antibody protein conjugates were precipitated by 
reaction with Protein A Sepharose and separated by SDS-PAGE. In proteins precipitated 
from cells infected with recombinant vaccinia virus mdm2 a band of 90 kDa was more 
prominent than in the other samples. This could correspond to the 90 kDa mdm2 protein 
described in the literature (322). The level of mdm2 protein found in vaccinia mdm2 
infected cells was not high compared to the background, but not detectable in uninfected 
cells. A 90 kDa band was also present but at lower levels in cells infected with control 
virus recombinant vaccinia virus p53. The presence of the band in vaccinia virus p53 
infected cells is thought to be due to the fact that p53 positively controls the transcription 
of the mdm2 gene (242; 367; 368) and mdm2 and p53 can be co-precipitated with each 
other (322).

In conclusion, a vaccinia virus recombinant expressing mdm2 had been generated. Cells 
infected with the virus contained the full length mdm2 cDNA as shown by Southern blot 
analysis, the correct mRNA as determined by RT-PCR analysis and the protein as 
showed by immunoprécipitation.



13

(N
e -omIT)D-
■a
E

<u > > "c
E -2 > > 'E
.5 -f- + 3
‘S a- o O d
2 E X X X
cu w u u u

90 kDa 

68 kDa

43 kDa

29 kDa

IS kDa

14 kDa

I

Figure 3.1.4,
Production of mdm2 protein in CHO cells infected with recombinan vaccinia virus 
mdm2, clone 3.2.1.

5 xlO^ CHO cells were infected for 2 hours with 40 pfu per cell of \V  mdm2 3.2.1 
or control recombinant vaccinia virus p53 (VV p53). Cells were labdled with 
methionine for additional 10 hours. Cells were lysed, pre-cleared anc proteins were 
immunoprecipitated with 100 pi 2 A 10 supernatant. The precipitates vere collected, 
washed and separated by SDS-PAGE using a 12% (T) separating gel 
The gel was dried and exposed to autoradiography.
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3.1.2. Generation of recombinant adenovirus expressing mdm2 

The procedure used to construct recombinant adenovirus expressing mdm2 is outlined in 
Figure 3.1.5.

The entire murine mdm2 cDNA was cloned as a 1.7 kb fragment into the Xbal site in the 
CMV-IE expression cassette in vector pMVlOO by blunt end ligation. E. coli X Ll Blue 
cells were transformed with the ligation mixture and recombinants were identified by 
isolation of plasmid DNA from transformed colonies and digestion of the DNA with 
H indlll. There are two H indlll sites flanking each side of the CMV-IE expression 
cassette, see Figure 3.1.5. To determine the correct orientation of the insert, recombinant 
DNA was subjected to restriction enzyme digestion with SphI and Eco72I. The mdm2 
cDNA contains a unique Eco72I site at position 1584 in the cDNA and pMV 100 contains 
a unique SphI site at the beginning of the CMV-IE expression cassette, approximately 
370 bp upstream of the original Xba I site, see Figure 3.1.5. Clones which yielded a 2.0 
kb fragment upon SphI and Eco72I digestion were considered to have the insert in the 
correct orientation. One such clone was used to subclone the 2.4 kb CMV-IE mdm2 
cassette into the Hindlll site of pMV60. E. coli XLl Blue cells were transformed with the 
ligation mixture and recombinants were identified by digestion of plasmid DNA with 
Hindlll. The orientation of the CMV-IE expression cassette within the pMV60 vector is 
irrelevant with respect to the amount of protein produced by recombinant virus (311).

Recombinant adenovirus was generated by homologous recombination of vector pJM17 
and pMV60 mdm2 in 293 cells by using the CaP04 transfection method. The transfection 
was carried out in T75 flasks and the whole content of the flask was harvested at day 8 
after transfection. A dilution series of recombinant virus was subsequently made in 6 well 
plates containing 293 cells. A dilution series was also made with a control adenovirus 
Rad35, which expresses |3- galactosidase (311). The control virus provided an important 

help in the identification of recombinant adenovirus on basis of the morphology of the 
cells. The 293 cells looked rounded up and some clumped together and eventually the 
whole cell layer started detaching. Adenovirus was harvested and extracted from wells 
with cells with this characteristic morphology and which had been infected with the 
highest possible dilution of the virus. Stocks were prepared by using the extracted virus 
to infect 293 cells in T75 flasks. These stocks were used for analysis of the recombinant 
virus.
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1) Digestion of pMVlOO mdm2 with Hindlll.
2) Digestion of pMV60 with Hindlll.
3) Dephosphorylation of pMV60
4) Subcloning of 2.4 kh Hindlll mdm2 expression casette into pMV60
5) Generation of recombinant adenovirus by homologous 

recombination with pJM17in 293 cells.
6) Analysis of recombinant Ad mdm2.

Figure 3.1.5.
Outline of the procedure used to generate recombinant adenovirus 
expressing murine mdm2.
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To determine whether the recombinant adenovirus contained full length mdm2 cDNA, 
cellular DNA from infected cells was analysed by Southern blot analysis. Figure 3.1.6.

Preliminary experiments had established that the Chinese hamster ovary cell line CHO and 
the murine thymoma cell line EL4 could be productively infected with the control p- 
galactosidase expressing adenovirus Rad35 by assaying for p-galactosidase activity with 

the substrate X- Gal (not shown).

EL4 and CHO cells were infected overnight with the mdm2 recombinant adenovirus or 
control adenovirus Rad35. Cellular DNA was isolated, digested with Hindlll, separated 
by agarose gel electrophoresis, transferred to a nylon membrane and probed with the 
entire murine mdm2 cDNA. As shown in Figure 3.1.6, DNA from cells infected with the 
recombinant adenovirus mdm2 contained a 2.4 kb Hindlll band detected with the mdm2 
cDNA probe corresponding to the mdm2 expression cassette. The 2.4 kb band was not 
seen in uninfected EL4 cells or uninfected CHO cells or CHO cells infected with the 
control adenovirus.

To confirm that mdm2 mRNA was being produced, CHO cells were either left uninfected 
or infected for 14 hours with control adenovirus (Rad35) or Ad mdm2. Total RNA was 
isolated and analysed by RT-PCR using specific mdm2 primers spanning bp 704 to 1261 
in the cDNA sequence. HPRT primers were used as positive control and were added 
together with the mdm2 primers. As shown in Figure 3.1.7, only cells which had been 
infected with Ad mdm2 contained the expected 558 bp band. The band was not seen in 
uninfected CHO cells or in CHO cells infected with control virus. Since EL4 cells express 
endogenous mdm2 cDNA they were not used for this experiment.

To confirm that full length mRNA was being produced in adenovirus mdm2 infected 
cells, CHO cells and EL4 cells were infected with Ad mdm2. Total RNA was isolated and 
subjected to Northern blot analysis. Figure 3.1.8. In all cells, the mdm2 probe cross
hybridised specifically to the endogenous 3.3 kb transcript (241). An approximately 2.1 

kb transcript corresponding in size to the expected recombinant mdm2 transcript was seen 
only in CHO cells infected with Ad mdm2. Surprisingly, the transcript was not present in 
the Ad mdm2 infected EL4 cells although the cloned mdm2 DNA had been shown to be 
present in these cells, see Figure 3.1.6. It is possible that EL4 cells are not infected as 

efficiently as CHO cells are.

In conclusion, recombinant adenovirus mdm2 had been produced. The full length cDNA 
was produced in EL4 cells and CHO cells infected with the virus. The correct mRNA was 
being produced in CHO cells as determined by RT-PCR and Northern blot analysis.
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Figure 3.1.6.
Presence o f mdm2 cDNA in CHO cells and EL4 cells infected with recombinant 
adenovirus mdm2 (Ad mdm2).
Southern blot of DNA from EL4 or CHO cells infected with Ad mdm2 or a control

adenovirus (Rad 35). 4 x 1 0 ^  cells were infected overnight with recombinant virus or 
left uninfected. Cellular DNA was isolated, digested with H indlll, separated in a 1 % 
agarose gel, transferred to a nylon membrane and probed with the entire murine 
mdm2 cDNA in a 1.7 kb EcoRI fragment. A lane containing the 2.4 kb CM V-IE 
mdm2 expression cassette was used as positive control.
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Figure 3,1.7.
Production of mdm2 mRNA in CHO cells infected with recom binant adenovirus 
mdm2.
RT-PCR of total RNA isolated from CHO cells infected with Ad mdm2 or
control Rad35. 5 x 10^ CHO cells were infected for 14 hours with Ad mdm2 or 
Rad35 or left uninfected. Total RNA was isolated, reverse transcribed and 
subjected to PCR using mdm2 specific primers and HPRT primers as positive 
control primers. pM V60 mdm2 plasmid DNA was used as positive control in the 
PCR reaction.
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Figure 3.1.8.
Production of endogenous and exogenous mdm2 mRNA transcripts in adenovirus 
mdm2 infected CHO cells.
Northern blot of total RNA isolated from EL4 or CHO cells infected with Ad
mdm2. 5 x 1 0 ^  CHO cells or EL4 cells were infected for 8 hours with Ad mdm2 or 
left uninfected. The cells were harvested. Total RNA was isolated, separated in a 
1 % agarose gel with formaldehyde and transferred to a nylon membrane. The RNA 
on the blot was probed with the entire murine mdm2 cDNA and later reprobed 
with the murine (Tactin cDNA. The endogenous mdm2 transcript is 3.3 kilobases 
and the exogenous mdm2 transcript is 2.1 kilobases.
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3.1.3. Generation of cell lines with stable overexpression of mdm2 
The procedure for generating transfectants expressing mdm2 is outlined in Figure 3.1.9.

The 1.7 kb EcoRI fragment containing the mdm2 cDNA was cloned into the EcoRI site of 
the pDO-R neo vector (330) which was then used to transform E. coli X Ll Blue cells. In 
the pDO-R neo vector, transcription of the foreign cDNA is driven by the Moloney 
murine Leukemia virus (Mo MuLV) Long terminal repeat (LTR) promoter and selection is 
achieved by the presence of the neo gene which confers resistance to G418, see Figure 

3.1.9.

Plasmid DNA from transformed colonies was isolated and analysed by digestion with 
BamHI. There is a BamHI site in pDO-R neo immediately upstream of the EcoRI cloning 

site and a BamHI site at position 601 in the mdm2 cDNA, see Figure 3.1.8. EL4 cells 
(H-2^) and PIHTR cells (H-2‘̂ ) respectively were transfected by electroporation with 
pDO-R mdm2 linearised with Notl. Transfected cells were plated out in 24 well plates 
and selection with G418 was initiated at 48 hours post transfection.
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1) Linearisation of pDO-R mdm2 with Notl.
2) Transfection of Pl.H TR  cells and EL4 cells.
3) Cloning of transfectants.
4) Analysis of EL4 mdm2 (EM) clones 2.1.,2.2 and 2.4. 

and Pl.H TR  mdm2 (PM) clones PM 1, 2 ,4  and 5.

Figure 3.1.9.
Outline of the procedure used to generate transfected cells expressing murine 
mdm2.
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After 15 days on selection, the number of wells containing G418 sensitive cells (dead 
cells) only was less than 37% of the total number of wells, so wells with G418 resistant 
cells (live cells) were pooled to give 2 bulk lines, EL4mdm2 "1" and EL4mdm2"2". 
These two bulk cell lines were examined for the presence of the full length mdm2 cDNA 
by Southern blot analysis (not shown) and subsequently cloned.

Three stable G418 resistant clones EL4mdm2 "2.2", "2.4" and "2.5" were examined for 
the presence of the correct mdm2 cDNA by Southern blot analysis. Genomic DNA was 
isolated from 10^ cells. 15 pg DNA was digested with EcoRI, separated by agarose gel 

electrophoresis, transferred to a nylon membrane and probed with the entire mdm2 
cDNA. As shown in Figure 3.1.10., EcoRI digested DNA from one of the three clones,
EL4 mdm2 "2.2" contained a 1.7 kb band hybridising to the mdm2 cDNA. The size of 
the band corresponded to the size of the intact mdm2 cDNA. The two other clones 
seemed to have lost the mdm2 cDNA despite the fact that they were G418 resistant. The
1.7 kb band was not present in the DNA derived from untransfected EL4 cells.
Both untransfected and transfected EL4 cells gave rise to some big DNA fragments which 
hybridised to the mdm2 cDNA. These fragments were presumably derived from the 
endogenous mdm2 gene or due to the presence of repeats in the probe.
In summary, as EL4 mdm2 "2.2" contained the correct mdm2 cDNA, it was decided to 
use this clone for further work.

Transfection of Pl.H TR cells gave rise to 4/24 = 16% positive wells. Each well was 
considered to be derived from a single clone and cells were not further subcloned. The 
transfectants, denominated Pl.H TR mdm2 "1", Pl.HTR mdm2"2", Pl.H TR  mdm2"4" 
and Pl.HTR mdm2"5", were analysed for the presence of the full length mdm2 cDNA by 
Southern blot analysis. Genomic DNA from 10^ cells was isolated. 15 pg DNA was 

digested with EcoRI, separated by agarose gel electrophoresis and transferred to a nylon 
membrane. The blots were probed with the entire mdm2 cDNA. Figure 3.1.11 shows 
that DNA derived from all four Pl.H TR mdm2 clones contained the expected 1.7 kb 
band hybridising to the mdm2 cDNA probe. This band was not seen in DNA derived 
from untransfected Pl.H TR cells. The presence of other bands hybridising to the probe 
was again thought to be due to the presence of endogenous genomic mdm2 and repetitive 
sequences in the probe. It was decided to use clone Pl.H TR mdm2 "1" for further 

analysis.
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Figure 3.1.10.
Integration of the entire mdm2 cDNA in the EL4 mdm2 "2.2." clone.
Southern blot of genomic DNA isolated from untransfected EL4 cells or clones 
derived from EL4 cells transfected with plasmid pDO-R mdm2: EL4 mdm2 "2.2.", 
EL4 mdm2 "2.4." and EL4 mdm2 "2.5.".
Genomic DNA was isolated from 10  ̂cells. 15 pg DNA was digested with EcoRI, 
separated in a 1% agarose gel and transferred to a nylon membrane.
The blot was probed with the 1.7 kb fragment containing the entire murine mdm2 
cDNA. Positive control was pDO-R mdm2 DNA digested with EcoRI.
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Figure 3.1.11.
Integration of the entire mdm2 cDNA in 4 different Pl.HTR mdm2 clones. 
Southern blot of genomic DNA isolated from untransfected Pl.HTR cells or 
clones derived from Pl.HTR cells transfected with pDO-R mdm2:
Pl.HTR mdm2"l", Pl.HTR mdm2 "2", Pl.HTR mdm2 "4" and
Pl.HTR mdm2 "5". Genomic DNA was isolated from 10  ̂cells. 15 jig DNA was 
digested with EcoRI, separated in a 1 % agarose gel and transferred to a nylon 
membrane. The blot was probed with the 1.7 kb EcoRI fragment containing the 
entire murine mdm2 cDNA. Positive control was Bluescript mdm2 digested with 
EcoRI (not shown in the figure).
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Total RNA was isolated from untransfected EL4 or Pl.HTR cells or from the EL4 mdm2 
and Pl.H TR  mdm2 clones, separated by agarose gel electrophoresis, transferred to a 
nylon membrane and probed with the entire mdm2 cDNA. Figure 3.1.12. shows that 
RNA derived from Pl.HTR cells transfected with pDO-R mdm2 contained two bands at 
approximately 3.4 kb and 2.2 kb hybridising to the mdm2 cDNA probe. The 2.2 kb band 

seen in the transfected cells is supposedly derived from the exogenous mdm2 cDNA, 
because it is not present in the untransfected cells. Recombinant mdm2 generated from 
pDO-R will produce mdm2 mRNA containing additional 570 nucleotides and this could 
explain the size of the exogenous band, see Figure 3.1.12.
The 3.4 kb band seemed to consist of two bands migrating closely together. This could 

be observed in all samples depending of exposure time of the blot. In Figure 3.1.12 it is 
most clearly visible in the sample representing RNA from EL4 cells transfected with 
mdm2. mdm2 is predominantly found as a 3.3. kb transcript in most murine cell lines and 
tissues (241) and see Figure 3.1.8. although a large number of alternative transcripts 
resulting in different size proteins have also been reported (241; 369). It is thought that 
the 3.4 kb transcript seen in all samples in Figure 3.1.12 is the same transcript as the 
endogenous transcript observed in the EL4 samples and CHO samples in Figure 3.1.8. 
No exogenous mdm2 transcript could be observed in the EL4 cells, but as the overall 

level of RNA derived from EL4 as well as the EL4 mdm2 transfectant was low, that 

finding was not conclusive. In contrast, it was established that the clone of Pl.H TR  
transfected with mdm2 did produce the correct length mdm2.
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Figure 3.1.12.
Transcription of exogenous murine mdm cDNA cloned into the EcoRI site of pDO-R 
neo and transfected into EL4 cells or Pl.HTR cells.
A) Schematic diagram of a fragment of the pDO-R neo vector containing the
5' LTR with the EcoRI cloning site (into which the murine mdm2 cDNA was 
cloned).
The distance from the Cap site to the EcoRI cloning site is approximately 
570 basepairs.
B) Northern blot of total RNA isolated from untransfected EL4 cells, Pl.HTR cells , 
or clones derived from EL4 cells or Pl.HTR cells transfected with pDO-R mdm2, 
EL4 mdm2 (clone 2.2.) and Pl.HTR mdm2 (clone 5) respectively.
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3.2. Generation of cyclin D1 expression systems

Murine cyclin D1 cDNA in vector pJ7 omega was a generous gift from Dr. V. Fantl, 
ICRF. The cDNA sequence was retrieved in the EMBL database, accession number 
M64403. The cDNA cloned in pJ7 omega starts with nucleotide 93 in the 1075 bp cDNA 
sequence found in the EMBL data base. There are additional 13 bp between the EcoRI 
cleavage site and the start of the cyclin D1 sequence and there are 282 bp after the end of 
the open reading frame. This gives a cyclin D1 fragment which is altogether 1278 bp (1.3 
kb) long. This also means that restriction sites as numbered in the sequence found in the 
EMBL data base will differ by 79 bp from the sequence cloned here. Unless anything else 

is specified, the sequence numbers will refer to the sequence found in the EMBL data 

base.

3.2.1. Generation of recombinant vaccinia virus expressing cvclin D l .
The procedure used for generating recombinant vaccinia virus expressing cyclin D l is 
outlined in Figure 3.2.1.

The cDNA for murine cyclin D l was cloned as a 1.3 kb EcoRI fragment into the Smal 
site of p S C ll by blunt end ligation. E. coli X Ll Blue cells were transformed. Plasmid 
DNA from transformed colonies was isolated and analysed for the presence of the cyclin 
D l cDNA insert by digestion with BamHI and EcoRI which will cut the pSCl 1 plasmid 
just upstream and downstream of the Smal cloning site respectively, see Figure 3.2.1. 
Plasmids found to contain the cyclin D l cDNA were subsequently digested with BamHI 
and Sail or EcoRI and Sail to identify the orientation of the inserts as cyclin D l cDNA 
contains a Sail site at nucleotide position 983 in the cDNA sequence (904 in the cloned 

sequence), see Figure 3.2.1. Plasmid DNA was additionally subjected to PCR analysis to 

confirm the identity of the insert by using primers spanning bp 281-651 in the cyclin D l 
cDNA sequence (not shown).

Recombinant vaccinia virus expressing cyclin D l (VV GDI) was made by homologous 
recombination of p S C ll GDI plasmid DNA with wild type vaccinia virus in Tk"143 
cells. The virus was subjected to 4 rounds of plaque purification. Four clones, VV GDI

22 .1 .1 .1 .,W  GDI 22.1.1.2.,VV GDI 22.1.2.1. and VV GDI 22.1.2.2., were selected 

for further analysis.
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1) EcoRI digestion of pJ7 omega cyclin D l.
2) Purification of 1.3 kb EcoRI fragment 

containing cyclin D l cDNA.
3) Fill in of 3' recessed ends with Klenow fragment 

of DNA polymerase I.
4) Digestion of p S C ll with Smal.
5) Dephosphorylation of p S C ll.
6) Ligation of 1.3 kh cyclin D l fragment to p S C ll.

♦

pSCll CDl
9.16 kb
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Sail 7 . 4 0 ^ ^

:
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BamHI 6.50Jft
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  EcoRI 3.11
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♦
1) Generation of recombinant virus by homologous 

recombination of pS C ll-C D l with wild type vaccinia
virus (VV WT) in Tk‘143 cells.

2) Plaque purification.
3) Isolation and analysis of VV-CDl clones:

VV CD l 22.1.1.1,22.1.1.2, 22.1.2.1 and 22.1.2.2.

Figure 3.2.1..
Out line o f the procedure used to generate recombinant vaccinia virus expressing 
cyclin D l.
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The integration of the mouse cyclin D l cDNA in the vaccinia virus genome was analysed 
by Southern blot analysis of cellular DNA from infected cells, Figure 3.2,2.
Tk"143 cells were either left uninfected or infected overnight with 1 pfu per cell 
recombinant wild type vaccinia virus (VV WT) or one of the four different VV C D l 
clones, clone 22.1.1.1., clone 22.1.1.2., clone 22.1.2.1. and clone 22.1.2.2. Cellular 
DNA was isolated and digested with EcoRI and BamHI and hybridised with the 1.3 kb 
cyclin D l cDNA probe.
Figure 3.2.2. shows that DNA derived from cells infected with each of the VV CD l 
clones contained a 1.3 kb fragment hybridising to the cyclin D l probe. The same 
fragment was found in the lane containing the positive control, plasmid pJ7 omega cyclin 
D l digested with EcoRI. DNA derived from uninfected Tk"143 cells or Tk"143 cells 
infected with wild type vaccinia virus did not contain this band. It was therefore 
concluded that the entire cyclin D l cDNA had been integrated in the genomes of the 
recombinant viruses. Clone VV CDl 22.1.1.1. was selected for further analysis.
The human cyclin D l cDNA is 90% homologous to the murine cyclin D l cDNA. The 
stringent washing conditions used here reduced the background derived from endogenous 
human cyclin D l DNA in the Tk"143 cells, so it was only visible on prolonged exposure 
of the blot.

To analyse the production of the cyclin D l mRNA from the recombinant vaccinia virus, it 
was decided to analyse infected RMA cells by Northern blot analysis. Figure 3.2.3. As 
vaccinia virus infects most cell lines, several human or mouse cell lines could have been 
used for the experiment as recipients for vaccinia infection. RMA cells were chosen for 
the experiment for two reasons. Firstly, it is a T cell lymphoma. With the exception of T 
cell lines with proviral insertions near the cyclin D l locus, T cells do not express cyclin 
D l (226; 358). Secondly, RMA cells were intended for later use as antigen presenting 

cell for T cell stimulation and it was simultaneously of interest to verify the status of 

cyclin D l mRNA production in the cell line. Since EL4 cells express cyclin D l due to a 
proviral insertion (Gordon Peters, ICRF, UK, personal communication), these cells were 

chosen as positive control.
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Figure 3.2.2.
Presence of cyclin Dl cDNA in Tk‘ 143 cells infected with recombinant vaccinia 
virus cyclin Dl.
Southern blot of DNA from uninfected Tk‘143 cells, Tk‘ 143 cells infected with 
vaccinia virus wild type (VV WT) or one of four recombinant vaccinia virus cyclin 
Dl clones (VV CDl).
Tk‘ 143 cells were infected with 1 pfu virus per cell over night. Cellular DNA was 
isolated, digested with EcoRI and BamHI, separated in a 1 % agarose gel, 
transferred to a nylon membrane and probed with a fragment containing the entire 
murine cyclin Dl cDNA (1.3 kb). pJ7 omega CDl plasmid DNA (see Figure
3.2.1.) was digested with EcoRI and used as positive control
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Total RNA was isolated from uninfected EL4 cells and RMA cells and RMA cells which 
had been infected with wild type vaccinia virus or recombinant vaccinia virus cyclin D l,
VV C D l 22.1.1.1. The RNA was separated in a denaturing fomaldehyde containing 
agarose gel, transferred to a nylon membrane and probed with the entire murine cyclin D l 

cDNA. Figure 3.2.3 shows that RMA cells infected with the recombinant vaccinia virus 
cyclin D l clone, VV C D l 22.1.1.1. produced a 1.6 kb transcript not present in 

uninfected RMA cells, RMA cells infected with control virus or in EL4 cells. The 1.6 kb 

presumably represented the exogenous cyclin D l. In addition to the 1.6 kb band, faint
2.0 kb bands could be seen in RNA from positive control cells EL4 as well as from RMA 
cells.

Murine cyclin D l is transcribed as a major polyadenylated transcript of 4.0 kb along with 
variable amounts of a minor 3.5 kb in most murine tissues (370). Not unexpectedly, 
these transcript were not found in the T cell lines examined above. Shorter transcripts of
1.3.-1.7 kb with a longer half life than normal cyclin D l transcripts and representing a 
truncated cyclin D l transcript terminating shortly after the stop codon have been reported 
in some human tumour cell lines and tissues (371; 372) and there are reports of 
alternative spliced cyclin D l transcripts leading to truncated proteins in human lung cancer 
cell lines and tissues (371). So far, similar shorter transcripts have not been reported in 

murine tissues. It seems likely that the 2.0 kb transcripts seen in RMA cells as well as 

EL4 cells could be a shorter transcript. However, it should be pointed out that with 
respect to mRNA production there seem to be no difference between RMA and EL4 cells. 
Consequently, it can not be excluded that RMA cells harbour the same proviral insertion 
as EL4 cells do, although the issue has not been investigated. It was beyond the scope of 
the present work to determine the identity of the bands.

The main conclusion from the Northern blot is that cells infected with recombinant 
vaccinia virus cyclin D l produced a mRNA of the length expected from a cyclin D l 
cDNA cloned under the vaccinia P7.5 promoter. In addition, the analysed cell lines which 

are all T cell lines seemed to produce an endogenous not characterised transcript which 
hybridised to a murine cyclin D l probe. The transcript seemed to be produced to similar 
extents in RMA cells and EL4 cells.
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Figure 3.2.3.
Production of murine cyclin D1 messenger RNA in RMA cells infected with 
vaccinia virus cyclin D 1 (VV CD 1 ) clone 22.1.1.1.
5x10^  RMA cells were infected over night with 10 pfu/cell VV WT or VV GDI, 
clone 22.1.1.1. Total RNA was extracted, separated in a 1% agarose gel containing 
formaldehyde and analysed by Northern blot analysis. A 1.3 kb EcoRI fragment 
containing the cyclin D1 cDNA was used as a probe. After exposure to autoradio
graphy, the blot was stripped and reprobed with a 1.8 kb mousep-actin cDNA probe 
to compare the relative amounts of RNA loaded in each lane.
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To confirm that cyclin D1 protein was actually produced in cells infected with 
recombinant vaccinia virus cyclin D l, it was decided to examine protein expression by 
immunoprécipitation. Tk"143 cells were infected with wild type vaccinia virus or vaccinia 

virus cyclin D l, clone 22.1.1.1. The cells were labelled with methionine and lysed. 
After pre-clearing, the cell lysate was incubated with a polyclonal rabbit antiserum 

specific for murine and human cyclin D l. The antibody used reacts with the C terminal of 
human and murine cyclin D l amino acid 283-295 in the murine sequence (321) and can 

be blocked with the peptide containing this amino acid sequence (S.Bates, ICRF, 
personal communication). EL4 cells were used as positive control. Figure 3.2.4. shows 
that a protein with an apparent molecular weight of 34-35 kDa could be selectively 
immunoprecipitated from cell lysates from EL4 cells and Tk~143 cells infected with 
recombinant vaccinia virus cyclin D l using the polyclonal antiserum specific for cyclin 
D l. The size of the protein could correspond to the 36-37 kDa murine cyclin D l bands 
reported in the literature (321). The protein was much less prominent in samples which 
have been pre-incubated with the C terminal cyclin D l peptide blocking the interaction of 
the polyclonal rabbit antiserum with cychn D l and in Tk"143 cells infected with vaccinia 
wild type. An additional band at around 30 kDa was also prominent in EL4 cells, Tk"143 
cells infected with wild type vaccinia virus or vaccinia virus cyclin D l but not in cells 

infected with vaccinia virus cyclin D l blocked with the C terminal cyclin D l peptide. It 

seems likely that the band represented a cyclin dependent kinase which is known to bind 
to cyclin D l and be immunoprecipiated with cyclin D l with the anti cyclin D l antibodies 
used in the present experiment (321) and S. Bates, ICRF, personal communication. In 
conclusion, the immunoprécipitation indicated that cyclin D l protein was being produced 
at low levels in Tk"143 cells infected with vaccinia virus cyclin D l clone 22.1.1.1.

In summary, DNA analysis, Northern blot analysis and immunoprécipitation showed that 
cyclin D l full length cDNA, mRNA and protein were produced in cells infected with 
vaccinia virus cyclin D l clone 22.1.1.1 as well as in cells infected with other vaccinia 
cyclin D l clones. On the basis of this data, it was decided to use clone VV CDl 22.1.1.1. 
for subsequent T cell work.
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Figure 3.2.4.
Production of cyclin Dl protein in Tk' 143 Cells infected with recombinant 
vaccinia virus cyclin D 1, clone 22.1.1.1. (VV CD 1 22.1.1.1).
4x10^  Tk"143 cells were infected for 2 hours with 30 pfu/cell VV WT or VV CDl
22.1.1.1. Positive control cells were EL4 cells. Cells were labelled with 
methionine for additional 10 hours. Cells were lysed, precleared and proteins were 
immuno precipitated with 12 pi of a polyclonal rabbit antiserum directed against 
the CDl carboxy terminal. One sample, "+ C term pep " had blocking CDl C- 
terminal peptide added together with the antiserum. The precipitates were 
collected, washed and separated by SDS-PAGE using a 12 % separating gel.
The gels were dried and exposed to radiography.
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3.2.2. Generation of recombinant adenovirus expressing cyclin D l 

The strategy used for generating recombinant adenovirus expressing cyclin D l is outlined 
in Figure 3.2.5.

The entire murine cyclin D l cDNA was cloned as a 1.3 kb fragment into the Xbal site in 
the CMV-IE expression cassette in vector pMVlOO by blunt end ligation. E. coli X Ll 

Blue cells were transformed with the ligation mixture. Plasmid DNA from viable colonies 
were isolated and recombinants were identified by digestion of DNA with Hindm, which 
cuts pMVlOO on both sides of the CMV-IE expression cassette, see Figure 3.2.5. Since 
there is a SphI site in vector pMVlOO approximately 370 bp upstream of the original Xbal 
site and at position 826 in the cyclin D l cDNA (747 in the cloned sequence), the 

orientation of the insert was determined by digestion with SphI, see Figure 3.2.5. 

Recombinant plasmid which yielded the expected 1.1 kb fragments upon SphI digestion 
was identified, see Figure 3.2.6.a.

The 2.0 kb CMV-IE CD l cassette was cut out of pMVlOO C D l and cloned into the 
H indin site of pMV60. E. coli X Ll Blue cells were transformed and recombinants were 
identified by isolation of plasmid DNA and digestion with Hindlll. The identity of the 

insert in pMV60 was additionally checked by PCR using cyclin D l primers spanning bp 
281 to 651 in the murine cyclin D l cDNA sequence, see Figure 3.2.6.b.

Recombinant adenovirus was generated by homologous recombination of vector pJM17 
and pMV60 C D l in 293 cells by using the CaP04 transfection method. Cells were 
harvested by day 8 and virus was released. A dilution series was made of the recombinant 
virus and used to infect cells in a 6 well plate. As discussed above for the mdm2- 
adenovirus, the p-galactosidase expressing adenovirus Rad35 was used as control. After 

6 days, cells from wells infected with the recombinant virus and now possessing the 
characteristic morphology seen with cells infected with the control virus, were harvested. 
Virus was released from the cells. However, the recombinant virus failed to produce 
cyclin D l mRNA in infected cells (data not shown) and the virus was not used. The 
frequency of the generation of wild type adenovirus is extremely low using the 
pJM17/pMV60 recombination system (316) and G. Wilkinson, Cardiff, personal 
communication. The most likely explanation for the observed phenomenon is that cells 
infected with recombinant virus producing cyclin D l might not have survived due to the 

negative impact of the considerable amounts of cyclin D l being produced. This might 
have favoured the outgrowth of virus without any insert, virus which most likely will 
have resulted from deletion of the pBRx insert in pJM17 (316).
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1) EcoRI digestion of pJ7 omega cyclin D l.
2) Purification of 1.3 kb EcoRI fragment containing 

cyclin D l cDNA.
3) Fill in of 3' recessed ends on cyclin D l fragment with 

Klenow fragment of DNA polymerase 1.
4) Digestion of pMVlOO with Xhal.
5) Fill in of 3' recessed ends on pMVlOO.
6) Dephosphorylation of pMVlOO.
7) Ligation of 1.3 kh cyclin D l fragment to pMVlOO.

♦
Hindin 0.45 

SphI 0.45

CMV-IE promoter

pMVlOO CDl & CDl cDNA
4.68 kb

i
SphI 1.57

CMV-IE term 
Hindlll 2.48

. t1) Digestion of pMVlOO CDl with Hindlll.
2) Isolation of 2.0 kh Hindlll fragment containing cyclin D l cDNA.
3) Digestion of pMV60 with Hindlll.
4) Dephosphorylation of pMV60.
5) Ligation of 2.0 kh cyclin D l fragment to pMV60.
6) Generation of recombinant adenovirus by homologous recombination 

with pJM17 in 293 cells.
7) Isolation and analysis of recombinant adenovirus cyclin D l (Ad CDl).

Figure 3.2.5.
Out line of the procedure used to generate recombinant adenovirus expressing 
cyclin D 1.
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Figure 3.2.6.
Presence of correctly orientated cyclin Dl cDNA in the pMV60 plasmid.
a) Cyclin Dl cDNA is cloned in the correct orientation in the pMV 100 plasmid. 
Plasmid DNA was digested with SphI and separated in a 1 % agarose gel.
b) Presence of cyclin Dl cDNA in the final pMV60 CDl plasmid. Plasmid DNA was 
amplified using CDl specific primers spanning bp 281 to 651 in the murine cyclin 
,D1 cDNA sequence. pJ7 omega CDl (pJ7-o-CDl) as well as pSCl 1 CDl plasmid 
DNA served as positive controls in the PCR reaction.
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3.3. Generation of fibroblast growth factor receptor I expression systems

The cDNA for the short form of murine basic fibroblast growth factor receptor I was a 
generous gift from Dr. N. Lemoine, ICRF. The cDNA sequence for the long form of the 
receptor was retrieved from the EMBL database, accession number M28998. The short 
form is not listed in the database but is identical to the long form but without nucleotide 
148 to 414. This means that restriction sites (post nucleotide 148) found in the fragment 
cloned here, will differ with 267 basepairs from the restriction sites found in the cDNA 
sequence hsted in the EMBL database.

3.3.1. Generation of recombinant vaccinia virus expressing the fibroblast growth
factor receptor IIFRD

The procedure used to generate recombinant vaccinia virus expressing the murine 
fibroblast growth factor receptor I is outlined in Figure 3.3.1.

The cDNA for the short form of the murine fibroblast growth factor receptor I (FRI) was 

cut out as an EcoRJ/Sal I fragment from the vector pDO-R FRI and cloned into the Smal 
site of pSCl 1 by blunt end ligation and used to transform E. coli X Ll Blue cells. Plasmid 
DNA was analysed for the presence of an insert in the correct orientation by digestion of 
the DNA with BamHI which cuts pSCl 1 just upstream of the Smal cloning site and FRI 
DNA at position 1192 (this corresponds to position 1459 in the in the 267 bp longer form 

of FRI found in the EMBL database). The correct orientation of inserts was additionally 
confirmed by restriction mapping with Xhol and EcoRI. EcoRI cuts pSCl 1 immediately 
downstream of the Smal cloning site and Xhol cuts the FRI cDNA at nucleotide 1725 
(corresponding to nucleotide 1992 longer FRI form listed in the EMBL database). 
Finally, the identity of the insert in plasmid DNA was confirmed by PCR using 
oligonucleotides spanning bp 1291-1930 in the sequence of the FRI short form, (data not 
shown). Plasmid DNA found to contain the FRI cDNA in the correct orientation based on 

the restriction analysis and PCR analysis was selected for the generation of recombinant 
vaccinia virus expressing FRI.

Recombinant vaccinia virus expressing FRI was generated by homologous recombination 
of the p S C ll FRI plasmid DNA with wild type vaccinia virus in Tk"143 cells. The 
recombinant virus was subjected to four rounds of plaque purification. 3 plaques were 
picked from the last round of purification and small stocks were prepared. The stocks 
were found to contain more than 95% recombinant virus as judged from the expression of 
p-galactosidase in infected cells. For this reason the stocks were considered to be clonal. 

The stocks will be referred to as VV FRI 1.1.1.1., VV FRI 1.1.1.2. and VV FRI
3.2.1.1.
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3) Fill in of 3' recessed ends with the 
Klenow fragment of DNA polyme
rase I.

4) Digestion of pSC ll with Smal.
5) Ligation of 2.2. kb FRI fragment to 

pSC ll.
tkR

FRI cDNA ! :

R

pSCll FRI
10.08 kb

BamHI 6.50
EcoRI 6.12 

X hol 6.12
BamHI 6.11

Amp

-  ^ Ë c o R I  3.01

PstI 3.03 
W /  I BamHI 3.04 

EcoRI 3.11

1) Generation of recombinant vaccinia virus 
by homologous recombination of pS C ll 
FRI with wild type vaccinia virus (VV WT)
in Tk"143 cells.

2) Plaque purification.
3) Analysis of clone VV FR 1.1.1.1.,

VV FRl.1.1.2. and VV FR 3.2.I.I.

Figure 3.3.1.
Outline of the procedure used to generate recombinant vaccinia virus and 
transfectants expressing the murine fibroblast receptor I (FRI).
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The presence of the entire FRI cDNA in cells infected with the recombinant virus was 
confirmed by Southern blot analysis, Figure 3.3.2. 1 x lO '^Tk'143 cells were left 
uninfected or were infected for 15 hours with 1 pfu per cell of either one of the VV FRI 
stocks or the wild type vaccinia virus. Cellular DNA was isolated and digested with 
EcoRI and BamHI. The fragments were separated by gel electrophoresis and transferred 
to a nylon membrane. The blot was probed with the entire murine FRI cDNA probe. 
Figure 3.3.2. shows that cellular DNA isolated from cells infected with either of the three 

recombinant FRI vaccinia viruses contained the expected 1.2 kb and 1.0 kb bands 
hybridising to the FRI cDNA probe. Cellular DNA derived from uninfected cells (not 
shown) or cells infected with control wild type vaccinia virus did not contain any similar 
bands hybridising to the FRI cDNA probe. Clone VV FRI 1.1.1.1. was selected for 
further work and analysis.

In all samples, some very faint other bands could also bee discerned around 4 kb upon 
prolonged exposure. This was most likely cross-hybridisation with the human FRI gene 
present in the Tk"143 cells. The human FRI and the murine FRI cDNA sequences are 
more than 90% homologous.

The production of FRI mRNA in cells infected with recombinant VV FRI was analysed 
by RT-PCR, Figure 3.3.3.

5 X 10^ RMA cells were infected over night with 5 pfu per cell of VV FRI 1.1.1.1. Total 

RNA was isolated, reverse transcribed and amplified by PCR by using FRI primers 
spanning bp 1291 to bp 1930 in the murine FRI cDNA (short form). pSCl 1 FRI plasmid 
DNA was used as positive control in the PCR reaction. Figure 3.3.3. shows that only 
RNA isolated from RMA cells which had been infected with VV FRI 1.1.1.1 produced 
the 640 bp band expected from using the selected FRI primers. This band was also seen 
in the positive control, but not in uninfected RMA cells.
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Figure 3.3.2.
Presence of murine fibroblast growth factor receptor I (FRI) cDNA in Tk‘143 
cells infected with recombinant vaccinia virus FRI (VV FRI).
Southern blot of DNA from uninfected Tk'143 cells or Tk"143 cells infected with 
wild type vaccinia virus (VV WT) or one of three VV FRI recombinants.
TK'143 cells were infected with 1 pfu per cell over night. Cellular DNA was 
isolated, digested with EcoRI and BarnHI, separated in a 0.8 % agarose gel, 
transferred to a nylon membrane and probed with a fragment containing the 
complete murine FRI cDNA. Positive control was pSCl 1 FRI DNA digested with 
EcoRI and BamHI

I
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Figure 3.3.3.
Production of murine FRI mRNA in RMA cells infected with recombinant 
vaccinia virus FRI, clone VV FRI 1.1.1.1.
RT-PCR of total RNA from uninfected RMA cells or RMA cells infected with 
VV FRI 1.1.1.1 .5 X 10  ̂RMA cells were infected with 10 pfu /per cell VV FRI for 
12 hours or not infected as control. The RNA was reverse transcribed and 
subjected to PCR. The positive control in the PCR reaction for FRI cDNA was 
pSCl 1 FRI plasmid DNA. The amplified FRI fragment is 640 bp, the amplified 
HPRT fragment is 251 bp.
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Expression of FRI protein in cells infected with recombinant VV FRI was analysed by 
immunoprécipitation of methionine labelled proteins from a whole cell lysate with a 
polyclonal antibody raised against human FRI, Figure 3.3.4.
5 X 10^ Tk“143 cells were either left uninfected or infected for 2 hours with 30 pfu per 
cell of wild type vaccinia virus or VV FRI 1.1.1.1. The cells were labelled with S^^- 
methionine for 10 hours without having removed the virus inoculum. The cells were 
harvested 12 hours post infection and lysed. After pre-clearing of the cell lysate, the 

lysate was either incubated with the FRI specific polyclonal rabbit antiserum BG90 or 
with a pre-immune rabbit serum. The BG90 antiserum recognises the 14 amino acid C 
terminal of the protein. Although the murine sequence differs in two amino acids within 
this sequence, the serum cross reacts with murine FRI in immunoprécipitations (Dr. H. 
Leung, ICRF, personal communication).
Figure 3.3.4. shows the presence of three distinct bands at 175 k D a , 74 kDa and 37 kDa 
among the proteins derived from Tk~143 cells which had been infected with VV FRI
1.1.1.1. The intensity of these bands were not very high compared to the background of 
other bands, but higher than amongst the proteins derived from Tk"143 cells infected with 
VV WT and immunoprecipitated with BG90 or amongst the proteins derived from Tk"
143 cells infected with VV FRI 1.1.1.1. and immunoprecipitated with the rabbit pre- 
immune serum. The short form of the murine fibroblast growth factor receptor I has 
previously been precipitated as an approximately 85 kDa band from rabbit reticulocyte 
lysates (270) or as a 130 kDa band from transfected hamster CHO cells (271). The native 
protein is reported to precipitate as an approximately 150 kDa band (270). It seems that 

different bands can be expected depending on the glycosylation and thus the cell line used 
for transfection. It is possible that the bands seen in Figure 3.3.4. represent different 
glycosylated forms. The 37 kDa band might represent an incomplete translation product.

In summary, a recombinant vaccinia virus stock, VV FRI 1.1.1.1. was generated which 
produced FRI cDNA, FRI mRNA and FRI protein in infected cells as demonstrated by 
Southern blot of cellular DNA, RT-PCR of total RNA and immunoprécipitation of total 
cellular protein respectively. On basis of these results, it was decided to use this virus 
stock for priming, restimulation and analysis of CTL specific for the murine fibroblast 

growth factor receptor I.
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Figure 3.3.4,
Production of FRI protein in Tk"143 cells infected with recombinant vaccinia 
virus FRI, clone 1.1.1.1. (VV FRI 1.1.1.1.).
2x10^  Tk'143 cells were infected for 2 hours with 30 pfu/cell VV WT or VV 
FRI 1.1.1.1. Cells were labelled with methionine for additional 10 hours. 
Cells were lysed, precleared and proteins were immunoprecipitated with 12 pi 
polyclonal rabbit anti mouse FRI serum or 12pl preimmune serum. The 
precipitates were collected, washed and separated by SDS-PAGE using a 12% 
separating gel. The gels were dried and exposed to radiography.
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3.3.2. Generation of transfectants expressing FRI 
The murine FRI cDNA was provided in the pDO-R expression vector (330), see Figure
3.3.1. This expression vector was also used to generate transfectants expressing mdm2, 
see section 3.1.9. As this vector is in itself suitable for transfection of mammalian cells, 
no subcloning was necessary in order to have a suitable vector for expression of FRI in 
selected mammalian cells.

pDO-R FRI was linearised with Notl and used to transfect EL4 cells and Pl.H TR cells 
by electroporation. Transfected cells were plated out in 24 well plates and selection based 
on G418 was initiated after 48 hours. After 2 weeks, less than 37% of the wells 
contained G418 sensitive EL4 cells (dead cells) only. The wells containing G418 resistant 
(live) EL4 cells were pooled to give three bulk lines EL4 FRI 1 (EFl), EL4 FR4 and EL4 
FR7. Transfection of Pl.H TR cells resulted in only four (16.6%) G418 positive wells 
after 2 weeks on selection. The cells from the positive wells, Pl.H TR FRI 1, 4, 5 and 6 

(PF 1,4, 5 and 6) respectively were considered clonal and analysed.

Integration of the entire FRI cDNA in the genome of the cell lines derived from EL4 cells 
transfected with FRI cDNA was demonstrated by Southern blot analysis. Genomic DNA 
from 10^ cells was isolated from EL4 cells and two of the bulk EL4 line transfected with 
FRI cDNA (EFl and EF4). 15 pg DNA was digested with EcoRI and Sail, see Figure

3.3.1. The DNA fragments were separated by agarose gel electrophoresis, transferred to 
nylon membrane and probed with the entire murine FRI cDNA. Figure 3.3.5 shows that 

DNA from both EL4 FRI lines contained a 2.2 kb band which hybridised to the FRI 
probe. This band had the expected size for the FRI cDNA cloned into pDO-R. 
Untransfected EL4 cells did not contain this band. In all samples at least four distinct high 
molecular weight bands could be distinguished. These bands were probably derived from 
endogenous FR genes. The murine fibroblast growth factor receptor family has 
previously been demonstrated to belong to a multigene family by Southern blot analysis 
(270) and two of these FGFRI (FRI) and FGFRII (FRII) have already been isolated

(269).

The EL4 FRI 1 cell line was cloned and gave rise to five clones EL4 FRI 1.1., 1.2., 1.3. 
and 1.4. and 1.5. The presence of the FRI cDNA was analysed and confirmed in clone 
EL4 FRI 1.3. by Southern blot analysis (not shown) and this clone was used for later 
CTL stimulation. One of the cell lines derived from transfecting Pl.HTR cells with pDO- 
R FRI was equally analysed and found to contain the FRI cDNA (not shown). This cell 
line, PF5, was used for later CTL stimulation.
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Figure 3.3.5.
Presence of FRI cDNA in EL4 cells transfected with pDO-R FRI.
Southern blot of total cellular DNA isolated from untransfected EL4 cells and from 
cell lines derived from EL4 transfected with PDO-R FRI. 15 |ig cellular DNA was 
digested with EcoRI and Sail, separated in a 0.7% agarose gel, transferred to a nylon 
membrane, and probed wit the complete murine FRI cDNA. Positive control was 
pDO-R FRI plasmid DNA digested with EcoRI and Sail .After hybridisation, the 
blots were exposed to autoradiography. Due to excess loading of positive control 
DNA, the lane containing this sample had to be exposed separately.
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The EL4 thymoma does not express endogenous FRI mRNA so RT PCR was used to 
demonstrate the production of exogenous FRI mRNA in the EF clones. mRNA for the 
fibroblast growth factor receptor I is present at only very low levels in the murine thymus 
and this could explain the lack of detection of endogenous FRI mRNA the EL4 cells
(270). Pl.H TR cells is a mastocytoma line found to express endogenous FRI mRNA, so 

RT-PCR was not used to demonstrate mRNA production in Pl.H TR cells transfected 
with the FRI cDNA (data not shown).

In summary, stable clones of EL4 cells and Pl.H TR cell transfected with FRI cDNA 
were generated. The clones had the entire FRI cDNA integrated in the genome. With 
respect to the EL4 FRI clone, it was possible to demonstrate production of FRI mRNA.
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3.4. Generation of p53 expression systems

The murine wild type p53 cDNA in vector pT7-7 was a generous gift from Dr. L. 
Crawford, ICRF. The cDNA sequence was retrieved in the EMBL database, accession 
number X01237. The p53 cDNA cloned in the pT7-7 vector contains an exogenous 
ribosomal binding site at the 5' end. This means that the p53 ATG initiation codon is 
preceded by 41 basepairs of exogenous sequence and not the 157 bp derived from the 

p53 gene which are listed in the cDNA sequence in the EMBL data base. The cDNA listed 
in the EMBL data base contains 1773 nucleotides. The cloned cDNA sequence contain 
approximately 300 bp of p53 genomic sequence after the end of the open reading frame.
This means that the cloned fragment is approximately 2.0 kb long.

3.4.1. Generation of recombinant vaccinia virus expressing p53.
The procedure followed for generating recombinant vaccinia virus expressing murine 
wild type p53 is outlined in Figure 3.4.1.

Murine WT p53 cDNA was isolated as a 2.0 kb Xbal/Hind III fragment from vector pT7- 
7 p53 and cloned into the Smal site of p SC l l  by blunt end ligation. Following 
transformation into E. coli X Ll Blue cells, plasmid DNA was isolated. The presence of 
the correct insert was examined by digestion of the plasmid DNA with EcoRI and 
BamHI, Figure 3.4.1. The orientation of the insert was determined by restriction 
mapping with BamHI and PstI or EcoRI and PstI, because there are two PstI sites in the 
cloned p53 sequence at nucleotide 246 and 377 (362 and 493 in the EMBL database 
cDNA sequence). There is one PstI site in pSCl 1 but it is only few basepairs from the 
EcoRI and BamHI sites around nucleotide 3010 in the p S C ll vector map, see Figure
3.4.1. The identity of inserts was additionally confirmed by PCR of the DNA using p53 
primers spanning bp 546-1197 of the p53 cDNA sequence (not shown). Plasmid DNA 
found containing the p53 cDNA in the correct orientation, pSCl 1 p53, was amplified and 
used to generate recombinant vaccinia virus expressing p53.

Recombinant vaccinia virus expressing WT p53 was made by homologous recombination 
between pSCl 1 p53 and wild type vaccinia virus in Tk"143 cells. The recombinant virus 
was subjected to 4 rounds of plaque purification. Virus from 3 plaques, VV p53
1.1.1.1., VV p53 1.2.1.1. and VV p53 1.2.1.2. were selected for analysis. The virus 
from each plaque was judged to contain more than 95% recombinant virus as estimated 
from the production of p-galactosidase by infected cells. The virus stocks derived from 

each of the three plaques will be referred to as clonal.
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1) Digestion of pT7 p53 with Xbal and H indllll.
2) Purification of 2.0 kb fragment containing 

p53 cDNA.
3) Fill in of 3' recessed ends on p53 fragment 

with the Klenow fragment of DNA polymerase I.
4) Digestion of pS C ll with Smal.
5) Déphosphorylation of pSC ll.
6) Ligation of 2.0 kb p53 fragment to pSC ll.

EcoRI 8.50

p53 cDNA

PstI 6.90 —
PstI 6.75 '

BamHI 6.50
EcoRI 6.12 

BamHI 6.11

AmpR

pSCll p53
9.88 kb

p7.5
coRI 3.01
PstI 3.03 

BamHI 3.04
EcoRI 3.11

I LacZ

1) Generation of recombinant vaccinia virus
by homologous recombination of pS C ll p53 with
wild type vaccinia virus (VV WT) in Tk"143 cells.

2) Plaque purification.
3) Analysis of clone VV p53 1.1.1.1., VV p53 1.2.1.1. 

and VV p53 I.2.I.2.

Figure 3.4.1.
Outline of the procedure used to generate recombinant vaccinia virus expressing 
murine wild type p53.
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DNA from cells infected with recombinant VV p53 was examined by Southern blot 
analysis, see Figure 3.4.2. Tk"143 cells were either not infected or infected overnight 
with 5 pfu per cell of wild type vaccinia virus or 5 pfu per cell of one the three 
recombinant vaccinia virus p53 clones. Cellular DNA was isolated, digested with EcoRI 
and BamHI, separated by gel electrophoresis, transferred to a nylon membrane and 
probed with the entire murine p53 cDNA. Figure 3.4.2. shows that DNA derived from 
cells which had been infected with one of the three recombinant p53 virus clones 
contained a 2.0 kb band which hybridised to the p53 cDNA probe. This band was not 
seen in uninfected cells or cells infected with control wild type vaccinia virus. In 
conclusion, all three recombinant vaccinia virus p53 stocks selected for analysis contained 
the correct p53 cDNA.

The production of p53 mRNA in infected cells was examined by infection of p53 negative 
cells, Tp53, with the recombinant virus. This cell line was established from thymocytes 
from the p53 knock-out mice which were generated by interrupting exon 5 of the murine 
p53 gene by insertion of a foreign expression cassette as well as by deleting a 450 bp 
fragment containing 106 nucleotides of exon 5 and 350 nucleotides of intron 4 (260). In 
these mice, cells from all tissues examined were not found to produce any p53 mRNA 
spanning exon 5.
To examine mRNA production in recombinant vaccinia virus p53 infected Tp53 cells, 
total RNA was isolated from control Tp53 cells or Tp53 cells which had been infected 
overnight with 10 pfu/cell of VV p53 1.2.1.2. RNA was also isolated from RMA cells to 
use as positive control. The RNA was reverse transcribed and amplified by PCR using 
p53 primers selecting a 699 bp fragment from bp 497 to bp 1195 in the p53 cDNA 
sequence ("Donehower primers"). These primers were chosen because they were used in 
the original description of the defect in the p53 knock-out mice (260). Figure 3.4.3. 
shows that only RNA derived from Tp53 cells infected with recombinant vaccinia virus 
p53 or from the positive control RMA cells gave rise to the expected 699 bp fragment 
whereas no such fragment was amplified in the sample derived from the uninfected p53 
negative Tp53 cells.
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Figure 3.4.2.
Presence of WT p53 cDNA in Tk'143 cells infected with recombinant 
vaccinia virus p53.
Southern blot of DNA from uninfected Tk'143 cells, Tk'143 cells infected 
with vaccinia virus wild type (VV WT) or one of three recombinant vaccinia 
virus p53 stocks, VV p53 1.1.1.1., VV p53 1.2.1.1. or VV p53 1.2.1.2
Tk'143 cells were infected with 5 pfu/cell virus overnight. Cellular DNA was 
isolated. 15 p g DNA was digested with EcoRI and BamHI, separated in a 1 % 
agarose gel, transferred to nylon membrane and probed with the entire murine 
p53 cDNA in a 2.0 kb Xbal/Hind III fragment. A lane containing pSCl 1 p53 
plasmid DNA digested with EcoRI and BamHI was used as positive control.

L
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Figure 3.4.3.
Production of p53 mRNA in p53 negative cells infected with recombinant 
vaccinia virus p53 .
RT-PCR of total RNA from p53 negative Tp53 cells or Tp53 cells infected with 
VV p53 1.2.1.2. or , as positive control, RMA cells.
Tp53 were either uninfected or infected overnight with 10 pfu per cell VV p53 
1.2.1.2. Total RNA was isolated, reversed transcribed and amplified by PCR by 
using p53 primers spanning a 699 bp fragment in the murine p53 sequence and 
HPRT primers spanning a 251 bp fragment in the murine HPRT sequence.

L
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To verify that full length p53 mRNA was produced in cells infected with recombinant VV 
p53, total RNA was isolated from Tk“143 cells infected with the recombinant vaccinia 
virus p53 and analysed by Northern blot analysis, Figure 3.4.4. 1 x 10^ cells were 
infected over night with 10 pfu/per cell. Total RNA was isolated. Half of the RNA, 
equivalent to the RNA from 5 x 10^ cells, was separated in a 1% formaldehyde 
containing gel, transferred to a nylon membrane and hybridised to the entire p53 cDNA. 
Figure 3.4.4. shows that RNA derived from Tk"143 cells infected with recombinant VV 
p53 1.2.1.2. contained two bands of 2.0 and 2.4 kb which hybridised to the p53 probe. 

These bands were not seen in uninfected Tk"143 cells or in cells infected with control 
vaccinia virus wild type. The p53 cDNA was cloned as a 2.0 kb fragment and the 2.4 kb 
fragment most likely represented the p53 mRNA with some additional vaccinia sequence 
at the 3' end.

In conclusion recombinant vaccinia virus p53 was made which contained a full length 
cDNA as shown by Southern blot analysis and which could produce the correct p53 

mRNA in infected cells as shown by RT-PCR and Northern blot analysis.
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Figure 3.4.4.
Production of murine WT p53 mRNA in human Tk"143 cells infected with 
recombinant vaccinia virus p53.
Northern blot of total RNA isolated from Tk"143 cells infected with either VV 
p53 1.2.1.2 or control VV WT.
Tk"143 cells were left uninfected or infected with 10 pfu/cell VV WT or VV 
p53 1.2.1.2 over night. The cells were harvested and total RNA was isolated. 
The RNA was separated in a 1% agarose gel containing formaldehyde and 
transferred to a nylon membrane. The membrane was probed with the entire 
murine p53 cDNA in a 2.0 kb Xbal/Hindlll fragment and subsequently with the 
entire murine P- actin cDNA.



173

3.4.2. Production of recombinant adenovirus expressing p53.

The procedure used to generate recombinant adenovirus expressing WT p53 is outlined in 
Figure 3.4.5.
The murine p53 cDNA was cut out as a 2.0 kb Hindlll/Xba I fragment from vector pT7- 
p53 and cloned into the Xbal site of pMV 100 by blunt end ligation. E. coli X Ll blue cells 
were transformed and recombinant clones were identified. Clones containing the correct 
DNA were identified by isolating the DNA and digesting it with H indin, which would 
cut out the CMV-IE expression cassette, see Figure 3.4.1. A unique Xhol site at position 
78 in the cloned WT p53 DNA sequence (corresponding to bp 195 in the EMBL database 
cDNA sequence) and the unique SphI site in pMVlOO, approximately 370 bp upstream of 
the Xbal cloning site was used to determine the orientation of the insert. Figure 3.4.6.a. 
The 2.7 kb CMV-IE p53 expression cassette was cut out of pMVlOO with HindlH and 

subcloned into the H indlll site of pMV60. E. coli X Ll Blue cells were transformed. 
Recombinant DNA was isolated and identified by digestion with H indlll. As an 

additional proof of the identity of the inserts, plasmid DNA was analysed by PCR by 
using p53 specific primers spanning bp 546 to bp 1197 of the murine WT p53 cDNA 
sequence. As it can be seen in Figure 3.4.6.b., plasmid DNA from pMV60 p53 give rise 
to the expected 652 bp fragment when amplified with the p53 specific primers.
To make recombinant adenovirus p53, pMV60 was cotransfected with pJM17 into 293 

cells. After 8 days the 293 cells were harvested and the cells were extracted with Arklone 
to isolate recombinant virus. The Arklone extract was used to infect 293 cells in 6 well 
plates. No plaques ever appeared. The CaP04 transfection was repeated several times 

with the same disappointing result. Due to time constraints, it was decided to not spend 
more time making adenovirus p53 and instead focus on using the recombinant vaccinia 
virus p53 as well as p53 peptides for CTL induction and restimulation.
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Figure 3.4.5.
Outline o f the procedure used to generate recombinant adenovirus expressing murine 
wild type p53.
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Figure 3.4.6.
Presence of correctly orientated p53 cDNA in pMV60.
a} p53 cDNA is cloned in the correct orientation in the CM V-IE expression cassette 
in pMVlOO. 1% agarose gel with pMVlOO p53 DNA digested with Xhol and Sphl. 
b) Presence of p53 cDNA in the final pM V60-p53 plasmid. Approximately 
100 pg of plasmid DNA was amplified using p53 specific primers spanning 
bp 546 to 1197 of the murine W T p53 cDNA sequence. pT7 p53 as well as pSC l 1 
p53 plasmid DNA served as positive controls in the PCR reaction.
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Discussion
This chapter describes the construction of three different expression systems which can 
be used individually to induce expression of one of the four murine proteins mdm2, 
cyclin D l, fibroblast growth factor receptor I and p53 in vivo and in vitro. The 
expression systems are useful for stimulation and analysis of CTL.

Recombinant vaccinia virus expressing mdm2, cyclin D l, fibroblast growth factor 
receptor I (FRI) or WT p53 were generated and analysed. These constructs are useful for 
in vivo immunisation and in vitro stimulation and analysis of CTL. To prevent CTL 
responses to vaccinia virus itself to dominate the CTL response, alternatives to the 
vaccinia expression systems were also searched and generated. These expression systems 
would primarily be used for stimulation or analysis of CTL induced in vivo by 
immunisation by recombinant vaccinia virus. Recombinant adenovirus expressing mdm2 
or transfectants expressing mdm2 were generated and aimed for use for in vitro 
stimulation and analysis of CTL specific for mdm2. The EL4 cell line, overexpressing 
cyclin D l, would be available for stimulation and analysis of CTL specific for cyclin D l. 
Transfectants expressing fibroblast growth factor receptor I were generated to stimulate 
and analyse CTL specific for this protein. With respect to wild type p53, it was not 
possible to generate any alternative to the vaccinia virus expression system.
The results are summarised in Table 3.2.

Table 3.2.

DNA, mRNA and protein production obtained with different 

mammalian expression systems

Recom binant 
vaccinia virus

Re<
ac

combinant
lenovirus

Stable transfectants

Cloned

cDNA

DNA mRNA Protein DNA mRNA Protein DNA mRNA Protein

mdm2 + + + + + N.D. + + N.D.

GDI + + + - - N.D. construct not m ade

FRI + + + construct not made + + N.D.

p53 + + N.D. N.D. N.D. N.D. construct not m ade

Analysis and characterisation of the system had to circumvent the problems of the 
presence of endogenous proteins in the analysed cells. This was particularly the case for 
cyclin D l and mdm2. cDNA analysis was uncomplicated in this respect, whereas mRNA 
analysis usually had to proceed via Northern blot analysis to be able to distinguish
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between endogenous and exogenous transcripts. Analysis of constructs expressing p53 
was aided by the availability of a p53 negative cell lines derived from p53 knock-out 
mice. Constructs expressing the fibroblast growth factor receptor could mostly be 
analysed in cell lines not expressing the growth factor receptor due to more limited tissue 
distribution of this protein or in human cell line.

Firstly, recombinant vaccinia virus expressing each of the proteins were produced and 
characterised. All recombinant vaccinia virus constructs were analysed and found to 

produce the relevant cDNA and mRNA in infected cells. Protein expression by the 

recombinant vaccinia virus was also demonstrated for vaccinia virus cyclin D l, vaccinia 
virus fibroblast growth factor receptor I and vaccinia virus mdm2. Protein production 

was not determined for recombinant vaccinia virus p53. Cells infected with this 
recombinant virus was found to produce abundant amounts of p53 mRNA as established 
by RT-PCR and Northern blot analysis, but it can not automatically be assumed that p53 
protein was produced as a result of infection with the recombinant vaccinia virus. There is 
no strict correlation of the presence of the correct mRNA and protein production. The 
presence of the mRNA in itself is an indicator of the corresponding production of protein 
as translation elongation is a relatively accurate process with a missense rate of 5 x 10"^ 
per codon (373), but variation in RNA transport from the nucleus to the cytosol (374; 
375), translation rate and stability of the mRNAs (376) can introduce variation in the rate 
and magnitude of protein synthesis. Variation in RNA transport from the nucleus to the 
cytosol should not be important as the production of vaccinia virus encoded mRNAs 
takes place in the cytosol. In addition, synthesis of virally produced proteins is usually 
favoured and known to completely supplant the synthesis of host protein in cells infected 
with viruses such as vaccinia virus or adenovirus. This is either because the viral mRNAs 
are more abundant or better designed for initiating translation and there is a simultaneous 
reduction in the overall translational capacity of the cell (376).

Protein analysis of cells infected with recombinant vaccinia virus generally revealed that 
protein was produced in cells infected by recombinant vaccinia virus, but that the level of 
protein production was low. It is thought that the apparent low levels of protein seen in 
vaccinia virus infected cells was either due to technical details surrounding the 
immunoprécipitations such as the use of antibodies which were all raised against the 
human and not the murine sequences or due to the proteins being rapidly degraded.

The level of intact protein does not tell anything in itself of the level of protein being 
produced and processed. The latter is a more relevant parameter with respect to CTL 
induction. In this respect, unstability and increased degradation of a protein has been 
found to increase antigen presentation to CTL (377). The proteins examined with the 
exception of murine fibroblast growth factor receptor I all have high turnover rates in vivo
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due to their involvement in the cell cycle. In addition, there are examples where cDNAs 
have been cloned out of frame and still been used to stimulate CTL when introduced into 
antigen presenting cells without any detectable protein or peptides being produced in the 
cells (378; 379). This phenomenon is presumably due to the use of alternative initiation 

codons (380).

Altogether, there was suitable proof that recombinant vaccinia virus expressing mdm2, 

cyclin D l, fibroblast growth factor receptor or p53 had been produced and could be used 
for induction of CTL in vivo and in vitro. The availability of the vaccinia virus expression 
system would allow transient production of protein in antigen presenting cells of different 
haplotypes. These properties would be useful for induction and stimulation of CTL in 
vivo and in vitro.

Recombinant adenovirus expressing mdm2 was also produced and characterised. Cells 
infected with the recombinant virus were found to contain the full length mdm2 cDNA 
and produce the correct mdm2 mRNA. Attempts to generate adenovirus cyclin D l and 
adenovirus p53 failed. With respect to adenovirus cyclin D l, virus was generated but the 
virus did not contain the cyclin D l cDNA. The difficulty in generating adenovirus 
expressing cyclin D l or p53 may be due to the effect of high levels of cyclin D l and p53 
on cell viability. There are reports in the literature about recombinant adenovirus 
expressing p53, but they are under the control of other promoters. The CMV-IE promoter 
is a very strong promoter (317). Since high levels of cyclin D l or p53 are known to have 
a detrimental effect on cell growth (231 ; 232; 233; 317; 360; 361; 362; 381), it is 
possible that cells producing recombinant adenovirus expressing either of these two 
proteins were not able to survive. Analysis of the levels of protein expressed in cells 
infected with recombinant vaccinia virus cyclin D l, revealed that the levels of protein 
produced by this virus were not high (see above). This could explain why it was possible 
to generate recombinant vaccinia virus expressing this protein.

Transfectants expressing mdm2 or fibroblast growth factor receptor I were also generated 
and analysed. The transfectants were found to have the respective cDNAs stably 
integrated in their genomes at low copy numbers. The low copy number would probably 
mimic the situation in vivo in many tumours which overexpress the proteins although at 
low levels. In addition to using the transfectants for in vitro stimulation of CTL induced 

by in vivo immunisation with recombinant vaccinia virus, the transfectants could be used 

for tumour challenge experiments in vivo.

To sum up, the aim of generating expression systems for in vivo and in vitro stimulation 
of CTL had been fulfilled. All four proteins under investigation could be expressed by 
recombinant vaccinia virus. In addition, three of the proteins, cyclin D l, mdm2 and
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fibroblast growth factor receptor could also be expressed using alternative expression 
systems including recombinant adenovirus and/or tumour cell lines overexpressing the 
protein.
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4. Stimulation o f cytotoxic T lymphocytes specific for self proteins bv in 
vivo  immunisation with recombinant vaccinia virus expressing self 
proteins.

Introduction
The use of selected normal self proteins as targets for tumour specific CTL requires an 
initial investigation of whether such self protein specific CTL exist and can be activated. 
This central issue can be addressed in two ways. The first is to attempt to stimulate 
potential autoreactive CTL in vivo by immunisation with the whole self protein expressed 
in such a way that it gains access to the class I antigen presentation pathway. The second 
is immunisation in vivo or in vitro with selected peptides derived from the protein under 
investigation.
The two approaches were explored simultaneously so that results obtained using one 
could be used to complement results obtained using the other. The present chapter deals 
with the first method involving in vivo immunisation of mice with whole self protein 
expressed in a recombinant viral expression system. Chapter 5 deals with peptide 
immunisation.

The objective of in vivo immunisation with whole self proteins, expressed in a way 
favouring presentation to the class I pathway, was to investigate whether CTL specific for 
the proteins existed, could be activated and stimulated to lyse target cells expressing high 
levels of the self protein.

The rationale for in vivo immunisation with whole self proteins delivered to the class I 
pathway was based on the following experimental evidence suggesting the effectiveness 
of in vivo stimulation of precursor CTL specific for self or non-self antigen to detect 

specific CTL responses:

1) In vivo immunisation can stimulate naive CTL to develop into memory CTL which 
exist at a higher frequency and are more responsive to antigen (93).

2) Tolerance to self proteins can be broken by in vivo immunisation with constructs 
expressing the self protein (160; 382).

3) Immunisation with whole protein in vivo will result in whole protein being processed 
within antigen presenting cells in a manner resembling the processing of endogenous self 
protein in vivo, assuming that the activities of the proteolytic machinery in the cell are 
identical for identical proteins, independent of the source of the protein.
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The strategy used to activate CTL specific for four selected murine self proteins, cyclin 
D l, mdm2, fibroblast growth factor receptor I and WT p53 was based on immunisation 

with recombinant vaccinia virus expressing the self proteins and to the widest extent 
possible restimulation of responder cells in vitro with either a non-vaccinia based system 
or with a vaccinia based system used in combination with a non-vaccinia based system.

The experimental approach was initially based on methods for in vivo immunisation 
established in the lab for activation of CTL to foreign antigens such as human papilloma 
viruses (286). In addition, variations in the immunisation schedules as well as the 
procedures used for in vitro restimulation would be tried.

Specificity of CTL is defined differently by different labs. In the present work, specificity 
was based on the following two criteria :

1) Lysis of target cells infected with recombinant vaccinia virus expressing the 
immunising protein but not of target cells infected with recombinant vaccinia virus 
expressing a control protein or uninfected target cells.

2) Minimum 8-10% higher lysis of cells infected with the relevant vaccinia virus for at 
least two different E/T ratios.

The reason for this definition was that occasionally CTL derived from mice immunised 
with a particular recombinant virus would kill a cell infected with irrelevant virus better 
than with relevant virus, but this lysis was never more than 5-8% and only observed for 
the highest E/T values. Whether this was due to manipulations performed during the CTL 
assay or that the proteins under investigation, and used as controls for each other, had an 
effect on each others expression was not investigated.

CTL assays were carried out in duplicate unless CTL were scarce. CTL lines derived 
from mice immunised with a different vaccinia construct were always tested in the same 
assays to control for biased lytic activity due to the in vivo immunisation procedure or the 
in vitro infection of target cells for the CTL assay.
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4.1. Induction of CTL specific for cvclin Dl

Cyclin D l is ubiquitously expressed in murine cells except in T cells; with the exception 
of some T cell tumour cell lines with integrated retroviral genomic components able to 
influence cyclin D l expression. In order to investigate whether it would be possible to 

activate CTL precursors to this cell cycle protein, C57BL/6 mice of the H-2^ haplotype 
were immunised with vaccinia virus cyclin D l in vivo. EL4 cells overexpressing the 
cyclin D l protein or dendritic cells infected with vaccinia virus cyclin D l were used for in 
vitro stimulation of spleens cells from immunised mice.

Altogether 22 different CTL lines derived from 19 different groups of mice immunised 
with vaccinia cyclin D l (VV CD l) were generated and analysed. Different conditions 
were used for the in vivo immunisation as well as for the in vitro restimulation. The 
number of immunisations was varied from one to up to four immunisations with the 
recombinant vaccinia virus. Three different protocols were used for activation and 
stimulation of cyclin D l specific CTL:

1} C57BL/6 mice were immunised in vivo with VV CD l. Spleen cells from immunised 
mice were restimulated weekly with mitomycin C treated EL4 cells.

21C57BL/6 mice were immunised in vivo with VV CDl.
Spleen cells from immunised mice were
a) stimulated with mitomycin C treated EL4 cells during the first 6 days in culture and 
subsequently with purified dendritic cells infected with VV CDl or
b) stimulated with EL4 cells twice, at day 0 and day 6 or 7 and then with dendritic cells 
infected with VV CDl from day 12/13.

3} C57BL/6 mice were immunised in vivo with VV CDl.
Spleen cells from immunised mice were restimulated in vitro with VV CD l infected 

dendritic cells only.

The protocols used and their relative efficiency are listed in Table 4.1.1.
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Table 4.1.1.

Conditions used for in vivo and in vitro stimulation of cyclin D l (C D l)
specific CTL lines

A ntigen  
presenting  

cells used  
for in vitro 
stim ulation  

of CTL

Number of in  
vivo  im m uni
sations with 
vaccinia virus 
cyclin D l  
(VV C D l)

Days between  
last immuni
sation and 

removal of 
sp leen

Total
number of 

CTL lines 
set up and 
analysed

Number of 

CTL lines 
recogn isin g  
sp ecifica lly  
VV C D l 
infected  
target cells.

From day 0 and 

onwards:

Mit. C treated 

EL4 cells

2 9 3 0

Day 0-day 6: 

Mit. C treated 

EL 4 cells. 

From day 6: 

DCs + VV CDl

2-4 7-14 10 7

DayO-day 12/13: 

Mit.C treated 

EL4 cells 

From day 12/13: 

DCs 4-VV CDl

3 10-13 4 0

From day 0 and 

onwards:

DCs + VV CDl

2 (4 lines) or 
5 (1 line)

7-10 5 0
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A cell population enriched for dendritic cells and referred to as DCs was widely used as 
antigen presenting cells and is described in more detail in Chapter 2 and 5. Briefly, the 

cell population was purified from the non-adherent fraction of naive spleens by 
centrifugation on a layer of metrizamide. The main contaminant was found to be B cells, 
whereas macrophages were largely removed, see chapter 5. DCs infected with 
recombinant vaccinia virus have successfully been used to generate CTL to human 
papilloma virus type 11 E7 protein (383).

A procedure involving initial exposure of responder cells to mitomycin C treated EL4 
cells followed by restimulation by day 6 with VV CDl infected dendritic cells ("Protocol 
2 a") was found to be efficient for generating cyclin D l specific CTL. Out of 22 CTL 
lines established, 10 lines were generated using these conditions, see Table 4.1.1. Of 
these 10 lines, 7 lines recognised specifically cyclin D l based on the finding that RMA 
target cells infected overnight with vaccinia cyclin D l were lysed more efficiently than 
RMA target cells infected overnight with control vaccinia virus mdm2, see Figure 4.1.1. 
for an example.

Insufficient mitomycin C treatment of the EL4 cells used as APCs from day 0 to day 6 
was thought to be responsible for the lack of specificity observed with the three remaining 
lines. These three cultures were dominated by day 13 by a high concentration of cells 
having a morphology closely resembling the morphology of EL4 cells.

It was found essential to start restimulating the CTL lines with DCs infected with VV 
CDl by day 6 and not later. In addition to the 10 lines generated by initial stimulation 
with EL4 followed by stimulation with VV CDl infected DCs by day 6 or 7 ("Protocol 
2a"), 4 lines were generated which were stimulated with mitomycin C treated EL4 cells 
until day 12/13 and then with DCs infected with VV CDl ("Protocol 2b"). These lines 
never developed any cyclin D l specificity.
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Figure 4.1.1.
Induction of cyclin D l specific CTL by in vivo immunisation with recombinant 
vaccinia virus cyclin D l (VV CDl).
^^Cr release assay using RMA cells infected over night with VV CDl or control 
VV mdm2 as target cells. Responder cells were derived from C57BL/6 mice which 
had been immunised three times with VV CDl. The cells were restimulated in vitro 
with mitomycin C treated EL4 cells from day 0 to day 6 and with a cell population 
enriched for dendritic cells and infected with VV CDl from day 6 to day 13. The 
assay shows the lytic activity of the responder cells at day 13 in culture. Each point 
represents the mean of two wells.
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Continuous restimulation with mitomycin C treated EL4 cells only ("Protocol 1") or 
dendritic cells infected with VV CDl only ("Protocol 3") was inefficient in stimulating 
cyclin D l specific CTL lines, see Table 4.1.1.

Lines which were restimulated with EL4 cells only past day 6, developed non-specific 
activity apparently mostly directed against EL4 cells as EL4 cells were lysed better than 

RMA cells and RMA cells infected with different recombinant vaccinia viruses. This 
effect was significant independent of the source of IL-2 added to the culture, but more 
pronounced with purified recombinant IL-2 than with concanavalin A supernatant (not 
shown).

Restimulation with antigen presenting cells infected with vaccinia cyclin D l from the very 
beginning of the culture resulted in lines which indiscriminately lysed RMA cells infected 
with vaccinia cyclin D l and RMA cells infected with control vaccinia virus mdm2 (not 
shown).

In summary, the lines which were indeed cyclin D l specific were all generated by 
restimulating lines with first EL4 cells then with vaccinia cyclin D l infected DCs. It was 
thought that the epitopes recognised by the cyclin D l immunised mice could be identified 
by testing cyclin D l specific CTL lines against peptide fractions eluted from RMA cells 
infected with vaccinia cyclin D l as well as control virus infected RMA cells. In order to 
do this experiment a considerable number of CTL were required. However, it was not 
possible to establish long term cyclin D l specific CTL lines using dendritic cells infected 
with vaccinia virus as stimulators. The lines were highly specific 6-7 days after initial 
restimulation with VV CDl infected DCs (at 12 to 13 days in culture). However, if the 
cells were restimulated with VV CDl infected DCs again and tested 6 days later, they 
were mostly dead and the remaining cells had no lytic activity. Figure 4.1.2.
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Figure 4.1.2.
Dendritic cells infected with VV CD l can be used to restimulate a potent cylin D l 
specific CTL response from mice immunised with VV C D l, but can not be used to 
generate a long term stable cell line.
^^Cr release assay using RM A cells infected with VV C D l or VV m dm2 or 
uninfected RMA cells (day 13 only) as target cells. The responder cells line were 
derived from spleens from C57BL/6 mice which had been imm unised four times 
with VV CDl .  The responder cells were stimulated with mitomycin C treated EL4 
cells on day 0 and with DCs infected with VV C D l on day 6 and day 13.
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The difficulty in establishing stable cyclin D l specific CTL lines is most likely due to the 
effect of the vaccinia virus on cell viability. The infected DCs used in this work were 
neither irradiated (impossible for safety reasons) or mitomycin C treated so the virus 
would presumably be alive and spread unless kept under control by the CTL in the 
culture. The use of untreated vaccinia virus infected DCs for successful CTL induction 
was reported by (383) but this group did not report the maintenance of CTL lines beyond 
day 6 in culture.

Cyclin D l specific CTL lines generated by using identical conditions for in vitro 
stimulation could differ with respect to the treatment of the mouse from which the lines 
were derived. This included the number of inununisations, the timing of immunisations 
as well as the time passed between the last immunisation and the in vitro boost. These 
factors did indeed seem to influence the magnitude of the response, although variation in 
the response of individual mice cannot be excluded. Between 2-4 immunisations could be 
used to stimulate cyclin D l specific CTL. In one batch of mice, some of the mice had 
their spleens removed after 3 immunisations (Figure 4.1.1.), others had their spleens 
removed after 4 immunisations (Figure 4.1.2). Spleen cells derived from either group of 
mice developed into cyclin D l specific effector cells.

Usually, specificity of cyclin D l specific CTL lines was observed by day 12/13 in 
culture. By day 6 the CTL were only weakly specific for cyclin D l, in the sense that lysis 
of cyclin D l infected targets was more than 10% higher than of the control infected target 
but only at the highest E/T ratio, usually 25 or 50. The only exception was a line which 
was derived from mice which had been immunised twice with VV CDl with a months 
interval. The spleens were removed 14 days after the last immunisation, restimulated with 
EL4 cells and tested for lytic activity at day 6. This line showed specific cyclin D l 
recognition at a very low E/T ratio. 28% lysis of RMA cells infected with VV CDl 
compared to 4.3% lysis of RMA cells infected with VV mdm2 at an E/T ratio of 0.2 (not 
shown)



189

4.2. Induction of CTL specific for mdm2

Mdm2 is ubiquitiously expressed in the mouse and involved in the regulation of the cell 
cycle. To investigate the question whether mdm2 specific CTL exist and can be activated, 
C57BL/6 mice of the H-2^ haplotype were immunised with vaccinia virus mdm2 in vivo.
A  wide range of reagents described in detail in chapter 3 were available for the activation 
and stimulation of potential mdm2 specific CTL in mice in vitro. These reagents included 
recombinant vaccinia virus, recombinant adenovirus and transfectants expressing mdm2.

Altogether 23 different CTL lines from 14 different groups of mice were generated and 
analysed. The availability of three different reagents allowed for testing of different 
combinations of APCs for in vitro stimulation of CTL from immunised mice. In 
particular, it was necessary to test a variety of different cell types for in vitro restimulation 
with recombinant adenovirus expressing mdm2.

It was found that mdm2 specific CTL could be generated. 11 different protocols for in 
vitro  stimulation of spleen cells derived from vaccinia virus mdm2 (VV mdm2) 
immunised mice were used. Of the different protocols investigated, three involving 
immunisation with VV mdm2 in vivo and stimulation of responder T cells with different 
combinations of antigen presenting cells in vitro, were found to stimulate mdm2 specific 
CTL. These three protocols are described in more detail below. All protocols are listed in 
Table 4.2.1.
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Table 4.2.1.

Conditions used for in vivo and in vitro stimulation of mdm2 specific
CTL lines

Antigen presenting 

cells used for 
in vitro stimulation  
of CTL.

Number of in 
vivo  im m uni
sations with 
vaccinia  
virus mdm2 
(VVmdm2)

D ays  
betw een  

last immu
nisation  
and spleen 
rem oval

Total 
number 
of CTL 
lines set 
up and 
analysed

Number of 

CTL lines 
reco g n is
ing speci
fically VV 
mdm2 

infected  
target cells

From day 0 (and onwards) :

Mit. C treated EL4 mdm2 cells

2 7 1 1

Day 0-6:

Mit. C treated EL4 mdm2 cells 

From day 6: DCs+VV mdm2

3 14 2 2

Day 0-6:

Mit. C treated EL4 mdm2 cells 

From day 12/13: DCs+VVmdm2

2-3 8-12 days 2 0

From day 0: DCs + VV mdm2 2-3 7-12 4 0

Day 0- 6 :

Mit. C treated EL4 mdm2 cells 

From day 6 :

EL4 +VV mdm2, Mit.C treated.

3 8 1 0

From day 0 : DCs+Ad mdm2 2-3 7 2 0

From day 0 :

Whole spleen + Ad mdm2

2 10 4 0

From day 0 : C57+Ad mdm2 2 10 1 0

Day 0-6:

Adherent spleen cells + Admdm2 

From day 6: DCs + VV mdm2

1-2 14 2 1

From day 0: DCs + Admdm2 2-3 7-10 2 0

Day 0-6: HelaK^ +Ad mdm2 

From day 6 : DCs + VV mdm2

2 14 2 0
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The protocols which resulted in the generation of mdm2 specific CTL were the following:

11 C57BL/6 mice were immunised once with VV mdm2 in vivo and spleens were 
removed two weeks after the immunisation. Responder cells were restimulated in vitro 
with mouse splenic adherent cells as APCs. The adherent cells were infected with 

adenovirus mdm2 for 8 hours and used as APCs from day 0 to day 6. At day 6 responder 
cells were restimulated with dendritic cells infected with VV mdm2. Specificity was 
observed already by day 6, but was greatly improved by day 13 in culture, see Figure
4.2.1.
The T cells were tested at day 13 for recognition of two mdm2 peptides containing class I 
binding motifs and known to be either intermediate or strong class I binders. Figure 
4.2. f. (for details of the peptides see chapter 5). RMA-S cells pulsed with these peptides 
were lysed inefficiently compared to RMA cells infected with VV mdm2. RMA cells 
infected with the control cyclin D l virus were also lysed inefficiently compared to cells 
infected with VV mdm2. This indicates that the CTL generated are able to distinguish 
between the endogenous lower levels of mdm2 present in the lymphoma cell line RMA 
and the higher levels of mdm2 present in RMA cells infected with recombinant VV 
mdm2.
Immunisation of C57BL/6 mice twice instead of once and followed by culture of the 
spleen cells using the in vitro conditions described above did not give rise to any specific 
CTL by day 6, and the line was not available for testing by day 13.

2) C57BL/6 mice were immunised three times with vaccinia mdm2 and spleens were 
removed two weeks after the last immunisation. Responder cells were restimulated in 
vitro with mitomycin C treated EL4 cells transfected with mdm2 from day 0 to day 6 and 
subsequently with dendritic cells infected with VV mdm2.
Mdm2 specificity was observed at day 13 in culture. Two such lines were generated, one 
of which is shown in Figure 4.2.2. Lines from mice immunised with VV CD l were 
tested in the same experiment and found to have cyclin D l specificity (not shown). It is 
clear, that there is specific lysis of mdm2 infected target cells, but that there is also 
considerable lysis of cells infected with control virus, see Figure 4.2.2.
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Figure 4.2.1.
Immunisation of C57BL/6 mice with vaccinia virus mdm2 (VV mdm2) stimulate 
mdm2 specific CTL.
10 weeks old C57BL/6 mice were immunised once with 2x10^ pfu VV mdm2. 
Spleens were removed two weeks later and restimulated with splenic adherent cells 
which had been infected for 8 hours with Ad mdm2. The responder cells were 
tested for lytic activity at day 6 and restimulated with DCs infected with VV 
mdm2. The responder cells were again tested for lytic activity on day 13.
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Figure 4.2.2.
In vivo primed mdm2 specific CTL can be restimulated in vitro with transfectants 
expressing mdm2 and dendritic cells infected with VV mdm2.
C57BL/6 mice were immunised with VV mdm2 in vivo and restimulated in vitro 
with EL4 cells transfected with mdm2 from day 0 to day 6 and with DCs infected 
with VV mdm2 from day 6 to day 13.
^iCr release assay representing CTL activity of the T cell line at day 13 in culture 
against RMA cells infected overnight with VV mdm2 or control VV CDL
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31 C57BL/6 mice were immunised twice with VV mdm2 in vivo and spleens were 
removed one week after the last immunisation. Responder cells were restimulated in vitro 
with mitomycin C treated EL4 cells transfected with mdm2, see Figure 4.2.3. These lines 
had weak mdm2 specificity in early cultures, see Figure 4.2.3, top panel. There was 
considerable lysis of cells infected with control virus. On day 27, the CTL still lysed VV 

mdm2 infected target cells better than control vaccinia virus fibroblast growth factor 
receptor I (VV FRI) infected target cells, but there was still significant lysis of the control 
cells. Figure 4.2.3., bottom panel. CTL from mice immunised with VV FRI were tested 
against the same target cells in the same assay and found to have opposite specificity, see 

later (Figure 4.3.1.). Altogether, Figure 4.2.3. shows that the use of EL4 cells 
transfected with mdm2 to restimulate responder cells from VV mdm2 immunised mice did 
not generate as potent and specific CTL as T cells generated by in vitro restimulation with 
splenic adherent cells infected with adenovirus mdm2 followed by restimulation with DCs 
infected with VV mdm2 ("Protocol 1", Figure 4.2.1.). The advantage of using mitomycin 
C treated transfectants for restimulation of CTL would be the ability to create a stable T 
cell line.

In summary restimulation based on the initial use of adherent cells derived from a naive 
spleen and infected with adenovirus mdm2 in vitro as APCs followed by the use dendritic 
cells infected with VV mdm2 as APCs seemed to be the optimal way for restimulation of 
mdm2 specific CTL in vitro. However, this needs to be verified by the generation of 
more CTL lines to generate a statistically valid comparison.

Due to use of untreated DCs infected with VV mdm2 as stimulators in vitro, long term 
cell lines were not established. However, as the specific lysis of mdm2 was very high, 
future work to identify target epitopes could be based on day 13 T cells. This could also 
be done for the cyclin D l specific CTL described in section 4.1.
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Figure 4.2.3.
In vivo primed mdm2 specific CTL can be restimulated in vitro exclusively with 
transfectants expressing mdm2.
C57BL/6 mice were immunised twice with VV mdm2 in vivo and restimulated with 
EL4 cells transfected with mdm2 in vitro. ^^Cr release assays showing lysis by the 
CTL line of RMA cells infected overnight with VV mdm2 or control virus VV FRI.
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4.3. Induction of CTL specific for FRI

Fibroblast growth factor receptor I (FRI) represents a self protein which is not expressed 
in the thymus and spleen but abundantly in other tissues in the periphery including 
neuroepithelial cells, skeletal muscles and the heart.

C57BL/6 or B/UB/c mice were immunised with recombinant vaccinia virus expressing 
fibroblast growth factor receptor I (VVFRI). Spleen cells from immunised mice were 
restimulated in vitro with transfectants or dendritic cells infected with VVFRI (DC + VV 
FRI). Altogether 3 lines were established from C57BL/6 mice and 2 lines were 
established from BAtB/c mice. Only one line showed some specificity for FRI, Figure
4.3.1. This line was established from C57BL/6 mice immunised 3 times in vivo with 
recombinant virus and restimulated in vitro with EL4 cells transfected with FRI (EF). 
Specificity of the FRI stimulated cell lines was not apparent until after prolonged culture.
T cells derived from mice immunised with VV mdm2 and having been 27 days in culture 
were tested against the same target cells in the same assays. These CTL had oppositie 
specificity (see Figure 4.2.3). No lines of significant specificity were established from 
BAïB/c mice immunised in vivo and restimulated in vitro with Pl.HTR cells transfected 
with FRI.
Future experiments investigating the immunogenicity of FRI should involve the use of 
EL4 or Pl.HTR cells transfected with FRI for the initial 6 days of culture followed by 
restimulation with dendritic cells infected with recombinant vaccinia virus expressing 
FRI. These conditions were found to stimulate CTL specific for two other self proteins, 
cyclin D l and mdm2, see Section 4.1 and 4.2. Time constraints prevented investigation 
of this method for the FRI protein. The establishment of one line able to recognise cells 
expressing high levels of FRI is by no means a proof of the general feasibility of 
stimulating autoreactive CTL specific for FRI.
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Figure 4.3.1.
FRI specific CTL can be generated by in vivo immunsation with vaccinia virus 
FRI (VV FRI) and in vitro restimulation with transfectants expressing FRI. 
C57BL/10 mice were immunised three times with VV FRI in vivo. Splenocytes 
from immunised mice were subsequently restimulated with EL4 cells transfected 
with FRI in vitro.
Chromium release assay showing lysis of RMA cells infected overnight with VV 
FRI or VV mdm2 by responder CTL at day 40 in culture.
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4.4. Induction of CTL specific for p53

WT p53 is ubiquitiously expressed in the mouse. To investigate induction of CTL in the 

mouse, C57BL/6 mice were immunised with vaccinia virus p53. It had not been possible 
to generate transfectants expressing WT p53 or adenovirus expressing wild type p53, so 
spleen cells from immunised mice were stimulated in vitro with dendritic cells infected 
with vaccinia virus p53 or with untransfected EL4 cells, which express low levels of 
endogenous p53 (not shown). However, none of these methods of restimulation resulted 
in the generation of CTL lines able to recognise specifically WT p53. This lack of success 
was thought to be due to a lack of suitable reagents for stimulation of lines in vitro rather 
than a firm demonstration of the inability to break potential tolerance to this protein in 
vivo. The methods used, continuous restimulation with vaccinia infected cells or a tumour 
cell line, had not been optimal for the stimulation of CTL to two other self proteins, cyclin 
D l and mdm2, whereas other methods of restimulation could be used to obtain CTL 
highly specific for either of these two proteins.
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Discussion

Normal self proteins represent potential interesting tumour antigens for immunotherapy 
because several normal self proteins are found to be expressed at elevated levels in a wide 
variety of human cancers. The use of such normal self proteins to stimulate CTL 
responses directed towards tumours expressing high levels of the self protein in question 
requires an initial investigation of whether CTL directed against the self protein do exist 

and can be activated in vivo. The central issue is to what extent CTL tolerance to self 
proteins exist and in particular to what extent CTL can be activated to recognise and lyse 
target cells expressing elevated levels of self proteins specifically. This issue is closely 
linked to the issue of autoimmunity and whether it will be possible to generate CTL able 
to distinguish between normal tissues presenting low levels of individual self peptides on 
the cell surface and tumour cells presenting higher levels of the same peptide.

Two approaches can be used to investigate whether CTL specific for peptides derived 
from endogenously processed self proteins exist and can be stimulated to lyse target cells 
expressing these self proteins. One approach involves the delivery of self protein to the 
class I pathway in vivo by immunisation with an appropriate vehicle. The second 
approach involves the use of synthetic peptides derived from the self protein to stimulate 
CTL in vivo and in vitro. The present chapter describes results obtained using the first 
approach in a murine system.

Recombinant vaccinia virus expressing four selected murine self proteins, cyclin D l, 
mdm2, WT p53 and fibroblast growth factor receptor I were used to immunise mice, 
mostly of the H-2t> haplotype. Spleen cells from immunised mice were stimulated in vitro 
using a combination of different antigen presenting cells including transfectants 
expressing the protein under investigation as well as a cell population enriched for 
dendritic cells and infected with recombinant vaccinia virus or adenovirus.

The main findings were the following:

1) It is possible to induce CTL reproducibly to selected murine self proteins using in vivo 
immunisation with vaccinia virus and stimulation of CTL in vitro with APCs producing 
the self protein used for immunisation.

2) The method used for in vitro restimulation of CTL derived from mice immunised in 
vivo is crucial for the specificity and magnitude of the response directed towards the self 
protein as judged from lysis of cells producing elevated levels of self protein.
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It is possible to induce CTL reproducibly to selected murine self proteins

The first major finding was that it was possible to stimulate CTL specific for selected self
proteins by a combination of in vivo and in vitro stimulation of CTL:
Immunisation with recombinant vaccinia virus expressing cyclin D1 and mdm2 resulted 
in the generation of several CTL lines able to recognise cyclin D1 and mdm2 respectively.
In one instance CTL lines specific for the murine fibroblast growth factor receptor I were 
also detectable. The findings indicate that tolerance to cyclin D1 and mdm2 (and possibly 

fibroblast growth factor receptor I ) is not absolute. The data need to be complemented by 
additional data on the ability of activated CTL to recognise and eliminate tumours 
expressing high levels of the protein without concomitant destruction of healthy tissues 
expressing lower levels of the protein. However, the data suggest that self proteins may 
be used to activate CTL which might be exploited for immunotherapy.

The results need to be interpreted in the light of recent data on thymic selection and 
peripheral tolerance. Developing thymocytes are subjected to positive and negative 
selection in the thymus, for review see (120; 148). During the process of positive 
selection, T cell receptors on the developing CD4+CD8+ thymocyte interact with MHC 
molecules on antigen presenting cells. This delivers a survival signal to the T cell. It is 
known that peptides can contribute to positive selection, but not known whether peptides 
are important for the process in vivo. Peptides which are potent T cell agonist do not 
induce positive selection(154) indicating that if peptides are directly involved in the 
process of positive selection in vivo, the same peptides are unlikely to activate the mature 
T cell. It is therefore likely that T cells specific for epitopes derived from mdm2 or cyclin 
D1 have not been positively selected by these epitopes in the thymus. Current knowledge 
indicates that the T cells will have been selected either by an irrelevant peptide which can 
act as an antagonist for the T cell or no peptide at all.

Whereas the role of self peptides in positive selection in vivo is still equivocal, the role of 
self peptide in negative selection is clearer. T cells which bind with high avidity to MHC 

class I /self peptide complexes in the thymus will be deleted. The avidity of the interaction 
between thymocyte and antigen presenting cell is the result of the intrinsic affinity of the 

TCR for the peptide /MHC complex, the density of TCR on the T cell and the density of 
peptide/MHC complexes (384). If the combined effect of these factors is insufficient to 
cause deletion of the thymocyte, the self peptide specific thymocyte will potentially be 
able to leave the thymus and enter the circulation. Thus T cells specific for self proteins 
such as mdm2 and cyclin D1 could exist in the periphery, either because the epitopes 
recognised are not well presented in vivo or because the CTL are of low avidity due to 
low numbers of T cell receptors specific for the cyclin D1 or mdm2 derived epitopes or 
because the affinity of the T cell receptors specific for the generated self peptide/MHC 
complexes is low. This hypothesis is supported by data from several independent
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transgenic models based on the use of T cell receptors, defined antigens or both as 
transgenes (158; 159; 160; 161; 163). These different models showed that high avidity 
T cells were deleted and that the remaining T cells were either of low avidity or specific 
for poorly presented, usually subdominant, epitopes.

The work described in the present chapter does not investigate the avidity of the T cells 
involved. This issue will be investigated in chapter 5 for self peptide specific CTL. The 
present work only establishes that CTL recognising the self proteins cyclin D1 and mdm2 

are present and can be stimulated to recognise endogenously processed protein. At 
present work by others (100) and the work described in chapter 5 suggest that CTL able 
to recognise endogenously processed protein are of intermediate to high avidity. The most 
likely explanation for the presence of the autoreactive CTL detected by in vivo 
immunisation with the whole protein is that the epitopes recognised are presented at 
insufficient levels in vivo to induce negative selection of the T cells. This situation would 
be analogous to the situation observed in mice transgenic for hen egg lysozyme or LCMV 
nucleoprotein. In those experiments, high avidity T cells specific for immunodominant 
epitopes were deleted whereas T cells able to recognise endogenously processed proteins 
and specific for subdominant epitopes from lysozyme or other LCMV proteins 
respectively were detectable (158; 159; 161). In the hen egg white lysozyme transgenic 
model, even T cells specific for the subdominant epitopes were deleted when animals 
expressed very high levels of lysozyme, emphasising the effect of antigen dose on T cell 
selection (158).

In the work described in the present chapter, class I restricted CTL specific for the self 
proteins cyclin D l, mdm2 and on one occasion FRI were activated by in vivo 
immunisation with the self proteins. Activation of class I restricted CTL specific for a 
variety of self proteins has also been reported using other experimental approaches. In the 
mouse, self peptide specific CTL recognising endogenously processed TCR V|38.2. 
protein, were detected by in vivo immunisation of B6 mice with a Vp8.2 derived peptide 

in vivo (385). Human CTL recognising endogenously processed self protein include 
HLA-A2.1 restricted CTL specific for glutamic acid decarboxylase and derived from 
PBMC of preclinical or recent onset insulin-dependent diabetes mellitus patients (386), 
HLA-A2 restricted CTL specific for myelin basic protein or myelin associated 
glycoprotein and derived from PBL of Multiple sclerosis patients as well as normal 
healthy volunteers (387) and finally CTL derived from melanoma patients and specific for 
either of a range of different melanoma antigens including tyrosinase, gplOO, gp75, 
MART-1 and MAGE-1, for review see (388; 389). Overall, these results as well as the 
results presented in this chapter show that autoreactive CTL exist and can be activated 
under certain circumstances. However, without activation these CTL will not do any 
damage to normal tissue. This has also been confirmed in several transgenic models (160;
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168; 382). In the present work, immunisation with recombinant vaccinia virus
expressing cyclin D l, mdm2 and in one case fibroblast growth factor receptor I activated 
CTL specific for the immunising proteins to an extent that the CTL could kill target cells 
expressing the self protein in assays in vitro. The question arising is then whether these 
CTL shown to have lytic activity in vitro would do any damage in vivo towards the mice 
which had been immunised. In other words, would the CTL being able to lyse antigen 
presenting cells in vitro also do so in vivo and if the latter was the case would the CTL 
then discriminate between the low levels of antigen present in normal tissue and the 
higher levels supposedly present in cells infected with recombinant vaccinia virus 
expressing self protein?

All mice under investigation appeared healthy. It seems likely that either no or only minor 
autoimmune damage occurred, with the latter response not being able to be sustained due 
to low levels of expression of the relevant epitopes in normal tissue. Transient but minor 
autoimmunity has been reported by priming T cell receptor transgenic CBA mice 
containing high avidity T cells specific for K^, with high avidity being defined in that case 
as high density of the transgenic T cell receptor (160). These high avidity T cells existed 
in the mouse without doing any harm to pancreatic P cells expressing a second transgene,

KP, the antigen recognised by the transgenic T cell receptor. However, when the mice 
were primed with spleen cells expressing transient autoimmunity occurred, and it was 
suggested that the inability of the p cells to act as efficient APCs to sustain the immune 

response accounted for the transient nature of the response. Self proteins such as cyclin 
D l and mdm2 are expressed in all tissues examined, except T cells in the case of cyclin 
D l. This means that even professional antigen presenting cells would be expected to 
present epitopes continuously from these self proteins. Lack of presentation of the K 
proteins would consequently not be accounted for by the inability of normal tissue 
to act as APCs. Instead, it seems likely that the level of antigen presented is too low to 
sustain an immune response. The avidity of the interaction between activated T cells and 
antigen presenting cells might be high enough for T cell activation and lysis of the APC if 
high levels of peptide epitopes are produced from the infection of cells with a recombinant 
virus expressing the protein, but not if lower levels are produced such as is the case in 
normal tissue. Some of the mdm2 specific CTL were clearly shown to be able to 
distinguish between different levels of self protein, in as much as the CTL did not lyse 
RMA cells known to express endogenous mdm2 but did indeed lyse RMA cells infected 
with a recombinant vaccinia virus expressing mdm2.

The second explanation for lack of detectable activity of self reactive CTL in vivo post 
immunisation, could be that the T cells were anergised in vivo by the immunisation 
procedure used. Exposure of mature peripheral naive T cells to antigen by transfer of 
antigen specific CTL to recipient animals, expressing different levels of the target antigen.
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has been found to result in either activation at low doses of antigen, exhaustion at 
intermediate doses of antigen and anergy with down regulation of CD8 co-receptors at 
high antigen concentration (175). This experimental evidence accounts not only for the 
fact that self protein specific CTL can exist in vivo despite having been initially activated 
but can also provide a second explanation for the difficulty in detecting CTL specific for 
self or non-self proteins after repeated immunisation. Rapid expansion followed by 
exhaustion of antigen reactive CTL has also been observed when mice were infected with 

lymphocytic choriomenigitis virus, LCMV (390).

In transgenic models, tolerance induction has been shown to be a multistep process with 
T cells already tolerant to certain stimuli being able to be rendered completely tolerant by 
exposure to high levels of antigen (166; 174; 391). TCR transgenic mice specific for 
and crossed with mice expressing mutant KP in several tissues including the thymus or 
normal exclusively in the periphery, had T cells already expressing low levels of TCR 
specific for the antigen and were unable to reject skin grafts expressing the antigen in 
vivo. These T cells would further down-regulate the level of T cell receptor on 
encountering high levels of the antigen. In the present work, spleen cells from mice 
immunised in vivo with vaccinia virus mdm2 were restimulated in vitro from day 0 to day 
6 with adherent cells infected with recombinant adenovirus expressing mdm2. Only 
spleen cells derived from mice which had received a single immunisation were specific 
for mdm2 by day 6 (see Figure 4.2.1). Mice which had been immunised twice did not 
give rise to any mdm2 specific CTL, showing that in this case increased exposure to 
antigen in vivo did not result in improved antigen specific CTL responses but the 
opposite. In contrast, activation of cyclin D l specific CTL seemed to be optimal when 
several immunisations were involved. The main difference between the expression pattern 
of cyclin D l and mdm2 is that cyclin D l is not present whereas mdm2 is present at high 
levels in T cells. Whether murine T cells play a role as APCs in this context is unknown. 
Activated human T cells express MHC Class II molecules as well as various adhesion 
molecules important in interactions with T cells including ICAM -1 and B7-1 (392). 
Human T cells can act as antigen presenting cells able to activate human class II restricted 
resting T cells (392; 393), but human T cells as APCs have also been reported to be able 
to anergise T cells which were already activated (392).

With respect to the use of CTL specific for normal self proteins in tumour immunotherapy 
in vivo, it should be noted that the antigenic load of a tumour is expected to be very high.
In addition to the lack of costimulatory molecules on some tumour cells, antigenic 
overload resulting in T cell exhaustion has been suggested to contribute to the inability of 

CTL to reject tumour cells (390).
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The method used for in vitro restimulation of CTL derived from mice immunised in vivo 
is crucial for the specificity and magnitude of the response.
The second major result from the work described in this chapter was that detection of 
cyclin D l and mdm2 specific CTL responses was highly dependent of the method of 
restimulation used in vitro.

The antigen presenting cells used included a cell population enriched for dendritic cells,

EL4 cells (either transfected or untransfected), whole spleens (infected with recombinant 
adenovirus or vaccinia virus), the adherent fraction from spleens as well as different 

epithelial cell lines including Hela and C57 epithelial cell lines (all infected with 
recombinant adenovirus). Three different protocols for in vitro restimulation utilising a 
single type of APC or a combination of different APCs were clearly able to stimulate a 
CTL response specific for the self proteins used to immunise the mice. These were
1) the combination of EL4 cells for the initial stimulation of T cells (untransfected or 
transfected) followed by the later use of dendritic cells infected with vaccinia virus. This 
procedure was able to lead to the stimulation of 7 independent cyclin D l specific CTL 
lines and 2 independent mdm2 specific CTL lines, altogether 9 lines.

2) the combination of adherent cells infected with recombinant adenovirus for the initial 
stimulation of CTL in vitro followed by DCs infected with recombinant vaccinia virus.
This combination induced potent mdm2 specific responses.

3) The use of EL4 cells transfected with mdm2 or FRI. This method of restimulation 
resulted in the generation of mdm2 specific and FRI specific CTL, but was found to be 
the least potent of the methods resulting in stimulation of self protein specific CTL. CTL 
lines which were set up from Balb/c mice immunised with recombinant VV FRI or VV 
mdm2 and restimulated with Pl.H TR cells transfected with FRI or mdm2, never 

developed any significant specificity.

It is thought that several factors contributed to the superiority of some restimulation 
protocols. These factors include firstly, properties of the viral expression system used for 
in vivo and in some cases in vitro stimulation of CTL. Secondly, properties of the antigen 
presenting cells used for in vitro stimulation of CTL, including the ability of these APC to 
costimulate T cells and contribute to the creation of a cytokine environment favourable for 

generating and sustaining CTL responses.

Firstly, the properties of the viral expression system used for the in vivo immunisation 
and/or in vitro restimulation of CTL will have a profound influence of the outcome of the 
CTL response as detected in 5l(3r release assays in vitro. These expression systems
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included vaccinia virus for in vivo immunisation and in some cases vaccinia virus and/or 
adenovirus for stimulation of CTL in vitro.

In the present system vaccinia virus expressing recombinant self protein was used for the 
in vivo stimulation of CTL to self proteins. The reasons for the choice of this expression 
system for in vivo immunisations were several. The virus has an excellent record for the 

in vivo and in vitro induction of CTL to exogenous proteins. The entire life cycle of the 
virus takes place in the cytosol. This contributes to the efficiency of the delivery of newly 
synthesised proteins to the class I pathway. There appears to be a positive correlation 
between the quantity of an individual protein within the cell and the amount of peptide 
epitopes generated from the protein (77). Increased protein production is consequently 
expected to contribute to an increased density of MHC/peptide complexes on the cell 
surface and an increase in the over all avidity of the interaction between self specific CTL 
and antigen presenting cell.

In addition to delivering exogenous proteins to the class I pathway, viral infection results 
in the production of local cytokines including IL-2, IFN-y and IFN a /p  (110). Several 
transgenic models have showed that local sustained production of IL-2 (168) or IFN-y 

(394) can activate tolerant self specific T cells. Other cytokines including IL-6 and IL-1 
are also known to be produced by splenocytes from vaccinia virus immunised mice 
(291). The local cytokine production might also produce a bystander effect which could 
contribute to the activation of self specific CTL (395; 396).

Despite the benefits gained by using recombinant vaccinia virus to induce CTL to self 
proteins, vaccinia virus does present potential problems. The main obstacle to the use of 
vaccinia virus as a vehicle is the possibility of inducing an overwhelming CTL response 
to vaccinia proteins which would reduce the response to less efficiently processed CTL 
epitopes. Peptides which bind equally well to class I and which are produced in similar 
quantities are known to be able to induce independent CTL population in the same mice 
when administered simultaneously as demonstrated by immunisation of mice with 
recombinant influenza virus expressing two different restricted epitopes from the 
nucleoprotein of influenza virus (397). However, the avidity model for negative selection 
as well as the nature of the immunodominant self peptides identified in human cancer 
patients, point towards the existence of immunodominant self epitopes which are not 
efficiently processed and presented by class I in vivo. Consequently, such self epitopes 
might not compete well with efficiently presented vaccinia derived epitopes. The 
precursor frequency of self peptide specific CTL able to interact with antigen presenting 
cells with high avidity is likely to be low compared to the number of vaccinia virus 
specific precursors able to engage in high avidity interactions. As the size of the activated
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CD8"*T cell pool is constant (398), CTL directed against less well presented self epitopes 
might be difficult to detect.
Indeed, restimulation in vitro with vaccinia virus infected dendritic cells resulted in a high 
degree of CTL activity which appeared to be directed against vaccinia virus epitopes in as 
much as cells infected with any recombinant vaccinia virus were lysed but uninfected cells 
were not. It cannot be excluded that some of the CTL response was directed against P~ 

galactosidase also expressed by all the recombinant viruses and known to contain an H-2i’ 
presented CTL epitope (61; 399).

Apart from producing potent CTL epitopes, vaccinia virus (and adenovirus) might 
produce peptides able to antagonise self (or non-self) specific CTL responses and thereby 
prevent the expansion of certain self (or non-self) specific CTL. Antagonist peptides are 
non-stimulatory ligands which can compete with T cell agonists for T cell receptor 
occupancy and transduce a qualitatively different signal that results in lack of T cell 
stimulation (400; 401). Viruses are known to be able to produce antagonist peptides as a 
means of escaping T cell recognition (400).

For in vitro stimulation, vaccinia virus was mainly used to infect cell populations enriched 
for dendritic cells. Initial experiments using adenovirus infected dendritic cells as antigen 
presenting cells did not result in the generation of any self protein specific CTL. A wide 
variety of other APCs were infected with recombinant adenovirus and used as stimulator 
cells in T cell cultures involving responder cells from immunised mice. It was found that 
only adenovirus infection of adherent cells derived from spleens appeared to be able to 
stimulate efficiently a self protein specific CTL response. It is thought that the potency of 
this cell type to stimulate CTL responses is due to the ability of the recombinant 
adenovirus to productively infect this cell population consisting of adherent cells such as 
epithelial cells and macrophages. Autologous spleen cells infected with recombinant 
adenovirus have previously been used to restimulate successfully CTL derived from 
spleens of in vivo immunised mice (303). The authors did not identify the cell type(s) 
within the preparation acting as APC, neither did they present any data on how the spleen 
cells were treated prior to adenovirus infection and use as APCs in the T cell cultures.

The second reason for the efficiency of some protocols for restimulation of self specific 
CTL, would most likely be linked to molecular properties of the antigen presenting cells 
used. This would include levels of costimulatory molecules on the cell surface and the 
ability to secrete or induce the secretion of cytokines favouring a CTL response.

With respect to costimulation, it has been established that activation of T cells requires 
two distinct signals, for review see (102; 127). The first signal originates from the
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ligation of the T cell receptor complex and its coreceptors (CD4 or CDS). The second 
signal is dependent on either soluble factors such as IL-2 or the interaction of cell surface 
molecules which provide important costimulatory signals. The interaction of CD28 on T 
cells with B7-1 and/or B7-2 on antigen presenting cells is particularly important. The 
primary effect of the CD28 mediated costimulation appears to be to promote late cell cycle 

progression by maximising IL-2 production and regulating programmed cell death.

B7-1 is expressed at low levels on DCs, macrophages and thymic epithelial cells. B7-1 is 
up-regulated later in immune responses than B7-2 and appears important in prolonging 
primary T cell responses or costimulating secondary T cell responses. B7-2 is 
constitutively expressed on DCs and macrophages and is up-regulated on activated B 
cells. This molecule appears to be the domininant costimulatory ligand for the induction 
of primary immune responses (102). The levels of B7-1, but particularly B7-2 are 
considerably up-regulated on murine splenic dendritic cells when placed in culture, 
presumably due to the influence of cytokines such as IL-1 or GM-CSF (402). The 
efficiency of cell populations enriched for dendritic cells and infected with vaccinia virus 
or adherent cells infected with adenovirus could partly be due to the ability to sustain the 
response of T cells activated in vivo or even reverse anergy of self specific T cells. It 
should be noted that IL-2 were added to all cultures after 6 days in vitro culture. If the 
role of the B7-CD28 interaction is indeed to maximise IL-2 production (102), this 
interaction would become particularly important when the exogenously added IL-2 was 
consumed/degraded. There are some controversial reports that B7-1 and B7-2 might 
stimulate different T helper responses with B7-2 providing a signal to naive T cells to 
secrete IL-4 (124), however, this effect is mainly thought to play a role during initial 
priming in vivo and is not thought to be important during secondary stimulation.

Surface levels of costimulatory molecules could explain why potent responder T cells 
from mice immunised with self protein in vivo and stimulated continuously in vitro with 
EL4 cells or transfected EL4 cells were difficult to generate. EL4 cells transfected with 
mdm2 or FRI could be used to stimulate mdm2 and FRI specific CTL, but high levels of 
non-specific lysis was equally observed. It has been reported previously that repeated 
stimulation with EL4 cells of spleen cells from mice immunised with B7 transfected EL4 
cells resulted in cultures dominated by NK cells due to the lack of B7-1 expression on the 
EL4 cells used for restimulation despite the fact that B7-1 positive cells had been used for 
the in vivo immunisation (105). Indeed, results from our lab showed that EL4 cells do 
not express B7-1 (H.Stauss, personal communication). Lack of suitable costimulatory 
molecules could also account for the fact that Hela cells infected with recombinant 
adenovirus were poor stimulators of CTL responses. Hela cells is an epithelial cell line 
capable of infection by adenovirus (300), so lack of production of the recombinant
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protein is unlikely to account for the inefficiency of this cell line as stimulator of CTL 
specific for self proteins.

In addition to the B7-CD28 or B7-CTLA-4 interaction it cannot be excluded that 
additional uncharacterised costimulatory molecules might be important. In particular a 
novel receptor involved in T cell activation, the so-called SLAM molecule, has recently 
been identified (403). This molecule is expressed on memory T cells and immature 
thymocytes and is rapidly induced on naive T cells after activation. The engagement of 
SLAM has been found to stimulate human PBL and result in proliferation of activated T 

cells. It is of special interest with respect to CTL stimulation that the molecule also 
appears to induce ThO/ Thl cytokine production profiles in antigen activated T cell clones
(403). This could be important for CTL stimulation. In addition to molecules involved in 
positive signalling, the presence or absence of molecules involved in negative signalling, 
including interaction with the newly identified negative regulator of T cell activation CD43
(404), could also be important.

The production of cytokines by APCs appears to influence CTL activation and function, 
either directly or indirectly, via the generation of certain T helper cell subsets, for review 
see (113; 121). Antigen presenting cells can produce cytokines which influence the 
development of T helper cells into two different types, Thl and Th2. Thl helper cells 
secrete predominantly IFN-y, IL-2 and TNF-p and support cellular immunity, whereas 

Th2 helper cells secrete predominantly IL-4, IL-5, IL-6 and IL-10 and provide mainly 
help for antibody production. IL-12 is known to influence CD4 T cells to become IFN-y 

producers and consequently stimulate CTL responses (113). Macrophages, B cells and 
interdigitating dendritic cells from the spleen are known to produce IL-12 (113; 405).
This could explain why cultures based on dendritic cells as APCs or adherent cells 
derived from a spleen stimulate CTL responses, although it appears that other cytokines 
including IL-1 and T N F -a  are also needed.

The role of cytokines generated by the irradiated spleen cells used as feeder cells in the T 
cell cultures is difficult to assess. The spleen contains B cells, macrophages, dendritic 
cells, epithelial cells and T cells, which all can produce different cytokines. It is not 
unlikely that the combination of the cytokines produced by the feeder cells and the antigen 
presenting cells can produce effects which influence the magnitude and specificity of the 
CTL response in one direction or another.

Recently it has become clear that different CD8+ CTL subsets secreting different 
cytokines also exist. The generation of these CD8+ subsets is influenced by other 
cytokines. IL-4 could induce IL-4 and IL-5 production but block IL-2 and IL-6 
production by CTL derived from rat splenocytes and even induce IFN-y production if 
IFN-y activity was neutralised (406). IL-4 can induce cytotoxic CD8+ CTL to switch to a
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CD8+ cytotoxic phenotype or a CDS" non-cytotoxic phenotype producing IL-4, IL-5 and 
IL-10 but not IFN -y (111). The main source of IL-4 in vivo is thought to be Th2 cells, 

mast cells and basophils. In the in vitro culture system described in the present work, IL- 
4 could perhaps be provided by the spleen cells used as APC. This may be important as 
CTL were occasionally found to loose lytic activity during long term culture. In these 
cases, FACS staining sometimes indicated that the cultures were dominated by CD4+ 

positive cells. It is possible that CD4+ cells stimulated by components in FCS or other 
unknown antigens would compete out CD8+ cells in certain long term T cell cultures. In 
vivo, transfer experiments of equal numbers of CD4+ and CD8+ T cells to athymic rats 
have indicated that rapidly diving CD4+ T cells easily outgrow CD8+ cells (407).

From the preceding paragraphs, it should be clear how the in vivo immunisation and in 
vitro T cell culture conditions could influence the generation of self specific CTL. In most 
cases the use of certain conditions did indeed generate CTL responses of similar 
magnitude and specificity using different batches of mice. However, in some cases, the 
magnitude of the response varied even if exactly the same conditions were used. As is 
clear from Figure 4.1.1 and 4.1.2. it was possible to generate very potent cyclin D l 
specific CTL responses. Cyclin D l specificity was detected in 7 lines altogether. 
However, there was variability in the lysis of cells infected with control vaccinia virus. In 
some cases, lysis of cells infected with recombinant vaccinia virus expressing a control 
proteins was only 20% less than cells infected with recombinant vaccinia virus expressing 
cyclin D l. Variability in the response to immunisation with the same antigen has also 
been observed by other groups. Immunisation of DBA/2J mice with the murine 
mastocytoma P815 was found to induce CTL responses of variable strength and directed 
against different epitopes in different mice. Even within the same mouse, injection of the 
immunogen at two different sites resulted in recognition of different epitopes in the 
corresponding local lymph nodes (408). The differential responses were suggested to be 
due to a low precursor frequency of the CTL directed against the individual epitopes. The 
specificity of the CTL encountering the antigen first resulting in the earliest expansion 
would be random, but give this clone a numerical advantage before CTL specific for other 
epitopes can start proliferating

In summary, immunisation with recombinant vaccinia virus expressing the self proteins 
cyclin D l, mdm2, fibroblast growth factor receptor I or WT p53 showed that it was 
possible to stimulate several cyclin D l and mdm2 specific CTL lines and one FRI specific 
CTL line. No CTL specific for WT p53 were detected. It is most likely that variability 
with respect to the magnitude and specificity of CTL responses was linked to the 
properties of the expression system used for in vivo and in vitro immunisation, as well as
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the combinations of antigen presenting cells used for in vitro stimulation of CTL. 
Although it was not possible to identify the epitopes recognised by the CTL, the results 
support the possibilities of inducing CTL specific for peptides derived from self proteins. 
Further characterisation of such self specific CTL with respect to their ability to eliminate 

tumours in vivo while not causing any damage to normal tissue will be required. 
However, the results have clearly showed that CTL tolerance to self proteins is not 
absolute and that self specific CTL can be stimulated by in vivo priming with the self 

protein.
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5. Peptide stimulation of autoreactive high avidity CTL which can 
recognise naturally processed self protein

Introduction
In vivo immunisation with whole self protein expressed in recombinant vaccinia virus had 
shown that it was possible to activate CTL to the self proteins cyclin D l and mdm2, see 
chapter 4. The epitopes remained unidentified as it was not possible to establish long term 
lines. As a complement to the whole protein immunisation procedure, a peptide based 
approach was used to identify specific CTL epitopes in the self proteins cyclin D l, mdm2 

and wild type p53.

Peptides bound to murine class I molecules in vivo have been shown to have particular 
amino acids in certain positions within the peptide. These amino acids are referred to as 
anchors and combination of anchor residues are referred to as motifs (31). Class I 
binding motifs have been used to predict CTL epitopes in foreign proteins including viral 
proteins, ovalbumin or murine tumour antigens (331; 409; 410). Systematic screening 
of protein sequences for class I binding motifs has been used to identify epitopes in 
several human tumour antigens including the self protein gplOO recognised by CTL from 
different melanoma patients (20) and the HPV encoded E7 protein recognised by CTL 
from cervical cancer patients (186). As class I binding motifs have been useful to identify 
class I restricted CTL epitopes, four selected self proteins were screened for class I 
binding motifs. Motif containing peptides were used for class I binding assays and CTL 
induction.

Class I molecules of the H-2^ haplotype were selected for the screening for class I 
restricted CTL epitopes. The identification of H-2^ (K^ or D̂ ») binding motifs was 
facilitated by the availability of the RMA-S cell line.
RMA-S cells are derived from the T cell lymphoma cell line RMA established from a 
C57BL/6N (K^D^) mouse. The cell line has low class I expression due to a lack of TAP2 
protein in the cells (328). The level of class I molecules can be up-regulated upon 
incubation of the cells for 20-24 hours at 26°C, but the class I molecules on the surface 
are unstable at 37°C unless exogenous peptide is added (35; 36; 326; 327). The cell line 
therefore provides a useful tool for studying binding of peptides to the class I molecules 

and D^, found on RMA-S cells. In the murine system there is no similar convenient 
whole cell binding assay available for other class I molecules, except for L^ which can be 
up-regulated by incubation with L^ binding peptide (411).
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5.1. Use of class I binding motifs to identify class I binding self peptides

Class I expression was checked on RMA-S cells as variations in the phenotype of the cell 
line might have occurred during long time culture and multiple passages. The level of 
class I molecules was quantified by FACS analysis using the specific Y3 antibody and 
the specific Hb27 antibody. Y3 binds to the a 2  domain of KP (83) and it only 
recognises in association with p2 microglobulin (337; 338). The epitope recognised 

by Y3 is dependent on stabilisation of Kp by peptide but independent on which peptide is 

bound(83). The level of class I molecules measured with this antibody should therefore 
be a good measure of the number of peptide class I complexes on the cell surface, 
independent of the conformation individual peptides adopt within the class I molecule.
Hb27 (28-14-8 S) binds to the a3 domain of molecules as well as to and DQ (336). 

There is no available information on whether the recognition of the epitope varies 
depending on the peptide bound, but it seems unlikely as the epitope recognised is outside 
the peptide binding groove of the class I molecule.

Upon temperature induction the number of molecules reacting with antibody Y3 as 
measured by FACS analysis was found to reach 75-85% of the number on parental RMA 
cells reacting with the antibody. The number of molecules reached 18-23% of the level 
found on RMA cells, see Figure 5.1.1 for a representative staining profile. The level of 

on un-induced RMA-S cells was usually around 7% of the level found on RMA cells, 
and the level of molecules was around 5% of the level found on RMA cells, see 
Figure 5.1.1 and (327). This means that temperature induction results in an 
approximately ten fold increase in the number of cell surface molecules recognised by 
Y3 and a four fold increase in the number of cell surface molecules recognised by 
Hb27. molecules have been reported previously to be transported at lower levels to the 
cell surface of RMA- S cell and it has been suggested that this is due to a lower binding 
affinity of for P21T1 and/or fewer peptides available for binding (337; 412).
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Figure 5.1.1.
MHC class I expression on RMA cells , RMA-S cells and temperature induced 
RMA-S cells.
RMA-S cells were temperature induced for 24 hours at 26 C and stained with
specific antibodies (Y3) or specific antibodies (Hb27) and analysed by FACS 
analysis. The staining profiles of RMA cells and RMA-S which have not been 
temperature induced are shown for comparison.
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The four self proteins cyclin D l, mdm2 , WT p53 and fibroblast growth factor receptor I 
(FRI) were screened for the presence of and binding motifs.
The motifs used for screening were based on the major anchors defined by (34) and were 
X X X X F/Y X X L/M/I/V for binding peptides and x x x x N x x x  M/I/L for 
binding peptides.

Cyclin D l, mdm2, WT p53 and FRI were found to contain 5, 3, 8 and 27 or D̂ » 

motifs. Due to the large number of potential FRI binding peptides, it was decided to focus 
only on the motif containing peptides from cyclin D l, mdm2 and p53 to identify peptides 
which could stabilise class I molecules and/or induce autoreactive CTL.

The 16 peptides derived from the cyclin D l, mdm2 and WT p53 sequences were 
synthesised together with two control peptides containing known class I epitopes, 
OVAp257 (331; 379; 413; 414) and SVp324 (SV9) (415; 416; 417). The peptide 
sequences are listed in Table 5.1.1. The peptides were tested for binding to and D^ on 
temperature induced RMA-S cells using a whole cell binding assay. The mutant 
lymphoma cells were incubated for 24 hours at 26°C in medium containing 10% FCS.
The cells were washed, distributed into 96 well plates and incubated for 2 hours at 37°C 
with 8 different concentrations of peptide spanning the range from 100 pM peptide to 10 

pM peptide in ten fold dilution steps. FCS was present in the medium during the binding 
assay. Potential activity of proteases present in the FCS (350; 418; 419; 420) was 
minimised by heating the FCS containing medium for 10 minutes at 100°C as 
recommended by (350).

All the peptides which had been selected for the presence of class I binding motifs did 
stabilise the relevant class I molecule to some extent. Figure 5.1.2.a-d., although the 
concentrations required to induce half maximal stabilisation (MB50) of class I molecules 
varied more than 1000 fold, see Table 5.1.1.
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Figure 5.1.2.a.
Stabilisation of surface expression of murine class I molecules or

by murine mdm2 peptides.
FACS analysis of class I expression on temperature induced RMA-S cells after
incubation with different concentrations of mdm2 peptides containing or 
binding motifs.
The negative control ( RMA-S cells with no added peptide) represents in each case 
the average of 4 measurements and the standard deviation is indicated.
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Figure 5.1.2.b.
Stabilisation of surface expression of murine class I molecules or

by murine cyclin D l peptides.
FACS analysis of class I expression on temperature induced RMA-S cells
after incubation with different concentrations of cyclin D l peptides containing or
D^ binding motifs.
The negative control ( RMA-S cells with no added peptide) represents the average of 
4 (K^) or 6 (D^) measurements and the standard deviation is shown.
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Figure 5.I.2.C.

Stabilisation of surface expression of murine class I molecules or
by murine WT p53 peptides.

FACS analysis of class I expression on temperature induced RMA-S cells after
incubation with different concentrations of WTp53 peptides containing or 
binding motifs.
The negative control ( RMA-S cells with no added peptide) represents in each case 
the average of 4 measurements and the standard deviation is shown.
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Figure 5.1.2.d.
Stabilisation of surface expression of murine class I molecules or 

d '’ by OVAp257 and SVp324 (SV9) peptides.
FACS analysis of class I expression on temperature induced RMA-S cells after 
incubation with different concentrations of ovalbumin peptide OVAp257 or Sendai 
virus peptide SVp324 (SV9).
The negative control (RMA-S with no added peptide) represents the average of 8 or 
6 determinations respectively and the standard deviation is indicated.
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Table 5.1.1.

Stabilisation of cell surface expression of murine or class I 
molecules by murine self peptides containing known or binding

m o tifs .
The amino acids which serve as anchors are underlined and in bold.

Peptide Derived from Sequence Motif Concentration of 
peptide required to 
give half maximal 
stabilisation of 
class I molecules 
(MB50).

mdplOO mdm2 
aa 100-107

yamiYrnL kP 3 nM (Kb) 
5 uM (Db)

mdpl64 mdm2 
aa 164-172

eteeN tdeL D^ 20 pM (Kb) 
50 pM (Db)

mdp441 mdm2 
aa 441-449

grpkN g ciV D*5 >100 pM (Kb) 
5 pM (Db)

cdp20 Cyclin D l 
aa 20-28

tnllN drvL Db 50 nM (Db) 
50 pM (Kb)

cdp41 Cyclin D l 
aa 41-48

svsyF kcV 5 pM (Kb) 
>100 pM (Db)

cdp84 Cyclin D l 
aa 84-91

yldrF lsL kP 40 pM (Kb) 
50 pM (Db)

cdpl47 Cyclin D l 
aa 147-155

klkwN laaM D^ 5 pM (Db) 
50 pM (Kb)

cdplSl Cyclin D l 
aa 181-188

haqtF vaL ¥P 1 pM (Kb) 
>100 pM (Db)

p53pl8 WTp53 
aa 18-25

sqetF sgL Kb 5 pM (Kb) 
>100 pM (Db)

p53pl27 WT p53 
aa 127-134

lnklF cqL Kb 500 nM (Kb) 
30 pM (Db)

p53p222 WT p53 
aa 222-229

agseY ttI Kb 3 pM (Kb) 
50 pM (Db)

p53p227 WTp53 
aa 227-234

ttihY kyM Kb 300 nM (Kb) 
10 pM (Db)

p53p232 WTp53 
aa 232-240

kym cN sscM Db 20 pM (Kb) 
4 pM (Db)

p53p240 WTp53 
aa 240-248

m g gm N rrpI Db 20 pM (Kb) 
600 nM (Db)

p53p320 WTp53 
aa 320-327

ldgeY ftL Kb 50 pM (Kb) 
>100 pM (Db)

p53p334 WTp53 
aa 334-341

rfem F r eL Kb 40 pM (Kb) 
>100 pM (Db)

OVAp257 Hen's egg white 
ovalbumin 
aa 257-264

siinF ekL Kb 50 nM (Kb) 
5 pM (Db)

SV9
(SVp324)

Sendai Virus 
nucleoprotein 
aa 324-332

fa fgN Y faL Db/Kb 8 nM (Kb) 
7 nM (Db)
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The peptides were separated into four categories based on the concentration required to 
induce half maximal stabilisation of the class I molecule for which the peptide contained 
the anchor motif ("relevant class I molecule"). To estimate specificity, binding to class I 
molecules for which the peptide did not contain the anchor motif was also measured 
("irrelevant class I molecule"). Stabilisation of irrelevant class I molecules was either 

weak (8 out of 16 peptides) or not measurable (6 out of 16 peptides). Only two out of 16 
peptides bound to the irrelevant class I molecule with intermediate affinity (mdplOO and 
p53p227). For these peptides, the concentrations of peptide required to produce half 
maximal stabilisation of the relevant class I molecules was respectively 1700 times and 
100 times lower than the concentrations of peptide required to produce half maximal 
stabilisation of the irrelevant class I molecules. The results are summarised in Table
5.1.2.

Table 5.1.2.

Summary of class I binding properties of m otif containing peptides.

Category Relevant class I molecule Irrelevant class I molecule

No stabilisation
(100 |iM  peptide does not

stabilise class I)

0 6

mdp441, cdp41, cdpl81, 

p53pl8, p53p320, p53p334

Weak stabilisation 
(MB50 between 
10 \lM  and 100 pM)

4
mdpl64, cdp84, 

p53p320, p53p334

8
mdpl64, cdp20, cdp84, 

cdpl47, p53pl27, p53p222, 

, p53p232, p53p240

Intermediate stabilisation 

(MB50 between 
1 pM  and 10 pM)

6
mdp441,(cdp4î, cdpl47, 

p53pl8, p53p222, p53p232.

2
mdpl00,p53p227

Strong stabilisation 
(MB50 1 pM or less)

6

mdplOO, cdp20, cdpl81, 

p53pl27, p53p227, p53p240

0

The results summarised in Table 5.1.1. and 5.1.2. show that class I binding motifs were 
valuable for predicting stabilisation of class I molecules by individual peptides. There was 
variability in the concentrations of peptide required to induce half maximal stabilisation of 
class I molecules, despite the presence of identical dominant anchor motifs within the 
peptides. Crystallographic studies and mutational analysis have indicated that amino acids 
at other positions than the anchor positions can contribute positively or negatively to the
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stability of the binding of peptide to class I molecules. This includes variation at position 
2 or 3 for KP (421; 422; 423; 424) or position 3 or at the N- or C termini for (32; 
425). The best KP binding peptide mdplOO did indeed contain a so-called submotif 
defined for binding peptides, involving a small residue at P2 (A or G) and Y at 
position 5 (423), but this submotif was also present in the intermediate binding peptide 
p53p222.

So called non-dominant anchor residues identified by elution of naturally processed 
peptides were not included in the present screen for potential class I binding peptides. 
Such anchors are R, I, L, S and A at position 1, N at position 2, Y (strong) or P at 
position 3, R, D, E, K, T at position 4, T, I, E, S at position 6, N, Q, K at position 7 and 
I and V at position 8 for K^. For D*’, A, N, I, F, P, S, T, V at position 1, M (strong). A,
Q, D at position 2 ,1, L, P, V (all strong) and G at position 3, K, E, Q, V (all strong) or 
D or T at position 4, L or F (both strong) or A, Y, T, V, M, E, Q, H, I, K, P, S at 
position 6 , D, E, Q, V, T, Y at position 7 and F, H, K, S, Y at position 8 influence 
binding (31). The 16 self peptides under investigation were checked for the presence of 
any of the above mentioned subdominant anchors. It was found that the strongest binding 
peptides, mdplOO, cdp20, cdpl81, p53pl27, p53p227 and p53p240 did not contain 
more subdominant anchor residues than the weaker binding peptides. On the basis of 
these findings and the results of others (425), it can be suggested that weak anchors are 
important but still too ill defined to be useful for prediction of the class I binding capacity 
of a particular peptide. As clearly demonstrated with substitutions of KP binding 
ovalbumin peptides, the contribution of each residue to class I binding is not simply 
additive and instead is dependent on the sequence context (426). However, the dominant 
anchors were found to be important for predicting class I binding.

The fact that peptides which do not contain the correct anchor motif in some cases bind a 
class I molecule, although weakly, is not surprising. The presence of an anchor motif is 
not an absolute requirement for binding, as peptides lacking the correct consensus motif 
can bind to MHC molecules if added exogenously in large concentrations (335; 427).

In summary, anchor motifs identified by natural elution of peptides were found to be 
useful for identifying class I binding self peptides. The influence of amino acids other 
than the dominant anchor residues was evident, but no known submotifs were found to 
make a consistent positive or negative contribution to the class I binding of the limited 
number of self peptides investigated in this study.
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5.2. Induction of CTL to self peptides

To identify CTL epitopes in cyclin D l, mdm2 and WT p53, peptides containing a class I 
binding motif were to be tested for their ability to induce CTL in vitro irrespective of their 
ability to stabilise class I molecules in vitro.
The strategy consisted of the following steps:
1) Definition of conditions for induction and analysis of CTL in vitro based on the use of 
a cell population enriched for dendritic cells as APCs.
2) Investigation of the ability of the 16 selected class I binding motif containing peptides 
to induce CTL in vitro using the conditions defined in 1).
3) Characterisation of CTL with respect to CDS dependency and class I restriction.
4) Characterisation of CTL with respect to the recognition of endogenously processed self 
protein
5) Characterisation of CTL with respect to avidity for the target antigen.

5.2.1. A cell population enriched for dendritic cells and purified by a simple two step 
procedure efficientlv primes CTL to self peptides in vitro

Cell populations enriched for dendritic cells have been used successfully with human and
murine responder T cells for in vitro induction of peptide specific CTL able to recognise
endogenously processed protein. Examples include the stimulation of murine CTL
specific for adenovirus or Sendai virus proteins (428) or influenza virus nucleoprotein
(429) and human CTL specific for human papilloma virus type 11 E7 protein (383) or

HIV proteins (430; 431).

As the efficiency of dendritic cells for in vitro induction of CTL specific for foreign 
proteins is so well documented, it was decided to investigate the use of this antigen 
presenting cell type for CTL induction to self peptides. DCs can be purified from mouse 
spleens by a variety of methods giving populations of antigen presenting cells varying 
widely in DC content. Here, a simple two step purification method was used to enrich for 

dendritic cells as DCs are efficient in inducing CTL even when present at a low frequency 

in the total population of antigen presenting cells (432). The method chosen involved an 
overnight adherence step to remove macrophages followed by separation of low density 
dendritic cells from high density lymphocytes and red blood cells by centrifugation of the 
cells on 14.5% (w/v) metrizamide. The purified cells were analysed by flow cytometry 
using monoclonal antibodies specific for the a-chain of the dendritic cell surface integrin 

C D llc  (antibody N418), the B cell surface glycoprotein B220 (antibody RA3-6B2), the 
macrophage surface protein Mac-1 (antibody Ml/70.15) as well as antibodies specific for 
murine class II molecules (antibody Tib 120) or B7.1 molecules (antibody 16-lOAl), see 
Figure 5.2.1. The main contaminant was found to be B cells as judged from the presence 
of the B220 marker, whereas most macrophages were removed.
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Figure 5.2.1., a and b.
FACS analysis o f a mouse splenic non-adherent cell population purified by 
centrifugation on a metrizamide gradient.
Cells were stained for B7-1 or the DC integrin C D l Ic (a), or class II molecules or 
the macrophage surface molecule Mac-I (b). The second layer was goat anti 
hamster polyvalent immunoglobulins in (a) and goat anti rat polyvalent 
immunoglobulins in (b).
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Figure 5.2.1, c.
FACS analysis of a mouse splenic non-adherent cell population purified by 
centrifugation on a metrizamide gradient, continued.
Cells were stained with biotinylated antibodies specific for the B cell surface 
molecule B220. The second layer was cytochrome conjugated streptavidin
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In conclusion, the purified cell population was enriched for cells expressing high levels of 
class n, of a DC marker GDI Ic and B7-1. Few cells stained for the macrophage specific 
marker Mac-1. Contaminating B cells still remained. B cells do not express C D llc  and 
high levels of B7-1 is only found on activated B cells. For simplicity, the cell population 
enriched for dendritic cells will be referred to as dendritic cells, DCs.

The ability of peptide pulsed DCs to induce CTL in vitro was tested. The strong class I 
binding mdm2 peptide, mdplOO, was used as a test peptide. Purified DCs were pulsed 
with 100 |iM  mdplOO peptide for 4 hours as recommended by (428) and used to 

stimulate responder cells derived from a naive murine spleen. 100 nM peptide was 
additionally added to the cultures. Some cultures were set up with peptide alone and no 
DCs. After six days, four independent CTL lines were tested for lytic activity against 
target RMA-S cells coated with mdplOO peptide. Figure 5.2.2. The concentration of 
peptide required to obtain half maximal lysis of the target cells (ML50) by day 6 in culture 
was approximately 1000 fold lower if CTL had been stimulated with DCs and peptide 
than if CTL had been stimulated with 100 nM peptide only. It was consequently clear that 
the DCs were extremely potent for CTL induction in vitro. It was decided to use DCs for 
all initial in vitro stimulation of CTL.
The cell lines labelled "a " and "b" in Figure 5.2.2. were stimulated in medium using two 
different batches of FCS. There was a ten fold difference in the peptide concentrations 
required to produce half maximal lysis of target cells by the T cell lines stimulated with 
batches a and b, illustrating the importance of the particular batch of FCS used for T cell 
work. Batch b was used for all the T cell work described in this thesis.

It is common to stimulate CTL on a weekly basis, but it was decided to stimulate CTL 
every 12-14 days to try to promote other characteristics than rapid proliferation and to 
prevent exhaustion of the T cells. Restimulation at day 12-14 will result in restimulation 
of resting T cells. Initial experiments showed that leaving the CTL for 14 days with no 
feeding had no deleterious impact on the lytic activity. Figure 5.2.3. CTL lines which had 
been fed once at day 6 with peptide pulsed dendritic cells and at day 20 with 100 nM 
peptide only, were as viable and lytic as cells which had been fed on a weekly basis, i.e. 
at days 6, 13 and 20. For this reason, peptide induced CTL lines were generated by initial 
restimulation of the CTL after 6-7 days in culture, followed by two weekly passages. It 
should be mentioned that the cell number retrieved at day 20 from T cell cultures which 
had been stimulated only at day 6, was usually equal to or less than the input cell number.
At subsequent passages at day 34, 50 etc., cell numbers had increased since the previous 
passage of the cells. Low increase in cell numbers during early stages of T cell cultures 
have equally been observed with T cells on 10-12 day restimulation cycles (433).
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Figure 5.2.2.
Splenic dendritic cells are potent inducers of peptide specific CTL in vitro. 
Responder T cell lines were derived from naive spleens and pulsed for 6 days in 
culture with
a) mdplOO pulsed DCs and 100 nM mdplOO peptide 
(Line mdplOOa (DC) and mdplOOb (DC)) or

b)100 nM mdplOO peptide only
(Line mdplOOa (No DCs) and mdplOOb (No DCs))

The T cell lines were tested by ^*Cr release assay for recognition of tem perature 
induced RMA-S cells coated with different concentrations of mdplOO peptide. Each 
point on the graphs represents the average of two values.
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Figure 5.2.3
Peptide specific CTL are efficiently stimulated using a two weekly restimulation 
cycle.
T cell lines were set up with naive spleen cells as responders and purified DCs 
pulsed with mdplOO peptide or SV9 peptide as stimulators. The T cells were 
passed on day 6, day 13 and day 20 (one weekly) or on day 6 and day 20 (two 
weekly). The T cells were tested by^^Cr  release assay on day 26 for recognition 
of temperature induced RMA-S coated with different concentrations of peptide. 
Each point on the graph represents the average of two values.
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It was desirable to use RMA-S cells as CTL targets in assays involving synthetic self 
peptide as it does not present most endogenous self peptides due to the lack of functional 
TAP2 protein. The use of the same cell line for peptide binding in CTL assays as well as 
class I binding assays would allow a comparison of the relative peptide concentrations 
required for class I stabilisation and CTL lysis thus providing information about the 
relative avidity of the peptide induced CTL (see later). However, there are reports that 

RMA-S cells have 3 to 5 fold less peptide receptive class I molecules on the cell surface 
than RM A cells supposedly due to a role of functional TAP molecules in the generation of 
peptide receptive class I molecules on the cell surface (434).

To test the relative ability of peptide coated RM A cells and RMA-S cells to serve as 
targets for peptide specific CTL, the known epitope OVAp257 (used in the peptide 
binding experiment described by (434)) was used to prime peptide specific CTL from 
naive spleens. These CTL were tested for recognition of OVAp257 coated RMA or RMA- 
S cells. Figure 5.2.4. The concentration of peptide required to give half maximal lysis of 
peptide coated target cells by OVAp257 specific CTL was 80 pM when the antigen 
presenting cells were RMA-S cells and 500 pM when RMA cells were used as antigen 
presenting cells. A similar difference was also observed when mdplOO peptide specific 
CTL were tested for lysis of mdplOO coated target cells (not shown). Approximately 6 
fold lower peptide concentration was thus required to produce half maximal lysis of 
peptide pulsed RMA-S than half maximal lysis of peptide pulsed RMA cells. This 
indicated that either a larger fraction of the input peptide was bound to RMA-S cells than 
to RMA cells despite RMA-S cells having less class I molecules on the cell surface than 
RMA cells (see section 5.1.) or RMA-S cells were overall better CTL targets. The latter 
seems less likely because RMA-S cells are RMA cells selected exclusively on the basis of 
low class I expression, although differences other than class I expression arising during 
cell culture cannot be excluded.
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Figure 5.2.4.
Comparison of CTL lysis of peptide pulsed RMA cells or RMA-S cells.
Responder T cells were derived from naive spleens stimulated with DCs pulsed with 
OVAp257 peptide at the first two restimulations and subsequently with 100 nM 
OVAp257 peptide alone. The T cells were tested by ^^Cr release assay on day 52 in 
culture against RMA cells or temperature induced RMA-S cells coated with different 
concentrations of OVAp257 peptide.
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5.2.2. Several class I binding self peptides stimulate self peptide specific CTL from 
naive spleens in vitro

The 16 selected self peptides (see section 5.1.) were tested for their ability to stimulate 
CTL from naive spleens in vitro using DCs as APCs. Naive spleens were stimulated for 6 
days in culture with peptide pulsed dendritic cells and with 100 nM peptide added to the 
cultures. The CTL lines were tested for recognition of RMA-S cells pulsed with the 
peptide used to stimulate the CTL on day 6 in culture. It was found that by day 6, the 
peptides, mdplOO, mdp441, cdp20, cdp41 and p53p232 did induce CTL. The T cell lines 
were restimulated with dendritic cells pulsed with peptide on day 6 or day 7 and tested 
again for lytic activity 6 days later. At this stage, peptides p53p227 and p53p240 had also 
stimulated peptide specific CTL, see Figure 5.2.5. The T cells were restimulated on day 
20 by adding 100 nM peptide, but no peptide pulsed dendritic cells, to the cultures. No 
peptides other than the seven peptides already mentioned (mdplOO, mdp441, cdp20, 
cdp41, p53p227, p53p232 or p53p240) gave rise consistently to peptide specific CTL 
even upon prolonged culture. Peptide p53pl8 and p53p320 were found to give rise to 
peptide specific CTL when the T cell cultures were repeatedly restimulated with peptide 
pulsed dendritic cells, but these CTL were of low avidity and did not maintain their 
specificity. On one occasion (out of 6 attempts) CTL specific for peptide p53pl27 were 
observed. These CTL could not be maintained as a stable line and were of low avidity. In 
contrast, numerous independent CTL lines were established specific for mdplOO, 
mdp441, cdp20, cdp41, p53p227, p53p232 or p53p240. For some of the peptides more 
than 10 independent peptide specific CTL lines were established. Some of these lines 
were kept in culture up to 80 days.
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Figure 5.2.5.
CTL induction in vitro by self peptides selected on the basis o f class I binding 
motifs.
CTL lines were generated from spleens of naive mice and stim ulated in vitro with 
DCs pulsed w ith a se lf peptide or one o f two control peptides, SV p324 or 
OVAp257. The CTL were restim ulated on day 6 with peptide pulsed DCs. The 
CTL were tested on day 12 in a^^Cr  release assay against target RM A-S cells 
coated with the peptide used to stimulate the culture or with a control peptide.
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Altogether it was found that only peptides which were classified as strong or intermediate 
class I binders (see Table 5.1.1) induced CTL. However, several strong or intermediate 
binders did not induce CTL. None of the weak or non-binding peptides induced CTL. 
The results are summarised in Table 5.2.1.

Table 5.2.1.

CTL induction by self peptides containing class I binding motifs

Class I binding 
(see section 5.1.)

Number of peptides 
which consistently  

induce CTL

Number of peptides 
which do not induce 

CTL

Weak stabilisation of class 

I molecules
(MB50: between 10 |xM 
and 100 |iM)

0 4
(mdpl64, cdp84, p32p320, 

p53p334)

Intermediate stabilisation 
of class I molecules 
(MB50: between 1 |xM and 
10 pM)

3
(mdp441, cdp41, p53p232)

3
(cdpl47, p53pl8, p53p222)

Strong stabilisation of 
class I molecules 
(MB50: 1 pM or less)

4
(mdplOO, cdp20, p53p227, 

p53p240)

2
(cdpl81, p53pl27)
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5.3. Characterisation of self peptide specific CTL

5.3.1. CDS dependency and class I restriction of self peptide specific CTL lines 

It was investigated whether the specific lytic activity observed was dependent on CDS.
The peptide specific CTL lines were tested for their CDS dependency in ^^Cr release 

assays against peptide coated RMA-S cells on day 12/13 or day 26 in culture. The CTL 
were incubated with target cells at a high E/T ratio of 25:1 in the absence of blocking 

antibody or in the presence of different concentrations of CD4 or CDS antibodies. All 
peptide specific CTL lines tested were found to be dependent on CDS for their lytic 
function, as increasing concentrations of CDS antibody blocked the effector function of 
the CTL. The results for two representative peptides as well as the known CTL epitope 
OVAp257 are shown in Figure 5.3.1. The data for the rest of the peptides are 
summarised in Table 5.3.1. Overall, the concentrations of CDS specific antibodies 
required to block CTL lysis was within a similar range for all the self peptide specific 
CTL lines when these were tested at early stages in culture, day 13 or day 21. The 
concentrations required to block the CTL specific for the two exogenously derived CTL 
epitopes, OVAp257 and SVp324/SV9 were slightly higher than for the other self peptide 
specific CTL lines at early stages of culture. CDS dependency has in many cases been 
found to correlate with the affinity of the CTL, with high affinity CTL being less 
dependent on CDS than low affinity CTL (100; 161; 435). On this basis, the present 
results indicate that in early cultures the self specific CTL lines possess T cell receptors 
with low to intermediate affinities for their target MHC/peptide complexes. To address the 
issue in more details, titrations of CTL lines against the target antigens were performed 
with early culture effectors, supporting the hypothesis (see later).

Class I restriction of the peptide specific CTL was examined using Pl.H TR  cells 
transfected with murine or murine D^ class I molecules and coated with peptide as 
targets in CTL assays. Pl.HTR cells express endogenous L*̂ , D^ and K^. The results for 
two CTL lines induced to an intermediate class I binder (mdp441) or to a strong class I 
binder (mdplOO) as well as for CTL lines specific for control OVAp257 peptide upon 51 
days in culture are shown. Figure 5.3.2. CTL lines specific for mdplOO, cdp41, 

p53p232 or p53p240 were all restricted by the class I molecule binding with highest 
affinity to the peptide used for CTL induction irrespective of the length of time the peptide 
specific CTL lines had been in culture. Peptide specific CTL lines specific for mdp441, 
cdp20 and p53p227 did exhibit some lysis of P l.H TR transfected with the class I 
molecule they bound with lower affinity, but only when the CTL lines had been a long 
time in culture as shown in Figure 5.3.2. for peptide mdp441. OVAp257 CTL as well as 
SV9 specific CTL mostly recognised only Pl.HTR cells presenting the respective 
peptides although there were some exceptions which could either be due to non-specific 
lysis of Pl.HTR cells or due to the fact that both OVAp257 and SV9 do indeed bind D^.
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Figure 5.3.1.
The effector function of self peptide specific CTL is dependent on the CDS 
molecule.
Peptide specific CTL lines were tested for lytic activity by ^*Cr release assay 
against RMA-S cells pulsed with the peptide used for stim ulation of the CTL 
and in the presence of anti CDS or anti CD4 antibodies.
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Table 5.3.1.

Blocking of lytic activity of self peptide specific CTL 
with anti CD8 antibodies

Peptide used to stimulate T 
cell line

Concentration of anti CD8 
Ab needed to reduce lysis to 

baseline levels
mdplOO 

21 days in culture
1.5 pg /ml

mdp441 
21 days in culture

0.75 pg/ml

cdp20 
13 days in culture

1 pg/ml or less

cdp41 
13 days in culture

3 pg/ml

p53p227 
13 days in culture

3 pg/ml

p53p232 
13 days in culture

3 pg/ml

p53p240 
13 days in culture

1 pg/ml or less

SV9 
13 days in culture

10 pg/ml

OVAp257 
13 days in culture

5 pg/ml
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Figure 5.3.2.
Class I restriction of self peptide specific CTL.
CTL lines were tested for lytic activity by ^ 'C r release assay against target cells 
coated with the peptide used for CTL stimulation in vitro or with a control peptide.
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5.3.2. Recognition of endogenously processed self proteins by self peptide specific 
CTL

The main purpose of generating CTL specific for self peptides was to obtain T cells 
which could recognise endogenously processed self protein. The peptide specific CTL 
were examined at various time points for the recognition of endogenously processed 
protein in the form of target cells infected with a recombinant vaccinia virus expressing 
the protein, see Figure 5.3.3.a. and 5.3.3.b for two representative examples. It was 
found that only CTL specific for mdm2 peptide mdp441 peptide recognised 
endogenously processed mdm2. The m dp441 specific CTL did not recognise 
endogenously processed mdm2 at early stages in culture, but began to do so around day 
40 to 56 in culture, depending on the line. None of the other peptides stimulated CTL 
which recognised endogenously processed protein upon long term culture, see Figure
5.3.3.C. and Figure 5.3.3.d.

The mdm2 p441 specific CTL line at day 40 in culture shown in Figure 5.3.3.b. lysed 
RMA-S cells pulsed with mdp441 and RMA cells infected with vaccinia virus mdm2. The 
T cells did not lyse target cells pulsed with control mdplOO peptide or RMA cells infected 
with control vaccinia virus p53 to a similar extent. RMA cells or EL4 cells were not lysed 
(not shown). 3 other mdp441 specific CTL lines developed into CTL which recognised 
uninfected EL4 cells and RMA cells in addition to RMA-S pulsed with mdp441 peptide 
but not with control peptide. One example is shown in Figure 5.3.4.a. EL4 cells and 
RMA cells are T cell lines and express endogenous mdm2, see Figure 5.3.4.b. RMA-S 
cells also express endogenous mdm2. Figure 5.3.4.b. However, due to the defect in 
TAP2 production in this cell line, RMA-S cells do not present endogenous self peptide on 
the cell surface and would consequently not be expected to present any mdm2 derived 
peptides. In conclusion, altogether four independent mdm2 p441 specific CTL lines were 
obtained which appeared to recognise endogenously processed protein. For one of the 

lines, the evidence for mdm2 recognition was direct in as much as vaccinia virus mdm2 
infected target cells were recognised but not control vaccinia virus infected target cells. 
For the three other lines, the evidence remained indirect in as much as target cells 
expressing endogenous mdm2 were recognised whereas target cell expressing 
endogenous mdm2 but unable to present endogenous peptides were not recognised by 
these CTL unless the mdp441 peptides was added exogenously. It would have been 
desirable to examine whether these CTL recognised naturally class I presented peptides 
eluted from EL4 or RMA cells. However, th^ekind of experiments require m an y  
T cells. A feature of the mdp441 specific CTL was that they did not grow very rapidly. 
When the CTL had been in long term culture and tested at various time points there 
never enough cells left for this kind of experiments.
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Figure 5.3.3.a
mdplOO peptide specific CTL do not lyse cells infected with recombinant vaccinia 
virus mdm2.
CTL lines were generated from naive splenocytes which were stimulated with 
mdplOO peptide in vitro.The lines were tested at various time points by ^ ’Cr 
release assay for recognintion of target cells infected with vaccinia virus mdm2 or 
control vaccinia virus.
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Figure 5.3.3.b.
Repeated stimulations of naive spleen cells with mdp441 peptide stimulate m dp441 
specific CTL which lyse cells infected with vaccinia virus mdni2 specifically. 
Responder T cells were derived from naive splenocytes which were stimulated with
m dm 2p441 peptide in vitro. The cultures were tested at various time points by ^^Cr 
release assay for lysis of peptide pulsed target cells or target cells infected with 
recom binant vaccinia virus mdm2 or control recombinant vaccinia virus
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Eigure 5.3.3.C.
CTL lines specific for cyclin D1 peptides cdp20 or cdp41 do not lyse cells infected 
with recombinant vaccinia virus cyclin D l.
CTL lines were generated from naive spleens which were stimulated with cyclin D l 
peptide cdp20 or cyclin D l peptide cdp41. The lines were tested at various time 
points by 5^Cr release assay for recognition of peptide pulsed target cells or target 
cells infected with recombinant vaccinia virus cyclin D 1 or control recombinant 
vaccinia virus.



241

I

50

40

30

20

10

0

-10

50 

4 0 -  

 ̂ 3 0 -

.1

VC
I

2 0 -

10 -

0 -

-1 0 4
.1

5 0 -

%w 4 0 -

Ius 3 0 -
u ■a

2 0 -

1 0 -

0 -

-10

p53p227 T cell line 
Day 26

— O—  RMA + VV NP 
— # —  RMA + VVp53

— D —  RMA-S + NP366(1968) 

— 1 —  RMA-S + p53p227

" I  1------1 I I I I l |  I I I

1
' ' I 
10

p53p232 T cell line 
Day 39

I I I I I I 

100
Effector to target cell ratio

RMA + VVCÜ  
RMA + VVp53

RMA-S + OVAp257 

RMA-S + p53p232

I H —I —w-n "I i"i n I ■ 

1 10
■ , ,  , ,y, , y , I

100

p53p240 T cell line 
Day 39

Effector to target cell ratio

— 0 —  RMA + VVCDl 
— # —  RMA + VVp53 

— □ —  RMA-S + OVAp257 
—- g -   RMA-S + p53p240

I I I ■! I I I l |  

1
“ I 1 I I I I I I

10 100
Effector to target cell ratio

Figure 5.3.3.d.
CTL lines specific for p53 peptides p53p227, p53p232 or p53p240 do not lyse 
target cells infected with recombinant vaccinia virus p53.
CTL lines were generated from naive spleens which were stimulated in vitro with 
p53 peptides p53p227, p53p232 and p53p240 respectively. The lines were tested 
at various time points by ^ 'C r release assay for recognition of peptide pulsed target 
cells or target cells infected with vaccinia virus p53 or control vaccinia virus.
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Figure 5.3.4.
Some mdm2p441 specific CTL lines lyse EL4 cells.
a) Responder T cells were derived from naive spleens and stimulated with 
peptide m dp441 in vitro and tested for recognition of EL4 cells or RMA-S cells 
pulsed with m dp441 peptide or control peptide.
b) Production of mdm2 mRNA in thymoma cell lines RM A-S, RM A and EL4. 
RT-PCR of total RNA from RMA-S cells, RMA cells and EL4 cells respectively 
using mdm2 specific and HPRT specific primers in the PGR reaction.
The amplified fragments are 251 bp long with the HPRT primers and 558 bp long 
with the mdm2 primers.



243
5.3.3. mdp441 specific T cells recognising endogenously processed protein are of 
high avidity

The work described in section 5.3.2. showed that one self peptide, mdp441, stimulated 
CTL which recognised processed protein, but only after the cells had been at least 39 
days in culture. This was observed with altogether four independent specific CTL lines. 
Peptide specific CTL lines stimulated with the 6 other peptides known to induce CTL, did 
not recognise endogenously processed protein irrespective of the time the lines had been 
in culture. It was therefore investigated whether a relative measure of the avidity of the 
individual peptide specific CTL lines would give any information useful for the prediction 
of the behaviour of individual lines, Figure 5.3.5.a-j.

The peptide specific CTL were tested for recognition of target RMA-S cells coated with a 
range of different peptide concentrations varying from 1 |xM to 100 fM. It was found that 

the titration profiles for four of the self peptide specific CTL lines, as well as for the CTL 
lines specific for the control peptide OVAp257 and SV9 (SVp324), did not change 
significantly with time up to 50 to 60 days in culture for some of the lines. Figure 5.3.5. 
a, d, e, g, h and i. However, 2 of the self peptides, mdp441 and p53p227 and too a 
lesser extent cdp20, induced CTL lines which recognised target RMA-S cells coated with 
very low concentrations of peptide when the lines had been in long term culture. The 
difference between the concentration of peptide giving half maximal lysis in early cultures 
(day 13) and later cultures (day 40 and in some case from around 50 days and onwards) 
was nearly 10  ̂fold for p53p227 specific CTL and lO^ -lO? fold for mdp441.

The peptide concentrations giving half maximal lysis for individual peptide specific CTL 
lines were compared with the peptide concentration giving half maximal stabilisation of 
class I molecules on RMA-S cells to give a so-called "avidity score" for the CTL lines. 
Table 5.3.2. It was found that most of the peptide specific CTL lines recognised between 
10-10^ fold lower peptide concentration in CTL assays as compared to the concentrations 
of peptides found to stabilise class I molecules as measured by FACS analysis. This ratio 
remained constant. The ratio for the known CTL epitope OVAp257 was mostly around 
103. This value is identical to the value obtained by other groups using similar cells 
(RMA-S cells) as CTL targets and for whole cell class I stabilisation assays (424).

Peptide mdp441 and p53p227 and to a lesser extent cdp20 stimulated long term CTL lines 
which obtained very high avidity scores. The high avidity mdp441 cell lines all 
recognised endogenously processed protein. It was only possible to obtain the results for 
the concentration required to induce half maximal lysis for two out of the four mdp441 
specific CTL lines. The remaining two lines recognised the target peptide so efficiently 
that the titration curve had not started going down even at target peptide concentration of 
100 fM concentration. These two lines as well as the mdp441 line which induced CTL
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which recognised target cells with a ML50 value of 400 pM by day 66 all recognised 
RMA cells and/or EL4 cells just as well as the same cells infected with vaccinia virus 
mdm2, see section 5.3.2. and Figure 5.3.4. The mdp441 line, which appeared to be of 
high avidity already by day 39 with a ML50 value of 100 fM, was the only line able to 

discriminate between the endogenous levels of mdp441 present in RMA cells and the 

levels produced by superinfection of RMA cells with recombinant vaccinia virus 
expressing mdm2, see Figure 5.3.3.b.

P53p227 specific CTL lines were also of high avidity. These lines did not reproducibly 
recognise endogenously processed p53 as was the case with mdp441 specific CTL lines.
It was only possible to maintain two p53p227 lines in culture for longer than 40 days.
The other lines developed unexpectedly in that they recognised RMA cells infected with 
recombinant vaccinia virus as well as RMA cells but not RMA-S cells coated with 
p53p227 peptide.

The results were highly reproducible. In some cases as many as 9 different lines specific 
for the same peptide would give similar titration curves when the lines were tested after a 
similar time in culture, see Table 5.3.2.
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Figure 5.3.5.a.
Lytic activity of mdplOO peptide specific CTL line against RMA-S target cells
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5l(]r release assays.



246

501
Day 12

mdp441

control peptide

-10
6 7 8 9 10 11 12 13

I
t

- log (pep conc.)501

Day 2740- mdp441

30-

2 0 -

1 0 -

0
co n tro l p ep tid e

-10
- log (pep. con.)

50 ^ mdp441Day 39

4 0 -

I  3 0 -
Ï
y 2 0 -

I 1 0 -
control peptide

-10
6 7 8 9 10 11 12 13

log (pep conc.) 

Figure 5.3.5.b.
Lytic activity of mdp441 peptide specific CTL line against RMA-S target cells coated 
with different concentrations of mdp441 peptide.
5l(Zr release assays.



247

Day 13
60- cdp20

0) 50-
S

-3 40-

ë  30-I 2»:
^  10 -

control peptide
-10

6 7 8 9 10 11 12 13

I
I

70

60

50

40

30

20

10

0

-10

I
I
I

- log (pep conc.)

Day 27 cdp20

o
co n tro l p ep tid e

—r  
10

—r  
11

—r  
12 13

- log (pep conc.)70-
Day 41

60- cdp20
50-

40-

30-

2 0 -

1 0 -

0
co n tro l p ep tid e

-10
10 11 12 13

- log (pep conc.)

Figure 5.3.5.C.
Lytic activity of cdp20 peptide specific CTL line against RMA-S target cells 
coated with different concentrations of cdp20 .
51(Zr release assays.



248

cdp41Day 13100- 
90- 
80- 
70- 
60 : 
50: 

I  40 : 
;  30:

20 : 
10: control peptide

-10 6 87 9 10 11 12 13
- log (pep conc.)

Day 27

cdp41

S
& 30 : 
^  2 0 -

10 -
co n tro l p ep tid e

-10
6 8 97 10 11 12 13

I
§
I

100;
90;
80 ;
70 ;
60;
50 ;
40 ;
30 ;
2 0 ;
1 0 ;
0 -

-10

Day 41

log (pep conc.)

cdp41

control peptide
8

—I— '— I— '— I— '— I— '
10 11 12 13

- log (pep conc.)

Figure 5.3.5.d.
Lytic activity of cdp41 peptide specific CTL line against RMA-S target cells 
coated with different concentrations of cdp41 peptide 
51(Zr release assays.



249

10 0- 
9 0 :  
8 0 :  
7 0 :  
6 0 :  
5 0 :  
40 -

Day 12

p53p227

2 0 :
1 0 -

co n tro l p ep tid e

-10
100 : 

90 : 
80 : 
70 : 
60 : 
50 : 
40 : 
30 : 
20 : 
10 :

- log (pep conc.)

Day 26 p53p227

o
control peptide

-10

- log (pep conc.)
100:

9 0 :
8 0 :
70-

Day 54
p53p227

4 0 :
30:
2 0 :
1 0 -

co n tro l p ep tid e
-10

- log (pep conc.)

Figure 5.3.5.e.
Lytic activity of p53p227 peptide specific CTL lines against RMA-S cells coated
with different concentrations of p53p227 peptide.
51(3r release assays.



250

100: 
9 0 : 
8 0 : 
7 0 : 
6 0 : 
5 0 : 
4 0 : 
3 0 : 

^  2 0 : 
1 0 -

Dav 12
p53p232

co n tro l p ep tid e
-10

6 7 8 9 10 11 12 13
- log (pep conc.)100:

9 0 :
8 0 :

I ■ 
^  6 0 :

5 0 -
s  4 0 :

3 0 :
^  2 0 :

1 0 -

Dav 26
p53p232

co n tro l p ep tid e
-10

6 8 97 10 11 12 13
- log (pep conc.)

100: 
9 0 : 
8 0 : 
7 0 : 
6 0 : 
5 0 : 
4 0 : 
3 0 : 

#  2 0 : 
1 0 -

Day 54
p53p232

S

c o n ^ l  peptide
-10

6 8 97 10 11 12 13
log (pep conc.)

Figure 5.3.5.f.
Lytic activity of p53p232 peptide specific CTL lines against RMA-S cells coated
with different concentrations of p53p232 peptide.
5l(Zr release assays.___________________________________________________



251

Day 12

p53p24040-

s  30- 

20 -  

%  10 -

s

co n tro l p ep tid e

-10
6 7 8 9 10 11 12 13

501 - log (pep conc.)

Day 26I
I

p53p24040-

30 -
B

20 -

10 -

control peptide

-10
6 8 9 107 11 12 13

501 - log (pep conc.)

Day 5440 - p53p240

30-

10 -

control peptide
-10

6 8 9 107 11 12 13
- log (pep conc.)

Figure 5.3.5.g.
Lytic activity of p53p240 peptide specific CTL lines against RMA-S cells coated
with different concentrations of p53p240 peptide.
5l(Zr release assays.



252

I
I
&

100
90
80
70
60
50
40
30
20
10
0

-10

Day 12
OVAp257

control peptide

8
-i ' r
9 10 11

—r  
12

—r  
13

- log (pep conc.)100: 
9 0 : 
8 0 : 
7 0 : 
6 0 : 
5 0 : 
4 0 : 
3 0 : 

^ 2 0 -  

10 -

Dav 26
OVAp257

control peptide
-10

6 7 8 9 10 11 12 13
- log (pep conc.)100: 

9 0 : 
8 0 : 
7 0 : 
6 0 : 
5 0 : 
4 0 : 
3 0 : 

^  2 0 : 
1 0 -

Dav 69 OVAp257

S

control peptide

-10
6 8 9 10 11 12 137

-log (pep conc.)

Figure 5.3.5.h
Lytic activity of OVAp257 peptide specific CTL lines against RMA-S cells coated
with different concentrations of OVAp257 peptide.
5l(Zr release assays._____________________________________________________



253

70 1
Day 1360 -

SVp324

40 -

control peptide
-10

6 8 97 10 11 12 13
- log (pep conc.)701 Day 26

I
I
w

60-

5 0 - SVp324

I 30-

20 -

10 -

control peptide

-10
6 8 9 10 12 13

- log (pep conc. )
7 11

70-1 Day 42

60-I
1
w

50- SVp324
40-

B

I 30-

20 -

10 -

control peptide
-10

- log (pep conc.)

Figure 5.3.5.I.
Lytic activity of SVp324 (SV9) peptide specific CTL line against RMA-S cells 
coated with different concentrations of SVp324 peptide.
51(Zr release assays.



Table 5.3.2.
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Avidity scores for pept 
with murine self

ide specific CTL lin 
)eptides or control

es stimulated 
aeptides

Peptide Peptide  
concentration  
required to 
give 50% 
m aximum  
class I 
sta b ilisa tio n
(M B50)

Peptide concentration 
required to obtain 
50% maximum lysis 
in CTL assays 
(M L50)
The number of 
independent 
experiments/lines is 
shown in brackets

M B50/M L 50

mdplOO 3 nM (¥P) day 12-13 ("7 ex'): 
20-70 pM 
day 21-26 ( 3 ex'): 
20-100 pM 
day 39-55 G ex') : 
20 -200 pM

day 12-13 
4 X IOI-2 X 102 
day 21- 26 
3 X IOI-2 X 102 
day 40-55 
2 x  1 0 l - 2 x  10^

mdpl64 50 nM (D^) No CTL induction -
mdp441 5 pM (D^) day 12-13 (9 ex'):

50-400 nM 
day 21-27 f6 ex'):
20 -400 nM 
day 39-88
a) 50 nM by day 41, then 
400 pM by day 66
b) 100 fM by day 39 and 
on wards

day 12-13 
1 X lO l-l X 102 
day 21-27 
1 X IOI-3 X 10% 
d39-88
a) 1 X 10^, day 41 
then 1 x 1 0 ^
b) 5 X 107

cdp20 50 nM (Dt>) day 12-14 (3 ex'): 
20-500 pM 
day 26-27 C2 ex'): 
5 -10 pM 
day 41-68 (3 ex'): 
500-700 fM

day 12-14 
1 X 10^-3 X 103 
day 26-27 
5 X 103-1 X 104 
day 41-68 
1 X 105

cdp41 5 pM (Kb) day 12-14 (4 ex'): 
600 pM-10 nM 
day 26-27 (3 ex): 
600 pM -6 nM 
day 40-68 16 ex): 
600 pM-10 nM

day 12-14
5 X 10^-8 X 10^ 
day 26-27
8 X 10^-8 X 103 
day 40-68
5 X 10%-8 X 10^

cdp84 40 pM (Kb) No stable CTL lines -
cdpl47 5 pM (Db) No stable CTL lines -
cdplSl 1 pM (Kb) No stable CTL lines -
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Avidity scores for peptide specific CTL induced with 
murine self peptides or control CTL epitopes

Peptide Peptide 
concentration  
required to 
give 50% 
maximum  
class I 
stab ilisa tion  
(M B50)

Peptide concentration  
required to obtain 
50% maximum lysis 
in CTL assays 
(M L50)
The number of 
independent 
experiments/lines is 
shown in brackets

M B50/M L 50

p53pl8 5 nM (K^) No stable CTL lines -
p53pl27 500 nM (K^) No stable CTL lines -
p53p222 3 nM (K^) No stable CTL lines -
p53p227 100 nM (K^) day 12-13 (3 ex): 

3-100 nM 
day 26(2  ex):
10-100 nM 
day 39-54 (2 ex):
a) 20 nM, d42 
then 1 pM
b)<100 fM, day 39 on 
wards

day 12-13 
1 X lOO- 3 X lOl 
day 26 
1 X lO O-lol 
day 39-54

a) 5 X 10®, day 42 
then 1x10^
b) lOb. d39 
onwards

p53p232 4 îM (Qb) day 12-13 (3 ex): 
7-100 nM 
day 26 (2 ex): 
7-50 nM
day 39- 54 (2 ex): 
1-10 nM

day 12-13 
4 X I0 I-6 X 10^ 
day 26
8 X 10^-6 X 102
day 39-54 
4 X 10^-4 X 10^

p53p240 600 nM (Dt») day 12-13 (3 ex): 
4-30 nM 
day 26 (1 ex):
7- 70 nM 
day 42-54 (2 ex): 
1-10 nM

day 12-13 
2 x  1 0 l-2 x  102 
day 26
8 X 10®-8 X lOl 
day 42- 54
6 X 10^-6 X 10^

p53p320 50 ^M (Kb) No stable CTL lines -
p53p334 40 nM (Kb) No stable CTL lines -
OVAp257 50 nM (Kb) day 12-13 (4 ex): 

50-100 pM 
day 26(2 ex): 
50-300 pM 
day 37-69 (5 ex): 
50-100 pM

day 12-13 
5 X 102-1 X 103 
day 26
2 X 10^-1 X 10^
day 37- 69 
5 X 10^-1 X 10^

SV9
(SVp324)

8 nM (Kb) day 12-13 (6 ex): 
70-500 pM 
day 26 (3 ex): 
50-500 pM 
day 40-54 (3 ex): 
100-500 pM

day 12-13 
2 X lO l-l X 102 
day 26
2 x  1 0 l-2 x  102 
day 40-54 
2 x  IOI-8 X lOl
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5.3.4. The concentration of peptide used to prime CTL does not affect the avidity of
the resulting CTL population

All peptide specific CTL lines were induced using the same conditions. This included 

initial priming with peptide pulsed dendritic cells with 100 nM peptide added to the 
culture, followed by passage on day 6 with peptide pulsed dendritic cells and 100 nM 
peptide added to the culture and then finally two weekly restimulations using only 100 
nM peptide in the cultures. This peptide concentration is below the plateau for maximum 
class I stabilisation for the mdp441 peptide and all other peptides except mdplOO. 
mdp441 specific CTL cultures stimulated with 100 nM peptide (50 times lower 
concentration than the concentration required to induce half maximal stabilisation of class 
I molecules in bindings assays) got dominated by high avidity CTL able to recognise 
endogenously processed protein. It was of interest to investigate whether reducing the 
peptide concentration would induce high avidity mdplOO specific CTL recognising 
processed protein. The conditions used are listed in Table 5.3.3.

The concentration of free peptide added to the CTL cultures and used to pulse the DCs 
was proportionately lowered. As an example, CTL lines stimulated with 1 nM peptide 
instead of the usual 100 nM added to the culture would have been stimulated with 
dendritic cells pulsed with 1 |xM instead of the usual 100 pM. The only exception was the 
mdm2 p441 line which was stimulated with 1 pM peptide added to the culture. This line 
was induced by dendritic cells pulsed with the usual peptide concentration, 100 pM.

3 different concentrations were used to stimulate mdplOO specific CTL and 2 different 
peptide concentrations were used to stimulate mdp441 specific CTL. It was found that 
altering the peptide concentration did not alter the avidity of the predominant CTL 
population.

Low concentrations of mdplOO peptide could still stimulate mdplOO specific CTL. These 
concentrations were 3-300 times lower than the concentration required to induce half 
maximal stabilisation of class I molecules in class I stabilisation assays. These mdplOO 
specific CTL did not grow well and the cultures were outgrown by large granular cells 
killing non-specifically and thought to be natural killer cells. This phenomenon was 

observed with two independent lines. This means that using low concentrations of 
peptide does not per se stimulate high avidity CTL. Stimulating mdp441 with higher 
concentrations of peptide resulted in the generation of mdp441 specific CTL which were 
of similar avidity as CTL lines stimulated with low concentrations of peptide.
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Table 5.3.3.

Effect of different peptide concentrations used for CTL 
stimulation on the avidity of the resulting CTL

If two values for ML50 are indicated, results are from two different lines.
Peptide and conc. 
of peptide used to 
stimulate 
CTL

ML50 
Day 5/6 in 
culture

ML50
Day 12/13 in 
culture

ML50 
Day 26 in 
culture

mdplOO 
100 nM

20-70 pM 20pM /30pM 20 pM

mdplOO 
1 nM

1 nM 1 n M /1 nM Non specific

mdplOO 
10 pM

70 nM 200 nM/ 30 nM Non specific

mdp441 
1 |XM

N.D. 2 nM 100 nM

mdp441 
100 nM

N.D. 400 nM 50 nM
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5.3.5. Induction of mdp441 peptide specific CTL by in vivo immunisation with 
mdp441 peptide.

In vitro induction of mdm2 peptide mdp441 specific CTL had shown that it was possible 
to induce high avidity mdp441 specific CTL, which recognised endogenously processed 
protein. It was decided to try to immunise mice with mdp441 peptide to see whether it 
was possible to generate a high avidity response at earlier stages in culture. Different 
immunisation protocols were tested. Variations included the number of immunisations, 
adjuvant used, the time between last immunisation and removal spleen. Three different 

adjuvants were used: Incomplete Freund’s and Muramyl dipeptide emulsified in an 
aqueous adjuvant or a lipid adjuvant.

Most of the immunisation protocols did not appear to stimulate mdp441 specific CTL in 
vivo. Sometimes the CTL responses observed from immunised mice were even 
significantly worse than with naive mice and cultures could exhibit non-specific lytic 
activity. It was originally found that immunisation of mice only once and with subsequent 
removal of the spleen one or three weeks later generated CTL of higher avidity than CTL 
derived from naive mice. When different adjuvants were tried, it was found that mice 
immunised at day -21 with peptide emulsified with muramyl dipeptide in aqueous 
adjuvant could induce CTL which recognised processed protein by day 7 in culture (not 
shown). These cells lost specificity rapidly and lysed neither mdp441 pulsed target cells 
nor vaccinia virus mdm2 infected target cell at later stages in culture. This was found to 
be a general phenomenon. Whenever an immunisation procedure stimulated a potent 
response in early culture, as judged by the lysis of peptide coated or vaccinia mdm2 
infected targets, the CTL lost their activity upon prolonged in vitro culture and the 
cultures were outgrown by large granular cells unable to kill target cells specifically.
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Discussion

In vivo immunisation with recombinant vaccinia virus expressing murine self proteins 
had shown that it was possible to stimulate CTL which could specifically lyse cells 
presenting endogenously processed self protein. To supplement the information gained 
from in vivo immunisation with whole protein, a peptide based approach was used to 

stimulate CTL able to recognise endogenously processed self protein. The purpose of the 
investigation was to gain insight in the mechanisms of tolerance and stimulation of 
autoreactive CTL and identify epitopes recognised by potential autoreactive CTL.

The work described in this chapter was divided into three main parts.

1) Screening of self proteins for class I binding motifs and analysis of class I binding by 
the motif containing peptides.
2) Use of motif containing peptides to induce self peptide specific CTL.
3) Characterisation of self peptide specific CTL.

Class I binding motifs were used to identify 16 self peptides from cyclin D l, mdm2 and 
WT p53. Of these, 7 consistently induced stable peptide specific CTL lines. One peptide, 
the mdm2 peptide mdp441, stimulated high avidity CTL which could recognise 
endogenously processed protein. This type of peptide might be useful for tumour 
immunotherapy.

Screening of self proteins for class I binding motifs and analvsis of class I binding by the 
motif containing peptides.
The peptides were screened for binding using a whole cell binding assay based on peptide 

binding to temperature induced RMA-S cells. RMA-S cells were chosen for binding 
assays for several reasons.

The first reason for using RMA-S cells to quantify peptide binding to MHC class I 
molecules in a whole cell binding assay was that RMA-S cells contain only low levels of 
mostly empty class I molecules (35; 38). The level of class I molecules can be up- 
regulated by incubating the cells at 23-31°C with induction at 26°C for 24 hours 
recommended as the standard treatment (35). The whole cell peptide binding assay 
measures the level of class I molecules in a particular conformation identified by a set of 
class I specific antibodies. Class I molecules can adopt several conformations on the cell 
surface. They can exist in an improperly folded conformation (referred to as a l a 2 -  by 

Townsend and colleagues (38)). The unfolded conformation is not recognised by the 
specific antibody Y3, but by the specific antibody Hb27 (28-14-8S)(38). The a la 2 -  
form is in equilibrium with a a l a 2 + form which is stabilised by the addition of peptide
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and p2 microglobulin. The a l a 2  + form is recognised by Y3 which recognises and 
by Hb27 which recognises D^. molecules (as well as molecules) do not bind p2 

microglobulin well due to a polymorphism at position nine of the heavy chain (436), but 
the molecule can exist on the cell surface in a peptide receptive form without association 
with p2 microglobulin (437).

Temperature induced RMA-S cells express class I molecules in the a la 2 +  form at 26°C. 

These molecules are not stable at 37°C. If no class I binding peptide is added, the 
molecules will disappear from the cell surface. This means that the binding of the 
antibodies Y3 and Hb27 to temperature induced RMA-S is proportional to the amount of 
class I molecules in the ala2-t- conformation and this again is proportional to the amount 

of peptide bound to the class I molecules on the cell surface. Once the class I molecule 
has bound peptide, the conformation might change as a consequence of the peptide 
binding (82; 83). Importantly, the a l / a 2  domain epitope on recognised by Y3 

antibody is independent of individual peptide specific conformational changes induced by 
different peptides (82; 83). It is thought that the binding of Hb27 to a3  on is also 
independent on the nature of the bound peptide as this is the case for other a3  binding 

antibodies (82). This means that quantification of class I expression as a result of peptide 
binding is not dependent on the nature of the peptide, thereby making a comparison of the 
binding characteristics of the different peptides possible. Recent data indicate that the 
binding of exogenously added peptide occurs via binding of the peptide to class I heavy 
chain/ p 2 microglobulin heterodimers formed by the association of exogenous p2 
microglobulin with heavy chains devoid of both endogenous p2 microglobulin and 

peptide (434).

Class I molecules on temperature induced RMA-S cells have been referred to as peptide 
receptive rather than empty, as it is unclear to what extent the molecules are truly empty 
(434). The amount of peptide receptive class I molecules is higher on RM A cells than on 
RMA-S cells presumably due to the role of peptides delivered by TAP molecules in 
shaping the conformation of the class I molecule (434). However, in the present work it 
was preferable to use RMA-S cells and not RMA cells to measure peptide binding to class 
I molecules. On RMA cells, high levels of class I molecules are already present on the cell 
surface of this cell line and peptide binding would have to be quantified by labelling of 
peptides such as by iodinating them. Modification of the peptides was not desirable as it 
is not be known to what extent chemical modifications would affect the binding 

characteristics of individual peptides (438).

The second reason for using RMA-S cells for bindings assays was that peptide pulsed 
RMA-S cells constitute an excellent target for self peptide specific CTL and it was 
desirable to use the same cell line for binding studies as for CTL assays. RMA-S cells do
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not present endogenous peptides (35; 38) with the exception of peptides derived from 
Rauscher murine leukemia virus, the virus used to induce the parental RBL-5 tumour 
(439). Therefore there should be no background lysis due to endogenous self proteins 
present in the cell hne itself.

Sixteen different peptides derived from the self proteins cyclin D l, mdm2 and WT p53 

were tested for their binding to class I molecules on temperature induced RMA-S cells. 
Despite variability in the concentrations required to stabilise surface class I molecules, 
class I binding motifs were found to predict class I binding. Twelve peptides bound the 
class I molecule for which they contained the anchor motifs, at concentrations giving half 
maximal binding of 10 pM  or less. Of these 12 peptides, only two, mdm2 peptide 

mdplOO and p53 peptide p53p227, bound an irrelevant class I molecule i.e. D^ of which 
the peptide did not contain the anchor residues, but the concentration required to reach 
half maximal stabilisation of the irrelevant class I molecules was 1700 and 100 times 
higher respectively than for the stabilisation of the relevant class I molecules.
The presence of secondary still ill defined anchor motifs or inhibitory peptides within the 
sequences are thought to account for the differences in class I binding between class I 
motif containing peptides. The best class I binding self peptide mdplOO did indeed 
contain submotifs consisting of a small amino acid such as alanine or glycine at position 
2, combined with tyrosine at position 5 and leucine or isoleucine at position 8 (423), but 
this submotif was also found in the much weaker class I binder, p53 peptide p53p222. 
There was no clear connection between the peptide sequence and the class I binding for 
other motif containing peptides. For many of the peptides, a plateau for binding was not 
achieved at 100 jiM peptide concentration and the mean fluorescence value observed at 

this concentration was used as maximum value. Only strong binders such as mdm2 
peptide mdplOO, cyclin D l peptide cdp20 and positive control peptide OVAp257 and 
SVp324 reached a plateau when 100 pM peptide was added to the cells.

The whole cell binding assay does have certain limitations. Firstly, peptides can be taken 
up directly by cells and associate with newly synthesised class I molecules in the ER 
(38). In the present binding assay, no inhibitors of the transport from the endoplasmic 
reticulum such as Brefeldin A were added. Internalisation of peptide can be minimised by 
keeping the cells on ice during the binding assay (434) but this would prevent class I 
molecules not stabilised by added peptide from collapsing. Secondly, recycling of class 
I/peptide complexes can occur and favour the build up of high affinity complexes on the 
cell surface (440). Differences in on-off rates have been found to play a major role in 
determining the level of peptide bound to class I molecules on the cell surface with 
important implications for presentation to CTL. As an example, for two ovalbumin 
peptides, OVAp257 and OVAp55, a 40 fold difference in the half maximal binding
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concentration in RMA-S whole cell binding assays was suggested to be accounted for by 
a 10 fold higher association rate and a 2 fold lower dissociation rate of OVAp257 
compared with OVAp55 as measured by surface plasmon resonance studies with purified 
class I molecules (426). It can not be excluded that strong binding peptides with a low 
dissociation rate and high association rate would be favoured by both routes of 
presentation.

Use of motif containing peptides to induce self peptide specific CTL.
All 16 class I binding motif containing self peptides derived from cyclin D l, mdm2 and 
WT p53 were tested for their ability to stimulate primary CTL in vitro, irrespective of 
their ability to stabilise MHC class I molecules in vitro. A  cell population enriched for 
dendritic cells (DCs ) was used to stimulate primary peptide specific CTL in vitro.Work 
in other labs has shown that the use of professional APCs in combination with IL-2 for in 
vitro stimulation of CTL does not require Th co-operation (441). Murine dendritic cells 
has been shown to be capable of priming murine peptide specific CTL in vitro (428; 429) 
and in vivo (442) and for being able to decrease or eliminate the need for CD4 helper T 
cells (118; 119). Powerful adhesion between the dendritic cell and the CTL precursor has 
been suggested to contribute to the remarkable efficiency of this cell type in CTL priming 
(428). DCs also have the ability to stimulate a CD4 Thl response favourable for the 
development of CTL, both via direct interaction with class II molecules on CD4 T cells 
and subsequent production of Thl promoting cytokines such as IL-12 (405; 432). Here, 
no effort to detect class II restricted helper epitopes was made and help for the CTL 
induction was provided by a combination of exogenously added IL-2 and the professional 

antigen presenting cells.

Cell populations enriched for dendritic cells were found to efficiently prime self peptide 
specific CTL derived from naive spleens. It was assumed without investigation that it was 
indeed the dendritic cells which were responsible for priming of the CTL. B cells are the 
main contaminating cell type in the APC preparation used. There is no evidence that this 
cell type is important for CTL priming to peptide antigens, although the role of B cells in 
T cell priming is controversial. B cells have been found to be inefficient in priming naive 
CD4 T cells (443) and some experiments indicate that B cells instead of stimulating naive 
T cells can even deliver a negative signal to them and induce tolerance (444). Experiments 
in B cell deficient mice have demonstrated that CTL priming can occur without the need 
for B cell help although B cells are able to activate T cell clones and primed T cells. In 
conclusion, lack of evidence that B cells are important for T cell priming, combined with 
overwhelming evidence of the role of DC, indicates that the potency of the purified 
antigen presenting population used in this study was due to the presence of dendritic 

cells.
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Characterisation of self peptide specific CTL.

Analysis of the peptide specific CTL lines gave rise to three major findings:

1) The ability to bind to stabilise class I molecules is a prerequisite for CTL induction. 
Peptides which bound poorly to class I did not induce CTL. However, when binding to 
class I exceeded a certain threshold, peptides which differed by 1000 fold in the 
concentration required to induce half maximal stabilisation of class I molecules could 
induce CTL equally rapidly, by days 6 or 12/13 in culture.

2) Self peptide specific CTL lines had similar apparent avidities in early cultures as judged 
by the ratio of the concentrations of a given peptide able to induce half maximal 
stabilisation of class I molecules in binding assays and half maximal lysis by peptide 
specific CTL. Peptides which bound CTL efficiently, such as mdplOO (MB50 = 3 nM) 
and cdp20 (MB50 = 50 nM) would induce CTL which recognised target cells coated with 
lower concentrations of peptide than CTL induced to weaker binding peptides, such as 
cdp41 (MB50 = 5 pM) and p53p232 (MB50 = 4 pM) but when the avidity scores were 

compared they were found in most cases to be remarkably similar, around 10 L 10

3) However, 3 peptides induced CTL which did not conform to this pattern after culture 
for 5-6 weeks with 3 restimulations. These CTL recognised peptides at very low 
concentration. Two of these peptides were strong binders with MB50 values of 50 nM 
and 100 nM respectively. The CTL induced by these peptides did not recognise processed 
protein. One of the peptides was an intermediate binder, with a MB50 value of 5 pM. The 

CTL induced by this peptide did recognise endogenously processed proteins.

These findings must be interpreted in the light of understanding the interaction of the 
components constituting the trimolecular MHC-peptide-T cell receptor complex, general 
binding kinetics, as well as events underlying antigen presentation, T cell activation and 
thymic selection.

The first finding was that peptides which bound MHC class I weakly were not found to 
induce CTL.
This might be explained by the fact that even potent antigen presenting cells such as 
dendritic cells would not be able to compensate for the poor binding of peptides. The 
threshold required for activation of CTL would not be achieved.
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The data confirms the findings of other groups, that irrespective whether the peptide 
contain binding motifs or not, a minimum level of peptide binding to MHC class I is 
required for the induction of CTL, although there is not always a strict correlation 
between the strength of the binding of peptides to class I and the ability to induce CTL 
(186; 435; 445; 446). The MHC class I molecule plays at least two roles in the 
stimulation of CTL. Firstly, the molecule presents the peptide epitope on the cell surface 
to the T cell receptor. Secondly, there is evidence that the class I molecule plays a role in 
the generation of endogenous peptide/MHC complexes. Cells devoid of particular class I 
molecules have been shown not to produce particular peptides known to be CTL epitopes 
presented by the class I molecule in question (447; 448; 449; 450).

The second major finding derived from analysis of self peptide specific CTL lines was 
that the overall avidity of CTL lines in early cultures as estimated by the ratio of the 
concentration required to induce half maximal binding in class I binding assays and to 
induce half maximal lysis by peptide specific CTL fell in a similar range for self peptide 
specific CTL in early cultures.

Avidity is a relative concept, here used to gain information about CTL by comparing the 
behaviour of different peptides with respect to their ability to bind to class I molecules and 
to be recognised in association with these class I molecules by primed peptide specific 
CTL. The amount of peptide bound will depend on the association and dissociation rates 
of the peptide from the MHC class I molecule i.e. the equilibrium constant K1 for the 
reaction: (MHC) + (peptide) = (MHC-peptide). In the CTL assay the concentration 
required to get half maximal lysis depends both on K1 as well as K2, the equilibrium 
constant for the reaction (MHC-peptide) 4- (TCR) = (MHC-peptide- TCR). It is assumed 
that interaction between the T cell and the peptide coated APC involves the sequential 
interaction of the antigenic peptide with the MHC molecule and the antigen peptide-MHC 
complex with the TCR and that the specific lysis in a CTL assay is a linear function of the 
proportion of activated T cells (451). Under these circumstances, a decrease of K1 results 
in an increase in the peptide concentration required to obtain 50% of the maximal 
response when the interaction of a TCR with the MHC peptide complex is considered 
(451). The value of the maximal response is not affected. This is what one appears to 
observe with many of the self peptides tested. Binding of the peptide to MHC class I 
seems to be the principal determining factor influencing the strength of the CTL responses 
to self peptides in early cultures. It would appear, that the contribution of the TCR 
interaction with the MHC-peptide complex is similar in early cultures when most of the 
peptides are tested. There seems to be some intermediate range of affinities of T cell 
receptors specific for self peptides which is predominant.
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This hypothesis is supported by analysing the CDS dependency of CTL lines in early 
cultures. The concentrations of CDS antibody required to block lysis of peptide coated 
target cells were compared. It was found that all self peptide specific CTL lines were 
blocked by a concentration of CDS antibody ranging from 0.75 pg/ml to 3 pg/ml at an 

effector to target ratio of 25:1. For comparison, studies using the LCMV NP as model 
antigen have shown that CTL lines derived from normal mice and recognising as little as 
IQ-13 M peptide coated on target cells were blocked by 10 pg/ml CDS antibodies whereas 

CTL lines derived from a NP transgenic mice recognising only lO'^ M peptide on target 
cells were blocked by 10 times less CDS antibody, 1 pg/ml (161). The difference 

between the two T cell populations were suggested to be due to the deletion of high 
affinity T cell receptors specific for the target peptide and present in normal mice. 
Altogether work from several labs have indicated that there is an inverse correlation 
between the strength of the interaction of the T cell receptor with the MHC class I /peptide 
complex and the dependency of CDS (100; 161; 435).

The third major finding resulting from the analysis of CTL lines induced by self peptides 
was, that three out of seven self peptides induced CTL which recognised target cells with 
increasing avidity with time in culture as judged from the concentrations of peptide 
required to induce half maximal lysis of peptide coated target cells in CTL assays. The 
avidity of the remaining four peptides did not change over time, neither did the avidity of 
the CTL lines specific for the known exogenously derived CTL epitopes OVAp257 or 
SVp324/SV9.

Only one of sixteen peptides induced high avidity CTL which recognised endogenously 
processed protein. The existence of high avidity self peptide specific CTL capable of 
recognising endogenously processed protein can be explained by considering the events 
underlying antigen processing and thymic selection.

On basis of present knowledge on T cell development (120; 148) self peptide specific 
CTL such as the peptide specific CTL recognising mdplOO, mdp441, cdp20, cdp41, 
p53p227, p53p232 or p53p240 will have been positively selected in the thymus but 
escaped negative selection. As mentioned previously, it was originally thought that the 
same peptide ligand which could induce T cell activation and negative selection would 
mediate positive selection when presented at lower concentration (151). However, there 
is now evidence that there is a qualitative difference in the peptides which induce positive 
selection versus negative selection and activation. Peptides which act as agonists for T 
cell activation are found to be unable to induce positive selection, whereas variant 
peptides which act as antagonists for the same T cells can induce positive selection (154). 
Consequently, self peptide specific CTL existing in the periphery, including high affinity
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self peptide specific CTL such as these against mdm2 peptide mdp441, will not have been 
selected by the peptide itself.

Negative selection occurs when a threshold number of T cell receptors on the T cell 
engages with high affinity with MHC class I/peptide complexes on the antigen presenting 
cell (120; 148; 452). The avidity of the interaction is a result of the affinity of the 
individual T cell receptor for individual MHC class I /peptide complexes, the overall 

density of peptide/MHC complexes on the cell surface as well as the interaction of other 
adhesive molecules on the surface of T cell and APC. This model explains why both low 
avidity self peptide specific T cells, such as mdplOO or cdp41 CTL, as well as high 

avidity self peptide specific CTL, such as mdp441 specific CTL, can be found in the 
periphery

The avidity model of negative selection predicts that T cells will escape negative selection 
if the affinity of the T cell receptor for the MHC/peptide complex is too low to trigger 
apoptosis of the immature thymocyte. As also mentioned in chapter 4, transgenic mice 
have been important for understanding the process of negative selection of class I as well 
as class H restricted T cells. Experiments using T cell receptor transgenic mice specific for 
the LCMV NP crossed with mice transgenic for LCMV NP showed that whereas high 
affinity T cells specific for the self protein were deleted, then low affinity T cells escaped 
deletion and got access to the periphery. This low affinity T cells were unable to 
recognise the endogenously processed protein (161). Similar conclusions were obtained 
using a class II restricted T cell receptor transgenic model involving injection of peptide 
analogues of the recognised antigen acetylcholine receptor peptide amino acid 1 to 9 
(163). The ability of low affinity T cells to escape negative selection could explain why 
most of the self peptide specific CTL described in the present thesis interact with low to 
intermediate avidity with their target cells.

The avidity model also predicts that T cells can escape negative selection, irrespective of 
the affinity of the T cell receptor, if the peptide recognised by the T cell receptor is poorly 
presented in the thymus due to inefficient processing. These T cells will escape to the 
periphery, not do any damage to normal tissue presenting low levels of the epitope, but 
be activated if appropriate stimulus is provided (160). If a peptide such as mdm2 peptide 
mdp441 is poorly presented in the thymus, the number of class I MHC molecules 
presenting the peptide might not be sufficiently high to trigger the negative selection of T 
cells bearing receptors recognising the MHC class I/mdp441 complex with high affinity.
A similar model explains the existence of high avidity CTL specific for self peptides in 

humans such as the gplOO aa 280-288 specific CTL demonstrated in melanoma patients 
(144). CTL from five different patients recognising a HLA-A2.1 presented peptide were 
found to recognise the peptide at concentrations 10"̂ to 10  ̂ times lower than the
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concentrations found to give 50% maximal inhibition of binding in a competitive binding 
assay. A naturally presented peptide from MART-l/M elan A amino acid 32-40 was 
equally found to be only an intermediate good class I binder but able to stimulate high 
avidity CTL from melanoma patients (143). The peptide could induce half maximal 
stabilisation of class I molecules on T2 cells at 200 nM in a whole cell binding assay 

analogous to the one used in the present work, and half maximal lysis of peptide coated 
T2 cell at a concentration of 10 pM, indicating that the T cells could recognise a 2 x lO'  ̂

lower concentration than could be measured in the binding assay (143).

In one out of four cases, a mdp441 line was found to distinguish clearly between 
quantitative differences in the level of mdm2 produced in the antigen presenting cell. 
Three other lines were not able to make that distinction. However, the status of mdm2 in 
these cell lines is not known. Mdm2 is clearly being produced in all these cell lines, but 
the level might be higher than in normal tissue. It would have been interesting to transfer 
mdm2 p441 T cells to normal mice and investigate whether the T cells would cause any 
damage to normal tissue. However, due to the number of T cells required for such an 
experiment, it was not feasible. It would be of major interest to investigate that issue in 
future experiments.

The mdp441 specific CTL always grew rather slowly and a sufficient number of CTL 
was never obtained to be able to confirm by elution of naturally presented peptides that 
the endogenously recognised peptide was indeed peptide mdp441. It cannot be excluded 
that the mdp441 specific CTL recognised some other mdm2 peptide not included in the 
screening or a peptide from a protein specifically induced by mdm2. There are several 
reports of stimulation of class II restricted T cells by peptides which have very little 
sequence similarity with the peptide used to activate the T cells in the first place (91; 453; 
454). Similar cross recognition is less commonly reported for class I restricted CTL, 
although there are some examples, including the recognition of alio antigen by HLA-B8 
restricted EBV peptide specific CTL (455).

It was found that high avidity mdp441 specific CTL recognised cells producing 
endogenously processed mdm2 protein. Work using other antigens including MCMV 
immediate early protein p89 peptide aa 168-176 or the tum" antigen P91A“ peptide aa 12- 
24 has similarly shown that high avidity is a requirement for recognition of endogenously 
processed protein (100). Altogether, this indicates that the level of endogenously derived 
peptide presented on the cell surface is low compared to the peptide concentrations (1-100 
|xM) commonly used to pulse target antigen presenting cells. It might be argued that 
restimulation of T cells with high concentrations of peptide would promote the generation 
of low avidity T cells and low concentrations, high avidity T cells. This was not found to 
be the case for the peptides tested, mdplOO and mdp441. Work by others has also shown
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that restimulation of CTL lines with high (1-6 |xM) concentrations of peptide could still 

generate high affinity CTL (100).

Peptide p53p227 stimulated high avidity CTL lines after several weeks in culture. These 
CTL did not recognise endogenously processed protein. It seems likely that these 

epitopes are not generated by endogenous processing as might be the case for some of the 
peptides recognised by the low to intermediate avidity CTL. CTL induction by non- 
physiological peptides has been demonstrated previously and would presumably play no 

role in an vivo response to the whole antigen (456).

All the CTL work involving peptide specific CTL involved bulk cell lines and not clones. 
This was deliberate, as it was considered to be more relevant to study whole populations 
of CTL, than individual clones. In vitro cloning selects for particular growth properties of 
the CTL so that individual clones may be unrepresentative of the responding population. 
For this reason, several independent CTL lines were established for each individual 
peptide. The behaviour of the different lines generated with an individual peptide was 
very similar (see Table 5.2.3.) allowing for general conclusions to be drawn about the 
properties of the peptide specific CTL. Mdp441 specific CTL did not grow very rapidly. 
Attempts were made to obtain clones so that the avidity of individual clones could be 
compared with bulk cell lines. The clones obtained grew well, but were not lytic. In 
contrast CTL clones obtained with control OVAp257 peptide were lytic.

Immunisation with vaccinia virus mdm2 had previously been found to stimulate mdm2 
specific CTL (see chapter 4). The magnitude of the response was highly dependent on the 
conditions used for restimulation of the CTL lines and not found to be directed against the 
mdp441 epitope. However, in vitro induction of CTL with a selected mdp441 peptide 
stimulated CTL which were able to recognise cells presenting endogenously processed 
mdm2 in vivo. There are three major explanations for this phenomenon.

Firstly, in vitro induction of CTL with mdp441 peptide showed that repeated 
restimulations were usually required to achieve high avidity mdp441 specific CTL 
recognising endogenously processed protein in vivo. This indicates that the precursor 
frequency of mdp441 specific high avidity CTL is low. In contrast, the precursor 
frequency of vaccinia virus specific CTL is very high (285). The stimulation provided by 
recombinant vaccinia virus might not have been sufficient to activate the low frequency 
mdp441 specific CTL present in the CTL repertoire.

Secondly, production of other epitope(s) derived from mdm2 or vaccinia virus may be 
favoured in vivo as it is possible to induce CTL recognising cells infected with 
recombinant vaccinia vims mdm2 but not recognising mdp441 peptide pulsed cells. In the
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experiments described here, only peptides containing binding motifs were used for 
screening of CTL epitopes. Binding motifs have been found to be valuable in predicting 
CTL epitopes in foreign proteins including viral or tumour antigens and ovalbumin (331;
409; 410). However, the epitope recognised by mdm2 specific CTL induced by in vivo 
immunisation with VV mdm2 was not a binding motif containing peptide and there are 

other examples of CTL epitopes which do not contain class I binding motifs (286; 457).

For this reason binding motifs should not be used exclusively to identify epitopes, but as 
here to supplement other methods such as immunisation with the whole protein. If the 
peptide(s) recognised by mdm2 specific CTL derived from in vivo immunisation with VV 
mdm2 binds better to class I and/or is more efficiently processed, then the peptide would 
be expected to be immunodominant (57; 426). It has previously been observed that 
peptides which can stimulate peptide specific CTL recognising endogenously processed 
protein in vitro might not be recognised by CTL induced by in vivo immunisation with 
the whole protein (458).

It was attempted to induce mdp441 specific CTL by in vivo immunisation with different 
adjuvants. The protocols used resulted in the generation of mdp441 specific lines which 
either lost specificity after short term culture or which did not have any specificity. The 
first type of results could be due to activation induced anergy or apoptosis of peptide 
specific CTL and the second type of results could be due to lack of sufficient help 
provided by in vivo immunisation. Immunisation with minigenes expressing CTL 
epitopes have in several cases been shown to be efficient in inducing CTL responses to 
poorly presented CTL epitopes such as the tumour antigen P815 aa 35-43 peptide (459) 
or the Influenza virus nucleoprotein aa 147-155 peptide (460). Epitopes have been shown 
to be presented with and without preceding ER signal sequences and the potency of 
individual constructs seem to depend of the epitope under study (460). Immunisation 
with such minigenes expressing the mdm2 p441 epitope would be interesting for future 
studies.

In summary, screening for class I binding motifs in the murine self proteins cyclin D l, 
mdm2 and WT p53 allowed for the identification of seven class I binding peptides which 
could induce CTL in vitro. One of these peptides, mdm2 peptide mdp441, induced CTL 
which could recognise endogenously processed mdm2 protein. The approach used has 
demonstrated the feasibility of the identification of low frequency high avidity CTL, 
which could allow for the identification of similar self protein derived peptide antigens in 
humans. Immunodominant epitopes from tumour self proteins and recognised by several 
different patients have been identified with examples including a peptide from the normal 
self protein MART-1 identified by TILs from 9 out of 10 melanoma patients (142), a 
peptide from the normal self protein gplOO recognised by 5 out of 5 CTL lines derived
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from peripheral blood from five different melanoma patients (144) or a peptide from the 
normal self protein her2/neu recognised by 7 out of 7 TILs from breast and ovarian 
cancer patients (189). For clinical use, a number of different epitopes would most likely 
have to be identified and used to stimulate patients' CTL as CTL may recognise distinct 

epitopes in different patients (20) and in some cases even within the same patient (85).
The CTL response may also change from recognition of one epitope to another over time.
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6> Conclusion

The use of normal self proteins as targets for tumour specific cytotoxic T lymphocytes 
(CTL) requires first of all the presence of CTL precursors which can be stimulated to 

recognise and eliminate cells expressing the self protein in question. This study has used 
two approaches to investigate whether CTL precursors specific for four selected self 
proteins exist and can be activated. The four proteins are all expressed in normal tissue 
and found to be expressed at high levels in several forms of human cancer. One approach 
used in vivo immunisation of mice with a whole self protein expressed in such away that 
it would get access to the class I processing pathway. The second approach used in vivo 
or in vitro immunisation with peptides derived from the sequence of the self proteins and 
selected on the basis of class I binding motifs.

The first approach showed that it was possible to reproducibly induce CTL to cyclin D l 
and mdm2 by in vivo immunisation with recombinant vaccinia virus expressing the 
protein. The second approach showed that in vitro priming and stimulation of CTL with 
synthetic peptides selected on basis of class I binding motifs, could identify one peptide 
from mdm2, mdp441, which could stimulate CTL recognising endogenously processed 
mdm2. The m dp441 peptide bound to MHC class I molecules with intermediate 
efficiency relative to other murine self peptides and known natural CTL epitopes derived 
from murine non-self proteins. The mdp441 peptide was not recognised by CTL induced 
by in vivo priming with recombinant vaccinia virus mdm2.

The findings indicate firstly that CTL precursors specific for self proteins can be activated 
in vivo or in vitro, secondly that there is more than one epitope derived from mdm2 
which is naturally presented and able to be recognised by mdm2 specific CTL and finally 
that the method of CTL priming is crucial for determining which CTL epitopes are 
predominantly recognised by the primed CTL population.

In future experiments, it will firstly be important to determine the nature of the cyclin D l 
and mdm2 epitopes recognised by cyclin D l and mdm2 specific CTL primed in vivo with 
recombinant vaccinia virus. It will also be important to confirm that the mdp441 epitope is 
generated by in vivo processing of mdm2. The identification of the epitopes favoured by 
in vivo immunisation could be used to obtain information of the mechanisms underlying 

the preferential recognition of these epitopes and not epitopes such as mdm2 peptide 

mdp441.
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Secondly, future studies should use knock-out mice lacking expression of cyclin D l, 
mdm2 or p53 to investigate the effects of these proteins on the T cell repertoire. Knock
out mice should be used to investigate whether the presence of a particular self protein is 
responsible for the predominance of self peptide specific CTL unable to recognise 
endogenously processed self protein such as mdplOO, p53p232 and cdp41 specific CTL 
and the lack of generation of reproducible CTL responses to other self peptides such as 

p53p222 and cdpl47. Cyclin D l knock-out mice are viable and spleens from these 
animals have kindly been donated by Dr. V. Fantl, ICRF. Preliminary studies have 
already been undertaken to investigate whether cyclin D l peptide specific CTL lines 
generated from splenocytes from these knock-out mice are of higher avidity than CTL 
lines derived from normal mice. The results so far are not clear and complicated by a 
shortage of mice. When the cyclin D l knock-out colonies have expanded, these mice will 
hopefully be used to induce more cyclin D l specific CTL. In addition, p53 knock-out and 
p53 and mdm2 double-knock-out mice are viable. It is planned to use these mice for CTL 
induction to p53 and mdm2 respectively.

Thirdly, it will be important to investigate the behaviour of mdm2 and cyclin D l self 
specific CTL in vivo. The ideal target epitope for self peptide specific CTL used in 
immunotherapy will need to fulfil two criteria: 1) be generated in the tumour by 
endogenous processing of the self protein and 2) not stimulate attack on normal tissue 
expressing lower levels of the protein. The mdm2 or cyclin D l epitopes recognised by 
CTL stimulated by in vivo immunisation might be more abundantly presented than 
subdominant epitopes such as mdp441. This can both be an advantage and disadvantage.
It will be necessary to 1) investigate the ability of the different activated CTL populations 
to eradicate tumours in vivo and 2) carefully investigate the ability of the different 
activated CTL populations to react with normal tissue in vivo. Both issues can be 
investigated by adoptive transfer of CTL to nude mice. With respect to mdm2 and cyclin 
D l specific CTL, the generated EL4 transfectants expressing mdm2 as well as the 
untransfected EL4 cells overexpressing cyclin D l would be useful as tumour models.

Finally, it will be important to determine the precursor frequency of mdm2 or cyclin D l 
specific CTL generated by in vivo immunisation as well as the precursor frequency of 
mdp441 specific CTL generated by in vitro immunisation. The precursor frequency of 
high avidity CTL specific for mdp441 able to recognise endogenously processed mdm2, 
appeared to be low, since several restimulations were necessary in order to detect those 
CTL. This could explain why CTL precursors specific for other mdm2 epitope(s) are 
preferentially activated by in vivo immunisation with recombinant vaccinia virus mdm2.

The present work was based on a murine model. In humans, CTL based immunotherapy 
using self proteins (or parts there of) as target antigens can be undertaken by either active
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or passive immunisation. For both approaches, the ability to prime CTL specific for self 
proteins is fundamental.

Active immunisation can proceed either via a peptide based approach or by presenting the 
whole protein to the immune system. At present there are several such immunotherapy 

trials planned or already underway in humans. The peptide based approach offers the 
advantage of safety and the ability to stimulate large number of CTL of known specificity.

A human peptide epitope equivalent to the murine mdp441 epitope is a subdominant 
epitope in the sense that CTL are not detected by in vivo immunisation with the whole 
protein but only by in vitro (or in vivo) immunisation with the peptide. Such subdominant 
epitopes have been found to be able to stimulate peptide specific CTL to lyse tumour cells 
expressing the whole protein from which the peptide was derived, as demonstrated in a 
murine model using HPV 16 peptide E7 49-57 to eradicate tumours overexpressing E7 
(458). In the work described in this thesis, priming in vivo with mdm2 stimulated CTL 
which were not able to recognise the mdp441 epitope. Similarly, CTL derived from in 
vivo priming with a cell line expressing high levels of E7 were also unable to recognise 
the E7 49-57 peptide (458).

Priming of CTL to subdominant epitopes in vivo would require efficient presentation of 
the epitope in vivo. This could be achieved either by in vivo priming with autologous 
antigen presenting cells pulsed with peptide or with recombinant virus expressing the 
epitope but not the rest of the protein. Immunisation with recombinant virus producing 
peptide expressed by a minigene inserted in the virus has also shown promising results in 
stimulating CTL and/or causing regression of established murine tumours expressing a 
large number of different antigens (459; 460; 461).

Single peptides naturally presented by tumour cells have been shown to be recognised by 
CTL by a large number of cancer patient (142; 189). However, the CTL response of 
different individuals as well as within a single individual have in several cases been found 
to be diverse and directed against several different epitopes (20; 462). In addition the 

epitopes recognised within an individual protein have been found to change over time 
(212). The diversity and evolution of the CTL response might limit the advantage of 
using peptides for active immunisation. Instead whole protein can be used and is at the 
moment actively being used in clinical trials. Stimulation of CTL with whole protein 
increases the number of epitopes potentially able to be recognised by CD8+ CTL and 
might equally provide CD4+ helper T cell epitopes. Help from CD4+ T cells is required 
for activation of CD8+ CTL specific for some but not all epitopes, depending on the 
overall avidity of the interaction between CTL and antigen presenting cell (117; 463;

464; 465).
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In the present work, recombinant vaccinia virus was used to prime CTL responses in 
vivo to self proteins. In humans, attenuated vaccinia viruses such as the Ankara (466) or 
Wyeth strains (288) can be used for in vivo immunisation. Preliminary trials at the 
National Cancer Institute (NCI) Naval Oncology Branch in patients with advanced 
metastatic cancer of recombinant vaccinia virus expressing carcinoembryonic antigen, 
CEA, have shown that patients were able to mount a CEA specific T cell response (288). 
Trials using the same construct in gastrointestinal cancer patients with minimal disease are 
currently under way. However, pre-existing immunity due to smallpox vaccination might 
limit the benefits of such vaccines (467). In mice, new viral or bacterial vectors 
expressing defined tumour antigens such as recombinant Listeria monocytogenes have 
been found to be able to cause regression of established macroscopic tumours in an 
antigen specific CD8+ and CD4+ T-cell-dependent manner (468) and will be interesting 
to explore in humans.

Concerns about the safety of viral or bacterial expression systems in humans, could be 
reduced by using alternative ways of delivering tumour proteins. Important advances in 
the development of methods for delivery of proteins to the class I antigen presenting 
pathway have recently been made. Such advances include immunisation with whole 
protein coupled to different carriers such as Iron oxide beads (469) and immunisation 
with DNA (9; 470). Several patients at the National Cancer institute (NCI) have been 
treated with direct injection of DNA encoding allogeneic HLA-B7 or a combination of 
HLA-B7 with P2IÎI in tumour cells in situ and shown specific immune responses to the 

tumour (melanoma, renal carcinoma or colorectal carcinoma) (471 ; 472). Preparations of 
heat shock proteins with bound peptide derived from intracellular proteins have also been 
found to prime CTL efficiently (48; 473; 474). Preparations of heat shock protein hsp96 
derived from human autologous tumour cells are now in phase II clinical trials in both 
Europe and the U.S.(475). Immunisation of cancer patients could also be done by 
isolation of heat shock protein peptide complexes from allogeneic human cell lines and 
would offer the advantage of providing a large number of epitopes or epitope precursors 
not selected for HLA specificities (473).

Finally, active immunisation with genetically engineered autologous tumour cells has 
shown great promise in mice. As many tumour cells in vivo are unable to stimulate CTL 
despite the expression of antigens recognisable by CTL, the most relevant genetic 
manipulations of cancer cells are those which lead to subsequent protection against wild 
type tumour. Tumour cells transfected with a variety of cytokines have been shown to 
confer such protection (9). The effect of tumour cells expressing IL-2 and GM-CSF, is 
due to the involvement of CD8'*" T cells, whereas the mechanisms involved in the 
protection conferred by tumour cells expressing other cytokines such as IFN-y and TNF-
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a  is not quite clear (476). Several gene therapy trials in humans based on the use of 
tumour cells genetically engineered to express cytokines such as IL-2, TNF-a , IFN-y or 

GM-CSF have been approved by the US recombinant DNA advisory committee and in 
some cases initiated. These trials involve several different cancers such as brain cancer, 
breast cancer, colon cancer, malignant melanoma, small cell lung cancer or renal cancer 
(471). So far, it has been reported that neuroblastoma patients treated with tumour cells 
engineered to express IL-2 in a retroviral construct have shown specific as well as non
specific immune responses to the tumour (472).

The second approach used for immunotherapy of tumours is passive immunotherapy. In 
this case, CTL from patients are stimulated in vitro with autologous tumour cells or 
antigen in the form of cell lines expressing an identified tumour antigen or peptide 
epitope. CTL can either be derived from peripheral blood or from tumour masses, so- 
called tumour infiltrating lymphocytes (TILs). CD8+ CTL derived from adoptively 
transferred TILs found to cause tumour regression in four melanoma patients were found 
to recognise specifically the melanoma self protein gplOO (19; 20). It is unknown what 
role gplOO plays in tumour development. The work presented in this thesis has shown 
that it is possible to select self proteins known to play a role in the transformation of 
murine and human cells and use these proteins to induce CTL. CTL directed against non
mutated oncogenes such as some of the proteins selected in the present work would be 
clinically more interesting than CTL directed against some random protein expressed in 
the tumour and possibly dispensable for the persistence of the tumour cell. At the 
Memorial Sloan-Kettering Cancer Center, New York, five patients with malignant 
lymphomas of B cell origin were treated with PBMC from HLA matched donors and the 
lymphomas were found to disappear. It was suggested that EBV specific CTL were 
responsible for tumour cell regression (477). Expression of EBV proteins is linked to the 

development of B cell lymphomas (185).

At NCI, Surgery Branch, tumour infiltrating lymphocytes recognising unidentified 
melanoma antigens have been grown in vitro with IL-2 and transferred back to melanoma 
patients, where response rates of up to 38% have been observed (18). To improve 
responses, trials are currently being carried out with tumour infiltrating lymphocytes 
transduced with the TNF-a gene. However, T lymphocytes are difficult to transduce with 

retroviral vectors currently used to deliver cytokine genes. At present, it appears that 
genetic modification of tumour cells for use in active immunotherapy is more promising 

(471).

Altogether, recent advances in gene technology as well as increased understanding of the 
mechanisms underlying the assembly and synthesis of class I peptide complexes for 
presentation to class I restricted CTL are encouraging for the use of active and passive
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immunotherapy. The work presented in this thesis has demonstrated the ability of self 
proteins or peptides from self proteins to stimulate self peptide specific CTL. The 
existence of such self peptide specific CTL would argue for the use of normal self 
proteins as targets for tumour specific CTL. The main obstacle to overcome will be to 
avoid autoreactivity and lysis of surrounding normal tissue expressing the self protein. In 
a murine system, adoptively transferred T cells specific for the Freund Leukemia virus 
envelope protein (env) were able to eradicate a tumour expressing high levels of the env 
protein without causing autoimmune damage of surrounding tissue expressing lower 
levels of protein (203). In humans, adoptive transfer of T lymphocytes with known 
antigen specificity has only recently begun. Transfer of tumour infiltrating lymphocytes 
containing T cells specific for the self protein gplOO was able to cause regression of 
metastatic melanoma overexpressing gplOO without causing any damage to normal 
melanocytes or the eye expressing lower levels of gp 100 (19). These preliminary results 
contribute to the conclusion reached through the work presented in this thesis that normal 
self proteins are suitable targets for tumour specific cytotoxic T lymphocytes.
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Appendix I : Commonly used buffers and stock solutions.

All buffers used were prepared with water purified by a Millipore Reverse Osmosis 
system and then polished to give water at < 10 MO.Cm.

1 M H EPES. pH  7.0

Solution 1: 1 M Hepes (acidic)
238.3 g Hepes in 1 liter H2O. Filtered through 0.2 pm  filters 

Solution 2: 1 M Hepes (basic)
260.3 g Hepes (sodium salt) in 1 liter H2O. Filtered through 0.2 pm filters

1 volume solution 2 was mixed with 4 volumes solution 1. pH was checked and adjusted 
if necessary with either solution 1 or solution 2. The final solution was filtered through 
0.2 pm  filters.

PBSA. pH  7.2

8 g /1(137 mM) NaCl 
0.25 g/1 (3 mM) KCl 
1.43 g/1 (10 mM) Na2HP04 
0.25 g /I (2 mM) KH2PO4

P B S B

5.336 g/1 (48 mM) CaCh 

P B S C

4 g/1 (42 mM) MgCl2

C om plete PBS

400 ml PBSA 
10 ml PBSB 
10 ml PBSC
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1 M Tris-HCl

121.1 g Tris base was dissolved in 800 ml H2O. Concentrated HCl was used to adjust 
pH to the desired value. As a general guideline, 42 ml HCl was used to obtain pH 8.0, 60 
ml HCl was used to obtain pH 7.6 and 70 ml HCl was used to obtain pH 7.4. The 
volume was adjusted to 1 liter with H2O and the solution was sterilised by autoclaving.

1 M EDTA. dH 8.0

186.1 g ethylenediaminetetraacetate'H20  was mixed with 800 ml H2O under vigorous 
stirring. pH was adjusted to 8.0 with approximately 20 g NaOH pellets. The volume was 
adjusted to 1 liter and the solution was sterilised by atuoclaving.

TE buffer
10 mM Tris-HCl, pH 8.0 
1 mM EDTA, pH 8.0 

For 100 ml:
1.0 ml Tris-HCl, pH 8.0 
0.2 ml 0.5 M EDTA, pH 8.0 
H2O up to 100 ml 
Sterilisation by autoclaving.

STE buffer
10 mM Tris-HCl, pH 8.0 

100 mM NaCl 
1 mM EDTA , pH 8.0 

For 100 ml:
1.0 ml Tris-HCl, pH 8.0

2.0 ml 5 M NaCl
0.2 ml 0.5 M EDTA, pH 8.0 

H2O up to 100 ml 
Sterilisation by autoclaving.

3 M Sodium acetate. pH 5.3
408.1 g sodium acetate-3H2O was dissolved in 800 ml of H2O. pH was adjusted to 5.3 
with glacial acetic acid. The volume was adjusted to 1 liter with H2O and the solution was 

sterilised by autoclaving.
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20 X SSC
(3 M NaCl, 300 mM sodium citrate, pH 7.0)
175.3 g NaCl and 88.2 g of sodium citrate were dissolved in 800 ml H2O. pH was 
adjusted to 7.0 with a few drops of 10 N NaOH. The volume was adjusted to 1 liter and 
the solution was sterilised by autoclaving.

10% (w/y)  SDS
100 g SDS was dissolved in 900 ml H2O over night. pH was adjusted to 7.2 by adding a 
few drops of concentrated HCl. The volume was adjusted to 1 liter with H2O. The 
solution was not autoclaved.
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Table I

Stock solutions of tissue culture reagents

Reagent Procedure used to prepare and 
store stock solutions.

BrdU 2.5 mg/ml in PBS 
Filtered through 0.2 pm.

Stored in aliquots at + 4°C protected from 
light.

G418 200 mg/ml powder in PBSA.
(the active concentration is 50% of the 
powder concentration i.e. 100 mg/ml) 
Filtered through 0.2 pm.

Stored in aliquots at -20°C.
p-mercaptoethanol 5 X 10‘3 M in IMDM medium. 

Filtered through 0.2 pm. 

Stored in aliquots at -20°C.

Mitomycin C 1 mg/ml in PBS 
Filtered through 0.2 pm.

Stored protected from light at +4“C for 1-
2 weeks maximum.

Transferrin 10 mg/ml in H2O.
Filtered through 0.2 pm. 

Stored in aliquots at -20°C.

X-Gal 150 mg/ml in DMSO.
Made up immediately prior to use in a 
glass bijou protected from light.
Filtration not necessary.
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R eagent

Bulk chemicals

Supplier C atalogue
number

Boric Acid Laboratory Supplies B/3800/53
CaCl2-2H2 0 BDH 10070

Deoxycholic acid. Sodium salt Sigma D5670
EDTA BDH 10093 5V
Formaldehyde Anal^ BDH 10113 6C
Formamide Fissons F/1551/7
Glucose Sigma 08270
HCl (1.18 specific gravity) Fisons H/1200/PB17
Hepes Sigma H9136
Hepes, sodium salt Sigma H0763
Hydrogen peroxide, 30% (w/w) sol Sigma H6520
18-hydroxy quinoline Sigma H-6878
KAc Sigma P-1147

KCl BDH 10148 4C
KH2PO4 BDH 10203
MgCl2'6 H2O BDH 0149 4V
MgS04-7H20
MOPS Sigma M-1254

NaAc Fisons Analytics S/2120/53

NaHCOs Sigma S-4019
Na2HP04 BDH 10249 4C
NaOH BDH 10252 4X
NH4CI BDH 10017

SDS BDH 44244 4H

Trifluoroacetic acid BDH 14083

Trizma Base Sigma T-1503

Restriction enzvmes
BamHI (20,000 u/ml) Pharmacia 27-0868-04

EcoRI (25,000 u/ml) Pharmacia 27-0854-04

Eco72I (12,000 u/ml) Promega R6981

H indlll (18,000 u/ml) Pharmacia 27-0860-02

Notl (20,000 u/ml) Pharmacia 27-0976-01

PstI (15,000 u/ml) Pharmacia 27-0886-03
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Hybond N membranes Amersham RPN203N
Lambda DNA Hindm DNA ladder Gibco BRL 5612SA

Mineral oil Sigma M5904
Nick colums Sephadex G50 Pharmacia 17-0855-01
N-Lauroylsarcosine Sigma L-9150
Nonidet P-40 Sigma N0896
One-Phor-All buffer PLUS Pharmacia 27-0901
pd(N)6 (random hexamers) Pharmacia 27-2166-01

Phenol (ultra pure) Gibco BRL 540-5509UA
Protogel
(30% (w/v) acrylamide.
0 .8% (w/v) bisacrylamide) National Diagnostics EC 890
Qiagen plasmid maxi kit Quiagen Gmbh 12162
RNA ladder (0.24-9.5 kb) Gibco BRL 15620-016
Salmon sperm DNA Sigma D1626
Taq reaction buffer Advanced Biotechn. 0242
Tetracycline hydrocloiic acid Sigma T-3383
Total RNA isolation reagent Advanced Biotechn. AB-0303

Tissue culture and immunological reagents
Agarose type VII (low melting point) Sigma A-9046
Arklone ICI MDL 3232/1
|3-mercaptoethanol (tissue culture tested) Sigma M7522

5-bromo-2-deoxyuridine Sigma B-5002
Crystal violet BDH 42553
Dimethyl sulfoxide BDH 10323
Geniticin sulphate (G418 ) Gibco BRL 0666-1811
IL-2 ( human recombinant ) 10,000 u/ml Boehringer 1011456
Incomplete Freund's Adjuvant Bacto 0639-60-6
ENF-y (mouse recombinant) 200,000 u/ml Genzyme MG-IFN

Metrizamide, grade I Sigma M3383

Mitomycin C Sigma M-0303
NaHCOg (Hybri-max cell culture tested) Sigma S4019

Protein A Sepharose CL-4B Pharmacia 17-0780-01

Rabbit serum (normal) DAKO X902

Trypan blue (0.4% solution) Sigma T8154

X-Gal Gibco BRL 5520 UC
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Plastic ware
25 cm^ tissue culture flasks Falcon

75 cm^ tissue culture flasks Falcon
175 cm^ tissue culture flasks Falcon
6 well tissue culture treated culture plates Falcon
24 well tissue culture treated culture plates Falcon
96 well, U-bottom, tissue culture treated 

culture plates Falcon

96 well, U-bottom,
non-tissue culture treated plates Falcon
Polypropylene tubes, 50 ml Falcon
Universal containers, 30 ml Sterilin
Bijou containers, 7 ml Sterilin

3013
3024
3028
3046
3047

3077

3910
2070
128 A
129 A
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