
UNIVERSITY OF SOUTHAMPTON 

Inducing Immunity to Haematological Malignancies 

with DNA Vaccines 

Jane Katharyn Watkins 

Doctor of Philosophy 

Cancer Sciences Division, Faculty of Medicine, 

Health and Life Sciences 

September 2004 



UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF MEDICINE, HEALTH AND LIFE SCIENCES, CANCER SCIENCES DIVISION 

Doctor of Philosophy 

INDUCING IMMUNITY TO HAEMATOLOGICAL MALIGNANCIES 
WITH DNA VACCINES 

By Jane Katharyn Watkins 

Modern treatment regimens are able to bring cancer into remission, but residual disease may persist. 
One approach to eradicating residual tumour is active vaccination to induce anti-tumour immunity. 
Vaccination with DNA is an attractive option, as both innate and specific immune responses against 
defined antigens are activated. Our aim is to develop DNA vaccines against haematological 
malignancies, with a focus on multiple myeloma (MM), a plasma cell tumour with no known cure. 

B cell tumours display an idiotype (Id) derived from immunoglobulin (Ig) variable (V) region. We 
have shown previously that assembly of V genes as a single chain variable fragment (scFv) format in 
a DNA vaccine induced weak immune responses. Fusing scFv to a pathogen-derived sequence 
fragment C (FrC) from tetanus toxin however, promoted Id-specific antibody and T-cell responses 
and led to protection from a lethal tumour challenge in lymphoma and MM animal models. 
Validation of this scFv DNA fusion vaccine design has led to current phase IIII clinical trials. Since 
MM cells are MHC class I positive, there is also an interest in activating cytotoxic CD8+ T cells 
(CTL). A novel DNA vaccine has emerged in our laboratory, fusing the first domain of FrC 
(p.DOM) to a MHC class I epitope, which is able to generate potent CTL responses. This design 
opens up the possibility of attack on intracellular antigens, likely to be presented by MHC class 1. 

For MM, the cancer testis antigens (CT A) have emerged as tumour-specific intracellular targets. To 
model DNA fusion vaccine design against CT A, we examined the murine P8lS mastocytoma, which 
expresses the P lA gene analogous to human CTA. P lA encodes a well-defined MHC class I H2-Ld 

motif (AB). A p.DOM-PIAIAB vaccine was constructed and a single vaccination led to detection of 
activated epitope-specific CTL ex vivo, which could be expanded on re-stimulation in vitro. These 
CTL were able to kill P81S tumour cells in an epitope-specific manner. Importantly, in protection 
experiments approximately 40% of vaccinated mice were protected from tumour challenge. 
However in some cases there was evidence for immune pressure leading to the growth of antigen 
loss escape variant tumour cells, highlighting the need to target additional tumour antigen targets. 

We also investigated mucin I (MUCl), an over-expressed glycoprotein antigen in MM. Early work 
in our laboratory had shown that vaccination with a DNA vaccine encoding full length human 
MUCl, either alone or fused to FrC or DOM, could provide low level protection against tumour 
challenge in vivo using wild type mice, with no role for anti-MUCI antibodies. The protective 
immunity generated by these vaccines has been re-assessed by lymphocyte depletion, revealing a 
prominent role for both CD4+ T cells and CD8+ T cells. To improve activation of CTL, two 
p.DOM.epitope vaccines were constructed incorporating known MUCI MHC class I epitopes. 
Reported data suggested that these epitopes could be processed and presented. One p.DOM.epitope 
vaccine was able to induce potent CTL, compared to vaccines encoding full length MUCl, and these 
CTL were also able to cross-react and recognise the second epitope. However, there was no killing 
of MUC 1 + tumour cells, revealing limitations in reported epitope presentation. 

To evaluate the effect of endogenous expression of human MUCI on immunity, the MUCI 
encoding vaccines were investigated in human MUCI transgenic (tg) mice. Preliminary data using 
vaccines encoding full length MUCI indicated that efficient CD4+ T-cell responses to FrC were 
generated, indicating that these mice are capable of mounting a normal immune response to foreign 
antigen. However, these vaccines failed to generate MUCI-specific CD4+ and CD8+ T cells. In 
contrast, the increased efficiency of the p.DOM.epitope design was able to activate low levels of 
activated CD8~ T cells in the MUCI tg model. 

These data suggest that both MUC 1 and the CT A will be suitable targets for DNA fusion vaccine 
mediated attack in MM. 
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1 Introduction 

There is currently a momentum to find a means of harnessing effective immune responses to 

attack and eradicate cancer, which has been born from the success of vaccinating against 

infectious disease. Vaccine design to combat these two areas is not as disparate as it first 

appears; for example vaccination against infectious organisms has direct relevance in those 

cancers known to have a viral aetiology, such as hepatitis B in hepatocellular carcinoma(l). 

In a similar manner to vaccination against infection, vaccination against cancer requires 

identification of molecular targets, or tumour antigens which are generally over expressed or 

unique to tumour cells allowing them to be distinguished by the host immune response. In 

turn, such tumour antigens need to be delivered to the immune system in a manner that will 

produce an efficient adaptive immune response and this is indicated in a setting where 

cancer cell numbers are low, during minimal residual disease. One such delivery vehicle is 

provided by bacterial plasmid DNA, which when injected into the muscle enters the cell and 

mimics some aspects of infection. Encoded target proteins are synthesised and presented to 

cells of both the innate and adaptive immune systems resulting in activation. In practice the 

opportunity to attack cancer with active vaccination strategies is more difficult in 

comparison to that for infectious disease with the existence of immunological tolerance and 

tumour escape mechanisms. Furthermore, preventative vaccination against infectious 

organisms normally takes place in the absence of the pathogen and in the presence of a 

healthy immune system. For cancer the circumstances are different and vaccination takes 

place therapeutically generally in the presence of residual tumour cells and possible 

immunosuppression. Despite this, strategies to overcome these hurdles are becoming 

available and the necessary vaccine design optimisations or vaccination protocol 

modifications require a detailed understanding of how both innate and adaptive immune 

responses are initiated. 

1.1 The innate immune system 

Infectious micro-organisms can enter the body at various sites although external epithelial 

layers such as the skin serve as primary barriers to infection. If these barriers are crossed 

however, infection can occur and disease onset results from the release of toxins and 

cytolytic effects of the pathogen. This is exacerbated by pathogen replication and spread. 

Extracellular pathogens spread via the lymphatics and blood, whereas intracellular 
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pathogens move from one cell to another either by direct transmission or by release and re

infection. One critical role of the innate immune system is to respond immediately to 

infection and to keep pathogen replication at bay allowing time for the adaptive immune 

system to become activated. 

One of the key early defence mechanisms against extracellular pathogens is the alternative 

pathway of complement activation, a cascade of enzymatic proteins found in the serum. 

The complement components (designated by numerals C1-C9 or by letters e.g. Factor D) 

circulate as pro enzymes requiring cleavage and active site exposure before they become 

functionally active. The alternative complement cascade is initiated by the spontaneous 

cleavage and conversion of C3 to C3b and C3a. C3b can form covalent bonds with 

membrane components of host cells or pathogens and can bind to Factor B. Factor B is 

cleaved by Factor D to yield an active protease, Bb, which remains associated with C3b. 

Further activation steps are prevented on host cells by complement regulatory proteins. 

These regulatory proteins are not however present in the membranes of infectious organisms 

and the C3bBb complex can proceed to convert further C3 proteins, leading not only to 

amplification of the cascade and opsonisation of C3b on the pathogen surface, but also to 

cleavage of C5 to C5b and C5a. C5b further binds to C6, C7, C8 and C9 to form the 

membrane attack complex, a lytic lesion resulting in osmotic lysis of the invading cell. In 

association with this, C3a and C5a are released and act as inflammatory mediators, 

recruiting and activating phagocytic cells of the innate immune system, in particular the 

neutrophils and macrophages. 

Monocytes are generated in the BM and leave this site to mature into macro phages in the 

peripheral tissue where they can be long lived. Neutrophils in contrast, mature in the BM 

and are released rapidly in response to danger signals. Once they have left the BM they are 

short lived. Both cell types are recruited to sites of infection by chemotactic agents such as 

C3a and interleukin (IL)-8. Each cell type expresses a variety of surface receptors, the 

pattern recognition receptors (PRRs) which allow them to recognise foreign pathogens. 

Recognition is non-specific; in general, common features that distinguish micro-organisms 

from mammalian cells are identified (pathogen associated molecular patterns (PAMPs)). 

These include components of bacterial cell walls, for example lipopolysaccharide (LPS), or 

intracellular features peculiar, for instance, to bacterial DNA such as hypo-methylated CpG 

motifs. Examples ofPRRs include the Toll-like receptors (TLRs) (Table 1.1), CD14, the 

mannose receptor (MR) and the macrophage scavenger receptor. Target cell recognition is 

also efficient when opsonisation has occurred with specific antibody or C3b. Neutrophils 
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Table 1.1. TLR and their ligands 

Receptor 

TLRI 

TLR2 

TLR3 

TLR4 

TLR5 

TLR6 

TLR7 

TLR8 

TLR9 

TLRlO 

Adapted from (2). 

Ligands 

Tri-acyllipopeptides 

Lipoprotein, Iipopeptide, petidoglycan, zymosan 

Double stranded RNA 

Lipopolysaccharide 

Flagellin 

Di-acyI lipopeptides 

Imidazoquoline (synthetic compound) 

Unknown 

DNA CpG motifs 

Unknown 
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and macrophages possess an array of Fc receptors for IgG isotypes as well as a receptor for 

C3b called CRI. Following recognition, these phagocytes engulf the target cell with 

membrane, which then buds off inside the cell to form a phagosome. The phagosome fuses 

with lysosomes and its granules leading to degradation of the ingested material. This is 

facilitated by the production of cytotoxic oxygen species within the phagolysosome, such as 

hydrogen peroxide and nitric oxide, as well as the contents of the lysosomal granules such 

as lysozyme, lactoferrin and defensins. The initial response to infection is then amplified by 

the release of cytokines such as IL-l, IL-6, IL-8, IL-12 and tumour necrosis factor (TN F) a 

from the activated phagocytes at the site of infection. Their effects are diverse and include 

mobilisation of further phagocytes and the initiation of the acute phase response. IL-l, IL-6 

and TNFa can induce the synthesis of acute phase proteins from hepatocytes including C

reactive protein, which can bind to LPS of bacterial and fungal cell walls, and mannan 

binding lectin. Both can lead to opsonisation and activation of complement. 

For intracellular pathogens, natural killer (NK) cells serve as an early defence mechanism. 

NK cells are large granular lymphocytes which express on their surface an array of 

receptors which recognise phenotypic changes in host cells that are associated with cellular 

stress. Upon activation, NK cells display spontaneous cytotoxicity via the release of 

cytotoxic granules, signalling through surface receptors such as Fas ligand (FasL), or 

through the release of toxic cytokines such as TNFa(3-6l. Their activation is a result of 

changes in the balance between activating and inhibitory signals received through their 

surface receptors. The killer immunoglobulin-like receptors (KIRs) recognise human 

leukocyte antigen (HLA or major histocompatibility complex, MHC) A, Band C resulting 

in either activating or inhibiting signals depending on the intracellular domain. Those 

receptors with long intracellular tails contain tyrosine based inhibitory motifs (ITIMs) 

whereas those with short tails encode tyrosine based activating motifs (ITAMsfl. The C

type lectin-like receptors are also classed as either activating or inhibitory. The activating 

receptors are NKG2C, D and E and the inhibitory receptor is NKG2A. NKG2A, C and E 

recognise common features of HLA molecules and can therefore survey the changes in their 

expression. NKG2D recognises the stress induced non-classical HLA molecules MIC-A 

and MIC-B, commonly expressed on some malignant cells(7, 8). The natural cytotoxicity 

receptors (NCRs), NKp30, NKp44 and NKp46 are also activating receptors, but their 

ligands remain undefined(7). 

A final aspect of innate immunity is the promotion of the adaptive immune response 

through antigen presentation and cytokine production. Of particular importance are 
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dendritic cells (DC) resident at, or recruited to the site of infection. Their ability to capture 

antigen and present it in specific ways allows efficient activation of both Band T cells 

(Section 1.2.3.). DC are the most adept at this process, but the B cells themselves are also 

capable of this. 

1.2 The adaptive immune system 

Adaptive immunity rests on active interplay between three key players, the Band T 

lymphocytes for antigen recognition and effector function and the APC which process and 

present antigen when activated. For Band T cells, antigen recognition is mediated by 

specific receptors, the B cell receptor (BCR, or immunoglobulin (Ig) or antibody (Ab) when 

secreted) and the T cell receptor (TCR) respectively. While the BCR can recognise 

conformational epitopes of antigens, the TCR recognises peptide fragments from the antigen 

which are presented in association with MHC molecules on the surface of professional 

APC. Recognition by either antibody or the TCR can lead to cell death and clearance from 

the body by specific mechanisms. It is now well established that DNA vaccination can 

induce both effective antibody and T-cell responses in a variety of model system(9). 

1.2.1 Structural elements: the T cell receptor and thymic selection 

The mature T cell pool comprises CD4+ and CD8+ populations, with each cell and its 

progeny expressing a unique TCR. T cell progenitors leave the bone marrow (BM) at an 

early stage and migrate to the thymus where they are termed thymocytes. CD4+ and CD8+ 

T cells have distinct functions, and their lineage, along with their TCR specificity, are 

determined during their development in the thymus. The thymus comprises a cortex which 

is densely populated with immature thymocytes and a medulla which contains fewer mature 

T lymphocytes. Thymocytes migrate through the cortex and undergo TCR rearrangement 

and education, they then enter the medulla before leaving the thymus to circulate. 

The TCR consists of two polypeptide chains, a and 0 (or in some cases y and 0) which 

dimerise at a 1: 1 ratio through disulphide bonds. Each chain forms a variable (V) domain 

distal to the membrane, which functions in recognising antigen presented as peptide/MHC 

complexes, atached to a constant domain proximal to the membrane, a transmembrane 

domain and a cytoplasmic tail (Figure 1.1). The TCR is expressed on mature T cells in 

association with the CD3 complex and either the CD4 or CD8 co-receptor. Each TCR 
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Figure 1.1. The structure of a human aJl T cell receptor 

A) The ribbon diagram illustrates a human a~ T cell receptor(lO). B) The TCR comprises two polypeptide chains, a and ~, or y and 8. The variable (V) 
domains of each chain form the antigen recognition site for peptide/MHC complexes. The constant (C) domains are linked to the transmembrane domain 
and the cytoplasmic tail. The T cell receptor associates with the CD3 complex at the cell surface. Activating signals are delivered to the cell upon TCR 
recognition of peptide/MHC complex through IT AM motifs found on the cytoplasmic tails of the 6, c, y and S subunits of the CD3 complex. 



polypeptide chain is generated by the rearrangement of a large number of germline gene 

segments (mapping to chromosome 7 and 14 in humans) by V(D)J recombination. This 

mechanism confers a vast diversity of TCR molecules since any variable (V), diversity (D) 

and joining (J) gene segments can be recombined, apparently randomly by the action of the 

recombinase activating gene (RAG) proteins(ll). The V(D)J functional exon will supply the 

variable domain of the polypeptide chain, once spliced with the constant domain exon 

following transcription. Additional diversity is achieved through imprecise joining of the 

gene segments. In early thymocytes, the ~ chain is rearranged first, via DB rearranging to JB 

before VB rearranges to DJB. The newly translated ~ chain proceeds to assemble at the cell 

surface with a surrogate a chain and the CD3 complex to form the pre-TCR. The a chain 

subsequently undergoes multiple rearrangements from available V and J segments (there are 

no Da gene segments) of which any can bind the ~ chain allowing the complete formation of 

the a~ antigen receptor(l2, 13). At this point both CD4 and CD8 co-receptors are expressed 

and the thymocytes are termed 'double positive'. The TCR is therefore a highly diverse 

structure allowing a large number of different peptide/MHC complexes to be recognised. 

The TCR are required to recognise foreign peptides in association with self MHC and 

distinguish these from self peptides associated with self MHC. One mechanism by which 

this is accomplished is through positive and negative selection in the thymus. The thymic 

stromal epithelium as well as BM derived interdigitating DC and macrophages playa vital 

role in presenting self peptides in association with self MHC class I and II to developing 

thymocytes in the cortex(l4). Thymocytes with a non-functional TCR are unable to 

recognise self peptide/MHC, and unable to receive antigen mediated signals to develop, 

undergo programmed cell death. In contrast thymocytes with a functional TCR able to 

recognise self peptide/MHC may have two fates depending on the affinity with which they 

bind. Binding with high affinity posees a risk of autoimmunity in the periphery and these 

cells are deleted (negatively selected), whereas those cells whose TCR binds with a low 

affinity are not deleted and undergo positive selection(l5). Self antigen expressed in thymic 

medullary epithelial cells (MECs) is not restricted by lineage specificity, allowing central 

tolerance to be generated to a large number of peripherally expressed self antigens. It has 

recently been shown that a protein called autoimmune regulator (Aire) is expressed in 

MECs, and mice with Aire deficiency harbour defects in induction of tolerance(16). It has 

been further shown that Aire deficiency does not affect the differentiation or antigen 

presenting capacity of MECs, but instead regulates gene expression. It is estimated that the 

number of genes activated to varying levels by Aire is in the range of 200-1200(16), large 

numbers of which have expression patterns that are otherwise peripherally restricted. Some 
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of the antigens regulated by Aire are also expressed in tissues targeted by immune attack in 

AIRE deficient patients(l6l. Aire deficiency has also been shown to have direct effects on 

negative selection of clonal T cells in transgenic mouse models(l7l. During negative and 

positive selection, the decision for co-receptor expression is made with loss of either CD4 or 

CD8 from the T cell surface. The mechanism by which this occurs is still unclear but most 

likely depends on the strength of signal received through the TCR and co-receptor(l2). T 

cells subsequently leave the thymus for recirculation in a mature but naIve state. Before 

they can perform any effector functions, they need to receive activation signals in the 

secondary lymphoid organs through interactions with APC. 

1.2.2 Structural elements: the major histocompatibility complex and 
recognition by the T cell receptor 

There are two classes of MHC molecules, MHC class I which bind and present peptides to 

CD8+ T cells and MHC class II which bind and present peptides to CD4+ T cells. MHC 

class I molecules are expressed on most nucleated cells of the body and consist of a large a 

chain and a smaller non-covalently linked polypeptide beta -2 microglobulin (~2M). The a 

chain forms three domains, al and a2 which are distal to the membrane, and a3 which 

extends through the surface membrane (Figure 1.2). The al and a2 domains form the 

antigen/peptide binding groove which consists of two a helices lying across a platform 

generated by ~ sheet. This groove can typically accommodate peptides of 8-1 0 amino acids. 

In contrast MHC class II expression is mainly limited to cells of the haematopoietic system 

such as DC, B cells and macrophages. It consists of 2 polypeptide chains, a and ~, each of 

which forms two domains; a2 and ~2 are proximal to the membrane while a1 and ~1 form 

the antigen binding groove distal to the membrane. This groove differs to that seen in MHC 

class I molecules as the ends of the groove are more flexible, allowing peptides of a longer 

length to bind, typically in the region of 12-20 amino acids. 

MHC molecules present peptides from a plethora of protein antigens and a high degree of 

genetic polymorphism has evolved to achieve diversity of presentation. The HLA complex 

on chromosome 6 encodes 3 different types of classical HLA class I molecule, A, Band C 

as well as 3 different HLA class II molecules DP, DQ and DR. The murine genome 

displays a similar set of genes where 3 MHC class I molecules exist, H-2 D, K and L 

together with 2 MHC class II molecules, A and E. Between individuals there exist many 

different allelic HLA variants, often associated with genetic changes in the regions encoding 

the antigen binding groove and the surrounding a helices. In many cases, both 
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Figure 1.2. The structure of human MHC class I with MAGE A4 peptide bound 

A) The ribbon diagram illustrates HLA-A2 with a MAGE A4 peptide bound(l 8). B) MHC 
class I comprises one large polypeptide chain which forms three domains, aI, a2 and a3. 
This chain associates non-covalently with P2M. a 1 and a2 form the peptide binding groove 
which can accommodate peptides of approximately 8-10 amino acids. 
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chromosomes will express a different allelic variant and the individual will be heterozygous, 

effectively doubling the number of HLA variants expressed on the surface of their cells. In 

inbred strains of mice however, no allelic variation exists. MHC variation is important 

because specificity for peptide is partly dictated by the structure of the peptide binding 

groove. Peptides binding to certain MHC class I variants display similar amino acids at 2-3 

sites in the peptide sequence (motif), commonly at or near the N- and C-terminus, and these 

amino acids bind in pockets along the MHC binding groove. The other amino acids in the 

sequence can vary to a degree and are generally exposed for recognition by TCR. These 

sequence motifs allow a certain amount of prediction of which peptides in a given antigen 

sequence are likely to bind to a given MHC class I allele (Table 1.2). However, there are 

also important examples of non-motif based peptides presented as post-translationally 

modified peptides which cannot be predicted(l9). Conversely there are occasions where 

there is notable inability of peptides with a high predicted value to bind to MHC 

molecules(20). Peptides binding to MHC class II molecules are more difficult to predict due 

to the flexibility in the requirement for N- and C- terminal anchor residues for binding and 

the ability of this class ofMHC to bind longer peptides. Nevertheless there exist web-based 

in silica search engines, such as www.syfpeithi.de. which accumulate reported peptide 

sequences which have been found to be expressed on both MHC class I and II molecules. 

These can be used with caution to predict potential peptide sequences in a given protein, as 

well as provide information on MHC allelic motifs. 

1.2.3 The antigen presenting cell 

DC originate from CD34+ stem cell progenitors in the bone marrow and are the most 

efficient antigen presenting cells for T-cell activation. DC are highly specialised for 

monitoring peripheral tissues and play an important role in connecting innate and adaptive 

immunity. It is now clear that following DNA vaccination at the muscle site, the myocyte 

becomes directly transfected and can synthesise the encoded antigen endogenouslyC21, 22). 

DC may also be directly transfected to a low level(23) but can also capture antigen secreted 

from myocytes(24) through phagocytosis of dead or dying cells, fluid phase macro

pinocytosis and receptor mediated endocytosis. Receptor mediated endocytosis is mediated 

by PRRs that are expressed at high levels on immature DC, including the mannose receptor, 

DEC-205 and DC specific ICAM3 grabbing non integrin (DC-SIGNP5). DC also express 

Fc receptors (FcR) which can bind to antibody-antigen complexes and mediate their 

internalisation(26) . 
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Table 1.2. Examples of peptide motifs 

MHC Preferred anchor residues 
allele 

1 2 
,., 

4 5 6 7 8 9 ;) 

HLA-A2 L V V 
M L 

H-2Db I N M 
I 

I 
I 
L 

H-2Kb Y F L 
Y M 

I 
V 

H-2Ld P F 
S L 

M 

The position and favourable amino acid usage for common human and mouse MHC class I 

alleles. 

Underlined italics indicate auxiliary anchor positions 
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For a T-cell response to ensue, DC must present at its surface, peptide fragments from 

endogenous or internalised antigen in complex with MHC class I and II molecules. The DC 

must also undergo maturation which not only allows the DC to migrate out of the peripheral 

tissues and home to the draining lymph nodes for T cell interaction but also provides co

stimulatory activation signals to T cells recognising presented peptides (Figure 1.3). DC 

maturation signals are provided from different sources including infectious micro

organisms(27). Further activation signals are provided from local release of pro

inflammatory cytokines such as interleukin 1 (IL-l), granulocyte/macrophage colony 

stimulating factor (GM-CSF) or TNFa(27). DC survival is augmented by receptor-ligand 

interactions via CD40 and tumour necrosis factor-related activation induced cytokine 

receptor (TRANCE RP8l, which cascade signals for resistance to apoptosis, Mature DC 

reveal increased levels of the chemokine receptor CCR7, adhesion molecules intercellular 

adhesion molecule-l (ICAM-l) and leukocyte functional antigen-3 (LF A-3) which facilitate 

DC migration to the lymph node and subsequent adhesion to and egress through high 

endothelial venules(27. 29). From here the DC can home to the T cell areas to initiate T cell 

activation (Section 1.2.4). 

1.2.3.1 Processing antigen for presentation as MHC class I peptides 

Tumour antigen-specific cytotoxic CDS+ T cells (CTL) will be a critical component of an 

immune response against cancer cells initiated by DNA vaccines. Therefore antigen derived 

peptide fragments must reach the surface of the APC in complex with an MHC class I 

molecule. One way this is achieved is following direct transfection of DC with DNA, where 

the encoded antigen can be synthesised endogenously. A large proportion of MHC class I 

associated peptides are derived from endogenous proteins targeted for degradation by the 

ubiquitination-proteasome pathway. These include defective ribosomal products (DRiPs) 

that arise through mistakes in the translational process(30). The 26S proteasome is the major 

source of cytosolic proteolytic degradation and has a 20S catalytic core formed from 2 outer 

rings, each made up of 7 distinct a subunits, and 2 inner rings each formed from 7 distinct 0 

subunits. The four rings form a cylindrical structure which associates with 19S cap proteins 

at either end with specificity for ubiquitin(31, 32). The proteolytic activity is attributed to 3 0 

subunits, 05 (X), 01 (Y) and 02 (Z) which possess a broad range of substrate specificities. 

Exposure of cells, in particular APC, to interferon (IFN) y results in an increased expression 

of IFNy inducible proteins which are associated with MHC class I processing, including 

three proteasome subunits LMP, LMP7 and MECL-l. These subunits replace X, Y and Z 
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subunits respectively to form the immunoproteasome, and confer distinct proteolytic 

specificity on the proteasome, notably the increased cleavage downstream of basic and/or 

hydrophobic residues(32). This is in line with MHC specificity for carboxy terminal (C

terminal) hydrophobic or basic residues (human) and hydrophobic C-terminals (mouse). 

The importance of the proteasome and immunoproteasome in generating MHC class I 

peptides is illustrated by proteasome inhibition studies(33). The exact nature of the 

proteasome peptide products are variable, and whilst some peptides produced will fulfil 

exact binding requirements for MHC class I, it is also known that some peptide products 

serve as MHC class I precursor peptides which need further trimming. Evidence for both 

cytosolic and endoplasmic reticulum (ER) amino peptidases exists(34), although their identity 

is not fully defined. It is apparent that carboxy peptidases do not play a role in trimming 

peptides for MHC class I presentation within the ER(35). From these data it has been 

proposed that proteasome cleavage generates the correct C-terminus of the peptide, but may 

leave amino terminal (N-terminal) extensions. 

Once peptides have been generated they need to access the ER where newly formed MHC 

class I molecules are being synthesised. Transporter associated with antigen processing 

(TAP) is an adenosine triphosphate (ATP) dependent pump that is responsible for 

transporting peptides across the ER membrane. TAP has a preference for transporting 

peptides typically in the region of 8-16aa, and exhibits some specificity for the C-terminal 

residue. Like peptides generated by the proteasome (and immunoproteasome) for binding 

MHC class I molecules, there appears to be a preference for transporting peptides with 

hydrophobic or basic residues at the C-terminus(36). Folding of nascent MHC class I heavy 

chains and association with peptides requires ER resident chaperones (Figure 1.4). The 

heavy chain is proposed to initially associate with calnexin, and following binding of ~2m, 

calnexin is exchanged for calreticulin. The oxido-reductase ERp57 is also required to 

ensure correct disulphide bond formation within the MHC class I heavy chain(37). The MHC 

class I1calreticulin/ERp57 complex is subsequently bound by tapasin and recruited to the 

TAP heterodimer to form a peptide loading complex (PLC)(37, 38). Once peptides have 

traversed the ER membrane they are ideally placed for binding MHC class I molecules in 

the PLC. Peptide binding by MHC class I promotes dissociation from TAP, allowing the 

MHC class I/peptide complex to exit the ER and translocate via the Golgi to the cell surface 

membrane. During MHC class I egress, tapasin plays a role in peptide optimisation through 

exchange for higher affinity peptides(39) resulting in increased MHC class I stability at the 

cell surface for TCR recognition. 
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Figure 1.4. Antigen processing for MHC class I presentation 

Diagrammatic representation of antigen processing for MHC class I presenation(38). Protein 
degradation commonly takes place within the cytosol through the action of the proteasome. 
Peptides generated are transported to the ER via TAP heterodimer in an A TP dependent 
manner. Once inside the ER peptides associate with newly synthesised MHC class I 
molecules within the peptide loading complex. Peptide loaded MHC class I molecules are 
then transported to the cell surface. 
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An alternative source of peptides is available for binding MHC class I molecules in the ER 

which bypasses proteasomal cleavage and TAP transport. Here, N-terminal protein signal 

sequences direct entry of the nascent protein into the ER via signal recognition particles 

(SRP) and the Sec61p translocon(40). TAP independent peptides can be generated from the 

signal sequence which is cleaved prior to protein export. C-terminal sequences can also be 

efficiently cleaved in the ER(41-43). It should be noted however that proteins reaching the ER 

in a misfolded state are likely to undergo retrograde translocation to the cytosol for 

proteasomal cleavage(44). Peptides generated this way will be TAP dependent. 

1.2.3.2 Processing antigen for presentation as MHC class II peptides 

In contrast to peptide processing for MHC class I processing, the source of peptides for 

MHC class II presentation is exogenous. Internalised antigen can be taken up into 

endosomes or phagosomes, before moving through the endo-Iysosomal or phago-Iysosomal 

pathway. Proteins moving through this pathway are exposed to increasingly low pH as well 

as many acid dependent hydro lases including proteolytic enzymes such as cathepsins, which 

include both cysteine proteases and aspartic proteases(45). The end result is the generation of 

peptide fragments that may be suitable to bind recently synthesised MHC class II molecules 

arriving from the ER. MHC class II a and 0 chains are synthesised in the ER where they 

associate with the trim eric invariant chain (Ii) complex to form a nonameric structure(46,47). 

Ii serves to promote MHC class II assembly and contains within its sequence CLIP (class-II

associated Ii peptide) which binds in the MHC class II groove and prevents ER derived 

peptides from binding. The Ii also contains a targeting motif in its cytoplasmic domain that 

directs the transport of MHC class II through the Golgi and trans-golgi network to the endo

lysosomes or phago-Iysosomes(47). The Ii chain is gradually degraded to leave the CLIP 

fragment bound in the groove which is subsequently replaced by antigenic peptides (Figure 

1.5). MHC class II :Ii complexes can be found, if only transiently, in various (early and late) 

compartments along the endo-Iysosomal pathway (termed MIlCs) but the identity of the 

intracellular compartment where Ii degradation and CLIP replacement occurs is still not 

fully elucidated. There is some evidence that peptide loading takes place in a specialised 

compartment, CIIV, which are enriched in MHC class II molecules and are distinct from 

classical endosomes and lysosomes. It appears that at least partial degradation of MHC 

class II occurs before reaching this compartment(48). However, there is also evidence to 

suggest peptide loading occurs in lysosomal MIlCs and that non-lysosomal CIIVs are 

responsible for delivering the peptide:MHC class II complex to the cell surface(49). In either 
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Figure 1.5. Antigen processing for MHC class II presentation 

Diagrammatic representation of antigen processing for MHC class II presentation(47). 
Exogenous antigen is internalised into endosomal compartments where the protein is 
degraded by an array of proteolytic enzymes in acidic conditions. MHC class II molecules 
synthesised in the ER associate with the Ii trimer which promotes MHC class II transport 
through the Golgi to the endosomal compartments. Ii is subsequently degraded and HLA
DM (or H-2M in the mouse) catalyses the exchange of CLIP for antigenic peptides. MHC 
class II may also recycle from the cell surface for HLA-DM independent peptide exchange 
in endosomes. 
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case, CLIP replacement requires HLA-DM (or H2-M in the mouse). HLA-DM is an MHC 

class II-like molecule that catalyses the replacement of CLIP with peptides derived from 

exogenous material. HLA-DM can also serve as a peptide editor by promoting exchange of 

bound peptide for higher affinity replacements(50, 51). An alternative pathway for peptide 

binding to MHC class II molecules is achieved by MHC class II 'recycling' from the cell 

surface during endocytosis or phagocytosis with subsequent peptide exchange occurring in 

early vesicles both dependently and independently of HLA-DM(47, 52). The details of this 

pathway are less well understood and its relative contribution to peptide presentation on 

MHC class II may vary depending on the antigen or peptide and the degree of protease 

activity within a given APC type(53, 54). 

1.2.3.3 Antigen cross presentation 

The majority of peptides that associate with MHC class I on APC are sourced 

endogenously, however it has long been proposed that the immune system must have 

developed a mechanism whereby APC can present exogenous antigen via the MHC class I 

pathway. This would allow the immune system to detect tissue tropic micro-organisms that 

infect non-haematological cells. If such a mechanism exists, it would also provide a route 

for tumour specific antigens to reach the APC and allow anti-tumour immune responses to 

be initiated. The first clue that such a mechanism existed came from the Bevan laboratory, 

where it was demonstrated that injection of H_2b splenocytes into F1 H_2dlb mice induced 

CTL activity against minor histocompatibility antigens presented by both H_2b and H_2d 

target cells but were not cross-reactive(55). This phenomenon has been termed cross-priming 

whereby an exogenous antigen gains access to the MHC class I processing and presentation 

pathway and activates CD8+ T cells. This mode of antigen processing and presentation has 

now been substantiated in several models, but its contribution to the induction of immune 

responses remains controversial(56). 

The RIP mOV A murine model is commonly used to investigate aspects of cross-priming. In 

these transgenic mice, ovalbumin (OVA) is expressed in the pancreatic islet ~ cells under the 

control of the rat insulin promotor. OVA contains a well defined MHC class I epitope 

(SIINFEKL) for which a specific TCR has been sequenced and cloned and used to generate 

a TCR transgenic (tg) mouse (OT-I). Using this system, OVA specific OT-I CD8+ T cells 

have been shown to become activated following adoptive transfer through cross-priming 

mechanisms(57). Irradiation and bone marrow reconstitution experiments have demonstrated 

the role of host bone marrow derived APC in this process(57, 58). To validate this, virally 
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encoded OVA minigene (SIINFEKL) has been fused to green fluorescent protein (GFP). 

Following vaccination, a direct ex vivo observation of OT -1 cells clustering with both GFP 

positive APC and also with GFP negative APC in the draining lymph nodes was noted(59). 

Importantly, the process of cross presentation of exogenous antigen has also been indicated 

to take place during DNA vaccination(24). 

Investigation in this area has also focused on the mechanism of antigen transfer or capture 

and how antigen reaches the MHC class I pathway. A likely mechanism by which antigen is 

acquired for cross presentation by professional APC stems from their ability to capture 

fragments from dead or dying cells during phagocytosis or macropinocytosis during normal 

monitoring of tissues. Both routes have been demonstrated in vitro(60, 61). DC have also been 

shown to capture fluorescently labelled plasma membrane with cytosolic proteins from live 

T cells, B cells and macrophages in vitro(62). Live tumour cells, both murine and human, 

release 'exosomes' which are membrane vesicles derived from the endosomal compartments 

containing a discrete set of proteins. Exosomes are immunogenic in vivo and their protein 

components can be cross presented in vitro(63). Another potential mechanism of antigen 

transfer is through molecular chaperones, of which the heat shock proteins (HSPs) are the 

best defined. HSPs are released from their intracellular location during cellular stress, e.g. 

necrosis, and have been shown to associate with cell derived peptides. A receptor for HSP 

recognition is present on APC (CD91) for endosomal uptake, and exogenous material may 

gain access to the APC MHC class I pathway in this manner(64). APC express FcR which 

bind to antibody constant regions permitting uptake of antibody associated, exogenous 

antigen as demonstrated in vitro(65). 

Once antigen has been acquired by the APC, the route taken to reach the MHC class I 

processing pathway may vary. In some cases there is a dependence for proteasome and 

TAP suggesting a phagosome/endosome to cytosol route(66). From here the antigen follows 

the normal MHC class I pathway of presentation as described earlier (Section 1.2.3.1). 

However, the details of this pathway remain unresolved and some uncertainty exists 

regarding overloading of APC with antigen which would result in disruption of the 

endocytic vesicles. Recently, a plausible mechanism dependent on both TAP and 

proteasome has been described. Antigen coated beads were shown to be taken up by in 

vitro cultured DC or macrophages into phagosomal compartments. At the point of 

phagocytic cup formation, ER membrane components were found associated with the 

phagosome and it was further demonstrated that ER-phagosome fusion had occurred (67-69). 

Several components associated with MHC class I processing were found residing within the 
11 
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phagosomes within a few hours including TAP, tapasin, MHC class I heavy chain and 

calreticulin(67,69). Additionally, components of the proteasome were also found to associate 

with the cytosolic side of the phagosome/ER fusion products. Proteasome and TAP 

inhibiton studies demonstrated that proteins are shunted from the phagosomelER to the local 

proteasomes and then back again in a TAP dependent fashion(68). The peptide loading 

complex was shown to assemble correctly and peptide/MHC class I complexes were 

delivered to the cell surface(70). In conclusion the phagosomelER vesicle is sufficient for 

cross presentation. In other cases TAP independent cross presentation has been reported(71). 

In support of this, MHC molecules contain an endosomal targeting signal in their 

cytoplasmic domain, which may allow both recycling from the plasma membrane and 

interaction with antigen in the endosomal compartment, or alternatively MHC molecules 

may be directed from the ER to the endo-Iysosomal pathway(72). 

The subset of APC responsible for cross presentation and priming T cells may also impact 

on the type of antigen taken up, and the ability of the cell to process and present peptides on 

MHC class I, and their ability to activate CD8+ T cells. There is evidence to suggest that the 

CD8a + Dc(73, 74) is the APC subtype with enhanced capability for cross presentation and T

cell activation but this is not discussed further here. 

Despite the accumulating evidence to indicate cross-presentation is a viable route for 

priming an immune response, the physiological input of this process has been called into 

question. Ochsenbein et al. (75) utilised murine tumour cell lines infected with lymphocytic 

chorimeningitis (LCMV) and demonstrated that when injected as a subcutaneous fragment 

no detectable CTL were induced to the MHC class I gp33 epitope and no tumour 

regressions were observed. However, when the transfected tumour cells were injected as 

single cell suspensions CTL were generated and the tumours were resolved. CTL responses 

were restricted to the MHC haplotype expressed by the tumour cells, however LCMV was 

shown to be presented on host APC in context with MHC class II. The conclusions from 

this report suggest that tumour cells reaching the lymph nodes as single cells can directly 

prime CD8+ T cells even when they do not express co-stimulatory molecules. CD4+ T cells 

were critical for direct priming and in this regard the APC may be acting as a bystander cell 

providing co-stimulation after receiving CD4+ T-cell help(75, 76). Wolkers et al.(77) have also 

transfected murine tumour cells with known MHC class I epitopes and GFP and 

demonstrated their ability to reach lymph nodes and interact with epitope-specific CD8+ T 

cells. Injection of tumours into TAP-I
- deficient mice did not affect the efficient induction of 

CD8+ T-cell responses again suggesting a prominent role for direct priming(77). 
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1.2.4 Activating T cells 

1.2.4.1 Early adhesion events 

NaIve CD4+ and CD8+ T-cells encounter antigen in secondary lymphoid organs presented 

by DC through direct and cross-presentation mechanisms. To achieve T-cell activation, a 

multitude of signals may be required and is initiated through formation of an immunological 

synapse. Initial interactions between T cells and DC involve adhesion molecules on both 

cell types resulting in transient connections, allowing the T cell to scan the surface of the 

DC for MHC/peptide complexes that may be recognised. The primary adhesion event 

involves DC-SIGN expressed on DC binding to rCAM3 on T cells. The importance of this 

interaction is indicated by evidence showing that a block in DC-SrGN-rCAM3 interaction 

can result in up to 60% reduction in DC induced T-cell proliferation(78). Subsequent 

interactions involve rCAMI on DC binding to LF A-Ion the T cell(79). The increased 

strength of interaction through adhesion molecules potentiates increased strength of TCR 

binding to MHC/peptide, which in turn leads to increased avidity of LFA-l and CD2 

expressed on the DC for rCAMI and LFA-3 on T cells (Figure 1.3)(29). The function of 

multiple adhesion events is thought to provide optimal activation signals via intracellular 

signalling cascades to the T cell, promoting full maturation. 

1.2.4.2 Co-stimulation 

It has traditionally been thought that T -cells receiving signal 1 alone through the TCR are 

induced into a state of ignorance or tolerance or undergo programmed cell death. For full 

activation a second co-stimulatory signal is required and can only be provided by 

professional APC. However, more recent evidence indicates that this may be more complex 

and that the requirement for a second signal is more quantitative, and may also be peptide 

dependent to some degree. Oh, S et al. (80) have demonstrated that an increase in signal 1, 

from increased peptide levels on the DC surface, directly correlates with the number of 

peptide-specific CD8+ T cells detected by tetramer after vaccination. Notably, this number 

is enhanced dramatically if co-stimulatory signals are received at the point of CD8+ T-cell 

priming. The presence of co-stimulation also results, in addition to increased cell numbers, 

increased functional avidity of CD8+ T cells(80). There are several types of co-stimulatory 

signals received by T cells which overlap to a large extent. The first is supplied by the DC 

as a result of maturation and activation and is exemplified by the B7 family of co-receptors. 
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The second results from CD4+ T-cell help and is discussed further in Section 1.2.4.3., 

encompassing co-stimulatory molecules and release of pro-inflammatory cytokines. 

The B7 family of co-receptors consist of several members of transmembrane proteins 

containing at least one immunoglobulin-like domain, and belong to the Ig superfamily. The 

best characterised of these are B7.1 (CD80) and B7.2 (CD86), expressed on DC which bind 

to their receptor CD28, constitutively expressed on T cells. This binding occurs at early 

time points after TCR stimulation and results in IL-2 production and CD25 (IL-2 receptor a 

chain) expression(8J). IL-2 stimulation drives T-cell entry into the cell cycle to enhance 

proliferation. CD28 may also impact on the correct molecular organisation of the 

immunological synapse(82l. Another member of the Ig super family involved in T-cell co

stimulation is ICOS and its associated receptor ICOS-L (or LICOS/B7-H2) (the murine 

homologues are designated CRP-1 and B7h respectively). T-cell expression of ICOS is 

dependent on CD28 ligation, suggesting it functions in a synergistic manner to, but at a later 

time point than CD28(8J). The murine homologue of the human ICOS ligand is expressed 

on DC but may also be expressed on activated non-haematopoietic cells indicating a 

possible role in augmenting local T-cell proliferation at peripheral sites(83). 

The TNF receptor family provides a further array of activating signals for T cells. DC:T 

cell interactions involving CD40:CD40 ligand (CD40L), results in two way activation 

signals for both cell types. CD40:CD40L signals also mediate CD4+ T-cell help, discussed 

in further detail in Section 1.2.4.3. Other co-stimulatory receptors impact at later time 

points along the T-cell activation pathway, and include other members of the TNF receptor 

family, CD27, OX-40 and 4-1BB and their associated TNF receptor ligands, CD70, OX-

40L and 4-1BBL respectively. OX-40 is expressed on activated T cells and has been 

observed as early as 24h post activation and remains expressed for 3-4 days(84). Likewise, 

its ligand OX-40L has been shown to be expressed on activated DC with similar kinetics; 

however, in this instance expression is induced by CD40 ligation(85). OX-40:0X-40L 

interaction activates both DC and T cell. Use of anti OX-40 antibodies has been shown to 

enhance CD4+ T-cell proliferation and survival in vitro and in vivo(86) by promoting 

increased expression of the intracellular anti-apoptotic proteins Bcl-xL and Bcl_i87l. OX-40 

ligation also has comparable effects on CD8+ T cells but this is less well defined(88). Anti 

OX-40L antibodies synergise with CD40 ligation to induce DC maturation in vitro, with an 

increase in the co-stimulatory molecules CD80, CD86, CD54, CD40 evident and 

concomitant release of the pro-inflammatory cytokines, TNFa, IL-12, IL-l and IL_6(85). 4-

lBB displays similar kinetics and functions to OX-40 expression, i.e. it appears to be 
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induced on T cells at a later time point than CD28 and generally leads to enhanced 

proliferation and survival of T cells. There is some indication that expression of 4-lBB is 

more pronounced on CD8+ T cells than on the CD4+ T-cell subset(89), and 4-IBB has been 

shown to enhance and broaden the CD8+ T-cell response to influenza type A viral challenge 

in mice(90). 4-IBB has also been shown to promote both CD4+ and CD8+ human T-cell 

proliferation in vitro, although CD8+ T-cell proliferation was dependent to some degree on 

IL-2 production by the CD4+ T-cell population(89). CD27 expression on T cells increases 

upon TCR stimulation and its function appears to be parallel to OX-40 and 4-IBB in T-cell 

survival(91). 

Understanding the mechanisms of co-stimulation, which increase both the number of 

responding T cells as well as promoting their sustained survival will have a large impact on 

active immunotherapy. The possibility of vaccinating in the presence of co-stimulation 

enhancers is now being explored(92). 

1.2.4.3 CD4+ T helper cells: DC licensing and CD8+ T-cell responses 

CD4+ T helper cell (T H) subsets have been defined with respect to their cytokine secretion 

profile, and their ability to promote ensuing immune responses. A T H I and T H2 spectrum 

has been described(93, 94), where broadly speaking, T H I-like cells characteristically secrete 

IFNy and IL-2 and promote cellular pro-inflammatory immune responses. In contrast, T H2-

like cells characteristically secrete IL-4 and IL-5 and promote humoral anti-inflammatory 

and allergic immune responses. Over the last 20 years the role of T HI-like cells in 

promoting CD8+ T-cell responses has been extensively researched and this understanding 

has been pivotal in designing immunotherapeutic strategies for both infectious disease and 

cancer. Early work described the necessity for 'helper' determinants recognised by CD4+ T 

cells to be presented on the same APC as the CD8+ T-cell determinants for CD8+ T-cell 

priming to a model antigen(95). Much effort has since been focused on the mechanisms 

whereby CD4+ T cells promote CD8+ T-cell responses and the role of the APC. 

Of primary importance is the ability of CD4+ T cells to 'license' DC potentiating their 

ability to prime other T cells, notably CD8+ T cells. Recognition of MHC class II peptide 

complexes on presenting APC activates CD4+ T cells, which then promotes a reciprocal 

activation and maturation of the APC. An important component is the signal generated by 

CD40 ligation on APC by CD40L on CD4+ T cells. The result is increased expression of 

co-stimulatory molecules such as rCAM 1, B7.I, B7.2 and MHC class II on APC, 
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increasing its capacity to present peptides to, and activate other T cells(96). This effect is 

both quantitative and qualitative; for example, it has been demonstrated that an increase in 

the affinity of helper epitopes directly results in an increase in CD40L expression on CD4+ 

T cells. This in turn promotes the levels of co-stimulatory molecules on APC, thereby 

leading to enhanced CD8+ T-cell effector function(97). CD40 ligation further promotes the 

release of pro-inflammatory cytokines such as IL-l and IL_li98), allowing additional T-cell 

activating signals and in some instances a third co-stimulatory signal required for CD4+ and 

CD8+ T-cell responses respectively(99, 100). IL-12 for example, increases expression ofCD25 

on CD8+ T cells(99), allowing them to respond to a lower concentration of IL-2. DC 

conditioning in this manner suggests a sequential model of interaction between the three cell 

types, APC, CD8+ and CD4+ T cells, and precludes the necessity for a three cell cluster(101). 

CD40 is also expressed on a small number of CD8+ T cells indicating the possibility of 

direct activation by CD4+ T cells(102). The importance of CD40 ligation has been observed 

in vivo using anti-CD40 antibodies, which can by pass (to varying degrees) the need for 

CD4+ T-cell help(l03, 104). Some viral infections and immune adjuvants, such as complete 

Freund's adjuvant (CFA), can also negate the need for helper determinants and CD8+ T-cell 

responses are observed in the absence of CD4+ T-cell activation in this setting. This is 

attributed to the release of inflammatory signals that can directly activate the APC(105). 

The precise role of CD4+ T-cell help in all aspects of CD8+ T-cell responses, including 

clonal expansion, differentiation and memory formation(106), has now been clarified further. 

It was originally proposed that priming CD8+ T cells in the absence of help (or co

stimulation) resulted in undetectable immune responses in vitro and an inability of CD8+ T 

cells to respond to a second stimulation in vivo despite co-provision of helper determinants. 

These cells were regarded as tolerised(l07). However it is now known that in some instances 

effective CD4 independent CD8+ T-cell responses have been described and several factors 

obviate the need for CD4+ T-cell help, including increased peptide affinity for MHC(108) and 

increased CD8+ T-cell precursor frequency(109). Whilst the absence of CD4 help may have 

no striking effect on the primary response in these cases, the resulting memory T-cell 

population is likely to be decreased in number, as well as be functionally impaired. In one 

model for example, female Rag2-1- mice were reconstituted with 90% female bone marrow 

and 10% male bone marrow(ll 0). Adoptive transfer of nai"ve TCR tg CD8+ T cells specific 

for a male antigen with or without CD4+ T helper cells had no effect on the primary 

response. However, the memory CD8+ T cell pool formed in the absence of CD4+ T-cell 

help had a decreased capacity to proliferate or secrete cytokines in response to antigen re-
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exposure and were termed 'lethargic,(1lO). A similar observation was made when the 

transferred CD8+ T-cell population were of memory phenotype. Similar findings have been 

noted in other murine model systems(lll, 112). These data conclude that CD4+ T cells do not 

simply determine whether or not a CD8+ T cell becomes activated, but appear to supply 

instructions for differentiation and memory formation, resulting in optimum expansion and 

effector function on secondary exposure to antigen. 

In addition to their ability to promote CD8+ T-cell responses, there is some evidence to 

suggest that CD4+ T cells can provide help to other CD4+ T cells with different antigenic 

specificity(113). The mechanisms by which this occurs have not been fully delineated but 

there appears to be a requirement for expression of both MHC class II epitopes on the same 

APC(l13). Recently there has also been evidence to suggest that CD4+ T cells are not alone 

in their ability to provide help in promoting APC activation of T cells. CD8+ T cells have 

also been found to activate APC, leading to an increased expression of MHC class II, CD86 

and CD40 as well as up-regulated expression of IL-liI14, 115). Overall a reciprocal 

arrangement of CD4-CD8 interactions allows regulated help for T-cell activation in both 

directions, via APC. 

It is well established that B cell responses (Section 1.2.8) are also enhanced by CD4+ T 

cells, involving both contact dependent signals and soluble factors. The B cell receptor can 

internalise bound antigen and process and present antigenic peptides on MHC class II 

molecules. Antigen-specific CD4+ T cells subsequently interact with B cells through MHC 

class II recognition. Signals delivered through MHC class II promote B cell differentiation 

and proliferation(116). Once the two cells types are in close proximity, other receptor-ligand 

interactions can take place. A fundamental signal required for effective B cell responses is 

CD40L on the T cell binding to CD40 on the B cell. This signal promotes proliferation, 

antibody production and isotype switching(116). Other interactions serve to promote the 

response to CD40-CD40L signalling and include adhesion molecules such as LF A-I and 

ICAM-l and TNF family members OX40 and OX40L. Further signalling through other 

TNF family members such as CD27 can promote B cell terminal differentiation into plasma 

cells secreting large quantities of antibody(116). Soluble cytokines such as IL-4, IL-5 and IL-

6 also synergise with CD40 signals and promote proliferation and terminal differentiation of 

B cells, as well as helping to direct isotype switch events. IL-4 for example, induces 

switching to IgGl and IgE, whereas IFNy induces switching to IgG2a and IgG3 in mice(117). 
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1.2.5 Immunodominance 

An important concept for vaccination strategies utilising the APC for processing and 

presenting antigen is immunodominance. This process was initially described to explain the 

emerging pattern of CTL responses seen against viral infections, where CD8+ T-cell activity 

was found to be focused on one or two of the vast array of MHC class I epitopes encoded 

within viral antigens(l18). As yet, it is not fully clear how this occurs. However, it is likely 

that factors of antigen processing and presentation, availability of co-stimulatory signals, as 

well as the TCR repertoire playa part. It is known that for immunodominance to occur both 

the dominant and sub dominant MHC class I epitopes must be presented on the same 

APC(l19), a situation likely to occur during DNA vaccination. APC processing of a foreign 

antigen involves degradation, and the rate of degradation may have subsequent effects on 

the levels of peptide generated and presented(l20). In addition, the flanking residues 

surrounding a given peptide may influence its ability to be generated(121, 122) with different 

proteolytic activity found in certain cellular locations having preferences for particular 

cleavage sites within a given protein. In this respect, the immunoproteasome has been 

shown to enhance the presentation of some epitopes whilst reducing the presentation or even 

destroying epitopes in other circumstances(120). During TAP dependent presentation, TAP 

specificity will influence the efficiency with which a peptide reaches the ER(123), where the 

peptides are further subject to amino peptidase N-terminal trimming(34). Therefore, only a 

limited spectrum of peptides may reach the cell surface. Once at the surface, peptide 

affinity for MHC must be strong enough to maintain a stable complex and allow time for 

CD8+ T-cell recognition and activation. Competition for the APC surface may arise at the T 

cell level as a result of a combination of factors, including limited APC numbers, TCR 

affinity for its MHC/peptide complex, the number of MHC/peptide complexes at the cell 

surface, the ability of the responding T cells to rapidly become activated and acquire 

effector functions and the level of co-stimulation/cytokines required(1l9, 124, 125). 

Furthermore, effector CTL may remove MHC/peptide complexes from the APC surface(126) 

or possibly lyse the presenting APC(127), preventing activation of further antigen-specific T 

cells particularly if the presenting APC are in limiting number. Clonal expansion of one 

CD8+ T-cell population may also simply overcome other populations which may be 

influenced by precursor frequency(l28). Finally, for an activated CTL to be effective it must 

also be able to recognise the same peptide-MHC class I complex on the tumour cell. This 

will require the tumour cell to have retained the integrity of processing and presentation of 

the tumour antigen, akin to the APC. 
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1.2.6 CDS+ and CD4+ T-cell effector functions 

One goal of active immunotherapy is to induce effector T and B cells that will attack 

residual cancer cells in vivo. For T cells, a program of expansion and differentiation follows 

initial activation which allows recognition of target MHC-peptide structure through 

TCRJCD3 complexes and triggers target cell death. The mechanisms by which CD8+ T 

cells versus CD4+ T cells achieve this differ as most infected host cells or malignant cells 

are MHC class I positive and MHC class II negative. CD8+ T cells therefore are directly 

cytotoxic, but there is also evidence to suggest that CD4+ T cells can both playa role in the 

effector stage of CD8+ T-cell responses as well as mediate killing of MHC class II negative 

cells by indirect mechanisms. 

Cytotoxic T -cells utilise two main pathways for target cell cytolysis following specific 

peptide recognition via TCR, and these pathways occur simultaneously. The first is the 

perforin/granzyme pathway. CTL store 'lytic granules' which comprise a family of serine 

proteases, the granzymes, and perforin, a pore forming protein. Following target cell 

recognition, CTL secrete the granules in a polarised fashion at the point of CTL:target 

contact(129). It is thought that perforin polymerisation allows the formation of a channel in 

the target cell membrane through which granzymes pass into the intracellular space of the 

target cell. However, granzyme cell entry has also been shown to occur by receptor 

mediated endocytosis and a requirement for perforin still remains, suggesting that 

granzymes are delivered to the target cell within membrane bound compartments and 

perforin is subsequently required to lyse the membranes for granzyme release once inside 

the cell(130). Regardless of the route of entry, once inside the target cell, granzymes can 

initiate cellular apoptosis through activation of the caspase cascade, resulting in cleavage of 

signalling proteins, structural proteins and ultimately activation of DNAses(131-134). The 

second pathway utilised by CTL to mediate target cell apoptosis is via membrane bound Fas 

(CD95)-FasL interactions. FasL forms a trim eric complex and its expression is induced on 

activated T cells by signalling from the TCRJCD3 complex(l35). Fas, expressed on the target 

cell, contains a death domain which, when trimerised by FasL recruits a large number of 

proteins, including caspase 8 that associate to form the death inducing signalling complex 

(DISC). Within the DISC, caspase 8 becomes activated and initiates the caspase cascade 

and target cell apoptosis(136). 

The role of CD4+ T cells in tumour cell killing has been demonstrated conclusively by 

Bogen and colleagues(l37). Adoptively transferred TCR tg CD4+ T cells can eradicate both 
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MHC class II positive B cell lymphomas and MHC class II negative myeloma in vivo in the 

absence of B cells and CD8+ T cells 

An important mechanism for indirect CD4+ T-cell mediated target cell killing is via the 

release of cytokines which in turn recruit downstream effector cells. T HI-like CD4+ T cells 

have been shown to be recruited to the tumour site and release pro-inflammatory cytokines 

such as IFNy(138). IFNy can slow tumour growth through inhibition of angiogenesis(139) or as 

yet undefined effects on the tumour stromal cells(140, 141) and use of knockout mice has 

shown the necessity for both CD4+ T cells and IFNy in the protection against tumour 

challenge(138, 140). Depletion studies have also demonstrated the requirement for CD4+ T-cell 

IFNy production for early infiltration of CD4+ and CD8+ T cells into the tumour site(142). In 

all cases CD8+ T cells were necessary for optimum tumour eradication suggesting that the 

early infiltration of tumour specific CD4+ T cells to the tumour site results in modification 

of the tumour environment to promote CD8+ T-cell responses; for example, IFNy 

production can enhance MHC class I and II presentation on the tumour cells as well as alter 

the proteasome subunit composition(32). CD4+ T cells have also been shown to be important 

for recruitment of macrophages into the tumour environment. Macrophages produce 

inducible nitric oxide synthase (iNOS), the enzyme responsible for nitric oxide (NO) 

synthesis. NO plays a complex role in the tumour microenvironment, importantly however, 

NO promotes DNA damage and cell death(143). Therefore, as expected, the presence of 

macrophages and increased iNOS helps to promote tumour protection(138). In addition to 

THI mediated tumour killing, TH2-like CD4+ T cell clones are also responsible for tumour 

clearance by large scale recruitment of degranulating eosinophils at the tumour site(144). 

The key question of whether the CD4+ T-cell response is dictated by peptide specificity has 

also been raised. Monach et al. (145) activated CD4+ T-cells specific for the mL9 antigen 

expressed by MHC class II negative 6132A tumour cells. In mice challenged with mL9 

positive and negative tumour cells at two different sites, only mL9 negative tumours took 

hold. It was hypothesised that local APC were presenting the peptide allowing peptide

specific recruitment of CD4+ T cells which could mediate indirect mechanisms of 

killing(l41). In certain circumstances where host cells do express MHC class II, CD4+ T-cell 

killing may be direct and although this has not been investigated extensively, there is an 

indication that CD4+ T cells can act in a manner analogous to CD8+ T cells and release 

cytotoxic mediators, as well as having the ability to directly signal through members of the 

death domain containing TNF family of receptors, such as Fas, and TNF-related apoptosis

inducing ligand (TRAIL) (146,147). 
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In view of these findings, it would clearly be beneficial for immunotherapeutic strategies 

against cancer to include mechanisms of promoting tumour-specific CD4+ T-cell responses. 

1.2. 7 T-cell clonal expansion and memory 

Following activation, the T cell passes through several different stages. Firstly, a large 

expansion in antigen-specific T cell numbers is observed which peaks typically within 2 

weeks following antigen exposure, but ultimately depends on how the antigen is exposed to 

the immune system and in what quantity. During this time T cells both proliferate and 

differentiate to the point of effector function commonly measured by CD69 expression, 

cytokine (IFNy and IL-2) and perforin/granzyme production. Following the large expansion 

of antigen-specific T cells, regulatory mechanisms exist to ensure the immune system 

returns to a steady state level. Hence, a large degree (>95%) of antigen-specific T-cell death 

is observed during the natural immune response. Finally, following the contraction phase, 

surviving T cells form a memory pool where an increased antigen-specific T-cell precursor 

frequency is achieved which results in both a larger and more rapid response upon antigen 

re-encounter(148, ]49). The factors governing each stage are currently under scrutiny, and 

several important issues have arisen. 

For T-cell expansion, the nature and quantity of antigen will have direct effects on both the 

number of cells recruited into the response as well as the efficiency of those cells in 

performing effector functions. When large quantities of antigen are available, a short 

period of stimulation (2-3 hours) via the TCR and co-stimulatory ligand receptors can be 

sufficient to provide an autonomous programme of proliferation and differentiation within 

the T cell, as demonstrated in vitro with CD8+ T cells specific for the SIINFEKL 

peptide(l50). However, the continuing survival and ability of the cells to respond to re

exposure of antigen was not monitored. Others have proposed that an increase in the 

duration of TCR signalling is required when antigen levels are biologically relevant, 

allowing both CD4+ and CD8+ T cells to progress through the thresholds of proliferation, 

differentiation and death/memory formation. This suggestion has stemmed from 

observations made in vivo where a short TCR signal (4 hours) was associated with an arrest 

in CD8+ T-cell proliferation after 48 hours(]5]). 20 hours of TCR stimulation however 

resulted in an increased capacity for proliferative and effector functions in the CD8+ T-cell 

compartment. Furthermore both CD4+ and CD8+ T-cell survival is enhanced with increased 

TCR signal duration(] 52). 
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Ultimately the impact of the primary response is seen at the memory cell stage where the 

size of the memory T-cell pool generated is related to the size of the primary response. In 

addition the functional properties of memory cells may be influenced by the quality of T 

cells involved in the primary response which in turn are influenced by the amount of 

available antigen. Therefore increasing antigen levels to the point of T-cell exhaustion in 

the primary response is likely to have detrimental effects on the memory cell population(153). 

The contraction phase of the T-cell response is marked by a large degree of T-cell death, 

mediated by several mechanisms which include growth factor withdrawal. As antigen 

becomes limiting, IL-2 availability decreases and expression of anti-apoptotic members of 

the Bcl-2 family are down-modulated, the T cells become more susceptible to apoptosis(154). 

In addition to mechanisms that cause death by default, active mechanisms also playa role in 

T-cell death. Perf orin for example, has been implicated in limiting the expansion phase for 

CD8+ T cells and perforin knockout mice display lymphoproliferative disorders(155). IFNy is 

vital for correct contraction ofT-cell responses(156). CTLA-4 expression is also increased on 

activated T cells and competes with CD28 for binding to B7.1 and B7.2. Its engagement 

can block co-stimulation through CD28 as well as signal to turn off IL-2 production(l57). 

Fas mediated T-cell death appears to play a more prominent role in CD4+ T-cell 

contraction(l58). There are kinetic differences following the contraction phases of CD8+ T 

cells versus CD4+ T cells in response to viral infection, and this may represent a general 

phenomenon. CD8+ T-cell contraction occurs earlier than that in CD4+ T cells, and CD8+ 

memory T cells are stable over time at around 5-10% of the primary response. CD4+ T-cell 

contraction is delayed and extended in comparison, and memory cell numbers gradually 

decline over time(159). 

The mechanisms controlling the formation of a memory T-cell pool are controversial with 

suggestions that memory cell formation is a linear progression from effector cells(160) that 

have received a differentiation signal through CD40(111). However, the factors determining 

whether or not an effector T cell undergoes apoptosis or forms a memory cell are under 

debate. One proposal is that memory cells are derived from cells arriving in the lymph node 

late in the immune response and therefore receive low levels of stimulation. These cells 

proliferate and acquire effector function but do not receive sufficient signals to activate the 

death pathway(161). 
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Memory T cells are characterised by expression of CD44 and can divide slowly in the 

absence of antigen or signals through the TCR(162). Instead, CD8+ T cells require IL-15 for 

their maintenance(163, 164) and in accordance with this, express high levels of the IL-2R~ 

(CDI22) component of the IL-15 receptor(164). The stimulus required for CD4+ memory T

cell homeostasis is not known. However, the functional efficiency of memory cells 

maintained in the absence of TCR stimulation has been questioned(165, 166). Two memory 

CD8+ T-cell subsets have been identified based on CCR 7 and CD62L expression, homing 

preferences and kinetics of acquiring effector function (167, 168). Central memory cells 

express high levels of CCR 7 and CD62L and home to lymph nodes, whereas the effector 

memory subset expresses lower levels of both markers and home to peripheral tissues. Both 

subsets have the potential to produce effector cytokines, such as IFNy and rapid cytotoxic 

effector function, but the central memory cells also produce IL-2, proliferate and control 

viral infection much more effectively than the effector memory subset when adoptively 

transferred(168). Similarly, functionally distinct subsets have also been observed in CD4+ T

cell memory cells, but these are less well described(169). 

1.2.8 B lymphocytes and antibody effector function 

The third component of the adaptive immune response is the humoral (antibody) response 

provided by B lymphocytes. B cells are lineage derived from pluripotent stem cells in the 

BM, and develop along a complex differentiation pathway from pro-B cells to pre-B and 

immature B cell stages to acquire a mature B cell status(170), as defined in Figure 1.6. 

Multiple factors regulate this progression. A pivotal transducing agent is the Ig molecule, a 

component of the BCR (Figure 1.7). Signalling via the BCR is central to regulating much 

ofB cell differentiation(171). It functions to recognise antigen, mediated by the V regions of 

the Ig molecule. The Ig molecule is assembled early in B-cell ontogeny, starting at the pro

B cell stage. Two identical heavy chains and two identical light chains are assembled in a 

step wise developmental program. The V region domains are functionally rearranged by 

cutting and splicing together multiple V, D and J gene segments to yield functional VHDJH 

and V Lh exons. Assembly allows expression ofIgM on the surface of mature B cells prior 

to circulating in the periphery(172). The BCR is essential to survival in the periphery. 

Mature B cells encounter antigen in lymphoid tissue, which can lead to the formation of 

germinal centre (GC) in secondary lymphoid follicles(1 73l. In the formation of the GC, 

antigen presented by interdigitating follicular DC, recruits T-cell help leading to B-cell 

activation, proliferation and initiation of the somatic hypermutation mechanism in order to 
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B cells originate in the bone marrow from stem cells and differentiate into pro-B cells. Immunoglobulin heavy 
chain rearrangement and association with a surrogate light chain allows expression of a pre-BCR at the pre-B cell 
stage. From the pre-B cell stage it is thought that signals derived from the BCR drive B cell differentiation 
allowing cells to mature. Immunoglobulin light chain rearrangement occurs and a full BCR is expressed at the 
immature B cell stage. Figure courtesy ofMr. M. Fox . 
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develop antigen-specific high affinity B-ce11 clones(174, 175). Isotype switch events can also 

follow, and B cells exit the GC to two fates, either differentiation into memory B cells or 

plasma blasts committed to a plasma cell fate(117, 174). Antibody secreted by plasma cells 

mediates humoral responses, able to bind cell surface antigen and interact with effector cells 

such as macrophages and NK cells by cross linking of FcR, mediating antibody dependant 

cellular cytotoxicity (ADCC). Additionally, bound antibody can initiate the complement 

cascade resulting in inflammation and target cell lysis. 

1.2.9 Origins of B-cell tumours 

The interest in our laboratory has been on haematological malignancy, in particular B-cell 

tumours. A central goal in understanding the origins of B-cell tumours is to define the cell 

of origin giving rise to disease and its clonal history following malignant transformation. 

This also defines the most likely normal B-cell counterpart when malignancy occurs and the 

differentiation status of such a cell. Such analysis has important implications for 

vaccination strategies. It will be important to target antigens associated with tumour cells 

which are also expressed by the progenitor cell. Furthermore, defining the stage of 

neoplastic event can provide insight into critical cellular and molecular mechanisms which 

may be implicated in the neoplastic process. 

B cell tumours can arise at any stage of the normal B-cell differentiation pathway (Figure 

1.6), and analysis of Ig V genes can provide pivotal insights into the origin of disease. 

V(D)J assembly provides a signature CDR3 motif able to define and track any B-cell 

tumour. V genes can reveal whether the cell of origin has undergone somatic mutation 

events, generally associated with the Gc. In fact, mutational status now enables B-cell 

tumours to be classified as either having pre-GC origins, where V genes are unmutated, as 

arising in the GC where V gene mutations display intraclonal heterogeneity or as being 

post-GC or post-follicular, where tumours reveal no heterogeneity of somatic mutations 

(Figure 1.8)(176). 

Our focus has been on multiple myeloma (MM) , a disease characterised by accumulating 

malignant plasma cells in the bone marrow, typically isotype switched(177). V gene analysis 

has revealed a post-GC origin for these tumours(176). Currently MM remains incurable and 

disease features include high levels of secreted paraprotein, anaemia and osteolytic 

lesions(177). The advent of combination chemotherapy, novel therapeutic drugs and 

transplantation can now achieve remission in most cases with survival extended to a median 
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V(D)J recombination provides a signature CDR3 sequence which enables 
the tumour clone to be defined. The mutational status of V genes can reveal 
whether the cell of origin has undergone somatic mutation events, generally 
associated with the Gc. Analysis of the mutational status of the V genes 
allows B-cell tumour classification as either having pre-GC origins, where V 
genes are unmutated (such as unmutated chronic lymphocytic leukaemia), as 
arising in the GC where V gene mutations display intraclonal heterogeneity 
(such as follicular lymphoma) or as being post-GC or post-follicular, where 
tumours reveal no heterogeneity of somatic mutations (such as multiple 
myeloma). 
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of approximately 5 years(177). This provides a window of opportunity for vaccination 

against tumour antigens in a setting of minimal residual disease. 

1.3 Potential barriers to effective T-cell responses against cancer 

1.3.1 Peripheral tolerance 

Whilst central T-cell tolerance is achieved in the thymus (Section 1.2.1), not all self antigens 

are expressed in this site which allows self reactive T cells to pass into the periphery. This 

is encouraging for active immunotherapy designed to harness specific T-cell responses 

against tumour antigens as a large proportion of these antigens are self proteins. However, 

multiple mechanisms of peripheral tolerance exist to prevent recognition of self 

(autoreactivity). The issue of peripheral T-cell tolerance is particularly relevant in the 

setting of malignancy where tumour antigens may persist in the absence of an inflammatory 

signal. In this situation, DC peptide presentation to T cells can lead to T-cell deletion or 

anergy. Further modulation of self reactive T-cell activity is provided by the regulatory T 

cell (Treg, Section 1.3.2.). The normal mechanisms involved in limiting T-cell responses to 

self antigens will ultimately also playa vital role in tumour immune surveillance and need 

to be considered when designing immunotherapeutic strategies aimed at activating 

essentially self reactive lymphocytes. 

Our increased understanding of how T-cell responses are initiated has allowed insight into 

how T-cell responses may fail to become activated. Matzinger and colleagues(107) initially 

defined tolerance in a model system using the Qal antigen which requires CD4+ T-cell help 

for a CTL response. As expected, vaccination in the absence of helper determinants led to 

an undetectable CTL response. However, no CTL responses were detected following a 

boost in the presence of helper determinants(107). It was concluded that the Qa 1 specific T

cell repertoire was rendered tolerant to further activation. The activation state of the DC is 

now considered to be critical in deciding the fate of the responding T-cell population. Self 

antigen is generally not recognised by the immune system as it is rarely presented to APC in 

the presence of activating or 'danger' signals. Recognition of self antigen by T lymphocytes 

is in the absence of second signals is postulated to lead to a state of either immunological 

ignorance, a state of functional unresponsiveness or anergy. In circumstances where self 

reactive T cells are activated, regulatory mechanisms are in place to induce activation 

induced cell death in responding cells which are not dissimilar to the mechanisms regulating 

effector T-cell homeostasis via Fas, CTLA-4 and the IL-2 regulatory feedback loop. Murine 

50 



models harbouring defects in either of these molecular pathways display an increased 

propensity for autoimmune pathology(178-180). 

Cross-presentation of antigen may also lead to tolerance where activation induced apoptosis 

leads to deletion as demonstrated by Kurts et aZY81). In this model OT-l CD8+ T-cells 

specific for the OVA H-2Kb SIINFEKL peptide proliferate in the lymph nodes draining 

tissues which express the OVA transgene. However, increased OVA expression led directly 

to activation induced cell death (deletion) in the OT -1 population(181), whereas low level 

antigen expression in the pancreas was not cross presented and the CD8+ T cells remained 

ignorant (182). It has now been established that for cross-tolerance to occur, the DC must 

have undergone a threshold level of maturation(183, 184). As expected, immature antigen 

expressing DC (receiving no maturation signal) are unable to activate CD8+ T-cell effectors. 

DC receiving one maturation signal, for example TNFa in the absence of CD4+ T-cell help 

(and concomitant CD40 ligation) exhibit a 'semi state' of maturation, where an increase in 

co-stimulatory molecules such as CD86 is observed but these DC are unable to secrete high 

levels of pro-inflammatory cytokines(183). If these semi-mature DC are allowed to capture 

and cross present antigen to CD8+ T cells in vitro, CD8+ T-cell proliferation can be detected 

but effector CD8+ T -cells secreting IFNy are not generated. These CD8+ T cells are then 

unable to respond to further stimulation and the majority ultimately undergo programmed 

cell death. In contrast, DC cross-presenting antigen and matured with anti-CD40 antibodies 

were able to stimulate CD8+ T-cell effectors in vitro. Comparable findings have also been 

reported for cross tolerance in CD4+ T cells(185). 

1.3.2 Regulatory CD4+ T cells: a role in peripheral tolerance 

Treg cells do not impart permanent functional tolerance in the peripheral T-cell pool but 

rather modulate T-cell responses to ensure suppression of self reactivity. Therefore it is 

likely that these cells play a role in suppressing T-cell responses in cancer and/or 

immunotherapy and will need to be addressed in DNA vaccination strategies. 

At least three distinct subclasses of CD4+ Treg have been described in the mouse(186, 187). 

Type Treg (Trl) and Type 3 Treg (Th3) cells characteristically secrete 

immunosuppressive cytokines, predominantly IL-IO and transforming growth factor (TGF) 

~ respectively. The mechanisms responsible for the initiation of suppression are still 

unclear, but cytokine release is likely to take effect in an antigen non-specific bystander 

manner(186). Both IL-I0 and TGF~ have multiple and sometimes apparently contradictory 
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effects on multiple cell types. Notably they have the ability to down modulate professional 

APC function, antigen expression and co-stimulatory capacity, as well as the ability to 

impair T-cell function directly by inhibition ofIL-2 production(187). 

The third subclass of murine Treg cells was originally identified by Sakaguchi et al. (188) and 

were characterised by their expression of the IL-2 receptor a chain (CD2S). Sakaguchi 

demonstrated that transfer of murine BALB/c splenocytes depleted of CD4+CD2S+ T cells 

into nu/nu mice led to spontaneous autoimmune diseases, which was circumvented by the 

subsequent transfer of the CD4+CD2S+ T-cell population(J88). Further work by Thornton et 

al. (189) demonstrated that CD4+CD2S+ T cells could inhibit CD2S- T cells when stimulated 

by anti-CD3 in vitro. Since this early work this particular population of lymphocytes have 

been characterised further. It is now known that they differentiate from immature 

thymocytes in the thymus into mature, activated cells that are functionally unresponsive to 

TCR stimulation (are naturally anergic)(190). However, it seems that for suppression to occur 

TCR stimulation is required, but subsequent suppressive activity is antigen non-specific(191, 

192). Possible mechanisms of suppressor activity are still controversial. It has been shown 

that although CD4+CD2S+ T-cells express TGF~ and elevated levels of IL-10, a role for 

soluble suppressor cytokine(s) has not been confirmed. Anti-TGF~ blocking antibodies can 

prevent suppressive activity in vitro but transwell systems have indicated that cell contact is 

necessary(l89). There is also some evidence to suggest CD4+CD2S+ T cells can inhibit IL-2 

production in the responder T cells(189). CD4+CD2S+ T cells have also been shown to 

constitutively express CTLA-4, and anti-CTLA-4 blocking antibodies can induce 

autoimmune reactivity suggesting a role for this molecule in suppressor function(193). 

However, other work suggests that Treg mediated and CTLA-4 mediated regulation of T

cell activation are functionally separate(194). Despite the debate surrounding the mechanism 

of action of CD4+CD2S+ T cells, their functional role in vivo has been extended to include 

the regulation of CD8+ T cells in response to infection(195. 196). In vitro studies suggest 

CD4+CD2S+ cells can inhibit both proliferation and IFNy production in the responder CD8+ 

T cells(192). Furthermore, a role for Treg cells in suppression of anti-tumour immunity has 

been demonstrated in murine tumour models(197. 198). 

Human CD4+CD2S+ T cells have also been isolated and display an in vitro phenotype and 

suppressor activity similar to their murine counterparts. Human CD4+CD2S+ T cells are 

functionally unresponsive to TCR stimulation and require cell contact to mediate 

suppression; with a role for soluble suppressor cytokines thus far ruled out(199-201). 
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Interestingly, a group of patients with multi organ autoimmunity display a mutation in the 

gene Foxp3 which encodes a transcription factor. Studies in murine cells demonstrated that 

expression of this gene resided within the CD4+CD25+ T-cell subset: forced expression in 

CD2Y T cells converts the phenotype to a suppressive form, with the ability to prevent 

inflammatory bowel disease in severe combined immunodeficiency (SCID) mice(202). 

Although much uncertainty surrounds this cell population, it is becoming increasingly clear 

that Treg cells reveal a potential to impact on many key areas of immunology, in addition to 

modulation of self reactive T-cell activation. Their ability to suppress responder CD4 + and 

CD8+ T-cell populations will have effects on immune responses to pathogens, tumour 

immunotherapy and vaccination programs. 

1.3.3 Tumour escape from immunological attack 

Peripheral T-cell tolerance and the actions of suppressor T cells are just some of the 

mechanisms by which tumour cells can 'escape' immune mediated pressure. Other 

mechanisms include direct effects of secreted or expressed molecules from the tumour cells 

themselves. 

The realisation that various tumour cell types express FasL has led to the suggestion that 

tumour cells can 'kill' T cells expressing Fas on their surface, allowing tumour cells to 

'escape' immune destruction(203). This possibility however, remains controversial(204, 205). 

The expression of FasL on activated T cells following interaction with tumour cells has led 

to the suggestion that Fas-FasL interactions between T cells themselves may lead to T cell 

apoptosis or fractricide(206). Tumour cells have also been shown to down-modulate their 

MHC class I expression, normally through hypermethylation of HLA loci, mutations in ~2M 

or deficiencies in TAP1I2 expression(207-209), whilst simultaneously increasing their non

classical MHC expression such as HLA-G in response to inflammatory cytokines(21O). 

These modifications allow increased avoidance of tumour antigen-specific T cells with 

simultaneous protection from NK cell attack. In a similar manner, tumour antigen 

expression has also been found to be decreased or absent in response to immune 

pressure(211). Tumour cells can also secrete immunosuppressive molecules, for example 

cytokines, which can inhibit the response of the T cells infiltrating the tumour site(212). The 

best characterised immunosuppressive cytokines are IL-l 0 and TGF~. IL-IO can dampen T

cell functions such as proliferation as well as modulate immune responses through effects 
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on APC. DC exposed to IL-I 0 have lower levels of co-stimulatory molecules and are more 

likely to anergise T cells rather than activate them(213). 

Some of these difficulties are now being addressed by vaccination regimens such as 

targeting multiple tumour antigens simultaneously, but others are more likely to require 

local modulation of the tumour environment(214). 

1.4 Vaccination against cancer 

The goal for immunotherapeutic strategies targeting cancer is to design an optimal vaccine 

that when delivered to the patient's immune system will raise a relevant, potent and specific 

immune response to a chosen tumour antigen and to establish immune memory. The 

strategy will also need to overcome any immunological tolerance or ignorance that may 

exist, whilst precluding the generation of autoimmune responses. It is likely that the most 

successful vaccines will target more than one tumour antigen or antigenic epitope at once to 

circumvent the ability of tumour cells to escape immune pressure through antigen loss. In 

addition the vaccine would ideally be cost effective, relatively easy to manipulate and have 

the potential for application to a wide range of patients. 

1.4.1 Target tumour antigens 

An important consideration for immunotherapy is the target tumour antigen. The ideal 

tumour antigen would be tumour specific and homogeneously expressed within a given 

tumour clone and at different stages of disease. A tumour antigen that is expressed in a 

wide variety of tumours of different histological type would also be advantageous, 

potentially allowing a generic vaccine to be designed. The tumour antigens that have been 

described to date however only fulfil some of these criteria. 

Tumour antigens can be described as tumour associated antigens (T AA) where the antigen 

is expressed in various tissues but is over expressed within the tumour clone, or tumour 

specific antigens (TSA) where the antigen expressed is unique to tumour cells arising as a 

result of re-expression of particular genes, genetic mutations and translocations, or viral 

transformation. Examples of tumour antigens from these catagories are shown in Table 1.3, 

and have been reviewed extensively elsewhere(215). For immunotherapy, the tumour specific 

antigens are more attractive as no risk of concomitant autoimmunity is posed. For B cell 

tumours including MM, the B cell idiotype represents a prototypical tumour antigen target 
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Table 1.3. Human tumour antigens 

Antigen category Examples I Tumour Examples of 
I 

I specific tumours expressing 
the antigen 

Differentiation Melan-A No (expression Melanoma 
antigens limited to a few 

tissues) 

Clonally Idiotypic Yes B cell malignancies 
expressed determinants T -cell malignancies 
antigens of the BCR 

and TCR 

Onco-viral Human Yes Cervical cancer 
antigens Papilloma 

Virus type 16 I 
and 18; E6 
and E7 genes 

Over-expressed MUCl, No (selective Epithelial 
antigens carcino- over-expression 

embryonic in tumours) 
antigen 

Cancer testis MAGE, NY- No (expressed Melanoma and 
antigens ESO-l I only in immune various other 

I privileged sites) histological types 

Genetic mutations p53, N-ras I Yes Tumours of various 
histological type 

I 

Chromosomal Bcr-Abl (b3a2 Yes Chronic myeloid 
translocations fusion protein) leukaemia 

Examples of human tumour antigens known to contain immunogenic epitopes 
recognised by antibody or T cells. 
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being exquisitely unique to each tumour clone. The use/or generation of tumour specific 

anti-idiotypic antibody can induce protection upon tumour challenge in animal models of 

lymphoma and myeloma(216). For myeloma, which is surface immunoglobulin negative but 

MHC class I positive, it will also be feasible to harness cellular (T-cell) responses against 

tumour cells. This has opened up the possibility of targeting other intracellular or secreted 

antigens associated with MM such as the mucins (e.g. MUCI), and the cancer testis antigens 

(CTA, e.g. MAGE or NY-ESO-I). The use of additional tumour antigen targets may 

combat the outgrowth of clonal antigen-loss variants. Our particular interest has been on 

inducing CTL responses to target CTA and MUCI and these will be discussed further in 

Chapters 2 and 3. Importantly in MM, it is known that the CD8+ TCR repertoire to at least 

some antigenic epitopes within CTA and MUC 1 proteins have not been deleted in patients 

with late stage disease (Tables 2.1 and 3.2). Immunotherapeutic strategies used in this 

patient group have also demonstrated the ability to activate MUCI and CTA specific T cells 

with some notable low level responses to tumour apparent (Tables 2.3 and 3.2). 

1.4.2 Vaccination strategies against cancer 

A number of different vaccination strategies have been described and can be divided into 

two broad categories, passive immunotherapy and active immunotherapy. Passive 

immunotherapy describes the administration of immune modulating molecules synthesised 

in vitro. Active immunotherapy, in contrast, activates the immune system to generate an 

anti-tumour response and to promote immune memory. 

1A.2.1 Passive immunotherapy 

Monoclonal antibodies (mAb) specific for tumour antigens or cell surface markers have 

been a therapeutic option for cancer patients and one success story is anti-CD20 mAb, 

'retuximab'. CD20 is expressed on >95% ofB celllymphomas(217), and the administration 

of retuximab in conjunction with chemotherapy increased response rates in patients with 

non-Hodgkin lymphoma and mantle celllymphoma(218). Radiolabelled anti-CD20 mAb has 

also been developed in an attempt to increase tumour cell lysis. In phase III trials, the 

administration of radiolabelled anti-CD20 resulted in increased response rates when 

compared to retuximab(218). The main disadvantage of monoclonal antibody therapy is that 

eventually the antibody will be degraded and further administration will be required. 
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Allogeneic stem cell transplant using MHC matched donor lymphocytes was originally 

designed to reconstitute a patients immune system following bone marrow ablation. 

However it was soon established that even MHC matched donor cells were recognising 

recipient cells with evident graft versus host disease (GvHd) and that a correlation existed 

between the severity of the GvHd and the tumour burden. It was in fact soon realised that 

donor T cells were largely responsible for effective graft versus leukaemia (GvL) effects 

through recognition of minor histocompatibility antigens expressed on host cells; in some 

cases these antigens are preferentially expressed on malignant leukaemic cells(219). Since 

this time, adoptive cellular therapy has advanced and become an attractive strategy for 

enhancing immune responses to tumour. Here the aim is to tip the balance in favour of GvL 

by expanding donor T cells in vitro against specific tumour antigens, whilst precluding 

GvHd. The efficiency of adoptive T-cell therapy has been demonstrated in pre-clinical 

models and the results of clinical studies look promising(220, 221). The administration of 

cytokines for cancer therapy has also been extensively researched as a possible mechanism 

to activate adaptive immune effector cells non-specifically. Systemic administration of IL-2 

and IL-12 have been attempted but with severe toxic side effects(222, 223). Their use in 

combination with adoptive T-cell therapy is a more realistic option, and IL-2 has been 

shown to promote T-cell survival following autologous adoptive transfer into patients with 

melanoma(220) 

1.4.2.2 Active immunotherapy 

Before the identification of tumour antigens, the methods use to generate immune responses 

to tumours were non-specific and involved using autologous or allogeneic irradiated tumour 

cell vaccines or tumour cell lysates. More recently this approach has been rendered more 

potent with the introduction of cytokine genes into the tumour cells, and the transfection and 

expression ofGM-CSF has had some success in animal models(224). The main limitations to 

this approach include accessing sufficient tumour cells followed by the long process of 

establishing stable transfected clones. The unknown antigen specificity of responses 

generated also makes clinical trials difficult to monitor and extrapolate. 

The identification of tumour antigens has permitted the development of a broad range of 

immunotherapeutic strategies. The current differences between vaccine design and 

immunisation protocols utilised by different research groups along with the difficulty in 

correlating immune responses with clinical responses makes evaluating and comparing the 

efficiencies of these strategies complicated. 
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Vaccinating with tumour antigen protein or antigen derived MHC class I and II peptides is a 

well established approach. The absence of danger signals in these vaccine preparations has 

led to the combined use of adjuvant, such as incomplete Freunds adjuvant (IF A), 

stimulatory cytokines such as GM-CSF, or conjugation to xenogeneic sequences such as 

keyhole limpet haemocyanin (KLHi214). Clinical responses have been observed following 

peptide vaccinations but these are inconsistent(214). Further improvements to immune 

responses generated by peptide vaccination have been achieved with the use of peptide 

analogues, where one or more amino acid changes are introduced to promote binding to the 

MHC and/or recognition by the TCR(225). This approach relies on the induction of TCR 

cross-reactivity with the naturally expressed tumour antigen epitope. One advantage of 

using peptide vaccines is their ease of synthesis and storage, their major drawback however, 

is the identification of HLA binding peptides within a given tumour antigen. 

A more powerful approach to immunotherapy is the use of antigen loaded autologous DC 

preparations. Human DC are generated from in vitro culture with GM-CSF and IL-4 before 

being activated through CD40 for example. Various techniques are available to load DC 

with antigen, including co-culture with MHC class I and II tumour antigen derived peptides, 

feeding DC with tumour cell lysate or recombinant tumour protein(226, 227). DC can also be 

transfected with tumour derived DNA, RNA or viral vectors encoding tumour antigens(226, 

228,229). Early clinical trials have established that this vaccine modality is safe and is able to 

activate antigen-specific T-cell responses(230-232). This strategy is held back not only by the 

difficulties in isolating human DC but also by the labour intensive DC culture and antigen 

loading. Autologous DC from cancer patients also commonly harbour defects in activation 

and cytokine profiles(230) 

A further mechanism of activating specific tumour antigen immunity is through genetic 

immunisation. Bacterial DNA vectors are one such option and are discussed in more detail 

below (Section 1.5). Viral vectors are also amenable to cancer immunotherapy and include 

attenuated pox viruses such as modified vaccinia Ankara (MV A) and canarypox, or viral 

vectors that have been disabled preventing them from replicating in the host such as 

adenovirus. The DNA sequence of the chosen target tumour antigen can be inserted into the 

vector and, following vaccination, is transcribed and translated in vivo. This approach has 

resulted in evident T-cell responses in patients(233), but this is associated with neutralising 

antibodies to the vector preventing a vaccination boost(233, 234). 
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Several immunotherapeutic approaches mentioned above have been used to target myeloma. 

In particular, IFNa has been used in conjunction with chemotherapy to try to prolong the 

maintenance phase of myeloma. However, although relapse free survival is increased, the 

effect is not dramatic and is associated with severe side effects(235) Monoclonal antibody 

therapy has also been used in MM and mAbs designed to target IL-6 in combination with 

chemotherapy led to favourable responses rates(236). Vaccination srategies to target the 

tumour idiotype have also been assessed for efficiency in MM. Patients receiving 

autologous Id conjugated to KLH following high dose chemotherapy developed anti-Id 

antibody responses(237), and some patients receiving idiotype peptide pulsed DC developed 

transient T-cell proliferative responses(238). 

Whilst advantages and disadvantages exist for all forms of immunotherapy, we have chosen 

to focus on DNA vaccination. 

1.5 DNA vaccines 

The idea of DNA vaccination originated from the seminal discovery that any potential 

antigen encoded by plasmid DNA could be expressed as a protein in situ when injected into 

muscle(239). Furthermore, vaccines encoding the nucleoprotein from influenza virus were 

shown to induce both T- and B- cell responses, as well as protect from viral challenge(240). 

An application for DNA vaccines in infectious disease and cancer immunotherapy was 

evident. 

DNA vaccmes overcome many of the problems highlighted by other active 

immunotherapeutic strategies mentioned above. Firstly they are simple to construct and 

store and are cost effective. If necessary, patient specific vaccines can be made with ease. 

There is no need for additional adjuvants, but it is likely that for successful application to 

humans, DNA delivery will need to be enhanced, and this is being investigated. 

A DNA vaccine is composed of four pivotal features (Figure 1.9). Firstly, a circular 

plasmid of bacterial DNA provides the backbone within which reside immune stimulatory 

sequences (ISS) that serve to activate the innate immune system (Section 1.5.1.1). 

Secondly, within the circular plasmid lies a multiple cloning site (MCS) allowing easy 

molecular manipulation for target gene insertion. Thirdly, the target gene lies downstream 

of a strong viral promoter, commonly the cytomegalovirus (CMV) promoter, to enhance 

gene expression in vivo. Finally, the presence of a polyadenylation sequence at the 3' end 
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Figure 1.9. DNA vaccine format 

The DNA vaccine format(241) permits transcription of encoded antigen from a strong viral 
promoter. Injected naked DNA vaccine may either directly transfect the muscle cell or the 
APC. The APC may also acquire exogenous antigen for cross-priming. Immunostimulatory 
sequences in the form of CG dinucleotides (CpG) in the plasmid backbone further activate 
APC through the Toll-like receptor 9 (TLR-9). 
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enhances RNA stability. In our laboratory, modifications are also made to enhance target 

gene expression further. The addition of a Kozak sequence to the 5' end promotes 

ribosomal recognition(242), we also incorporate a leader sequence which has been shown to 

enhance antibody responses(243). 

1.5.1 Pathway of activation of the immune response by DNA vaccination 

1.5.1.1 Activation of innate immunity 

Bacterial plasmid DNA contains immunostimulatory sequences m the form of hypo

methylated CG dinucleotides or CpG motifs(244). These sequences, in association with 

preferential flanking residues, activate cells of the innate immune system in a number of 

vertebrates(244). The underlying cause of this immune stimulation is the much reduced 

frequency of CpG motifs in vertebrate genomes, and where CpG motifs are observed, the 

flanking residues differ from those in bacterial DNA. Consequently, these fundamental 

differences allow bacterial DNA to be distinguished within the vertebrate host. DNA 

containing hypomethylated CpG has recently been shown to activate both human and 

murine immune cells via TLR_9C245. 246). TLR-9 is contained intracellularly and has been 

found to be expressed in B cells, and importantly for DNA vaccination in DC(244. 247). TLR-

9 binding initiates intracellular signalling cascades which lead to cell activation and 

maturation. For DC, an up-regulation of co-stimulatory molecules such as B7.1, B7.2 and 

CD40 is seen along with an increase in MHC class II molecules on the cell surface(244) 

Additional affects include an increase in pro-inflammatory (T H 1) cytokine secretion such as 

IL_li244). These changes in phenotype equip the DC with the ability to efficiently prime a 

T-cell response. It should also be noted however, that only plasmacytoid DC express TLR-

9 in humans which, due to their localisation, are unlikely to come into direct contact with 

plasmid DNA following vaccination. This has raised concerns over the effectiveness of 

DNA vaccines in humans, however more recently it has been demonstrated that DNA 

vaccine induced CD8+ T-cell responses are observed in both TLR-9+/+ mice and TLR-9-/

mice suggesting a redundancy in the system(248). 

1. 5 .1.2 Activation of adaptive T-cell immunity 

Whilst the plasmid backbone itself can activate the innate arm of the immune system, for 

adaptive T-cell responses, DNA encoded antigen must be synthesised in vivo before being 

processed and presented on MHC molecules. One fundamental advantage here is that 
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protein folding and post-translational modifications take place within a mammalian cell. 

Following vaccine injection in the muscle, there is evidence to suggest that muscle cells are 

directly transfected with DNA and synthesise encoded antigen(21, 22). From here endogenous 

antigen can reach the MHC class I presentation pathway, however myocytes do not express 

co-stimulatory molecules and therefore no effective T-cell responses can be generated by 

this route. Instead, as discussed previously, circulating BM derived APC are crucial for the 

effective induction of an immune response, and are equally as important for generating 

immune responses following DNA vaccination(249, 250). Transfected myocytes may act as 

depots for synthesis of the encoded gene, and from here, secreted antigen can be taken up 

and processed by local APC(24). In this situation, antigen can be presented in complex with 

MHC class II via the exogenous route or alternatively in complex with MHC class I via 

cross presentation. In addition, APC may also become directly transfected with naked DNA 

themselves allowing endogenous protein synthesis of antigen(23). Evidence for both direct 

transfection of myocytes and of local APC exists and it is likely that both occur to a degree 

following vaccination. Either way, peptide presentation in association with MHC class I 

and MHC class II molecules will be achieved permitting T-cell activation. 

Importantly, there exist multiple DC subtypes that appear to have different roles in the 

induction of an immune response, which to some extent will depend on the type and site of 

exposure to antigen. Plasmacytoid DC primarily reside in the lyphoid organs and the 

blood, and as mentioned above are unlikely to come into contact with DNA at the injection 

site; however, they do have a prominent role in producing type 1 interferons which 

promotes the activation and maturation of other DC as well as T cells in the vicinity(251). 

The APC SUbtypes resident in the tissue are varied, but can be generally described as 

interstitial DC (CD 11 b + CD8a -). Langerhan cells belong to this group and are well studied 

examples found in the skin. There is evidence to suggest that interstitial DC can acquire 

DNA following injection at the muscle and skin, and that these DC can migrate to the local 

draining lymph nodes(21, 252). Furthermore, promoting the recruitment of CDII b + DC 

subset to the site of DNA vaccination with MIP I-a has been shown to augment the T cell 

response to DNA vaccination(253). The question of whether these DC are actually 

responsible for T cell priming has not been evaluated fully with regard to antigen presented 

via DNA vaccination but this question has been addressed in other model systems. Injection 

of soluble antigen intravenously led to detectable antigen within CD8a+CD4-, 

CD8a-CD4+, and CD8a-CD4- DC subtypes resident in mouse spleen. Whilst both CD4-

DC subtypes were capable of inducing CD4+ T cell proliferation in vitro, only the CD8a+ 
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DC subtype was capable of inducing CD8+ T cell proliferation in vitro(74). Since the CD8a + 

DC subtype is predominantly found in the secondary lymphoid organs, it has been 

suggested that this subset acquires antigen in the lymph node, possibly from migrating 

interstitial DC, for cross presentation to CD8+ T cells. In agreement with this idea, CD8a + 

DC were the only DC subtype capable of priming CD8+ T cells following intravenous 

injection of cellular antigen in ~2M deficient cells(73). Furthermore, radioresistant 

Langerhan cells were not necessary for CTL priming following administration of viral 

antigen (HSV) at the skin site, instead the CD8a+ DC subtype were implicated(254). 

Injection of DNA plasmid at the skin site using biolistic delivery followed by DC subtype 

depletion has also demonstrated the importance of DEC205+ DC (incorporating both CD8a 

positive and negative DC) in T cell responses(255). From these data, it is clear that further 

work is needed to define the DC subtypes responsible for T cell priming following DNA 

vaccination at various sites. 

1.5.1.3 Requirement for CD4+ T-cell help: the role of Fragment C 

As discussed earlier, for optimal T-cell responses CD4+ T-cell help is required in most 

cases. Following DNA vaccination, there is evidence to show that T HI CD4+ T-cells playa 

fundamental role in providing cognate help for both antigen-specific CD4+ and CD8+ T 

cells(256). This is achieved through signals to the APC via CD40, increasing its capacity to 

present both MHC class I and II peptide complexes. 

The development of DNA vaccines against B-cell malignancies in our laboratory initially 

focused on the unique tumour associated idiotype encoded by VH and V L genes. DNA 

vaccination was investigated in murine models of lymphoma (A3I) and myeloma (5T33). 

Injections with plasmid DNA encoding murine A3I lymphoma V genes in a single chain 

variable fragment (scFv) format failed to induce anti-idiotypic antibodyC216, 257). One 

possible explanation for this finding was that scFv, being an autologous sequence, was 

unable to induce a strong inflammatory signal and therefore no CD4+ T helper response was 

generated. This problem was overcome by fusing scFv to a 'foreign' bacterial derived 

protein, fragment C (FrC) of tetanus toxin. Vaccination with scFv-FrC yielded high levels 

of anti-idiotypic antibody affording protection against tumour challenge(216). Fusion was 

critical for protection, as presenting scFv and FrC on separate plasmids abrogated the 

response. 
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Tetanus toxin belongs to the Clostridium tetani family of neurotoxins and comprises two 

polypeptide chains linked together with disulphide bonds, with a size approximating to 

150KDa. This protein can be processed into a 50KDa light (L) chain and a 100KDa heavy 

(H) chain(258). The H chain can be cleaved further into an N-terminal portion, HN, and a C

terminal portion, He or fragment C. X ray crystallography has demonstrated that FrC 

contains two domains, an N-terminaljelly roll domain (domain 1) and a C-terminal ~-trefoil 

domain (domain 2) (Figure 1.10)(259). FrC is non-toxic and has been used successfully in a 

variety of protein conjugate vaccines(260). One reason for the success of this strategy is the 

efficiency with which FrC induces T-cell help. It contains within the first of its two 

domains a p30 universal helper epitope (FNNFTVSFWLRVPKVSASHLE) which can 

interact with multiple MHC class II molecules (human and mouse) and activate FrC p30 

specific CD4+ T cells(261). These in turn augment all arms of the adaptive immune response 

and promote immune memory (Figure 1.11). 

1.5.1.4 Optimisation of DNA vaccine design 

The activation of antigen-specific T cells has also been demonstrated in our laboratory by 

means of a DNA vaccine encoding scFv-FrC against the surface Ig-negative murine 

myeloma 5T33. This vaccine mediated protection against tumour challenge in mice(2161, and 

revealed a critical role for idiotype-specific CD4+ T cells (unpublished data) likely to be 

through indirect mechanisms of tumour cell killing(262). This result also suggested that 

intracellular immunoglobulin encoding idiotype was being processed by DC and presented 

on MHC molecules to T cells. Significantly, these findings open up the potential of an array 

of other endogenous tumour antigens for targeting by DNA vaccines. 

Extending DNA vaccines to target other intracellular tumour antigens, which are presented 

as peptide fragments on MHC class I molecules prompted modification of DNA vaccine 

design. Clearly, in relation to myeloma and other tumours which are HLA class I positive, 

inducing CTL will be a particularly useful line of attack and this was the central aim of this 

project. 

To induce effective anti-tumour CTL responses, a number of factors need to be considered 

to optimise DNA vaccine design. One aspect concerns APC processing and presentation of 

DNA vaccine encoded antigen. Here, an important consideration is the phenomenon of 

immunodominance, which will influence DNA vaccine design targeting single and multiple 
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Domain 1 Domain 2 

r 

p30 peptide 

Figure 1.10. The structure offragment C of tetanus toxin 

FrC of tetanus toxin contains two domains, an N-terminal jelly roll 
domain (domain 1) and a C-terminal ~-trefoil domain (domain 
2)(259). It contains within domain 1 a p30 universal helper epitope 
(FNNFTVSFWLRVPKVSASHLE) which can interact with multiple 
human and mouse MHC class II molecules to activate FrC p30 
specific CD4+ T helper cells. 
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Tumour antigen - FrC fusion protein 
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Figure 1.11. Mechanism of activation of an immune response by FrC fusion vaccines 

DNA vaccine encoded tumour antigen fused to FrC acquired by the APC through direct 
transfection or cross-priming mechanisms is degraded into peptide fragments for 
presentation on MHC molecules. CD8 + T cell epitopes encoded within the tumour antigen 
are presented on MHC class I molecules for recognition by CD8 + T cells. Likewise CD4+ 
T cell epitopes encoded within the tumour antigen or FrC are presented on MHC class II 
molecules for recognition by CD4+ T cells. Activation of both CD8+ and CD4+ T cells 
requires co-stimulatory signals from the APC. Activated FrC or tumour antigen-specific 
helper CD4+ T cells (TH) augment all arms of the immune response. Firstly, signalling 
through CD40L-CD40 activates the APC increasing its capacity to provide co-stimulation 
to effector CD8+ and CD4+ T cells. Secondly, release of soluble factors (cytokines) can 
also promote activation of CD8+ and CD4+ T cells as well as B cells. 
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tumour antigen derived epitopes. This has led to the design of a second generation DNA 

vaccine for optimal CTL induction in our laboratory. The MHC class II 'helper' 

determinants contained within the first domain of FrC are clearly critical. However, FrC 

contains potentially immunodominant MHC class I epitopes within its second domain, and 

it was possible that these would compete with MHC class I epitopes within the fused tumour 

antigen, and so this domain was removed. Further in design, it was reasoned that the C-end 

rule would be important in vaccine optimisation to target MHC class I epitopes. Here 

tethering a known MHC class I restricted antigenic epitope to the C-terminus of encoded 

protein has been shown to enhance CTL responses(43, 263). One possible explanation for this 

observation is that the correct C-terminus of the peptide is already established precluding 

the necessity for proteasome digestion and any possible concomitant epitope destruction. 

To test this design, an intracellular MHC class I epitope from carcinoembryonic antigen 

(CEA) was fused to the C-terminus of full length FrC or the first domain of FrC (DOM). 

Whilst both vaccines were able to induce CEA peptide-specific CTL as demonstrated by in 

vitro killing assays, fusion of the CEA peptide to the C-terminus of DOM significantly 

enhanced CTL induction(263). It was believed that by removing the competing 

immunodominant murine HLA class I peptides located within the second domain of FrC the 

CTL response was enhanced. However, the helper T-cell epitopes (p30 and possibly others) 

within p.DOM remained intact and provided sufficient linked T-cell help for CTL induction. 

This design of DNA vaccine has now been validated for a well characterised murine tumour 

antigen from the CT26 colon carcinoma. CT26 carries an endogenous retrovirus, murine 

leukaemia virus (MuL V), which encodes the envelope protein gp70. Within the gp70 

sequence lies an immunodominant CD8+ T-cell epitope, designated AHI (SPSYVYHQF). 

The p.DOM-AHl vaccine was constructed and shown to induce CTL that can be detected ex 

vivo, and were effective in tumour cell lysis in vitro(264). In protection experiments, only 

mice vaccinated with pDOM-AHl have a survival advantage when compared to vaccines 

encoding either full length FrC or full length gp70. 

Further improvements in vaccine design have been sought using a dual expression vector to 

deliver a model antigen. Under the control of promoter one (SV 40) is the SIINFEKL 

minigene with leader. Under the control of the second promoter (CMV) is the Ii, however 

the CLIP region which is normally targeted to MHC class II binding groove, has been 

replaced with p30 from Fre. This design is proposed to enhance delivery of the 'helper' 

determinant to the cell surface in complex with MHC class II, and subsequently enhance T H 

cell responses. In turn, the increased T-cell help is proposed to promote CD8+ T-cell 
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responses to SIINFEKL. Comparison of this vaccine design with the p.DOM.epitope design 

showed the induction of a larger number of IFNy secreting peptide-specific CD8+ T cells, 

which had higher avidity and increased ability to lyse cancer cell targets in vivo 

(Thirdborough, S. et al. in preparation). 

Promoting tumour antigen-specific CD4+ T-cell responses with DNA vaccination has also 

been addressed in our laboratory. Fusion vaccines encoding scFv from the A31 murine 

lymphoma model fused to either potato virus X coat protein (PVXCP) or FrC provided 

protection from tumour challenge(265). Fusion to FrC promoted Id-specific antibody 

responses responsible for tumour protection, however, fusion to PVXCP promoted Id

specific CD4+ T cells responsible for tumour protection. 

1.5.1.5 Optimising DNA vaccine delivery 

Improvements to vaccine delivery will be necessary for the successful application of DNA 

vaccines to humans and are currently being investigated in our laboratory. Experiments 

designed to assess injection volume and dose (DNA concentration) in mice have shown that 

both variables have significant effects on T-cell responses induced using the p.DOM.epitope 

design, confirming other investigations using alternative DNA vaccine designs(21, 266). 

Increasing both volume and DNA concentration results in increased numbers of peptide

specific CD8+ T -cells detectable ex vivo until a plateau is reached (Buchan, S. et al. 

submitted). These data indicate that in order to induce optimum T-cell responses, a certain 

level of tissue damage and DNA transfection needs to occur. 

Mathieson and colleagues(267) have pioneered plasmid DNA vaccination III combination 

with electrical stimulus to promote DNA transfection in vivo. Enhanced CD4+ and CD8+ T

cells responses as well as elevated antibody levels have been achieved using this method 

compared to intramuscular injection alone(268). Our laboratory has also been involved in a 

collaborative investigation into the use of electroporation in combination with the 

p.DOM.epitope DNA vaccine design. At suboptimal DNA concentration, both antibody 

and CD8+ T-cells responses were improved (Buchan, S. et al. submitted). 

Additional methods to promote DNA vaccine induced responses through enhanced DNA 

uptake are also currently being analysed in our laboratory. The first is DNA adsorption onto 

cationic microparticles followed by intramuscular injection. At sizes of less than 5/-LM, 

microparticles are efficiently taken up into APC, resulting in enhanced antibody and cellular 

immune responses in comparison to intramuscular injection of naked plasmid DNA (269). 
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The second DNA delivery method being analysed involves DNA adsorption onto gold 

particles followed by gene gun/biolistic delivery. Here, particles are forced under high 

speed into skin or muscle, with the aim of increasing DNA transfection in vivo. This 

delivery method has been shown by others to amplify both humoral and cellular immune 

responses to a model antigen in comparison to injection of DNA at the muscle site(270). 

l.5.l.6 DNA vaccines in the clinic 

The validation of the DNA vaccine design in our laboratory against tumour idiotype in the 

A31 lymphoma and 5T33 myeloma mouse models led to the approval of phase IIII clinical 

trials designed to evaluate human scFv-FrC vaccines. Three trials are underway, in 

follicular lymphoma (FL), multiple myeloma and in chronic lymphocytic leukaemia (CLL). 

In FL and CLL, vaccination is being carried out for patients in remission after 

chemotherapy. In the case of MM, a unique setting is being explored: vaccination of a 

normal donor for allo-transfer of educated lymphocytes. Trial patients are being assessed 

for anti-Id and anti-FrC antibody and T-cell responses. These are being measured by 

specific ELISA, proliferation and ELI SPOT. 

DNA vaccines used to immunise against infectious disease such as HIV, hepatitis Band 

malaria have also reached clinical trial and have demonstrated their safety as well as their 

ability to promote HIV specific antibody responses in infected patients(271), hepatitis B 

surface antigen-specific antibody responses(272) and CDS+ T-cell and CD4+ T-cell responses 

to a malaria parasite circumsporozoite protein in healthy individuals(273). The combination 

of DNA priming against the malaria antigen TRAP followed by a boost with a modified 

vaccinia virus (VV) in healthy individuals also led to detectable T-cell responses that were 

predominantly CD4+. Levels of T cells were greater after the heterologous prime-boost 

regimen compared to single vaccination with DNA or VV or homologous DNA-DNA or 

VV -VV prime boost regimens and resulted in partial protection with delayed parasitemia 

upon subsequent sporozoite challenge(274). Optimal responses from DNA vaccination may 

therefore result from combination with other vaccination strategies. 
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1.6 Aims of this research project 

In multiple myeloma, as in other haematological malignancies, conventional therapy can 

bring disease into remission. This provides an opportunity for vaccination to generate 

potent immune responses to eradicate residual tumour cells. We have focused on using 

bacterial plasmid DNA vaccines encoding tumour-associated antigen, which activate both 

innate and adaptive immunity. Our aim is to develop effective DNA vaccines for potential 

clinical application in cancer. We have previously formulated use of DNA vaccines to 

induce protective immunity in murine models of myeloma and lymphoma. Our findings 

indicate a requirement for co-provision of a pathogen derived sequence, fragment C of 

tetanus toxin within the DNA vaccine. Fragment C fusion allows the generation of 

protective anti-Id antibody and T-cell responses, most likely through mechanisms ofT-cell 

help. We have now developed DNA vaccines further to target antigens that are expressed in 

association with MHC class I molecules. Here, a candidate tumour antigen MHC class I 

epitope is fused to the C-terminus of the first domain of FrC (DOM), retaining provision of 

T-cell help. 

For myeloma, the CTA and MUCI tumour antigens have emerged as commonly expressed 

candidate target antigens, but will require different considerations for active vaccination. 

This research project is focused on developing DNA fusion vaccines to target these 

antigens. Specifically, the aims are: 

III To develop a tumour model to examine design and efficacy of DNA fusion vaccines 

targeting CT A. 

III To develop and evaluate DNA fusion vaccine designs to target MUCl in wild type 

and transgenic models. 

III To assess the cellular (CD4+ and CD8+ T cells) immune responses elicited by 

differing vaccine designs when targeting CTA and MUCl. To analyse the role of 

CD4+ and CD8+ T cells in providing protection from tumour challenge in these 

settings. 

III To interpret the findings from this thesis to improve the clinical application of DNA 

vaccmes. 
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2 Developing DNA fusion vaccines to target a class of 

commonly expressed intracellular antigens: the cancer testis 

antigens 

2.1 Introduction 

The appeal of targeting a universal antigen common to many histologically varied tumours 

is obvious, as a generic vaccine against such antigens will have widespread application. 

The usefulness of these antigens is amplified further if their expression is tumour specific. 

The cancer testis antigens (CTA) fulfil these criteria and appear exemplary. However, their 

intracellular location will require specific vaccination strategies designed to harness T-cell 

responses. 

2.1.1 Human eTA: identification, expression and function 

Tumours which naturally regress are associated with immune responses mounted against 

tumour cells and significantly, offer real hope for vaccine therapies aimed at generating 

anti-tumour immunity. One of the clearest indications of immune mediated tumour 

regression has been observed in melanoma associated with vitiIigo(275), and provided the 

basis of the discovery of a new class of T AA, the CTA. This new class of T AA were first 

identified from CTL clones generated against a patient derived melanoma cell line (MZ2-

MEL), which were shown to recognise a short peptide fragment MZ2_E(276). CTL activity 

against clones derived from a cosmid library generated from MZ2-MEL led to the 

identification of the gene encoding MZ2-E, called melanoma antigen gene (MAGE) 1 

(subsequently called MAGE Al )(276,277). Hybridisation analysis of southern blots of human 

DNA using a MAGE Al probe uncovered cross-reacting fragments, which when identified 

revealed that MAGE Al was a member of a multi gene family(276, 278). Further refined 

analysis of genomic and cDNA libraries with this probe yielded the identification of 12 

closely related genes, which co-localised on the X chromosome (MAGE AI_I2)(278). 

Subsequently, two related MAGE gene families were identified, also located on the X 

chromosome and named MAGE Band C(279-281). At this time, MAGE A-C were considered 

to be CT A prototypes as their expression was limited to tumours of various histological 

types and to normal cells of the testis and placenta, both these sites being immunologically 

privileged. Now, several MAGE families are known (MAGE A_F/282), but MAGE D-F by 

contrast have been shown to be expressed in a restricted panel of normal tissues(283-286). 
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Similar and additional approaches led to the identification of several other CTA-like genes 

in humans. T-cell epitope cloning has identified BAGE(287) and 8 members of the GAGE 

family(288, 289). Serological analysis of cDNA expression libraries (SEREX), based on 

natural humoral responses to tumour cells, has delineated the NY -ESO-I (290), CAGE-l (291) 

and SSX-2 (HOM-MEL-40) genes(292). Differential gene analysis, which compares mRNA 

expression in tumour vs. normal or testis tissue, further identified the SAGE(293), HAGE(293) 

and LAGE(294) genes from human sarcoma and melanoma cell lines. PAGE and XAGE 

have also been identified using this method(282) as has CTpl1 (or SPANX)(295), CTlO(296) 

and MMA 1 a and 1 b(297). In silico comparisons of expressed sequence tags (ESTs) have also 

yielded identification of a number of CTA homologues, which extends CTA family 

members further(298). Clearly a multitude of genes are now known with CTA or CTA-like 

characteristics. More advanced analysis has revealed that the expression of many of these 

genes remains restricted to the testis as originally observed, however expression of a 

growing number of these genes is being detected in non-gametogenic tissues(284-286, 297-299). 

Importantly, their expression pattern raises different immunological considerations for 

intervention. For intracellular antigens, T-cell attack will be necessary and a variety of 

epitopes predicted to bind to MHC class I and MHC class II molecules have been reported, 

which are described in Tables 2.1 and 2.2. 

Expression of CTA in malignant and normal tissues has been assessed at the RNA level by 

RT-PCR and to a limited degree by immunohistochemical staining, as only a restricted 

number of antibodies have been described specific for MAGE AI, A3, A4, C 1 and NY-ESO-

1 (300). CTA expression has been described in a variety of solid tumours such as bladder 

cancer and prostate cancer but has been most widely analysed in melanoma, breast cancer 

and lung cancer(301). Our focus is on haematological malignancies and in particular multiple 

myeloma. Expression analysis of CTA in haematological malignancies however, has not 

extensively documented. Nonetheless CTA expression of a restricted number of genes has 

been described in acute myeloid leukaemia (AML)(302), chronic myeloid leukaemia 

(CML)(302), T-cell lymphomas(303), Hodgkins lymphoma(304) and multiple myeloma(300, 305, 

306) 

Initial findings reported the expression of MAGE A and C, as well as BAGE, GAGE and NY

ESO-I in mUltiple myeloma. MAGE-AI and A3 were shown to be expressed in malignant 

plasma cells by RT-PCR in 62% (13/21) patients(306). In a separate study, 14/27 stage III 

myeloma patients were shown to express at least one of the MAGE A genes (AI, 2, 3, 4, 6, 

10 or 12) by RT-PCR. 7/27 from the same patient sample were positive for BAGE, 15/27 
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Table 2.1. MHC class I epitopes described for human CTA. 

Gene HLA Peptide sequence Processed Evidence Ref 
binding and for T-cell 

presented repertoire 
by tumour III 

cells? humans 
(t) 

MAGE HLAAI EADPTGHSY(l61_169) Nd Yes (305) 

Al HLA-A2 KVLEYVIKV(278_2s6) Yes Nd (307) 

HLA-A3 SLFRA VITK(96-104) Yes Yes (30S) 

HLA-A24 NYKHCFPEI(l35-143) Yes Yes (309) 

HLA-A28 EVYDGREHSA(222_231) Yes Yes (30S) 

HLA-B53 DPARYEFL W(258-266) Nd Yes 
(308) 

HLA-Cw2 SAFPTTINF (62-70) Yes Yes 
(30S) 

HLA-Cw3/ SAY GEPRKL(230-238) Nd Yes 
(305,30S) 

Cw16 

MAGE HLA-A2 YLQLVFGIEV(157-166) Yes Yes (310,311) 

A2 HLA-A2 KMVELVHFLCI12-120) Yes Yes (310,311) 

MAGE HLAAlI B35 EVDPIGHLY(16S-176) Yes Yes (312) 

A3 HLA-A2 FLWGPRALV (271-279) * Yes t Yes (313) 

KVAELVHFL(112-120) Yes Yes 
(311) 

HLA-A24 IMPKAGLLI(l95-203) Yes Yes 
(314) 

TFPDLESEF(97_105) Yes Yes 
(314) 

HLA-B44/ MEVDPIGHLY(l67-176) Yes t Yes 
(312) 

B35 

MAGE HLA-A2 GVYDGREHTV(230_239) Yes Yes 
(315) 

A4 

MAGE HLA-A2 GLYDGMEHL(254-262) Yes Yes 
(316) 

AIO 

MAGE HLA-A2 FLWGPRALV(271_279) * Yes t Yes (313) 

AI2 HLA-Cw7 VRIGHLYIL(l70-178) Yes Yes 
(317) 

MAGE A HLA-B3701 REPVTKAEML(127-136) Yes Yes 
(31S) 

1,2,3,6 

MAGE HLA-A2 YLEYRQVPV(240-24S) Yes - native Nd 
(319) 

AI, 2,3, 'heteroc1itic' peptides 
4,6, 12 

BAGE HLA-CwI6 AARAVFLAL(2_10) Nd Nd (305) 

GAGE 1, HLA-Cw6 YRPRPRRY(9-16) Nd Nd 
(305) 

2, 8 
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GAGE 3, HLA-A29 YYWPRPRRY(8_16) Nd Yes 
4,5,6,7 

LAGE HLA-A2 MLMAQEALAFL(I_II) Yes Yes 
(ORF 2)** 

NY-ESO- HLA-A2 SLLMWITQC(FL )(157-167) *** Yes Yes 
1 HLA-A31 ASGPGGGAPR(53_62) Yes Yes (ORFl)** 

NY-ESO- HLA-A31 LAAQERRVPR(l8-27) Yes Yes 
1 
(ORF2)** 

t - In the presence of IFNy 
t - PBMC used were collected from individuals with and/or without cancer 
Nd - Not determined 
* - Peptide from MAGE A3 and A12 are identical 
** - LAGE and NY-ESO-I both contain two different open reading frames (ORF) 
*** - Optimal peptide sequence not fully defined 

Table 2.2. MHC class II epitopes described for human CTA 

Gene HLA Peptide sequence Processed Evidence 
and for T-cell 
presented repertoire 
by tumour In 

cells? humans 
(~) 

MAGE HLA-DP4 TQHFVQENYLEY(247-258) Yes Yes 
A3 HLA-DRll TSYVKVLHHMVKISG(281_295) Yes Yes 

HLA-DR13 AELVHFLLLKYRAR(114_127) No Yes 

LLKYRAREPVTKAE(121_134) Nd Yes 

NY- HLA-DP4 SLLMWITQCFLPVF* (157-170) Yes Yes 
ESO-l HLA-DR1 PGVLLKEFTVSGNILT Yes Yes 

RLTAADHR(119-143) 

HLA-DR4 119-143 Yes Yes 

HLA-DR7 119-143 Yes Yes 

HLA-DR11 119-143 Yes Yes 

HLA-DR53 119-143 Yes Yes 
.. t -PBMC used were collected from mdlVlduals wIth and/or wIthout cancer 

N d - Not determined 

* - Peptide encodes both MHC class I and class II binding motifs 

(289) 

(320) 

(321-323) 

(324) 

(324) 

Ref 

(325) 

(326) 

(327) 

(327) 

(328) 

(329) 

(329) 

(329) 

(329) 

(329) 

74 



for GAGE, 18/27 for LAGE-l and 10/27 for NY-ESO_i305
). 

Expression analysis carried out in various tumour types has highlighted the degree of 

heterogeneity of expression between patients(305, 330). The question of heterogeneity of 

expression between different tumour cells from the same patient has also been raised, and 

the limited data described to date illustrate that this too varies between patients. 

Immunohistochemical data has revealed patient samples with homogenous expression and 

other patients with intraclonal heterogeneity in myeloma(300, 305, 330). Interestingly, CTA 

expression appears to correlate with disease progression, with a much higher percentage of 

melanoma metastases being positive for at least one CTA compared to their non-metastatic 

counterparts(331). Similarly, CTA expression in myeloma also appears to correlate with 

disease progression, as in the benign condition, monoclonal gammopathy of undetermined 

significance (MGUS), LAGE-l was positive in only 1/6 patient samples, and for myeloma 

stage I and II samples, only 1/8 samples were positive for GAGE by RT_PCR(305). In 

contrast 24/27 myeloma stage III patient samples were positive for at least one of the genes 

tested. This expression pattern has also been observed in myeloma samples using 

immunohistochemistryC300) and may suggest a functional correlation between CTA 

expression and malignant clone formation or evolution. 

Whilst expression heterogeneity needs to be carefully analysed, it is likely that both the 

number of different CTA and the number of different T-cell epitopes described for each CTA 

(Tables 2.1 and 2.2) will allow the incorporation of a high percentage of patients into 

vaccination trials. Furthermore CTA expression appears to be associated with promoter 

demethylation(332, 333), and demethylating agents may find a use in combination with targeted 

vaccination strategies. 

Despite the vast array of data describing the identification of CTA, their function remains 

largely unknown. An approximately 30% homology exists between the conserved C

terminus of the MAGE family of proteins with a necdin consensus sequence(334). Necdin is 

a nuclear protein expressed in post-mitotic neurons and is thought to be involved in cell 

cycle regulation(335, 336). It can interact with E2Fl in a manner analogous to retinoblastoma 

(Rb) protein, preventing E2F 1 trans-activated genes mediating cell cycle progression. 

Necdin can also interact with p53 and act as an inhibitor of apoptosis(334). MAGE D 1 (or 

NRAGE) has also been shown to interact with p75 neurotrophin receptor which can mediate 

cell apoptosis(336). The HAGE protein incorporates a DEAD box motif (Asp-Glu-Ala-Asp) 

that is also found in RNA helicases designed to facilitate correct RNA folding(293, 337). 
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2.1.2 Immunotherapy targeting eTA 

CT A specific antibody and CTL can be generated from patients peripheral blood suggesting 

that in these cases central tolerance is incomplete. The intracellular location of the target 

proteins however will negate any useful potential of antibody responses either mounted 

naturally or through vaccination protocols. Antigen-specific CDS+ T cells on the other 

hand, are likely to be effective at eliminating CTA + tumour cells and vaccination strategies 

should focus on generating efficient CTL responses. 

Several CTL epitopes have been identified from a number of CT A, using CTL generated 

from cancer patients, normal volunteers or HLA-A2 tg mice (Table 2.1). The role of CD4+ 

T cells in immune responses to CTA are also beginning to be explored and MHC class II 

epitopes have now been described (Table 2.2). 

To date, phase I and II clinical trials have assessed the use of peptide and protein 

vaccination or autologous peptide pulsed DC as well as viral gene delivery. Some 

encouraging results have been obtained and are summarised in Table 2.3 and selective 

results are discussed below. 

Peptide vaccination protocols are designed to focus the CTL response on one or several 

predicted MHC class I epitopes within a given antigen; 2 studies are reviewed: 

(a) 25 metastatic melanoma patients vaccinated with MAGE-3Al peptide (EVDPIGHL Y) 

resulted in clinical responses in 27% of the cases (3 complete responses (CR) and 4 partial 

responses (PR)), however there was no evidence of CTL responses(338). In a follow up 

study, in vitro re-stimulation of peripheral blood mononuclear cells (PBMC) with peptide, 

CDS+ T-cell cloning and highly sensitive tetramer staining allowed the detection of CTL 

responses in 4/9 patients with tumour regression and only 1114 patients with progressive 

disease suggesting a correlation between peptide-specific CTL induction and clinical 

response(339). 

(b) In 12 patients with NY-ESO-I expressing tumours of vanous histological types 

vaccinated with a CTL peptide alone and 50 days later with peptide and GM-CSF, 417 

patients made a specific CTL response which showed some correlation with stable 

disease(340). 

Whole protein based vaccines are designed to provide the naturally occurring amino acid 

sequence to the immune system. This allows processing and presentation of encoded MHC 
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Table 2.3. Vaccination based clinical trials designed to target eTA 

Tumour Vaccine Adjuvant No. of Immune Clinical Reference 
Patients response response 

Melanoma 3 MAGE Al + melanoma cell None 57 57% demonstrated Not defined (341) 

lines enhanced IgG levels 
a Melanoma HLA-Al epitope from None 25 Not defined 3 complete response, (338) 

MAGEA3 (EVDPIGHLY) 4 partial response 

Melanoma HLA-Al epitope IFA 18 5114 made specific Not defined (342) 

(EVDPIGHLY) from MAGE CTL response 
A3 + MHC class II epitope 
PADRE 

Melanoma HLA-AI epitope from None 23 4/9 had detectable 9 partial response (339) 

MAGEA3 (EVDPIGHLY) or CTLp 
b 

canary pox encoding 
111lmgene 

c Melanoma Mix of3 HLA-A2 NY-ESO-I +/- GM-CSF 12 417 made specific CD8+ 3 stable disease (340) 

and others peptides T-cell response 

Melanoma MAGE AI, A3, Melan None 22 HLA-A2 59% to MHC class I Not defined (343) 

A/MARTI, tyrosine and peptides from at least 
gpl00 one antigen 

Melanoma MAGE A3, MARTI, tyrosine None 131 HLA-Al, 56% CD8+ T-cell Not defined (344) 

and gpl00 A2 response to at least one 
antigen 

Melanoma Recombinant MAGE A3 SBAS-2 39 (HLA-Al, Not defined 2 partial response, 2 (345) 

and others linked to protein D from H. A2, B44) mixed response and 1 

Injluenzae stable disease 

--..l 
--..l 



d 

--.) 
00 

Table 2.3. continued 

Tumour Vaccine 

Melanoma DC/HLA-A1 MAGEA3 
peptide (EVDPIGHL Y) + 
TT or tuberculin 

Melanoma DC/peptides from Melan 
A/MART-I, tyrosinase, 
MAGEA3 and gp100 

Melanoma DC/peptides from MART-I, 
tyrosinase, MAGE A3 and 
gp100 

Melanoma DC/peptides from MART-I, 
tyrosinase, MAGE A3 and 
gp100 

Melanoma DC loaded with KLH and 
MHC class II (HLA-DP4 
and DR13) peptides from 
MAGEA3 

Bladder DC/HLA-A24 MAGE A3 
cancer peptide (IMPKAGLLI) 

Gastro- DC pulsed with HLA-A2 
intestinal (FLWGPRALV) or HLA-
carcinoma A24 (IMPKAGLLI) 

epitopes from MAGE A3 

Adjuvant 

None 

None 

None 

None 

None 

None 

None 

-_ ........ _-_ ... _---

I Clinical I I No. of Immune Reference 
Patients response response 

11 8111 made specific 6 partial response (346) 

CTL response 

18 1611 8 made enhanced 7 partial response (347) 

HLA-A2 T-cell response to at 
least one antigen 

2 HLA-A2 CTL response to Progression slowed (348) 

several antigens 

32 Not defined 3 complete response, 5 (214) 

partial response 

16 IFNy release upon Not defined (349) 

recognition of MAGE 
A3+, HLA-DP4+ 
targets 

4 Not defined 1 complete response, 2 (350) 

partial response 

9 4/8 made specific 3 partial response (351) 

CTL response 



class II epitopes through the exogenous route. CD4+ T-ceIIs activated by this route may in 

turn provide T-ceII help for CD8+ T-ceIl responses activated through cross-presentation. 

(c) In one study of melanoma, 22 HLA-A2 patients were vaccinated with a cocktail of 

melanoma antigens, including MAGE-A 1, MAGE-A3 and the differentiation antigens 

Melan A/MART 1 and gplOO. CTL responses to at least one of the antigens were detected 

in 59% of the sample(343). 18% made a specific response to one of the MAGE proteins. 

Peptide pulsed DC vaccines provide both peptide-MHC complexes as weII as co-stimulation 

for direct activation ofCD8+ T ceIIs and CD4+T cells. 

(d) In one study, 11 metastatic melanoma patients were vaccinated with autologous DC 

pulsed with MAGE-3A1 peptide and recaII antigens from tetanus toxin and tuberculin 

which resulted in 8/11 patients generating a specific CD8+ T-cell response(346). Regression 

of skin metastases was evident in 6111 of these patients. 

The data arising from these clinical trials indicates that the CT antigens are weak 

immunogens. This suggests that effective CTL induction will most likely require CD4+ T 

helper ceIl responses. In fact, in a very recent report, vaccine design based on a single 

peptide with MHC class I and class II specificities was able to generate NY-ESO-1 specific 

CD4+ and CD8+ T ceIIs in vitro(328). Although it is now clear that immunotherapy can 

successfully lead to effective immune responses to tumour antigens such as NY-ESO-I, it 

has also been observed that, as a consequence of immune pressure, antigen and MHC loss 

tumour variants arise(211). It may therefore be more advantageous to develop 

immunotherapeutic protocols aimed at raising multiple T-cell responses against various 

different intracellular antigens. Another hurdle to overcome with respect to targeting the 

CT A, and other tumour antigens for that matter, is the possibility of suppression of tumour 

antigen-specific T cells by CD4+ CD25+ Treg cells in vivo. Experiments undertaken in vitro 

with human PBMC have demonstrated that removal of the Treg subset allows the expansion 

of naturally occurring autoreactive NY-ESO-I specific CD4+ T cells(352), implying that this 

may also be the case in vivo. 

2.1.3 Murine eTA 

Murine homologues of the human MAGE genes have been identified and are represented by 

the Mage ai_8(353) and Mage bi-4 genes(354, 355). Like their human counterparts, they are not 

expressed in normal tissues except germ ceIIs of the testis. As such, they may facilitate the 

development of a murine tumour model to examine vaccination based immunotherapy for T-
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cell attack against CTA. In line with this a Mage a2 H-2Kd CTL epitope has been defined 

and mice vaccinated with adenovirus encoding the Mage a2 sequence and or peptide 

sequence have been shown to induce CTL(356). In addition, the tumour cell line B78HI was 

shown to express Mage a2 by RT-PCR, and in vitro CTL assays demonstrated endogenous 

processing of this peptide at low levels. However, limited information regarding expression 

of the Mage family in murine tumour cell lines, as well as the lack of defined MHC class I 

binding peptides makes this approach more challenging. 

In contrast, the P815 mastocytoma, originally induced in DBA/2 (H_2d
) mice using 

methyl cholanthrene, is a well studied murine tumour model to evaluate immunotherapeutic 

approaches to target human CTA. Again, the use of powerful CTL cloning strategies 

identified a panel of anti-P8I5 CTL clones, which indicated that the original tumour cell 

line expressed at least five distinct tumour antigens, P8I5 -A, -B, -C, -D and _E(277, 357). 

CTL epitopes A and B were shown to have a linked expression(358), antigen loss variant 

P8I5 cells commonly became resistant to anti-A CTL in the absence of resistance to anti-B 

CTL (P8I5kB+), whereas, resistance to anti-B CTL was always accompanied by resistance 

to anti-A CTL (P8I5kB-). Expression ofC, D and E CTL epitopes were shown not to be 

linked. 

The gene encoding tumour antigens A and B has since been cloned, and identified as 

P lA(277). PIA spans approximately 5kb and contains 3 exons, with an open reading frame 

(ORF) located within exons 1 and 2, encoding a protein of 224aa with a putative molecular 

weight of 25kDa. The function of the protein remains unknown. However, homology exists 

to the murine nuclear proteins nucleolin and nucleolar protein(277). Importantly, analysis of 

the expression of PIA in normal murine tissues using Northern blots and semi-quantitative 

RT-PCR revealed that less than I % of P8I5 levels could be identified in the spleen, thymus, 

bone marrow, kidney, liver and lung(277, 359). In contrast, levels of PIA expression in the 

testis (spermatogonia) and placenta (labyrinthine trophoblasts) were high, demonstrating a 

pattern of PIA expression as parallel to human CTA. A precise mapping of CTL epitopes 

encoded by PIA was determined using tumour derived clones which became resistant to a 

number of anti-P8I5 CTL. Resistant clones were found to have point mutations at codons 

40 or 42 suggesting the peptide recognised by the CTL was in this region of the gene. 

Overlapping peptides were synthesised surrounding codons 40 and 42 revealing a nonamer 

LPYLGWLVF (codon 35-43) which sensitised tumour cell targets to both anti-A and anti-B 

CTL (358,360). Therefore both anti-A and anti-B CTL recognised different regions of the same 
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epitope, PIA/AB. Transfection of murine MHC class I molecules (Kd
, Dd and Ld

) into a 

fibroblast (H-2K) cell line demonstrated that the PIA/AB epitope was restricted by H-

2L d(277). 

The gene encoding P815-E (PI E) has also been identified(361). This gene is virtually 

identical to the gene encoding the ubiquitously expressed murine methionine sulfoxide 

reductase (MsrA) from normal somatic cells. However, the PIE gene sequence in P815 

tumour cells harbours a single point mutation at position 704 which leads to a Gly~Arg 

transition at codon 221. There is no evidence that this mutation is oncogenic and a screen of 

6 distinct murine mastocytomas and leukaemias were found to be negative. Overlapping 

peptides spanning this region of the gene were generated and a decamer GYCGLRGTGV 

(codons 216-225) sufficed to sensitise target cells to lysis by anti-PIE CTL clones. This 

peptide was found to be expressed in the context of H-2Kd
, and exhibits the correct binding 

motifs of tyrosine at position 2 and leucine, isoleucine or valine at position 9 or 10. The 

genes encoding the P815 antigens C and D have, as yet, not been cloned, and their function 

remains unknown. 

Clearly, the P815 derived PIA/AB epitope presents a useful model antigen in the context of 

CTL attack on CTA. Several vaccination approaches to target PIAIAB have been 

investigated as summarised in Table 2.4. The use of live LI210 tumour cells transfected 

with the P I A gene and B 7.1 as a vaccine resulted in 12/15 mice surviving to day 40 as 

compared with 3115 control animals when challenged with P815 tumour cells(362). 

However, most vaccinated mice were culled due to P815 tumour burden by day 100 

indicating a short term effect. A significant proportion of P815 tumour cells collected from 

animals at later time points (day 40-70) were found to have lost the expression of the AB 

epitope. Importantly it was also shown with this vaccine that induction of AB specific CTL 

did not result in an inflammatory response in the testis, nor was fertility affected(359). 

Peptide vaccination strategies have used the AB nonamer alone or in conjunction with IL-12 

and QS-21 adjuvant (personal communication, Uyttenhove, C.). CTL responses were only 

detected when IL-12 and QS-21 were co-administered. Several adenoviral vector constructs 

encoding either the PIA/AB minigene, the first 83 amino acids of PIA, or the first 83 amino 

acids of PIA fused downstream of the invariant chain sequence were evaluated as 

vaccines(363). Vaccination with the minigene vector induced only weak CTL that could be 

boosted by peptide PIA/AB in QS-21. The remaining two constructs were able to elicit 
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Table 2.4. Vaccination approaches designed to target PIA/AB. 

Vaccine CTL Protection Reference 
Response 

P815 cells Yes Yes against P815 (jb4) 

P1A + B7.1 transfected Yes Yes against P511 (jO\:l) 

tumour cells (No 60% at day 40 (362) 

inflammatory 25% at day 25 
response in 
testis) 

P1A1AB peptide No Not tested t-'ersonal commUniCallOn, 

Uyttenhove, C. 

P1A1AB peptide Yes Not tested 
+IL-12 and OS-21 
Adenoviral vector Weak Not tested (jbj) 

encoding AB minigene (boosted by 
peptide + 
adjuvant) 

Adenoviral vector Yes Not tested Personal communication, 

encoding 83aa from P1A 
Uyttenhove, C. 

Chimeric Papillomavirus Yes Yes against P815 (jbo) 

virus-like particles progressor cell line 
encoding 90 base pairs 60% at day 30 
of P1A. 
Semliki Forest viral Yes Yes against P815 (jbb) 

vector with full length 50-60% at day 100 
P1A 
Phage display particles Yes Yes against P815 (SOf) 

expressing P1A1AB progressor cell line 
peptide 70% at day 60 
DNA vaccine encoding Yes Yes against P815 (;)bl5) 

full length P1A linked to 60% at day 50 
an epitope tag 
P1A1AB peptide pulsed Yes but not Not tested (SOl:1-Sfl) 

DC + helper epitopes or with peptide 
IL-12 or extended P1A1AB 
peptide alone 
P1A1AB peptide pulsed Yes Yes against (SfL) 

DC + IL-12 P1.HTR1 
100% at day 30 

CD40L matured DC Yes Yes 89% at day 60 (jfj) 

pulsed with P1A1AB against P815 
peptide 
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effective CTL, but protection from tumour challenge was not analysed. Colmereo et aP66) 

alsoused a Semliki Forest viral vector encoding the whole P JA gene sequence, where AB

specific CTL were inducible and mediated protection from tumour challenge. However, 

viral based therapies preclude multiple vaccinations. PIAIAB peptide pulsed DC have also 

been examined in a vaccination protocol. No CTL activity was detected when vaccinating 

with the pulsed DC alone, but responses were readily detected by the addition of T helper 

epitopes from tetanus toxin or the co-administration of IL_Ii371 ) or by increasing PIA 

peptide length(370). These studies have demonstrated induction of PIAl AB specific CTL, 

and confirmed a requirement for CD4+ T-cell help in priming PIAIAB specific CD8+ T 

cells. Despite the success in generating PIAIAB specific CTL following vaccination and 

re-stimulation in vitro, the actual levels of tumour protection observed in vivo are not 

exceptional. In addition there is little information regarding the actual numbers of activated 

epitope-specific CD8+ T cells ex vivo following different vaccination methods but the 

indication from this limited data is that no correlation exists between the numbers of 

peptide-specific CD8+ T cells and the level of tumour cell killing both in vitro and in vivo. 

Finally the relationship between the affinity and/or avidity of the PIAIAB specific CD8+ T 

cells and the levels of tumour protection also remains elusive. 

2.1.4 Aims of this study 

.. Evaluate the efficacy with which p.DOM.epitope DNA vaccine design incorporating 

the PIAIAB motif induces CD8+ T-cell responses. 

.. Quantify the CD8+ T-cell response following vaccination with p.DOM-PIAIAB. 

.. Evaluate the ability of activated PIAIAB specific CD8+ T cells to kill tumour cells 

in vitro. 

.. Assess the ability ofp.DOM-PIAIAB vaccination to induce protective immunity. 

• Analyse the expression of P JA in tumours cells growing in mice following 

vaccination with p.DOM-PIAIAB. 

It Extend the PIAIAB peptide sequence fused to p.DOM to incorporate the PIA 

encoded putative MHC class II motif. Analyse whether vaccination with p.DOM

ABlong can induce both PIA specific CD8+ T cells and CD4+ T cells. 

It Compare the p.DOM-PIAIAB DNA vaccine design with DNA vaccines encoding 

full length PIA to induce PIAIAB specific CD8+ T cells detectable ex vivo. This 

allows the evaluation of the efficacy with which the putative PIA encoded MHC 

class II epitope can activate CD4+ T cells and provide T-cell help. 
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• Compare p.PIA with DNA vaccines encoding full length PIA fused to FrC or DOM 

to induce PIA/AB specific CD8+ T-cells detectable ex vivo. Here additional MHC 

class II epitopes provided by FrC or DOM may amplify the CD8+ T-cell response. 

• Investigate protocols targeting two antigens expressed by the same tumour cell. 

P8I5 expresses the PIE epitope as well as the viral CTL epitope AHl. 
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2.2 Results 

2.2.1 Expression of eTA in a panel of murine tumours 

Our initial studies were aimed at identifying a suitable murine tumour model displaying 

CTA expression. Several murine tumours of diverse histological type were screened using 

RT-PCR assay for the expression of both murine Mage a and b family genes, the 

homologues of the human MAGE genes. These tumours included the myeloma cell lines 

ST2, ST13 and ST33. In 10/10 tumour lines analysed, each was negative for expression of 

Mage genes (Table 2.S). It has been demonstrated that human MAGE expression can be 

induced in vitro using a de-methylating agent S' -aza 2-deoxycytidine (DAC)(374). We 

evaluated this agent as an inducer of murine CTA gene expression by incubating the tumour 

cell lines MOPC-31S, EL-4, and P81S for 72 hours with 1)..tM DAC. For MOPC-31S, DAC 

concentration was titrated further at I-8)..tM. RT-PCR analysis of cell lines after treatment 

revealed that Mage expression was not inducible (data not shown). Consequently we opted 

to utilise the P81S tumour to model our strategy for targeted therapy using DNA vaccines. 

2.2.2 Expression of PiA and PiE 

We confirmed expression of both PiA and PiE by RT-PCR. Expression of PiA was 

verified in P8IS and a sub-clone PSI 1 and was absent in PI-204, a further P8IS sub-clone, 

and in BCL I used as a control (Figure 2.1). PiE expression was also verified in P8IS and 

its two sub-clones PSI1 and PI-204 and was absent in BCL I (Figure 2.1). 

2.2.3 DNA vaccine constructs 

A panel of DNA vaccines were designed and constructed (represented in Figure 2.2). 

Integrity of each DNA vaccine was confirmed by restriction enzyme digest, DNA sequence 

analysis and in vitro transcription/translation (data not shown). Each of the vaccines 

expressed a protein of the expected size, calculated approximately by assuming an average 

molecular mass for each amino acid to be 110 Daltons. The two plasmids, p.AB and 

p.ABlong encoded proteins too small to be detected using the in vitro 

transcription/translation system. 
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P1A675bp~ 
P1 E 387bp~ 

Table 2.5. Expression of the Mage genes in murine tumours 

Tumour Type Magea Magea2 Magea5 Mageb Mageb3 
consensus consensus , 

A31 B cell (lymphoma) - * nd , -
EL4 T cell (lymphoma) 1-
C6VL T cell (lymphoma) . nd 
5T13 B cell (myeloma) nd - * ' nd 
5T2 B cell (myeloma) nd nd ' nd 
5T33 B cell (myeloma) 

I 

32Db3a2 Myeloid cell line nd nd i nd nd 
32DdRI Myeloid cell line nd nd nd nd 
B16 Melanoma 
CT26 Colon carcinoma nd nd nd 1 nd 

RT-PCR was performed to evaluate the expression of murine Mage genes in various murine 
tumour cell models. Primers used were either generic (consensus) for all Magea or Mageb 
genes or they were specific for the family members Magea2 and a5 and Mageb3. No tumour 
cell line screened was positive for Magea or h. 
nd = not determined 
* = DNA contamination 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

P815 P511 PI-204 

Figure 2.1. Expression of genes PIA and PIE in the murine tumour 
model P8IS and its derivatives 

RT-PCR assays were carried out to evaluate the expression of PIA and PIE and fJ actin in 
murine tumours. Amplified DNA products from P815 are shown in lanes 1-4, P511 lanes 6-
9, PI-204lanes 10-13 and BCLI lanes 15-18. 
Lanes 1,6, 10 and 15: PIA 
Lanes 2, 7, 11 and 16: PIE 
Lanes 3, 8, 12 and 17: ~ actin control 
Lanes 4, 9, 13 and 18: blank 
P8I5 is positive for the expression of PIA and PIE. P51! is positive for the expression of 
PIA and PIE. PI-204 is positive only for the expression of PIE. BCL I does not express 
PIA or PIE. 
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Fragment C 

tt1228-l236 

Figure 2.2. Diagrammatic representation of DNA vaccines encoding 
PiA derived sequences 

P1A/AB (LPYLGWLVF) maps to codons 35-43 and AB10ng (EILPYLGWLVFA) maps 
to codons 33-44 within the PIA gene. PIE (GYCGLRGTGV) maps to codons 216-222 
within the murine methionine sulfoxide reductase (MsrA) gene. tt1228-1236 
(GYNAPGIPL) is a H_2d MHC class I epitope from the second domain ofFrC. 
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2.2.4 Monitoring anti-FrC antibody responses following vaccination 

Vaccine induced anti-FrC antibody IgG titres were assayed by ELISA to confirm expression 

and correct folding in vivo. Antibody levels were assayed in serum collected from mice at 

day 42 following 4 vaccinations with DNA constructs (Figure 2.3). Anti-FrC antibody 

responses were inducible using p.DOM-P1A1AB, p.DOM-ABlong and p.DOM constructs 

but were not detected following vaccination with p.PIAFrC or p.PIADOM. This may 

reflect incorrect folding of P1AFrC and PIADOM in vivo. p.PIA vaccinated mice showed 

no specific anti-FrC responses as expected. 

2.2.5 Vaccine p.DOM-PIA/AB can induce epitope-specific CDS+ T-cells 
detectable ex vivo 

To investigate the ability of the vaccine p.DOM-PIA/AB to induce epitope-specific CD8+ T 

cells, groups of 2-3 DBA/2 mice were vaccinated once and spleens taken at day 14 or day 

21 for analysis. Pooled splenocytes were stimulated in vitro for 4 hours with the AB peptide 

and then stained with fluorochrome labelled mAbs specific for MHC class II, CD8 and IFNy 

and analysed by F ACS. MHC class II positive cells were excluded from analysis and the 

number of CD8+ IIFNy double positive cells was calculated as a percentage of total CD8+ T 

cells. This vaccination experiment was repeated 4 times: 3 times after one vaccination and 

spleens taken at day 14 and once after one vaccination and spleens taken at day 21. 

However, a conclusive positive result was detected only once at day 14 (Figure 2.4). CD8+ 

T-cells (1.5%) induced with p.DOM-P1A/AB were specifically activated by the AB epitope 

and produced IFNy, as compared to 0.07% CD8+ T cells from mice vaccinated with the 

control vaccine p.DOM and a background staining of 0.25% using isotype control 

antibodies. The absence of detectable epitope-restricted CD8+ T-cell responses in some of 

these experiments may be due to the sensitivity of the assay, since only small numbers of 

cells are activated after one vaccination. It is also possible that by pooling splenocytes from 

groups of vaccinated mice, individual responses could be masked by animals in which no 

response occurs. Therefore, subsequent assays were performed on spleens from individual 

mice. A DNA boost was also given in some experiments to analyse whether this would 

enhance the numbers of detectable peptide-specific CD8+ T cells. However, again the 

results of several assays were inconclusive due to a high level of background staining. 

Meaningful results from a single experiment (day 14, 1 vaccination) and another experiment 

(day 28, 2 vaccinations) are shown in Figure 2.5. and 2.6. respectively. It was clear from 

these experiments that not every mouse generated an immune response. At day 14, a 
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Figure 2.3. Anti-fragment C antibody response in vaccinated DBAl2 mice 
Groups of DBA/2 mice were vaccinated 4 times with p.DOM-PIAIAB, p.DOM
ABlong, p.PIA, p.PIAFrC, p.PIADOM or p.DOM (4 mice per group). Serum samples 
were collected on day 42. Anti-FrC antibody levels were determined by specific 
ELISA, and are shown as arbitrary units. Black circles (.) denote responses made by 
individual mice, and black bars (-) the mean response in each group. The induction of 
anti-FrC antibodies by p.DOM-PIAIAB and p.DOM-ABlong indicate the correct 
folding of the fusion protein in vivo. The absence of a detectable anti-FrC antibody 
response following vaccination with p.PIAFrC and p.PIADOM indicate incorrect 
folding in vivo. p.PIA vaccination was used as a negative control as an anti-FrC 
antibody response to vaccination with this construct was not expected. 
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Figure 2.4. CDS+ T-cell response measured ex vivo from mice vaccinated 
with p.DOM-PIAIAB 

0' 

Groups of DBA/2 mice were vaccinated once (5 0 I-lg) with p.DOM-P1A1AB or p.DOM. 
Splenocytes were collected and pooled (4 mice) on day 14 and re-stimulated in vitro for 4 hours 
with P1A/AB peptide. Cells were labelled with mAbs specific for MHC class II (I-Ad/I-Ed) FITC, 
CD8 APC and IFNy PE or their isotype controls and F ACS analysed. 100,000 events were 
collected and lymphocytes were gated on according to FSC/SSC properties (A) and MHC class II 
positive cells were excluded from further analysis (B). Cells positive for both CD8 and IFNy were 
calculated as a percent of total CD8T cells. Vaccination with p.DOM-PIA/AB induced measurable 
levels of epitope-specific CD8T T cells (1.5%) compared to background in mice vaccinated with 
control p.DOM (O.l %) or to cells stained with the isotype control (0.25%). 90 
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Figure 2.5. Variability in levels ofPlAIAB epitope-specific CDS+ T-ceII responses in 
individual mice following vaccination with p.DOM-PIAIAB 

DBA/2 mice were vaccinated once (50~g) with p.DOM-PIAIAB or p.DOM. Splenocytes were collected 
individually on day 14 and re-stimulated in vitro for 4 hours with or without PIAl AB peptide. Cells were 
labelled with mAbs specific for MHC class II (I-Ad/I-Ed) FITC, CD8 APC and IFNy PE or their isotype 
controls and F ACS analysed. 150,000 events were collected. Lymphocytes were gated on according to 
FSC/SSC properties and MHC class II positive cells were excluded from further analysis (not shown). 
Cells positive for both CD8 and IFNy were calculated as a percent of total CD8"" cells. Vaccination with 
p.DOM-PIAIAB induced measurable levels of epitope-specific CD8~ T cells in two of four mice (1 
experimental mouse not shown) compared to background in mice vaccinated with control p.DOM or to 
cells stained with the isotype control or stimulated without peptide. 
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Figure 2.6. Variability in levels ofPlAIAB epitope-specific CDS+ T-cell responses in 
individual mice following two vaccinations with p.DOM-PIAIAB 

DBA/2 mice were vaccinated twice (2x50llg) with p.DOM-PIA/AB or p.DOM. Splenocytes were collected 
individually on day 28 and re-stimulated in vitro for 4 hours with or without PIAl AB peptide. Cells were 
labelled with mAbs specific for MHC class II (I-Ad/l-Ed) FITC, CD8 APC and IFNy PE or their isotype 
controls and F ACS analysed. 150,000 events were collected. Lymphocytes were gated on according to 
FSC/SSC propeliies and MHC class II positive cells were excluded from fmiher analysis (not shown). Cells 
positive for both CD8 and IFNy were calculated as a percent oftotal CD8+ cells. Vaccination with p.DOM
PIA/AB induced measurable levels of epitope-specific CD8+ T cells in two of four mice (1 experimental 
mouse not shown) compared to background in mice vaccinated with control p.DOM or to cells stained with 
the isotype control or stimulated without peptide. 92 



peptide-specific CD8+ T-cell response was detected in 2/4 mice, with responses of 1.4% and 

0.8% compared to backgrounds of 0.2% and 0.4% respectively in the absence of AB peptide 

(Figure 2.5., mouse 2 and 3). At day 28, a similar pattern was observed in 2/4 mice 

revealing a peptide-specific CD8+ T-cell response of 0.6% and 0.8% compared to 

backgrounds of 0.3% and 0.2% respectively (Figure 2.6, mouse 1 and 3). With these 

limitations of data it is difficult to assess whether there were any clear quantitative 

differences at the two sampling time points in terms of numbers of peptide-specific 

activated CD8+ T -cells measured. In an attempt to overcome the background difficulties 

encountered with intracellular staining, an ELISPOT assay was employed. The increased 

sensitivity of this assay allowed detection of peptide-specific T cells ex vivo with ease. 

Responses detected in individual mice after a single vaccination with p.DOM-P1A/AB are 

shown in Figure 2.7, and are representative of 9 experiments. The cumulative data are 

shown in Figure 2.8 (A) and indicate the large degree of variation between mice, both in 

terms of whether a response is induced and the number of responding T cells. A response 

was considered positive if it was 2': the mean plus 1 standard deviation of the control p.DOM 

vaccinated mice. Approximately 54% (13/24) of the mice made a response, with the 

number ofIFNy spots (per 106 lymphocytes) ranging from 28 to 198 (average 56.7) (Figure 

2.8A). In 4 experiments, mice were given a boost at day 21 and responses measured at day 

28, with the cumulative data shown in Figure 2.8 (B). Variation in mice generating a 

detectable response (6111) was again observed suggesting that this is not simply a 

consequence of vaccination failure. From these data, there is some difficulty in comparing 

the immune responses at day 14 with those at day 28 due to the large variation among 

assays. However, it is clear that a DNA vaccine boost does not amplify the CD8+ T-cell 

response to the AB peptide. Interestingly, a response to the p30 helper epitope was not 

observed in any mice at any time point (data not shown). The anti-FrC antibody response to 

vaccination (Figure 2.3) however, indicates that a CD4+ T-cell response is induced by 

vaccination with p.DOM encoding plasmids in this strain of mice. Additional MHC class II 

epitopes are likely to exist in the first domain ofFrC but this was not analysed further. 

2.2.6 DNA vaccination with p.DOM-PIAIAB induces cytotoxic T 
lymphocytes that lyse tumour cells in vitro 

Although vaccination with p.DOM-PIA/AB can induce IFNy producing AB epitope

specific CD8+ T cells, it does not necessarily follow that these CTL are capable of lysing 
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Figure 2.7. ELISPOT assays allow the detection of epitope-specific IFNy producing T 
cells following DNA vaccination with p.DOM-PIAIAB 

Splenocytes from mice vaccinated once with p.DOM-PIA/AB or p.DOM were collected on 
day 14 and plated in triplicate in a ELI SPOT plate coated with purified anti-mouse IFNy 
mAb. Cells were re-stimulated in vitro for 24 hours with or without the indicated 
concentrations of PIA/AB peptide or p30 peptide. A secondary biotinylated anti-mouse 
IFNy mAb was used to capture IFNy producing cells, followed by incubation with 
strepdavidin ALP and development according to the manufacturer's guidelines. Spots were 
detected using an automated counter. DNA vaccination with p.DOM-PIA/AB induced 
detectable levels of epitope-specific T cells in three of four mice compared to background 
numbers observed when cells were incubated in the absence ofPIA/AB peptide. 
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Figure 2.8. ELISPOT assays were used to detect the range of epitope-specific T-cell responses made in 
individual mice following one or two DNA vaccinations with p.DOM-PIAIAB 

Splenocytes from mice vaccinated with p.DOM-Pl AI AB or p.DOM were collected on day 14 (A) and on day 28 (B) and re-stimulated in vitro for 
24 hours with 211M PIA/AB peptide. ELISPOT assays were used to detect epitpe-specific IFNy producing T cells in individual mice. A: 
cumulative data for 24 mice vaccinated once with p.DOM-PIA/AB, 14 mice vaccinated once with pDOM and 13 naIve mice. Approximately 54% 
of mice vaccinated with p.DOM-PIA/AB made a detectable response (::::: the mean plus I standard deviation of the control p.DOM vaccinated mice 
(> 18 IFNy spots per million lymphocytes)), with an average response of 56.7. When the responding mice are plotted alone, an average response of 
98.4 IFNy spots per million lymphocytes is achieved. B: cumulative data for II mice vaccinated twice with p.DOM-PI A/AB, 7 mice vaccinated 
twice with pDOM and 6 naIve mice. Again, approximately 54% of mice vaccinated twice with p.DOM-PIAIAB made a detectable response, with 
an average response of 31.0. When the responding mice are plotted alone an average response of 48.1 IFNy spots per million lymphocytes is 
achieved. 



target tumour cells either in vitro or in vivo. CTL assays were then undertaken following 1 

vaccination and splenocytes taken at day 14 before being re-stimulated in vitro for 1 week. 

Antigen-specific CD8+ T cells from pooled splenocytes shown to be activated ex vivo, 

proliferated dramatically from l.5% of the CD8+ T-cell population to 33% of the CD8+ T

cell population after re-stimulation with 100nM peptide AB (Figure 2.9, 1/1 experiment). 

Low levels of background IFNy production is seen in the control vaccinated mice, this may 

be due to natural low level expression of PIA in vivo as has been observed in BALB/C 

mice(375). CTL assays performed in parallel demonstrated their ability to lyse tumour targets 

either pulsed exogenously with the AB peptide (BCL)I AB or P 1-2041 AB, Figure 2.10 A) or 

expressing the AB epitope endogenously (P815 or P511, Figure 2.10 B) at effector:target 

ratios as low as 5: l. The lysis was specific as no killing was observed against un-pulsed 

control cell lines BCL] or Pl-204 that do not express P lA, and only background CTL 

activity was detected against tumour cell targets when mice were vaccinated with the 

control construct p.DOM (Figure 2.10, represenatative of 3 experiments). CTL assays were 

repeated using splenocytes taken at day 21 after one vaccination and confirmed this result 

(data not shown). To validate the functional link between ex vivo peptide-specific IFNy 

synthesis and the ability of the T cells to kill target tumour cells, splenocytes from 

individual mice with a positive ELI SPOT response were re-stimulated in vitro with peptide 

AB. Figure 2.l1 shows the association between ex vivo IFNy production by CD8+ T cells 

and the ability of these cells to kill peptide pulsed tumour cells and is representative of 2 

experiments. 

In a further experiment, pooled splenocytes from mice vaccinated with p.DOM-P1A/AB 

were re-stimulated with tumour cells transfected with the gene PIA (Ll210 AB+). CTL 

expanded in vitro by this route were capable of lysing both AB peptide coated targets and 

tumour cells expressing the gene endogenously (Figure 2.12). This result confirmed the 

ability of our DNA vaccine to induce CTL which can recognise the endogenously processed 

PIA/AB epitope. Lysis levels are generally lower when CTL are re-stimulated using this 

method than with peptide, probably due to a lower density of available MHC-peptide-AB 

complexes. 

2.2.7 Vaccination with p.DOM-PIAJAB mediates protection against 
tumour challenge in vivo 

The next aspect of this investigation assessed the ability of the p.DOM-P1A/AB vaccine to 

induce immunity that would protect from tumour challenge. Vaccinated mice (x2 day 0, 
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Figure 2.9. DNA vaccine induced epitope-specific CDS+ T cells expand in vitro 

Groups of DBA/2 mice were vaccinated once with p.DOM-PIA/AB or p.DOM. Splenocytes 
were collected and pooled (4 mice) on day 14 and re-stimulated in vitro for 6 days with PIA/AB 
peptide. Cells were labelled with mAbs specific for CD8 APC and IFNI' PE or their isotype 
controls. Fluorescent staining was analysed by F ACS. 100,000 events were collected and 
lymphocytes were gated on according to FSC/SSC properties (A). Cells positive for CD8 and 
IFNy (upper right quadrants) were calculated as a percent of total CD8+ cells. DNA 
vaccination with p.DOM-PIA/AB induced epitope-specific CD8+ T cells that proliferated in 
vitro (33%) compared to background numbers from mice vaccinated with control p.DOM 
(6.8%) or to cells stained with the isotype control (0.2%). 
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Figure 2.10. P1A/AB specific CDS+ T cells can lyse both peptide pulsed targets and tumour cells 
expressing the P1A gene endogenously 
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Groups ofDBA/2 mice were vaccinated once with p.DOM-PIA/AB or with the control vaccine p.DOM, and spleens were taken 
on day 14 and pooled (4 mice). Splenocytes were re-stimulated for 6 days in vitro with PIA/AB peptide (100nM). A 51 Cr 
release assay (Shour) was carried out using tumour target cells. (A) No lysis was observed against control PIA negative BCL] 
target cells but specific lysis ofBCL1 pulsed with PIA/AB was observed. (B) Similarly, specific lysis was observed against P8IS 
and PSI1 tumour cells expressing PI A endogenously, but not against the P8IS sub-clone P1-204 which does not express PIA. 
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Figure 2.11. IFNy release from PlA/AB peptide-specific CDS+ T cells reflects their 
ability to lyse target tumour cells pulsed with the AB peptide 

A) T cells from individual mice vaccinated once with p.DOM-PlAIAB produce a specific 
IFNy response to the PlAIAB peptide (measured by ELISPOT assay) compared to mice 
vaccinated with the control vaccine p.DOM. This effector function associates with their 
ability to lyse tumour target cells (B). B) Remaining splenocytes taken at day 14 from 
individual mice receiving a single vaccination with p.DOM-PIAIAB or control p.DOM were 
incubated with peptide (500nM) for 6 days. CTL activity was measured using a 5lCr release 
assay and peptide loaded BCL I tumour cells as targets. Representative data are shown from 
similar results obtained in two of two experiments. 
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Figure 2.12. DNA vaccine induced PlA/AB specific T cells can respond to re-stimulation with 
tumour cells expressing PIA endogenously. 

Groups ofDBA/2 mice were vaccinated once with p.DOM-PIA/AB and spleens taken at day 14, and spleens were taken on 
day 14 and pooled (4 mice). Splenocytes were re-stimulated for 6 days in vitro with either IOOnM PIAl AB peptide or with 
Mitomycin C treated L121 OAB+ tumour cells. A 51 Cr release assay was carried out against tumour target cells. (A) No lysis 
was observed against control PIA negative BCL] target cells but specific lysis of BCL] pulsed with PIAIAB was observed. 
(B) Similarly, specific lysis was observed against P815 and P5Il tumour cells expressing PI A endogenously, but not 
against the P8I5 sub-clone PI-204 which does not express PIA. 



day 21) were challenged by intra-peritoneal (i.p.) route with the P815 tumour sub-clone 

P511. Mice were then monitored for a minimum of 100 days and sacrificed when the ascitic 

burden reached 20% of the original body weight. Representative data from one experiment 

(of two) are shown in Figure 2.13. All the mice vaccinated with p.DOM were culled 

between day 15 and 36 due to burden and 90% of naIve mice were also culled. 

Significantly 50% of the mice vaccinated with p.DOM-PIA/AB were protected from 

tumour challenge to day 80 and 40% were protected to day 150 (p=O.OOI, X2 Logrank test 

test, p.DOM-PIA/AB vs. p.DOM). A semi-quantitative RT-PCR analysis of tumour cells 

arising in the mouse culled at day 81 (Figure 2.13) demonstrated that P lA gene expression 

was lost at this stage (lane 1), relative to a reduced expression of j3-actin (lane 2) (Figure 

2.14). These tumour cells were cultured in vitro for 2 weeks to see if levels of gene 

expression would recover. After this time, j3-actin expression was comparable to levels seen 

in the in vitro passaged cell line (lane 6, Figure 2.1). P lA gene expression however did not 

recover (Figure 2.14, lane 5) indicating a clonally homogeneous outgrowth of a PIA loss 

variant. In the second experiment (Appendix A), tumour growth was more aggressive and 

all naiVe mice and 90% of mice vaccinated with p.DOM were culled before day 15. A 

significant delay in tumour growth was observed in mice vaccinated with p.DOM-PIA/AB 

(p=0.0082, l Logrank test, p.DOM-PIA/AB vs. p.DOM). However, by day 50 only 10% 

of these mice were tumour free. Again tumours which emerged were assessed for P lA 

expression at various time points in each of three treatment groups, p.DOM-PIA/AB, 

p.DOM and naIve. As shown in Figure 2.14, both P lA expression and j3-actin were evident 

in tumour cells arising in mice in each of the three groups at day 15 (p.DOM-PIA/AB, 

p.DOM and naIve) (lanes 9,10,13,14,17 and 18 respectively), at levels comparable with 

the in vitro passaged PSI 1 cell line (lane 6, Figure 2.1). Tumours emerging by day 29 in the 

p.DOM-PIA/AB vaccinated group had begun to show a level of P lA down-regulation (lane 

21), which was recoverable when cells were cultured in vitro for 2 weeks (lane 25). 

Tumours arising at day 50 in contrast, had completely lost P lA expression (lane 29). These 

data clearly reveal the immune modulating selection pressure induced by the DNA vaccine 

which down-regulates tumour antigen expression to allow tumour escape. These 

observations do however underscore the limitations of vaccines targeting a single MHC 

class I binding epitope. 
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Figure 2.13. DNA vaccination with p.DOM-P1A/AB 
generates significant protective immunity 

against tumour challenge 

] 0 Mice per group were vaccinated on days 0 and 2] 
with either p.DOM-P]A/AB or p.DOM or were 
untreated (naIve). Intra-peritoneal injection of 1 x] 04 

P5I] tumour cells was performed on day 28 and mice 
were sacrificed when ascitic burden reached 20% 
original weight of the mouse. Data from one of two 
experiments with similar results is shown. 
Vaccination with p.DOM-PIA/AB induced 
significant protection compared to p.DOM vaccinated 
controls (p=O.OOI using l Logrank test). (* refer to 
Figure 2.14). 
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Figure 2.14. Analysis of PlA expression in P511 tumour cells arising in vaccinated mice 

RT -peR assays were carried out to evaluate the expression of P 1 A and fJ actin in P511 tumour cells arising in vaccinated mice. 
Amplified DNA products are shown from P511 tumour cells arising on: 
Lanes 1-4. Day 81 *, mice vaccinated with p.DOM-PIAI AB. 1 =P lA , 2= fJ-actin, 3+4 = respective controls. 
Lanes 5-8. Day 81 , mice vaccinated with p.DOM-P1A/AB and cultured in vitro for two weeks. 5=P lA , 6= fJ-actin, 7+8= 

Lanes 9-12. 
Lanes 13-16. 
Lanes 17-20. 

respective controls. 
Day 15, mice vaccinated with p.DOM-PIA/AB. 9=P lA , 10= fJ-actin , 11+ 12= respective controls. 
Day 15 , mice vaccinated with p.DOM. 13=PlA , 14= fJ-actin , 15+16= respective controls. 
Day 15, non vaccinated mice. 17=P lA , 18= fJ-actin , 19+20= respective controls. 

Lanes 21-24. Day 29, mice vaccinated with p.DOM-PIAIAB. 21=PlA , 22= fJ-actin, 23+24= respective controls. 
Lanes 25-28. Day 29, mice vaccinated with p.DOM-PIAIAB and cultured in vitro for two weeks. 25=P lA , 26= fJ-actin, 

27+28= respective controls. 
Lanes 29-32. Day 50, mice vaccinated with p.DOM-PIAIAB. 29=P lA , 30= fJ-actin, 31+32= respective controls. 

P lA and fJ-actin expression was evident in P511 tumour cells arising on day 15 post-passage in mice from all experimental 
groups (p .DOM-PIA/AB, p.DOM and na"ive) and was comparable to P lA expression observed in the in vitro cell line (Figure 
2.1). P511 tumour cells emerging on day 29 however display a level of P lA down-regulation which recovered when the cells 
were cultured in vitro for 2 weeks. P511 tumour cells arising on day 50 and day 81 did not display detectable P lA expression 
which was not recoverable after in vitro culture for 2 weeks. 



2.2.8 A preliminary comparison of DNA vaccines encoding full length 
PIA 

In a previous report using a DNA vaccine encoding the native PIA antigen linked to an 

epitope tag, it had been shown that peptide-specific CTL could be induced in 80% of mice 

which protected 40% of mice from a lethal tumour challenge(368). Consequently it was of 

interest to compare the efficacy of the p.DOM-peptide design to other DNA vaccines 

encoding full length PIA. Three vaccines were constructed, p.PIAFrC, p.PIADOM and 

p.PIA (illustrated in Figure 2.2) and tested for their ability to induce peptide-specific T cells 

after one vaccination using ELI SPOT as a read-out. As with other antigens, PIA may 

contain tumour specific MHC class II epitopes, and in fact a putative minimal sequence has 

been reported in this gene(370). The aim here was to investigate whether the induction of 

tumour specific CD4+ T-cell helper/effector cells would complement the AB-specific CD8+ 

T-cell response for tumour cell attack. Comparison of p.DOM-PIA/AB, p.PIA and 

p.PIADOM at day 14 after one vaccination (4 experiments) showed that the expected 

number of mice (56%, 9116) vaccinated with p.DOM-PIA/AB made an epitope-specific T

cell response compared with 12% (2/17) of the mice vaccinated with p.PIADOM and 17% 

(3/18) of the mice vaccinated with p.PIA (Figure 2.15). p.PIADOM and p.PIA were 

unable to induce a mean peptide-specific T-cell responses above control p.DOM values (p = 

0.190 and p = 0.419 respectively using Mann Whitney test and paired Student t test). 

p.PIAFrC however did induce an AB-specific T-cell response in 55% (6/11) of mice with 

the mean number of spots being 25 which is favourable in comparison to mice vaccinated 

with p.DOM-PIA/AB (p = 0.661 using paired Student t test). A possible explanation for the 

absence of a response following vaccination with p.PIA and p.PIADOM was incorrect 

folding of the protein in vivo, even though each vaccine was sequenced successfully and 

was efficiently and correctly transcribed and translated in vitro. Following 4 vaccinations, 

serum was collected and anti-FrC IgG titres were analysed by ELISA. Vaccination with 

p.PIADOM was unable to induce an anti-FrC IgG response (Figure 2.3) suggesting a flaw 

in its ability to fold correctly in vivo which may also affect transport out of the cell. CD8+ 

T-cell responses were observed in mice vaccinated with p.PIAFrC however, which also 

failed to induce anti-FrC antibodies suggesting further investigation is required to explain 

this data fully. 
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Figure 2.15. ELISPOT assays were used to compare the number ofP1A/AB specific T cells activated following 
vaccination with DNA vectors encoding full length P1A 

Splenocytes from mice vaccinated with various DNA vaccines encoding PIA were collected on day 14 and re-stimulated in vitro for 24 hours 
with 2flM PIAIAB peptide. ELI SPOT assays were used to detect epitope specific IFNy producing T cells in individual mice. Black circles 
(CD) denote responses made by individual mice, and black cars (- ) the mean response in each group. As shown previously 9/16 mice 
vaccinated with p.DOM-Pl AI AB made a specific T cell response (;::: the mean plus 1 standard deviation of the control p.DOM vaccinated mice 
(> 15 IFNy spots per million lymphocytes)), with an average response of 39 T cells per 106 splenocytes. Control mice vaccinated with p.DOM 
( 12 mice) or left naIve ( 6 mice) had background responses of 7 and 3 T cells per 10

6 
splenocytes. 

In comparison, only small numbers of mice vaccinated with DNA vaccines encoding the PIA gene (p.PIA (18 mice), p.PIADOM (17 mice)) 
made detectable responses, and the mean response was not statistically different from p.DOM vaccinated mice (p = 0.419 and p 0.191 using 
paired Student t test and Mann Whitney test respectively). However, 6/11 mice vaccinated with p.PIAFrC made a detectable T cell response 
with the average response of25 per 106 splenocytes, comparable to vaccination with p.DOM-PIA/AB (p = 0.662 paired Student t test) . 



2.2.9 A preliminary comparison of DNA vaccines encoding an extended 
P1A/AB epitope 

Further DNA vaccines were constructed to compare p.DOM-PIA/AB with DNA vaccines 

designed to deliver the AB epitope coupled with the putative PIA MHC class II epitope. 

Here, the elongated MHC class II epitope incorporating AB nested within it was linked to 

the C-terminus of p.DOM (p.DOMABlong). Two minigenes were also constructed as 

controls (p.ABlong and p.AB). As before vaccines were evaluated for their efficacy in 

inducing AB-specific CD8+ T cells at day 14 following one vaccination using ELI SPOT 

(Figure 2.16). Only small numbers of mice (5 in each group, 2 experiments) have been 

analysed following vaccination with the minigenes p.AB and p.ABlong and none of these 

vaccinated animals made a detectable antigen-specific T-cell IFNy response compared to 

p.DOM vaccination (p = 0.6358 and p = 0.4172 using paired Student t test). In contrast, 

5/7 mice vaccinated with p.DOMABlong made a response with the median response being 

58 spots per million lymphocytes. This result is very encouraging, however, a larger 

number of animals need to analysed to allow any statistical analysis. These data may 

suggest that provision of the extended PIA peptide still allows intracellular processing 

resulting in presentation of peptides in association with MHC class I. It is of interest to 

determine if this peptide is also processed and presented in association with MHC class II 

molecules. To assess the activation of PIA specific CD4+ T cells vs. CD8+ T cells, 

depletion experiments in vivo or in vitro need to be undertaken and would constitute a vital 

part of the future work needed to dissect the mechanism responsible for this result. 

2.2.10 Evaluation of the vaccine p.DOM-P1E encoding a second PS15 
tumour antigen epitope 

DBAl2 mice have been shown to make a response to an additional P8I5 tumour antigen 

PIE, and a H_2d restricted CTL epitope has been delineated(361). It was therefore of interest 

to explore the possibility of 'dual vaccination' by targeting more than one CTL epitope 

expressed by P8I5, particularly in a sub-optimal setting where not all mice generate a 

response to vaccination and tumour cell antigen loss-variants arise when subjected to 

immune pressure. The p.DOM-PIE vaccine was engineered, and a preliminary evaluation 

carried out. However, CTL assays performed after one vaccination (at day 14) or two 

vaccinations (day 28) with a 6 day in vitro re-stimulation period yielded no measurable lysis 

of target cells pulsed with the peptide (data not shown). Modification of design and 

assessment await further work. 
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Figure 2.16. ELISPOT assays were used to compare the number of PIA lAB specific T cells activated after vaccination 
with DNA vectors encoding two different PIA/AB epitope lengths 

Splenocytes from mice vaccinated with various DNA vaccines encoding PIA were collected on day 14 and re-stimulated in vitro for 24 hours 
with 2/-IM PIA/AB peptide. ELI SPOT assays were used to detect epitope specific TFNy producing T cells in individual mice. Black circles 
(.) denote responses made by individual mice, and black bars (-) the mean response in each group. As shown previously 9116 mice 
vaccinated with p.DOM-PIA/AB made a specific T cell response (~the mean plus 1 standard deviation of the control p.DOM vaccinated mice 
(> 15 IFNy spots per million lymphocytes)), with an average response of 39 T cells per 106 splenocytes. Control mice vaccinated with p.DOM 
(12 mice) or left naIve (6 mice) had background responses of 7 and 3 T cells per 106 splenocytes. 
In comparison, 5/7 mice vaccinated with DNA vaccines encoding p.DOM fused at its C-terminal to the putative PIA MHC class II peptide 
(p.DOMABlong) made a detectable epitope specific T cell response, with the average response 58 per 106 splenoctyes. Mice vaccinated with 
DNA vaccines encoding p.ABlong or p.AB alone in the absence of p.DOM made no detectable T cell response confirming the requirement for 
fusing to the first domain of FrC (p = 0.417 and p = 0.636 respectively using paired Student t test in comparison with p.DOM vaccinated 
mice). 



2.3 Discussion 

This study has focused on targeted immunotherapy to a class of intracellular antigens, the 

CTA, which in many cases offer a tumour specific target. The intracellular location of 

target antigens in tumour cells dictates specific strategies for immunotherapeutic 

intervention, and to be successful will ultimately need MHC class I and possibly MHC class 

II restricted epitope targeted T-cell attack. Intracellular antigens hold an additional interest 

in haematological malignancy, in particular MM, since MHC class I molecules are retained 

by tumour cells allowing presentation and recognition of these intracellular antigens by T 

cells(376). Furthermore multiple MHC class I restricted epitopes derived from CTA have 

been described in human tumours (Tables 2.1 and 2.2) which broadens the spectrum of 

patients that may benefit and adds the additional possibility of targeting multiple MHC class 

I epitopes simultaneously. 

In order to evaluate the design and use of DNA fusion vaccines to target such intracellular 

antigens, we identified and selected the P8I5 murine mastocytoma tumour model for further 

study, since P8I5 displays the CTA-like PIA antigen(361). We first utilised a strategy of 

inducing responses to a single CTA-derived MHC class I epitope by DNA vaccination in a 

model setting. Here the C-terminal fusion DNA vaccine design, encoding the PIA/AB 

nonameric peptide which targets and binds to H-2L d, was employed using an approach 

developed in our laboratory. 

Following DNA vaccination, the efficacy of the p.DOM-PIAIAB design in inducing CTL 

specific for the PIA/AB epitope was demonstrated. Two assays were used to assess 

peptide-specific T-cell responses ex vivo following a single vaccination. The intracellular 

staining assay for IFNy was preferable as it allowed the specific identification of responding 

CD8+ T cells, whereas the ELI SPOT assay cannot differentiate between CD4+ and CD8+ T

cell responses. Although it is assumed that responses to the PIA/AB nonamer in vitro 

would most likely consist of CD8+ T cells, it must be noted that CD4+ T cells have been 

shown to secrete IFNy in response to the PIAIAB nonamer(377). The response of CD4+ vs. 

CD8+ T cells was not investigated here, but cells expanded in vitro with peptide and IL-2 for 

6 days and identified with mAbs specific for CD8 and IFNy clearly demonstrated the 

expansion of a CD8+ T-cell population. In addition, peptide-specific IFNy production was 

shown to associate with the ability of these cells to recognise and lyse tumour target cells in 

vitro, either pulsed exogenously with the peptide or cells processing and presenting the 

epitope endogenously, using P5II and P8I5. The CTL lytic activity detected here is 

108 



comparable to that obtained using several other vaccine concepts including a Semliki Forest 

viral vector encoding the full length PIA gene(366), chimeric papillomavirus virus-like 

particles encoding 90 base pairs of PIA (365), DC pulsed with the PIA/AB nonamer and IL-

12(371), PIA/AB peptide with QS-21 and IL-I2 (personal communication, Uyttenhove, C.) 

or phage display particles expressing the AB nonamer(367). 

In other model systems the p.DOM-peptide DNA vaccine design has been used to generate 

responses very effectively in 90-100% of vaccinated mice(264). Surprisingly, in this setting, 

only an average of 54% of the mice vaccinated with p.DOM-PIA/AB made a detectable 

response, which was not increased by a DNA boost. This suggested that the low level 

response rate was not a consequence of vaccination failure but instead related to differences 

between individual mice, however the identical genetic makeup of this strain of mice rules 

out the possibility ofMHC differences. Although this issue has not been formally addressed 

by other research in this area, it is clear from some reports that similar findings have been 

observed. For example, Warnier G et aP63) reported that only 45% of mice vaccinated with 

an adenovirus encoding the AB epitope made a specific CTL response when the cells were 

re-stimulated in the absence of cells expressing B 7 .1. Additionally, vaccination with PIA 

transfected tumour cells led to a large degree of variation in the lytic activity detected in 

individual mice(362). 

One possible reason for differences between mlce is the existence of low level PIA 

expression in normal tissues such as the lung and spleen. This has been reported in BALB/c 

mice using highly sensitive PCR techniques(375). As yet, no expression of PIA in normal 

tissues has been reported in DBA/2 mice (with the exception of the testis), but the methods 

used to detect protein expression may not have been sensitive enough to detect the low 

levels seen in BALB/c mice. Low level PIA expression may be the reason for detection of 

PIA/AB-specific CTL in lysis assays. Whilst central T-cell tolerance has been described in 

PIA transgenic mice, where high levels of PIA expression in the thymus results in deletion 

of PIA specific T cells(378), this does not occur in wild type DBA/2 mice where PIA 

expression is likely to be low. Instead, activated T cells in the periphery may be kept in 

check by peripheral mechanisms of tolerance such as Treg cells, which are not sustained 

during in vitro stimulation where PIA/AB peptide levels are high. Furthermore, in BALB/c 

mice, low level PIA expression has been shown to result in a restrained effector function of 

PIA/AB-specific CD8+ T cells(375). Similar observations have been noted in other model 

systems(379), where low level antigen expression and exposure leads to a functional 

impairment in the antigen specific CD8+ T cell population. These data may explain why 
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mice do not respond uniformly, not only to DNA vaccination but also to other forms of 

active immunotherapy. 

Additional reasons for the discrepancy between individual mice may involve the CD4+ T

cell compartment. Inducing CTL against the PIAIAB epitope has been shown to require 

CD4+ T-cell help or IL-12. Vaccination with DC pulsed with the PIAIAB nonamer alone 

has been shown to induce a transient state of functional unresponsiveness in the CD4+ T-cell 

population(369l. To overcome this, the DC preparation needed to include MHC class II 

helper epitopes or IL_Ii371l. CD4+ T-cell depletion at the time of vaccination was also 

shown to abrogate the PIAIAB specific CDS+ T-cell response(370l. The theoretical basis for 

linking p.DOM to the PIAIAB epitope is to act as an immunological alert signal and 

provide T-cell help. In this setting however, no CD4+ T-cell responses to the encoded 

'universal' CD4+ T helper epitope p30 were detected and therefore it may be possible that 

the minimal threshold level of CD4+ T-cell activation required for optimal PIAIAB specific 

CDS+ T-cell induction was not being achieved in all vaccinated mice. Other MHC class II 

epitopes may exist in the first domain of FrC but were not analysed here. The absence of 

detectable CDS+ T-cell responses in the preliminary testing of the DNA minigene p.AB 

does however demonstrate the necessity of linking the epitope to p.DOM either because 

CD4+ T-cell help is initiated or because fusing PIAIAB to DOM enhances the peptides 

stability or both. Consequently, it suggests that immune stimulatory CpG sequences in the 

DNA backbone are not sufficient enough to promote a THI response that will overcome the 

need for T-cell help in this setting. There is one caveat however in comparing p.DOM

PIAIAB with the p.AB minigene which is that the ability of the minigene to be transcribed 

and translated in vitro has not been examined and the possibility that the vaccine produces 

no protein product in vivo cannot be ruled out. 

Vaccination with p.DOM-PIAIAB was further analysed for its ability to induce immunity in 

mice that would confer protection from a lethal challenge with the PIA expressing tumour 

P511. In two of two experiments a statistically significant delay in tumour growth was 

observed in mice vaccinated with p.DOM-PIAIAB compared with control vaccinated mice. 

However the number of mice remaining tumour free to the end of each experiment was of 

concern, with the maximum being 40%. This result however must be correlated firstly with 

the response rate seen in these mice to vaccination, which was only 54% (discussed above) 

and secondly to other published work. The first reports of protective immune responses 

against this tumour were induced by vaccination with PIA expressing tumour cells, 

PSI5(364l. Re-challenge with PSI5 resulted in protection in 90% of mice, but mice were 
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only monitored over a 30 day period and were not protected against other PIA expressing 

tumours, suggesting that a multitude of different CTL responses were induced against cells 

used for vaccination. To prevent this problem, Brandle et al. (362) vaccinated mice with 

tumour cells un-related to P8I5 which were transfected with the PIA gene and then 

monitored protection against a subsequent P511 challenge. At day 40, 12/15 animals 

survived compared to controls where only 3115 had survived. However, by day 100 only 

10-20% of mice survived. Several viral based vectors have also been used to encode PIA or 

the AB epitope to try and improve protective immune responses, and although some 

enhanced CTL responses were observed when compared to the cell based therapies, this was 

not dramatic and did not result in dramatically increased protection from tumour 

challenge(365,366). 

One reason that may account for the difficulty in generating long term tumour immunity 

against the P8I5 tumour cell line is the outgrowth of PIA-loss variants, as detected here 

after p.DOM-PIA/AB vaccination. This has also been observed in mice vaccinated with 

tumour cells transfected with PIA, here escaping tumour cells became resistant to CTL 

clones specific for PIA/AB(380). In addition, mice given PIA/AB specific TCR tg CTL 

therapy post-challenge with PIA expressing tumour cells, were unable to control tumour 

growth. Analysis of PIA expression demonstrated a variety of point mutations within the 

PIA/AB epitope(381). 

Vaccination against PIA/AB and subsequent tumour challenge has also been shown to 

allow the generation of CTL specific for PIE, an observation indicating epitope spread(372). 

These mice were protected from a successive tumour challenge with tumour cells only 

expressing the PIE antigen. This effect does not appear to have occurred in this setting of 

DNA vaccination, or if anti-PIE CTL were generated they were ineffective at tumour 

killing in vivo. This compares with a report by Bilsborough J et aP61) who demonstrated 

the induction of PIE specific CTL using tumour cells transfected with the PIE gene and B7-

1; however, no protection from tumour challenge was achieved. 

PIA/AB specific CD8+ T cells have also been shown to display a restrained effector 

function in vivo(375) and this could be an alternative explanation for the difficulty in 

generating a good protective immune response against PIA expressing tumours. In this 

report only 44% of transgenic mice with >50% of CD8+ T-cells expressing clonal TCRs 

specific for PIA/AB were able to reject PIA expressing tumours (J558) and this was 

comparable to non-transgenic mice. 100% protection was only achieved when tumours 
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were transfected with B7-1. Furthermore if transgenic mice were injected with J558-B7-I 

on one flank and J558 on the other flank, only the B7-I positive tumours were rejected. 

Therefore, even when the CD8+ T-cells specific for PIA were activated in vivo they could 

not reject J558. 

The next aspect of this investigation was aimed at comparing our work with that of others 

using DNA vaccines to target this antigen. Rosato et a1Y68) encoded the full length PIA 

gene linked to a tag epitope within a DNA plasmid and demonstrated that 80% (12/15) of 

vaccinated mice made a CTL response to PIA/AB after three vaccinations and 40% were 

protected from tumour challenge compared to control vaccinated animals. This result was 

surprising at first because PIAIAB specific CTL are known to require CD4+ T-cell help. 

However, a potential I_Ad MHC class II epitope encoded within PIA/AB has been 

described(370) and PIA/AB specific CD4+ T-cell responses have been detected in mice using 

peptide pulsed DC when usmg extended peptides EILPYLGWL VF A and 

EILPYLGWL VF A V incorporating both the AB epitope (underlined) and the MHC class II 

motif. A direct role for PIAIAB specific CD4+ T cells in tumour immunity was however 

not delineated. It was therefore of interest to compare DNA vaccines encoding full length 

PIA gene alone or fused to p.DOM or FrC (with both FrC and PIA encoded CD4+ T-cell 

epitopes) to the p.DOM-PIA/AB design. Increased CD4+ T-cell help may promote CD8+ 

T-cell responses, but other unknown immunodominant CTL epitopes encoded within PIA 

may abrogate the PIA/AB specific CTL response. Although only small numbers of mice 

have been tested, there were no demonstrable responses induced by p.PIA alone or when 

fused to DOM which contradicts the results obtained by Rosato et ai. (368) However small 

differences in the vaccine construct and vaccination protocol may account for this. Rosato 

linked a 6 amino acid tag sequence to PIA which may allow the formation ofMHC class II 

motifs. They also vaccinated their mice three times with twice as much DNA (1001lg as 

oppose to 50llg) before assessing CTL responses and protection from tumour challenge. It 

has been demonstrated in our laboratory using the p.OOM-AHl vaccine that increasing the 

concentration of ON A (from 51lg to 50llg) or volume it is injected in (from 10111 to 50111) can 

improve the CTL response and protection achieved respectively until a plateau is reached 

(S. Buchan et ai., submitted). The plateau may differ for different antigens, and optimal 

responses to weak antigens such as PIA may require larger concentrations or volumes of 

DNA. In addition to differences in the vaccine construct and vaccination protocol, further 

analysis of p.PIADOM and p.PIAFrC vaccinated mice highlighted the inability of these 

vaccines to induce an IgG anti-FrC antibody response in vivo, suggesting incorrect folding. 
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The effect of incorrect folding on direct or cross-priming is not known in this setting and 

remains speculative. 

In contrast to p.PIA and p.PIADOM, p.PIAFrC was able to generate a peptide-specific 

CD8+ T-cell response in 50% ofthe mice tested, with an average number of responding cells 

comparable to those mice vaccinated with p.DOM-PIAIAB. This may reflect the increased 

ability of full length FrC to promote a T HI environment and CD4+ T-cell help. The 

important role ofTHI cytokines in the induction ofCD8+ T-cell responses to PIA/AB has 

been demonstrated by Colmenero et al. (382) who found that vaccination with recombinant 

Semliki Forest virus replicons encoding IL-12 alone into the tumour site, was as efficient at 

protecting mice from tumour challenge as encoding PIA in the vector. It has also been 

shown by Grohmann et al. (371) that IL-12 can replace helper epitopes when vaccinating with 

DC preparations pulsed with PIA/AB, an effect which cannot be replaced with IFNy. IL-I2 

is proposed to act on the CD4+ T-cell population and provide proliferative and survival 

signals(383). 

Further in this work, we were interested in delivering more precisely tumour antigen

specific MHC class II motifs to promote tumour specific CD4+ T-cell help. As mentioned 

previously, pulsing DC with extended peptides consisting of both the PIA/AB nonamer and 

the MHC class II motif was shown to negate the need for IL-12 in vaccinated mice(370). In 

light of this, a vaccine incorporating the extended peptide was constructed, p.DOM

ABLong, allowing a comparison of responses when additional antigen-specific CD4+ T 

helper epitopes were present. Only a small number of animals have however been tested 

with this vaccine to date, and so far 517vaccinated animals have made a detectable PIAIAB 

specific T-cell response after a single vaccination. The relative contributions of CD4+ T 

cells and CD8+ T cells have not yet been investigated but it would be of interest to delineate 

their respective roles and correlate the results with any tumour protection observed. Mice 

vaccinated with p.ABLong made no detectable PIA/AB specific T-cell responses 

demonstrating the necessity for p.DOM fusion. However, like p.AB, the possibility that the 

vaccine is not efficiently transcribed and translated in vivo cannot be ruled out. 

The final aspect of this investigation was centred on observed tumour antigen loss variants 

described in human tumours after specific vaccination. It was therefore of interest to 

investigate targeting more than one antigen simultaneously. P815 is amenable for this 

investigation as it is known to express a number of other tumour associated antigens, 

including PIE. It was predicted that concurrent vaccination against PI E may prevent 
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outgrowth of antigen loss variant clones observed when mice were vaccinated with p.DOM

PIAIAB alone and challenged with P5Il. However, initial experiments with p.DOM-PIE 

have been unsuccessful suggesting a modification to strategy to target this epitope maybe 

necessary. To promote T-cell responses, increased vaccine volume or electroporation in 

vivo could be incorporated into the vaccination protocol. Alternatively a different approach 

could be taken by targeting a third antigen expressed in P8I5 such as the MuL V viral 

envelope protein gp70 encoding the AHI CTL epitope. In line with this idea, AHI-specific 

CTL from BALB/c (H_2d
) mice vaccinated with p.DOM-AHI were shown to lyse P8I5 in 

vitro(264). It will be of interest to investigate the combined use of p.DOM-PIAIAB and 

p.DOM-AHl. 

The aim of this part of the project was to demonstrate the efficacy of the p.DOM-peptide 

design in eliciting CTL responses against defined MHC class I motifs in CTA. The P8I5 

model has provided a challenging murine model for human CTA to test vaccine design. For 

clinical application it will be necessary to demonstrate that the vaccine format can be used 

to induce CTL responses to human CTA in the HLA-A2 transgenic mouse model and there 

is interest from our collaborators in Brussels to use such vaccines to target melanoma. 

Several MHC class I epitopes have been described for MAGE antigens, and future work 

should involve assessing their ability to be processed and presented. NY-ESO-I has also 

been shown to encode a putative nested MHC class I epitope within known MHC class II 

motifs and it will therefore be of interest to determine whether extended peptides prove to 

be more effective by enhancing CD4+ T-cell help to poorly immunogenic epitopes. 
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3 Targeting MUCI with DNA vaccines 

3.1 Introduction 

The mucins (MUC) comprise a family of high molecular weight glycoproteins of which 

MUCI was the first to be cloned(384). MUCI is the only member of this family to form a 

type I transmembrane protein and is expressed on ductal epithelium as well as B cells and 

activated T cells(385, 386). Expression on epithelial cells is polarised towards the lumen 

(apical) where the mucins function to lubricate the cell surface and form a protective 

barrier(387,388). MUCI can also bind to ICAM-l molecules on endothelium and plays a role 

in lymphoid cell trafficking(385). MUC 1 is also found in the serum due to an early 

proteolytic event during synthesis. The two cleavage products remain associated at the cell 

surface linked non-covalently which allows subsequent shedding of the extracellular 

domain(389). MUCI is also observed as an antigen expressed on the surface of many cancer 

cell types, including malignant lymphoid cells(390). Its expression on cancer cells is in an 

aberrant form, both in relation to its glycosylation state and loss of polar membrane 

orientation(388). Despite its aberrant expression in cancer, MUC 1 is essentially a self

antigen, suggesting immunological tolerance may exist, although its location may impact on 

this question. Nevertheless, many investigations in distinct histological cancers have 

focused on attacking MUC 1, either as a target for humoral or for cellular effector arms, with 

evidence for functional responses(391, 392). 

The MUCI gene yields a protein consisting of an amino terminal signal peptide, which can 

give rise to two splice variants(393), a degenerate repeat region, a variable number 

(approximately 20-125) of a 20 amino acid tandem repeat (VNTR, PDIRPAPGST 

APPAHGVTSA) followed by further degenerate repeats, then a 31 amino acid membrane 

spanning domain and finally a 69 amino acid cytoplasmic domain (Figure 3.1)(384,394). The 

VNTR varies according to allelic polymorphism. In comparison, the murine muc1 protein 

shares 34% homology in the tandem repeat region but 87% homology in the transmembrane 

and cytoplasmic regions. It consists of a fixed number (16) of tandem repeats with potential 

for O-glycosylation(394, 395). 
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I-Signal sequence - I 10 0 
human MTPGTQSPFFLLLLLTVLTV VTGSGHASSTPGGEKETSAT QRSSVPSSTEKNAVSMTSSV LSSHSPGSGSSTTQGQDVTL APATEPASGSAATWGQDVTS 

1- - - L9V- - I I - - pep4- - - 1 1- - --T9A-- - - 1 

mouse, . . .. IRA ... . . . . . AS . KG F----- -------------------- ------------------- . LPS . ENS--------- . .. 

I----One tandem repeat- - - I 200 
human VPVTRPALGSTTPPAHDVTS APDNKPAPGSTAPPAHGVTS APDTRPAPGSTAPPAHGVTS APDTRPAPGSTAPP-AHGVT SAPDTRPAPGSTAPP-AHGV 

1-- - - S9V- - - 1 I - --pepl - - - I 
mouse SQD . SSS . A . .. T . V. SSN . D. ATR . PGD . . SS . VQSS .. S . A .. APED .. STAVLSG . . S . A. TAPVN . ASS . V .. . D .. S . A . S . LKD . NSS . VV . SG 

300 
human TSAPDTRPAPGSTAPP-AHG VTSAPDTRPAPGSTAPPAHG VTSAPDTRPAPGSTAPPAHG VTSAPDTRPAPGSTAPP-AH GVTSAPDTRPAPGSTAPP-A 

mouse T . SAA . TAPVD .. SS . VV .. G . . S . A. S . PGD .. SS . D. S S . . S . A . . APED . . STAVLS G . . S . A. TAPVD . . SS . V . . DD . . S . A . SLSED . ASS . V. 

400 
human HGVTSAPDTRPAPGSTA PPA HGVTSAPDTRPAPGSTAPPA HGVTSAPDTRPAPGSTAPPA HGVTSAP DTRPAPGSTAPPA HGVT SAPDNRPALGSTAPPV 

1- -pep2-- I - I - A9V-- - 1 

mouse . . G . . S . A . S . LRD . . SS . V . SSA . IQNIKTTSDLAST . D . NG .. VTT . SS . L . . ATS . D . SG .. TTTNSSESVLATT . V YSSMPFSTTKVTS .. AII . . 

500 
human HNVTS--ASGSASGSASTLV HNGTSARATTTPASKST PFS IPSHHSDTPTTLASH STKTD ASSTHHSSVPPLTSSNHSTS PQLSTGVSFFFLSFHISNLQ 

lTlC'LlSe . . GS . VLPTS . VL ... TS .. Y. - .. . 1. - .. . V . NG . QP . V .. QYPVS .. MATTS . HS . I .. . SYY . T .. FS . F . SN . - . . . .. V .. . .... .. Y. Q. HP 

600 
human FNSSLEDPSTDYYQELQRDI SEMFLQIYKQGGFLGLSNIK FRPGSVVVQLTLAFREGTIN VHDVETQFNQYKTEAASRYN LTISDVSVSDVPFPFSAQSG 

mouse ....... . . SN . .. . . K. N. . GL .... F-N . D .. . 1. S . . .. S . .... ES . VV .. . .. FS AS .. KS . L1. H. K . . D. - .. . ... E . K. NEMQ . . P . . . . R 

700 

human AGVPGWGIALLVLVCVLVAL AIVYLIALAVCQCRRKNYGQ LDIFPARDT YHPMSE YPTYH THGRYVPPSSTDRSPYEKVS AGNGGSS LSYTNPAVAAATS 

me'use P . . .. .. . ..... . . I . . .. . ... FL . . .... . . . . S . .. . . . .. TQ . . . . . . . . . . . .. . . ... ... G .. K ... .. E .. . ... S ...... .... - VT .. 

human ANL 
mouse 

Figure 3.1. Human MUC1 shown as an aligned protein sequence (with 16 repeats) with murine muel 

Sites of homology are marked in red C.). Human MUCI 20 amino acid VNTR (STAPPAHGVTSAPDTRPAP) shares little 
homology with the murine fixed number 20-21 amino acid degenerate repeat (STSSPVHSGTSSPATSAPXD). High levels of 
homology exist within the putative signal sequence and C-terminal region. Murine H-2 epitopes (peptide 1, 2 and 4) and human 
HLA-A2 epitopes (L9V, T9A, S9V and A9V) used in the present study are marked in bold. 



3.1.1 MUC1 is heavily glycosylated 

MUC 1 is subject to extensive post-translational glycosylation, most likely in the Golgi(396). 

Each tandem repeat contains five sites for O-linked glycosylation, and are the serine and 

threonine residues underlined in the sequence previously, and all 5 residues appear to serve 

as sites for GalNAc transferase activity in normal cells(397). Five N-linked glycosylation 

sites also exist in the extracellular membrane proximal domain between the tandem repeat 

region and the membrane spanning region(384). The O-linked carbohydrate can account for 

more than 50% of the weight of the molecule when expressed. Although the core protein 

sequence is conserved, the glycosylation pattern can vary depending on tissue type(394), and 

this may be due to several factors including availability of enzymes and substrates. The 

carbohydrate elongation steps depend on the different glycosyltransferases available within 

the cell and in turn, the nature of the residue added affects the addition of subsequent 

residues. Additional variation is generated in the termination of the carbohydrate chains, 

utilising Gal, N-acetylgalactosamine (GaINAc), fucose or sialic acid(388). O-linked 

glycosylation is initiated by transfer of GalNAc to the side chain of a serine or threonine 

residue, followed by addition of galactose by ~1-3 linkage to form a core 1 structure. Two 

enzymes, ~1-6N acetylglucosamine transferase (~1-6NGlcNAc-T) and a2-3 sialyl transferase 

(a2-3SA-T) then compete for core I substrate (Gal~1-3GaINAc) to either elongate the chain 

or terminate it respectively. The addition of GlcNAc to core 1 glycans leads to the 

formation of further core 2 glycans that can be again extended by the addition of 

polylactosamine side chains (Figure 3.2.A and 3.2.B). Surface MUCI exists in various 

stages of molecular maturation and glycosylation and can recycle from the surface into the 

cell allowing continued carbohydrate modifications, notably addition of large amounts of 

sialic acid(398). 

3.1.2 MUC1 expression in malignancy 

Malignant transformation of epithelial cells can result in increased levels of MUCI 

expression, with loss of polarity (Figure 3.3). This has been shown to occur in carcinomas 

of the breast, pancreas, prostate, lung and salivary glands amongst others(388). Increased 

MUCI expression has also been described in a variety of haematological malignancies 

including MM(386, 390, 399, 400), FL(390), B cell lymphoma(401), a proportion of both Band T 

CML and AMU390). The functional role for MUCI expression on malignant cells is not 

fully delineated, but there is evidence for immune-inhibitory as well immune-stimulatory 
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roles. The presence of MUC1 on tumour cells can enhance survival, with surface 

expression and shed protein aiding metastasis and suppressing immune responses(403, 404). 

Structural studies indicate that the molecule extends more than 1000A from the cell surface, 

and the length and sialiation impart a strong negative charge on the molecule which conveys 

anti-adhesive properties. This may prevent cell-cell contact, help metastatic spread and 

inhibit CTL interactions(405). It has also been demonstrated that MUCI present in 

supernatant can reversibly inhibit T-cell proliferation and effector function in vitro(406). 

Contrasted to these findings, MUCI expression can enhance immunogenicity of malignant 

cells, stemming from both increased expression and hypo-glycosylation. Aberrant levels of 

glycosyltransferases have been documented in breast carcinoma cell lines, where ~1-

6NglcNAc-T is absent and a2-3SA-T is increased by 8-10 fold(407). As a result, the number 

of carbohydrate chains may be reduced with fewer serine and threonine sites being 

occupied, and the chains also terminate earlier to result in shorter and less branched 

carbohydrate structures(40S, 409) (Figure 3.2 A and B). Consequently cryptic epitope 

sequences are revealed from within the protein core sequence and altered carbohydrate side 

chains which combine to increase immunogenicity of the molecule(410). Analysis of a 

number of different breast cancer cell lines revealed that the nature of the sugar residues 

added to MUC I within any given malignant cell line is specific(40S, 409). 

3.1.3 Glycosylation and MUCI processing 

An important question which arises is the effect of variable MUC1 glycosylation on 

processing for MHC class I and II presentation and TCR recognition in tumours. Analysis 

of fragmentation products by mass spectrometry revealed the main cleavage sites within the 

VNTR sequence (AHGVISAPDTRP APGSTAPPA) to be between the His-Gly bond and 

the Thr-Ser bond (bold). However, the presence of even a monosaccharide at Thr 

(underlined) can inhibit this cleavage event(411). This demonstrates the effect of 

carbohydrate on cellular processing and proteolytic events. Furthermore, glycosylated 

peptides from MUCl, and other glycosylated proteins, have been found in complex with 

MHC class I and II molecules and were recognised by glycan specific CD8+ and CD4+ T 

cells(412-415). Pulsing DC in vitro with native MUCl isolated from tumour cells or a 

synthetic non-glycosylated peptide conjugated to gold beads has revealed further insights 

into MUC 1 processing. Firstly, glycosylated MUC 1 isolated from tumour cells can be 

captured by APC in vitro and taken into the cell through receptor mediated endocytosis but 

this form ofMUC1 is unable to progress through the endocytic pathway. It is eventually re-
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cycled to the cell surface, bypassing the MHC class II processing pathway, and is therefore 

unable to stimulate MUCI specific CD4+ T-cell hybridomas(416). These data suggest that for 

glycosylated MUC 1 peptides to reach the cell surface in association with MHC class II, 

MUC 1 must be synthesised endogenously. In contrast non-glycosylated VNTR peptides are 

taken into the APC by macropinocytosis, efficiently reach the MHC class II processing 

pathway and lead to CD4+ T-cell stimulation(416). Interestingly, there appears to be less of 

an effect of carbohydrate on the presentation ofMUC1 peptides on MHC class I molecules. 

Tumour derived glycosylated forms of MUC 1 can be fed to DC and stimulate CD8+ T cells 

in vitro resulting in target cell lysis. However, this is less efficient than using non

glycosylated MUC1 derivatives(417). 

3.1.4 Naturally occurring immune responses to MUCI in cancer 

Naturally occurring anti-MUCI antibodies have been detected in breast cancer patients(418) 

but do not appear to be sufficient to control disease. Likewise, the induction of anti-MUCI 

antibodies in cancer patients through vaccination regimens has little effect at the clinical 

level. High titre anti-MUCI IgM and IgG antibody responses have been generated in cancer 

patients when vaccinated with MUCI peptides coupled to KLH, administered with QS-21 

adjuvant(419,420). However, the antibodies from the majority of patients were unable to bind 

to MUC 1 + tumour cells. MHC-unrestricted, MUC 1 specific, CD8+ T-cell clones have also 

been identified in lymph node samples from breast, ovarian and MM cancer patients(399, 421-

423). In these cases the CD8+ T cells were thought to bind directly through their TCR to the 

MUC 1 tandem repeat, however additional co-stimulatory signals may have also beeen 

required(424). These findings suggest that due to the normal sequestered nature of MUC1, 

neither immunity nor complete tolerance to this antigen arises. Increased expression, de

polarisation of expression, and hypo-glycosylation seen during malignant transformation 

therefore leaves this molecule open to immune recognition and attack with a reduced risk of 

autoimmunity. However, naturally occurring CD4+ T cells have not been detected in 

patients suggesting a level of tolerance in this T-cell compartment. 

3.1.5 MUCI vaccines 

Early work targeting MUC1 for immunotherapy in mice utilised human MUC1 encoding 

vaccines to assess production of anti-MUC1 antibodies, CD4+ and CD8+ T cells, and 
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protection against tumour challenge. In murine models vaccine formulations to date 

include: 

o peptide/protein alone or conjugated to a carrier protein such as KLH, DT, mannan or 

Bacillus Calmette-Guerin (BCG)(425-427) 

o liposomallMUCl peptide preparations(428). 

o vaccinia vectors (Prof. J. Taylor-Papadimtriou, ICRF, personal communication). 

o plasmid DNA vectors(429,430). 

o DC transfected with tumour RNA or adenovirus encoding MUC 1 (431,432). 

One question firmly addressed in these studies concerned the role of MUC 1 reactive 

antibody in mediating tumour rejection. Early observations indicated that no correlation 

existed between the induction of anti-MUC 1 antibodies and levels of protection achieved(425, 

426, 433). A definitive answer regarding the role of antibody stemmed from the passive 

transfer of MUC 1 reactive antibodies into naIve recipient mice. In this setting, no positive 

effect on survival following tumour challenge was noted(434). 

The role of CD4+ T cells versus CD8+ T cells is still under investigation in response to 

MUCI targeted vaccines. Several reports provide direct evidence for a role for CD8+ T 

cells in anti-MUCl immunity. In mice, immunisation with a rnannan-MUCI fusion protein 

led to measurable CTL and tumour protection(435). The CTL were shown to be specific for 

MUCI MHC class I epitopes contained within both the tandem repeat and non-tandem 

repeat regions(436, 437) and depletion of these CD8+ T cells abrogated tumour protection(435). 

Mice immunised with a vaccinia viral vector encoding the human MUCl cDNA sequence 

can generate MUCl specific CTL capable of lysing RMA-MUCI transfectants in vitro and 

provide protection in vivo (Prof. J. Taylor-Papadimitriou, ICRF, London, personal 

communication). Additionally, mice with spontaneous pancreatic cancer developed MUCl 

specific CTL that were able to lyse a Bl6-MUCI transfectant in vitro and protect from 

tumour challenge when adoptively transferred(438). MUCI transduced DC were also able to 

induce MUC 1 specific CD8+ T cells detected by cytotoxicity assay, and tumour cell killing 

was demonstrated(431). 

With regard to a role for CD4+ T cells in anti-MUCI immunity, Gerloni M. et al. (439) were 

able to induce CD4+ T-cell proliferative responses to a putative MUCl CD4+ T-cell epitope 

when using a transgene vaccination system. Other vaccine formats, such as the 140 amino 

acid VNTR peptide and DNA plasmids encoding human MUCl, have also been shown to 

promote CD4+ T-cell responses(426, 440). More strikingly, Tempero, et al. (441) compared 
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differences between wild type mice able to reject Bl6-MUCl spontaneously and MUCl 

tolerant mice that were unable to reject the tumour cell line. T-cell subset depletion studies 

demonstrated a more prominent role for CD4+ T cells than CDS+ T cells in the protection 

observed, and transfer of this subset to MUC 1 tg mice conferred some protection from 

tumour challenge. The role of CD4+ T cells versus CDS+ T cells may be tumour model 

and/or vaccination specific; for example, while CD4+ T cells were required for Bl6-MUCl 

rejection, CDS+ T cells were required for Panc02-MUC 1 rejection in wild type mice(441, 442). 

One drawback of these strategies is the natural immunogenicity of human MUC 1 in wild 

type mice, so that although vaccine efficacy has been demonstrated, its relevance to a 

human disease setting is minimal since the issue of tolerance cannot be addressed. 

Consequently, the MUCI transgenic mouse has been engineered(443), utilising the human 

MUC I genomic fragment with its natural promoter. Expression analysis of tissues from 

MUC I transgenic mice indicates a similar pattern of expression as in human cells. Overall, 

comparisons of vaccination protocols between wild type and MUC I transgenic mice have 

highlighted a degree of tolerance in the CDS+ T-cell compartments(442), with unknown 

effects on the MUCl specific CDS+ TCR repertoire. There also exists a high degree of 

tolerance in the CD4+ T-cell compartment which consequently limits B cell isotype 

switching(426, 441). Immunological responses generated by vaccination of MUCI tg mice 

were weaker and more difficult to detect than in wild type mice. Immunotherapeutic 

strategies often require additional adjuvants such as cytokines or co-stimulatory molecules. 

For example, MUCl expressing tumour cells, whilst immunogenic in wild type mice, did 

not generate MUC 1 specific immune responses in their transgenic counter-parts unless 

modified to express IL-l2 or B7.1, or fused with DC(444-446). Similarly, mannan-MUCl 

vaccination was more effective in inducing MUCl specific CTL precursors if injected with 

IL_li447). The difficulty in generating CD4+ T-cell responses in these mice was evident and 

parallels the absence of naturally occurring CD4+ T -cells specific for MUC 1 in humans. 

The absence of MUCI-specific CD4+ T-cell help may be one reason for the concurrent 

difficulty in generating MUC I-specific CDS+ T cells. Importantly, evaluation of tissue 

samples following generation of MUC 1 immune responses in transgenic mice revealed no 

destructive autoimmune pathology(444, 445) The MUCl transgenic mouse therefore 

represents an important and relevant model to assess efficacy of immunotherapeutic 

strategies targeting MUCl for application to human clinical trials. 

In addition to murine models, the chimpanzee has also been used as a model for vaccination 

protocols against MUCl. Chimpanzee MUCl shares a high degree of homology with 
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human MUCI protein and the limited research using this animal model has been aimed at 

inducing CD4+ T-cell responses. Vaccination with a 100 amino acid peptide encoding 5 

tandem repeats conjugated to adjuvants led to MUC 1 specific T-cell proliferation in vitro in 

all animals tested and to IFNy production by MUC 1 specific CD4+ T cells in 3/4 

animals(448). CTL responses have also been induced in chimps using this vaccine as well as 

a vaccine incorporating immortilised autologous B cells expressing MUC 1 (448, 449) These 

results are encouraging for human application since CD4+ T-cell tolerance m higher 

primates may not be as complete as that observed in MUC 1 transgenic mice. 

3.1.6 The identification of human HLA-restricted MUC1 epitopes 

Early research into the natural cellular immune response to MUCI led to identification of 

CD8+ T cells able to recognise hypo-glycosylated MUC 1 core peptides in an MHC un

restricted manner(399). It has since become clear that MUCl also codes for peptides which 

can be recognised in a conventional manner, through binding murine MHC, and more 

recently for human HLA-A2 by specifically using HLA-A2 transgenic mice. Importantly 

this now allows targeting of specific MUC 1 derived epitopes to provide a pre-clinical model 

in which to assess vaccination strategies. Current data regarding HLA-A2 binding peptides 

and their immunogenicity are shown in Table 3.1 and is discussed further in relation to our 

strategy using DNA vaccines in Section 3.1.10. 

3.1.7 Clinical trials ofMUC1 vaccines 

An overview of selected phase I and II trials using vaccines to target MUC 1 shows the 

multiplicity of approaches used. (Table 3.2). Current strategies to target MUC 1 include: 

Peptide/protein vaccines 

MUC 1 peptides (of various length incorporating the VNTR), linked to adjuvant sequences 

such as KLH and DT, are able to induce anti-MUCI IgM and IgG antibody responses in 

breast cancer patients phase IIII trials(419, 420, 450) as well as some proliferative responses(392, 

450). 

Mannan-MUCI fusion protein containing 5 tandem repeats of the VNTR has also been 

shown to induce MUCI specific antibody responses (69% patients), however there was no 

reactivity with MUC I expressing tumour cells. This vaccination protocol was also able to 
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Table 3.1. HLA-A2 restricted MUCI epitopes 

HLA-A2 MUCl Predictive algorithm 
peptide regIOn score / HLA -A2 
sequence stabilisation / ICso 

LLLTVLTVV * Signal Algorithm score 412 
sequence 

Stabilised HLA-A2 on 
RMA-S-HHD cells 

ALASTAPPV 3' to VNTR Algorithm score 69 

Stabilised HLA-A2 on 
RMA-S-HHD cells 

NLTISDVSV 3' to VNTR Algorithm score = 69 

Stabilised HLA-A2 on 
RMA-S-HHD cells 

LLLLTVLTV Signal Stabilised HLA-A2 on T2 
sequence cells 

STAPPVHNV Degenerate Stabilised HLA-A2 on T2 
repeat cells 

FLSFHISNL 3' to VNTR Algorithm score 226 

Stabilised HLA-A2 on lY 
cells 

ICso 7/lM 

CTL CTL Presented by tumour Reference 
raised in repelioire cells expressing MUCl 
HLA-A2 in humans endogenously 
mIce 

Yes Nd Yes, human tumour cells (451,452) 
lysed by specific CTL and 
recognised by anti-MHC 
peptide antibodies. 

Yes Nd Yes (452) 

Yes Nd Yes (452) 

Yes Nd Yes (453) 

Yes Nd Yes (453) 

Yes Nd Yes, murine MUC1 (454) 
transfectants 
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Table 3.1 Continued 
---~ 

HLA-A2 MUCI Predictive algorithm score / 
peptide regIOn HLA-A2 stabilisation /IC so 
sequence 

ALGSTAPPV 3' to VNTR Algorithm score = 69 

Stabilised HLA-A2 on lY cells 

ICso = lOf.lM 

TLAPATEPA 5' to VNTR Algorithm score = 2 

Stabilised HLA-A2 on lY cells 

ICso = 11 f.lM 

LLLTVLTVV Signal Algorithm score = 412 

* sequence Stabilised HLA-A2 on lY cells 

ICso = 6f.lM 

STAPPAHGV VNTR Stabilised HLA-A2 weakly 
-

Peptide sequences in bold underlined indicate those used in this study. 

Nd not determined 

* = Same peptide sequence 

-------- ~ 

CTL raised CTL Presented by tumour cells Reference 
in HLA-A2 repertoire expressing MUC 1 
mIce III endogenously 

humans 

Yes Nd Yes, murine MUC1 transfectants (454) 

Yes Nd Yes, murine MUC 1 transfectants (454) 

No Nd Nd (454) 

Yes Nd Nd (455) 
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Table 3.2. Clinical trials of MUCI vaccines 

Tumour Vaccine Adjuvant 

Breast cancer MUe1 peptide 1.5 TR QS-21 

conjugated to KLH 

Breast cancer Muel peptide (106 QS-2l 

amino acids) conjugated 

to KLH 

Breast cancer MUe1 peptide 20mer None 

linked to diphtheria 

toxin 

Patient 
Number 

6 

9 

6 

13 

Immune response Clinical Reference 
response 

4/6 IgM reacted with MUe1 Nd (419) 

3/6 IgG reacted with MUe1 

7/9 IgM reacted with MUe1 Nd (420) 

expressing tumour 

3/9 IgG reacted with MUe 1 

expressing tumour 

6/6 made IgM and IgG reacted with Nd (392) 

Muel 

3/6 T cell IFNy release to Muel 

3/6 made specific proliferative 

responses 

6112 anti-MUel antibody responses Nd (450) 
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Table 3.2. continued 

Tumour Vaccine 

Breast and MUC1 transfected DC 

pancreatic 

Breast and HLA-A2 Peptide pulsed 

Ovarian DC 

Various MUC1 5 TR linked to 

adenocarcinoma mannan 

CR Complete response 
PR Partial response 
SO = Stable disease 
Nd = Not determined 

Adjuvant 

None 

None 

None 

Patient Immune response Clinical Reference 
Number response 

10 411 0 CDS i T cell IFNy release to Nd (229) 

MUC1 nonamers 

10 3/4 CDS+ T cell IFNy release to lPR,1SD (456) 

MUC 1 nonamers 

25 13/25 made anti-MUC1 antibody Nd (39] ) 

response 

4/15 made prol iferative response 

211 0 made specific CTL response 



induce proliferative responses ( 4115 patients) and CTL responses In 211 0 patients with 

cancer of various histologyC391). 

Dendritic cell vaccines 

MUCI transfected DC have been shown to elicit MUCI specific CD8+ T-cell responses in 

4110 breast or pancreatic cancer patients(229). MUC1 HLA-A2 peptide pulsed DC were also 

able to elicit MUC1 specific CD8+ T-cell responses in 3/4 breast and ovarian cancer 

patients( 456). 

In many of these cases there was no demonstration of reactivity with the native MUC1 or 

peptide/HLA complexes found on tumour cells. Many of these studies were also phase IIII 

and hence clinical responses were not formally investigated, but there appeared to be an 

apparent low level of clinical response against tumour cells in some cases(456). These 

observations suggest and warrant the need for further vaccine modifications or protocols. 

Our strategy is to evaluate DNA vaccines as a means of potentiating effective immune 

responses against MUC1. 

3.1.8 MUCI and multiple myeloma 

Increased MUC 1 expression has been described in various haematological malignancies, 

including MM(386, 390, 399). A range of MUC1 reactive antibodies are available and allow 

definition of both glycosylated and non-glycosylated forms, and these have been used to 

determine the levels of MUC1 surface expression on MM cells. The BM-2 anti-MUC1 

antibody has been used to show that 92% of MM samples are positive for MUC1 

expression(390). A more detailed analysis using VU-3C6, VU-4H5 and DF3 antibodies 

revealed that while SIS MM patient plasma cells were positive for MUC1, the percentage of 

cells positive within one clone ranged from 8 to 84%, which depended on the glycosylation 

state of the MUC 1 expressed(386). MUC 1 expression on malignant MM plasma cells was 

dramatically increased when compared to normal B cells. Work carried out in our 

laboratory has additionally shown that MUCI expression in MM patients can be detected as 

a surface glycoprotein. However, in the absence of surface expression, it could still be 

detected as mRNA (Dr. F. Forconi, unpublished data). Dexamethasone treatment can also 

elevate MUC1 expression in MM cells(386) which may augment treatments aimed at 

targeting this molecule. MUC 1 can also be detected in the serum of MM patients, and can 

therefore be used to monitor disease progression. A notable increase in soluble MUC1 has 

been observed in MM patients with active disease when compared to minimal disease(400), 
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signifying the most suitable time for immunotherapy to be whilst the patient is in clinical 

remission. 

3.1.9 Preliminary research in our laboratory 

MUC 1 clearly represents an important, over-expressed tumour antigen with a wide 

distribution in varyious carcinomas, as well as in haematological malignancies. Although 

naturally occurring T cell and antibody responses to MUC 1 have been detected in cancer 

patients at a low level, these responses are generally not effective at controlling disease, and 

a central aim of our study is to utilise DNA vaccines to enhance immunity against MUC 1. 

This study follows on from preliminary work in our laboratory which evaluated an aspect of 

DNA vaccines designed to induce anti-MUCI immunity. The vaccine constructs developed 

encoded full length human MUCI sequence, either alone (p.MUCl) or fused to full length 

FrC (p.MUCIFrC), or to the first domain of FrC, DOM (p.MUClDOM) (Figure 3.4, 

Section 3.2). All 3 vaccines were shown to induce anti-MUCI antibodies in wild type (H-

2b
) mice and to protect from tumour challenge with RMA-MUCI. However, antibody 

responses did not correlate with observed protection. Notably tumour cells derived from 

mice which were not protected by vaccination indicated a decrease in expression of MUC 1 

from their surface. Antibody-mediated protection was therefore not pursued further. These 

data implied a role for for cellular immunity and lymphocyte depletion experiments 

confirmed a role for CTL in mediating protection. This early work also showed that CTL 

specific for two known MUC 1 MHC class I epitopes could be induced by vaccination with 

either p.MUCl, p.MUCIFrC or p.MUCIDOM in wild type mice. These cells could 

effectively lyse peptide pulsed target tumour cells in vitro (Dr. F. Forconi, unpublished 

data). 

3.1.10 Aims of this study 

III Assess the ability of DNA vaccines encoding full length MUCl, or MUCl fused to 

FrC or DOM to provide protection from a tumour challenge with RMA-MUCl in 

wild type mice. 

III Delineate the roles of CD8+ T cells and CD4 + T cells in tumour protection. 

III Compare the ability of DNA vaccines encoding full length MUCl, or MUCl fused 

to FrC or DOM to induce epitope-specific CTL and determine the role of FrC in 

providing T-cell help. 
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$ Compare the ability of DNA vaccines encoding full length MUC 1, or MUC 1 fused 

to FrC or DOM to the p.DOM-peptide design to induce epitope-specific CTL 

$ Assess the efficacy with which vaccination with the p.DOM-peptide design can 

induce immunity and provide protection from tumour challenge with RMA-MUC1 

in wild type mice. 

$ Compare the ability of all DNA vaccines encoding MUC 1 to induce immunity in the 

more appropriate MUC1 tg mice. 

$ Examine the ability of the p.DOM-peptide design to induce MUC1 specific CTL in 

the human HLA-A2 transgenic mouse for a ready translation into the clinical setting. 
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3.2 Results 

3.2.1 Vaccine Integrity 

The integrity of DNA vaccines encoding full length MUCI (Figure 3.4), was confirmed by 

restriction enzyme digests using cloning enzymes. Limited DNA sequencing was 

performed to confirm that MUCl was maintained in frame and where applicable, fused to 

FrC. Due to the guanine/cytosine rich tandem repeat, conventional sequencing of the entire 

MUCI nucleotide sequence was difficult to perform. The integrity of all other constructs 

was confirmed by DNA sequencing and restriction enzyme digest analysis. Protein 

expression of all vaccines was confirmed by in vitro transcription/translation and each of the 

vaccines expressed a protein of the expected size, calculated approximately by assuming an 

average molecular mass for each amino acid to be 110 Daltons. Representative results are 

shown in Figure 3.5. 

3.2.2 Target tumour cells 

RMA-MUCI is a Rauscher MuLV induced thymoma cell line stably transfected with a 

plasmid encoding the full-length human MUCI sequence with 39 repeats (a kind gift from 

Prof. J. Taylor-Papadimitriou, CRUK London). The transfected tumour cell line was 

phenotypically characterised by flow cytometry for expression of MUCl, MHC class I (H-

2kb and H-2Db
), MHC class II (I-A and I-E), as well as for CD4 and CD8. High levels of 

MUCI and both MHC class I alleles were apparent, whereas no MHC class II or CD4 

expression was observed. CD8 expression was low (Figure 3.6). 

3.2.3 Antibody response to vaccination 

To determine the ability of the vaccine encoded protein to fold correctly in vivo, and to 

generate an immune response, C57BlI6 mice were vaccinated with DNA constructs shown 

in Figure 3.4. Serum was collected on day 28 after two DNA vaccinations on day 0 and day 

21. The levels of anti-FrC and anti-MUCI antibodies oflgG class were determined using a 

specific ELISA. As expected, vaccination with p.MUCIFrC, p.DOM-MUClpeptide1 and 

p.DOM-MUC 1 peptide2 and p.FrC generated detectable levels of anti-FrC antibodies 

(Figure 3.7). A decreased FrC-specific response was seen when vaccinating with constructs 

containing DOM probably because of a reduction in the number of epitopes available. It 

should be noted however, that vaccination with p.MUCIDOM did not generate anti-FrC 
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Figure 3.4. Diagrammatic representation of DNA vaccines 
containing MUC 1 sequences 

Peptide 1 (SAPDTRPAP) and 3 (STAPPAHGV) are located within the 
VNTR, peptide 2 (SAPDNRPAL) is located within the degenerate repeat 
and peptide 4 (TVVTGSGHA) is located within the signal sequence, not 
shown. FrC7 (SNWYFNHL) is an MHC class I epitope from the second 
domain of FrC. 
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Figure 3.5. Transcription and translation of DNA vaccines 
encoding MUCI in vitro 

DNA vaccines were transcribed and translated in vitro using a 
reticulocyte expression system. All plasmids produced a protein of 
expected size and examples are shown. Expected product sizes are 
as follows: MUCI - I05KDa, MUCIFrC - 1 54KDa, MUCIDOM-
133KDa, FrC - 50KDa, DOM-MUClpeptide2 and peptide1TR -
29KDa and DOM- 28KDa. 
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Figure 3.6. Phenotypic analysis ofRMA-MUCl 
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RMA-MUCI cells were incubated with FITC conjugated mAbs or with anti-MUCI 
mAb (VU3C6) for 30 minutes, followed by FITC labelled goat anti-mouse Fcy before 
F ACS analysis. Live cells were gated on and assessed for fluorescent staining of: A 
and B, MHC class I (H-2Kb and H-2Db

), C, MHC class II (I-A and I-E), D, CD8, E, 
CD4 and F, MUC 1. Cells were positive for expression of both MHC class I isotypes 
and for MUCI , with low expression of CD8 and no CD4 or I-A/I-E expression. In 
each case the solid black line represents staining with an isotype control antibody 
while the purple histogram represents specific staining. 
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Figure 3.7. Anti-FrC antibody responses generated in mice vaccinated with 
MUCI containing DNA vaccines 

C57Bl/6 mice (8 per group) were vaccinated twice with p.MUC1, p.MUC1FrC, 
p.MUC1DOM, p.DOM-MUC1peptide2 or p.FrC and serum samples collected on 
day 28. Anti-FrC antibody was detected using specific ELISA and are given in 
arbitrary units. Black circles (.) denote responses made by individual mice, and 
black bars (-) the mean response in each group. Vaccination with p.MUC1FrC, 
p.DOM-MUC1peptide2 and p.FrC generated detectable levels of anti-FrC 
antibody (p = 0.0005 for p.MUC1 vs p.FrC using paired Student t test). 
Vaccination with p.MUC1DOM generated an anti-FrC antibody response 
compared to vaccination with p.MUC1 (p 0.0129 using paired Student t test) , 
however this was not equivalent to that induced by vaccination with p.DOM
MUC1peptide2 (p = 0.0124 using paired Student t test). As expected, higher anti
FrC antibody levels were induced in mice vaccinated with plasmids encoding full 
length FrC compared with those receiving vaccines encoding only the first 
domain. 
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antibodies, despite synthesis of the predicted protein in vitro (Figure 3.5). It is possible that 

the large MUC 1 molecule may interfere with correct DOM folding during protein synthesis 

and inhibit generation of anti-FrC antibodies. The vaccines incorporating p.DOM

MUC1peptide3 and p.DOM-MUC1peptide4 were not assessed for anti-FrC antibodies. The 

anti-MUC1 antibody response were similarly measured by ELISA using a 24mer MUC1 

peptide incorporating 1 full tandem repeat and 4 amino acids from the next tandem repeat to 

coat ELISA plates. The results are shown in Figure 3.8. As expected, DNA constructs 

containing full length MUCI were able to generate detectable antibody to this region of the 

MUC1 sequence. Fusion of FrC or DOM to MUC1 did not enhance the anti-MUC1 

antibody response at this early time point. Fusion of FrC has been shown to enhance the 

anti-MUC1 antibody response at later time points with an increased number of vaccinations 

(Dr. F Forconi, unpublished data), consistent with the ability of FrC fusion constructs to 

provide linked T-cell help. 

3.2.4 Efficacy of MUCI DNA vaccines in inducing protective immunity 
against tumour challenge 

DNA vaccines encoding full length MUC1, either alone or fused to FrC or DOM were 

assessed for their ability to induce immunity that would protect from a tumour challenge 

with RMA-MUCI. All experiments were performed in C57Bl/6 (H_2b
) mice. In a 

preliminary experiment, groups of 7 mice were vaccinated twice (day 0 and day 21) with 

p.MUC1, p.MUC1DOM and control plasmid p.DOM. 4 naiVe mice were also included. 

Animals were challenged with 5xl04 RMA-MUC1 tumour cells by the i.p. route on day 28 

and monitored for 100 days post challenge. Tumour cells were assessed for MUC1 

expression on the day of challenge by F ACS analysis and were positive (Figure 3.9A). All 

naive mice and mice vaccinated with p.DOM were culled between day 15 and 18 due to 

tumour burden (Figure 3.10), with phenotypic analysis demonstrating no alteration in 

MUCI expression on tumour cells from these mice (Figure 3.9B). Vaccination with 

p.MUC1 and p.MUCIDOM protected approximately 60% and 70% of mice at day 100 

respectively (Figure 3.10). This was statistically significant, p = 0.0003 and p = 0.0003 

respectively compared to p.DOM vaccination using X2 Logrank test. Assessment of the 

MUC 1 expression on tumour cells which grew progressively in animals previously 

vaccinated with p.MUC1 and p.MUC1DOM demonstrated a decrease in the level of 

expression of the cell surface glycoprotein (Figure 3.9C), suggesting immunological 

pressure to remove MUC1 from the cell surface. 
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Figure 3.8. Anti-MUCI antibody responses generated in mice vaccinated 
with MUCI containing DNA vaccines 

pFrC 

C57B1I6 mice (8 per group) were vaccinated twice with p.MUCl, p.MUC1FrC, 
p.MUC1DOM, p.DOM-MUC1peptide2 or p.FrC and serum samples collected on 
day 28. Anti-MUC1 antibody was detected using specific ELISA and were 
compared to a standard (HMFG 1) of known concentration. Black circles (.) 
denote responses made by individual mice, and black bars (-) the mean response 
in each group. Vaccination with p.MUCl, p.MUC1FrC, p.MUC1DOM led to 
significant levels of anti-MUC1 antibody being detected (p = 0.0094 for 
p.MUC1DOM vs. p.DOM-MUC1peptide2 using paired Student t test). 
Vaccination with pDOM-MUC1peptide2 did not generate significant levels of 
anti-MUC1 antibody in comparison to p.FrC (p = 0.058 using paired student t 
test). 
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Figure 3.9. Phenotypic analysis of RMA-MUCl cells 

RMA-MUCI tumour cells were assessed for MUCI expression using HMFGI anti
MUCI mAb. Black line illustrates tumour cells alone, blue line illustrates tumour cells 
incubated with secondary FITC labelled goat anti-mouse IgG alone, and red illustrates 
tumour cells incubated with HMFG 1 followed by FITC labelled goat anti-mouse IgG. 
A, cells were assessed and positive for MUCI expression prior to challenge. B, a 
representative example of tumour cells that arose in mice vaccinated with control 
plasmid (p.DOM), these cells remained positive for MUCI expression demonstrating no 
down-regulation of the glycoprotein from the cell surface. Tumour cells arising in all 
other control mice were similarly positive. C, a representative example of tumour cells 
that arose in mice vaccinated with p.MUCIDOM. HMFGl staining of these cells (red 
line) was identical to that of secondary FITC staining alone (blue line). This indicates 
that these cells were negative for MUCI expression demonstrating the ability of the 
tumour cells to down-regulate MUCI from the cell surface. However there was also a 
possibility that anti-MUCI antibodies generated in vivo remained coated to the RMA
MUCI cell surface following tumour cell removal from the animal, and may have been 
able to block HMFG 1 staining. 
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Figure 3.10. Mice vaccinated with MUC1 containing DNA vaccines are protected from 
tumour challenge with RMA-MUC1 

C57BII6 mice were vaccinated twice with p.MUCl, p.MUCIDOM or control vaccine p.DOM. NaiVe mice received no 
vaccination. Mice were challenged with 5xl04 RMA-MUCl tumour cells i.p. on day 28. Mice were monitored for 100 days and 
culled when tumour burden (ascites) reached 20% of the original weight of the mouse. Na"ive mice and those vaccinated with 
control plasmid demonstrated no protection from tumour challenge and were culled between day 15-18. Mice vaccinated with 
p.MUCl or p.MUCIDOM were protected fr0111 tumour challenge, with approximately 60 and 70% of mice surviving at day 100. 
This was statistically significant compared to p.DOM vaccination (p = 0.0003 and p = 0.0003 respectively using X2 Logrank test) 



In a repeat experiment, groups of 8 age and sex matched mice were vaccinated twice (day 0, 

21) with p.MUC1, p.MUCIDOM and control plasmid p.DOM. In this experiment, groups 

of mice vaccinated with p.MUC IFrC and control p.FrC were also included, and naIve mice 

received no vaccination. Mice were challenged with RMA-MUCI on day 28 as described 

above. The results confirmed observations from the first experiment (Figure 3.l1). NaIve 

mice and mice vaccinated with p.DOM had to be culled between days 20 and 30 due to 

tumour burden. 75% of mice vaccinated with p.FrC were culled before day 20 due to 

tumour burden. Vaccination with p.MUC1, p.MUCIDOM and p.MUCIFrC significantly 

protected approximately 75%, 75% and 60% of mice respectively (p = 0.0341 for 

p.MUCIFrC compared with p.FrC using l Logrank test). The low level of animals 

surviving tumour challenge following vaccination with p.FrC was not statistically 

significant compared to p.DOM vaccination using X2 Logrank test (p = 0.169). 

3.2.5 Effect of CDS+ and CD4+ T-cell depletion on DNA vaccine mediated 
protection 

To assess the role of CD8+ T cells and CD4+ T cells in the observed DNA vaccine mediated 

protection, antibodies were used in vivo to deplete the relevant subset at the time of tumour 

challenge. Firstly however, the CD8 and CD4 depleting antibodies were assessed for their 

depleting efficiency in vivo (Figure 3.12). The percentage of CD8+ or CD4+ T cells 

depleted was assessed by comparison with the same population in non-depleted animals. 

The CD8 depleting antibody removed at least 95% of the relevant subset and the CD4 

depleting antibody removed 89% of the relevant subset. When both antibodies are 

delivered together, 93% of the CD8+ T-cell population are removed and 76% of the CD4+ 

T-cell population are removed. Secondly, it is to be noted that the RMA-MUCI tumour 

cell line does not express significant levels of CD4 or CD8 (Figure 3.6), which allows use 

of depleting antibodies without any direct effect on tumour growth. To formally 

demonstrate this, naIve non-vaccinated mice were depleted of either CD4 or CD8 or given 

control rat IgG at the time of tumour challenge. Mice were then monitored until culled due 

to tumour burden. Figure 3.13 shows that neither depleting antibody had any effect on 

tumour growth. Subsequently, groups of 8 age and sex matched mice were vaccinated 

twice (day 0, 21) with either p.MUCIDOM or p.DOM. Mice then received 5 doses of 

either anti-CD4, anti-CD8, or both, normal rat IgG or no treatment at time of tumour 

challenge. The results, shown in Figure 3.14, indicate cumulative results from 2 

experiments: 94% of control mice vaccinated with p.DOM and given rat IgG were culled 
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Figure 3.11. Mice vaccinated with MUCI containing DNA vaccines are protected from 
tumour challenge with RMA-MUCI 

In a repeat protection experiment, C57BlI6 mice were vaccinated twice with p.MUC 1, p.MUC I DOM, p.MUC I FrC, or control 
vaccines p.DOM, or p.FrC. Nai've mice received no vaccination. Mice were challenged with 5xl04 RMA-MUCI tumour cells 
i.p. on day 28 and monitored for 100 days. Mice were culled when tumour burden (ascites) reached 20% of the original weight 
of the mouse. Nai've mice and those vaccinated with control plasmid p.DOM demonstrated no protection from tumour 
challenge and were culled between day 20-30. Mice vaccinated with p.FrC also demonstrated no protection from tumour 
challenge compared to p.DOM vaccination (p = 0.169, X2 Logrank test). Mice vaccinated with p.MUCI, p.MUCIDOM or 
p.MUCIFrC were significantly protected from tumour challenge, with approximately 75%, 75% and 60% of mice surviving at 
day 100 (p = 0.0341 for p.MUC I FrC compared to p.FrC using X2 Logrank test). 
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Figure 3.12. CDS and CD4 depleting antibodies were assessed for their depletion 
efficiency in vivo 

NaIve mice were administered A, no antibody, B, depleting anti-CD4 antibody, C, 
depleting anti-CD8 antibody or D, depleting anti-CD4 and anti-CD8 antibodies. Mice 
received 5 injections of 100llg of antibody over a period of 10 days. Mice were tail bled 
and their lymphocytes assessed for populations of CD8+ and CD4+ T cells using 
fluorescent labelled mAbs specific for CD3, CD8 and CD4 and analysed by F ACS. The 
lymphocytes were gated on based on their FS and SC properties and the plots above 
generated. The percentages of CD3+CD8+ or CD3+CD4+ T cells relative to the same 
population in mice given no depleting antibodies (A) are shown. B, CD4 depleting 
antibody removes 89% of CD4+ T cells. C, CD8 depleting antibody removes >95% of 
CD8+ T cells. D, CD4 and CD8 depleting antibodies given simultaneously remove 93% 
CD8+ T cells and 76% CD4+ T cells. 
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Figure 3.13. CD4 and CD8 depleting antibodies have no effect 
on tumour growth in naive animals 

NaiVe mice were administered 100f.!g of depleting anti-CDS 
antibody (green line) or depleting anti-CD4 antibody (blue line) or 
control rat IgG (black line) i.p over a period of 10 days. The red 
line indicates mice receiving no antibody. Mice were challenged 
with 5x104 RMA-MUCI tumour cells and culled when tumour 
burden reached 20% of the original weight of the mouse. Depleting 
either the CDS+ or CD4+ T cell populations has no effect on tumour 
growth. 
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Figure 3.14. CD4+ and CDS+ T cells playa critical role in the protective immune response 
to tumour generated by DNA vaccination 

C57B1I6 mice were vaccinated twice with p.MUCIDOM (day 0 and 21) before being administered 100flg of 
depleting anti-CD8 antibody, or depleting anti-CD4 antibody, or both, or control rat IgG i.p. at the time of tumour 
challenge. Further control groups received p.MUCIDOM or p.DOM with no antibody. Mice were challenged on 
day 28 with 5xl04 RMA-MUCI tumour cells and culled when tumour burden reached 20% of the original weight 
of the mouse. 94% of mice vaccinated with p.DOM were culled before day 40 due to tumour burden, whereas 88% 
and 82% of mice vaccinated with p.MUCIDOM and given either rat IgG or no antibody respectively remained 
tumour free at day 100. However 34% of mice depleted of CD4

i 
T cells and 40% of mice depleted of CD8+- T cells 

and 0% of mice depleted of both subsets were tumour free at day 100 indicating a role for both CD4+ T cells and 
CD8+ T cells in protection. p = 0.0051 for CD4 depletion, p = 0.0034 for CD8 depletion and p = <0.0001 for 
double depletion compared to p.MUC 1 DOM using X2 Logrank test. 



before day 40 after tumour challenge due to tumour burden; 82-88% of mice vaccinated 

with p.MUCIDOM and given either no treatment or rat IgG were tumour free at day 100. 

Mice vaccinated with p.MUCIDOM and depleted ofCD8+ T cells resulted in 40% of mice 

being tumour free at day 100, indicating that CD8+ T -cells play an important role in 

protection mediated by this vaccine. Furthermore, 34% of mice vaccinated with 

p.MUC 1 DOM and depleted of CD4+ T cells were tumour free at day 100, also suggesting a 

critical role for CD4+ T cells in mediating tumour protection induced by vaccination. 

Depleting both CD4 + and CD8+ T-cell subsets resulted in 0% of mice being tumour free by 

day 30, highlighting that T cells are responsible for all protective immunity and the 

synergistic nature with which these two subsets work in this model. This result does 

correlate well with current literature, where depletion studies have hinted at a combined role 

for CD4+ T cells and CD8+ T cells in MUCI targeted immune protection in specific tumour 

models or modes of vaccination(457). 

3.2.6 Comparing vaccine design to induce MUCI peptide-specific CTL 

In this part of the investigation, the role of CD8+ T cells in mediating protection against 

MUCI expressing tumours was specifically addressed. To confirm preliminary work 

carried out by Dr. F. Forconi, the ability of vaccines p.MUCl, p.MUCIFrC and 

p.MUCIDOM to elicit CTL in C57BlIk mice (against 2 published peptide sequences, 

SAPDTRPAP and SAPDNRPAL (436, 437)) was assessed. Strong CTL responses against 

peptide coated EL-4 target cells were observed after two intramuscular injections (day 0, 

21) and 1 week in vitro stimulation with 20[..lM of either peptide 1 or peptide2 (Figure 3.15). 

However, the responses seen after vaccination with p.MUCl and p.MUCIDOM were 

consistently greater than those seen with p.MUCIFrC in 2 of 2 experiments, indicating 

possible competition between immunodominant CTL epitopes in FrC and MUC 1. An 

alternative explanation could be due to a decreased protein turnover from the plasmid due to 

the large size of insert compared to plasmids with smaller coding inserts such as p.MUC 1 

alone. In addition, the proteasome may not be as efficient in relation to protein turnover 

with the large and bulky MUCIFrC fusion protein as compared to smaller fusion proteins. 

To investigate this further, and as specific tetramers were not available, ELISPOT assays 

were used to assess the quantitative effect of FrC fusion in vaccine design and this is 

discussed below. 
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Figure 3.15. DNA vaccination with MUCI encoding vaccines efficiently activates MUCI 
peptide-specific CTL 

C57Bl/k mice were vaccinated twice with p.MUCl, p.MUCIFrC or p.MUCIDOM and spleens 
taken on day 35. 1 week in vitro re-stimulation was performed with 20llM peptide 1 (A) or 
peptide2 (B). A standard 5 hour 51 Cr release assay was performed against peptide coated EL4 
targets, EL4 + peptidel (dotted line, ..... , A), EL4 + peptide2 (dotted line, ""', B), EL4 + FrC7 (grey 
line, ) or EL4 alone (black line, -). A greater level of lysis was seen against both peptide 1 and 
peptide2 pulsed target cells when immunising with p.MUCl or p.MUCIDOM as compared to 
p.MUClFrC. 



To increase the efficacy of DNA vaccines further for CTL induction, the p.DOM.epitope 

design was employed to target 4 MUC1 epitopes. The p.DOM-MUCI peptide2 vaccine was 

able to elicit strong CTL responses against peptide2 coated EL-4 targets after a single 

intramuscular injection (day 14) and one in vitro stimulation; this response was maintained 

and marginally enhanced after two intramuscular injections (day 28) and one in vitro 

stimulation (Figure 3.16, representative of 4 experiments at day 14 and 2 experiments at day 

28). The response was specific as no CTL activity was detected against EL-4 alone or EL-4 

pulsed with an irrelevant peptide (FrC7), and additionally no CTL activity was detected 

against any of the targets when mice were vaccinated with the control, p.DOM. IFNy 

synthesis is an additional marker for CD8+ T-cell activation and was assessed using 

intracellular fluorescent antibody staining and F ACS analysis. The F ACS profile shown in 

Figure 3.17 mirrors the CTL data, demonstrating peptide-specific CD8+ T-cell expansion. 

Varying the concentration of peptide used for stimulation (20).lM - 0.002).lM) or for pulsing 

target cells (10).lM 0.001 ).lM) had little effect on the response seen, indicating expansion 

of high affinity CTL (data not shown). In contrast, p.DOM-MUC1peptide1 was unable to 

induce CTL which could recognise peptide coated EL-4 targets after one or two 

intramuscular injections (day 14 or 28) with or 2 in vitro stimulations with various 

concentrations of peptide 1 (data not shown). The absence of a response may be a result of 

poor processing of this peptide, possibly at the level of the proteasome or recognition by 

TAP. The low affinity of peptide 1 for MHC, as suggested by predictive algorithms and the 

lack of defined anchor residues(458, 459), may also playa role in the inability of this vaccine to 

induce an observable CTL response. To investigate this further, an MHC class I stability 

assay was undertaken using a TAP deficient cell line RMA-S. Addition of peptide to these 

cells in culture can stabilise empty MHC class I molecules on the cell surface. This can be 

detected using anti-MHC class I antibodies specific for the correctly folded structure. 

Figure 3.18 shows that peptide 2 is able to stabilise H-2Db at concentrations as low as l).lM. 

Peptide 1 however was unable to stabilise H-2Kb at any concentration used (0.1-50).lM). 

Stabilisation ofH-2Kb by SIINFEKL was used as positive control. 

Following this, a direct comparison ofp.MUC1, p.MUCIDOM and p.DOM-MUC1 peptide2 

vaccines was investigated in parallel after two intramuscular injections (day 0, 21) and 1 in 

vitro stimulation with 0.002).lM peptide2. Vaccinating with p.DOM-MUClpeptide2 

resulted in a improved CTL response against peptide coated targets when compared to 

vaccines incorporating the full length MUCI sequence (Figure 3.l9, 1 of 1 experiment). 

This may be due to immunodominance between MHC class I epitopes within the MUC 1 full 
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Figure 3.16. DNA vaccination with p.DOM-MUClpeptide2 efficiently 
activates peptide-specific CTL 

.. 

80:1 

C57Bl/k mice were vaccinated either once (A) or twice (B) with p.DOM-MUClpeptide2 and 
spleens taken at day 14 or 28 respectively. I week in vitro re-stimulation was performed with 
20)..tM peptide2. A standard 5 hour SICr release assay was performed against peptide coated EL4 
targets: EL4 + peptide2 (dotted line, ..... ), EL4 + FrC7 (grey line, ) or EL4 alone (black line, -). 
Vaccination with p.DOM-MUCl peptide2 activates epitope specific CTL that can lyse peptide pulse 
tumour cells in vitro . 
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Figure 3.17. p.DOM-MUClpeptide2 vaccination activates specific CD8+ T cells 
that expand in vitro 

C57BlIk mice were vaccinated once with p.DOM-MUClpeptide2 (left panel) or p.DOM 
(right panel). Splenocytes were harvested on day 14 and re-stimulated in vitro for 1 
week with 20flM peptide2. T cells were stained for intracellular IFNy production after 4 
hours incubation with 5 flM peptide 2. Percentages of CDS+ T -cells staining positive for 
IFNy are given in the top right corner of each plot. Second and third row illustrate 
specificity of staining by incorporating FITC conjugated isotype controls for CDS and 
IFNy respectively. Vaccination with p.DOM-MUClpeptide2 but not p.DOM generated 
peptide specific CTL that could be expanded in vitro. 

150 



....... 
VI ....... 

MUCI 
peptide 1 

MUCl 
peptide 2 

SIINFEKL 

£ 160 
(/) 

c 140 <1> 
C 120 
C 100 <1> 
() 

80 <1> 
(/) 

<1> 60 ..... 
0 

40 ::J 
;;:: 
c 20 cu 
<1> 0 
~ 

0 

Peptide concentration 

O).LM O.l).LM l).LM lO).LM 50).LM 

(LL (LL !~LL (LL (LL 
10 ' 10' 10' 10· 10' 10 ' 10' 10' 10· 10 ' 10' 10' 10' 10· 10' 10' 10' 10' 10· 10 10 ' 10' 10' 10· 10' 

H-2Kb FITC H-2Kb FITC H-2Kb FITC H-2Kb FITC H-2Kb FITC 

(LL ~:rL (LL ([L E:CL 
10' 10' 10' 10· 10' 10' 10' 10' 10· 10' 10' 10' 10' 10· 10 ' 10' 10' 10' 10· 10 10' 10' 10' 10· 10' 

H-2Db FITC H-2Db FITC H-2Db FITC H-2Db FITC H-2Db FITC 

(L (L ~Ti~ (~ (~ 
10' 10' 10' 10· 10' 10' 10' 10' 10· 10 ' 10' 10' 10' 10· 10' 10' 10' 10' 10· 10 10' 10' 10' 10· 10' 

H-21<b FITC H-2Kb FITC H-2Kb FITC H-2Kb FITC H-2Kb FITC 

10 20 30 40 50 

Peptide concentration !-1M 

MUC 1 peptide2 

SIINFEKL 

MUC 1 peptide 1 

60 

Figure 3.18. MUCI peptide 2 but not MUCI peptide 1 can stabilise 
MHC class I on the surface of RMA-S cells 

RMA-S TAP deficient cells were incubated in a volume of Iml for 18 
hours at 37°C with 0-50flM of MUClpeptidel , MUClpeptide2 or 
SIINFEKL. CeIls were labelled with anti-H-2Kb (Y3) and anti-H-2Db 

(B22) conformational dependent antibodies before being incubated with 
FITC conjugated anti-mouse IgG. Fluorescent staining was analysed by 
FACS. MUClpeptide2 and SlINFEKL are both able to stabilise MHC 
class I molecules on the surface of RMA-S cells at concentrations as low 
as IflM. MUClpeptidel was unable to stabilise H-2Kb at any 
concentration analysed . 



Vaccine: p.MUCl p.MUC1DOM p.DOMMUCl p.DOM 

95 peptide2 

85 
~ ~ -

75 
C/) 65 .(j) 

>. 55 ' 
<.) ! 

13 45 ~ , # 

(!) 

~ 35 ~ 
"eft. 25 ~ , 

! 

1: j , ... - - -.. • I 
-5 ~ 10:1 40:1 80:1 10:1 40:1 80:1 10:1 40:1 80:1 10:1 40:1 80:1 

EIT ratio 

Figure 3.19. p.DOM-MUClpeptide2 vaccination enhances peptide-specific 
CTL responses compared to DNA vaccines encoding full length MUCI 

C57Bl/k mice were vaccinated twice with p.MUC1, p.MUC1DOM, p.DOM
MUClpeptide2 or p.DOM and spleens were taken at day 35. 1 week in vitro re
stimulation was performed with O.002IlM peptide2. A standard 5 hour 51Cr 
release assay was performed against targets EL4 alone (black line, -) or EL4 + 
peptide2 (dotted line, ..... ). DNA vaccination with p.DOM-MUClpeptide2 
design appears to enhance the CTL response to peptide coated targets compared 
to use ofthe full length MUCl sequence. 
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length sequence as well as enhanced proteolytic cleavage of peptide2 when tethered to the 

C-terminus of the first domain of FrC, as predicted by the C-end rule(43). ELI SPOT assays 

were used to compare and quantify the CD8+ T-cell response to peptide2. Mice were 

injected either once (day 0) or twice (day 0,21) with p.MUC1, p.MUCIDOM, p.MUCIFrC 

and p.DOM-MUC 1 peptide2 and the number of CD8+ T-cell releasing IFNy specifically was 

measured directly ex vivo after 24 hour stimulation with] 11M peptide 2. Cumulative results 

are shown in Figures 3.20 and 3.21, and represent the number ofIFNy producing cells per 

million splenocytes. 

At day 14 following one vaccination there are too few animals in each experimental group 

to perform statistical analysis to allow a comparison between each vaccine (l experiment). 

However, the trend indicates that CD8+ T-cell responses generated to MUC 1 peptide2 are 

low with all vaccines. At day 28 following two vaccinations (3 experiments), the p.MUCI 

and p.DOM-MUClpeptide2 experimental groups have enough data to perform statistical 

analysis, and show a significant increase in the number of epitope-specific CD8+ T cells 

compared to p.DOM control vaccinated mice. The p.MUCIFrC and p.MUCIDOM 

experimental groups show too much spread for statistical significance over the control 

vaccinated group but the trend in the response appears to be similar to mice vaccinated with 

p.MUCl. These data cannot be statistically compared with those at day 14, but indicate an 

amplification in epitope-specific CD8+ T cells following a DNA vaccine boost. These 

results complement earlier data and suggest that the provision of additional MHC class II 

'helper' epitopes through fusion of FrC or DOM to full length MUC 1 does not enhance the 

CD8+ T-cell response to peptide2. This is due to the natural immunogenicity of human 

MUC 1 in the wild type setting. There is an indication that a similar number of CD8+ T cells 

are being activated with all DNA fusion vaccines encoding full length MUCl. This 

suggests the minimum threshold level ofpeptide-MHC complexes required for CD8+ T-cell 

activation are reaching the cell surface in all cases. However, it is difficult to relate these 

findings with the CTL assay results shown in Figure 3.15 because the rate of expansion and 

avidity of the activated CD8+ T cells from each group has not been analysed. This should 

form a fundamental part of future work. 

Interestingly, vaccination with p.DOM-MUClpeptide2 induces a significantly greater 

number of epitope-specific CD8+ T cells compared to vaccination with p.MUCI at day 28. 

This highlights again the increased efficiency with which this vaccine format can induce 

epitope-specific CD8+ T cells. It also demonstrates the efficient provision of T-cell help 
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Figure 3.20. Quantification of CDS+ T-cell 
activation following one DNA vaccination 

C57/B16 mice (a minimum of 3 per group) 
were vaccinated once with p.MUC1, 
p.MUCIDOM, p.MUCIFrC, p.DOM
MUCIpeptide2 or control vaccine p.DOM. 
Splenocytes were taken on day 14 and 
incubated with FrC p30 or MUCIpeptide2 
for 24 hours. IFNy producing CD8+ T cells 
were counted for individual mice (.) and the 
median is shown (-). Statistical analysis is 
not possible due to small numbers of animals 
in each group. The indication is that 
vaccination with p.MUCI, p.MUCIDOM, 
p.MUCIFrC and p.DOM-MUClpeptide2 
generates a low level of peptide-specific 
CD8+ T cells. 
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Figure 3.21. Quantification of CDS+ T-cell activation 
following two DNA vaccinations 

C57/Bl6 mice (a minimum of 6 per group) were vaccinated 
twice with p.MUC1, p.MUCIDOM, p.MUCIFrC, p.DOM
MU C 1 peptide2 or control vaccine p.DOM. Splenocytes 
were taken on day 14 and incubated with FrC p30 or 
MUClpeptide2 for 24 hours. IFNy producing CD8+ T cells 
were counted for individual mice ( .. ) and the median is 
shown (-). The trend in the responses indicates that 
p.MUC1, p.MUCIDOM, p.MUCIFrC and p.DOM
MUClpeptide2 vaccination generates an amplified number 
of specific CD8+ T cells compared to control vaccination. 
Due to small numbers of mice in each group and due to data 
spread, this was only statistically significant for p.MUCl and 
p.DOM-MUClpeptide2 vs p.DOM (p=O.OOI and p=0.0007 
respectively, Mann Whitney test). For the same reason this 
data cannot be compared to that at day 14 (Figure 3.20). 
However, vaccination with pDOM-MUClpeptide2 does 
generate a significantly greater number of peptide-specific 
CD8+ T cells compared to p.MUCl alone (p = 0.0205 Mann 
Whitney test) at day 28. 

155 



from p.DOM and/or the enhanced processing of the peptide2 epitope from it's C-terminus. 

It is also possible that the increased number of activated peptide-specific CD8+ T cells 

following vaccination with p.DOM-peptide2 accounts for the increased CTL mediated lysis 

detected against peptide coated targets (Figure 3.19). In all cases the CD4+ T-cell response 

to FrC p30 peptide was used as a positive control. A CD8+ T-cell response was only 

detected in conjunction with a CD4+ T-cell response to p30 (except when vaccinating with 

p.MUCl alone) however an increased p30 specific CD4+ T-cell response did not necessarily 

correlate with an increased peptide-specific CD8+ T-cell response following a DNA vaccine 

boost. This is may indicate that the minimal threshold of T-cell help required for CD8+ T

cell activation to peptide2 was met following vaccination with all MUC 1 encoding vaccines. 

3.2.7 Cross reactivity in the CTL response to MUCI DNA vaccine 

Experimental data described in the previous section show the increased ability of 

p.DOM.epitope vaccine design to generate elevated numbers of peptide-specific effector 

CTL in comparison to DNA vaccines encoding the full length MUC 1 gene. It was of 

further interest to find that although the vaccine p.DOM-MUClpeptidel was unable to elicit 

any detectable CTL responses, vaccination with the p.DOM-MUClpeptide2 vaccine was 

able to generate a CTL response that not only recognised EL4 target cells coated with 

peptide 2 but also when coated with peptide I (Figure 3.22, representative of 3 

experiments). These two peptides differ in two underlined amino acids, with peptide 1 

SAPDTRPA.E, and peptide 2 SAPDNRPA1. Peptide 2 contains defined anchor motifs for 

Db which are asparagine at position 5 and leucine at position 9, whereas peptide 1 does not 

contain any defined Kb anchor motifs(458, 459). This may explain the ability of p.DOM

MUCIpeptide2 to elicit vigorous CTL, since these anchor motifs are likely to confer a 

greater binding affinity of the peptide for MHC class I molecules and increased stability of 

these peptide/MHC complexes at the cell surface (Figure 3.18). This could effectively lead 

to higher numbers of MHC class I-peptide complexes at the cell surface for CD8+ T-cell 

activation. At sufficiently high concentrations, peptide 1 may bind transiently to Db when 

loaded externally for in vitro assays, and thus allow recognition and target cell lysis by CTL 

raised against peptide 2. The efficacy of CTL recognition of peptide 2 coated targets is 

comparably greater than that of peptide I coated targets (Figure 3.22) suggesting a 

heterogeneous population of CTL recognising different determinants from the peptide 2 

epitope, only a fraction of which will also be able to recognise peptide 1. 
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Figure 3.22. MUCI peptide 2 specific CTL can also recognise 
peptidellMHC complexes 

C57BlIk mice were vaccinated either once or twice with p.DOM-MUClpeptide2 
and spleens taken at day 14 or 28 respectively. 1 week in vitro re-stimulation 
was performed with O.002!lM peptide 2. A standard 5 hour 51Cr release assay 
was performed against EL4 targets, (black line, -), EL4 + peptide2, (dotted 
line, ..... ) and, EL4 + peptide 1, (dashed line, -----). CTL raised against peptide 2 
can also recognise and lyse target cells coated with peptide 1. 
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3.2.8 CTL specific for MUCI-derived peptide 2 cannot lyse RMA-MUCI 
in vitro 

The finding that a DNA vaccine format encoding a single MUCI Kb epitope could elicit 

effector CTL against both the encoded peptide sequence and an alternative MUC 1 epitope 

sequence was encouraging. However, for this vaccine to be of use in vivo, target tumour 

cells must also process and present either one or both of the epitopes in a recognisable 

manner. To assess tumour cell processing and presentation of peptide 1 and 2, mice were 

vaccinated once with p.DOM-MUClpeptide2 and CTL were stimulated in vitro for one 

week with either peptide2 (20I-IM or O.002/-1M) or with Mitomycin C treated tumour cells. 

CTL were then tested in a SlCr release assay against RMA-MUCI either coated with or 

without peptide2. Although CTL stimulated with both peptide or disabled tumour cells 

could lyse RMA-MUCI coated with peptide 2, they were unable to kill RMA-MUCI alone. 

The inability of peptide 2 specific CTL to kill RMA-MUCI was confirmed in 4 experiments 

and one representative experiment is shown in Figure 3.23. In addition, vaccinating 

C57Bl/6 mice with p.DOM-MUClpeptide2 did not provide protection from tumour 

challenge (data not shown). These results suggest that neither peptide I nor 2 are processed 

and presented by this tumour cell line. Lack of killing was not due to tumour cell down 

modulation of MHC class I expression, as confirmed by F ACS analysis (Figure 3.6), nor 

was it due MUC 1 surface expression inhibiting T -cell-tumour cell interaction, as peptide

specific CTL were able to recognise peptide loaded MHC class I molecules lyse tumour 

cells efficiently (Figure 3.23). In addition, the effect of the immunoproteasome on 

processing and presentation of peptide I and 2 was assessed. RMA-MUCl tumour cells 

were treated with a range of IFNy concentrations for 24 hours prior to CTL assays, however 

this did not result in any tumour cell killing in vitro (data not shown). There are several 

possible explanations for these results, including differences in the processing capabilities of 

MUCl within the tumour cell and MUC} encoded by the DNA vaccine and processed 

within the APC. For instance, glycosylated peptides can be directly presented by MHC 

class I molecules(I9, 460) and there may be differences in the glycosylation pattern of 

presented peptides by both cell types. 

This has highlighted the inadequacy of the methods used to determine MHC class I epitopes 

in the literature. Peptides} and 2 were originally described to be recognised by CTL 

generated through vaccination with MUC} protein linked to mannan, indicating that these 

peptides could be processed and presented from full length MUCl. However, no correlation 

with the processing and presentation capabilities of the tumour cell was made. 
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Figure 3.23. MUCl peptide 2 specific CTL cannot lyse MUCl+ tumour cells 

C57BlIk mice were vaccinated once with p.DOM-MUClpeptide2 and spleens taken at day 14. 
1 week in vitro re-stimulation was performed with either O.002[..lM peptide 2 (left panel, 
representative of 4 experiments) or with Mitomycin C treated RMA-MUCI cells (right panel, 1 
of 1 experiment). A standard 5 hour 51 Cr release assay was performed against RMA-MUCI 
targets, (black line, -), RMA-MUCI + peptide2, (dotted line, ..... ) or EL-4 + peptide2, (dashed 
line, -----). CTL raised against peptide 2 are capable of recognising target cells pulsed with 
peptide 2 but are unable to lyse targets with endogenous MUC 1 expression (RMA-MUC1). 
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In spite of these problems, the p.DOM.epitope DNA vaccine design was assessed further for 

generating CD8+ T cells by incorporating other MHC class I epitopes from MUCI. 

Additional MHC class I epitopes reported to be recognised by MUC 1 specific CTL and 

presented by MUC 1 + tumour cells were STAPPAHGV and TVVTGSGHA. DNA vaccines 

were again constructed for these epitopes and assessed in C571B16 mice using various 

vaccination and re-stimulation protocols, but no detectable CTL activity was generated (data 

not shown). In all 4/5 of the p.DOM.epitope vaccines constructed were unsatisfactory and 

no further attempts have been made this far to define any further MHC class I epitopes that 

may be of use in generating CTL responses via the p.DOM.epitope DNA vaccine design. 

The likely reason for the inability of these vaccines to generate a CD8+ T-cell response is 

the poor processing and presentation of the chosen peptides. STAPPAHGV and 

TVVTGSGHA are just two of many peptides described as being recognised by CTL 

following exposure to full length MUC 1(438, 461). However, CTL cross-reactivity was not 

examined. It is possible that the induced CTL were recognising more than one peptide but 

only one of these was processed and presented to allow activation. 

To investigate further the inability of p.DOM-MUClpeptidel vaccme to elicit CTL, a 

additional p.DOM.epitope vaccine was constructed. It has been suggested that H-2Kb can 

also bind octomeric peptides(462), and that in the case of the MUCI peptide 1 (SAPDTRPAP) 

a greater binding affinity to H-2 Kb can be achieved through truncating the peptide by 

removal of the C-terminal proline. However, vaccinating C57/B16 mice once or twice with 

this p.DOM-peptide 1 TR vaccine and re-stimulating splenocytes at various peptide 

concentrations did not result in any detectable CTL activity (data not shown). This was not 

pursued and stabilisation assays were not performed. 

3.2.9 Investigating the CD4+ T-cell response to MUCI DNA fusion 
vaccines 

To investigate the role of CD4+ T cells further in mediating protection against MUCI 

expressing tumours, as indicated by depletion experiments, a strategy employing ELISPOT 

assays was utilised. Soares, M. et al.(426) used a technique in wild type and transgenic mice 

to analyse the CD8+ and CD4+ T-cell response to vaccination with the VNTR peptide. They 

utilised the same 140 amino acid VNTR peptide incorporating 7 tandem repeats in 

ELSIPOT assays. Lymphocyte depletion in vitro demonstrated the induction of CD4+ T

cells specific for this region of MUCI. In a similar manner the response to the VNTR was 
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assessed following DNA vaccination m our study. Splenocytes from C57!Bl6 mice 

vaccinated with p.MUC1, p.MUCIFrC and p.MUCIDOM were incubated with a 24mer 

peptide incorporating one full tandem repeat (20 amino acids) and 4 amino acids from the 

next repeat for 24 hours, IFNy producing cells were counted and compared to the control 

vaccines p.DOM and p.DOM-MUClpeptide2 which were not expected to generate MUCI 

specific CD4+ T cells. As shown in Figures 3.24 and 3.25, DNA vaccines encoding full 

length MUCI (p.MUC1, p.MUCIFrC and p.MUCIDOM) generate T cells with specificity 

for the MUCI tandem repeat, detectable at day 14 (1 experiment) and 28 (3 experiments) 

after one and two vaccinations respectively. In all cases the number of VNTR specific T

cells activated following vaccination with MUC 1 encoding vaccines was significantly 

greater than control vaccinated mice or mice vaccinated with p.DOM-MUClpeptide2. It is 

assumed that these represent CD4+ T cells, but depletion experiments undertaken to 

demonstrate this were unsuccessful due to the presence of high non-specific background 

values. Analogous to the p30 response discussed above, the MUCI CD4+ T-cell response 

was not amplified after boosting. It will be interesting to determine whether MUCI VNTR

specific CD4+ T cells playa role in the protective immunity generated by DNA vaccination 

with full length MUCI. 

3.2.10 Efficacy ofMUC1 DNA fusion vaccines in mice transgenic for 
MUC1 

The MUCI transgenic mouse model provides an important tool for examining vaccination 

strategies to generate MUC 1 specific T-cell responses. In this setting, a level of MUC 1-

specific tolerance is likely to exist in the CD4+ and CD8+ T cell compartments but, as yet, 

the peptide specificity of the tolerance remains undefined. To evaluate immunity in this 

setting, MUCI DNA fusion vaccines engineered in these studies were evaluated in this tg 

model. ELI SPOTs had been shown to be highly sensitive and specific in wild type mice and 

were employed to assess T-cell responses here. It was predicted that vaccination with 

p.MUCI alone would not generate any detectable immune responses because of the reported 

MUC 1 specific CD4+ T-cell tolerance in the tg model. In the absence of T-cell help it also 

seemed unlikely that an effective CD8+ T-cell response would be generated. We addressed 

the question whether fusion ofFrC or DOM, in promoting the CD4+ T-cell response to FrC, 

would in turn provide linked T-cell help for MUCI specific CD8+ T cells, and possibly the 

CD4+ T-cell subset. Data shown in Figures 3.26 and 3.27 are the cumulative results from 

individual mice vaccinated once (day 0) or twice (day 0,21) with p.MUC1, p.MUCIFrC, 
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Figure 3.24. Quantification of the T-cell response 
to MUCI VNTR following one DNA vaccination 

C57/B16 mice (a minimum of 3 per group) were 
vaccinated once with p.MUCI, p.MUCIDOM or 
p.MUClFrC or control vaccines p.DOM-
MUClpeptide2 and p.DOM. Splenocytes were 
harvested on day 14 and incubated with FrC p30 or 
MUCI 24mer for 24 hours. IFNy producing T cells 
were counted for individual mice (.) and the median 
is shown (-). Vaccination with p.MUCI, 
p.MUClFrC and p.MUCIDOM generated a 
significant number of VNTR specific T cells 
compared to p.DOM vaccination (p = 0.0003, p = 
<0.0001 and p = 0.001 respectively, Mann Whitney 
test). 

162 



Vaccine: p.MUCl 

gs 250-, 
...... 
>-
C,.) 

~ 200 
0-
E 

.2:-
150 CD 

a 
.,.-

-- I 
Cf) 

100 ~ ...... 
0 
0-
Cf) • 
Z 50 ... 50 
l.L • 
0 .. II z 0 '1"5 .. 

FrC p30 MUC1 
24mer 

Peptide in vitro 

Vaccine: p.MUCIFrC 

Cf) 250 
(]) ...... 
>-
C,.) 

~ 200 
Q. 

E 
>-

CD 150 
a 
.,.-

--Cf) 
100 ...... 

0 
0- .1 74 Cf) 

Z 50 • 
l.L 

0 
Z 0 

FrC p30 MUC1 
24mer 

Peptide in vitro 

Vaccine: p.DOM 

.$ 250 
>-
() 
0 
-§. 200 
E 
>-

<0 150 
0 ..-
--if) 

100 • ...... 
0 • Q. 
if) 

.z 50 1" 60 
• LL • 

0 
0 z 

FrC p30 MUC1 
24mer 

Peptide in vitro 

p.MUCIDOM 

gs 250 
...... 
>-
C,.) 

~ 200 
0-
E 

.2:-
CD 150 
a 

--Cf) 100 ...... 
0 
0-
Cf) 

Z 50 
l.L 

0 
Z 0 

FrC p30 MUC1 
24mer 

Peptide in vitro 

p.DOM-MUC1 peptide2 

Cf) 250 
(]) ...... 
>-
C,.) 

~ 200 
Q. 

E 
.2:- 150 CD a 
.,.- • -- • Cf) ...... 100 0 
0-
Cf) 

Z 50 .a- 51 
l.L 

0 • • 
Z o , CI .2 

FrC p30 MUC1 
24mer 

Peptide in vitro 

Figure 3.25. Quantification of the T-cell response 
to MUCI VNTR following two DNA vaccinations 

C57/Bl6 mice (a minimum of 6 per group) were 
vaccinated twice with p.MUC1, p.MUC1DOM or 
p.MUC1FrC or control vaccines p.DOM-
MUC1peptide2 and p.DOM. Splenocytes were 
taken on day 28 and incubated with FrC p30 or 
MUC1 24mer for 24 hours. IFNy producing T cells 
were counted for individual mice (.) and the median 
is shown (-). Vaccination with p.MUCl, 
p.MUCIFrC and p.MUC1DOM generated a 
significant number of VNTR specific T cells 
compared to p.DOM vaccination (p = 0.0017, P = 
0.0293 and p = 0.0152 respectively, Mann Whitney 
test). There was no amplification of response 
following a boost with p.MUC1, p.MUCIFrC or 
p.MUC 1DOM compared to day 14 (p = 0.182, P = 

0.607 and p = 0.321 respectively). 
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Figure 3.26. Quantification of T-cell responses to 
MUCI and FrC in MUCI transgenic mice following 

one DNA vaccination 

MUCI transgenic mice (4 per group) were vaccinated once 
with p.MUCl, p.MUCIDOM, p.MUCIFrC, p.DOM
MUClpeptide2 or control vaccine p.DOM (2 per group) . 
Splenocytes were taken on day 14 and incubated with FrC 
p30, MUCI 24mer peptide or MUClpeptide2 for 24 
hours. IFNy producing T cells were counted for individual 
mice (0) and the median is shown (-). Following a single 
vaccination, p.MUCl, p.MUCIDOM, p.MUCIFrC and 
p.DOM-MUCl peptide2 vaccination do not generate 
specific T cells compared to control vaccination. 
Statistical analysis cannot be performed as the number of 
animals in each group is too small. 
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Figure 3.27. Quantification ofT-cell responses to MUCI and 
FrC in MUCI transgenic mice following two DNA vaccinations 

MUCI transgenic mice (a minimum of 6 per group) were vaccinated 
twice with p.MUCl, p.MUCIDOM, p.MUCIFrC, p.DOM
MUClpeptide2 or control vaccine p.DOM. Splenocytes were taken on 
day 28 and incubated with FrC p30, MUC] 24mer peptide or 
MUClpeptide2 for 24 hours. IFNy producing T cells were counted for 
individual mice (GIl) and the median is shown (-). p.MUCl, 
p.MUCIDOM and p.MUCIFrC vaccination generate peptide2 specific 
CD8' T cells in small numbers of animals. However there is no 
statistical difference between these groups and control animals 
vaccinated with p.DOM, (p = 0.051, P = 0.083 and p = 0.051 
respectively). p.DOM-MUCI peptide2 vaccination generates 
significantly increased numbers of peptide2 specific CD8~ T cells 
compared to control vaccination, p = 0.002. MUC1 24mer specific T 
cells were not generated in any vaccinated mice. 



p.MUCIDOM, and p.DOM-MUClpeptide2 using p.DOM as a control. A response was 

considered positive if it was greater than the mean of the control group plus 1 standard 

deviation. A single vaccination generated no detectable CD4T T cell or CD8+ T-cell 

responses with any of the DNA constructs when compared with the control p.DOM vaccine. 

However, after a DNA boost, a small number of mice made a CD8+ T-cell response 

following immunisation with all vaccines, most prominently when using the p.DOM

peptide design. However, no MUCI-VNTR specific CD4+ T-cell responses were evident, 

suggesting tolerance or regulation to epitopes contained within this MUC 1 peptide in this 

cellular compartment. Further modifications to vaccine design or immunisation protocol 

may be capable of generating CD4+ T cell responses to the MUCI VNTR region, such as 

combining electroporation with DNA vaccination or using p VXCP as a vector. It is difficult 

to accurately compare the responses seen in the MUCI tg mice with those in the wild type 

mice as the number of mice analysed in each group is too low. The trend in the responses 

indicates however, that whilst both wild type and tg mice respond equally well to fragment 

C, the numbers of MUClpeptide2-specific CD8+ T cells detected following vaccination of 

MUC 1 tg mice was reduced compared to those seen in the wild type animals. Again this 

may reflect low level of tolerance in the CD8+ T-cell subset or a smaller TCR repertoire, or 

even the absence ofMUCl specific helper CD4+ T cells. Treg cells may also be in place in 

the tg mice but not in the wild type mice, and if present will need to be overcome for a 

response to be initiated. The addition of FrC or DOM to full length MUC 1 was able to 

generate detectable FrC specific CD4+ T-cell responses, but did not appear to enhance the 

CD8+ T-cell response to MUC 1 as was originally predicted. The comparatively increased 

ability of p.DOM-MUCl peptide2 vaccine to generate IFNy producing CD8+ T cells could 

be due to the linked T-cell help received from DOM specific CD4+ T cells, in addition to the 

enhanced liberation of the epitope from the C-terminus of p.DOM, which may result in 

higher numbers of peptide/MHC complexes expressed on the surface of the activating APC. 

Whether these activated CD8+ T cells prove to be effective at killing remains to be answered 

and will form a fundamental part of future work in this area. It has been discussed above 

that CTL responses specific for this epitope are unable to effectively control tumour growth 

in vivo, however no other epitope was available for a read-out of CD8+ T-cell responses at 

this time. Despite this, it has been demonstrated that the p.DOM.epitope DNA vaccine 

design is more efficient than DNA vaccines encoding full length MUCI fused to FrC or 

DOM in generating CD8+ T-cell responses in a potentially tolerant setting. 
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3.2.11 HLA-A2 restricted CTL are generated by the p.DOM-peptide 
vaccine design 

The preceding data demonstrated the enhanced potency of the p.DOM.epitope DNA fusion 

vaccine design to generate peptide-specific CD8+ T cells, resulting in greater target cell lysis 

in vitro, as compared to DNA vaccines encoding full length MUC 1. This vaccine design 

was more effective at generating peptide-specific CD8+ T cells in both wild type and MUC} 

tg mice. For a potential application to human cancer, this vaccine format was tested in the 

HLA-A2 transgenic mouse model (A2/Kb
) mice which express surface human HLA-A2 aI, 

and a2 in combination with murine a3 and ~2M as well as normal murine H_2Kb(463). 

Therefore during thymic selection the TCR repertoire generated can recognise either MHC 

molecule. The peptides tested using the p.DOM.epitope design were STAPPAHGV (S9V), 

ALGSTAPPV (A9V), TLAPATEPA (T9A) and LLLLTVLTV (L9V), all of which 

contained at least one anchor residue for HLA-A2 and some were known to be processed 

and presented from endogenous MUCI within the target tumour cells (Table 3.1). Mice 

were vaccinated twice with vaccine constructs and splenocytes were re-stimulated in vitro 

with } O).1M relevant peptide. This peptide concentration was an estimate and future work 

should evaluate the optimal re-stimulation concentration. The CTL were assessed for lytic 

activity using a human cell line T2 pulsed with appropriate peptide on the surface. Prior to 

pulsing, T2 were assessed for expression of HLA-A2 using the BB7.2 antibody and 

analysed by FACS (data not shown). Each vaccine was tested a minimum of twice, and the 

only vaccine capable of generating effective CTL was that encoding ALGSTAPPV (Figure 

3.28 representative of3 experiments). This peptide has a good algorithm score, can stabilise 

HLA-A2 on lY cells and contains 2 anchor residues for HLA-A2 (L at P2 and V at P9). 

A common finding was that only a proportion of the mice, typically 25%, responded to the 

p.DOM-A9V vaccine. It is likely that this is due to a skewed TCR repertoire, with 

preference for the endogenous H-2Kb. A mouse model (HHD) has since been obtained to 

overcome this problem where the endogenous murine MHC molecules have been deleted to 

yield the singular expression of human HLA-A2 aI, a2 and a3 complex in association with 

human ~2M(464), and would be a more appropriate model to assess HLA-A2 peptide targeted 

vaccines. However, this was unavailable at this time. Comparison of responses to 

vaccination using several HLA-A2 restricted epitopes following vaccaination of HLA

A2/Kb or HHD mice has been made in our laboratory (Mr. A. King, unpublished 

observations) and by other research groupS(465). Variability in the number of mice making 

CD8+ T-cell responses, as well as low levels oflysis in CTL assays observed following 
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Figure 3.28. DNA vaccination with p.DOM-A9V activates MUCI peptide specific CTL in HLA-A2 transgenic mice 

HLA-A2/Kb transgenic mice were vaccinated once with p.DOM-A9V or p.DOM and spleens were taken at day 14. 1 week 
in vitro re-stimulation was performed with 10).tM peptide A 9V. A standard 5 hour 51 Cr release assay was performed against 
HLA-A2+ targets, T2 alone (dashed line, ----), or T2 + peptide A9V (dotted line, ..... ) or HLA-A2+ myeloma cell line U266 
(black line, -). A peptide specific CTL response was noted in 1/4 vaccinated mice, the absence of a response in other mice 
is likely due to the absence of the necessary T cell repertoire. 



vaccination of HLA-A2/Kb mice is not seen following vaccination of HHD mice. An 

additional problem with this system is that murine CD8+ T cells cannot interact with human 

cx3 on the T2 targets thereby preventing signal amplification to enhance target cell lysis. 

Consequently, when CTL were tested for lysis against the human MUC 1 positive myeloma 

cell line U266, it is not surprising that no lytic activity was detected (Figure 3.28). One way 

to overcome this is through the provision of large numbers of MHC-peptide complexes on 

the cell surface, i.e. by pulsing cells with peptide. However, to solve this problem, a tumour 

target cell line will need to be generated which is doubly transfected with the gene encoding 

the HLA-A2/Kb molecule as well as human MUC1, but this was unavailable at the time of 

the current studies. 
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3.3 Discussion 

The work described here has demonstrated the ability of DNA vaccines encoding human 

MUCl to generate specific humoral and cellular immune responses in wild type mice. In 

this setting, immunity generated by DNA vaccines encoding MUC 1 alone or when fused 

with FrC or DOM mediated protection in mice from tumour challenge with the RMA cell 

line transfected with human MUCl. Our aim in testing these DNA vaccines in a wild type 

murine model was to obtain a preliminary read-out of efficacy of vaccine design, since the 

human MUCI sequence is naturally immunogenic in these mice. Experimental use of these 

MUCI DNA vaccines was then reproduced in MUCI tg mice, to assess the critical question 

of whether DNA vaccines can break tolerance. 

The cellular compartment responsible for protection in several experimental systems is still 

unclear in both wild type and MUCI tg mice. It is unlikely however, that anti-MUCI 

antibodies will provide protection. Significant levels of anti-MUC 1 antibodies were 

generated here using a number of DNA vaccine designs, and this response was shown to 

persist with repeated vaccinations but did not correlate with protection (Dr. F. Forconi, 

unpublished results). In other murine systems, passive transfer of antibodies from protected 

wild type mice to MUC 1 tg mice again was unable to protect against tumour challenge(434). 

In addition, although peptide vaccines based on the tandem repeat linked to a carrier protein 

induced MUCI specific antibody in wild type mice, no protection was observed, and 

notably, T-cell responses were absent(425l. One reason for the inability of anti-MUCI 

antibodies to provide protection in vivo may be sequestration by serum MUC 1 shed by 

tumour cells, as has been demonstrated in myeloma patients(400), and/or tumour down 

modulation of MUC 1 surface expression as observed here in wild type mice in our 

experiments. 

Substantial evidence from both murine and human studies exists to suggest that specific T

cell responses can be raised against MUCl. In some instances these T-cell responses can 

provide protection from MUCI expressing tumour challenge in mice. The role of CD4+ T 

cells compared with CD8+ T cells is beginning to be addressed. The results obtained by 

CD4+ and CD8+ T-cell depletion here have demonstrated that both CD4+ T cell and CD8+ T

cell effectors are generated by DNA vaccines encoding full length MUCl and act 

synergistically to protect from tumour challenge in wild type mice. 

The focus of this work was designed to examine cytotoxic T-cell responses against MUC 1 

elicited by DNA vaccines. A DNA vaccine encoding full length MUCI sequence induced 
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specific CTL to two known MHC class I restricted peptides. The response to one of these 

peptides (peptide 2) could be enhanced when we utilised vaccine design that promoted 

CD8+ T-cell responses, with epitope fused to the C-terminus of DOM. This vaccine design 

generated an increased number of CD8+ T cells as measured by ELISPOT and when 

compared to DNA vaccines encoding full length MUCI, resulting in increased target cell 

lysis in vitro. The p.DOM-MUCIpeptide2 vaccine was also able to induce CTL that not 

only recognised the delivered peptide but also recognised peptide 1 MHC class I complexes. 

MUC I-peptide 1 lies within the tandem repeat and therefore is present in multiple copies in 

cells expressing MUCl. In contrast, the p.DOM-MUCIpeptidei vaccine was unable to 

generate any peptide-specific CTL. The likely reason for this is the lack of defined anchor 

motifs for H-2Kb in this peptide, as well as its inability to stabilse H-2Kb on the cell surface. 

In an attempt to increase the binding affinity of this peptide, an additional p.DOM-peptide 

vaccine was constructed incorporating a truncated peptide 1 sequence (SAPDTRP AP ~ 

SAPDTRPA). It has been shown that removal of the proline from the C terminus increases 

the binding affinity of this epitope to Kb(462). This is in accordance with Kb preference for 

binding octomeric peptide(459). However this vaccine was still unable to generate detectable 

CD8+ T-cell responses. 

In addition, CTL raised against peptide 2 with the p.DOM-MUClpeptide2 vaccine were 

unable to lyse RMA-MUC 1 in vitro and yielded no protective immunity in vivo. It was 

concluded therefore that although peptide 2 is efficiently processed and presented by DC, it 

is either not processed and presented by the tumour cell, or is being processed in an 

unrecognisable manner. One possible reason for this is differences in proteasome subunit 

composition between DC and tumour cell which has been shown to alter the peptide 

repertoire reaching the cell surface in other systems(32). Expression of the 

immunoproteosome can be initiated by increases in the local IFNy concentration, e.g. from 

NK cells during the inflammatory response or by T cells during activation. However, 

treating RMA-MUCI with IFNy in this case did not allow any CTL recognition of tumour 

cells. The exact mechanism responsible for the processing differences was not examined 

further in these studies. Additionally the glycosylation status of the MUC 1 molecule may 

effect processing and presentation of MHC class I and II peptides within the DC and tumour 

cell. The extent of glycosylation of MUCI from endogenous synthesis within the tumour 

cell, or from DNA vaccine following uptake or endogenous synthesis by DC is not known. 

Non-glycosylated MUCI can be efficiently processed and presented as peptides m 

association with MHC class I and II by DC when taken into the cell in vitro(416, 460). In 
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contrast, glycosylated MUC 1 taken into DC remains m early endosomes with limited 

degradation(416). Limited MUCl degradation may also occur during recycling ofMUCl on 

tumour cells restricting the MUC 1 peptide repertoire and level reaching the cell surface. 

Consequently, MHC class I and II peptides reaching the cell surface may differ in 

glycosylation state between DC and tumour cell; CTL activated against a non-glycosylated 

peptide on DC may not recognise a glycosylated form on the tumour cell. 

Further attempts to induce a protective CTL response against defined MUC 1 peptides led to 

the construction of p.DOM.epitope vaccines encoding additional reported MHC class I 

epitopes derived from MUC 1. Two epitopes in particular were considered. Firstly, 

STAPPAHGV (H-2Db
) encoded by the tandem repeat, since CTL against this epitope were 

found to arise spontaneously in mice with MUC 1 + pancreatic cancer(438). Secondly, 

TVVTGSGHA (H-2Kb
) located near the signal peptide, as CTL specific for this peptide 

were shown to protect against tumour challenge when adoptively transferred in MUCl tg, 

mice(461). Despite these pre-existing reports of efficacy in the literature, the p.DOM.epitope 

DNA fusion vaccines incorporating these epitopes were not successful in generating 

peptide-specific CTL. 

The ability of DNA vaccines encoding MUCI to specifically generate CD4+ T cells was 

investigated. Splenocytes from vaccinated mice were stimulated with an elongated peptide 

derived from the VNTR, with ELI SPOTS as a read out of activated T cells. The results 

clearly demonstrated the induction of VNTR specific T cells, presumed to be of a CD4 

phenotype. Attempts to formally demonstrate the phenotype of the responding T cells by 

lymphocyte depletion in vivo were hampered by a high non-specific background in assays, 

and future work should attempt to resolve this problem. 

Observations arising from investigations in wild type mice were used to directly compare 

the utility of the constructed DNA vaccines to generate T-cell responses in MUCl tg mice. 

It was predicted that p.MUCl alone would be less immunogenic in MUCl transgenic mice, 

and thereby allow a potential role for T-cell help delivered through FrC fusion to be 

examined. After one vaccination with either p.MUCl, p.MUClDOM, p.MUClFrC or 

p.DOM-MUClpeptide2, no CD4+ or CD8+ T-cell responses were detectable in tg mice. 

However, following a DNA boost small numbers of mice made a peptide 2 specific CD8+ T 

cell response as measured by ELI SPOT using all vaccines. It is possible that further boosts 

may increase the number of these CD8+ T cells. The largest numbers of CD8+ T cells 

generated were detected following two vaccinations with p.DOM-MUClpeptide2, 
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indicating again the improved ability of this vaccine to generate peptide-specific CD8+ T 

cells in both the wild type and MUCI tg settings. In comparison, it has been indicated that 

generating MUCI specific CD8+ T-cell responses in MUCI tg mice is difficult to achieve 

but can be done by the addition of co-stimulation molecules or cytokines(444, 445, 447), this has 

not been necessary in this case. However, it has been established previously that MUCI

peptide2 is not presented by RMA -MUC 1, and as such it cannot be used to translate 

observations made in tumour protection studies in wild type mice with MUC 1 tg mice. 

Importantly, this was the only available murine MHC class I epitope which could be used as 

a read-out at the present time. In agreement with the reported presence of CD4+ T-cell 

tolerance in the MUCI tg murine model, it became clear that MUCI-VNTR specific CD4+ 

T-cell responses were not being generated by DNA vaccination. This was not altered by 

boosting, or with provision of the foreign FrC protein and its derivatives to provide linked 

T -cell help. It is likely therefore that the small numbers of MU C 1-VNTR specific CD8+ T 

cells induced, and with absence of MUCI specific CD4+ T cells, very little protection 

against tumour will be achieved through vaccination with DNA constructs incorporating the 

entire MUC 1 sequence, although this has not been investigated. The potential for the 

p.DOM.epitope design to provide protection from tumour challenge cannot be assessed in 

the absence of a known MHC class I epitope which is processed and presented by target 

tumour cells expressing MUC 1 endogenously. 

There is however, a potential to assess this vaccine design using HLA-A2 epitopes and this 

formed the next phase of the investigation. Here we examined induction of CTL responses 

by MUCI specific DNA vaccines in mice transgenic for human HLA-A2 using the 

p.DOM.epitope design for delivery of specific MUC 1 HLA-A2 peptides. Parallel work on 

CMV epitopes in our laboratory has demonstrated that the HLA-A2 transgenic model 

(A2/Kb
) may be a suitable and sufficient screen to test efficacy of DNA vaccines in inducing 

CTL, allowing for a rapid transfer into the clinical setting (King, A. unpublished data). 

Several HLA-A2 candidate peptides encoded in MUCI have been described (Table 3.1), 

and four vaccines encoding selected epitopes were constructed and evaluated: 

STAPPAHGV (S9V), ALGSTAPPV (A9V), TLAPATEPA (T9A) and LLLLTVLTV 

(L9V). Only the DNA vaccine encoding ALGSTAPPV was able to generate detectable 

CTL in a proportion of mice, and other vaccines were unsuccessful. We believe that these 

problems are underlined by the HLA-A2 specific TCR repertoire in A2Kb tg mice. In these 

mice both the HLA-A2 transgene and the endogenous murine H_2b molecules are expressed, 

resulting in a limited TCR repertoire specific for either of the MHC isotypes. Future work 
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should be aimed at assessing the capacity ofp.DOM-A9V vaccine to elicit CTL in the HHD 

tg mouse model where the TCR repertoire has been generated solely on a background of 

human HLA-A2, and this may overcome the problem of limited numbers of mice 

responding. A9V has been shown to be processed and presented by tumour cells expressing 

MUC1 endogenously, and is recognised by specific CTL resulting in target cell lysis in 

vivo(454), therefore another aspect of future work should aim to establish that CTL generated 

by p.DOM-A9V can effectively lyse target cells expressing MUC 1 endogenously. This will 

require the generation of a double transfected cell line expressing HLA-A2/Kb and MUCI. 

On the basis of any observed success, this vaccine could then be assessed in double 

transgenic mice (HHD crossed with MUCI tg mice). This would pave the way for use of 

p.DOM-A9V in a clinical setting to eradicate MUC1 expressing tumours. 
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4 Final discussion 

The potential for active immunotherapy as a treatment option for cancer is now viable and 

strategies are being developed to engage both the humoral and cellular arms of the immune 

response. It is apparent that with established disease, intervention will most likely be in the 

setting of minimal residual disease. A prime requirement is knowledge of the nature of 

tumour associated antigens, as this will determine the strategies used to target specific 

antigens, and combat tolerance which may exist. It is as yet not clear what the precise 

requirements for effective immunotherapy are, for instance, whether a combinatorial 

approach will be required utilising multiple approaches, or delivery of a single agent. To 

develop an optimal strategy for anti-tumour immunotherapy, the interplay between cells of 

the immune system, particularly CD8+ T cells and CD4+ T cells, will need to be exploited. 

In this regard, our strategy has been to use vaccination with bacterial plasmid DNA, with its 

intrinsic ability to engage all arms of the immune response. We have formulated an 

approach which links antigen delivery with T-cell help supplied by a bacterial protein, 

which potentiates responses to encoded antigen. Specific DNA vaccines have been 

designed able to generate humoral or activated CD8+ T cell responses. Several pre-clinical 

animal models have now demonstrated the efficacy of this design in activating all arms of 

the adaptive immune system, promoting protection from tumour challenge. An added 

advantage is that DNA vaccines are cost effective and simple to construct, and clinical trials 

initiated in our laboratory have demonstrated that they are well tolerated with few side 

effects. 

The focus of these studies was to develop DNA fusion vaccines for use in the treatment of 

MM. Several MM-associated antigens have been described. We examined the ability of 

different DNA fusion vaccine designs to induce responses to two of these antigens, namely 

the CTAs and MUCI in pre-clinical animal models. 

CT A are particularly suitable intracellular tumour antigen targets for p.DOM.epitope attack. 

Their expression is essentially tumour specific and a number of CTA derived MHC class I 

epitopes have been described, presented by different MHC haplotypes, including HLA-A2. 

Furthermore, successful vaccination harnessing immunity to this group of antigens would 

find clinical application in a wide variety of patients with tumours of different cellular 

origin, notably myeloma. 
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Although murine Mage genes have been described, their expression was not identifiable in 

any of murine tumours models evaluated initially. The P8I5 mastocytoma was then 

selected as a suitable tumour to model CTA encoding vaccines in the mouse. P8I5 

expresses the PIA gene with an expression pattern which mirrors human CT A. PIA 

encodes a well defined MHC class I epitope, AB, which was incorporated into 

p.DOM.epitope design. The aim here was to analyse the ability ofp.DOM-PIA/AB design 

to elicit effective CD8+ T-cell immunity that would protect from a lethal challenge of P8I5 

tumour cells. Notably, a single DNA vaccination was sufficient to activate PIA/AB specific 

CD8+ T cells that could be identified ex vivo. However, it was consistently found that only 

55-60% of vaccinated mice made a response following one vaccination. A possible reason 

for this is that following primary vaccination there is insufficient antigen concentration to 

allow CD8+ T cells to break through their threshold level of activation in all animals. It is 

also known that generating PIA/AB specific CD8+ T cell responses in vivo requires CD4+ T 

cell help. However, following vaccination with p.DOM-PIA/AB there was no 

demonstrable CD4+ T cell response to FrC encoded p30. It is likely that CD4+ T helper cell 

responses were generated to other MHC class II epitopes within p.DOM, although this was 

not evaluated. It is also possible that PIA is expressed in several tissues at a low level in 

DBAl2 mice as has been found in BALB/c mice. In agreement with this, we found that 

following PIA/AB stimulation of splenocytes from control vaccinated mice, a low level of 

CD8+ T cells had proliferated, suggesting previous exposure of these T cells to PIA. 

Depending on the level of expression, this may impart a low level of peripheral T-cell 

regulation in vivo in some, but not all the animals. Treg cells may be playing a part in 

keeping the CD8+ T cell response to PIA/AB at bay, and their effects may impinge on the 

variability observed. These issues have not been addressed to date but should form a key 

question in future research when using DNA fusion vaccines in this tumour model. 

PIA/AB specific CD8+ T cells detectable ex vivo also proliferated in vitro after peptide 

stimulation. Following expansion, PIAIAB specific CTL were capable of killing tumour 

cell targets in a peptide specific manner as demonstrated by peptide pulsing BCL I cells. 

These CTL were also capable of specifically lysing tumour cells expressing the PIA gene 

endogenously. The P8I5 derived tumour target cells were therefore capable of processing 

and presenting the PIA/AB peptide in complex with MHC class I on the cell surface. The 

initial tumour challenge experiment led to 40% of the animals surviving at day 150. This 

was in line with the percentage of animals that made a response to the vaccine. In the repeat 

experiment however, only 10% of animals survived to day 100, although a significant delay 
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in tumour growth was seen in p.DOM-PIAIAB vaccinated animals. Analysis of tumour 

cells arising late in the course of the experiment demonstrated the absence of PIA 

expression, which was likely to have been caused by immune mediated pressure. This 

observation highlighted the limitation in using a single MHC class I restricted tumour 

peptide and quite clearly reveals and important requirement for targeting multiple antigens. 

Other considerations also arise in a strategy in which p.DOM.epitope DNA vaccines are 

used to target different antigens. For instance, preliminary experiments have indicated that 

injecting the DNA vaccines independently at separate sites induces an increased CD8+ T

cell response to both tumour epitopes, compared with vaccines mixed together and injected 

at the same site (data not shown). 

A further aspect of this study was to examine the effect of fusing an elongated AB epitope 

to p.DOM to incorporate a putative PIA derived MHC class II epitope. It was of interest to 

evaluate whether we could simultaneously activate PIA specific CD4+ T cells and whether 

these cells could complement AB-specific CD8+ T cells in tumour eradication. This work is 

in a preliminary stage and thus far we have shown that this vaccine design can activate AB

specific CD8+ T cells in a comparable manner to p.DOM-PIAIAB. Further work is needed 

to assess the activation of CD4+ T cells and their role in protective tumour immunity. 

The final aspect of this study was to compare the p.DOM-peptide design to DNA vaccines 

encoding full length PIA. Again this work is at an early stage, but has indicated the AB 

epitope is not efficiently processed and presented from full length PIA when encoded in a 

DNA vaccine, either alone or when fused to DOM. Furthermore, only a low level response 

was seen when FrC was fused to PIA. This may be due to the inability of the vaccines to 

fold correctly in vivo as indicated by their inability to induce anti-FrC antibodies. 

Furthermore, and in contrast to our findings, others have found that vaccination with DNA 

encoding full length PIA was able to activate protective tumour immunity. Further work is 

needed to determine how each of the DNA fusion vaccines are processed and presented in 

vivo. 

This tumour model has proved challenging but has allowed the efficacy of the 

p.DOM.epitope vaccine design in activating peptide specific CTL and their ability to lyse 

tumour cell targets to be demonstrated in a relevant setting. Various vaccination strategies 

designed to target PIA have been described including the use ofPIA+ tumour cells, peptide 

vaccination in adjuvant, peptide pulsed DC and viral and DNA vectors encoding PIA as 

outlined earlier. Only a few of these studies have analysed the tumour protection achieved, 
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and in all cases this was not remarkable. Comparisons of these strategies with the 

p.DOM.epitope DNA vaccine design are made with caution, but indicate a similar degree of 

CD8+ T cell activation and tumour protection. One study has assessed the CD8+ T-cell 

responses made in individual mice following vaccination with bacterial DNA encoding PIA 

and the results parallel our data with only a proportion of mice responding. These data 

indicate an intrinsic limitation with this strain of mouse in their ability to activate AB

specific CD8+ T cell responses, such as low level tolerance or the presence of Treg cells, 

rather than a fundamental problem with the p.DOM.epitope design. The ability of this 

vaccine design to activate CD8+ T cells specific for human CTA derived HLA-A2 motifs 

have also since been demonstrated (data not shown), but in the absence of a suitable tumour 

target it is difficult to demonstrate the effector function of these CTL. 

We next addressed the question of targeting the MUC I antigen with DNA fusion vaccines. 

The MUCI glycoprotein is abnormally expressed in different malignancies such as 

myeloma. MUC I is expressed on the surface of ductal epithelial cells by forming a type I 

transmembrane protein containing a distinctive 20 amino acid variable number tandem 

repeat. In normal cells MUC 1 has a restricted expression pattern on the lumenal side of 

mucosal epithelium and is extensively glycosylated. It was therefore postulated that the 

immune system was unlikely to be tolerant to this protein, but this issue has not been 

resolved. The changes to MUC 1 expression pattern and glycosylation state in malignant 

cells also led to the suggestion that immune responses targeting this antigen on tumours 

were unlikely to cause simultaneous unwanted autoimmune reactions against normal tissue. 

For these reasons, MUCI has long been a favourable tumour antigen target for immune 

attack and distinct strategies have been documented. These include mannan-MUCI fusion 

proteins, MUCI transfected DC as well as viral or DNA vectors encoding MUCl. The aim 

of the present study was to assess the use of DNA vaccines encoding MUCI fused to FrC or 

its derivatives to elicit effective immunity, initially in wild type mice and subsequently in 

the MUCI tg model, where the role of FrC fusion in overcoming potential tolerance could 

be assessed. 

DNA vaccines engineered to express MUCI with approximately 39 repeats, either alone or 

fused to FrC or DOM, were shown to be effective at inducing protective immunity in wild 

type mice. This was expected due to the xenogeneic nature of the antigen. These 

observations verified the structural integrity of the expressed MUC I protein. Lymphocyte 

depletion experiments demonstrated a role for both C08+ and CD4+ T cells, and earlier 

work was therefore aimed at defining the specificity of both T cell subsets. 
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In order to enhance peptide-specific CDS+ T-cell responses, p.DOM.epitope vaccines 

incorporating documented H-2Kd and H-2Db peptides were evaluated. The two peptides 

chosen were SP ADTRP AP (peptide 1) encoded within the VNTR, and therefore present in 

multiple copies, and SAPDNRPAL (peptide2) encoded within the degenerate repeat. Both 

peptides were reported in the literature as being processed and presented from MUCl 

encoding vaccines, allowing activation of epitope-specific CTL. A comparison of the 

p.DOM-MUClpeptide2 design with DNA vaccines encoding full length MUCl was made. 

It was demonstrated, using both cytotoxic killing assays against peptide pulsed cells and 

ELI SPOT assays in vitro, that an increased MUClpeptide2-specific CDS+ T cell response 

was generated following vaccination with p.DOM-MUCl peptide2. It is likely that both the 

removal of immunodominant epitopes from FrC and MUC1, as well as the C-end rule are 

responsible for this result. However other factors may also playa role, such as reduced 

protein turnover from DNA vaccines encoding longer sequences. In contrast, p.DOM

MUClpeptidel was unable to activate peptide specific CDS+ T cells. A possible reason for 

this was that peptidel did not contain the correct anchor motifs for H-2Kb. Furthermore, 

peptidel was not able to stabilise H-2Kb on the cell surface efficiently, and therefore was 

unlikely to be able to activate CDS+ T cells. It was interesting to find however, that 

MUC 1 peptide2 specific CTL were capable of cross-recognition and could lyse 

MUC 1 peptide 1 coated targets in vitro. This was encouraging, in that a single vaccine 

design was able to induce CTL that could recognise two different peptides encoded within 

MUC l. It was therefore surprising that MUC 1 peptide2-specific CTL were unable to lyse 

RMA-MUCl in vitro or in vivo. Treatment with IFNy did not affect this result, suggesting 

that it was not due to differences in proteolytic cleavage patterns generated by the two 

proteasome subtypes. The reason for this was not investigated further but could due to 

differences in the glycosylation state of the presented peptide by APC from the DNA 

vaccine and that from the tumour cell. This approach highlighted a potential caveat. 

Evaluation of reported methods used to determine MUCl derived MHC class I epitopes do 

not appear wholly suitable, and has led to the identification of epitopes which are not 

processed and presented by MUC 1 + tumour cells. It is clear however, that the restriction is 

not due to the p.DOM.epitope fusion DNA vaccine design. With advances in technology 

able to measure specific peptide-MHC complexes on the cell surface, and the increasing 

ability to predict peptides likely to be presented, these problems are likely to be overcome. 

To analyse vaccine design further, CD4+ T cell responses generated by vaccines encoding 

full length MUCI were compared and measured using ELISPOT. Analysing responses 
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made by both CD4+ T cells and CD8+ T cells in this way made it possible to compare 

vaccine design in wild type mice vs. MUCI tg mice. MUCI specific CD4+ T cell responses 

have been shown to have some specificity for the VNTR region by others, and this approach 

was used here. IFNy production by T cells was measured against a 24mer MUC 1 peptide 

encoding the 20 amino acid repeat with an additional 4 amino acids from the next repeat. 

MUCI VNTR specific T cell responses were comparable using p.MUCl, p.MUCIDOM 

and p.MUC IFrC in wild type mice. Lymphocyte depletion experiments designed to prove 

the response to VNTR was MHC class II restricted were unsuccessful due to background 

activity, but should form a fundamental part of future studies. 

The most pertinent aspect of this study was to evaluate the efficacy of DNA vaccine design 

in a setting where MUCI was expressed endogenously. Mice transgenic for human MUCI 

were vaccinated with DNA encoding MUCI alone or fused to FrC or DOM. p.DOM

MUC 1 peptide2 was also evaluated in this setting. ELI SPOTs were used to measure both 

the CD8+ T cell response to MUCIpeptide2 and the presumed CD4+ T cell response to the 

VNTR peptide. The response to FrC was also evaluated and indicated that MUCI tg mice 

were capable of generating a CD4+ T cell response to a foreign antigen, in a comparable 

manner to wild type mice. 

MUCI tg mice vaccinated once or twice with p.MUCI however, were unable to generate 

MUCI-VNTR specific CD4+ T-cell responses, and the fusion ofDOM or FrC did not alter 

this result. The difficulty in generating MUC 1 specific CD4+ T-cell responses in MUC 1 tg 

mice has been demonstrated by several other vaccination strategies. It is possible that 

peripheral CD4+ T-cell tolerance to MUCI exists in these mice, and is severely restricting. 

Further DNA vaccine boosts may lead to activation of small numbers of activated MUCI

VNTR specific CD4+ T cells. It is also possible that these mice display central tolerance to 

human MUCI in their CD4+ T-cell compartment, whereby MUCI specific CD4+ T cells 

have been deleted from the repertoire. 

In contrast to MUCI-VNTR specific CD4+ T cell responses, preliminary data indicate that 

low levels of activated MUClpeptide2 specific CD8+ T-cell responses were detected in 

some animals vaccinated twice with p.MUCIFrC, but not with p.MUCI alone or fused to 

DOM. These data indicate a difference in the capacity of the MUC 1 tg mice compared to 

wild type mice to respond to DNA vaccines encoding MUCl. However, larger numbers of 

mice need to be analysed to confirm this. One possible reason for the ability of DNA 

vaccines encoding MUCI fused to full length FrC, to generate low level CD8+ T cell 
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responses, could be the increased numbers of FrC derived MHC class II restricted epitopes. 

The provision of sufficient FrC linked T-cell help may allow activation of MUC1peptide2 

specific CDS+ T cells following 2 vaccinations. To help confirm this idea, the CD4+ T cell 

response to the whole FrC protein needs to be assessed to give an idea of the level of T-cell 

help being generated by each vaccine. In comparison to vaccination with DNA vaccines 

encoding full length MUC1, vaccination with p.DOM-MUC1peptide2 was able to activate 

the greatest numbers of CDS+ T cells following a DNA boost. This result was statistically 

significant but again larger numbers of mice are needed to be assessed to be confident with 

this analysis. These data again indicate the enhanced ability of the p.DOM.epitope design in 

inducing epitope-specific CDS+ T-cell responses. The ability of these CTL to differentiate 

to full effector function has not been assessed to date and will form a necessary part of 

future studies. 

The final aspect of this part of the project was to evaluate the p.DOM.peptide DNA vaccine 

design in activating CDS+ T cells to human HLA-A2 MUC1 epitopes for a potential clinical 

application in human cancer. HLA-A2/Kb mice were vaccinated with p.DOM fused to 4 

described MUC1 HLA-A2 epitopes, STAPPAHGV (derived from the VNTR), 

ALGSTAPPV, TLAPATEPA and LLLLTVLTV (from the signal sequence). All of these 

peptides contain at least one anchor residue for HLA -A2 and all had been demonstrated to 

be presented by tumour cells expressing MUC1 endogenously. The only vaccine capable of 

activating a CDS+ T-cell response encoded the ALGST APPV peptide. The reason for the 

inability of the other 3 vaccines to induce CDS+ T cell responses may be three-fold. Firstly 

the mouse model is not ideal and is likely to display a skewed TCR repertoire which is 

formed from recognition of both human and mouse MHC molecules. Secondly the peptide 

concentration used in vitro for re-stimulation was not optimised and this may have 

prevented sufficient proliferation of peptide-specific CTL. Thirdly the peptide was not 

being processed a presented efficiently from the translated vaccine protein product. To 

answer one of these questions, the vaccines need to be tested in a more appropriate HHD tg 

model, where the endogenous murine MHC have been removed and the TCR repertoire is 

HLA-A2 restricted. This model was not available at the time of this study. It will be 

interesting to see if vaccines that failed to initiate immune responses in the A2/Kb model are 

capable of activating CDS+ T cells in the HHD model, as has since been found with other 

p.DOM.epitope vaccines in our laboratory (Mr. A. King, unpublished data). Optimisation 

of the re-stimulation conditions will also be necessary and will also give an indication of the 

avidity of the peptide-specific CDS+ T cells. It would also be of interest to cross HHD mice 
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with MUC1 tg mice and to assess the ability of p.DOM.epitope DNA vaccine design in 

inducing HLA-A2 restricted CD8+ T cells in this setting. With an appropriate 

MUC1+/HLA-A2+ tumour target, the ability of these CTL to lyse relevant target cells could 

then be assessed. 

The CTA and MUC 1 tumour antigens offer two very different potential targets in myeloma, 

most notably in the tolerogenic influence exerted by each. The work undertaken in both 

wild type and transgenic mice in this study has validated different aspects of vaccine design 

required to activate therapeutic T cells against these differing antigens. It is expected that 

this information will have a direct implication in human disease, and has indicated some 

problems that may arise when vaccinating against these antigens. The tumour antigen 

specific CD8+ T cell response is vital for protective immunity against CT A expressing 

tumours but requires T-cell help. In this regard, the p.DOM.epitope DNA vaccine is the 

most appropriate vaccine design to utilise when targeting these antigens. However, tumour 

antigen loss is readily achieved, advocating the need to target multiple antigens. CT A 

though, offer a multiplicity of such targets. In contrast, both antigen-specific CD4+ T-cell 

and CD8+ T-cell responses are involved in protection against MUCI+ tumours. This 

suggests that one appropriate DNA vaccine design should incorporate a MHC class II 

epitope derived from MUCl. The p.DOM.epitope DNA vaccine design was however, very 

effective at inducing MUC 1 specific CD8+ T cells. A combination of vaccines may 

therefore be needed for optimal T-cell responses targeting MUC1. The CTA and MUC1 

will then become available as dual targets in the malignant setting of multiple myeloma. 
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5 Materials and Methods 

5.1 DNA vaccine design 

Vaccine-encoded antigen sequences were inserted into the multiple cloning site of the 

commercially available vector pcDNA3.l (Appendix B) (Invitrogen, Paisley, UK) under the 

transcriptional control of the CMV promoter. Vaccine design is diagrammatically 

represented in Figure 3.4. for MUCI encoding vaccines and Figure 2.2 for PIA encoding 

vaccines. 

5.1.1 Fragment C encoding vaccines 

p.FrC was kindly provided by Dr. D. Zhu, with the Kozak sequence upstream of a leader 

sequence derived from the IgM V H of the BCL] tumour fused to full length Fragment C. 

The vaccines p.DOM and p.DOM-FrC7 were kindly provided by Dr. J. Rice. p.DOM 

encodes the amino terminal domain of FrC fused downstream of the Kozak-BCL] leader 

sequence. p.DOM-FrC7 is identical to p.DOM with the CTL epitope SNWYFNHL (FrC7, 

H-2Kb
) fused to the C-terminus. 

5.1.2 MUCI encoding vaccines 

The vaccines p.MUCI, p.MUCIFrC and p.MUCIDOM were kindly provided by Dr. F. 

Forconi. The MUCI leader (69bp), 5'degenerate sequence (36Ibp), the VNTR sequence 

containing 39 identical repeats (2340bp) and the first 81 bp of the 3' degenerate sequence 

are all encoded downstream of the consensus Kozak sequence (GCC GCC ACC) within the 

three vaccines. Full length Fragment C or the amino terminal domain of Fragment Care 

fused to MUCI at its C-terminus in p.MUCIFrC and p.MUCIDOM respectively. The 

vaccines p.DOM-MUCIpeptideI, p.DOM-MUCIpeptide2, p.DOM-MUCIpeptide3 and 

p.DOM- MUCIpeptide4 consist of the p.DOM sequence described above fused upstream of 

the previously published MUCI nonamer CTL epitopes SAPDTRPAP (H-2Kb or H-2D
d
), 

SAPDNRPAL (H-2Db
), STAPPAHGV (H-2Db

) and TVVTGSGHA (H-2Kb
) respectively (84, 

85). Additionally a truncated version of p.DOM-peptide 1 encoding the octomer 

SAPDTRPA (H-2Kb
) at the C-terminus was also constructed (p.DOM-peptideITR). 

p.DOM S9V, p.DOMA9Y, p.DOMT9A and p.DOML9V consist of the p.DOM sequence 

fused upstream of previously published MUCI HLA-A2 binding peptides STAPPAHGY, 

183 



ALGSTAPPV, TLAPATEPA and LLLLTVLTV respectively. 

5.1.3 PIA encoding vaccines 

The vaccines p.PIA, p.PIAFrC and p.PIADOM consist of Kozak sequence (GCC GCC 

ACC) fused upstream of the leader sequence derived from the IgM V H of the BCL1 tumour 

and in turn fused to the full length PIA gene. Full length Fragment C or the amino terminal 

domain of Fragment C are fused to PIA at its C-terminus in p.PIAFrC and p.PIADOM 

respectively. p.DOM-PIAIAB and p.DOM-PIE encode the Kozak-BCL 1 leader sequence 

fused upstream of the amino terminal domain of FrC. The previously published 

immunodominant AB epitope (LPYLGWLVF, H-2Ld
) or E epitope (GYCGLRGTGV, H-

2Dd
) are fused to the C-terminus respectively. p.DOMABlong consists of p.DOM with an 

extended AB epitope fused to its C-terminus, EILPYLGWLVFA. p.AB and p.ABlong 

encode the Kozak-BCL1 leader sequence fused upstream of the immunodominant AB 

epitope or elongated AB epitope. 

5.2 DNA vaccine peR assembly 

All assembly primers are given in Table 1, Appendix C. 

p.DOM-MUClpeptidel, p.DOM-MUClpeptideITR, p.DOM-MUClpeptide2, p.DOM

MUClpeptide3, pDOM-MUClpeptide4 p.DOM-PIA/AB, p.DOMABlong and p.DOM-PIE 

were constructed by a PCR SOEing procedure using p.DOM as template DNA. A T7 

forward 5' primer was used with the relevant reverse primer comprising overlapping 3'

region of p.DOM and peptide with stop codon and the Not I restriction site. 

PCR SOEing was used to assemble the vaccines encoding full length PiA gene in a three 

step procedure. In the first step, the PiA sequence was amplified using as template a 

plasmid encoding full length PiA using the forward primer PIAFrC/5pl (incorporating 

Kozak-Bch VH leader) and a downstream primer PIAFrC/3pl incorporating a CpG linker 

and 30 base overlap with FrC. In the second step, FrC or p.DOM was amplified from 

template plasmids encoding either full length FrC or its first domain using the forward 

primer FrCPIA/5p 1 and reverse primers FCAS2 for FrC and DOMPIA for DOM. In the 

third step, PIA+L was fused to FrC or DOM using the 5' primer PIAFrC/5pl and the 3' 

primers FCAS2 and DOMPIA respectively. 
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The p.AB and p.ABlong minigenes were amplified using Bch VH leader-MAGEA3 peptide 

template (Dr. N. Zojer) with the forward primer T7 and reverse primer ABmini+LR and 

ABLongminiR respectively. All primer sequences are given in Table 1, Appendix C. 

The PCR reactions were carried out in a final volume of 50)..t1 with approximately 3)..tg DNA 

template, O.4pmol of each primer, 0.5mM dNTPs, and 1 ul of Expand High Fidelity Taq 

polymerase (Roche, Lewes, UK) in supplied reaction buffer. After an initial step of 95°C 

for 60 seconds, 5 cycles were performed with a denaturing step of 94°C for 60 seconds, an 

annealing step of 42°C for 60 seconds and an extension step of noc for 3 minutes. This 

was followed by 30 cycles with a denaturing step of 94°C for 60 seconds, an annealing step 

of 60°C for 60 seconds and an extension step of noc for 3 minutes. A final extension step 

of noc for 5 minutes was carried out. A control reaction containing no template DNA was 

included to check for contamination. The amplified products were run on an ethidium 

bromide gel containing 1 % agarose, and bands of the expected size were excised and DNA 

eluted from the gel using the QIAquick Gel Extraction Kit (Qiagen, Crawley, UK) in 35)..t1 

of H20. 

5.3 DNA vaccine cloning 

The DNA inserts were subjected to two sequential restriction enzyme digests for 12 hours at 

37°C in a final volume of 40)..t1 with 35)..t1 DNA, 4)..t1 lOx buffer and l)..tl Hind III or Not 1 

(New England Biolabs, Hertfordshire, UK). 8.5)..tl of double digested DNA was ligated into 

pcDNA3 linearised with Hind 111 and Not 1 in a final volume of 20)..t1 containing l)..tl T4 

DNA ligase, 0.5)..tl vector and 10)..tl 2x Rapid Ligation Buffer (Prom ega, T4 DNA ligation 

kit). The ligation reaction was incubated at room temperature for 1 hour. 

JMI09 E. coli competent cells (Prom ega) were used for transformation. 10)..t1 ligation 

product was added to 50)..t1 of JM 1 09 cells and incubated for 30 minutes at 4°C. Cells were 

heat shocked for 45 seconds at 42°C and replaced at 4°C for 2 minutes. LB medium (0.8ml) 

was added and the cells were incubated for 60 minutes at 37°e with shaking. Cells were 

plated on LB/agar plates containing 100)..tg/ml ampicillin and grown at 37°C for 12-14 

hours. Colonies were randomly selected and cultured overnight in 2ml LB medium with 

100)..tg/ml ampicillin at 37°C with shaking. Plasmid DNA was purified using the QIAprep 

Spin Miniprep Kit (Qiagen) according to the manufacturers protocol, and eluted in a final 

volume of 50)..t1 sterile H20. The presence of insert in the vector was confirmed by 
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migration in comparison to an empty vector plasmid. Following sequence verification (see 

below), 200).11 of culture broth with correct insert were stocked at -80°C with approximately 

15% sterile glycerol. For large scale DNA preparation, the glycerol stock was plated on LB 

agar and grown overnight. Small scale (lOml LB + Amp) cultures were grown for 8 hours 

at 37°C with shaking. This was used to seed a large volume of LB Amp (1.2L) which was 

grown overnight at 37°C with shaking. Plasmid DNA was purified using the QIAfilter 

Plasmid Giga Kit (Qiagen) according to the manufacturers' protocol. DNA yield was 

quantified by spectrophotometer and stored in aliquots of Img as isopropanol precipitates at 

-20°C until required. 

5.4 DNA sequence analysis 

Clones containing inserts of the correct size were sequenced bi-directionally. 100-250ng 

plasmid DNA was added to a final reaction volume of 10).l1 containing 2).l1 Big Dye 

(Applied Biosystems, Warrington, UK), 1).l1 primer (1.6pmol) and 2).l1 5 X sequencing 

buffer. The sequencing primers used are given in Table 2, Appendix C. Vector based 

prImers T7 and Sp6 (MWG, Germany) were used to sequence from upstream and 

downstream of the plasmid cloning site. pDomseqFl and pDomseqRl (Oswel DNA, 

Southampton, UK) were used as internal forward and reverse primers for p.DOM encoding 

plasmids. AbseqFl and ABseqRl (Oswel DNA) were used to sequence the full length PIA 

encoding plasmids. The sequencing reaction cycle used was 96°C for 10 seconds, 50°C for 

5 seconds and 60°C for 4 minutes for 30 cycles, with the reaction then held at 4°C until 

purification. DNA was precipitated using the ethanol/sodium acetate method before 

resuspension in loading buffer and fractionation on an ABI Prism 377 Automated DNA 

Sequence Analyser (Applied Biosystems). DNA sequences were evaluated using 

Macvector 4.5.3 (Oxford Molecular, UK) and Editview 1.0 (Applied Biosystems). 

5.5 Coupled in vitro rabbit reticulocyte transcription/translation 

In vitro expression of all vaccine constructs was assessed using the TNT® T7 Quick 

Coupled Transcription/Translation System (Prom ega) following manufacturers instructions 

to verify synthesis of encoded antigen. In ribonuclease free conditions, 0.5 - l).1g of purified 

vaccine plasmid DNA was added to 20).11 TNT master mix (containing rabbit reticulocyte 

lysate), 1 ).lCi 35S-methionine and H20 in a final volume of 25).1\. The reaction was 

incubated at 30°C for 90 minutes before being denatured at 95°C for 2 minutes in the 
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presence of O.IM DTT and NuPage LDS sample buffer (Invitrogen). Samples were run on 

a pre-cast 4-12% gradient polyacrilamide gel (Invitrogen) and vacuum dried onto filter 

paper. A radiographic film was exposed overnight to obtain an autoradiogram. 

5.6 Cell lines 

RMA-MUCI and RMA-Hygro (both H_2b) were a kind gift from Dr. 1. Taylor

Papadimitriou, CRUK London and are transfected with plasmid encoding the full length 

human MUCI sequence and empty vector control respectively. Dr. J. Rice kindly provided 

EL-4 cells. 

P8I5 (H_2d
) is a methyl cholanthrene induced murine mastocytoma which expresses five 

tumour antigens A, B (encoded by PIA) C, D and E. P511 is an azaguanine resistant sub

clone ofP815 with high expression of PIA lAB. PI-204 is a subclone ofP815 that does not 

express PIAl AB but does express D and E antigens. P511 and P 1-204 were a kind gift from 

Dr. P Coulie, Ludwig Institute for Cancer Research, Brussels. BCL1 is an in vitro B cell 

lymphoma that is negative for antigens A, Band E (C and D have not been tested). 

T2 is a human T cell line expressing HLA-A2. U266 is a human myeloma cell line 

expressing MUCI and HLA_Ai386). 

All cell lines were grown in vitro in complete RPMI medium (R 10, RPMI supplemented 

with lO% heat inactivated FCS, ImM sodium pyruvate, 2mM L-glutamine, non-essential 

amino acids (1 % of 1 OOx stock), 25mM HEPES buffer and 50).!M 2-mercaptoethanol [all 

obtained from Invitrogen]). Hygromycin B was added to RMA-MUCI at 550).!g/ml and to 

RMA-Hygro cells at 350).!g/ml to maintain expression of the transgene. Medium used for 

growing human cell lines did not contain 2-mercaptoethanoI. 

5.6.1 Phenotypic analysis ofMUCl transfected cell lines 

Ixl06 RMA-MUCI cells grown in vitro were washed and incubated for 30 minutes at 4°C 

in the dark with 0.5).!g FITC labelled mAbs supplied by BD Pharmingen (Cowley, Oxford). 

mAbs were specific for murine MHC class I (Kb and Db), MHC class II (I-A/I-E, clone 

2G9), CD8 (b.2 clone 53-5.8), CD4 (clone RM4-4) and isotype controls, IgG2a K and 

IgG2b K. After a final wash the cells were resuspended in PBS and analysed immediately 

by F ACScalibur, using CELLQUEST software (BD Pharmingen). 10,000 events were 
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collected and live cells were gated on based on their forward scatter/side scatter properties. 

The FITC staining for each sample was plotted as a histogram and compared directly to an 

identically gated sample stained with the isotype control. 

Purified HMFG I mAb and HMFG 1 supernatants were kindly provided by Dr. 1. Taylor

Papadimitriou. HMFG 1 is an IgG 1 mAb specific for the PDTR epitope within the MUC 1 

tandem repeat. VU3C6 hybridoma was kindly provided by Dr. S. Mensdorff-poully 

(Department of Obstetrics and Gynaecology, Academic Hospital Free University, 

Amsterdam), and purified by Dr. C. King. VU3C6 is also an IgG 1 mAb, specific for the 

RPAP epitope within the MUCI tandem repeat. MUC1 deglycosylation has no effect on 

either HMFG 1 or VU3C6 binding, however, desialyation increases binding in both cases 

(Dr. F. Forconi, unpublished results). FITC labelled goat anti-mouse IgG was purchased 

from Sigma. Anti-saporin IgG 1 mAb (SI3) was kindly provided by Dr. R. French 

(Tenovus) and used as a control. 

To assess MUCI expression, Ixl06 RMA-MUCI cells were incubated with IOl-lg unlabelled 

anti-MUCI mAbs (HMFGl and VU3C6) for 30 minutes at 4°C in the dark and then washed 

in PBS, followed by 30 minute incubation with FITC labelled goat anti-mouse IgG (BD 

Pharmingen). After a final wash the cells were resuspended in PBS and analysed 

immediately by F ACScalibur, using CELLQUEST software. 10,000 events were collected 

and live cells were gated on using forward scatter/side scatter. The FITC staining for each 

sample was plotted as a histogram and compared directly with an identically gated sample 

stained with secondary FITC labelled antibody alone and a sample stained with irrelevant 

SI3 antibody as controls. 

5.6.2 Phenotypic analysis of T2 transfected cell lines 

Cells were assessed for their continued expression of HLA-A2. lx106 T2 cells were 

incubated with 10l-lg unlabelled anti-HLA-A2 mAb (BB7.2, a kind gift from Professor T 

Elliott) for 30 minutes at 4°C in the dark and then, as for staining for MUCI expression, 

cells were washed, incubated with FITC labelled goat anti-mouse IgG and analysed by 

FACScalibur, using CELLQUEST software. 10,000 events were collected and live cells 

were gated on using forward scatter/side scatter. The FITC staining for each sample was 

plotted as a histogram and compared directly with an identically gated sample stained with 

secondary FITC labelled antibody alone. 
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5.7 RT-PCR assay for the expression of murine Mage genes 

Total RNA was extracted from lxl06 diverse tumour cells (32Db3a2, ST13, ST2, ST33, 

A31, B16, C6BL, CT26 and EL-4) using Tri Reagent (Sigma). Following addition of 

chloroform, RNA contained within the aqueous phase was removed and precipitated in iso

propanol and stored as an aqueous solution at -80°C until use. Contaminating DNA was 

removed with 1 U DNase I (Stratagene, Amsterdam, Netherlands) treatment, incubated at 

3TC for 30-minutes. Enzyme inactivation was achieved by a 20-minute incubation at 6SoC 

followed by phenol chloroform extraction. Reverse transcription was performed using the 

First Strand cDNA Synthesis Kit (Amersham Biochemicals, Buckinghamshire, UK). l-Sllg 

total RNA was used in a reaction volume of IS III containing 1111 oligo d(T), S ~tl bulk mix 

and 1111 DTT and incubated at 3TC for 60 minutes. cDNA was stored at -20°C until use. 

PCR primers used for the amplification of murine Mage a genes were: Mage a Sp2 and 3p2, 

these consensus primers amplify all the Mage a genes, with a product size of 963 base pairs. 

Two additional primer sets were designed to distinguish between cDNA and contaminating 

gDNA and were specific to Mage a2 (primers were MA2/SPIIE3 and MA2/3PIIE4) and 

Mage as (primers were MAS/SPIIE2 and MAS/3PIIE3), giving a product size of S6S base 

pairs and 440 base pairs respectively. The consensus PCR primer pair used for the 

amplification of murine Mage b genes was B Mage S' and B mage 3'. The amplified 

product was 384 base pairs. An additional Mage b3 primer pair was also used, Mage b3/S' 

and Mage b3/3', yielding a product length of 993 base pairs. All primer sequences are 

given in Table 3, Appendix C. 

In all cases PCR amplifications were carried out in a final volume of SOIlI with 

approximately 3)..tl cDNA template, O.4pmol of each primer, O.SmM dNTPs, and 1111 of Hot 

Star Taq polymerase (Qiagen) with S)..11 of lOx reaction buffer. Control reactions containing 

no template DNA were included to check for contamination. In all cases the expression of 

murine ~-actin was examined as an internal control, using the primer pair ~-actin F and ~

actin R (Table 3, Appendix C). The predicted product length was 349 base pairs. 

Assessment of PCR products was performed on an ethidium bromide-stained agarose gel 

and the product size was compared to 1Kb + DNA ladder run in parallel. 
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5.8 Isolation of the PIA gene 

Total RNA was extracted from the tumour cells P81S, PSll, PI204 and BCL1 and cDNA 

synthesised. The PCR primer pair used to amplify the full length PIA gene product was 

PIASPI and 3P2 (Table 4, Appendix C). The amplified product was 67S base pairs. PCR 

reaction and cycle conditions are as described for the Mage genes. The expression of 

murine ~-actin was examined as an internal control as described. These primers were also 

used in RT-PCR assays to examine expression of PIA. Expression of PIE was also 

assessed by RT-PCR and the primers were P81SEFI and P81SERI (Table 4, Appendix C), 

yielding a product length of387 base pairs. 

The amplified PCR product was purified from agarose gel usmg the QIAquick Gel 

Extraction Kit (Qiagen) and eluted in 3Sj.l1 of H20. 8.Sj.l1 of eluted DNA was ligated into 

pGEM-T vector and cloned as described in Section S.3. Sequence analysis was performed 

with primers T7, Sp6, AbseqFI and AbseqRI (Table 2, Appendix C). Gene sequences were 

compared to the Genbank database sequence (accession number NM01163S for PIA and 

NM026322 for PIE). 

5.9 Mice 

For experiments involving Muel encoding vaccines, CS7BlI6 mIce (H_2b
) were used. 

These mice were either bred in house under specific pathogen free conditions or purchased 

from Charles River, UK. Homozygous MUC 1 tg (SACII) mice were a kind gift from Dr. 1. 

Taylor-Papadimitriou and were re-derived in house before being bred under specific 

pathogen free conditions. For experimental procedures, the homozygous transgenics were 

back-crossed onto CS7BI/6. HLA-A2 tg mice (A2-Kb
) were bred in house under specific 

pathogen free conditions. 

For experiments involving PIA encoding vaccines, DBA/2 (H_2d
) were used. These mice 

were either bred in house under specific pathogen free conditions or obtained from Harlan, 

UK. 

F or all experimental procedures, mice were used between 6-12 weeks of age. 
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5.10 Vaccination protocols 

For generation ofCTL, mice were vaccinated with 25)lg DNA in 50)l1 saline injected into 

both rear quadricep muscles (total 50)lg). The vaccination protocols used are shown below. 

Experiment Primary vaccination Vaccination boost Sacrifice 

D14 Day 0 None Day 14 

D21 Day 0 None Day 21 

D28 Day 0 Day 21 Day 28 

035 Day 0 Day 21 Day 35 

For protection studies, mice were vaccinated at 6-10 weeks of age with 25)lg DNA in saline 

injected into both rear quadricep muscles on day 0 and day 21. Mice were challenged on 

day 28 by intra-peritoneal injection of 5xl04 RMA-MUCI or lx104 P511 tumour cells. 

Mice were sacrificed when the ascitic tumour burden reached 20% of the original weight of 

the mouse in accordance with humane endpoint guidelines (UK Co-ordinating Committee 

for Cancer Research, London). RMA-MUCI transfectants were tested for MUCI 

expression (Section 5.6.1) prior to injection, and, where indicated, ascitic fluid was checked 

for MUCI expression on the day of sacrifice. Similarly ascitic fluid from mice challenged 

with P5ll was assessed for PIA expression by PCR as described in Section 5.8. 

For CD4+ and CD8+ T-cell depletion, mice received intra-peritoneal injection of 100)lg of 

anti-CD4 antibody clone YTS 191.1.2 or anti-CD8 antibody clone YTS 169.4.2 or normal rat 

IgG (Sigma-Aldrich, UK) as a control. Anti-CD8 and anti-CD4 antibodies were purified 

from hybridoma supernatants in house by Miss S. Buchan using a protein G coupled 

sepharose column. Injections were carried out on days -3, -1, before tumour challenge (day 

0) and days +2, + 5 and +7 subsequent to tumour challenge). 

5.11 Pep tides 

SAPDTRPAP* (H-2Kb or H-2Dd
), SAPDTRPA * (H-2Kb

), SAPDNRPALt (H-2Db
), 

STAPPAHGV* (H-2Db
) and TVVTGSGHA (H-2Kb

) are previously reported peptides and 

are located in the MUCI VNTR (*) and 3' degenerate repeat (t)(436, 437). MUCI HLA-A2 

peptides LLLLTVLTV, STAPPAHGY, ALGSTAPPV and TLAPATEPA are previously 

described peptides and are outlined in Table 3.1, Section 3.16. FrC7 peptide (SNWYFNHL 

H-2Kb
) is located in the C-terminal domain of Fragment C. LPYLGWLVF (PIAIAB) and 

GYCGLRGTGV (PI E) are previously published peptides(358, 360, 361) Peptides were 

191 



synthesised commercially and supplied at 95% purity (Peptide Protein Research Ltd., 

Southampton, UK). 

5.12 MHC stability assay 

Ixl06 RMA-S TAP deficient cells were incubated with 0.I-50/-1M MUCIpeptideI, 

MUC 1 peptide2 and SIINFEKL for 18 hours at 37°e. Cells were incubated with I/-1g/ml 

anti-MHC class I conformational antibody (Y3 for Kb and B22 for Db, kindly provided by 

Professor T. Elliott, Southampton) for 30 minutes at 4°e. Cells were washed and incubated 

with secondary FITC conjugated goat anti-mouse IgG (BD Pharrningen) for 30 minutes at 

4°C. After a final wash the cells were resuspended in PBS and analysed immediately by 

F ACScalibur, using CELLQUEST software. A minimum of 10,000 events were collected 

and live cells were gated using forward scatter/side scatter. The FITC staining for each 

sample was plotted as a histogram and compared directly to samples incubated with no 

peptide. 

5.13 Generation of CTL lines and cytotoxicity assays 

Splenocytes from vaccinated mice were collected and single cell suspensions prepared in 

RIO. Splenocytes were counted and resuspended in RIO at 3x106 cells/ml with recombinant 

human IL-2 (rIL-2, 20U/ml, Perkin-Elmer, Foster City, CA) and peptide at indicated 

concentrations. Splenocytes were then transferred to 80cm2 culture flasks and incubated 

upright at 37°C and 5% CO2• In some cases splenocytes were re-stimulated with Mitomycin 

C (Sigma) treated RMA-MUCI or LI2IO/PIA transfected tumour cells at a ratio of 10:1 (T 

cells: tumour cells). Mitomycin C is an inhibitor of DNA synthesis and nuclear division and 

prevents tumour cell out-growing the T cells. Where indicated a second in vitro stimulation 

was performed 7 days later. Here, T-cell cultures were plated in 24 well plates 

(lOx105/well) with syngeneic feeder splenocytes (lOxl06/well) irradiated at 2500 rads for 

11.8 minutes. rIL-2 (20U/m!) and peptide were also added. Plates were re-incubated at 

37°C and 5% CO2. 

T -cell cytolytic activity was examined 6 days after the final in vitro stimulation. T cells 

were selected by density centrifugation (Lymphoprep, Nycorned Pharma AS, Oslo, 

Norway), harvested from the interphase, washed and made up to correct dilutions. Target 

cells were washed and resuspended in a final volume of 300/-11 containing approximately 
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200).1Ci radioactive chromium-51 (Na251Cr04) and lO).1M test or irrelevant peptide, un

pulsed target controls were also prepared. Cells were incubated at 37°C for 1 hour then 

washed four times before being counted. Targets were plated in 96 U well plates at 5xl04 

cells/well. Effector T cells were plated at various effector/target ratios in triplicate in a final 

volume of 200).11. The control plate consisted of targets alone in triplicate at 5xl04 

cells/well in a final volume of 200).11 (to test spontaneous release) and 100).11 (to test total 

release). Plates were incubated at 37°C for 5 hours. 100).114% NP40 (detergent lysis) was 

added to the total release wells. 100).11 sample of supernatent from all wells was removed 

into LMP3 tubes, and counted on a Wallac 1282 compugamma counter for 5 minutes. 

Percent specific lysis was calculated by the standard formula: 

Specific Release - Spontaneous Release x 100 
Total Release - Spontaneous Release 

5.14 Intracellular y-IFN assay 

Spleens from vaccinated mice were collected and single cell suspensions prepared in RIO. 

Viable T cells were selected by density centrifugation and plated at lxl06 cells/well in a 96 

U well plate. T cells were incubated for 4 hours at 37°C together with IOU/well rIL2, 

1 ).1M/well Golgiplug (BD Pharmingen) and relevant peptide at indicated concentrations. 

The following wash and staining procedures were all carried out in PBS with 1 ).1M/well 

Golgiplug. All monoclonal antibodies were supplied by BD Pharmingen. 

Cells being stained after an in vitro stimulation were washed and blocked with 2% 

decomplemented mouse serum (15 minutes at 4°C) prior to labelling with I ).1g/well FITC 

anti-mouse CD8b.2 (clone 53-5.8) or an isotype control (IgG2b K) for 20 minutes at 4°C. 

Cells were washed again, fixed and permeabilised in PBS/0.5% saponin (10 minutes at 4°C) 

before intracellular labelling with 0.5).1g/well PE rat anti-mouse y-IFN or isotype control (PE 

rat IgG 1) for 20 minutes at 4°C. After a final wash the cells were resuspended in PB Sand 

analysed immediately by F ACScalibur, using CELLQUEST software. A minimum of 

10,000 events were collected and live cells were gated using forward scatter/side scatter. 

The FITC/PE staining for each sample was plotted as a dot plot and compared directly to 

identically gated samples stained with the isotype control antibodies. 

Cells being stained directly ex vivo were washed and blocked with 2% decomplemented 

mouse serum (15 minutes at 4°C) prior to labelling with 1 ).1g/well FITC anti-mouse MHC 
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class II (I-Ad/I-Ed clone 2G9) and l/-Lg/well CD8 APC (clone Ly-2) or isotype controls 

(FITC IgG2bK and APC JgGl) for 20 minutes at 4°C. Cells were washed again, fixed and 

permeabilised in PBS/0.5% saponin (10 minutes at 4°C) before intracellular labelling with 

0.5/-Lg/well PE rat anti-mouse y-IFN or isotype control (PE rat IgGl) for 20 minutes at 4°C. 

After a final wash the cells were resuspended in PBS and analysed immediately by 

F ACScalibur, using CELLQUEST software. A minimum of 100,000 events were collected 

and live cells were gated using forward scatter/side scatter. MHC class II positive cells 

were excluded from further analysis. The APCIPE staining for each sample was plotted as a 

dot plot and compared directly to identically gated samples stained with the isotype control 

antibodies. 

5.15 Mouse y-IFN ELISPOT assay 

Spleens from vaccinated mice were collected and single cell suspensions prepared in RIO. 

ELI SPOTs were performed using an available kit: mouse IFNy ELISPOT set (BD 

Pharmingen) according to manufactures guidelines. All buffers are given in Appendix D. 

Briefly, ELISPOT plates were coated with a capture anti-mouse IFNy antibody overnight 

before being blocked for 2 hours with RIO. Viable T cells were selected by density 

centrifugation and incubated for 24 hours at 4xl05/well and 3TC with indicated 

concentrations of peptide in triplicate. Cells were removed and plates were washed and 

incubated with biotinylated anti-mouse IFNy overnight at 4°C. Plates were washed and 

incubated with Streptavidin ALP-PQ (MABTECH AB, diluted 1/500) for 1 hour at room 

temperature. After the final washing steps, plates were incubated with substrate solution 

and spot development was monitored, the reaction was stopped and after drying the plate 

was read using the Autoimmune Diagnostika (AID) analyser, software version 3.1 

(Autoimmun Diagnostika, Strassberg, Germany). 

5.16 Measurement of anti-MUCl and anti FrC antibody response to 
DNA vaccination 

5.16.1 Anti-MUCl ELISA 

ELISA plates (Nunc immunoplate II, Invitrogen) were coated with streptavidin (Sigma) at 

2/-Lg/ml in coating buffer (200/-LI/well) for 1 hour at 37°C. All buffers are given in Appendix 

D. Plates were blocked by incubation with PBSII %BSA (200/-Ll/well) overnight at 4°C. 
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Plates were washed twice with PBS/l %BSA before addition of biotinylated MUC 1 24-mer 

peptide (TAPPAHGVTSAPDTRPAPGSTAPP, kindly provided by Dr. J. Taylor

Papadimitriou) at a concentration of l/-lg/ml in PBS/Tween (200/-lliwell) and incubated for 1 

hour at 37°e. Plates were washed 4 times. Serum samples were collected and serially 

diluted in PBS/Tween and plated for 90 minutes at 37°C. Plates were washed 4 times 

before the addition of peroxidase conjugated sheep anti-mouse Fcy (The Binding Site, 

Birmingham, UK) in PBS/Tween. Plates were incubated for 1 hour at 37°C and washed 4 

times. 200/-lliwell of fresh substrate buffer was added and the colour reaction allowed to 

develop. The reaction was stopped by the addition of 2.5M H2S04 (80/-lliwell) and the 

optical density read on an automatic ELISA reader (Dynatech Instruments Inc., Santa 

Monica, USA) at 495nm. A HMFG 1 standard of known concentration was used as a 

control. 

5.16.2 Anti-FrC ELISA 

ELISA plates (Nunc immunoplate II, Invitrogen) were coated with a standard concentration 

(2/-lg/ml) ofFrC protein antigen (Yeast expression and protein purification was performed in 

house by Dr. R. Snow or Miss K. McCann) in coating buffer (200/-ll/well) and incubated 

overnight at 4°C. All buffers are given in Appendix D. Plates were blocked by incubation 

with PBS/l %BSA (200/-ll/well) for 1 hour at 3rC and then washed once with PBS/Tween. 

Serum samples were collected at day 28 and diluted in PBS/Tween and plated for 90 

minutes at 37°C. Plates were washed 4 times before the addition of peroxidase conjugated 

sheep anti-mouse Fcy (The Binding Site) in PBS/Tween. A further 4 washes were 

performed before the addition of fresh substrate buffer. The reaction was allowed to 

develop and stopped and the optical density read as described above. A standardised anti

FrC control was used in every assay. 
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6.1 Appendix A. DNA vaccination with p.DOM-PIAIAB generates 
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10 Mice per group were vaccinated on days 0 and 21 with either p.DOM-P1A/AB or 
p.DOM or were untreated (naIve). Intra-peritoneal injection of Ixl04 P5II tumour cells 
was performed on day 28 and mice were sacrificed when ascitic burden reached 20% 
original weight of the mouse. Data from the second of two experiments is shown. 
Vaccination with p.DOM-PIA/AB induced significant delay in tumour growth compared to 
p.DOM vaccinated controls (p=0.0082, l Logrank test, p.DOM-PIA/AB vs. p.DOM). 
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6.2 Appendix B. Vector map of pcDNA3 
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6.3 Appendix C. Primer sequences 

Table I - Vaccine Assembly Primers 
Vaccine Forward Primer (5'-3') 

pDOM- T7-TAATACGACTCACTATAGGG 
MUClpeptidel 

pDOM- T7-T AATACGACTCACTATAGGG 
peptideITR 

pDOM- T7-TAATACGACTCACTATAGGG 
MUClpeptide2 

pDOM- T7-TAATACGACTCACTATAGGG 
MUClpeptide3 

pDOM- T7-TAATACGACTCACTATAGGG 
MUClpeptide4 

pDOM-S9V T7-TAATACGACTCACTATAGGG 

pDOM-A9V T7-TAATACGACTCACTATAGGG 

pDOM-T9A T7-TAATACGACTCACTATAGGG 

pDOM-L9V T7-TAATACGACTCACTATAGGG 

pDOM-PIAJAB T7-TAATACGACTCACATTAGGG 

Reverse primer (5 ' -3') 

TTTTGCGGCCGCTTACGGGGCCGGCCTGGTGTCCGGGGCCGAGTTACCC 
CAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAGGCCGGCCTGGTGTCCGGGGCCGAGTTACCCCCA 
GAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTACAAGGCGGGCCTGTTGTCCGGGGCCGAGTTACCC 
CAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAGACACCGTGGGCTGGGGGGGCGGTGGAGTTACCC 
CAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAAGCATGTCCACTTCCGGTAACAACGGTGTTACCC 
CAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAGACTCCATGAGCAGGAGGATGGGTGCTGTTACCC 
CAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAGACTGGAGGGGCGGTGGAGCCCAAGGCGTTACCC 
CAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAAGCTGGTTCCGTGGCCGGGGCCAGAGTGTTACCC 
CAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAGACGGTGAGAACGGTAAGAAGAAGAAGGTTACC 
CCAGAAGTCACGCAGGAAG 

TTTTGCGGCCGCTTAGAAGACCAGCCACCCTAGATAAGGCAGGTTACCC 
CAGAAGTCACGCAGGAAG 
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Table 1 continued 

pDOM
PIA/ABlong 

pDOM-PIE 

pPIA+L 

pPIA-FrC/DOM 
(step I) 

T7-TAATACGACTCACATTAGGG TTTTGCGGCCGCTTAAGCGAAGACCAGCCACCCTAGATAAGGCAGAATT 
TCGTTACCCCAGAAGTCACGCAGGAAG 

T7-TAA TACGACTCACATTAGGG TTTTGCGGCCGCTTAAACTCCAGTACCCCTGAGCCACAGTAGCCGTTAC 
CCCCAGAAGTCACGCAGGAAG 

PIAFrC/Spl-TTTTAAGCTTGCCGCCACCATGGGTTGGAGCTGTATCATCT PIA+LR-TTTTGCGGCCGCTTAAGGTGAGAAGCCATCCGGGTTTCC 
TCTTTCTGGTAGCAACAGCTACAGGTGTGCACTCCATGTCTGATAACAA 
GAAACCAGACAAAGCC 
PlAFrC/Spl-TTTTAAGCTTGCCGCCACCATGGGTTGGAGCTGTATCATCT PIAFrC/3pl-TTCGTTGTCGACCCAACAATCAAGGTTTTTAGGTCCGGGT 
TCTTTCTGGTAGCAACAGCTACAGGTGTGCACTCCATGTCTGATAACAA CCAGGTGAGAAGCCATCCATCCGGGTTTCCCATTTCCTC 
GAAACCAGACAAAGCC 

pP 1 A-FrC (step 2) FrCPIA/Spl-GAGGAAATGGGAAACCCGGATGGCTTCTCACCTGGACCCG FCAS2-TTTTGCGGCCGCTTAGTCGTTGGTCCAACCTTCATCGGTCGG 
GACCTAAAAACCTTGATTGTTGGGTCGACAACGAA 

pPIA-DOM 
(step 2) 

FrCPIA/Spl-GAGGAAATGGGAAACCCGGATGGCTTCTCACCTGGACCCG DOM IPIA-TTTTGCGGCCGCTT AGTT ACCCCAGAAGTCACGCAGGAAGG 
GACCTAAAAACCTTGATTGTTGGGTCGACAACGAA TGAT 

pPIA-FrC (step 3) PIAFrC/Spl-TTTTAAGCTTGCCGCCACCATGGGTTGGAGCTGTATCATCT FCAS2-TTTTGCGGCCGCTTAGTCGTTGGTCCAACCTTCA TCGGTCGG 

pPIA-DOM 
(step 3) 

pAB + L 

pABlong+L 

TCTTTCTGGTAGCAACAGCTACAGGTGTGCACTCCATGTCTGATAACAA 
GAAACCAGACAAAGCC 

PIAFrC/Spl-TTTTAAGCTTGCCGCCACCATGGGTTGGAGCTGTATCATCT DOMl PIA-TTTTGCGGCCGCTT AGTTACCCCAGAAGTCACGCAGGAAGG 
TCTTTCTGGTAGCAACAGCTACAGGTGTGCACTCCATGTCTGATAACAA TGAT 
GAAACCAGACAAAGCC 

T7-T AATACGACTCACTATAGGG Abmini+LR - TTTTGCGGCCGCTT AGAAGACCAGCCACCCT AGATAAGGC 
AGGGAGTGCACACCTGTAGC 

T7-TAATACGACTCACTATAGGG ABlongminiR - TTTTGCGGCCGCTTAAGCGAAGACCAGCCTCCCTAGATA 
AGGCAGAATTTCGGAGTGCACACCTGTAGC 

Key to table 1 Underlined = HindJJ (GCGGCCGC) or Noll (AAGCTT) restriction enzyme recognition site 
Red = Stop codon 
Blue = Epitope sequence 
Green = FrC 
Purple = PIA 
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Table 2 - _ 

T7 5'-TAATACGACTCACTATAGGG 
SP6 5'-ATTTAGGTGACACTATAGAA 
pDol11seqFl 5'-TAACGAGTACTCCATCA 
pDol11seqR 1 5' -AAACAGACCAACCAGAGC 
ABseqFl 5'-CAAGCGCATGTCCTCTGTCGATGA 
ABseCjJ~l 5' -TGGCCA GGAA CA CA GGCA CA GTT A 

murine CT A fi'om total RNA. 
<"""<' _<.''_,_".<,<0 •• ,'<.'. __ < ,«<."""" _ 

Pril11erpair 
Mage a 5p2 and 3p2 
MA2/5PJ/E3 and MA2/3PlIE4 
MA5/5PllE2 and MA5/3PJlE3 
Bmage5' and Bmage3' 
Mage b3/5' and Mage b3/3' 

F an9}-aetin R 

Forward 
5'-AGTCCTCCCCAGAGTCCTCAGAGA 
5' -AAAATCTCCT AAAGCA GAGTTTGAC 
5'-GCAGAGTTTGACTAGAGTCATCA 
5'-GTTCAGCCCACTGCAGAGGAAGCA 
5' -A TGCCTAGGGGTCAAAAGAGTAAGA 
5' -TGGAATCCTGTGGCA TCC 

Reverse 
5'-SCCATCATAGGTGAKCCCCAGGGC 
5' -GTCAA GGCCAAAGACCATCTTCA 
5' -CAGAAAGTCCACCAAGTCATACA 
5'-TTCTAGGCGTGCAGAAGTTCTCCT 
5' -CT ACA CA TTAGAGGACTTTTGGGA TGG 
5'-TAAAACGCAGCTCAGTAACA 

murine PIA and PIE and from total RNA. 
Pril11erpair 
PIA5Pl and PIA3P2 
P815EFI and P8J5ERJ 

Forward 
5' -ATGTCTGATAACAAGAAACCA 
5' -A TCAGCTTTGAGGAACTGCTCA 

Reverse 
5'-CTAAGGTGAGAAGCCAT 
5' -CCGA TGGCCATT AAAAAATAA 



6.4 Appendix D. Buffers and reagents 

PBS (Phosphate Buffered Saline) 
NaCI - 7.04g/1 
Na2HP04 - 3,44g/1 
KH2P04 - 0.79g/1 
dH20 - IOOOml 
pH 7.3 

PBS/Tween 
1 % - PBS plus Iml Tween 20 per litre 
0.5% - PBS plus 500).11 Tween 20 per litre 

PBS/BSA 
PBS plus Ig BSA per litre 

ELISA-coating buffer 
Na2C03 - I.58g/1 
NaHC03 - 1.92g/1 
dH20 -IOOOml 
pH 9.5 

ELISA-substrate buffer 
Citric acid - 4.68g/1 
Na2HP04 - 7.30g/1 
dH20 - 1000ml 
To 50ml add 10mg orthophenyldiamine (OPD) and 50).11 H202 immediately before use. 
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