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Agonistic monoclonal antibodies directed against murine CD40 can be used in 

experimental settings to induce anti-lymphoma T-cells that are able to effect primary 

tumour eradication in vivo. These anti-tumour CTL provide both protection against re-

challenge with the original vaccinating tumour line and, furthermore, prevent relapse, 

thereby affecting long-term survival. Such therapeutic strategies are desirable in order to 

provide durable responses against human lymphomas without evolving adverse side-

effects. 

Here, we further investigate the mechanism by which anti-CD40 exerts its therapeutic 

activity and demonstrate that interactions via the TNFR family member 4-1BB contribute to 

the expansion of anti-tumour CTL and, hence, survival following immunotherapy of 

lymphoma; indeed, we show that all tumour-specific CTL generated during anti-CD40-

induced immunotherapy express this molecule. Furthermore, we demonstrate for the first 

time that the murine lymphomas used in these studies invoke an immunological response 

prior to anti-CD40 administration which is characterised by the phenotypic maturation of 

DCs and differentiation of CD8* T-cells, as well as the accumulation of these cells at the 

site of tumour. Importantly, the kinetics and magnitude of these responses are augmented 

by administration of anti-CD40 thereby suggesting that this mAb exerts its therapeutic 

activity by the boosting of a pre-existing ineffectual adaptive immune response. Data 

shown here suggest that enhanced DC maturation following administration of anti-CD40 to 

tumour-bearing animals may contribute to this effect and, hence, support the hypothesis 

that anti-CD40 operates at the axis of the professional APC in order to affect the rejection 

of both CD40-positive and CD40-negative tumours. 

In addition, we show that both CDS* T-cell lines and immortalised hybridomas derived 

from tumour-reactive CD8* CTL can be established in vitro from animals in remission 

following anti-CD40-induced immunotherapy. These provide a basis for the screening of a 

lymphoma-derived cDNA library in order to identify the tumour rejection antigens operating 

in this system. 
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1. Introduction 

All multicellular organisms maintain structural liomeostasis by appropriately balancing the 

rate of cellular proliferation with apoptotic cell death. Any disparity between these 

processes may therefore lead to aberrant cellular growth and the subsequent accumulation 

of a clonal neoplasm or tumour. Such tumourgenic dysfunction usually has a composite 

aetiology consisting of oncogene inheritance, viral manipulation of cellular survival, and/or 

mutagen exposure, e.g., UV irradiation, chemical carcinogens. If unchecked by 

intracellular controls, transformed neoplastic cells may undergo bouts of mutations and 

selection thereby progressing the tumour from a benign state of non-invasiveness to a 

malignant cancer, i.e., a tumour capable of traversing basal laminae, metastasising to 

secondary sites and evoking the production of dedicated capillaries (angiogenesis). 

Currently in the UK, one third of people below the age of seventy-five are likely to develop 

cancer within their lifetime. Each year, one quarter of a million new cases of cancer are 

diagnosed and 140,000 people die of the disease. This accounts for approximately one 

quarter of the annual death toll in this country. 

Traditional cancer control, consisting of surgery, radiotherapy, and chemotherapy, aims to 

sustain the increase in cancer survival over the past twenty years. Nonetheless, these 

techniques remain primitive in that they are incapable of fine distinction between normal 

and neoplastic tissue. Moreover, current treatment regimes often have adverse side 

effects that limit therapy and relapse often occurs due to the development of resistance. 

Thus, many cancers remain incurable, and alternative techniques are likely to be required 

in order to improve long-term survival. One possibility is immunotherapy - these regimes 

aim to circumvent the disadvantages encountered with conventional cancer treatment by 

either evoking or augmenting immunological anti-tumour responses. 
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Figure 1.1. Possible Mechanisms by which Monoclonal Antibodies Evoke Therapeutic Activity 

Therapeutic mAbs directed against tumour cells are primarily thought to work via the recruitment of effector 

systems such as Fc receptor-bearing phagocytes and the classical complement pathway (Clq is depicted), 1 and 

2 respectively. Other mechanisms that may be at work include the blocking of soluble mediators (e.g., cytokines), 

the blocking of receptors for these mediators and/or the blocking of cell-cell interactions, 3. Moreover, mAbs such 

as anti-idiotype and anti-CD20 may operate via the cross-linking of surface receptors that subsequently deliver 

intracellular signals that control cell division or affect apoptosis, 4. This effect is likely to be enhanced by hyper-

crosslinking via Fc receptors [1]. 

Immunotherapeutic strategies can be categorised as eitlier passive or active. Passive 

immunotherapy relies on the administration of antibodies, antibody derivatives (e.g., 

radiolabeled antibodies) or effector cells in order to eradicate established tumours. Figure 

1.1 outlines the mechanisms of antibody-mediated tumour killing known to occur in vivo. 

Of the successes, chimeric and humanised monoclonal antibodies (mAbs) such as anti-

CD20 (Rituximab), anti-Her-2 (Trastuzumab), and anti-CD52 (Campath-1H) have all been 

shown to generate potentially useful clinical responses [1]. 

In contrast to this passive approach, active immunotherapy aims to incite the host immune 

system into generating effective anti-tumour responses. Manipulation of the immunological 

response in this way has been achieved experimentally by vaccination against specific 



tumour antigens (e.g., idiotype), exogenous cytokine administration, and transfection of 

tumour lines with genes encoding co-stimulatory molecules and cytokines. Additionally, 

monoclonal antibodies and soluble endogenous ligands have been used therapeutically in 

a variety of experimental tumour models to stimulate anti-tumour T-cells [2-5]. 

The following introduction aims to broadly discuss how cellular responses are generated, 

why tumours do not fully elicit these responses and, finally, what current experimental 

strategies are being employed in order to evoke effect anti-tumour responses. 

1.1. Dendritic Cells - Initiators of T-cell Priming and Tolerance 

T and B lymphocytes represent the effector cells of the cellular arm of the acquired 

immune system. As detailed in section 1.2, T-cells recognise unique combinations of 

peptides and major histocompatibility complexes (pMHCs) displayed on the surface of 

antigen presenting cells (APCs) via their clonotypic T-cell receptor (TCR). Induction or 

tolerisation of a T-cell response is predominantly orchestrated by a specialised set of 

professional APCs called dendritic cells (DCs). Dendritic cells represent a minor (1-2 % 

total cell number) heterogeneous cell population derived from bone-marrow 

haematopoietic stem cells. In the steady state, immature DCs (iDCs) reside in most 

peripheral tissues, notably at the environmental interface (e.g., mucosae), and 

constitutively migrate through the blood, non-lymphoid tissues, lymphatics, and secondary 

lymphoid organs. Whilst in peripheral tissue, iDCs capture antigens and, subsequently, 

present peptides derived from these antigens on MHC class-l and - I I molecules [6-13]. 

T-cell induction requires a terminal process of DC maturation that occurs in response to 

endogenous 'danger signals' (e.g., heat-shock proteins (HSPs)) and/or pathogen-derived 

molecular patterns (PAMPs, e.g., lipopolysaccaride (LPS)) in a context-specific and 

lineage-specific manner. DC maturation results in the quantitatively and kinetically distinct 

expression of co-stimulatory molecules and cytokines, as well as changes in endocytic 

capacity, morphology, migration and survival, all of which act to promote eventual 

interaction with T-cells. Therefore, in conjunction with non-lymphoid cells (e.g., 

parenchymal cells), DCs can tailor the T-cell response to both the tissue-type and threat 



encountered [14]. The resulting T-cell response may be categorised are either TH1 or TH2; 

TH1 development protects against intracellular pathogens and is characterised by the 

activation of cytotoxic T-lymphocytes (CTL), macrophages and B-cells that produce 

complement-fixing or viral-neutralising immunoglobulin (Ig) Gaal TH2 responses, on the 

other hand, provide help for lgG1, IgE and IgA production and thereby aid protection 

against extracellular pathogens. As DCs lie at the centre of T-cell induction, understanding 

DC-mediated antigen presentation is crucial in evaluating how immunity may be raised 

against tumours. An overview of the T-cell response is given in figure 1.2. 

The importance of DCs over other APCs during the priming of T-cell responses has 

recently been demonstrated by the selective ablation of DCs in vivo [15] - in transgenic 

mice that express human diptheria toxin receptor under the control of the murine C D I I c 

promoter, injection of diptheria toxin results in the selective and transient depletion of DCs 

with the concomitant abrogation of responses towards Listeria, malaria parasites and OVA-

loaded (32microglobulin"'" cells [c.f., cross-presentation, section 1.1.1.1). 

The following sections discuss how DCs induce or tolerise T-cell responses, while 

subversion of DC activation by tumours is discussed in section 1.5.2. 
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Figure 1.2. Overview of the T-cell Response 

Immature tissue-resident or re-cycling DCs capture antigen from tissues and maturation is initiated by local 

pathogen-induced 'danger' signals, e.g., IFNa, 1. Subsequently, maturing DCs migrate to and enter the local 

draining lymph node, 2. Here, DCs present class-l/ll-restricted peptides derived from antigens captured in the 

tissues thereby initiating priming of CD4* TH cells and, subsequently, CDS* CTL, 3. Signals derived from TH cells 

upon antigen recognition (e.g.. CD40L) amplify DC maturation and promote T-cell priming. B-cells are also likely 

to be involved. Once primed, both TH cells and CTL differentiate into effector cells and migrate to the 

inflammatory site (4) where local APCs are able to sustain the effector response, e.g., CTL-mediated target cell 

lysis, 5. 



1.1.1. Antigen Processing and Presentation 

MHC molecules are categorised as either class-1 or class -II. In all cell types, the 

segregation of MHC class-l and - I I biogenesis, which occur in the endoplasmic reticulum 

(ER) and endocytic compartment respectively, results in the loading of both exogenously 

and endogenously-derived peptides onto class-il, while only endogenously-derived 

peptides are loaded onto class-l. This mechanism may prevent activated CTL killing 

unaltered cells that have phagocytosed virally infected neighboring cells. Nonetheless, 

class-l-restricted CTL responses often require priming against antigens that are not 

endogenously synthesised by the DC but, rather, are derived from exogenous sources, 

e.g., microorgansims, virally infected cells, soluble proteins, immune complexes and 

apoptotic cells. Thus, DCs possess the ability to cross-present antigen derived from 

exogenous sources onto MHC class-l molecules [16, 17]. This pathway is also required in 

cases where CTL priming can not be initiated by non-professional APC. The ability to 

cross-present exogenous antigen onto class-l, which may result in cross-priming or cross-

tolerance. is just one example of how DC-mediated antigen presentation differs from that in 

non-professional APCs. 

1.1.1.1. Class-I-Restricted Antigen Presentation and Cross-presentation. 

Presentation of endogenously-derived peptides by DCs occurs in a similar fashion to other 

cells - ubiquitination of newly synthesised endogenous proteins leads to proteolytic 

degradation and TAP-dependent transport of the derived peptides to the ER. 

Subsequently, an ER-resident chaperone loading complex containing, for example, 

tapasin, calnexin and calreticulin, catalyses the binding of these peptides to new class-l 

molecules [18]. Peptide-class-l complexes are then transported to the plasma membrane 

via the golgi. Dendritic cells do, nonetheless, present a unique array of class-l-restricted 

peptides due to the constitutive expression of the immunoproteosome components LMP2, 

LMP7 and PA28 [19], which results in the cleavage of endogenous proteins at distinct 

sites. Furthermore, DCs and mature B-cells possess a di-ubiquitin gene within the MHC 

locus that may participate in antigen presentation [20]. 



However, as stated above, in contrast to the class-l-restricted presentation of peptides 

derived from endogenous proteins, CTL priming does often require cross-presentation of 

exogenous-derived peptides and this pathway is prominent in DCs. Indeed, the majority of 

immune responses against allografts, tumour cells, or intracellular pathogens require 

cross-presentation by bone-marrow-derived APCs, from which DCs are derived [21-23], 

For example, reconstitution of lethally irradiated TAP'""' mice with TAP-deficient bone 

marrow fails to rescue vaccinia-specific CTL responses, whereas reconstitution with TAP*'* 

bone marrow does (see below). 

Macrophages are also able to cross-present exogenous antigens but, compared with DCs, 

are less efficient at this process as demonstrated in models of human influenza infection 

[24] and mouse Salmonella infection [25], as well as during the cross-presentation of 

ovalbumin (OVA) or immune complexes [26, 27]. The inefficiency of cross-presentation by 

macrophages is likely to be due to the lack of a specific endosome-to-cytosol 

transportation mechanism (see below [27, 28]), the different receptors utilised by DCs and 

macrophages for cell engulfment, and the superiority of DCs in stimulating naTve T-cells. 

[17] Nonetheless, macrophages may cross-present antigen in some cases, as 

demonstrated in vitro [28]. Interestingly, until recently, it was unclear as to which DC 

subset was responsible for cross-presentation in vivo (see section 1.1.1.1). 

Antigens may access the cross-presentation pathway in DCs via all routes of antigen 

capture, but some of these may also mediate DC maturation. For example, FcR-mediated 

internalisation of immune complexes [29], opsonised liposomes [30], and opsonised dead 

cells [31] enhance cross-presentation and often induce DC maturation. [32] Similarly, 

HSPs mediate efficient cross-presentation and DC maturation in vivo [33-36], Whether 

receptor-mediated internalisation of antigen enhances cross-presentation by concentrating 

these antigens within DCs or by specifically targeting antigen to the endocytic compartment 

is unknown. Nonetheless, two specific mechanisms have been proposed for cross-

presentation [37]. Castellino et al. directly visualised class-l-peptide complexes in the 

endosomal compartment of macrophages by using an 0VA-H-2K-specific mAb [38], This 



observation suggests that, due to low endosomal pH, peptides generated from exogenous 

sources may exchange with bound peptides present on recycling class-! molecules. This 

mechanism must thus occur in a TAP-independent manner. However, cross-presentation 

has often been shown to be TAP-dependent in vivo {c.f., reconstltution with TAP-deficient 

bone marrow), suggesting that internalised antigens are able to traverse the endocytic 

membrane, enter the cytosol and participate in classical class-l peptide generation. 

Indeed, DCs have a transportation pathway whereby molecules of 3-20kDa in size can 

enter the cytoplasm from the endosomal compartment [27]. Furthermore, this pathway is 

specific for internalised antigens (the lysosomal resident proteins cathepsin D and p-

hexosaminidase are not transported) and, as expected, is blocked by proteosome inhibitor. 

Other cells, such as thymic epithelia, also cross-present soluble OVA in a TAP-dependent 

manner, but the process is very inefficient in these cells. [39]. Which class-l loading 

pathway, endosomal or ER-restricted, will predominate is likely to be dictated by the 

antigen, the cell type, and the route of internalization [32]. Interestingly, Castellino et al. 

also demonstrated that the orientation of peptide binding to HSP70 determines whether the 

pMHC complexes formed appeared in the endosomal compartment or the ER [38]. 

The involvement of cross-presentation in the priming of T-cell responses and induction of 

T-cell tolerance is discussed in sections 1.3.1. and 1.4.3. The following section briefly 

summarises class-ll-restricted antigen presentation in DCs, as a detailed analysis of this 

topic is outside the scope of this thesis. 

1.1.1.2. Class-ii-Restricted Antigen Presentation. 

In APCs other than DCs, three newly synthesised class-ll molecules associate with a 

trimer of invariant chains (li) in the ER. These nonamers are subsequently translocated via 

the golgi to the endocytic/lysosomal compartment. Once in an acidic environment, li is 

degraded by proteases of the cathepsin family, leaving only class-ll-associated li peptide 

(CLIP) in the peptide-binding groove. Subsequently, two nonpolymorphic MHC class-ll 

molecules, HLA-DM/H2-M and HLA-D0/H2-0 (in human/mouse), catalyse the exchange of 

CLIP for peptides derived from exogenous proteins. Class-ll dimers complexed with 



peptide are then translocated to the cell surface. Alternatively, internalised class-ll-peptide 

complexes can exchange peptides in the endocytic compartment [40]. 

DCs specifically regulate the formation of peptide-IVlHC class-ll complexes such that, in 

contrast to other APCs, surface peptide-class-ll complexes are only efficiently presented 

after maturation. Thus, class-ll-li nonamers are diverted from the secretory pathway 

following exit from the fra/is-goigi network and subsequently accumulate in late 

endosomes/lysosomes. A fraction of peptide-loaded, CLIP-loaded or empty class-ll dimers 

do however reach the plasma membrane. Nonetheless, iDCs only transiently and 

inefficiently present peptide-class-ll complexes. Interestingly, expression of surface HLA-

DM/H2-M suggests that empty class-ll molecules may be loaded by exogenous peptides 

directly at the cell surface and, indeed, this may be achieved in vitro [41]. 

Several mechanisms are responsible for the inefficiency of class-ll-restricted presentation 

by iDCs. Firstly, antigen degradation in iDCs is impaired due to the inhibited activity of 

several proteases including cathepsin B and L [42]. A splice variant of li, Iip41, may 

mediate this inhibition [43]. The obstructed antigen degradation in iDCs results in the 

retention of both antigen and class-ll in lysosomal compartments for one to two days [44, 

45]. Secondly, few class-ll molecules are available to bind peptide in iDCs. in some bone-

marrow-derived murine DCs, class-ll haplotypes with strong affinity for li remain 

inaccessibly in lysosomes associated with a partially degraded form of li, Iip10 [46]; this is 

due to the high activity of cystatin C, a protease inhibitor that prevents cathepsin S from 

degrading Iip10 [46, 47]. Thirdly, empty or associated class-ll complexes that do reach the 

plasma membrane are rapidly internalised. 

Upon DC maturation (see section 1.1.3), all these aspects of antigen presentation are co-

ordinately modified resulting in a rapid increase in the number of class-ll-peptide 

complexes presented. Class-ll synthesis is transiently increased simultaneously with a 

sustained increase in protease activity, the latter being achieved on re-localisation to a 

more acidic compartment [42]. This is followed by the down-regulation of class-il synthesis 



which focuses the repertoire of peptides displayed to those encountered prior to 

maturation. This is supplemented by the down modulation of phagocytosis and 

macropinocytosis, as well as receptor-mediated endocytosis via a select number of 

receptors (e.g., FcR, DEC205), which further restricts presentation to those peptides that 

are derived from peripherally encountered antigens. Overall, the number of available 

peptides and empty ciass-ii molecules simultaneously increases, thus pMHC complexes 

are rapidly formed following maturation [44]. These complexes subsequently appear in 

specialised non-lysosomal class-ll vesicles, segregated from H2-M and li, but together with 

class-l and B7-2 [45]. Class-ll-vesicles subsequently fuse with the plasma membrane 

resulting in the co-ordinate delivery of T-cell ligands to the cell surface and thereby 

promoting the formation of an immunological synapse (see section 1.2.3). 

An additional point to be noted is that anti-inflammatory cytokines are able to interfere with 

class-ll presentation in DCs. Notably, IL-10 is able to increase endosomal pH, thus 

inhibiting protease activity and decreasing the number of peptides available to bind class-ll 

[42]. Thus, the cytokine milieu present on receiving a maturation signal is a crucial factor 

in determining the ensuing T-cell response. 

1.1.2. Antigen Internalisation 

Antigen acquisition by DCs is achieved by phagocytosis, macropinocytosis and receptor-

mediated endocytosis. Receptor-mediated endocytosis occurs via clatherin-coated pits, 

which form on the recruitment of ciatherin lattices to the cytoplasmic tail of the endocytic 

receptor once ligand is bound. Generally, endocytic receptors are also able to mediate 

phagocytosis. 

Immature DCs express a variety of endocytic receptors such as FcyRI-lll which mediate 

internalisation of immune complexes [48, 49] and the complement receptors CR3 and 4 

[50]. Immature DCs also bind and internalize HSPs, which are thus able to act as 

antigenic peptide chaperones (see section 1.1.3.1), e.g., HSPs-96, -90, and -70 as well as 

calrecticulin were shown to bind the a2-macroglobulin receptor CD91 on iDCs, thereby 
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leading to the re-presentation of bound peptide. [51] Similarly, Toll-lit<e receptor (TLR) 4 

has been shown to bind HSP60, while CD14 is a co-receptor for HSP70 (c.f., LPS 

signaling via TLR4, section 1.1.3.1) [52, 53]. 

Apoptotic corpses also serve as a source of antigen for iDCs [11, 54, 55]. Interestingly, 

CD36 and the integrin avp5 are both involved in the phagocytosis of apoptotic corpses by 

human iDCs, [56] while CD36 is not required for this process in mice [57, 58]. 

Nonetheless, current data show that an array of different molecular flags exposed on 

apoptotic cells are bound by receptors on iDCs. This process may occur directly or 

indirectly via adaptor molecules, e.g., direct binding of exposed phosphotidylserine (PS) 

residues by the PS receptor and indirect binding via components of the complement 

cascade (iC3b, Clq). Initial tethering of apoptotic cells, by surface CD14 or p2 integrins, is 

thought to precede cytoskeletal re-organisation and the resulting phagocytosis [59]. 

Indeed, av[35 integrin is known to recruit the Crkli/Dock180/Rac1 signaling complex, 

thereby orchestrating cytoskeleton re-organisation. IVloreover, functional ablation of the 

C.elegans Crkll and Rac homologs impairs apoptotic cell clearance [60]. The plethora of 

different molecules involved in apoptotic cell engulfment suggests that his process is tightly 

regulated and may lead to a variety of different functional outcomes for the IDC, i.e., 

tolerance induction or priming of a T-cell response. 

Immature DCs additionally endocytose antigen via the carbohydrate-binding C-type lectins 

such as the macrophage mannose receptor, DEC205, and the low-affinity IgE receptor 

CD23. DEC205 is exclusively expressed on CD8a^ DCs and possesses a unique 

translocation motif that results in its accumulation in late endosomes and, thus, co-

localisation with MHC class-ll in iDCs (see section 1.1.1.2). As an aside, DC-specific 

lCAM3-grabbing nonintegrin (DC-SIGN) and langerin are two other type II lectins 

expressed on interstitial DCs and Langerhan cells (LCs) respectively [32]. DC-SIGN is 

known to function during the formation of the T-cell-DC synapse via its interaction with 

ICAM3 and during DC migration via interactions with ICAIV12 [61]. Conversely, the function 
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of langerin is unknown. Interestingly, HIV-1 binds DC-SIGN, thus utilising this integrin to 

infect DC, migrate to lymph nodes and, subsequently, trans-infect T-cells [62]. 

Immature DCs are also able to phagocytose a myriad of different bacteria. Indeed, iDCs 

open tight junctions in gut epithelial monolayers, project dendrites into the apical side of the 

epithelia and phagocytose gut bacteria [63]. This process may be important in the 

induction of tolerance towards gut flora (see section 1.4.3). 

Unlike other cell types, iDCs constitutively internalise large volumes of extracellular fluid by 

macropinocytosis [64]. Like phagocytosis, macropinocytosis is actin-dependent and, 

therefore, reliant upon Rho family GTPases. The expression of aquaporins 3 and 7 in DCs 

is thought to prevent excess fluid accumulation due to macropinocytosis [65]. 

1.1.3. Dendritic Cell Maturation 

In response to two types of signals, PAIVIPs and/or indirect indicators of infection (e.g., 

HSPs, immune complexes, type I interferons), iDCs initiate a terminal developmental 

program known as maturation. Maturation results in (1) increased peptide class-ll 

presentation with a concomitant decrease in the rate of antigen up-take, (2) increased 

expression of co-stimulatory molecules {e.g., B7-1, 4-1BBL), (3) elevated or de novo 

production of cytokines (e.g., mature IL-18, -12, -10), (4) production or increased 

expression of DC survival and stimulatory molecules (e.g., TRANCE, CD40), (5) production 

of chemokines and chemokine receptors, (6) migration to T-cell-stimulating areas of 

secondary lymphoid organs and (7) the extension of 'dendritic' processes which may 

increase opportunities for interactions with T-cells [6, 7, 9, 10, 13, 32, 66-68], Overall, DC 

maturation converts iDCs into potent T-celi stimulators and, thereby, largely dictates the 

balance between T-cell priming and T-cell tolerance. Thus, as expected, this process is 

tightly regulated. The following section aims to discuss the role of a select number of 

receptors in eliciting DC maturation and what happens during DC maturation. 
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1.1.3.1. Receptors that Mediate Dendritic Cell Maturation 

Four families of surface pattern-recognition receptors (PRRs) are known to initiate de novo 

DC maturation: (1) TLRs, (2) cytokine receptors, (3) Fc receptors, and (4) sensors of cell 

death or stress. Activation of DC via indirect mechanisms allows the sensing of pathogen-

induced cellular stress and, furthermore, may allow a tissue-specific context to be added to 

the maturation process. TLRs are a major family of receptors that are involved in this 

process. Throughout different phyla, TLRs have a conserved architecture consisting of 

extracellular hypervariable leucine-rich repeats, a cysteine-rich juxtamembrane spacer, 

and an intracellular signaling Toll/ILR homologous region (TLR) [69, 70]. The extracellular 

leucine-rich repeats appear to be responsible for ligand binding, with different TLRs 

recognising distinct pathogen-derived products, e.g., TLR2 mediates immunological 

responses against yeast and gram-positive bacteria, whereas TLR4 seems to recognise 

LPS and gram-negative bacteria. [71-73] Similarly, responses to CpG-containing 

oligonucleotides are mediated via TLR9 [74-76]. Co-receptors may be involved in TLR-

ligand interaction, e.g., LPS-binding protein transfers LPS to soluble or GPI-anchored 

CD14 which then allows the interaction of LPS with a TL4-MD-2 complex [77]. Human 

TLR4 alone is incapable of sensing LPS, and MD-2 seems to convey this property upon 

the receptor via physical association. The mAb MTS510, which binds the murine TLR4-

MD-2 complex but not TLR4 alone, has been used to show expression of the TLR4-MD-2 

complex on peritoneal macrophages in vivo [78]. Furthermore, MTS510 abolishes LPS-

induced tumour necrosis factor (TNF)a production by peritoneal macrophages, thus 

verifying that it is indeed the TLR4-MD-2 complex, and not lone TLR4, which senses and 

signals the presence of LPS in vivo. 

In addition to co-receptor usage, other complexities exist in the TLR system. Firstly, there 

may be redundancy between TLR family members, e.g., traditionally LPS-unresponsive 

Ips'̂ '̂  mice can still respond to LPS at high doses or if LPS challenge is pre-empted with 

IFNy [79]. Secondly, TLR4"'" macrophages are not only unresponsive to LPS and gram-

negative bacteria, but also to lipoteichoic acid, which is only found in gram-positive bacteria 

[80]. This observation suggests that TLRs bind structurally related ligands rather than 
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ligands of common microbial origin. Finally, Polly Matzinger convincingly argues that TLRs 

may have actually evolved to bind endogenous ligands and that microorganisms 

manipulate this system to their advantage by producing LPS and other PAMPs [81-83]. 

indeed, 0014"'" mice are less susceptible to toxic shock induced by gram-negative 

bacterial infection than their wild-type counterparts [84]. It is therefore likely that TLRs bind 

endogenous ligands that are produced or exposed in response to danger. There is an 

increasing body of evidence to support this view, e.g., CD14 binds ICAM-3 on apoptotic 

cells and promotes the induction of tolerance to apoptotic cell antigens via the production 

of immunosuppressive cytokines [53, 85] and, as mentioned, HSP60 has been suggested 

as the endogenous ligand of TLR4 [52]. This molecule is exposed on necrotic cells and is 

responsible for the increased immunogenicity of syngeneic tumour lines following 

transfection of a suicide gene [86]. Further links between cellular death and 

immunogenicity have been made as necrotic, as opposed to primary or apoptotic, cells 

have been shown to stimulate the maturation of DCs in vitro [87]. 

Additionally, HSPs released during necrotic cell death are able to activate DCs as well as 

chaperone antigenic peptides. [88, 89] HSPs are constitutively loaded with endogenous 

peptides in the ER and are up-regulated during periods of cell stress. Following primary or 

secondary necrotic, but not apoptotic, cell death, HSPs are released and thus become 

available for internalisation [35, 85, 89, 90]. Thus, blocking HSP receptors such as CD91 

prevents cross-presentation via HSPs [91], while, as stated above, stable transfection of 

HSP-encoding cDNA into murine tumour lines has been used to increase immunogenicity 

[86]. 

It is possible that secreted exosomes - 50-100 nm vesicles derived from endosomal 

multivesicular bodies - act as HSP carriers, and thus antigen vehicles. Indeed, it has 

recently been shown that exosomes are selectively enriched in the HSP, hsc73 [92] and 

that isolated DC-derived exosomes may be used to prime CTL responses against murine 

tumours [93]. Similarly, human melanoma cell line-derived exosomes transfer Mart-

14 



1/MelanA27-35 antigen to monocyte-derived DCs that are subsequently able to cross-

present to Mart-1-specific CTL clones in vitro [94]. 

Other potential DC activators include ATP and DTP which activate DCs via purinergic 

receptors, thereby acting as signals of aberrant cell lysis [95]. Similarly, IFNa, TNFa, IL-1, 

and mature IL-18 released from tissues in response to double-stranded RNA or caspase-1 

activation are able to induce DC activation [96]. Moreover, third party cells may 

orchestrate DC maturation, e.g., MIC-A/-B non-classical MHC molecules are upregulated 

on tissues following cellular stress; these molecules serve as ligands for 5y T-cells that are 

able to produce TNFa, GM-CSF, MlPla/p and RANTES. Subsequently, it is conceivable 

that these mediators may activate DC [13]. 

The above examples, together with those described during cell clearance in section 1.1.2, 

demonstrate the level of complexity utilized by the immune system in order to decipher the 

meaning of cell stress and death, as well as the recognition of pathogen-derived products. 

These mechanisms, integrated by the DC, provide a context in which to elicit the 

appropriate T-cell response. 

1.1.3.2. CD40 

CD40 is constitutively expressed on DCs and, as will be discussed, acts to potentiate DC 

maturation initiated by PAMPs and endogenous signals. CD40 is a type I transmembrane 

glycoprotein of the TNF receptor (TNFR) superfamily which also includes molecules such 

as Fas, CD27, CD30, 4-1 BB and OX-40. [97, 98] The extracellular portion of TNFR family 

members consists of three to four stacked domains stabilised by conserved cysteine 

bridges, thereby forming a rod-like protein. On the other hand, CD40L is a type II 

glycoprotein that spontaneously forms three-fold symmetrical homotrimers analogous to 

TNFa. 

Initially thought to be restricted to activated CD4* T-helper (TH) cells, CD40L is now known 

to be expressed on mast cells, basophils, eosinophils, platelets, B-cells, NK cells, human 
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blood DCs, double-negative y5 T-cells, and subsets of ap CD8^ T-cells. CD40 itself is 

expressed by a variety of cell types and exerts differing functions upon ligation on these 

cells. Some examples are given in table 1. Notably, CD40-CD40L interactions promote 

proliferation, differentiation and immunoglobulin production by B-cells in germinal centres. 

CD40-induced Ig isotype switching is skewed by the cytokine milieu with, for example, IL-

10 favouring production of lgGi and IgGa. Patients suffering from X-linked hyper-IgM 

syndrome, which is characterised by point mutations and deletions in the CD40L gene, 

display defective isotype switching and concomitant susceptibility to infection requiring 

antibody-mediated clearance [98]. CD40 ligation on B-cells promotes cytokine production 

(e.g., lL-6, IL-10, and TNFa), as well as up-regulation of adhesion and co-stimulatory 

molecules such as lCAM-1, 87-1 and B7-2. Thus, CD40L"'' CD4* TH cells are unable to 

induce B7 up-regulation on B-cells [99, 100]. 

Table 1. 

Consequences of in vitro CD40 activation, plienotype of CD40(L)"'' mice and effect of anti-CD40L in vivo 

Expression of CD40 

Cell Type Functional Consequences 

T-cells 

Monocytes 

Dendritic cells 

CD34* precursors 

Pre-B-cells 

Naive mature B-cells 

Germinal centre B-cells 

Plasma cells 

Eosinophils 

Endothelial cells 

Thymic epithelial cells 

Kidney epithelial cells 

Keratinocytes 

Carcinomas 

Fibroblasts/Synoviocytes 

Phenotype of CD40(L)"'" mice 

Model 

Proliferation, CD25 expression, cytokine production, memory cell generation 

Cytokine secretion, NO production, production of metalloproteases 

Growth and survival, elevated co-stimulatory molecules, cytokine production 

Proliferation, development into dendritic cells 

Proliferation, CD23 expression 

Proliferation, differentiation, isotype switching 

Proliferation, differentiation, Fas expression, Isotype switching 

IL-6 production 

Enhanced survival, GM-CSF production 

Upregulation of CD54, CD62E, CD 106 

GM-CSF production 

IL-6, IL-8, MCP-1, RANTES 

Enhanced expression of CD54, Bcl-x, lL-8 secretion 

Growth inhibition 

Growth; cytokine production 

Impact of Defect 

Leishmania infection 

LCMV 

EAE 

Reduced resistance to infection; more severe lesions 

Reduced humoral response and primary CTL response to some epitopes; 
reduced secondary CTL response 

No disease development 

Anti-CD40L treatment 

Model Impact 

Graft-versus-host disease 

Non-obese diabetic mice 

Transplantation models 

Murine thyroiditis 

Inhibits donor allospecific TH cells 

Prevents insulitis and diabetes when treated at week 3-4 

Prolonged allograft or xenograft survival, e.g., heart, kidney and pancreatic 
islets 

Prevents priming of thyroglobulin-specific T-celis 
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It has long been appreciated thatTn activity is required not only for the induction of thymus-

dependent antibody production but also for the induction of CTL responses (see table 1 for 

some examples of the defects observed in CD40(L)"'" mice and the effects of anti-CD40L in 

murine experimental disease models). Indeed, patients with hyper-IgM syndrome also 

display enhanced susceptibility to opportunistic infections such as Pneumocytis carinii 

pneumonia. Exposure of CTL precursors (CTLp) to antigen in the absence of TH activity 

often leads to functional tolerance, e.g., Qa1-specific alloreactive T-cells may be tolerised 

against Qa1-disparate skin allografts by prior exposure to Qa1 allodeterminants in the 

absence of T-heip [101]. Furthermore, early experiments demonstrated that TH cells and 

CTLp must bind antigen on the same APC in order for CTL priming to occur [102], thus 

explaining epitope linl<age within antigenic proteins. This observation raised two 

possibilities by which TH cells could act to induce CTL responses (figure 1.3). Initially, it 

was proposed that TH cells induce CTL responses by providing cytokines such as IL-2 in 

the vicinity of the APC presenting the linked epitopes (figure 1.3a) [102]. Nonetheless, a 

model in which TH cells 'license' iDCs to prime CTL responses (figure 1.3b) is now 

accepted as matured DCs are able to replace the need for CD4* T-cell help, e.g., B6 

female class-M"'" mice are unable to mount an anti-HY response {i.e., anti-'male') when 

injected with male DC unless these cells have been treated with anti-CD40 [103-106]. 

Within this situation rare antigen-specific TH cells would not have to interact with similarly 

rare DC-CTLp conjugates, and the activity of a few TH cells may be amplified by the 

'licensing' of several DC. 

Several studies have demonstrated that the licensing effect of activated TH cells may be 

attributed to the up-regulation of CD40L on these cells following epitope recognition, 

followed by the subsequent binding of CD40 on professional APCs and the licensing of 

these cells to prime CTLp. Inoculation of C57BL/6 (H-2'̂ ) mice with allogeneic BALB/c (H-

2"̂ ) mouse embryo cells transformed by human adenovirus type 5 early region 1 (Ad5E1) 

induces AdSEI-specific CTL, which must therefore occur due to cross-presentation of 

Ad5E1-derived peptide(s) [107]. Both depletion of CD4* TH cells prior to tumour inoculation 

and mAb-mediated blockade of CD40L following inoculation abolishs this response [103]. 
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Furthermore, administration of anti-CD40 mAb following TH depletion or in the absence of 

class-ll (B6 I-A'' knock-out hosts) restores CTL priming [103]. Importantly, this restoration 

of CTL priming by anti-CD40 mAb occurs in the absence of B-ceils, thus suggesting that 

professional APCs, such as DCs, are responsible for CTL priming following CD40-induced 

licensing. Indeed, in these studies, bone-marrow DCs were shown to express higher 

levels of B7-2 following anti-CD40 administration [108]. 

(a) 

M [ > TCR-MHCII 

• a MHC l-TCR 

C D 4 0 L - C D 4 0 Soluble factors 

+ PAMP 

Co-stimulation, 
Cytokines 

Figure 1.3. Alternative Mechanisms of T-help for CTL Priming 

IH-mediated induction of primary CTL responses was initially proposed to occur via the deliver of cytokines to 

CTLp following class-ll epitope binding, (a). It is now appreciated that T-help is affected by the licensing of DCs 

via TH-derived molecules, such as CD40L. In this way, TH-derived signals amplify PAMP-lnitiated DC maturation, 

(a). 
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CD40-mediated activation of DCs is also responsible for overcoming peptide-induced T-

cell tolerance. In some cases peptide emulsified in I FA or CPA has been shown to induce 

protective T-cell immunity against viral challenge, e.g., vaccination of mice with a human 

papilloma virus type 16-derived (HPV16) epitope provides protection against HPV16-

expressing tumour cells [109]. Nonetheless, other peptide 'vaccines' are known to induce 

tolerance, e.g., The Ad5E1-derived peptide Ad5E1A234-243 diffuses rapidly from I FA 

emulsion and is presented systemically, outside the adjuvant-induced inflammatory 

environment, thus tolerising Ad5E1-specific CTLp [110]. Alternatively, administration of 

anti-CD40 following peptide results in CTLp priming. Similarly, injection of immature bone 

marrow-derived DCs pulsed with the class-l-restricted LCMV-derived peptide gp33 results 

in the proliferation of gp33-specific CTLp, but does not elicit effector CTL or precipitate 

diabetes in mice that express LCMV glycoprotein under the control of the rat insulin 

promoter [111]. Diabetes can however be partially induced by administration of anti-CD40. 

In this study, diabetes could also be induced by repetitive administration of gp33-pulsed 

iDCs or injection of DCs that constitutively expressed gp33, thus suggesting that the short 

half-life of pMHC class-l complexes presented by iDCs is one mechanism that normally 

limits the generation of effector CTL and that this may be overcome by elevating antigen 

dose. Indeed, induction of autoimmunity may only occur when model antigens are 

expressed systemically at high levels (e.g., 1 ^ig/mg protein) and central tolerance is by-

passed by injection of high avidity transgenic T-cells [112, 113]. 

In the above study of autoimmune diabetes, anti-CD40 was only able to partially induce 

diabetes when co-administered with gp33-pulsed iDCs. In contrast, co-administration of 

LCMV p13-specific CD4* Ty cells with gp33/p13-pulsed iDCs resulted in severe diabetes. 

These data suggest that additional Tn-derived factors, other than CD40L, promote DC 

licensing. Indeed, other members of the TNF family, such as LIGHT and TRANCE, are 

expressed on activated TH cells and may contribute to DC-mediated CTLp priming by 

increasing DC survival {e.g., TRANCE-R ligation increases Bcl-xL expression in DC) [114], 

elevated secretion of pro-inflammatory cytokines and/or up-regulating MHC, adhesion and 

co-stimulatory molecules, e.g., LIGHT ligates herpes virus entry mediator on DCs resulting 
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in partial DC maturation and enhancing priming of MelanA-specific CTL in conjunction with 

anti-CD40 without altering cytokine secretion [115]. Furthermore, 4-1BB-4-1BBL 

interactions were initially thought to have co-stimulatory activity solely towards T-cells (see 

section 1.1.3.4). However, it has recently been shown that 4-1BB is expressed on murine 

iDCs and that ligation of this molecule results in cytokine production (IL-6 and IL-12) [116] 

and up-regulation of B7 [117]. In this case, 4-1 BB may be ligated on DCs in vivo by 

binding 4-1BBL expressed on adjacent APCs [118] and, interestingly, the varied effects of 

systemic anti-4-1BB administration (discussed in section 1.1.3.4) may not only be 

attributed to T-cell co-stimulation, but also to DC activation. 

It seems likely therefore that members of the TNF receptor superfamily other than CD40 

may account for at least some of the CTL responses that occur in a CD40-independent 

manner, and, furthermore, that TNF/TNFR member pairs act at multiple levels during the 

priming and effector phases of a T-cell response. Indeed, administration of anti-CD40 has 

not only been shown to overcome tolerance in the CDS compartment, but it has also been 

shown to aid TH priming, e.g., CD4* class-ll-restricted haemagglutinin (HA)-specific 

transgenic T-cells may be tolerised by exposure to either the cognate epitope 

(administered in PBS) or renal carcinoma cells expressing HA, whereas co-administration 

of anti-CD40 results in priming of the transgenic T-cells [119]. The fact that TH tolerisation 

occurs in the absence of CD40 ligation on DCs suggests that the initial encounter of 

antigen is insufficient to endow TH cells with full DC-licensing capabilities. In explanation of 

this, CD40-CD40L interactions are now appreciated to simply act to amplify pathogen-

derived DC activating signals, thus allowing the ensuing T-cell response to be dictated by 

the initial pathogen recognition event(s) (see section 1.1.4); importantly, RAMP recognition 

by DCs does induce partial maturation, notably, up-regulation of CD40 and this event may 

render DC more susceptible to TH cell function thereby preventing TH tolerisation upon 

antigen encounter [120, 121]. 

In this model of DC maturation, two observations have to be explained. Firstly, why does 

anti-CD40 administration alone, either in vitro or in vivo, result in full DC maturation and 
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concomitant T-cell priming in most experimental models to date? Several possibilities for 

this exist. Tissue injury or stress sustained at the injection site may result in initial DC 

activation via proteoglycan or polysaccharide degradation products as well as other factors 

detailed in section 1.1.3.1 [122, 123]. Similarly, in vivo or in v/fro-maintained tumour cell 

lines may activate DCs by a variety of mechanisms, e.g., elevated HSP expression, [86] 

presence of virus (as is often the case, e.g.,) [124, 125] and/or the presence of transfection 

vectors carrying model antigens. Additionally, injected 'immature' DCs may be partially 

matured due to in vitro culture and manipulation [87]. Importantly, mAb preparations are 

often contaminated with LPS due to preparation techniques (e.g., protein A column) and, 

indeed, when endotoxin-free anti-CD40 is administered systemically DC maturation does 

not occur [120]. Secondly, why are DCs licensed in vitro with PAMP-containing products, 

such as LPS and poly-l:C, able to prime CTL [126]? This effect may be explained by either 

the PAMP encountered or, more likely, the dose used. Certain PAMP-containing reagents 

such as STAg, LPS and poly-l:C appear to promote DC maturation further towards a T-cell 

priming state than others, e.g., mycobacterial purified protein derivative [121]. 

Alternatively, it is likely that the level of in vitro stimuli used to test the DC-maturing 

capacities of these products is non-physiological and that, in vivo, T-cell-derived feedback 

signals are required in order to elicit full DC maturation and, possibly, prolong IL-12 

production for T-cell survival following priming {c.f., section 1.1.3.6). Indeed, sub-optimal 

doses of super-antigen only induce T-cell proliferation if both LPS and anti-CD40 are 

administered in vivo [127]. 

Together, the data outlined in this section places CD40-CD40L interactions at the pivotal 

point of DC activation that, subsequently, is able to determine the outcome of antigen 

encounter by T-cells. The following section outlines the function of co-stimulatory 

molecules during T-cell priming following DC licensing. 
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1.1.3.3. Co-stimulation 

As well as elevated biogenesis of class-ll-peptide complexes, maturation also induces the 

up-regulation of adhesion and co-stimulatory molecules that act to sustain, diversify and/or 

amplify the ensuing T-cell response. Specifically, members of the B7 family of co-

stimulatory molecules influence the T-cell response by binding a variety of constitutively 

expressed and inducible CD28-lil<e molecules on T-ceils; [128-130] these interactions are 

often indispensable if successful priming is to occur. Furthermore, members of the TNF 

receptor family, such as 4-1BBL, are up-regulated following DC activation and participate 

in bi-directional signalling with T-ceiis [118]. 

All B7-lit(e and CD28-like molecules are type I transmembrane glycoproteins of the 

immunoglobulin superfamily. B7-1 (CD80) and 87-2 (CD86) both bind CD28 and CTLA-4. 

While CD28 is constitutively expressed on T-cells and facilitates activation, CTLA-4 is 

expressed following activation and acts to inhibit the T-cell response. The expression of 

B7-1 and -2 vary with B7-2 being expressed/up-regulated within hours of APC activation, 

while B7-1 is only induced after three to four days. Moreover, B7-1 and - 2 have distinct 

binding properties - B7-1 binds CD28 and CTLA-4 with higher affinity that does B7-2 and, 

furthermore, B7-1 and - 2 bind distinct determinants on these ligands [131]. Despite these 

differences, B7-1 and - 2 seem to support T-cell activation equally [132]; some disease 

models do describe differing roles for B7-1 versus B7-2, but these are often disputed, e.g., 

[133, 134]. Interestingly, B7-CD28 interactions appear to be essential for the homeostasis 

of CD4'"25'^ T-regulatory cells (section 1.4.3) [135]. Conversely, the re-activation of 

memory T-cell is B7-independent {c.f., raft expression) [136]. 

Four new B7-like molecules have recently been identified: PDL1 and 2, B7 related protein 

1 (B7-RP1), and B7 homolog 3 (B7-H3) (table 2) [129, 137]. B7-RP1 has a unique 

expression pattern compared to that of B7-1 and B7-2 in that it is expressed on non-

lymphoid tissues. Human DCs express B7-RP1, but expression is down-regulated by 

TNFa and LPS, thereby suggesting a distinct role in regulating T-cell function [138]. 

Indeed, B7-RP1 does not bind either CD28 or CTLA-4, but, rather, has been shown to bind 
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inducible co-stimulator (ICOS), another CD28 family member [139, 140]. Interestingly, the 

de novo expression of ICOS by naive T-cells is largely B7-dependent, as expression is 

inhibited if T-cell activation occurs in the presence of B7-2 blocking mAb [141]. Thus, 

effects that have been directly attributed to CD28-mediated co-stimulation may, at least in 

part, be ICOS-dependent responses. 

Table 2. 

The B7 Family of Co-stimulatory Ligands 

B7 Family Expression Receptor(s) Function 
Member 

87-1 and B7-2 Predominantly lymphoid expression; CD28 Priming of naive T-cells, IL-2 

induced on monocytes, DCs and B CTLA-4 production 

cells Inhibition of T-cell responses 

B7-RP1 Lymphoid and non-lymphoid ICOS Enhancement of cytokine 

(B7h, B7-H2) expression (heart, kidney, testis, production in peripheral tissue (B7h, B7-H2) 
lung); LPS-inducible in non-

lymphoid tissue; induced on 

monocytes and DCs 

without biasing 

PD-L1 (B7-H1) Lymphoid and non-lymphoid 

expression (heart, lung, l<idney); 

induced on monocytes by IFNy 

PD-1 Inhibits T-cell proliferation and 

cytokine production 

PD-L2 (B7-DC) Lymphoid and non-lymphoid 

expression (heart, lung, kidney, 

pancreas, liver); predominantly DC 

expression 

PD-1 Inhibits T-cell proliferation and 

cytokine production and/or 

enhances IFNy and IL-2 production 

B7-H3 Lymphoid and non-lymphoid 

expression (heart, kidney, testis, 

lung, liver); induced on monocytes 

and DCs 

? IFNy, TNFa and IL-8 production 

In vitro, ICOS operates independently of CD28 to promote IFNy, TNFa, IL-4, IL-10, IL-13, 

IL-5, GM-CSF but, importantly, not IL-2 production [139]. Thus, ICOS is likely to be 

important for sustaining an effector T-cell response at peripheral sites without effecting 

clonal proliferation or cytokine skewing. Indeed, studies in ICOS-deficient mice, and in vivo 

blockade of B7-RP1-IC0S signalling, has revealed a role for ICOS in both T^ l - and TH2-

mediated responses [142]. Concurrently, engineered expression of B7-RP1 in J558 

plasmacytoma enhances tumour immunogenicity in a B7-dependent manner [143]. 

PD-L1 and 2 are also members of the B7 superfamily that are constitutively expressed on 

non-lymphoid tissues, e.g., placenta, heart, lung and kidney [144, 145]. Moreover, PD-L1 

and 2 are constitutively expressed on DCs and are up-regulated following exposure to LPS 
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[137]. The T-cell ligand for the PD-L1 and 2, PD-1, is strongly induced upon T-cell 

activation and subsequent PD-L-PD ligation acts to attenuate IL-2, IL-10, TNFa and IFNy 

production [144]. Furthermore, PD-1-deficient mice on a B6 and BALB/c background 

develop glomerulonephritis [146] and dilated cardiomyopathy [147] respectively. These 

data suggest that, together with CD28 and CTLA-4, PD-L-PD interactions may also be 

involved in the maintenance of peripheral tolerance. However, PD-L2 (also termed B7-DC) 

was originally described to be predominantly expressed on DCs and induce I L -2 / IFNy 

production from CD3-stimulated CD8* T-cells in vitro [148]. The reason for this 

discrepancy has yet to be resolved. 

B7-H3 is directly related to B7-RP, but this molecule is constitutively expressed on IDCs 

and co-stimulates CD4* and CD8* T-cells to proliferate and produce IFNy. The use of B7-

H3-lg fusion protein has shown that B7-H3 ligand is up-regulated following T-cell activation 

but, at present, the identity of this molecule is unknown [137]. 

1.1.3.4. 4-1 BB-I\/Iediated Co-stimulation 

As well as 87 and B7-like co-stimulatory molecules, T-cell priming and differentiation is 

reliant on other co-stimulatory pathways such as those mediated via 4-1BB [108, 149, 

150]. 4-1 BB is a member of the TNFR superfamily and is expressed on antigen-activated 

T-cells, IL-2/-15-activated NK cells and constitutively on murine DCs [116-118, 151]. 

Complementary to this, 4-1BBL is expressed on anti-lgM-activated B-cells, LPS-stimulated 

macrophages and DCs [117, 152, 153]. Activation of DC by anti-CD40 mAb results in the 

up-regulation of 4-1 BBL, but diminished 4-1 BB expression [117]. 

Ligation of 4-1 BB on T-cells operates independently of CD28 at optimal antigen densities 

[153-155], and can enhance both primary [156, 157] and secondary [158, 159] CD4^ or 

CD8* T-cell responses by promoting proliferation, survival and cytokine production [160]. 

These effects may be due, at least in part, to elevated IL-2 production and expression of 

the anti-apoptotic factor, Bcl-xL [161]. Notably, 4-1BB ligation does not promote the 
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development of cytotoxicity in vivo, suggesting that only certain effector functions are 

regulated via this pathway [162]. 

Interestingly, 4-1 BBL"'" mice were used to demonstrate that 4-1BB-4-1BBL interactions play 

a role in allograft rejection and influenza clearance, but not during the generation of T-cell 

responses against LCMV, unless antigen is at sub-optimal levels [158, 163]. Similarly, 

anti-4-1BB mAb and transfection of 4-1 BBL into tumour lines promotes tumour eradication 

(in models of melanoma, sarcoma, lymphoma, mastocytoma and plasmacytoma) with the 

concomitant generation of anti-tumour CTL [3, 4, 108, 164-167], A recent study using 

carcinogen-induced fibrosarcoma demonstrated that anti-4-1BB mAb affected complete 

remission of this tumour in an IFNy- and CD8-dependent, but CD4- and NK-cell-

independent, manner [168], Moreover, Miller ef a/., found that anti-4-1BB-mediated tumour 

eradication requires the presence of CD40, suggesting therefore that DC licensing via 

CD40L is required in order to allow 4-1 BB expression on T-cells. Indeed, in this study, 

diminished efficacy was observed if anti-4-1BB was administered at early time points 

following tumour inoculation. Accordingly, Diehl et al. demonstrated that CD28-mediated 

co-stimulation is required for 4-1 BB expression on T-cells if antigen is limiting, and that this 

dependency is reduced as antigen concentration is increased [108]. Thus, a temporal 

segregation exists between 4-1 BB and CD28-mediated co-stimulation. This fact is further 

apparent in murine models of influenza infection, where the absence of 4-1 BBL leads to 

diminished NP-specific CTL late in the primary response and a concomitant decrease in 

the secondary response to virus (either due reduced primary clonal burst size, or 

decreased survival within the memory pool) [169]. 

Overall, co-stimulatory molecules thus act in a spatially and temporally regulated fashion to 

modulate the priming, expansion and differentiation {i.e., Tnl-like versus TH2-like) of the 

ensuing T-cell response. Furthermore, these effects will differ depending on the antigen 

experience of any given responding cell, as the levels of co-stimulatory ligand expressed 

on T-cells may alter following antigen exposure, e.g., memory T-cells constitutively express 

ICOS [140, 170]. 
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1.1.3.5. Migration of Dendritic Cells 

A critical feature of DC lineage cells that allows highly efficient antigen presentation in vivo 

is their migratory capacity, both in the steady state and following pathogen encounter. As 

mentioned in section 1.1, iOCs constitutiveiy patrol peripheral tissues and enter the 

lymphatics via vessels draining these tissues, thereby allowing pathogen surveillance and 

the maintenance of peripheral tolerance during tissue turn-over. The factors that regulate 

DC migration are largely those that promote maturation, e.g., TLR ligands such as CpG-

containing DNA, HSP gp96, TNFa and CD40L [68]. Some of these factors are likely to act 

in a linear sequence within the same pathway as, for example, CD40L and LPS both elicit 

TNFa production which is known to be the mediator that affects DC migration following 

exposure to these stimuli [171]. Competence for migration is accompanied by phenotypic 

changes such as the down-regulation of E-cadherin that allows detachment from 

neighbouring keratinocytes, the expression and/or activation of adhesion molecules 

including CD44 and aePi integrin, induction of matrix metalloprotease-9 and, importantly, 

the expression of the chemokine receptor CCR7 [68, 172]. 

The replacement of the inflammatory chemokine receptors CCR1 and CCR5 with CCR7 is 

a pivotal switch that allows DCs to bind and respond to the lymphoid chemokines CCL19 

(ELC, MIP-3P) and CCL21 (SLC, 6-Ckine) [173]. The importance of CCL19 for DC 

migration is indicated by the fact that neutralising mAbs directed against this chemokine 

inhibit LC migration from the skin following contact sensitisation [174]. Chemotaxis to 

CCL19, but not to CCL21, is licensed by cysteinyl leukotriene lipids (LTC/D/E4) that are 

secreted by multidrug resistance proteins. CCL21 is expressed as two distinct species, 

CCL21Ser and CCL21Leu [68] with CCL21Leu being constitutiveiy expressed by lymphatic 

endothelium, while CCL21Ser is expressed in the lymph node. Pit mice are unable to 

produce CCL21Ser, but retain the ability to produce CCL21Leu; these mice display 

defective DC migration following contact sensitisation, suggesting that lymph node-derived 

chemokine is important in this process and that CCL21Leu is insufficient to mediate mass 

migration of DC [175]. Nonetheless, constitutive expression of CCL21Leu indicates that 
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this chemokine serves as a CCR7 ligand under steady state conditions, indeed, CCR7 is 

expressed by LCs in the steady state and phagocytosis of apoptotic ceils is known to 

induced expression of this receptor [176]. Perhaps this latter effect is mediated by CD40L 

expressed in apoptotic cells [177]. 

1.1.3.6. Interleukin-12 

Bioactive lL-12 (p75) is a heterodimeric cytokine that is pivotal during THI development 

following DC maturation [178, 179]. IL-12 consists of disuiphide-bonded p40 and p35 

subunits that are encoded by separate genes. As such, p35 and p40 are differentially 

regulated; classically p35 is constitutively expressed in most cell types whereas p40 is 

inducible, nonetheless, murine DCs constitutively express p40 while p35 is induced upon 

activation [180]. Notably, p40 and p35 must be synthesised within the same cell for p75 

production to be achieved [181]. 

Until recently, IL-12 was thought to be secreted relatively quickly after initial pathogen 

recognition and preceding DC-T-cell interaction, thus acting as a bridge between innate 

and adaptive immunity. However, p40 is secreted prior to IL-12 and is able to bind 

subunits other than p35 thereby eliciting novel functions prior to p75 synthesis [182]; and, 

furthermore, IL-12 production is dependent upon T-cell-derived signals {e.g., CD40L, 

Class-ll engagement and IFNy) and is thus considered to sustain and/or perpetuate the 

THI response as part of a positive feedback loop [183]. 

Thus, murine epidermal LCs and DCs produce p40 in the absence of p75 when exposed to 

Leishmania major and splenic p40 mRNA is detectable two hours following systemic 

exposure to LPS, whereas p35 expression is only increased after approximately 12 hours 

[184, 185]. Additionally, DCs and monocytes secrete 10-1000-fold excess of p40 

compared with p75 and the expression of p40 and p35 often occurs at different anatomical 

sites [178], further suggesting that p40 is expressed in the absence of bioactive IL-12 in 

vivo. Interestingly, p40 is able to dimerise with itself or, alternatively, p i9 to form IL-23 

which has similar but distinct properties to IL-12 [182]. Furthermore, experimental 
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situations under which neither p35 or p19 are expressed in conjunction with p40 have 

suggested that as-yet unidentified p40-binding subunits may exist [186]. 

Both p40 homodimers and IL-23 are able to bind the p40-specific p i chain of the IL-12 

receptor but are unable to bind the signalling |32 chain [187]. This suggests that an 

alternative receptor subunit is likely to exist that allows IL-23 signalling and that, in light of 

the fact that excess p40 is produced in the absence of IL-12, p40 homodimers are likely to 

act as competitive antagonists of IL-12. It is possible, however, that p40 is not secreted in 

a homodimeric form and, therefore, that only a minor population of homodimers may act as 

IL-12 antagonists. 

Together, these data suggest that p40 is secreted prior to IL-12 production as an early 

response to pathogens and that, like other homologous proteins, p40 acts as a shuttle 

molecule by binding a variety of subunits that are then able to differentially influence the 

ensuing T-cell response. Indeed, initial secretion of p40, unlike IL-12, is independent of T-

cell-derived signals, e.g., splenocytes from CD40L"'" mice secrete p40 in response to STAg 

without eliciting IL-12 [188]. 

The T-dependent nature of IL-12 production suggests that this cytokine acts late in the 

response against pathogens, as initial pathogen encounter usually occurs in areas devoid 

of large T-cell numbers. Thus, DCs are likely to secrete p40 following initial pathogen 

encounter, migrate to the T-cell areas of secondary lymphoid organs where, not only 

CD40L, but also class-ll engagement by TCR on TH cells and IFNy appear to be important 

for eliciting IL-12 production, e.g., DCs synthesis p35 upon mAb-induced or TCR-induced 

class-ll cross-linking [189] and IFNy"'" mice respond to bacteria by producing p40, but not 

IL-12 [190]. These data therefore suggest that DC require interaction with TH1-

differentiated T-cells in order to produce IL-12, however, DCs are now known to be able to 

produce IFNy themselves in an IL-12-dependent manner suggesting that autocrine 

signalling may occur [183]. Similarly, IL-12 and IL-23 are able to elicit IL-12 production by 

murine splenic DCs that are known to constitutively express both p chains of the IL-12 
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receptor [182]. Thus, IL-12 may form part of a positive feedback loop - class-ll epitope 

recognition by TH cells on pathogen-educated DCs in the T-cell areas leads to CD40L up-

regulation and IL-12 receptor expression on TH cells thus, potentially, resulting in the 

production of IL-12 from the DCs that may elicit IFNy from both the DC and the TH cell. 

This positive feedback mechanism may drive TH1 differentiation and require B-cell-derived 

lL-10 and IL-6, which is induced by IL-12 itself, for cessation [191]. Alternatively, DC may 

have encountered PAMPs that prescribe TH2 development and, therefore, CD40 ligation 

may result in IL-10 secretion (see section 1.4.3). 

IL-12 is now also appreciated to also be important following initial priming of THI cells. For 

example, C57BL/6 and RAG"'" mice reconstituted with splenocytes from C57BL/6 mice that 

have survived primary L.major infection display increased resistance to infection whereas 

reconstituted p40"'" mice do not [192]. Furthermore, p40"'" mice exposed to Toxoplasma 

gondii are able to overcome acute infection if treated with recombinant IL-12 but, 

nonetheless, succumb to infection after withdrawing IL-12 [193]. Thus, IL-12 seems 

important, not just for the establishment of a THI response, but also for the maintenance of 

these responses. This effect may be due to one or a combination of possible mechanisms, 

e.g., increased proliferation and diminished susceptibility to Fas-induced apoptosis, 

renewal of THI cells from undifferentiated precursors, prevention of TH2 conditions by 

negative feedback and expression of chemokine receptors on T-cells (e.g., CCR5) [179, 

194]. 

1.1.4. Dendritic Cell Lineage and Plasticity 

The induction of T-cell responses by DCs during both T-cell tolerance and priming may be 

accounted for by either DCs being endowed with unique properties by differing external 

stimuli or, alternatively, by unique DC lineages performing defined functions. In fact, both 

points appear to be true, to a greater or lesser extent, depending on the circumstance, i.e., 

distinct DC lineages respond to individual external stimuli in a unique fashion, thereby 

differentially impacting the T-cell response. 
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In the mouse, splenic DCs are classically subdivided into CDSa"" (DEC205''CD11b") and 

CD8a" (DEC205'CD11b^) lineages [195]. Originally, CD8a'^ DCs were thought to arise 

from early thymic lymphoid precursors, v^hile CD8a" DCs were presumed to be myeloid in 

origin [196]. However, several lines of evidence demonstrate that this is not the case - the 

thymus has been shown not to be the origin of CD8a^ DCs [197], CD8a" DCs express 

CD8a on in vitro activation [198], and, most strikingly, purified myeloid progenitors gave 

rise to CD8a^ DCs upon adoptive transfer into mice [199]. Thus, CD8 homodimer 

expression is not a reliable marker of DC ontogeny. 

Extensive efforts to assign different functions to CDBa-positive and -negative DC subsets 

have been made. Intravenous injection of either subset results in similar priming of T-cell 

responses, but subcutaneous injection of antigen-loaded CD8a* DCs induces Th1 

responses, whereas CD8a' DCs prime TH2 responses in this system [200, 201]. Equally 

confusing, administration of soluble or cell-associated OVA results in efficient cross-

presentation of OVA-derived class-l-restricted peptides by CD8a^, but not CD8a", DCs; 

however, class-ll derived peptides were efficiently presented by the CD8a" DCs [202, 203]. 

Conversely, the opposite results were obtained using lysozyme as a model antigen [204]. 

it has been proposed that any differences observed in the ability of CD8a-positive and -

negative DCs in eliciting THI versus TH2 T-cell responses can be attributed to differential 

IL-12 production [9]. CD8a^ DCs may secrete more bioactive IL-12 than their CD8a" 

counterparts under some circumstances and, indeed, IL-12 p70 is exclusively produced by 

this subset after intravenous administration of both soluble Toxoplasma gondii extract 

(STAg) and anti-CD40 mAb [120]. Nonetheless, both CD8a^ and CD8a" DCs can produce 

IL-12 p70 in response to other stimuli, e.g., heat-killed Brucella abortus [205]. These 

apparently contradictory data may be explained by the different PAMPs present within 

different pathogens and the expression of unique PRRs in the DC lineages. Concordantly, 

human DCIs (which broadly resemble CD8a" murine DCs) and DC2s (plasmocytoid DCs 

resembling other murine DC subsets, e.g., CD11c'°) express unique TLRs, with DC1 
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expressing TLR 2, 4, 5 and 8, while DC2 express TLRs 7 and 9 [206]. Despite this, 

different DC lineages clearly retain a large element of plasticity in response to different 

stimuli; for example, murine DCs elicit IL-4 production following exposure to hyphae, but 

not yeast-phase Candida [207]. Furthermore, human DC2, which are classically 

associated with TH2 induction, are able to make IL-12 in response to CpG and CD40 

ligation or viral infection [9]. 

A recent study by Edwards et al. further demonstrates DC plasticity - purified CD8a^4' and 

CD8a"4" murine splenic CD40L-stimulated DCs were shown to produce IL-12 p70 in 

response to STAg, CpG and Mycobacterium tubercuiosis extract, whereas exposure to 

yeast cell walls (Zymosan) and S.pombe elicited IL-10 production from these cells [121]. 

Additionally, IL-12 and IL-10 production was only significantly induced following CD40 

ligation, thus, further indicating that T-cell derived signals act as neutral amplifiers of 

cytokine production which is primarily instructed by initial pathogen recognition. Notably, 

CD8a4^ DCs were selectively unable to produce IL-12 p70 in this study, thereby 

suggesting that some DC populations may retain specialised functions. Edwards et al. 

further demonstrated that pattern recognition leading to IL-10 production is independent of 

the TLR adaptor molecule MyD88, thus, the identity of the PRR in this case is unknown. 

Intriguingly, as mentioned above, murine CD8a'' DCs have recently been shown to derive 

from a CD8a' population - purified Ly5.2'^ CD8a" DCs were intravenously injected into 

LyS.I^ recipients and their phenotype followed by ex-vivo FACS on days 1 to 4 following 

transfer. Four days post-transfer approximately 70 % of the Ly5.2^ DC displayed a CD8a"^ 

DEC205* phenotype suggesting that CD8a^ DC represent a mature form of CD8a DC 

[199]. Indeed, systemic LPS and STAg administration results in the translocation of 

splenic DCs from the marginal zone, bordering the red and white pulps, to the periarteriolar 

lymphoid sheath (PALS) which is enriched with T and B lymphocytes, a transition that is 

associated with an increase in the expression of DEC205 [199, 208]. Furthermore, in vivo 

exposure to recombinant porcine parvovirus-like particles (PPV-VLPs) results in the 

maturation of CD8a"4" DCs into a CD8a^4' DEC205^ population accompanied by a 
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concomitant decrease in the parental population [209]. In this study, 90 minutes after PPV-

VLP injection only CD8a" DCs were able to present virus-derived antigen in vitro, but 15 

hours post-injection CD8a^ DCs were solely able to elicit T-cell proliferation. Importantly, 

in vivo, CD8a" DCs presenting antigen early after PPV-VLP exposure are unlikely to be 

able to stimulate T-cells as they are only present in the splenic marginal zone. Moreover, 

the shift from CD8a" to CD8a'^ DCs does not occur in Rag"'" mice and is therefore likely to 

be T-cell dependent. Together, these data point to the fact that CD8a'' DC stimulate T-

cells in the PALS and are derived from a CD8a" DC population following translocation from 

the marginal zone. These data, therefore, explain (1) why CD8a" DC may prime TH1 

responses following in vitro antigen pulsing and adoptive transfer, (2) why CD8a^ DC 

predominantly produce IFNy and IL-12, and (3) why CD8a'' DC are often the DC subset 

that is demonstrated to have endocytosed antigen [57, 120, 203, 210]. The function of 

CD8a on DCs is presently unknown, but the lack of CD8a mRNA transcripts in these DC 

suggests that de novo synthesis does not occur [209]. 

In humans, DC plasticity is further demonstrated by the fact that monocyte-derived DCs 

(DC1) matured by IFNy, LPS, CpG-containing oligonucleotides or dsRNA polarise T-cells 

towards a TH1 phenotype, whereas a maturation signal delivered by IL-1, prostaglandin E2, 

TGFp, or FAS ligation favours TH2 development [211]. This effect is again mediated by IL-

12 production from the maturing DC - THI-polarising stimuli induce transient IL-12 (8-16 

hours) production from DCs, whereas TH2 polarising stimuli do not, thus, TH2 conditions 

develop due to IL-4 secreted by activated CD4* T-cells [211]. After initial IL-12 production, 

DCs become refractory to further stimulation, thereby limiting adverse immunopathology 

and restricting THI priming to only recently stimulated DCs [6]. The factors responsible for 

this phenomenon are unknown, but the fact that IL-12 production is paralysed following 

initial synthesis suggests that the kinetics of DC stimulation are important in determining 

the characteristics of the instructed T-cell response [208]. Indeed, the presence of 

'exhausted' DCs expressing low concentrations of antigen at the closing stages of a THI 

response may be important during memory cell generation [6]. 
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The tissue-specific and/or induced cytokine milieu present at the point of DC activation 

further modulates IL-12 production, and thus the TH1-TH2 balance. Thus, IFNy promotes 

IL-12 production following exposure to LPS or CD40L, while IL-10 has a pan suppressive 

effect and TGFp selectively inhibits IL-12 production following LPS stimulation [6]. 

Furthermore, CD11c^ DCs purified from Peyer's patches, but not from the spleen, 

preferentially induce IL-4/-10-producing cells in vitro [212]. Finally, the DC-to-T-cell ratio is 

critical during T-cell polarisation, with high DC-to-T-cell ratios favouring THI development 

and visa versa [213]. 

Overall, the type of T-cell-mediated response to any given pathogen or antigen may be 

dictated by a whole host of factors including DC lineage, PAMPs, cytokine/tissue 

microenvironment, kinetics of DC stimulation and the DC-to-T-cell ratio. Therefore, in the 

future, it may be critical to standardise the experimental conditions under which different 

DC subsets are examined. 

1.2. Antigen Recognition by the T-cell Receptor 

1.2.1. Binding of Peptide-MIHC 

TCRs recognise antigen in the form of peptides bound to MHC class-l and -II molecules on 

APCs. MHCs contain a peptide-binding groove formed by a (3 sheet 'floor' and a a helical 

'wall' structure [214]. Polymorphic residues line the interior of the groove and form 

interactions with the peptide backbone, thus promoting promiscuous peptide binding. 

Conversely, select residues within the groove form bonds with anchor residues of the 

peptide side chains, thus conveying epitope selectivity. Interactions with the TCR occur 

across the face of the pMHC complex in a diagonal orientation, such that the TCR a chain 

aligns with the N-terminus of the presented peptide and the p chain with the C-terminus. 

This diagonal binding is structurally forced by a twist in the p sheet floor of the peptide-

binding groove that, subsequently, causes peaks of a helices to protrude from the MHC 

face. TCRs specific for MHC class-ll-restricted peptides have a more constrained docking 

topology than TCRs specific for class-l-restricted peptides. This phenomenon this also 
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structurally dictated and is thought to direct co-receptor engagement and, thus, lineage 

commitment during the final stages of thymic selection [215, 216] (see section 1.4.1). 

TCR interaction with pMHC results in CDRs 1 and 2 mainly interacting peripherally with 

MHC residues, whereas the centrally placed CDR 3 from both a and p chains has most 

contact with the peptide. Thus, the most polymorphic region of the TCR aligns with the 

most polymorphic region of the pMHC complex. 

1.2.2. Signal Transduction from the TCR 

Signalling through the TCR is mediated via association with the CDS complex (5, y, and 

two E chains). One of the first biochemical consequences of TCR binding is activation of 

Lck (a Src family protein tyrosine kinase (PTK)) via the CD45-mediated de-phosphorylation 

of a C-terminal tyrosine. This event is initiated on the redistribution of the receptor complex 

with the lipid bilayer, as will be discussed in section 1.2.3. Active Lck subsequently 

phosphorylates immunoreceptor tyrosine-based activation motifs (ITAMs) within the 

cytoplasmic tail of the CD3 complex. Subsequently, binding of the SH2 domains within 

ZAP70 (a Syk family PTK) to these phosphorylated ITAMs juxtaposes ZAP70 and Lck, 

thereby allowing the phosphorylation of ZAP70. This definitive event endows the TCR-

CD3 complex with PTK activity and results in the phosphorylation of numerous proteins 

and the activation of second-messenger cascades, e.g., phospholipase C (PLC)-yl, Vav (a 

guanosine triphosphate exchange factor involved in cytoskeletal reorganisation) and Tec 

family PTKs. Notably, Tec family kinases appear to be important in regulating cytokine 

production as mice deficient in the Tec PTK Itk are unable to mount TH2 oriented 

responses due to defective lL-4 production, whereas mice deficient in other Tec members 

(RIk and Txk) are selectively deficient in IFNy production [217, 218]. 

Down-regulation of TCR-mediated signalling is controlled at multiple levels. Firstly, Lck not 

only activates ZAP-70 kinase but also SHP1 phosphatase which is able to counteract 

positive signalling via PTKS. Secondly, on binding 87, CTLA-4 is able to recruit SHP2 

phosphorylase to the TCR complex. Thirdly, C-terminal Src kinase (CSK) is able to down-
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regulate Lck activity if recruited to the active TCR complex. Finally, PTKs are able to 

activate Cbl ubiquitin-3 ligase which has been shown to down-modulate TCR-mediated 

signalling [219, 220]. Loss of ubiquitin activity via mutation results in sustained TCR-

mediated signalling and cellular transformation [221]. It is unclear as to what elements of 

the TCR signalling complex are targeted for Cbl-mediated degradation. 

1.2.3. The Immunological Synapse and Lipid Rafts 

TCR signalling is now understood to occur with the concomitant formation of an 

immunological synapse [222-224], These structures consist of ordered concentric protein 

arrays within the T-cell membrane that characteristically contain a metastable TCR-

enriched central supramolecular activating complex (cSMAC) and a peripheral SMAC 

(pSMAC), into which LFA1-ICAM1 pairs are organised. Synapse formation allows the 

heterogeneous partitioning of inhibitory and excitatory signalling components, thus 

conveying exceptionally high control over TCR-mediated signalling, e.g., the microtubule 

organising centre (MTOC) and PLC-9 are re-distributed to the synapse. Furthermore, the 

synapse structure allows high binding avidity to be achieved via multimolecular 

interactions, thus allowing high affinity interactions (e.g., ICAM1-LFA1) to stabilise low 

affinity interactions (e.g., TCR-MHC) and providing more scope for serial binding [222]. 

Indeed, TCR-mediated signalling is thought to be a continuous process during which 

individual TCRs engage pMHC, signal and subsequently disengage. Thus, disruption of 

the cytoskeleton or antigen removal results in the immediate cessation of signalling without 

synapse collapse [225]. Modulation of signalling transduction is achieved in part by 

continuous recycling of TCR-CD3 complexes and other signalling components (such as C, 

ZAP70 and Lck) from the synapse. This process occurs in an antigen-dose and time-

dependent manner [226]. Thus, agonistic peptides induce rapid (1-2 hours) TCR 

internalisation, however, this is stabilised after approximately 6 hours by TCR synthesis 

and/or recycling. TCR down-regulation therefore serves to determine the length of antigen 

exposure and optimise signalling over a wide range of antigen concentrations, as long as 

the synapse is in place. This prolonged model of synapse formation has however been 
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challenged by the suggestion that naive T lymphocytes only form transient, but sequential, 

interactions with APCs in vivo] this point is discussed in section 1.3.1. 

Synapse formation occurs simultaneously with changes in lymphocyte morphology on APC 

encounter. Thus, before APC encounter, lymphocytes adopt a crawling state with the 

nucleus pushed to the leading edge of the cell and the cytoplasm concentrated in a trailing 

handle-like 'uropod' projection [227]. In this state the lymphocyte is highly polarised, e.g., 

chemokine receptors, such as CCR2 and CCR5, which mediate migration up chemokine 

gradients, are distributed to the leading edge of the T-cell [228, 229]. Initial, antigen-

independent encounters with the APC are termed 'pre-synaptic' and mediated by, for 

example, LFA1 and CD2 [230, 231]. Subsequently, specific TCR-pMHC interaction 

conveys a stop signal to the T-cell via the release of intracellular calcium. The magnitude 

of this signal correlates with the agonistic nature of the encountered peptide [232]. On 

initial peptide binding, microclusters (<1um) of TCR-MHC form at the T-cell-APC interface 

and these further coalesce within 5 to 10 minutes to form a TCR-CD3 cSMAC [233]. The 

formation of higher order structures is directly reliant on the present of agonistic peptide, 

cytoskeletal activity, co-receptor activity and calcium influx [234, 235]. 

Initial re-organisation is thought to occur via the 'tethering' of TCR-CD3 complexes into 

ordered sphingolipid- and cholesterol-enriched membrane rafts, which can subsequently 

act as platforms for signalling [233]. Under resting conditions, the TCR-CD3i!; complex is 

only weakly associated with rafts, while TCR-MHC engagement causes the translocation of 

the TCR into rafts domains, thus initiating formation of a supramolecular signalling complex 

[236]. Indeed, the importance of raft association during TCR-mediated signalling is 

demonstrated by the dual acylation of Lck that targets this PTK to lipid rafts; mutations that 

convey deficiencies in acylation ablate TCR-mediated signalling [237]. 

Synapse organisation involves the spatial partitioning of a number of molecules over time. 

For example, CD43, which has cell-cell repulsion properties, is actively excluded from the 

T-cell-APC interface by moesin [238]. Furthermore, CD45 is excluded, possibly to protect 
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active PTKs and ITAMs from dephosphorylation, and because its large size would inhibit 

intimate TCR-MHC interaction. Indeed, size exclusion is thought to be a passive 

mechanism that shapes re-organisation [222]. CD45 is nonetheless able to activate TCR 

signalling by dephosphorylating small fractions of Lck at raft edges in an antigen-

independent manner [239]. Conditions that are inhibitory to TCR-mediated signalling also 

occur in the synapse, e.g., CSK is constitutively linked to the phosphoprotein associated 

with glycosphingolipid-enriched microdomains (PAG), thus, upon TCR engagement and 

translocation into rafts, CSK is able to inhibit signalling. 

Lipid rafts present within the synapse are also involved in controlling co-stimulation-

mediated signal amplification. CD28 promotes the targeting of both intracellular and 

surface rafts to the synapse thereby increasing the local concentration of PTKs and 

adaptors, thus stabilising TCR-induced phosphorylation [240]. The mechanism by which 

this is achieved is obscure, but it is thought to involve the actin cytoskeleton and act via 

Vav-mediated signalling [241]. Interestingly, experimentally induced recruitment of rafts to 

the synapse, by cross-linking raft components, can induce amplification of TCR-induced 

signalling in a similar manner to CD28-mediated co-stimulation [240]. Thus, the efficiency 

by which TCR engagement is coupled to downstream signal transduction pathways can be 

varied by the amount of rafts available. Indeed, memory and effector T-cells express 

higher quantities of rafts than do naive T-cells, thereby accounting for the lower 

dependence of these cells on co-stimulation or prolonged antigen exposure. This property 

of effector and memory T-cells is also due to constitutive re-distribution of Lck to the 

plasma membrane [242]. 
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1.3. Induction of a T-cell Response 

1.3.1. Priming 

Naive CD4* T-cells require a prolonged (6-30 hours) period of TCR-mediated stimulation in 

order to commit to proliferation [243]. This time of commitment (TOC) varies between 

antigen-experienced and naive cells largely due to the co-stimulatory requirements of 

these cells and the differential distribution of Lck. Similarly, the TOC for primed CD8* T-

cells is less than that for naive cells but, in contrast to CD4* T-cells, the TOC of nai've CDS* 

cells is estimated to be two to four hours. 

How is prolonged antigen exposure, in order to reach the TOC, achieved in vivo? Two 

non-contradictory mechanisms have been proposed - the monogamous interaction model 

suggests that single DC-T-cell conjugates are formed and stabilised by a prolonged 

immunological synapse. In contrast, studies in vitro using a collagen matrix have 

suggested that DC-T-cell interactions are transient and that T-cells migrate between DCs 

sequentially [244]. In this sequential model, T-cells would thus sense and integrate stimuli 

over time. Synapse formation could occur during these dynamic interactions, but the 

synapse would have to be more transient and motile than originally suggested. 

Alternatively, conditions that favour synapse formation may exist in T-cell areas of 

secondary lymphoid organs, e.g., T-cells are shielded from collagen in lymph nodes by 

stromal cells [245]. Immunological synapse-like structures (CD43 excluded) were recently 

visualised between DC and T-cells directly ex-vivo in whole explanted lymph nodes [246]. 

Prolonged T-cell-DC association was observed in this system (>15 hours), however, the 

imaging method used was unable to allow visualisation of the T-cell zones within the lymph 

node, thus, the existence of sequential interactions between DCs and T-cells preceding 

stable conjugate formation can not be ruled out. Nonetheless, TCR-induced signalling may 

be observed prior to synapse formation, suggesting that synaptic structures allow vectorial 

secretion rather than acting as signalling platforms [247]. 

DC-T-cell interactions additionally serve to terminate priming by, for example, class-ll 

cross-linking [248] (see next section). Nonetheless, other molecules expressed by 
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antigen-stimulated T-cells such as TRANCE (or RANK receptor) are able to promote DC 

survival and increase T-celi stimulatory capacity, thereby favouring T-cell expansion [249, 

250]. Together with T-cell-derived inhibitory signals, such interactions are lit<ely to have a 

crucial effect upon the dynamics of T-cell priming in vivo. 

Once committed to proliferation, CD4^ T-cells require further stimulation via the TCR in the 

presence of either IL-12 or IL-4 in order to differentiate into TH1 or TH2 'effector memory' 

cells respectively [251, 252]. CD4* T-cells that do not receive this continued stimulation 

after the TOC are termed 'central memory' cells; these cells do not develop effector 

functions but retain the chemokine receptor CCR7 and L-selection (CD62L), thereby 

maintaining the ability to home to lymph nodes {c.f., section Chapter 3 for CD62L). 

'Central memory' cells thus represent an unpolarised population of T-cells that are able to 

rapidly generate a new wave of effector cells following secondary rechallenge. 

Both central and effector memory-like populations have also been identified in the CDS 

compartment [253], but some reports suggest that CD8* T-cells do not require TCR-

mediated stimulation after commitment to proliferation [254]. Indeed, suboptimal antigen 

doses have been shown to reduce the number of naive antigen-specific CD8* T-cells 

induced to proliferate in vivo, but the cells that do respond divide 7 to 10 times and 

differentiate in an antigen-independent/IL-2-dependent manner [254]. This programmed 

response by CD8* T-cells thus results in the production of effector and memory cells 

following initial antigen encounter and ensures that, under conditions where antigen is 

limiting, memory cells can be generated. Nonetheless, CD8* T-cells require persistent 

antigen in order to continue proliferating, thereby elevating the primary clonal burst size 

and increasing the frequency of antigen-specific cells in the memory pool [252]. 

The greater antigen dependency of CD4* memory cell generation may therefore be 

explained by the intrinsically lower potential of these cells to proliferate [255], as higher 

numbers of divisions are required in order to acquire new cellular phenotypes, i.e., to 

remodel chromatin [256] and acquire memory phenotype. Both CD4* and CD8* memory 
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T-cells are therefore currently viewed as effector precursors that have undergone sufficient 

divisions in order to acquire a memory phenotype, but have not terminally differentiated 

into effector cells. Indeed, DCs presenting low concentrations of antigen, that entertain 

only brief interactions with T-cells, and that are incapable of producing IL-12 due to prior 

exposure to LPS, preferentially induce CCR7* non-polarised central memory cells [257]. 

These conditions are thought to emulate the late stages of a TH1 orientated response, 

suggesting that memory cells may be produced en masse at this stage. 

1.3.2. CTL Effector Mechanisms and Clonal Deletion 

Once CTLp have been primed and have differentiated into mature CTL, these cells migrate 

to sites of inflammation. On binding pMHC, CTL affect target cell apoptosis via a cytotoxic 

granule exocytosis pathway involving perforin and granzyme proteases and/or via the up-

regulation of FasL [258, 259]. 

Thus, formation of a tight junction between the effector CTL and the target cell allows the 

vectoral secretion of the CTL granule contents. Perforin contained within these exocytosed 

granules polymerises within the target cell membrane, in a manner analogous to the 

formation of the terminal membrane attack complex generated by the complement 

component C9 [260]. The resulting pores within the target cell plasma membrane allow 

entry of neutral serine granzyme proteases, also contained within the granular contents, 

which subsequently elicit target cell death by caspase-dependent and -independent 

mechanisms [261]. Thus, perforin-deficient mice display a 'pan-granzyme' defect whereas 

granzyme-A"'" and -B"'" animals reveal the contribution of these two granzymes to pathogen 

resistance in different models [262]. Granzyme B deficient CTL display an absolute defect 

in their ability to lyse allogeneic target cells within 4 hours In vitro [263] and it is now known 

that this granzyme evokes rapid apoptosis via a caspase-dependent mechanism [264] with 

purified granzyme B activating caspase-3, -6, -7, -8, -9 and -10 in vitro [265]. On the other 

hand, granzyme A is able to evoke target cell lysis by a caspase-independent mechanism, 

but this occurs with delayed kinetics in comparison to granzyme B-mediated apoptosis 

[266, 267]. In addition to granzymes, CTL cytotoxic granules contain granulysin that 
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displays direct microbicidal activity against a range of pathogens [268] and is able to enter 

target cells via perforin pores, thereby restricting intracellular bacterial growth [269]. 

CTLs display an inherent resistance to cytotoxic molecules that is mediated by serpin 

serine protease inhibitor-6 (SPI-6) [270] and cathepsin B (CB) [271]. CB is expressed in 

surface form following granule exocytosis and conveys resistance to granzyme-mediated 

apoptosis by cleaving an intermediate form of perforin that is formed during pore 

construction. Nonetheless, the transient and local expression of CB suggests that CTL 

may be susceptible to fratricidal attack, as can be demonstrated in vitro [252]. 

Fas-FasL interaction is additionally used by CTL, particularly CD4* CTL, to affect target cell 

lysis [263]. Thus, within hours of TCR engagement FasL is synthesised by CTL and is 

subsequently able to ligate Fas on the target cells thereby initiating caspase activation and 

affecting apoptosis [272]. Alternatively, CTL may secrete IFNy and TNFa in the vicinity of 

target cells which are able to induce apoptosis directly in some cell types, and which 

activate and recruit phagocytes. 

As mentioned above, as well as prolonging DC survival and increasing the T-cell priming 

capacity of these APC by utilising such molecules as TRANCE, T-cells are also able to 

induce DC apoptosis, thereby altering the dynamics of priming. Thus, systemic infection 

with a DC-tropic strain of LCMV results in DC depletion and concomitant 

immunosuppression [273]. Such T-cell-mediated DC killing may serve to down-regulate 

excessive CTL activation and/or allow a pre-existing CTL clonal population to inhibit the 

formation of another [274]. However, DCs do express SPI-6 that binds granzyme B and 

inhibits apoptosis induction via this pathway [275]. Interestingly, expression of SPI-6 by 

DCs is only induced by TH1, but not TH2, cells. This protective mechanism is likely to be 

especially important for prolonging antigen presentation during secondary CTL responses 

where effector CTLs may be generated rapidly (within approximately 1 hour) from the 

central memory pool. The effectiveness of the SPI-6-mediated inhibitory pathway is 
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underscored by the observation that a range of human melanoma and carcinoma cell lines 

express SPI-6 which conveys protection against CTL attack [276] {c.f., see section 1.5.2). 

During some viral infections, antigen-specific CTL may represent up to 50-70% of the CD8* 

T-cells [277]. Following the effector phase of the CTL response, homeostasis within the T-

cell compartment is re-gained by the deletion of large numbers of antigen-specific CTL. 

This clonal deletion occurs via propriocidal mechanisms in both an antigen-dependent and 

-independent manner [278]. 

Upon initial antigen encounter naive CTLp secrete elevated levels of lL-2 and upregulate 

the high affinity component of the IL-2 receptor complex (a chain, CD25), but remain 

resistant to apoptosis. Nonetheless, following several rounds of division induced by lL-2, 

Fas and TNF are induced simultaneously with the development of an increase in 

susceptibility to apoptosis induced by these cytokines [279]. Antigen-induced TCR cross-

linking at this stage is thus able to affect CTL apoptosis via FasL and TNF. Indeed, gld 

and Ipr mice, which have genetic defects in FasL and Fas respectively, exhibit 

lymphoproliferative and autoimmune manifestations [280-282]. Similarly, patients with 

autoimmune lymphoproliferative syndrome have genetic defects associated with the Fas-

induced death pathway. Thus, lL-2 provides positive feedback that conveys susceptibility 

to apoptosis, while the level of antigenic stimulation encountered by CTL dictates whether 

apoptosis actually occurs. This mechanism therefore accounts for immunological 

exhaustion observed under conditions of chronic antigen stimulation [278]. Additionally, 

unlike B-cells, the expression of both Fas and FasL by single T-cells, and the presence of 

soluble TNF and Fas, allows suicidal killing by CTL [283-285]. 

In contrast to activation-induced cell death (AlCD) of CTL, if CTL do not receive further 

antigenic stimulation, passive apoptosis occurs due to 'lymphokine withdrawal', i.e., 

diminished expression of lL-2 and down-regulation of CD25. Systemic administration of 

recombinant lL-2 may therefore rescue CTL from deletion following superantigen 

stimulation [286] and, moreover, IL-7, -15 and - 4 may prevent CTL death [287-290]. 
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Together, both forms of CTL death act to induce CTL apoptosis if too much or too little 

antigen and IL-2 are present. In this way, CTL expansion may be controlled within set 

parameters of proliferation and death in situations where environmental changes cannot be 

predicted. 

1.4. Central & Peripheral T-cell Tolerance 

1.4.1. Thymic Selection of T-!ymphocytes 

As neoplastic cells are derived from autologous tissue, the concept of how T-cell self 

tolerance is established and maintained, in the face of necessary autoreactivity, is central 

to our understanding of how T-cell-mediated anti-tumour immunity may be evoked without 

inducing autoimmunity. 

T-cell tolerance to self pMHC is established centrally in the thymus, and is further re-

affirmed continuously after migration to the periphery. In concordance with this, it is 

interesting to note that autoantigens involved in an array of autoimmune diseases (e.g., 

myelin basic protein) are detectable at the mRNA level in the thymus and, furthermore, so-

called tissue-specific transgenes (e.g., rat insulin promoter-OVA) are also expressed in the 

thymus [291]. 

Thymic development ultimately results in selection of T-cells expressing a single TCR that 

interacts weakly with self pMHC complexes, i.e., all TCRs expressed by mature T-cells are 

autoreactive but are of an affinity such that potentially autoimmune effector functions do 

not develop (see section 1.4.2). The significance of autoreactivity and our current 

knowledge about thymic selection are discussed below. 

1.4.1.1. TCR Gene Recombination 

T-lymphocytes develop from bone marrow-derived clonogenic lymphoid progenitors that 

have committed to the T-lineage in response to the thymic microenvironment [292]. The 

ensuing development may be subdivided into phases I and II. Phase I represents the 
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development, before CD4 and CDS co-receptor expression, during wliich T-lineage-

restricted precursors give rise to ap or yS T-lineage cells. During phase I, thymocytes 

display a triple negative phenotype (TN; CD4 8 3") w/hich can be further subdivided based 

on the expression of CD25 and CD44 (H-CAM). These TN cells constitute approximately 3 

% of the total thymocyte population [293]. 

Initial TCR gene rearrangement (p, y or 5, not a) occurs during the TN2 to TN3 transition 

[294]. p gene formation requires the sequential juxta-positioning of the V, D and J TCR 

gene segments; initially a D segment is recombined with a J segment, followed by VDJ 

joining. Mice and humans carry 20-70 Va and Vp gene segments that encode 

approximately the first 90 amino acids of the TCR a and p chains respectively. 

Recombination is directly catalysed by the products of the recombination activating genes 

(RAG) -1 and -2. 

A successful VDJ rearrangement at the p locus is tested by the expression and assembly 

of the new TCRp chain with an invariant surrogate a chain (pre-Ta), as well as the CD3 

signalling complex. Subsequent p-selection does not involve piVlHC recognition, as 

truncated TCRp and pre-Ta lacidng an extracellular domain are able to trigger progression 

to the double-positive (DP) stage [295]. Thus, successful assembly of the CD3-pre-Ta-

TCRp complex is sufficient to induce thymocyte maturation to the TN4 stage, p-selection is 

further characterised by the silencing of the RAGs and the induction of several rounds of 

division [296]. Conversely, both TCRy and 5 gene rearrangement and expression are 

required for yS lineage maturation at this stage. A minority of thymocytes (< 5 %) yielding 

productive y- and 8-chain rearrangements enter the periphery as DN CD3* y5 T-cells. 

Notably, these cells have a role in DC modulation via the production of cytoidnes (see 

below). 

Phase II of thymic selection involves a chain rearrangement, active TCR selection and 

concomitant entry to either the CD4^ or CD8* T-cell lineage. Firstly, TN4 thymocytes. 
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having produced a functional p-chain, re-initiate RAG transcription and, thus, a chain 

rearrangement may begin - Va gene segments are directly recombined with Ja segments 

to produce a functional a chain that can pair with the pre-existing TCRp chain. Pairing of 

the immunoglobulin-iike folds within the TCRa and p chains results in the formation of an 

antigen-binding site such that three hypervariable loops, or complementarity determining 

regions (CDRs), from each chain are bought into close proximity. The V gene segments 

directly code for CDRs 1 and 2 from both a and p chains, whereas CDR3 is created on the 

juxta-positioning of VJ or V(D)J segments. In this way, CDR3 from both chains provides 

the greatest diversity within the TCR antigen-binding site, i.e., each V segment is able to 

pair with any (D)J segment. Moreover, joining of the coding sequences is imprecise and 

the enzyme terminal deoxynucleotidyl transferase randomly adds nucleotides to these 

junctions. 

The development of thymocytes to maturation requires the appropriate interaction of TCR 

with pMHC complexes on thymic DCs and concomitant signalling. Indeed, only 

approximately 5 % of the thymocyte population expressing the TCR repertoire will migrate 

to the periphery, having survived either negative selection against self-pMHC and death by 

neglect between the TN4 and DP stages. Thus, T-cell development is blocked at the DP 

stage in MHC"'" mice, but this deficit can be overcome in foetal thymic organ culture 

(FTOC) by the use of anti-TCR monoclonal antibodies [297] or, alternatively, re-

aggregation with wild-type thymic stromal cells [298]. Using this latter approach, it is 

estimated that between 5 and 20 % of the DP thymocyte population is responsive to self-

MHC, thus suggesting that the germ-line TCR repertoire is skewed towards self-

recognition. Indeed, certain Va segments preferentially bind MHC class I or II, thereby 

resulting in the generation of CD8^ and CD4* T-cells respectively (see below). 

1.4.1.2. Selection ofTCRs from the Germline Repertoire 

Lack of interaction between the newly formed TCRs and pMHC results in death by neglect 

of thymocytes within approximately three days. During this time RAG transcription and a 

chain rearrangement continue. Engagement of pMHC via the TCR leads to the cessation 
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of both these processes and results in either positive or negative selection of the 

thymocyte. Negative selection results in thymocyte deletion and occurs when the 

prospective TCR engages pMHC with high affinity. In this way, negative selection 

establishes a high degree of self-tolerance within the T-cell compartment; approximately 50 

% of thymocytes reacting with self-pMHC are eliminated during this process [299]. 

Unsurprisingly, thymus-resident DCs are critical in this process [300]. 

Whereas negative selection of thymocytes occurs on binding of high affinity TCR ligands, 

and results in thymocyte deletion, positive selection occurs in response to low affinity 

binding by the thymocyte TCR. Positive selection leads to thymocyte survival and, 

subsequently, CD4/8 lineage commitment. 

Positive selection of thymocytes into a mature population of T-cells expressing a diverse 

TCR repertoire requires a diverse array of self-peptides. This requirement was first 

observed when mutations effecting only the peptide-binding groove of murine class I were 

shown to severely restrict the selected CD8* repertoire [301, 302]. Borten et al. 

demonstrated the requirement for diverse yet low abundance peptides in the positive 

selection of T-cells via the substitution of the class II CLIP sequence with a tight binding 

peptide. In these li-deficient mice, 95 % of the surface class II molecules are occupied by 

this single sequence, yet the majority of mature CD4^ T-cells were selected on the 

remaining 5 % of molecules occupied by a diverse mixture of endogenous peptides [303]. 

Moreover, if these mice were backcrossed with H2-M"'" mice a 70 % reduction in selected 

CD4* T-cells was observed, while no change in class II expression was detected. Thus, 

not only is MHC restriction conferred during positive selection, but thymocytes are also 

selected on the basis on their low affinity interaction with self-peptides. This endogenous 

self-reactivity is essential during peripheral T-cell homeostasis and for the maintenance of 

self-tolerance. 

46 



1.4.1.3. CD4/8 Lineage Commitment and ap Lineage Survival 

The final stage of thymic development involves commitment of the selected DP thymocytes 

to either the CD4 of CDS lineage. This lineage decision is controlled by the co-receptor-

influenced duration of TCR-dependent signalling that, in turn, is thought to lead to 

quantitative differences in p56lck activity [293, 304]. Strong p56lck activation results in a 

CD4 lineage commitment, while weak activation leads to CDS'" T-cell formation. Thus, 

transgenic mice expressing either constitutiveiy active or dominant negative forms of 

p56lck induce class-l-restricted thymocytes to aberrantly differentiate into CD4* cells and 

class-ll-restricted thymocytes to give rise to CD8* cells respectively [305]. Under normal 

circumstances, the degree of p56lck activation is determined by the MHC restriction of the 

prospective TCR; CD4-TCR aggregation is constitutiveiy associated with high levels of 

p56lck activity, whereas CD8-TCR association results in low p56lck activity. In the latter 

case, this is due to the presence of CD8a', an isoform of CDBa which lacks a cytoplasmic 

tail and is thus unable to bind p56lck, thereby inhibiting CDBa-mediated p56lck activation 

[306]. Co-receptor binding is thought to be partly influenced by the differential binding 

orientation of the TCR to class I and class II MHC molecules [215]. 

Following selection, mature single-positive T-cells migrate from the thymus into the 

periphery. As these cells have been selected for low affinity interaction with self-pMHC, all 

are autoreactive. The level of TCR-mediated activation induced in a thymocyte does not 

indicate the capacity of the same recognition event to activate mature T-cells baring the 

same TCR. Furthermore, autoreactivity does not necessarily result in the expression of 

effector functions and, indeed, this property of mature naive T-cells is now appreciated to 

be a prerequisite for the maintenance of self-tolerance and protective immunity. The 

following section aims to discuss these points. 

1.4.2. Peripheral Tolerance - Dynamic Tuning of T-cell Reactivity 

Mechanisms that maintain T-cell peripheral tolerance are required as the context under 

which antigen recognition occurs during selection and in the periphery may vary greatly, 

e.g., differing antigen density, co-stimulatory environment, cytokine milieu and co-receptor 
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binding. With regard to this, it is important to note that antigen recognition does not 

necessarily result in the expression of effector functions and the same ligand may elicit 

qualitatively different responses under differing circumstances, e.g., maintenance of cell 

viability, homeostatic division, and dynamic re-adjustment of the T-cell activation threshold. 

Thus, T-cell activation occurs in a hierarchical manner and autoreactive cells are therefore 

rarely autoimmunogenic [307, 308]. 

The concept of T-cell activation threshold adaptation ('tuning') is central to our 

understanding as to how autoreactivity is maintained without ensuing autoimmunity. 

Interaction of T-cells with self-ligands is thought to continuously regulate individual T-cell 

activation thresholds. Thus, responses can be induced, over a wide range of excitatory 

conditions, to relative rather than absolute changes in stimulation [308]. Indeed, freshly 

isolated thymocytes and mature T-cells have partially phosphorylated CD3^ chains 

associated with non-phosphorylated ZAP70, a phenotype that is seen in T-cells stimulated 

with suboptimal ligands [309]. In this context, qualitatively different transcriptional 

responses ensue following TCR engagement, and this is regulated by the balance between 

'excitatory' (e.g., active Lck, ZAP70, Erk1) and 'de-excitatory' (e.g., active SHP1) factors. 

Under recurrent self-ligand stimulation, excitatory factors may fluctuate but the ratio of de-

excitatory-to-excitatory factors remains above that required for the expression of effector 

functions. Alternatively, other functional responses may take place, e.g., limited 

proliferation. In support of this view, in vitro stimulation of CD4^ T-cells with either 

antagonist or agonist ligands results in SHP1-mediated TCR desensitisation and, in vivo, 

SHP1 expression is seen to increase during development [310]. Conversely, positive 

tuning may occur with elevated levels of Lck - increases in peptide sensitivity and 

acquisition of a memory cell phenotype parallel an increase in Lck expression [311]. 

Peripheral tolerance is maintained at multiple levels above that of T-cell reactivity tuning, 

e.g., DC-mediated induction of CD4'^CD25^ T-regulatory cells. These mechanisms are 

discussed below. 
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1.4.3. DC-Mediated T-cell Deletion and Induction of Regulatory Function 

DCs also participate in the maintenance of peripheral tolerance by deleting excessively 

autoreactive naive T-cells in the absence of inflammation, i.e., the absence of co-

stimulation and/or appropriate cytokine milieu [312]. Furthermore, it is now appreciated 

that iDCs bestow regulatory functions upon naive CD4* and CD8* T-cells [313]. 

Tissue-resident IDCs capture fluid-phase and cell-associated antigens from self-tissue, as 

well as from pathogens, in the steady state. Presentation of peptides derived from these 

antigens in situ may result in the deletion or tolerisation of the few T-cells that reach these 

sites under non-inflammatory conditions. Thus, iDCs are able to cross-tolerise T-cells in 

the steady state. 

On receiving an inflammatory stimulus, DCs actively migrate to the T-cell areas of the 

secondary lymphoid organs. However, this process occurs continuously at low levels in 

non-inflammatory conditions. Langerhan cells resident in the skin survive for 

approximately one month before migration to the T-cell areas where their life expectancy is 

approximately 3 to 5 days [314]. Migratory DCs display a degree of maturation with 

respect to their tissue-resident counterparts - anchor receptors such as E-cadherin and 

a6-integrins are down-regulated, chemokine receptors such as CCR7 are induced and, 

moreover, MHC and co-stimulatory molecules are partially up-regulated [68]. The 

phenotypic changes observed in DCs during steady state migration argue against the 

requirement for specialised tolerising DC subsets residing within the secondary lymphoid 

tissue, as migratory DCs possess the ability to present stable pMHC complexes; 

nonetheless, limited evidence for this population does exist [87]. 

As anticipated, migratory DCs are loaded with antigens acquired peripherally. Notably, 

Huang et al. isolated a population of CD470X41' DCs from rat mesenteric lymph that 

contained remnants of intestinal epithelial cells (lEC), i.e., these DCs contained lEC-

specific cytokeratins and an lEC-specific isoform of non-specific esterase [315]. Additional 
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studies have demonstrated that DCs capture antigens from airways, blood and muscle 

[90]. 

Two separate approaches have provided evidence that migratory DCs cross-tolerise the T-

cell repertoire by deletion. Firstly, mAb-antigen conjugates have been used to target 

antigen to DCs, e.g., anti-DEC205-Hen Egg Lysozyme (HEL) conjugates specifically target 

HEL to draining lymph node DCs after subcutaneous injection. Subsequently, adoptively 

transferred transgenic HEL-specific CD4* T-cells proliferated, produced IL-2, but were 

rapidly deleted after approximately 7 days [316]. Conversely, co-injection of anti-DEC205-

HEL and the agonistic anti-CD40 mAb FGK-45 resulted in prolonged T-cell and DC 

activation. Secondly, and more elegantly, transgenic mice that express either, or both, a 

tissue-specific peripheral neoantigen and its cognate TCR have been used in a variety of 

systems to study peripheral deletion. For example, HA-specific CD8* transgenic T-cells 

adoptively transferred into InsHA mice (that express HA under the control of the rat insulin 

promoter) undergo limited proliferation exclusively in the pancreatic lymph node prior to 

deletion [317]. In this model, the transferred T-cells display an unusual 'semi-activated' 

phenotype (CD44^'62L'49D'°25") but, importantly, do not express IFNy or exhibit cytolytic 

activity. As expected, peripheral deletion in this system was shown to be B7-independent 

and could be avoided by inoculation with live influenza. Interestingly, a minor population of 

HA-specific T-cells survive deletion due to the expression of a low affinity TCR, as 

assessed by K'̂ HA tetramer staining [318]. 

Together, these data suggest that, in the steady state, migratory DCs present antigen 

captured in peripheral tissue to naive T-cells resulting in T-cell deletion and, moreover, that 

maturation stimuli are able to convert this mechanism of tolerance to active priming. 

Additionally, T-cells that escape deletion do so due to the expression of a low affinity TCR 

that is unable to detect antigen (either entirely or to the extent of eliciting effector functions) 

at the abundance present peripherally. 
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In addition to the central and peripheral deletion of self-reactive T-cells, self-tolerance is 

further reaffirmed by specialised subsets of T-cells, T-regulatory (Tr) cells [319]. The 

existence of antigen-specific Tr cells in the normal T-cell repertoire, and the control of 

organ-specific autoimmunity by these cells, has been demonstrated in a variety of settings. 

For example, neonatal thymectomy of mice (d3Tx) results in the development of organ-

specific autoimmune manifestations such as gastritis and thyroiditis [320]. Additionally, Tr 

cells isolated from wild-type mice are able to inhibit autoimmunity in genetically susceptible 

strains, e.g., experimental allergic encephalitis (EAE) in myelin basic protein (MBP) TCR 

transgenic mice [321, 322], and diabetes in a susceptible rate strain [323]. Indeed, 

previously unidentified mutations that convey susceptibility to autoimmunity have now been 

correlated with deficiencies in the Tr cell compartment [319]. 

Distinct subsets of Tr cells have been identified and characterised in a variety of systems 

(table 3). Tr i cells may be generated in vitro by culturing OVA-specific CD4^ transgenic T-

cells with OVA in the presence of lL-10 [324]. The resulting Tr1 cells produce lL-10 and IL-

5 with or without TGFp, but with little or no lL-2, IL-4 or IFNy, i.e., a cytokine profile that is 

distinct from that of undifferentiated, THI and TH2 cells. In vivo, Tr i clones specific for 

filamentous HA from Bordetella pertussis suppress proliferation and cytokine secretion 

from an unrelated influenza HA-specific THI clone [325]. In both cases, suppression is 

mediated by IL-10. 

Table 3. 

Characteristics of Tr cells (adapted from [326]) 

CD4"CD25' Tri TH3 CD8"Tr 

Surface phenotype 

CD25 + + ? 
CD45RB'™ + + ? ? 

CD45RO + + + + 

CTLA-4 + + + - + + -

Cytokine secreted 

IL-10 +/ - + + + + + + 

TGFP + / - + + + + + / -

Differentiation factors ? IL-10, IFNa IL-4, TGFP ? 

Suppressor Mechanism 

In vitro Cell contact IL-10 TGFP IL-10, TGFP 
In vivo Cell contact, 

IL-10, TGFP 
IL-10 TGFP ? 

® Symbols correspond to relative surface expression or secretion by the different Tr subsets 
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TH3 Tr cells were, on the other hand, first identified in studies of oral tolerance, e.g., oral 

administration of MBP increases the frequency of MBP-specific CD4* T-cells that secrete 

TGPp in multiple sclerosis patients [327]. The importance of TGPp-mediated 

immunosuppression is exemplified by the fact that certain tumour lines produce TGPp 

[328] and the ablation of TGPpR function in CD4* T-cells results in the spontaneous 

elimination of a variety of tumours with the concomitant development of inflammatory 

infiltrates in the colon and lung [329]. Both TGPp and IL-10 are likely to operate at the 

level of both the APC and by inhibiting the proliferation of T-cells directly [319] (see section 

1.5.2). 

Interestingly, it has been proposed that both Tr i and TH3 cell are of similar origin and that 

these cells represent so-called 'anergic' cells that are solely generated in the periphery 

[330]. By contrast, accumulating evidence suggests that CD4*CD25^ Tr cells may be 

generated both peripherally and centrally. Indeed, grafting of xenogeneic thymic 

epithelium induces tolerance to a variety of peripheral tissues of donor origin and this is 

transferable with CD4* cells [331]. Purthermore, peripheral CD4* T-cells from athyroid rats 

are unable to prevent thyroiditis in TxX rats upon adoptive transfer, whereas thymocytes 

from these same rats contain suppressive activity [332]. Thus, Tr generation in the thymus 

is driven by the presence of specific autoantigens. Additionally, in double transgenic mice 

that express both influenza HA and the cognate class II-restricted TCR approximately 50 % 

of the mature HA-specific T-cells develop into CD25^ Tr cells [333]. In this model, only 

cells expressing high avidity TCRs matured into Tr cells suggesting that a narrow affinity 

window enables Tr development, thereby ensuring that only a minor proportion of 

peripheral T-cells normally acquire regulatory capacity (5-10 % CD4^ T-cells). Consistent 

with this hypothesis, autoimmunity may be avoided by the preferential activation of high 

affinity Tr cells over their pathogenic counterparts. 

The exact mechanism by which CD4'"CD25"' Tr cells evoke tolerance remains controversial 

- lL-10, CTLA-4 and both soluble and membrane-bound TGPp have been implicated [319, 

334]. Purthermore, the fact that CD25" T-cell populations also exhibit suppressor activity in 
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some models has led to the search for alternative markers for subset discrimination and, 

indeed, the precise relationship between CD4^CD25^ Tr, Tr1 and TH3 cells at present 

remains ambiguous. 

As well as the central generation of autoantigen-specific Tr cells, DCs activated by certain 

stimuli are able to induce Tr cells in the periphery [335]. Thus, in vitro generated DCs 

cultured in the presence of TNFa and PGE2 inhibit EAE via induction of CD4*IL10^ Tr cells 

[336]. TNFa/PGE2-conditioned DCs produce IL-10 in addition to expressing high levels of 

MHC class II and co-stimulatory molecules but, notably, these DCs do not produce IL-1[3, 

IL-6 or IL-12. Thus, different DC stimuli evoke DC maturation within a wide spectrum of 

potential phenotypic and functional states, some of which are now known to induce Tr cells 

(figure 1.4). Indeed, the dynamic generation of Tr cells by DCs is likely to contribute to the 

maintenance of peripheral tolerance in the steady state. 

Other examples of DC-induced Tr cells include CD8* Tr cells transiently generated in 

response to influenza matrix protein-pulsed immature DCs [313] and allergen-specific 

CD4'^CD45RB'°™ Tr cells induced by killed Mycobacterium vaccae [326]. Thus, pathogen-

specific Tr cells are transiently induced during inflammation in conjunction with CTL. 

These Tr cells are likely to be involved in restricting collateral immunopathology, resolving 

the anti-pathogen response and, thus, kerbing autoimmune responses secondary to 

infection. Indeed, the co-existence of tolergenic and THI-promoting stimuli that compete 

with one another for DC activation, and hence the induction of Tr cells and CTLs, is 

exemplified by the increased IL-10 production by murine DCs in response to yeast cells 

walls once TLR2 function is knocked-out [121]. 

Interestingly, pathogen-induced IL-10, TGFp or IL-10 homologs encoded by some viruses 

could provide the appropriate cytokine milieu for the generation of Tr cells and, thus, 

contribute to the maintenance of persistent infection [337]. The same view could be taken 

to explain the existence of some tumours that express potentially immunogenic antigens 

(see below). 
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Figure 1.4. A Spectrum of DC maturation States in T-cell Tolerance & Immunity. 

Immature tissue-resident DCs are characterised by their ability to capture exogenous antigen and induce T-cell 

anergy by inefficient presentation of this antigen, i.e., lack of pro-inflammatory cytokines and co-stimulation, 

minimal pMHC formation. In contrast, a number of stimuli encountered in the steady state, such as apoptotic 

tissue and commensal bacteria, are able to induce DC migration and mature DC such that Tr cells may be 

induced upon antigen recognition in the absence of pro-inflammatory cytokines. Full maturation of DCs requires 

both PAMP recognition and T-cell derived signals such as CD40L. 

Having discussed the generation and maintenance of self-tolerance, the following section 

aims to outline current data that indicate the existence of anti-tumour immunosurveillance 

mechanisms. Additionally, the means by which tumours evade detection by these systems 

and the potential for beneficially boosting these responses is also discussed. 

54 



1.5. Immunotherapy 

In modern times, enthusiasm for the notion that anti-tumour immune responses may be 

elicited in order to treat cancers in a clinical setting has largely been fuelled by both the 

discovery of naturally-occurring T-cell responses against newly defined tumour-associated 

antigens (TAAs), and the ability to boost or generate these responses de novo by the use 

of various vaccination protocols [338-342]. Clearly, however, such responses are rarely 

elicited naturally and, if induced, are often ineffectual. Thus, the following discussion 

outlines (1) evidence for the existence of immune-mediated tumour surveillance, (2) the 

likely characteristics of a clinically relevant tumour rejection antigen, (3) mechanisms 

utilised by tumours in order to prevent recognition and/or eradication by the immune 

system, and (4) current prophylactic and 'therapeutic' vaccination protocols being used in 

attempts to treat cancer. 

1.5.1. Immunosurveillance and TAAs 

Clinically, both congenital and acquired immunosuppression has long been correlated with 

malignancy in humans, particularly in the lymphoreticular compartment, e.g., lymphoid 

neoplasia resulting from drug-induced immunosuppression following stem cell 

transplantation [343]. However, a large number of these tumours have a strong 

association with viral infection, e.g., Epstein-Barr virus and human herpes virus. 

Nonetheless, current data point to the fact that spontaneous tumours are likely to be 

controlled in different tissues by appropriate arms of the immune system. For example, 

IFNy receptor-deficient mice are more susceptible to carcinogen-induced sarcomas and 

spontaneous sarcoma/lymphoma development after the loss of alleles encoding the 

intrinsic tumour suppressor p53 [344]. Furthermore, mice selectively deficient in NKT or 

NK cells display an increased susceptibility to carcinogen-induced sarcomas [344]. 

Indeed, cellular transformation is likely to be accompanied by the expression of stress-

induced ligands (e.g., MICA) which may act as receptors for NK cells, macrophages and y6 

T-cells thereby potentially resulting in tumour eradication at the early stages of 

transformation [345, 346]. Better documented however is the role of the adaptive immune 

response in controlling neoplasms, e.g., elevated spontaneous lymphomagenesis is 

55 



observed in p53/perforin"'" mice with respect to p53"'" counterparts, and lymphomas arising 

in this environment may be eradicated if transplanted into wild-type mice [347]. Moreover, 

nude mice lacking thymus-derived T-cells have a low, but significantly higher, incidence of 

lymphoma than wild-type littermates, and this incidence may be further increased by 

stimulation with anti-^ [348]. Thus, T-cell-derived perforin, as in the T-cell compartment, 

contributes to the re-establishment of homeostasis following B-celi expansion, and the 

absence of this pathway increases susceptibility to lymphoma development [349]. 

In addition to the above findings, evidence for the immunosurveillance of non-haemopoietic 

tissue by the innate and adaptive arms of the immune response now exists [345]. Notably, 

mice that lack lymphocytes due to a RAG-2 deficiency all possess intestinal neoplastic 

lesions at 18 months of age, with 50 % of these being cancerous adenocarcinomas, this is 

in contrast to wild-type littermates that do not develop these lesions [344, 350]. Moreover, 

if RAG-2 '' mice are crossed with STAT-T'" (STAT-1 is a transcription factor dedicated to 

mediating signal transduction from the IFN receptors) mice, the resulting animals develop 

earlier and more invasive lesions as well as mammary cancers [350]. Thus, innate and 

adaptive immunity are able to suppress tumours at distinct sites, thereby acting as an 

extrinsic tumour suppressor. Nonetheless, the late on-set of these lesions suggests that 

intrinsic tumour suppression is the dominant mechanism that prevents tumour 

development. 

Indirect evidence of immunosurveillance has been corroborated by the discovery of TAAs 

and, moreover, the observation that expanded pools of TAA-specific T-cells exist in 

patients with advanced disease [351-354]. Indeed, anecdotally, some tumours 

occasionally undergo spontaneous regression and malignancies may be accompanied by 

paraneoplastic autoimmunity, which may be a good prognostic indicator. For example, 

cdr-2-specific CTL are associated with cerebellar degradation in seropositive 

breast/ovarian cancer patients [355]. Furthermore, recoverin-specific CTL generated 

against lung carcinomas are associated with positive prognosis, but recoverin-specific 

autoantibody simultaneously produced causes retinopathy [356]. 
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Epitopes from TAAs discovered thus far arise from normal differentiation antigens that 

have highly restricted tissue distribution; antigens that are usually restricted to 

'immunoprivileged' sites such as the testes and placenta, but are re-activated during 

oncogenesis; antigens with elevated expression within tumours; mutated self-antigens 

resulting from single-base mutations and chromosomal rearrangements; and neoantigens 

generated from, for example, intronic sequences or reverse-strand transcription [341, 354]. 

Examples of human class-l and class-ll-restricted TAAs are given in table 4. 

Table 4. 

Examples of Tumour Cancer Antigens 

Antigen Class Example 

Class-l-restrlcted 

Melanoma-melanocyte differentiation antigens Meian-A (MART-1), gplOO, tyrosinase, tyrosinase related 
protein-1 (TRP-1), TRP-2, melanocyte-stimulating 
hormone receptor 

Cancer-testis antigens MAGE family (1-3, & 12), BAGE, GAGE, NY-ESO-1 

IVIutated antigens p-catenin, MUM-1, CDK-4, caspase-8, KIA 0205, HLA-A2-
R1701 

Non-mutated over-expressed shared antigens a-fetoprotein, telomerase catalytic protein, G-250, MUC-1, 
carcinoembryonic antigen, p53, Her-2/neu 

Class-ll-restricted 

Non-mutated gp100, MAGE-1, -3, tyrosinase, NY-ESO-1 

IVIutated CDC-27, LDLR-FUT, triosephosphate isomerase 

Class-l-restricted tumour antigen epitopes (TAEs) may be identified either by utilising T-

cells isolated from endogenous or induced anti-tumour responses to ascertain the nature of 

the antigens presented or, alternatively, by using 'reverse immunology' techniques, i.e., 

predicting epitopes from predefined tumour antigens based on consensus class-l binding 

motifs [357]. The former approach is usually achieved by transfecting a cDNA library 

derived from the tumour, which is sub-divided into cDNA pools, into APCs expressing the 

appropriate class-l haplotype and, subsequently, screening these pools for reactivity using 

isolated tumour-reactive CTL or hybridomas. The majority of class-l-restricted TAEs have 

been identified this way including the first, MAGE-1 [358]. Acid elution of peptides from 

tumour cells has also been successful, but, due to the relative insensitivity of this 

technique, is likely to be less useful when limited material is available [357]. The 

alternative approach involving epitope prediction may be utilised in conjunction with 

57 



proteasomal cleavage site prediction in order to generate candidate peptides from TAAs 

[359, 360]; synthesised peptides may then be used to immunise transgenic mice in vivo 

[361], or to stimulate T-ceils in vitro that have been harvested from healthy donors or 

tumour patients [362] in order to ascertain the cytotoxicity of the generated CTL towards 

the original tumour. This technique has identified potential epitopes from pre-defined TAAs 

such as MAGE-3 [363], p53 [364], mucin-1 [362] and, notably, the catalytic subunit of 

human reverse transcriptase teiomerase (hTERT) [365]. hTERT may be of great clinical 

relevance as it is expressed in greater than 85 % of tumours [366], is silent in a lot of 

tissues, and is associated with oncogenic transformation [367]. Furthermore, hTERT-

transfected DCs are able to elicit anti-tumour CTL that display cytotoxicity against murine 

melanoma and thymoma cells of the same and different MHC backgrounds [359, 368-370]. 

Reverse immunology therefore relies on the identification of candidate antigens prior to 

epitope prediction. Antigens that are over-expressed in neoplastic tissue may be selected 

as candidate TAAs by differential gene expression analysis such as microarrays, RT-PCR, 

subtractive hybridisation and serial analysis of gene expression (SAGE) [359]. These 

techniques are further complemented by proteomic analysis of the tumour tissue, or 

SEREX (serological analysis of recombinant cDNA expression libraries) which utilises 

patient serum to probe cDNA libraries constructed from the tumour - TRP-1 and NY-ESO-

1 were both identified using this technique [371, 372]. These techniques have been used 

in combination to identify new candidate TAAs [373]. However, it should be noted that 

mRNA and protein expression may not be suitable criteria for identifying all candidate 

TAAs as, for example, p53-specific CTL may be generated in tumour-bearing or healthy 

individuals, but cytotoxicity is restricted to neoplastic tissue even though p53 is uniformly 

expressed [374]. 

It is becoming increasingly evident that effective vaccination protocols are likely to have to 

include T-helper epitopes [375]. These epitopes have recently been identified using a 

genetic targeting expression (GTE) system. This approach uses a vector containing the li 

targeting sequence up-stream of the multi-cloning site to target tumour-derived cDNA to 
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class-ll vesicles, in this way, transfection of vector-bound tumour cDNA into HLA-DM/DR^ 

APCs allows the screening for class-ll-restricted epitopes as for ciass-l epitopes [375]. 

This technique has been used to identify the class-ll-restricted epitopes listed in table 4, 

which includes epitopes within previously identified TAAs that also contain class-l-

restricted epitopes (e.g., gp100), as well as previously unidentified TAAs. Interestingly, a 

mutation in CDC-27 (a component of the anaphase-promoting complex that regulates cell 

cycle transition) generates a class-ll epitope but this is not encoded within the mutated 

region but, rather, is generated because the mutation allows localisation to the cytoplasm 

rather than to the nucleus, i.e., mutated CDC-27 may access the class-ll pathway [376]. 

What is the evidence that expanded TAA-specific T-cells exist in cancer patients? The 

majority of this data stems from melanoma patients. Initial studies using fluorescenated 

pMHC tetrameric complexes demonstrated that both MART-125.35 and tyrosinase368-376-

specific CD8* T-cells are detectable in peripheral blood of untreated melanoma patients 

[351, 352]. Importantly, tyrosinase-specific CD8* T-cells had a perforinVCD45RA'^/57'^/28'"" 

phenotype, which is known to correlate with cytotoxic function [253], but were unable to 

display ex-vivo cytotoxicity directly or after a 48 hour exposure to recombinant IL-2 [352]. 

Furthermore, tyrosinase-specific T-cells from this patient were unable to produce IFNy or 

TNFa after in vitro stimulation with PMA/ionomycin, whereas CIVIV-specific T-cells from the 

same patient had intact responses [352]. Together, these studies suggested that even 

though TAA-specific T-cells may be detected in melanoma patients they are, most lil<ely, 

anergic. Moreover, peptide vaccination of patients with MART-125-35 in adjuvant 

(Montamide) predominantly results in the transition of MART-1-specific T-cells towards a 

memory phenotype (CD45RA", CCR7", CD28/27*) without the generation of CD28/27' 

effector cells [377]. Other functional deficits have been observed using different antigens, 

e.g., CD27 CTL elicited by gp100 vaccination largely lack perforin [378]. 

Recently, however, peripheral blood mononuclear cells (PBMCs) isolated from melanoma 

patients have been shown to produce IFNy in response to autologous tumour in four out of 

seven patients tested [379]. One of these reactivities was shown to be directed against a 
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HLA-A2-restricted tyrosinase epitope and, indeed, CTL isolated using tetramers containing 

the relevant tyrosinase peptide had a CD45RA^ CCR7" phenotype and displayed direct ex-

vivo cytotoxicity. IFNy^ PBMCs from the other three tumour-reactive individuals displayed 

the same surface phenotype. Furthermore, vp gene expression analysis of tyrosinase-

specific CTL revealed restricted usage, suggesting that these cells represent a single 

clonal population. Thus, even though T-cell anergy may occur [352], this event may not be 

the norm, at least in melanoma patients. 

The lack of spontaneous regression in the above study suggests a degree of functional 

incompetence within the T-cell compartment; thus, either these CTL are unable to migrate 

to the tumour site or the tumour may have elicited some escape mechanism(s). Indeed, 

tyrosinase-reactive CTL did not express the skin-homing receptor CLA that is associated 

with the development of vitiligo [380]. Also, the previously identified anergic tyrosinase-

specific T-cells lacked CD44 expression, as do naive cells, suggesting that these cells 

were defective in extravasation into inflammatory sites [352, 381]. Notably, in the study by 

Valmori et a/., intracellular staining for cytokines could not identify reactivity towards class-

ll-restricted antigens, and this may have contributed to the blunted effectiveness of these 

tyrosinase-specific CTL. Furthermore, these responses are only likely to occur in late 

stage disease where antigen and/or 'danger' is relatively abundant, but when escape 

mechanisms may be established (these are discussed below) suggesting that such 

responses are unlikely to result in spontaneous regression. Thus, a TAA may not 

necessarily act as a tumour rejection antigen (TRA). Strong rejection antigens are likely to 

be defined by the characteristics of the T-cell pool, i.e., the degree of tolerance already 

established against a candidate TRA as well as the avidity, diversity and precursor 

frequency of the cognate T-cells [354]. In this regard, it is likely that both shared and 

unique 'non-self TAAs, such as mutations that are either incidental or related to the 

oncogenic process and viral antigens, will represent the strongest TRAs as these antigens 

are likely to have escaped tolerance mechanisms and high avidity cognate T-cells will be 

present in the periphery [354]. Alternatively, over-expressed, cancer-testis and melanoma-

melanocyte differentiation antigen may possess cognate T-cells that have escaped 
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tolerance induction either due to 'ignorance' or by possessing a low avidity TCR; these 

cells may be elicited in order to effect tumour rejection but are likely to be less potent than 

high avidity CTL. These premises are summarised below: 

Tumour Antigens 

Unique 

Tumour-Specific 

Group 1 

i 
Group 2 

Shared 

Tissue-Restricted 

Group 3 Group 4 

Mutations 
Incidental to the 

Oncogenic Process 

Mutations related to 
the Oncogenic 
Process or Viral 

Antigens 

Highly Restricted Other 

Tolerance Non Non Non-Partial Partial 

T-Ceii Affinity High High High-lnterm. Interm.-Low 

Tumor Rejection Antigen Strong Strong Strong-lntenn. Intenn.-Poor 

Example Myosin gene 1 p53, ras, HPV Cancer-testis 
antigens 

Differentiation 
antigens 

The groupings in this schematic will be used in the following discussion to refer to this 

classification of antigens. 

It is interesting that the majority of the TAAs identified so far are of groups 3 and 4; this 

may reflect the fact that CTL clones generated in vitro, in order to screen cDNA libraries, 

may not contain high avidity CTL due to their susceptibility to AlCD [382]. In support of 

this, Zorn and Hercend isolated two CTL clones expanded in situ in a case of 

spontaneously regressing melanoma using Vp-specific mAbs - the predominant clone 

expressed Vpi6, represented 84 % of the Vpi6* T-cells in the regressing lesion, and was 

subsequently shown to be reactive against a myosin class I gene product containing a 

single point mutation [353, 383]. Notably, these CTL were shown to be cytotoxic against 

autologous, but not allogeneic, melanoma cells directly ex-vivo [353]. The second CTL 
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clone analysed was less expanded at the tumour site and was a Vpi3* MAGE-6-reactive 

clone [384]. Thus, both patient-specific mutated antigens and differentiation antigens may 

have contributed to tumour regression in this case, but the predominant reactivity was 

directed against a group 1 or 2 antigen. These findings have far-reaching implications for 

TRA identification. Firstly, most TAAs identified so far have been found by using T-cells 

that have been both selected in vitro and that have been derived from patients not 

undergoing regression. Secondly, 'reverse immunology' techniques rely largely on 

expression data for the identification of new candidate TAAs and are therefore unlikely to 

identify antigens in groups 1 and 2. 

1.5.2. Tumour Escape Mechanisms 

The above body of evidence suggests that immunosurveillance of tumours does indeed 

occur. Hence, in this paradigm, tumours that are able to grow successfully must be viewed 

as having escaped immunological detection via the development of clone phenotypes that 

have been dictated by the immune system, i.e., immunoeditting [385]. The development of 

tumour varients that are able to grow within an immunocompetent host is likely to occur 

due a passive process of clonal selection within a heterogenous population, which itself 

has been produced due to the inherent genomic instability of the neoplastic cells. 

Conceivably, the outcome of this process is determined not only by the presence of a 

functional immune system, but also by other factors within the tumour environment, e.g., 

growth factor and nutrient availability [386]. 

During initial growth, a population of neoplastic cells is likely to be immunologically 

indistinct from normal tissue in that these cells do not produce or elicit 'danger' signals; this 

characteristic may be viewed as the primary reason as to why tumours do not elicit an 

immunological response early in their development [387]. Nonetheless, it seems likely that 

macroscopic invasive tumours, during the process of angiogenesis and the disruption of 

surrounding normal tissue, elicit stress signals that are able to activate local innate cells 

such as DCs, e.g., HSPs, necrotic cell death within solid tumour masses [386]. A number 
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of mechanisms may be utilised by invasive tumoour in order to invade destruction 

mediated by immune recognition - several lines of evidence are discussed below. 

Loss of MHC expression, whether complete or allele-specific, is common in many tumours 

such as melanoma, colorectal carcinoma and breast carcinoma, where the frequency of 

MHC loss exceeds 50%; multiple mechanisms account for this, including proteosome 

component defects, defective TAP, point mutations in the MHC heavy chain, and loss of 

P2microglobulin [388]. Additionally, decreased expression of specific antigens has been 

documented in correlation with both peptide vaccination and disease progression, e.g., 

loss of gp100, tyrosinase and MART-1 during melanoma progression [389]. Thus, as MHC 

loss often correlates with invasiveness, and may be observed in both human and murine 

tumours that have recurred following successful immunotherapy, this phenomenon is 

assummed to aid tumour progression by preventing CTL-mediated lysis [390-392]. 

Nonetheless, MHC loss is lil<ely to render tumours susceptible to NK-mediated lysis, so 

why do MHC-negative tumours survive in the presence of NK cells? Several possible 

explanations exist - down-regulation of MICA/B, lack of co-stimulation or pro-inflammatory 

cytokines, and/or production of immunosupressive cytokines - but these have yet to be 

directly linked to the suppression of NK cells by tumours [386]. 

Another possible mechanism that may contribute to the survival of tumours within an 

immunocompetent host is defective death receptor signaling. Loss of function in the Fas 

pathway, due to either down-modulation of Fas-mediated signaling (e.g., missense 

mutations within the Fas gene in NHL [393]) or enhanced inhibition of this pathway (e.g., 

elevated expression of cFLIP [394]), is likely to protect tumours against CTL-mediated 

lysis. In a similar fashion, the expression of SPI-6, which directly inhibits granzyme B, 

correlates with tumour survival, presumably as this inhibitor prevents the effectiveness of 

granule-mediated killing, c.f., MTOC dysfunction with TILs [395]. Furthermore, apoptosis 

mediated via the TRAIL pathway may be suppressed as many tumours express relatively 

low quantities of this receptor due to, for example, dysfunction of posttranslational 

modification [396]. 
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Conversely, a number of tumours, including lung, hepatocellular, and colon carcinomas, 

have been reported to express functional FasL which induces apoptosis of interacting Fas* 

cells; however, these observations are widely disputed, with some investigators reporting 

that FasL expression can not be detected when the appropriate controls are used. 

Furthermore, transfection of FasL into cell lines promotes a proinflammatory response 

associated with neutrophil infilitration [426-429], Nonetheless, the expression of FasL by 

tumour cells may potentially promote activated T-cell apoptosis if this receptor were to be 

shed, c.f., suicidal/fratricidal killing. 

In addition to the evading of CTL recognition and apoptosis induction, tumours are able to 

induce functional incompetence at one or multiple stages during CTL development, thereby 

preventing tumour regression. Indeed, this is true even in experimental situations where a 

xenogenic model antigen is used [397-399], These deficiencies are induced by 

mechanisms ranging from ARC functional interference to blocking of granule-mediated 

cytotoxicity. For example, ARC function may be impaired by tumour-derived factors such 

as IL-10, TGFp and vascular endothelial growth factor [400-402] resulting in defective 

antigen presentation [403-405], lack of responsiveness to maturation or migratory signals 

[406], inability to up-regulate co-stimulatory molecules [395], and premature ARC death 

[406]. 

Additionally, active suppression of anti-tumour responses may occur and is mediated by, 

for example, CD4* Tr and NKT cells (figure 1.5). Thus, experimental depletion of CD4*25* 

Tr cells results in spontaneous CTL and NK cell-mediated tumour-specific cytotoxicity [408, 

409] and, moreover, neutralisation of IL-10 in early B16 melanoma lesions abolishes 

continued tumour growth [410]. Similarly, both NKT [411] and yg T-cell [412] depletion has 

been shown to facilitate CTL-mediated tumour rejection. In the case of NKT cells, this 

effect is mediated by IL-13 [411]. 
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Figure 1.5. Active and Passive IVIechanisms that Prevent Spontaneous Tumour Rejection 

Several barriers exist that may hinder the elicitation of an effective anti-tumour T-ceii response. Insufficient 

'danger' signals derived from or induced by the tumour may result in ineffectual DC maturation, 1. This effect may 

be supplemented by active suppression of an appropriate T-cell response by the production of, for example, IL-10 

and TGFp, 2. Immunoregulatory cells such as CDI-binding NKT cells, yS T-cells (not shovm) or Tr cells may exert 

anti-inflammatory effects via cytokine production or cell-cell contact (not show/n), 3 and 4. Absence of TAEs, 

weak MHC binding by TAEs or low/ avidity of cognate T-cells may result in blunted T-cell priming or differentiation, 

5 and 6, Finally, mechanisms that directly prevent granule-mediated or FasL-mediated apoptosis protect tumour 

cells from CTL-mediated lysis, 6. 

The development of tumour escape mechanisms following T-cell priming is exemplified by 

the abortive development of tumour-reactive T-cells in susceptible strains - SV-40/MUC-1 

double transgenic mice, that express MUC-1 systemically and oncogenic SV40 T antigen 

in the pancreas under the control of an elastase promoter, develop pancreatic tumours and 

a concomitant IVIUC-1-specific ineffectual T-cell response; however, adoptive transfer of 

the generated MUC-1-reactive T-cell protects against tumour development in naive 

transgenic mice [413], suggesting that escape mechanisms develop late in tumour growth 

and that prophylactic vaccination against cancer may be more effective than 'therapeutic 

vaccination' [414]. Indeed, if a CTL response is primed against the tumour, as detailed 

above, several mechanisms have been defined that may allow tumour escape. 
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Together, tumours remain largely unaffected by the immune system due to a wide 

spectrum of escape mechanisms, ranging from active suppression of DC maturation and 

CTL development to direct hampering of T-cell-mediated cytotoxicity. 

1.5.3. Current Immunotherapeutic Strategies 

Clinical studies have been performed in several tumour settings (including cancers of the 

breast, gastrointestinal duct, lung, ovary, pancreas, prostate, i<idney and medullary thyroid) 

using a variety of vaccination protocols based on TAA delivery [342]. The variation in 

protocols used has negated the possibility of drawing-up hard-and-fast rules about what 

strategies are effective and which are not. Nonetheless, it seems clear that a successful 

vaccination is likely to have to incorporate more than one TAE, with differing restrictions 

being represented, in order to prevent antigen loss variants, and T-helper epitopes will 

have to be included. Indeed, despite the fact that most tumours do not express MHC 

class-ll, T-help may be elicited via DCs and, thus, aid the generation and maintenance of 

anti-tumour CTL [375, 419]. 

Evidence in support of the clinical relevance of active immunotherapy comes from the fact 

that some conventional therapies are now known to elicit TAA-specific CTL and that patient 

T-cells may be re-activated in vitro and subsequently used to treat autologous tumours, 

e.g., IFNa or allogeneic bone-marrow transplantation used to treat chronic mylogenous 

leukaemia elicits proteinase 3-specific CTL which are cytotoxic ex-vivo and which correlate 

with a positive clinical response [420]. Recently, Dudley et al. used a combination of non-

myeloablative chemotherapy, high-dose lL-2 therapy and adoptive transfer of ex-vivo-

expanded TILs to treat metastatic melanoma patients - 6 out of 13 patients showed 

objective clinical responses, with 4 others displaying mixed responses [421]. Vitiligo was 

observed in 4 cases and uveitis in one. The purpose of non-myeloablative chemotherapy 

in this study was presumably to abrogate pre-existing tolerance mechanisms. 

Thus, several experimental approaches are now being explored to further advance the field 

of active immunotherapy. These approaches focus on elevating the growth and 
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differentiation of DCs, in vivo and in vitro loading of DCs with TAAs, and enhancing T-cell 

activation by increasing pMHC-TCR interaction or by eliciting co-stimulation [342, 422]. 

Increasing the growth and differentiation of DCs from progenitor cells has mainly been 

successful by the use of GM-CSF [423], although FLT3L also shows some promise [424]. 

GM-CSF co-transfected into the murine colon carcinoma line CT26 along with CD40L 

promoted the interaction of transplanted tumours with DCs and elicited regression in some 

cases [425]. Clinical trials of GM-CSF-expressing tumour vaccines are now underway for 

renal-cell cancer, melanoma and pancreatic cancer [426-428]. GM-CSF-TAA fusion 

proteins have also been used to target lymphoma idiotype to DCs in vivo [429] and, more 

recently, both DEC-205- and HSP70-containing conjugates have been used for the same 

purpose [430]. 

Naked DNA, recombinant replication-deficient viruses and bacteria (with and without MHC 

targeting sequences) have also been used to deliver TAA to DCs (see summary in [342]). 

Recombinant vaccinia virus encoding murine TRP-1, for example, elicits protective 

immunity against melanoma in both a prophylactic and 'therapeutic' setting [431, 432]. 

Furthermore, Xiang et ai. used an attenuated strain of Salmoneiia typhimurium that 

contained a plasmid encoding ubiquitin fused to gp100 and TRP-2 epitopes to elicit 

protective immunity against melanoma [433]. 

Of particular relevance is the deliver of TAAs as naked DNA contained within a plasmid 

juxtaposed by a viral promter/enhancer and polyA sequence; this approach has been used 

to vaccinate against a number of TAAs such a mutated 53, HPV, and tumour-specific 

idiotypic determinants. Typically, sequences encoding idiotypic determinants derived from 

the amplification of VH and VL sequences obtained from tumour biopsies are expressed as 

a chimeric single-chain Fv Ig molecule fused to an immunostimulatory sequence, such as 

the non-toxic fragment of tetanus toxin. This latter feature, in combination with the inherent 

CpG motifs contained within the plasmid backbone, provides an innate danger signal and 

cognate help for the induction of an anti-idiotypic response. Indeed, prophylactic 
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intramuscular DNA vaccination of animals is able to protect recipients against surface-

id iotype positive lymphomas and surface-idiotype negative myelomas via the production of 

anti-idiotypic antibodies and induction of idiotype-specific CD4^ T-cells respectively. 

Furthermore, phase l/ll clinical trials are underway in order to assess the efficacy of DNA 

vaccination against follicular centre lymphoma [for a review see 433a]. 

In vitro loading of DCs obtained from G-CSF-mobilised CD34* peripheral blood precursors 

or monocytes may be used to evoke anti-tumour responses [434]. Antigen loading is 

achieved by pulsing DCs with peptides, proteins, tumour lysates, apoptotic corpses or 

tumour-derived exosomes [32, 435, 436]. Furthermore, viral-, electroporation- or liposome-

mediate delivery may be used to load DCs with the appropriate DNA or RNA [368, 437-

439]. Alternatively, DC-tumour cell fusion vaccines may prove to be, in the future, clinically 

useful [440, 441]. Monocyte-derived peptide-pulsed mature DCs have been reported to 

induce clinical remission in melanoma and renal cancer patients [442, 443], but by-and-

large success has been limited [444]. Possible limitations within this approach include the 

induction of autoimmunity and the appropriate control of DC maturation status - overly 

mature DC may not migrate efficiently to T-cell zones, whereas immature DCs may not 

prime T-cells adequately. 

An alternative approach may be to enhance DC-T-cell interaction directly. In this regard, 

as discussed, a large number of the TAAs identified thus far only contain weak epitopes, 

and this is not only because high affinity cognate T-cells are absent but also because these 

peptides have low affinity for MHC [339]. Several groups have now demonstrated that 

altering the MHC anchor residues within candidate rejection epitopes may increase the 

binding affinity of the epitope towards MHC and, thus, T-cells may be induced that are 

reactive against both the altered and the original epitope. Such heteroclitic responses 

were shown to be effective in eradicating experimental tumours [445, 446]. Furthermore, 

by altering residues that interact with the TCR, similar responses may be achieved without 

altering MHC binding, e.g., Slansky et al. demonstrated that by altering a TCR-interacting 
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residue within a peptide derived from murine leul<emia virus gp70, anti-tumour immunity 

may be raised against CT26 which expresses this epitope [447]. 

A final approach that may be used in order to elicit anti-tumour CTL is elevating positive 

co-stimulation. This approach often takes the form of transducing B7 molecules into 

tumour cells [448, 449] or including B7 in DNA vaccines [450, 451]. As our knowledge of 

co-stimulatory ligand pairs increases, so the number of possible targets will increase. 

Indeed, both 4-1BB and OX40-specific mAbs are now known to exert therapeutic activity in 

experimental systems [4, 452]. 

Ultimately, ideal vaccines should be off-the-shelf reagents that allow low-cost manufacture 

in large scale. Despite the current lack of correlation between CTL response and clinical 

regression observed, the above advances might help in achieving this goal. 

1.6. The Current Study 

As detailed in section 1.1.3.2, CD40L has a prominent role in the licensing of DCs to prime 

CTL precursors, and agonistic mAbs directed against CD40 have been used in a variety of 

experimental settings in order to replace endogenous CD40L, thereby overcoming T-cell 

tolerance and affecting tumour rejection. 

Until recently, these observations were being translated into the clinic using human 

recombinant CD40L (manufactured by Immunex, USA) in phase one and two trials [453]. 

Nonetheless, recombinant proteins are often rapidly eliminated from the circulation and, 

indeed, various recombinant CD40L constructs are experimentally less effective than anti-

CD40 mAb at eradicating established lymphoma, presumably for this reason (L Haswell, 

unpublished observations). If successful, however, reagents that replace the requirement 

for endogenous CD40L may form the basis of off-the-shelf therapeutic vaccines that do not 

require patient HLA typing or knowledge of reactive tumour antigens prior to treatment. 

For these reasons, we aimed to further characterise the mechanism by which anti-CD40 

elicits its therapeutic activity in two murine models of B-cell lymphoma based on the 
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hypothesis that this mAb either elicits a de novo, or boosts/accelerates a pre-existing, anti-

tumour CTL response by enhancing the maturation of professional APCs such as DCs. 

This was achieved by examining DC and T-cell responses following anti-CD40, as well as 

the endogenous responses to these tumours. Additionally, we hypothesised that anti-

CD40 may act, in part, by providing co-stimulatory signals via 4-1BB to anti-tumour CTL, 

thereby promoting the expansion and/or survival of these cells. This premise was based 

on the observation that anti-4-1BB mAb is also therapeutic in the the two tumour models 

used in this study [5], as well as the fact that stimulation of DCs via CD40 enhances the 

expression of 4-1BBL on DCs [108]. 

Furthermore, we aimed to establish tumour-reactive T-cell lines from animals in remission 

following anti-CD40 therapy, a method that previously had not successfully been 

implemented in this laboratory. If successful, our subsequent objective was to raise T-cell 

hybridomas from these animals in order to screen a lymphoma-derived cDNA library for the 

TRA(s) mediating tumour elimination following anti-CD40 administration. In this case, TRA 

identification may act to further justify clinical trials of anti-CD40 mAb, i.e., if a bone fide 

tumour rejection antigen is identified that is relevant to human neoplasia. 
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2. Materials & Methods 

2.1. Mice and Tumour Passage 

BALB/c, C57BL/6 and CBA/H mice were supplied by Harlan (Blackthorn, Oxon) and bred 

in a local facility. All animals used for experimentation were both sex- and age-matched 

(between 8 and 10 weeks of age). 

The tumour models predominantly used in this study were the B-cell lymphomas A31 and 

BCL1 (of CBA/H and BALB/c origin respectively), as well as the T-cell lymphoma TEN-1 

(BALB/c origin). A31 and BCL1 are lymphobaistic lymphomas, analogous to human 

chronic lymphocytic leukeamia, which both display a terminal leukaemia [454, 455]. 

Whereas BCL1 arose spontaneously, A31 is likely to have been induced by irradiation as 

this tumour was originally isolated from animals 19 months following injection of ®°Sr; for 

this reason, the BCL1 model is utilised in the majority of experiments, i.e., as we believe 

BCL1 provides a more accurate model of naturally-occurring human disease than A31. 

BCL1 and A31 lymphomas lines were maintained by in vivo intraperitoneal (i.p.) passage in 

BALB/c and CBA mice respectively. Spleens were removed at the terminal stage of 

disease and single cell suspensions made as described below. piBCLI is a subline of 

BCL1 that grows in culture [456]. A20, EL4 and YAC cell lines (all American Type Culture 

Collection) were maintained in complete media (CM; see below). X63-mlL-2 transfectant 

was a kind gift from Dr. Karasuyama. This cell line was routinely grown in CM 

supplemented with 1 mg/ml G429 (Sigma Aldrich) and was transferred to G429-free CM 24 

hours prior to harvesting the supernatant; the concentration of lL-2 was subsequently 

estimated by ELISA (see section 2.9). The BWZ.36 CD8a fusion partner [457, 458] was a 

kind gift from Dr. David Woodland, and was routinely grown in ICTM containing 1 mg/ml 

G429 and 0.36 mg/ml hygromycin B (Sigma) (see section 2.8). 

2.2. Cell Preparation, Quantitation and Culture 

2.2.1. Culture Materials and Cell Quantitation 
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All cell lines were cultured in RPMI 1640 medium (Invitrogen), supplemented with 100 U/ml 

penicillin (Glaxo), 100 pg/ml streptomycin (Evans), 50 U/ml amphotericin B (Fungizone; 

Squibb and Sons), 2 mM L-glutamine (Invitrogen), 1 mlVl pyruvate (Invitrogen), 50 |j.M 2-

mercapto-ethanol (2-ME; Sigma) and 10% Myoclone Plus Foetal Calf Serum (FCS) 

(Invitrogen) (CM). Ceil concentrations were determined using a Coulter Industrial D Cell 

counter (Beckman Coulter) 

2.2.2. Splenocyte Preparation, Collagenase Digestion, and DC Isolation 

Single cell suspensions were routinely prepared by sieving whole spleens in 20 ml of 

phosphate buffered saline (PBS; 1.37 mM NaCI, 10 mM Na2HP04, 1.47 mM K H 2 P O 4 ) 

through a cell mesh (Becton Dickinson (BD) Falcon). For tumour passage, splenocyte 

suspensions were layered onto Lymphoprep (Apogent Discoveries Ltd.), subjected to 

centrifugation for 20 minutes at 2500 rpm, the interface collected, and, subsequently, 5x10^ 

cells injected i.p. 

For DC isolation, whole spleens were coarsely chopped with a razor, placed in 2.5 ml of 

digestion mix (1 mg/ml collagenase D (Roche) and 0.05 mg/ml DNasel (Sigma) freshly 

dissolved in CM) and gently agitated for 20 minutes at 37 °C. Subsequently, another 2.5 

ml of digestion mix was added and the incubation continued for a further 20 minutes. The 

digestion was slowed by the addition of 20 ml of CM, a single cell suspension prepared by 

sieving through a ceil nesh and the cells washed once in CM. 

2.3. Antibodies 

The majority of antibodies used were prepared and fluorescenated in house. Hybridoma 

cells were maintained in stationary culture using DMEM supplemented with 5 % FCS, 

supernatant protein precipitated using saturated ammonium sulphate, and mAb 

subsequently separated by protein A or G fractionation (Amersham Pharmacia Biotech) 

according to the manufacturer's instructions. Antibodies directed against CD4, CDS, BCL1 

idiotype and MHC class II were prepared by ion-excahnge chromatography on DEAE 

(Whatman). The purity of mAb preparations was checked by electrophoresis (Beckman 
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EP system; Beckman Coulter) and HPLC using a Zorbax GF250 Bio series column (Jones 

Chromatography). 

Table 5. Monoclonal Antibody Providers 

Specificity Clone Name Provider 

B7-1, B7-2, MHC Class II, 
LFA1, CDI Ic , FcRII/lll, ICAIVl-1, 
CTLA-4, IFNy, 4-1BB 

1610A1, GL-1, M5/114, TIB237, 
N429, 2.4G2, YN1.4.7, UC10-
4F10-11, HB170, 2A1 

American Type Culture Collection 

CD4, CDS YTA 3.1.2, YTS169 S. Cobbold, Sir William Dune Schoold of 
Pattiology, Oxford 

CD40 3/23 G. Klaus, National Institute of Medical 
Research, London 

CD19 1D3 D. Fearson, University of Cambridge 

Kd, Dd K9-18, 19-191 D. Kioussis, National Institute of Medical 
Research, London 

4-1BBL 3H3 R. Mittler 

BCL1 idiotype, A31 idiotype, 
41BB 

MC106A5, MC39-16, L0B12 Tenovus 

5-Bromo-2-deoxyuridine, 
IFNy, CD8a, CD62L, CD49d 

3D4, X1VIG1.2, 53-6.7, tVIEL-14, 
R1-2 

BD Phanningen 

C D I I b Ml/70.15 Serotec 

ASGM1 ? Wako 

In all the experiments contained within this thesis the anti-CD40 monoclonal antibody used 

was 3/23 rather than, for example, FGK-45: this does not reflect a functional difference, as 

these two antibodies perform with equal effectiveness against the model lymphomas used 

(Tutt, A., unpublished observations), but rather the convenience of production. For 

fluorescentation protocols see [2]. 

2.4. Measurement of Surface and Intracellular Antigens by Immunofluorescence 

2.4.1. Surface Antigens - General Protocol 

Each, sample containing <10® cells, was incubated at 4°C for 15 minutes with 10 pg/mi of 

labelled (direct; fluorescein isothiocyanate (FITC), aliophycocyanin (ARC) or phycoerthyrin 

(PE)) or unlabelied antibody (indirect). Cells were then washed once (direct) or twice 

(indirect) in PBS-1% Bovine Serum Albumin fraction V (BSA; Wilfred Smith Ltd)- 20mM 

sodium azide (PBS-BSA-Azide) and re-suspended at approximately IxlO^/ml. For indirect 

immunofluorescence, cells were further incubated for 30 minutes at 4°C with 10 pg/ml of a 

fiuorescenated secondary antibody directed against the first antibody, and washed once in 

PBS-BSA-Azide before resuspension and subsequent analysis. If required, 7-
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aminoactinomycin-D (7AAD, Sigma) at a final concentration of 2 pg/ml was added to the 

sample to be examined 15 minutes before acquisition. Similarly to propridium iodide, 

7AAD is a reagent that flouresceses once intercalated into the DNA helix but, unlike 

propridium iodide, 7ADD allows the simulatenous resolution of PE-conjugated reagents. 

Analysis was performed on a FACScan or FACSCalibur flow cytometer (BD Pharmingen). 

Unless otherwise stated, 10,000 total events were collected per sample for analysis. Cell 

debris was excluded by adjustment of the forward scatter (FSC) threshold parameter. 

Samples were analysed using either CellQuest software (Becton Dickinson) or WinMDI. 

2.4.2. Intracellular Antigens 

2 x10® Splenocytes or in vitro generated CTL were stimulated as described in experiments 

or, as a positive control, with 50 ng/ml phorbol 12-myristidate 13-acetate (PMA) and 1 |jM 

ionomycin (Sigma). All stimulations and cell manipulations prior to fixation were performed 

in the presence of 10 pg/ml brefeldin A (Sigma). After the desired time (no greater than 18 

hours), cells were harvested, placed in a 96-well U-bottomed plate and stained with 

antibodies to surface antigens as described above. This primary staining was performed in 

the presence of 10 pg/ml unlabelled anti-FcRII/lll (2.4G2). Samples were subsequently 

washed twice in 200 pi of PBS and fixed for 20 minutes in 200 pi 1 % formaldehyde at 

room temperature. After fixation, samples were washed twice in 200 pi of PBS/0,5% BSA 

and re-suspended in PBS/BSA/0.5 % saponin (Sigma). After 10 minutes at room 

temperature, 0.25 ng of PE-labelled anti-IFNy or irrelevant antibody in 100 pi of 

PBS/BSA/saponin was added to the required wells, mixed, and incubated for 30 minutes at 

4 °C. After this time, samples were washed into PBS/BSA and analysed by FACS. 

2.4.3. In Vivo 5-Bromo-2-deoxyuridine Administration and Ex-vivo Detection 

Animals received 2 mg of BrdU (dissolved in water; Sigma) i.p. 1 hour before harvesting 

the required tissue. Single cell suspensions were prepared and 1x10® cells per sample 

stained for extracellular antigens, followed by fixation overnight in 1 ml of 1 % 

formaldehyde/PBS. Splenocytes were subsequently washed once in PBS and then 
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resuspended in 0.5 ml of DNase buffer (5 mM IVIgClg, 5mM CaCl2 in PBS) containing 50 

Kunitz units of DNase I (Sigma) per sample. After 1 hour at 37 °C, the samples were 

washed in PBS and then into 0.2 % Tween-20 (PBS). Each sample was then re-

suspended in a residual volume (approximately 100 jjl) and 20 pi of PE-labelled anti-BrdU 

or irrelevant PE-labelled antibody (provided in kit from BD Pharmingen) added for 45 

minutes. 

2.5. Carboxy Fluorescein Succinimidyl Ester (CFSE) labelling 

Cells to be labelled were washed once in serum free media and re-suspended at 2x10^ /ml 

in the same media. CFSE was added to a final concentration of 2 pM and the cells then 

incubated at 37 °C for 10 minutes. The labelled cells were then washed twice in cold (4 °C) 

CM before re-suspension in warm CM (37 °C) at the required density. 

2.6. Magnetically Assisted Cell Separation- MACS 

Each sample was separated by MACS (Miltenyi Biotech) as per the manufacturers 

instructions - briefly, the desired number of cells was labelled with PE- or FITC-conugated 

mAbs as for FACS analysis and washed twice in CM at 37 °C before being re-suspended 

in 90 |il of CM per 10^ cells. Subsequently, 10 pi of anti-FITC microbeads was added per 

10^ cells and the mixture incubated at 4 °C for 15 minutes. Subsequently, the bead-coated 

cells were washed in PBS/0.5 % BSA/2 mM EDTA and LS columns (Miltenyi Biotec; 

capacity to positively select 10® cells) pre-equilibrated on the MACS magnet (Miltenyl 

Biotech) with 3 ml of the same buffer. After pelleting, cells were re-suspended in 5 ml of 

PBS/BSA/EDTA and passed through LS columns that were subsequently washed three 

times with 3 ml of PBS/BSA/EDTA. The columns were then removed from the magnet, 

and positive fractions collected by adding 5 ml of PBS/BSA/EDTA to the columns and, 

subsequently, pushing the solution through using the column plunger provided. 
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2.7. 

cDNA Preparation and Reverse Transcript-Polymerase Chain Reaction (RT-PCR) 

cDNA was prepared from 1x10®-1x10^ cells using Quickprep micro mRNA purification kit 

and first-strand cDNA synthesis kit (Amersham Pharmacia Biotech) as per manufacture's 

instructions. Unless otherwise stated, a standard amplification involved 1 pi of each primer 

(100 ng/ml) being added to 1 pi of cDNA with 2.5 pi of reaction buffer (Promega) and 0.5 pi 

of dNTP mix (10 mM each dNTP/100 pi) in a total volume of 24,5 pi. This mixture was then 

pulse centrifuged and 0.5 pi of Taq polymerase (5 U/pl) added. DNA was then denatured 

at 94 °C for 5 minutes and PGR performed using annealing reactions of 55-62 °C for 1 

minute (see table 5), an elongation temperature of 72°C for 2 minutes, and melting reaction 

of 94 °C for 30 seconds. Routinely, 25-30 cycles were performed in total, with a final 

elongation reaction of 10 minutes to ensure formation of full-length transcripts and the 

presence of polyA tails. All PGR reactions were carried out using a PTC-100 thermal 

cycler (MJ Technologies Inc.). PGR products were then loaded into 0.5-1% agarose gels 

(re-constituted with running buffer - 40 mM Tris-acetate, 1 mM EDTA, 0.6 mg/l ethidium 

bromide) and separated at 100 V, along with known standards to allow estimation of 

fragment size. DNA was visualised under UV light and a photographic record taken. 
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Table 6. RT-PCR Primer Details 

Transcript Product Annealing 
Temperature, 

°C 

Product Size, 
base pairs 

(bp) 

Forward; Reverse Primer (5'-3') 

p-Actin 55.0 340 TGGAATCCTGTGGCATCCAT; 

TAAAACGCAGCTCAGTAACA 

IFNy 56.0 488 GGCCATGGTCTGAGACAATGAACG; 

GCTCTAGAGAATCAGCAGCGACTC 

T-bet 55.0 136 GCCAGGGAACCGCTTATATG; 

GACGATCATGTGGGTCACATTGT 

Perforin 56.6 597 AARGCYTGTGAGGAGAAGAAGA; 

CCCGTGTGGIVICAGGAGCACATY* 

IL-10 54.0 414 GACCAGCTGGACAACATAGTG; 

TGCTGGAGTCGAGGAGAGTGA 

IL-12 receptor p i CAAGCAGAGGAACCACACA; 

GAGAGAGGGGAAAATGATG 

IL-12 receptor p2 AATTCAGTACCGACGGTCTGA; 

ATGAGGGGGTGAGGGTCTTGA 

Mouse mammary tumour 
virus (iVilVITV) env 

57.5 545 GGGGGGGCGAGATGAGA; 

GGCGGGTGAGTTGGGGAAAGTAT 

iViurine leukaemia virus 61.1 450 GTCGGGGGGGTTGTGAAGAACC; 
(IVILV) gp70 GGCCAGAGCTCAACCAGGAGAGA 

* r= purine; y = pyrlmidine 

2.8. Chromium Release Assay 

Target cells were washed twice in supplement-free media and labelled with 100 pi 

Na2®^Cr04 (Amersham) in for 60 minutes at 37°C. Excess chromium was then removed by 

washing 3 times with media (supplement free) and the cells resuspended in CM at 

1x10®/ml following counting using a conventional haemocytometer. 50 pi of labelled cells 

was then added to 100 pi of effector cells and 50 pi of either media or blocking antibody 

(final concentration 50 pg/ml) in 96-well U-bottom plates. Plates were then centrifuged at 

700 rpm for 3 minutes and incubated at 37 °C for 4 hours. Cells were sedimented at 1500 

rpm for 5 minutes and 100 pi aliquots of supernatant removed for counting on a gamma 

scintillation counter (Rackgamma II, LKB). A 50 pi sample of the labelled cells was treated 

with 150 pi of 1% Nonidet P40 (NP40; BDH) to determine maximal release under detergent 

lysis. Samples were prepared in triplicate, the mean values determined and expressed in 

terms of percent chromium release (taking NP-40 lysis as 100%) using the equation; 

Chromium Release, % = Sample - Background (cpm) / NP40 - Background (cpm) x 100 

Background was determined as the amount of spontaneous chromium release from target 

cells alone. 
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2.9. T-cell Lines and Hybrids 

2.9.1. Generation of anti-Tumour CTL In Vitro 

CTL lines were grown from anti-CD40-treated animals 20-60 days after initial tumour 

challenge, i.e., 1-5x10^ tumour cells i.v., followed four days later by 1 mg of 3/23 i.v.. 

Splenocytes were harvested into CM containing 10 % batch-tested (see below) PCS, and 

2x10® cells seeded per well in 24-well plates. During the first week, cultures were 

supplemented with 10 ng/ml IL-7 (PeproTech), 10 pg/ml anti-CD4 and 5x10® irradiated (25 

Grays) in vitro tumour line. On subsequent weeks, cultures were harvested, washed in CM 

and re-seeded at 1x10®/well with 20 U/ml mlL-2 (X63-mlL-2 transfectant supernatent), 10 

jjg/ml anti-CD4 and 5x10^ irradiated tumour. PCS batch testing was performed initially by 

assessing the proliferation of OT-1 transgenic T-cells and, subsequently, by assessing the 

proliferation of anti-plBCLI CTL lines in different batches of serum. A single batch of PCS 

was used throughout experiments shown in Chapter 6. 

2.9.2. Production of anti-piBCL1 T-cell l-iybrids 

Splenocytes were harvested and seeded into 24-well plates as described above for 

generation of CTL on the first week of activation, but the media was additionally 

supplemented with 20 U/ml mlL-2. After 48 hours, 10^ cells were harvested from this 

culture, mixed with 10^ BWZCDSa (which were in exponential growth at the time of fusion), 

and pelleted by centrifugation at 1000 rpm for 10 minutes. The cells were then washed in 

Iscove's modified Dulbecco's media (IMDM; Gibco) by centrifugation at 1000 rpm for 10 

minutes. Subsequently, all media was aspirated off the cell pellet, the pellet loosened, and 

the sample placed in a sterile water bath. 1 ml of sterile 50 % polyethylene glycol 1500 

(Roche) was then added over 45 seconds, followed by 10 ml of IMDM over a total of 2 

minutes; 40 ml of IMDM was then added and the fusion placed in a 37 °C water bath for 5 

minutes. Subsequently, the resulting cells were pelleted by centrifugation at 1000 rpm for 

10 minutes, the media removed and the pellet washed in IMDM without disrupting the cells. 

After centrifugation at 1000 rpm for 10 minutes, the pelleted cells were re-suspended very 

gently in 40 ml of 'Iscove's complete tumour media' (ICTM; IMDM supplemented with 100 

U/ml penicillin, 100 pg/ml streptomycin, 10% Myoclone PCS, 50 pM 2-ME, and 50 ml 
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'tumour cocktail', i.e., 1.32 ml 45 % dextrose (Sigma), 59.5 ml 50x essential amino acids 

(Invitrogen), 111 ml lOOx non-essential amino acids (Invitrogen), 79.3 ml pyruvate, and 8.5 

g sodium bicarbonate per 500 ml of IMDM (pH 7.0)). 

The fused cells were plated out in 96-well U-bottom plates at 100 pi per well by dropping 

from a 10 ml pipette tip. After 24 hours, 50 pi of ICTM containing 3x HAT (Invitrogen), 1 

mg/ml G429 (Sigma), and 0.36 mg/ml hygromycin B (Sigma; only used 1x antibiotics at this 

stage) was added to each culture well and the hybrids checked everyday thereafter for 

signs of growth. After removing 100 pi of supernatant, 100 pi of fresh ICTM containing 1x 

HAT and 1x G429/hygromycin B (as detailed above) was added to the cultures every 5 

days. Once single colonies were visible, they were transferred to 48-well plates and 

subsequently into 24-well plates, followed by flasks. During this period, HAT-containing 

media was slowly replaced with ICTM containing 1x HT and 1x G429/hygromycin B. Once 

clones were established in flasks, they were screened for reactivity against piBCLI using a 

single-cell detection assay as described below. Sub-cloning was performed simply by 

diluting the hybrid in ICTM containing 1x HT and 1x G429/hygromycin B to a concentration 

of 1 cell/well in 96 U-bottom plates. 

2.9.3. Measurement of Hybrid Activation (adapted from [457, 459]) 

Following fusion of the BWZ.36 CD8a partner with a T-cell, TCR engagement results in the 

expression of p-galactosidase which may be detected microscopically at the single cell 

level, or macroscopically after lysis of the hybridomas, following exposure to the 

appropriate colorimetric substrate. For the bulk assay following hybridoma lysis, T-cell 

hybrids were stimulated overnight with piBCLI as described in experimental detail, then 

pelleted by centrifugation at 1300 rpm for 3 minutes and washed with 200 pi of PBS. After 

washing, 50 pi of CPRG substrate (0.15 M Chlorophenol Red p-galactoside (Roche) /0.5 % 

NP-40/PBS) was added to the separate samples and the reaction allowed to develop for 4-

18 hours at 37 °C. Alternatively, for the single-cell assay, cells were stimulated as 

described, washed once in PBS, and fixed in cold 2 % formaldehyde/0.2 % glutaraldehyde 

for 5 minutes. Subsequently, the fixative was removed and the cells washed once in PBS 
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before adding 50 pi of X-Gal substrate (5 mM potassium ferrocyanide, 5mM potassium 

ferricyanide, 2 mlVI magnesium chloride, 1 mg/ml 5-bromo-4-chloro-3-indolyl p-D-

galactopyranoside (X-Gal; Sigma)). The reaction was allowed to develop overnight and 

the cells examined microscopically the next day. 

2.10. Enzyme-Linked Immunsorbant Assay (ELISA) 

Primary antibody (e.g., anti-IFNy, HB170: anti-IL-2, JE56-1A12 (BD Pharmingen)) was 

diluted in coating buffer (15 mM Na2C03, 28.5 mM NaHCOa, pH 9.6) to a final concentration 

of 4 pg/ml, and 100 p I/we 11 added to 'absorbant' 96 well plates (Maxisorb, Nunc) either for 1 

hour at 37°C or overnight at 4°C. Unbound antibody was removed and non-specific binding 

sites blocked by the addition of 150 |il blocking solution (1% (w/v) BSA in PBS) for 1 hour 

at 37°C. The plate was then washed five times with PBS/0.05% Tween-20 and 100 p I/we 11 

of the secondary biotinyiated antibody (e.g., anti-IFNy-biotin, XMG1.2, (Serotec); anti-IL-2-

biotin, JES56-5H4 (BD Pharmingen)) added at 0.5 pg/ml. All dilutions were made in 

blocking solution. Following incubation for 90 minutes at 37°C, plates were washed as 

above. 

HRP-Avidin (100 pI/well; BD Pharmingen) was then added to the plates at a final dilution of 

1:1000 and incubated for 30 minutes. Following washing (x5), HRP substrate (20 mg o-

Phenylenediamine free base (Sigma), 100 ml phospho-buffered citrate pH 5.0 + 20 pi (60% 

w/v) H2O2) was added and incubated in the dark for 30 miuntes (or until developed) at room 

temperature. The reaction was terminated by the addition of 50 p I/we 11 5 M H2SO4 and the 

colour change quantified by measurement of absorbance at 495 nm on an automatic 

spectrophotometer (Dynatec 412, Dynatec). Unknowns were determined using standard 

calibration curves of known concentration on the day of each ELISA. 

2.11. Transmission Electron Microscopy 

Ceils were fixed in the presence of their incubation media by the addition of an equal 

volume of glutaraldehyde (3% w/v) in 0.1 M sodium cacodylate buffer pH 7.4 for 2 hours at 

room temperature. Subsequently, samples were processed on-site by the Biomedical 

80 



Imaging Unit. 

2.12. Purification of 4-1BB-hFc Fusion Protein 

CH0-4-1BB-tiFc cells were grown in GMEMS containing 25 jjM methionone sulfoximine, 

supernatants collected and run through a 10 ml protein A column. Columns were 

subsequently washed in approximately 2 litres of 40 pM Tris.HCI/ 2mM EDTA (pH 8.0), 

prior to eluting the fusion protein using 1 ml 0.1 M glycine/2ml\/l EDTA (pH 3) and protein 

estimation by ELISA against hFc (see standard protocol above). 

2.13. Statistical Analysis 

In many of the in vivo experiments performed a single animal has been used per day in 

each treatment group tested, hence negating the possibily of accurate quantitative analysis 

and restricting the analysis of the data to qualitative changes over time. In the case of 

figure 3.18, the x^ test was applied to the therapy data using the programme Peto [459a]. 
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Results 

3. Characterisation of Anti-Tumour CTL in vivo 

3.1. Introduction. 

Agonist mAbs directed against CD40 (e.g., 3/23, FGK-45) have been shown 

experimentally to be particularly effective in eliciting tumour regression when compared to 

a range of other mAbs such as anti-CD22, anti-CD19 and anti-Id (figure 3.1., next page) 

[2], Anti-CD40-mediated immunotherapy has largely been studied in models of CD40^ 

lymphomas (e.g., A31, BCL1; see below) [2, 460, 461], but is also effective in eradicating 

EL4 thymoma [2] and carcinoma (CMT93) [462], as well as other CD40-negative tumours 

[110, 463]. Unusually, the efficacy of CD40-targeted immunotherapy is best observed 

when administering mAb to animals bearing relatively high tumour loads such that, in the 

case of lymphoma, approximately 10 % of splenic lymphocytes constitute tumour cells; this 

may be achieved either by inoculating animals with a small number of tumour cells and 

delaying mAb treatment (e.g., 1x10^ lymphoma i.v., 0.25 mg anti-CD40 days 14-17 

following tumour injection), or treating early after inoculating with a relatively large number 

of tumour cells (e.g., 5x10^ lymphoma i.v., 0.25 mg anti-CD40 2-5 days thereafter). Thus, 

immunotherapy of tumours achieved by treatment with anti-CD40 contrasts with 

prophylactic vaccination or vaccination in situations were only minimal tumour is present. 

The observation that anti-CD40-mediated immunotherapy is dependent upon the presence 

of a substantial tumour burden at the time of treatment is consistent with a requirement for 

an active immune response against weak or limited TAA(s). Indeed, CD40-targeted 

immunotherapy of lymphoma is ineffectual in immunocompromised SCID mice unless 

these animals are reconstituted with lymphocytes from wild-type littermates [2]. 

Additionally, animals that have gone into remission following immunotherapy with anti-

CD40 are resistant to subsequent challenges with the original tumour line, i.e., 

immunological memory directed against TAA(s) has been established. Again, this 

mechanism of action is in contrast to other mAbs such as anti-idiotype and anti-CD19 

which operate by signalling grovrth arrest and by the recruitment of effector systems 

respectively. Recently however, other mAbs such as anti-OX40 and anti-4-1BB have been 
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shown to affect tumour regression via the initiation or bolstering of an anti-tumour immune 

response [3, 4, 164-167, 422, 452] (see Table 7). 
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Figure 3.1. Immunotherapy of BCL1-Bearing IVIice with Rat mAbs. 

Groups of five age-matched BALB/c mice received 5x10^ BCL1 cells by i.v. injection on 

day 0 and, 4 days later, Img of rat mAb directed against the antigens shown. This figure 

does not form part of the work conducted for this thesis, but is adapted from [461]. 

Consistent with the notion that anti-CD40 operates by actively evoking an immunological 

response, administration of blocking mAbs directed against IFNy, LFA-1, B7.1, or B7.2 

eliminates therapeutic activity [460] and, furthermore, both IL-12 p40 and IFNy transcripts 

are detectable within splenocytes harvested from tumour-bearing mice following anti-CD40 

injection [2]. Additionally, mAb-mediated depletion studies have demonstrated that CD40-

directed immunotherapy of A31 and BCL1 lymphomas is dependent on CD8* cells, 

presumably CTL, but is independent of CD4* helper T-cells [2], These findings are 

consistent with the studies of Diehl et al. [110, 419] who demonstrated that anti-CD40 can 

replace the requirement for CD4* help (either in CD4-depleted or class-ll knock-out 

animals) during the cross-priming of Ad5E1-specific CTL against Ad5E1-expressing 

transformed mouse embryo cells via the activation of DCs (see Chapter 1). Indeed, anti-

CD40 induces a rapid expansion of CD8* lymphocytes (beginning typically within 3 days 
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following injection) in tumour bearing mice and this expansion is associated with the 

development of cytotoxic activity directed against the tumour that is detectable directly ex-

vivo by chromium release assay [2]. Interestingly, during anti-CD40-induced eradication of 

BCL1 lymphoma, CTL assessed in this way display cross-reactivity against A20 

lymphoma, thereby suggesting that these lymphomas share TAA(s). Indeed, animals in 

remission following treatment of BCL1 with anti-CD40 are refractory to challenge with A20, 

thus demonstrating that these shared TAA(s) are able to act as TRA(s) in vivo. 

Table 7. Anti-Tumour Activity of Co-stimulatory iVIoiecuies. 

Receptor Treatment IVIodei Result Reference 

4-1BB Murine colon carcinoma and lymphoma, 
treated with anti-4-1BB mAb 

Complete rejection of tumours 
mediated by CD4* and CDS'" T-cells, 
protection from re-challenge 

[5] 

Murine sarcoma and mastocytoma, 
treated with anti-4-1BB mAb 

Eradication of tumours mediated by 
CD4* and CD8* T-cells, induction of 
immunity 

[4] 

Peptide and anti-4-1 BB mAb vaccination 
against transformed epithelial line, 
melanoma, and lung carcinoma 

Regression of tumours due to 
breaking immunological ignorance 

[167] 

OX-40 Murine melanoma, sarcoma, breast 
cancer, and colon carcinoma; treatment 
with 0X40 ligand fusion protein or anti-
OX-40 mAb. 

T-helper independent CD8* CTL 
response, which eradicates 
lymphoma and provides protection 
from re-challenge. 

[452] 

CD28 Murine melanoma, transfection with B7 Rejection of transfected melanoma 
mediated by CD8* T-cells and 
protection against re-challenge with 
parental strain 

[464] 

Murine colon carcinoma, blockade of 
CTLA-4 using mAbs 

Rejection of B7-negative tumours 
resulting in immunological memory 

[465] 

CD27 Murine fibrosarcoma and mammary 
adenocarcinoma, vaccination using 
irradiated tumours transfected with CD27 
ligand {CD70) 

Promotion of anti-tumour immunity; 
synergisitic with B7.1 transfection 

[466] 

HVEM Murine mastocytoma, intratumoural 
LIGHT-encoding DNA vaccination. 

Tumour rejection accompanied by 
tumour-specific CTL activity, 
dependent on CD4* and CDS* T-cells; 
protection against re-challenge 

[467] 

In order to further elucidate the mechanism by which anti-CD40 induces tumour 

regression, we have chosen here to broaden the characterisation of anti-tumour CTL 

generated in vivo during immunotherapy induced by this mAb. In this regard, our aim was 

to demonstrate that anti-CD40 evokes CTL proliferation at the site of tumour and that these 

CTL are of a classical TH1 phenotype displaying competence for migration into sites of 
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inflammation and cytotoxicity directed against the tumour present. Additionally, the 

dependency of this response on co-stimulation via 4-1BB/4-1BBL interactions was 

specifically assessed. 

3.2. Materials and Methods. 

Unless otherwise indicated, BCL1 or A31 lymphomas were isolated from splenocytes of 

animals at the terminal stage of disease as described in Chapter 2. 5x10^ lymphoma cells 

were injected i.v. followed by 1 mg of anti-CD40 when tumour represented between 2 and 

10 % of the splenic lymphocytes; due to slight differences in the growth rate of these two 

lymphomas this was typically day 3 following tumour inoculation in the case of A31, while 

BCL1-bearing animals were treated 4 days after primary tumour challenge. 

Surface expression of antigens by lymphocytes during immunotherapy was assessed by 

FACS analysis - 1x10® splenocytes were incubated with 1 pg of fluorescenated mAb at 4°C 

for 15 minutes, followed by washing in PBS-BSA-Azide prior to acquisition on a FACScan 

or FACSCalibur. 5-Bromo-2-deoxyuridine incorporation was used to assess CTL 

proliferation in vivo by administering 2 mg of BrdU i.p. 1 hour before cell preparation and 

surface antigen staining. 1x10® stained ceils were then fixed overnight in 1 mi of 1 % 

formaldehyde and subsequently exposed to 50 Kunitz units of DNAse 1 for 1 hour at 37 °C 

before being washed and re-suspended in 0.2 % Tween-20. Each sample was then 

stained (4°C for 30 minutes) for BrdU incorporation using a PE-conjugated anti-BrdU mAb, 

washed in PBS-BSA-Azide and analysed by FACS. Where analysis of DNA content was 

required, 7AAD at a final concentration of 2 pg/ml was added to the sample to be 

examined 15 minutes before acquisition. 

Typically, CTL activity was assessed prior to tumour eradication as anti-tumour CTL are 

rapidly eliminated following tumour regression. Thus, in order to prevent in vitro quenching 

of CTL activity, removal of residual tumour from within splenocytes preparations was 

performed using MACS - samples were labelled with FITC-conjugated anti-idiotype as for 

FACS, washed in CM at 37 °C and conjugated to anti-FITC microbeads as per 
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manufacturer's instructions. Samples were then washed in PBS/BSA/EDTA and separated 

on pre-equilibriated LS columns. Negative fractions were assessed for cytotoxic activity 

using a standard chromium release assay (see below). CD8* lymphocytes for cDNA 

preparation and subsequent RT-PCR, as well as 4-1BB-positive and -negative 

splenocytes for cytotoxic assays, were purified using FITC-conjugated anti-CD8 and anti-4-

1BB (L0B12) respectively. 

Briefly, standard chromium release assays involved 1x10® ®^Cr-labelled piBCLI, A20 or 

YAC cells in 100 pi being plated in U-bottomed 96-well plates against 50 pi of the indicated 

effector cells at the required density and 50 pi of media contained blocl<ing mAb to a final 

concentration of 50 pg/ml (if required). After brief centrifugation at 700 rpm for 3 minutes, 

samples were incubated at 37 °C for 4 hours, cells pelleted, and 100 pi of supernatant 

assessed for ®^Cr content on a y scintillation counter. Maximal ®^Cr release was assessed 

under detergent lysis and the percent target cell lysis induced by each test sample 

calculated using the equation detailed in Chapter 2. 

In order to visualise mRNA transcripts within CTL during immunotherapy, cDNA was 

prepared from MACS-purified CDS'" lymphocytes and RT-PCR performed as detailed in 

Chapter 2. Similarly, ELISA was used to visualise IFNy secretion as detailed in Chapter 2. 

A 4-1BB-hFc construct was used to inhibit 4-1BB-4-1BBL interaction in vivo and was 

isolated from CHO transfectant supernatant - briefly, CH0-4-1BB-hFc cells were grown in 

GMEMS containing 25 pM methionone sulfoximine and supernatants run through a 10 ml 

protein A column. Subsequently, columns were washed in approximately 2 litres of 40 pM 

Tris.HCI/ 2mM EDTA (pH 8.0), prior to eluting the fusion protein using 1 ml 0.1 M 

glycine/2mM EDTA (pH 3) and protein estimation by ELISA. Anti-4-1BBL (3H3) was a kind 

gift from Dr. Robert Mittler. 
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3.3. Results. 

3.3.1. Kinetics of Tumour Eradication and CTL Expansion. 

As an introduction, figure 3.2 depicts the typical kinetics of lymphoma eradication and CTL 

expansion following administration of anti-CD40; CBA/H mice were inoculated with 5x10^ 

A31 i.v. and treated 3 days later with 1 mg of 3/23 i.v.. Control animals received identical 

doses of either A31 or anti-CD40 alone. Individual animals were culled on the days 

indicated and splenocytes assessed for Id or CDS expression by FACS. 

Figure 3.2 (a) shows the total number of splenocytes expressing either Id or CDS from 

each group, while figure 3.2 (b) shows the percentage of Id"" splenocytes from animals 

having received either A31 alone or both A31 and anti-CD40. As can be seen in panel (a), 

following an initial lag phase after anti-CD40 administration between days 4 and 6, during 

which the lymphoma continues to grow normally, tumour cells were abruptly eradicated 

between days 6 and 8. Similarly, following an initial lag phase between days 4 and 5, 

CDS* lymphocytes expanded profoundly in tumour-bearing animals in response to anti-

CD40 administration, thus explaining the difference in the percentage of Id* cells seen 

between anti-CD40-treated and untreated animals on day 6 (panel (b)). This accumulation 

of CDS* lymphocytes rapidly dissipated following tumour regression between days S and 9. 

During this time, only minor increases in the total number of CDS* lymphocytes taken from 

animals that have received either tumour or anti-CD40 alone were observed. 

These data bolster the notion that anti-CD40 induces tumour eradication by initiating or 

boosting an existing anti-tumour CDS* T-cell response resulting in the generation of class-l-

restricted anti-tumour CTL that are subsequently removed following tumour eradication 

presumably because of antigen withdrawal (Chapter 1). Indeed, these data are in contrast 

to the kinetics of tumour growth arrest observed after treatment of A31 with anti-id - this 

mAb induces growth arrest rapidly following injection, but is unable to eliminate the tumour 

over a period of 5 to 6 days [461]. 
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3.3.2. Lymphocyte Population Kinetics During Immunotherapy. 

We wished to observe the changes in the total number of CDS'", CD4'", and Id" CD19^ 

lymphocytes during anti-CD40-induced immunotherapy of both A31 and BCL1 in order to 

ascertain differences in these populations when administering anti-CD40 and lymphoma 

separately or in combination. CBA/H or BALB/c mice were inoculated i.v. with 5x10^ A31 

or BCL1 respectively and subsequently treated 4 days later with 1 mg of 3/23 i.v.. Control 

animals received identical doses of either lymphoma or anti-CD40 alone. Individual 

animals were culled on the indicated days and splenocytes assessed for Id, CD19, CD4 or 

CDS expression by FACS. 

Figure 3.3 shows the total number and percent representation of CDS"", CD4* and CDIQ'^ld" 

splenocytes during immunotherapy of A31 and the appropriate control groups. As can be 

seen, the percentage of splenocytes representing each of these populations diminished 

steadily in animals that received A31 alone, thereby reflecting the predominance of 

lymphoma growth in untreated animals. Nonetheless, as can be seen in panel (a) and (b), 

the total number of CD4* and CDS* lymphocytes increased in response to both A31 

inoculation and anti-CD40 administration alone, notably when splenocytes were examined 

after day 9. In the case of CD4* lymphocytes (panel (b)), this elevation in total numbers 

was largely uneffected by the presence of both A31 and anti-CD40 when compared with 

the presence of tumour alone. Conversely, the expansion of CDS* lymphocytes in animals 

undergoing immunotherapy occurred with accelerated kinetics when compared with this 

event in animals that had received tumour alone (panel (a)). 

In the case of CD19*ld" lymphocytes (panle (c)), as expected, anti-CD40 induced 

proliferation of these B-cells in the absence of tumour, but markedly less so in the 

presence of tumour; this effect may be due to, for example, homeostatic mechanisms 

limiting the number of endogenous B-cells in the presence of a B-cell lymphoma, inhibitory 

factors secreted or induced by the tumour, preferential binding of mAb to the tumour and/or 

limited availability of mAb in the presence of a CD40* lymphoma. Notably, no B-cell 

proliferation was observed in the presence of tumour alone. 
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Figure 3.4 shows the CDS'", CD4^ and CD19''ld' lymphocyte population variations during 

immunotherapy of BCL1. Again, in animals that received tumour alone, the proportion of 

splenocytes representing these endogenous lymphocyte populations decreased over time 

as the lymphoma grew (left hand panels). As was the case with A31 in CBA/H mice, anti-

CD40 induced up to a 10-fold expansion of CD8* lymphocytes in tumour-bearing animals. 

However, in contrast to the administration of A31 or anti-CD40 alone to CBA/H mice, 

administration of either BCL1 or anti-CD40 to BALB/c animals resulted in only a minor 

accumulation of CD8* lymphocytes; nonetheless, up to a 2-fold expansion was observed in 

this model, but this is overshadowed by the expansion of CDS* lymphocytes when both 

BCL1 and anti-CD40 were administered (panel (a)). Also in contrast to the lymphocyte 

population changes observed in the A31 model, CD4* lymphocytes predominantly failed to 

increase in number in response to BCL1 alone, but appeared to do so after day 7 when 

animals received both tumour and anti-CD40 (panel (b)). Furthermore, endogenous B-cell 

proliferation was observed in response to anti-CD40 in both tumour-bearing and naive 

animals, suggesting that, in this case, the dose of anti-CD40 is not limiting. Nonetheless, 

as with A31, no proliferation of B-cells was observed in response to BCL1 alone (panel 

(c)). 

Together, these data regarding CD8* and CD4* lymphocyte numbers during 

immunotherapy of A31 and BCL1 suggest that, consistently, the combination of both 

lymphoma inoculation and anti-CD40 administration results in the expansion of CDS* 

lymphocytes which, as shown in figure 3.2, occurs concurrently with tumour eradication. 

Furthermore, the increase in both CDS* and CD4* lymphocyte numbers in response to 

A31, and to a lesser extent BCL1, alone suggests that these tumours may evoke an 

immune response, but this is ineffectual or inadequate for controlling neoplastic growth. 

This point is examined in Appendix 1. 

The expansion of CD4* and CDS* lymphocytes observed predominantly in CBA/H mice in 

response to anti-CD40 alone may be due to the production of IFNa, and subsequently IL-
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15, which drives antigen-independent proliferation of memory T-cells [252]. Alternatively, 

T-cell expansion in response to anti-CD40 alone may be directed against self-antigens as 

a result of the expansion and activation of B-cells. Indeed, figure 3.3 shows that, upon 

anti-CD40 administration to naive CBA/H mice, B-cell expansion (predominating at day 8 

and 9) proceeds T-cell expansion (peaking at days 10 and 11). Additionally, during pre-

clinical dose-escalation studies using 3/23 both a temporary nephritis and hepatitis have 

been observed (T. Geldart, NAC Proposal). See Chapter 6 for discussion of this point. 

Another possible explanation as to why T-cells expand in response to anti-CD40 alone in 

CBA/H mice is that this mAb binds directly to a subset of CD40^ T-cells; however, the 

ligation of CD40 on T-cells has been reported to enhance the survival of previously 

activated CTLs, thereby augmenting the generation of antigen-specific memory, but has 

not been shown to induce de novo proliferation of memory or naive T-cells [252]. 
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Figure 3.2. CTL Expansion and Eradication of A31 B-cell Lymphoma during Immunotherapy. CBA/H 

mice received 5x10? A31 lymphoma cells i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) mAb i.v. on day 3. On 

days 1 to 9 following tumour inoculation, splenocytes were harvested from single animals in each treatment 

group and stained with FITC-labelled anti-A31 idiotype or FITC-labelled anti-CD8; the total number of CD8+ 

lymphocytes and A31 lymphoma in each of the treatment groups is shown in (a). Marker values represent the 

percentage of gated histogram events. The percentage of A31 lymphoma cells per total splenocyte population 

is summaries in (b). Arrows represent the day of 3/23 administration as in the following figures. These data 

are representative of more than 3 separate experiments. 
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Figure 3.3. Lymphocyte Population Kinetics during Immunotherapy of A31 Lymphoma. CBA/H mice 

received 5x10? A31 lymphoma cells i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) i.v. on day 4. Splenocytes 

were harvested on the indicated days from single animals in each treatment group and stained with FITC-

conjugated anti-CD8 (a), anti-CD4 (b), or anti-CD19 (c). Each panel (a, b, or c) shows either total cell number 

(left) or percentage representation (right). These data are representative of 2 separate experiments. Arrows 

represent the day of 3/23 administration. 
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Figure 3.4. Lymphocyte Population Kinetics during Immunotherapy of BCL1 Lymphoma. BALB/c mice 

received 5x10^ BCL1 lymphoma cells i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) i.v. on day 4. Splenocytes 

were harvested from single animals in each treatment group on the indicated days and stained with FITC-

conjugated anti-CD8 (a), anti-CD4 (b), or anti-CD19 (c). Each panel (a, b, or c) shows either total cell number 

(left) or percentage representation (right). These data are representative of several separate experiments. 

Arrows represent the day of 3/23 administration. 
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3.3.3. Proliferation of CDS* Lymphocytes at the Site of Tumour in Response to anti-CD40 

Next, in order to ascertain whether the increase in CD8* lymphocytes induced by anti-

CD40 in the presence of tumour occurs at the tumour site within the spleen, or whether this 

is due to migration of lymphocytes, in vivo BrdU incorporation was used to visualise the 

proportion of CD8* lymphocytes in S phase during CD40-targeted immunotherapy of BCL1. 

5-Bromo-2-deoxyuridine is an altered nucleotide that, when administered systemically, is 

incorporated into cells that are actively synthesising DNA; hence, upon isolation of these 

cells ex-vivo proliferating cells may be observed by FACS following membrane 

permeablisation and detection of BrdU by a specific fluorescenated mAb. 

Duplicate BALB/c mice were inoculated with 5x10^ BCL1 i.v. and were treated 4 days later 

with 1 mg of 3/23 i.v.. Single control animals received identical doses of either BCL1 or 

anti-CD40 alone. Animals were sacrificed, 1 hour after receiving BrdU, the equivalent of 

24, 48 and 72 hours following anti-CD40 administration. 

As can be seen in figure 3.5, only a minimal proportion (0.1 %) of CD8* lymphocytes were 

in S phase under steady-state conditions (approximately 1 in 1000 cells, panel (a)), 

whereas following tumour inoculation this was consistently elevated to approximately 4 % 

of CDS'" lymphocytes within 5 days. Nonetheless, after anti-CD40 administration, the 

proportion of CD8* lymphocytes present within tumour-bearing animals that are in S phase 

was rapidly increased, reaching 12 % after 72 hours in this experiment. These data are 

summarised in figure 3.6 (a). Additional experiments at the single time point of 72 hours 

following anti-CD40 administration have shown that the proportion of expanding CD8* 

lymphocytes may reach up to 20 to 30 % in animals undergoing immunotherapy of BCL1 

{c.f., figure 3.6 (c)). 

As shown in figure 3.7 (a), BrdU incorporation was associated with the synthesis of DNA, 

as visualised by the increased incorporation of 7AAD following BrdU uptake. Indeed, CD8* 

lymphocytes taken from animals that had received both BCL1 and anti-CD40 

demonstrated far greater DNA synthesis 72 hours following mAb administration (figure 3.7 
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(b)) than CD8* lymphocytes taken from animals having received either anti-CD40 or BCL1 

alone. 

Figure 3.6 (b) shows the forward scatter of CDS* lymphocytes (taken from animals 

undergoing immunotherapy of BCL1 72 hours after anti-CD40 administration) that have 

either incorporated BrdU or not. BrdU'̂  CD8* lymphocytes were clearly larger (as shown by 

an increase in forward scatter) with respect to the BrdU" counterparts, confirming that these 

cells were actively dividing and were likely to be differentiating into effector cells. 

Figure 3.6 (c) summarises the proportion of CDS* lymphocytes in the liver, spleen and 

mesenteric lymph nodes that were in S phase the equivalent of 72 hours following anti-

CD40 injection in the treatment groups indicated. As can be seen, CDS* lymphocytes 

within the liver and the spleen were induced to proliferate in response to anti-CD40 only in 

the presence of tumour. Nonetheless, no proliferation was observed in the lymph nodes 

under these conditions. 

These data therefore indicate that CDS* lymphocytes do indeed proliferate in response to 

the combination of BCL1 and anti-CD40. To a lesser extent, both BCL1 and anti-CD40 

alone are able to induce CDS* lymphocyte proliferation in BALB/c animals despite the 

observation that only minor changes occur in total lymphocyte numbers in response to 

these two stimuli (Figure 3.4 (a)). These observations are therefore consistent with the 

hypothesis that BCL1 initiates an ineffectual T-cell response and that this develops into an 

anti-tumour response following administration of anti-CD40. 

Additionally, CDS* lymphocyte proliferation occurs (at least predominantly) at the site of 

tumour residency, as both the liver and spleen harbour BCL1 within days of inoculation as 

detected by FACS, whereas BCL1 does not spread to the mesenteric lymph nodes until 

the terminal stages of disease (approximately 12 days following i.v. inoculation with 5x10^ 

cells; data not shown). Thus, TAA presentation is likely to occur locally, orchestrated either 

by the tumour itself or by local APCs. 
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described in Chapter 2, (a). Quadrant values represent the 
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BrdU. In (b), BALB/c mice received 5x10^ BCL1 lymphoma 

cells i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) i.v. on 

day 4. Twenty-four to 72 hours following anti-CD40 

administration, animals received 2 mg of BrdU i.p. and, 1 

hours thereafter, splenocytes were stained as above. 
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Figure 3.6. Expansion of CD8+ Lymphiocytes at ttie Site of Lymphoma during Immunotherapy of BCL1. 
BALB/c mice received 5x10^ BCL1 lymphoma cells i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) i.v. on day 4, 

followed by 2 mg of BrdU i.p. 24, 48 or 72 hours thereafter. Splenocytes were harvested 1 hour following BrdU 

administration, stained as in figure 3.6, and the number of CD8+ lymphocytes incorporating BrdU calculated, 

(a). Treatment groups ending in '(1)' or '(2)' represent duplicate animals within the BCL1/anti-CD40-treated 

group. These data are representative of two separate experiments. The forward scatter of BrdU'̂  CD8+ 

lymphocytes taken from tumour-bearing mice 72 hours after anti-CD40 administration is shown in (b). 

Similarly, in (c), at the equivalent of 72 hours following anti-CD40 administration, mesenteric lymph nodes, 

splenocytes and hepatocytes were harvested from duplicate animals treated as in (a), and the proportion of 

CD8+ lymphocytes incorporating BrdU determined within these different tissues. Values represent the average 

of between two animals. 
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3.3.4. Phenotypic Differentiation ofCD8* Lymphocytes into Th1 Effector Cells 

As CDS* lymphocytes are the primary candidates for the anti-tumour effector cells inducing 

lymphoma regression during anti-CD40-mediated immunotherapy, we assessed the 

surface phenotype of CD8* lymphocytes during immunotherapy of both A31 and BCL1 in 

order to confirm that anti-CD40 induces CD8* lymphocyte differentiation in tumour-bearing 

animals. We chose to assess CD62L (L-selectin), CD49d (a4 integrin), and 4-1BB 

expression on CD8* lymphocytes during immunotherapy as the expression of these 

antigens varies during cellular differentiation and they are involved in different aspects of 

lymphocyte function, i.e., migration and proliferation/survival. 

Both CD62L and CD49d are cell adhesion molecules involved in lymphocyte extravasation. 

CD62L is a member of the selectin family of cell adhesion molecules that is able to bind 

with low affinity to anionic oligosaccharide sequences related to sialylated Lewis x via a C-

type lectin domain. CD62L is responsible for the homing of naive lymphocytes to lymph 

nodes and Peyer's patches via high endothelial venules; thus, upon lymphocyte activation, 

CD62L is down-regulated thereby inhibiting lymphocyte re-circulation and promoting the 

retention of lymphocytes at sites of inflammation. CD49d is a constitutively expressed 

integrin that is able to complex with CD29 and p7 subunits to form VLA-4 (a4(31) and a4p7 

integrins respectively. By binding VCAM-1 and CS-1-containing fibronectin, these CD49d-

containing integrins are involved in all stages of lymphocyte-endothelium interaction - initial 

tethering, rolling, and firm adhesion of lymphocytes. Thus, upon lymphocyte differentiation 

towards terminal effector cells, CD49d is up-regulated. 

CBA/H or BALB/c mice were inoculated intravenously with 5x10^ A31 or BCL1 respectively 

and treated 4 days later with 1 mg of 3/23 i.v.. Control animals received identical doses of 

either lymphoma or anti-CD40 alone. Individual animals were culled on the indicated days 

and splenocytes assessed for CD8 as well as CD49d and CD62L expression by FACS. 

Data regarding 4-1 BB expression by CD8* lymphocytes during immunotherapy is 

discussed in section 3.2.7. 
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Figure 3.8 shows the expression of CD49d (panel (a)) and CD62L (panel (b)) on CD8* 

lymphocytes on the equivalent of day 8 and 12 following tumour challenge during 

immunotherapy of A31, while figure 3.9 summaries these data until day 12 following 

tumour inoculation. Similarly, figure 3.10 shows the equivalent summary of data obtained 

during immunotherapy of BCL1; panel (a) and (b) of this figure represent data from 

different therapies. 

As can be seen in figure 3.8 (a), on the equivalent of day 8 following initial tumour 

challenge, CD49d expression was up-regulated on CD8* lymphocytes in response to both 

A31 and anti-CD40 alone with respect to the naive control. This effect was augmented on 

day 8 in animals that have received both tumour and anti-CD40, but this was only on day 8 

and was not so on days 5 to 7 (figure 3.9 (a)) - the percentage of CD49d'^' CD8* 

lymphocytes was identical on days 5 to 7 in animals that have either received A31 alone or 

both A31 and anti-CD40. Similarly, the percentage of CD62L'° CD8^ lymphocytes was 

comparable in these two treatment groups (figure 3.9 (b)). Notably, following tumour 

eradication in animals that had received A31 and anti-CD40, the percentage of both 

CD49d^' and CD62L'° CD8* lymphocytes diminished, whereas in untreated tumour-bearing 

animals the proportion of CD49d'" and CD62L'° CD8* lymphocytes continued to increase 

(figure 3.8 (a) and (b), day 12; figure 3.9 (a) and (b), days 10 to 12). Furthermore, the 

proportion of both CD49d'^' and CD62L'° CD8* lymphocytes in animals that had received 

anti-CD40 alone continued to increase until day 10 (figure 3.9). 

Similarly, as can be seen in figure 3.10, both BCL1 and anti-CD40 alone were able to 

induce the up-regulation of CD49d and the down-regulation of CD62L on CD8* 

lymphocytes, albeit to a lesser extent than in the A31 model. However, in contrast to the 

immunotherapy of A31, the presence of both BCL1 and anti-CD40 augmented the 

proportion of CDS* lymphocytes displaying a CD49d'^'/62L'° phenotype. Similarly, however, 

following lymphoma regression, the percentage of CD49d'" CD8* lymphocytes decreased 

towards naive levels (figure 3.10 (a)), but continued to increase in untreated tumour 

recipients. 
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As can be seen in figure 3.9, the total number of both CD49d^' and CD62L'° CDS* 

lymphocytes was elevated in animals undergoing immunotherapy of A31 prior to a similar 

response in animals that had received A31 or anti-CD40 alone. In contrast, in the BCL1 

model, maximal accumulation of either CD49d^' or CD62L'° CD8* lymphocytes only 

occurred in animals that had received both tumour and anti-CD40 (figure 3.10). 

These data suggest that both BCL1 and A31 lymphomas alone are able to initiate CDS* T-

cell differentiation, at least as regards competence for migration towards sites of 

inflammation, and that this is only augmented by anti-CD40 in the case of BCL1, but not 

A31. Interestingly, Hernandez et al. demonstrated that CD8* lymphocytes undergoing 

peripheral deletion do not up-regulate CD49d and are deficient in their ability to down-

regulate CD62L ([317]; see discussion, section 3.3). Thus, these data are consistent with 

the hypothesis that the CD8* lymphocyte differentiation observed in response A31 or BCL1 

does not represent differentiation in response to self-antigen prior to peripheral deletion. In 

addition to this, it is clear (especially in the A31 model) that the administration of anti-CD40 

to tumour-bearing animals accelerates this endogenous response, perhaps preventing 

'exhaustion' of CTL. The differentiation of CD8* lymphocytes in response to anti-CD40 

alone may be directed against self-antigen, as will be discussed in Chapter 6. 

As concluded in section 3.2.1, these data show further that A31 is able to induce CD8* 

lymphocyte proliferation to a greater extent than BCL1, but that this occurs more rapidly 

when anti-CD40 is administered. In contrast, the combination of BCL1 and anti-CD40 

consistently results in a far greater expansion of 'activated' CD8* lymphocytes than is 

observed when either anti-CD40 or tumour is present. These data are therefore consistent 

with the hypothesis that anti-CD40 augments a pre-existing immunological response 

largely by providing proliferative and/or survival signals to CD8* lymphocytes, possibly by 

inducing co-stimulatory ligands (e.g., B7, 4-1BBL), co-stimulatory receptors (4-1BB, CD27) 

and/or cytokines (lL-12, -2, -15), and that this results in either a greater or quicker 

accumulation of anti-tumour CTL than in untreated tumour recipients. 
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3.3.5. CD8^ Lymphocyte Responsiveness to Tumour Alone 

As an aside, we wished to assess the specificity of the CD8* lymphocyte expansion and 

differentiation observed in response to A31 and BCL1 alone, as well as to establish 

whether this occurs in response to the T-lymphoma TEN-1 which does not respond to anti-

CD40 in vivo. Thus, CBA/H mice received either 5x10^ A31 or naive CBA splenocytes i.v., 

whereas BALB/c mice received 5x10^ BCL1, TEN-1, or naive BALB/c splenocytes i.v. 

Eight days following this injection, splenocytes were harvested from recipient animals, or 

naive littermates. The time-point of 8 days following inoculation was chosen as this 

generally corresponds to the time at which maximal CD8* lymphocyte expansion is seen if 

anti-CD40 is administered to tumour-bearing animals, thereby providing a comparison. 

As can be seen in figure 3.11 (a), CD8* lymphocyte expansion was observed in response 

to A31, BCL1 and TEN-1, but did not occur when naive splenocytes were administered to 

either CBA/H or BALB/c mice. The expansion on CD8* lymphocytes in response to A31, 

BCL1 and TEN-1 was 4.6-, 2.1- and 2.7-fold respectively, as compared with the number of 

CD8* lymphocytes in naive littermates; these data were confirmed by the incorporation of 

BrdU into CD8^ lymphocytes as early as days 2 to 4 following inoculation with either A31, 

BCL1, or TEN-1 (figure 3.12). Interestingly, little accumulation of CD8* lymphocytes was 

observed in to A31 within the first 4 days after inoculation (figure 3.12), thereby suggesting 

that, in this model, proliferative signals precede the up-regulation of anti-apoptotic 

molecules in order to effect CD8* lymphocyte accumulation. 

CD8* lymphocytes additionally expressed 4-1BB in response to A31 and BCL1 (see 

section 3.3.8/.9), but not in response to TEN-1 or administration of naive splenocytes; this 

pattern was reflected in the expression of CD49d, which was effectively up-regulated in 

response to A31 and BCL1, less so in response to TEN-1, and not at all in response to an 

injection of splenocytes. The expression of CD25 acted as a negative control in these 

experiments, as no expression was observed in response to any of these stimuli. These 

data were confirmed by the assessment of CD49d and CD62L expression on CD8^ 

lymphocytes in animals that were at the terminal stage of disease, as induced by 
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Figure 3.9. Kinetics of CD8+ Lymphocyte Activation as assessed by CD49d and CD62L Expression 

during Immunotlierapy of A31. CBA/H/H mice received 5x10^ A31 lymphoma cells i.v. on day 0 and/or 1 

mg of anti-CD40 (3/23) i.v. on day 4. As shown in figure 3.8, splenocytes were harvested on the indicated days 

from single animals in each treatment group and stained with PE-conjugated anti-CD8 and either FITC-

conjugated anti-CD49d (a) or FITC-conjugated anti-CD62L (b). These data are representative of two separate 

experiments. Arrows represent the day of 3/23 administration. 
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Figure 3.10. Kinetics of CD8+ Lympliocyte Activation as assessed by CD49d and CD62L Expression 

during Immunotherapy of BCL1. BALB/c mice received 5x10^ BCL1 lymphoma cells i.v. on day 0 and/or 1 

mg of anti-CD40 (3/23) i.v. on day 4. Splenocytes vjere harvested on the indicated days from single animals in 

each treatment group and stained with PE-conjugated anti-CD8 and either FITC-conjugated anti-CD49d (a) or 

FITC-conjugated anti-CD62L (b). These data are representative of two separate experiments. Arrows 

represent the day of 3/23 administration. 
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Figure 3.11. Endogenous CD8+ Lymphocyte Responsiveness to A31, BCL1 and TEN-1. Duplicate naive 

BALB/c mice received either 5x10^ TEN-1, BCL1, or BALB/c splenocytes, whereas naive CBA/H mice 

received either 5x10? A31 or CBA/H splenocytes i.v. on day 0; splenocytes were harvested from recipient 

animals and naive littermates on day 8. Subsequently, splenocytes were stained with FITC-conjugated anti-4-

1BB (L0B12), -CD49d, or -CD25, and PE-conjugated anti-CD8, and the percentage of CD8+ lymphocytes 

determined (a). Naive BALB/c or CBA/H mice received 5x10? BCL1 or A31 i.v. respectively. At the terminal 

stage of disease (approximately 12 days following tumour inoculation), splenocytes were harvested and 

stained with APC-conjugated anti-CD8a as well as FITC-conjugated anti-CD49d, -CD62L (solid grey 

histograms), or an irrelevant mAb (open histograms); CD8+ lympocytes were gated and CD49d and CD62L 

expression assessed, (b). 
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administration of A31 or BCL1 (figure 3.11 (b)) - approximately 71 % of CD8* lymphocytes 

in such animals demonstrated an 'activated' CD49d^' CD62L'° phenotype. 
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Figure 3.12. 

Proliferation of CDS* Lymphocytes in Response to A31, BCL1 and TEN-1. 

CBA/H mice received 5x10^ A31 i.v., while BALB/c mice received 5x10^ TEN-1 or BCL1 i.v. 

on day 0. On days 1 to 4 following tumour inoculation, animals received 2 mg BrdU i.p. 1 

hour prior to the harvesting of splenocytes. Subsequently, splenocytes were stained with 

PE-conjugated anti-BrdU and APC-conjugated anti-CD8a. Values shown represent the 

mean calculated between duplicate animals. 

Together, these data demonstrate that CD8* lymphocytes accumulate and differentiate, 

importantly, in a tumour-specific fashion and, therefore, that these tumours present 

antigens that are either unique or expressed at elevated levels with respect to normal 

tissue. Furthermore, this effect differs in magnitude in response to the different tumours 

studied here, with A31 inducing the greatest accumulation of CD8* lymphocytes, and TEN-

1 inducing the least. 

3.3.6. Anti-Tumour Cytotoxicity and Th1 Phenotype of CTL 

In order to confirm that anti-CD40 does indeed promote the production of THi-iike class-l-

restricted CTL in tumour-bearing animals, and to examine these cells further, we assessed 
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the cytotoxic capacity of these cells during immunotherapy using a standard chromium 

release assay in the presence or absence of bloct(ing antibodies directed against, for 

example, class-l, CDS and LFA-1. In addition, CD8* lymphocytes were removed from 

animals during immunotherapy and, subsequently, transcripts encoding proteins classically 

involved in TH1 effector function (IFNy and perforin) and differentiation (IL-12 receptor and 

T-bet) visualised. The production of T-bet (T box expressed in T-cells) transcripts was 

investigated as this transcription factor is induced by IFNy and is responsible for mediating 

IFNy expression by T-cells [468]. Furthermore, T-bet induces the expression of the IL-12 

receptor p2 chain, thus promoting the differentiation of uncommitted naive T-cells towards 

a TH1 phenotype [469]. Indeed, ectopic expression of T-bet in CD4* TH2 cells permits IFNy 

expression following PMA-iononmycin stimulation simultaneously with TH2 cytokine 

production (lL-4, -5, and -10) [469]. 

For the cytotoxicity assays, duplicate BALB/c mice were inoculated with 5x10^ BCL1 i.v. 

and treated 4 days later with 1 mg of 3/23 i.v.. Splenocytes were harvested on the 

indicated days following anti-CD40 administration, residual tumour removed by MACS with 

anti-ld-coated microbeads, and the cytotoxicity of the residual splenocytes assessed 

against piBCLI, A20 and YAC cells. When assessing the production of mRNA transcripts 

by CD8* lymphocytes during immunotherapy of BCL1, animals received lymphoma and 

anti-CD40 as above and, additionally, control animals received identical doses of either 

BCL1 or anti-CD40 alone. Individual animals were culled on the days indicated, CD8^ 

splenocytes purified by MACS with anti-CD8-coated microbeads, and cDNA prepared from 

1x10^ of these cells. As a positive control, cDNA was prepared from an anti-plBCLI CTL 

line (Line A) 1 day following re-stimulation with tumour and IL-2 (see Chapter 5). 

As can be seen in figure 3.13, only splenocytes taken from animals that had received both 

BCL1 and anti-CD40 developed noticeable cytotoxic activity directed against BCL1 after 

120 hours following anti-CD40 administration, i.e., at the maxima of the CD8* lymphocyte 

response in this experiment. Furthermore, this activity was completely blocked by anti-

CD8, confirming the presence of CD8* CTL. As expected, anti-CD40 increased NK cell 
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Figure 3.13. Acquisition of Anti-Tumour Cytotoxic Activity Over Time Following anti-CD40 Administration. Duplicate BALB/c mice received 5x10? BCL1 

lymphoma cells i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) i.v. on day 4. On the equivalent of 48 to 120 hours following anti-CD40 administration, splenocytes were 

harvested, residual tumour removed by MACS directed against BCL1 idiotype, and the remaining splenocytes assayed for cytotoxic activity against piBCLI (in the 

presence or absence of 50 pg/ml anti-CD8) and YAC cells at an effector-to-target ratio of 100:1. As a control, naive splenocytes were also assayed for cytotoxic 

activity against the same targets after the equivalent manipulation. These data are represent one of two separate experiments. Values represent means from 

duplicate mice assayed in triplicate, while error bars represent standard deviation in these data. 

o 
(D 



activity as seen when comparing YAC cytolysis at 48 and 72 hours following anti-CD40 

administration with cytolysis of YAC cells achieved when using splenocytes from naTve 

animals [470]. Interestingly, YAC cytolysis was also consistently elevated by the presence 

of tumour, as compared to naTve controls. 
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Figure 3.14. NK-mediated anti-BCL1 Cytotoxicity in Response to Cell Injection. 

Naive BALB/c mice received 5x10^ BCL1, 5x10^ naive BALB/c splenocytes, 200 jxl PBS, or 

200 |il sterile saLine i.v. on day 0. Splenocytes were harvested from recipient or naive 

animals on day 3 following inoculation and, subsequently, tumour cells removed using anti-

BCL1-FITC MACS beads. The residual cells were assayed for cytotoxicity against YAC 

and piBCLI cells by standard chromium release assay at an effector-to-target ratio of 

100:1. 

In order to assess whether the elevated cytolysis of YAC by NK cells resulted from the 

administration of cells (i.e., tumour or splenocytes), and not from the injection of 

contaminants, duplicate BALB/c mice were injected with BCL1 or naive splenocytes as 

above, or with PBS or sterile saline. As can be seen in figure 3.14, the injection of either 

naive splenocytes or BCL1 resulted in the elevation of YAC cytolysis by NK cells as before, 

but this effect was not observed with PBS or sterile saline. These data therfore 

demonstrate that murine NK cells develop cytotoxic activity following intravenous injection 

of syngeneic cells, and not solely in response to tumour injection. As changes in the DC 
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(see Chapter 4) and CD8* lymphocyte compartments occur specifically in response to 

tumour administration, it seems unlil<ely therefore, that the activation of NK cells affects 

these responses. 

Figure 3.15 (a) depicts the cytotoxic activity of splenocytes, following tumour removal, 

harvested from tumour-bearing animals 3 days after anti-CD40 administration (at the peak 

of the CD8* lymphocyte response in this experiment). Again, splenocytes assessed at this 

time-point following anti-CD40 injection displayed cytotoxic activity against piBCLI and 

YAC, as well as A20 cells. The cytotoxic activity directed against piBCLI was inhibited by 

the addition of blocking mAbs directed against Kd, lCAM-1, LFA-1, 87.1, and CD8 (figure 

3.15(b)). 

These data therefore confirm that class-l-restricted CD8^ lymphocytes develop anti-tumour 

CTL activity following exposure to both BCL1 and anti-CD40, and that this is directly 

detectable ex-vivo at the maxima of the CTL response. The elevated NK cell activity 

observed in response to anti-CD40 has been attributed to both IL-12 and IFNy production 

from APCs following systemic administration of this mAb [470]. 

Panel (c) of figure 3.15 shows the expression of the mRNA species induced within CD8* 

lymphocytes in the treatment groups shown. Both CD8* lymphocytes extracted from 

animals undergoing immunotherapy with anti-CD40 (lane 2) and Line A CTL (lane 4; 'Line 

A' is an in vitro generated anti-piBCL1 CD8* T-cell line, see Chapter 5) expressed 

transcripts encoding IFNy, and this was reflected in the elevated expression of mRNA 

encoding T-bet and both chains of the IL-12 receptor complex in these cells. Similarly, 

CD8* lymphocytes from animals undergoing immunotherapy expressed the highest 

number of transcripts encoding perforin, even when compared to in vitro generated CTL. 

Furthermore, CDS'" lymphocytes from animals having received only BCL1 did not express 

transcripts encoding perforin, IFNy, or either of the IL-12 receptor chains, but did contain 

mRNA encoding T-bet. Notably, transcripts encoding IL-10 were not detectable in any of 

the tested samples. Unexpectedly, CD8* lymphocytes from animals having received just 



anti-CD40 appeared to express IFNy, as well as low levels of mRNA encoding T-bet, 

perforin and tlie IL-12 receptor subunits, as compared to CD8* lymphocytes from animals 

undergoing immunotherapy. These data contained in figure 3.15 (c) do however require 

an addition control of mRNA extracted from naive animals before any firm conclusions can 

be drawn. 

These data confirm that CD8* lymphocytes are induced to differentiate towards a TH1 

phenotype in the presence of tumour and anti-CD40. Furthermore, the acquisition of a 

CD49d'^'CD62L'° phenotype and limited proliferation of CD8* lymphocytes in response to 

BCL1 alone is not associated with the marked expression of mRNA encoding perforin or 

IFNy (despite the expression of T-bet), and this may offer an explanation for the 

ineffectiveness of this response. Interestingly, this may not be the case in animals that 

have received anti-CD40 alone, but the finding that CD8* lymphocytes from these animals 

express IFNy may be attributed to contamination by CDS" cells (see figure legend for 

percent purity). Notably, the lack of mRNA encoding IL-10 in lanes 1 and 2 suggests that 

no contaminating tumour was present at the time of cDNA preparation, as BCL1 is known 

to produce IL-10 both in vivo and in vitro ([2] and unpublished observations). 

3.3.7. Generation of Tumour-specific T-cell Memory 

In order to confirm that the CTL response evoked in response to anti-CD40 in the presence 

of tumour generates T-cell memory that protects against future tumour inoculation, we 

harvested splenocytes from animals in remission following immunotherapy of either A31 or 

BCL1 and, subsequently, assessed the production of IFNy from these cells following co-

culture with the appropriate tumour. 

As can be seen in figure 3.16 (a) and (b), splenocytes taken from animals 20 to 60 days 

following immunotherapy produced IFNy in response to the original tumour in a titratable 

fashion. Tumour-independent IFNy production was observed from splenocytes taken from 

CBA/H mice having received A31 and anti-CD40 (panel (a)); this is shown by the 

production of approximately 1 ng/ml IFNy in the absence of A31. Interestingly, far less 
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IFNy production was observed from splenocytes taken from animals having undergone 

immunotherapy of BCL1 when these cells were co-cultured with A20, rather than piBCLI 

(note different axis). 

These data therefore confirm that anti-CD40 generates an anti-tumour T-cell response that 

results in the establishment of protective T-cell memory. Importantly, intracellular staining 

has confirmed that CD8* lymphocytes are responsible for IFNy production in this system 

(French RR, unpublished observations). Interestingly, despite the fact that animals having 

undergone immunotherapy of BCL1 are refractory to challenge with A20 [460], these data 

suggest that only a minor proportion of BCL1-reactive T-cells are cross-reactive with A20, 

but this is sufficient to convey cross-protection in vivo. 
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Figure 3.15. Acquisition of anti-Tumour Cytotoxic Activity and T^1 Phenotype by CD8+ Lympliocytes 

during Immunotherapy of BCL1. BALB/c mice received 5x10^ BCL1 lymphoma cells i.v. on day 0 and 1 mg 

of anti-CD40 (3/23) i.v. on day 4. Three days following anti-CD40 administration, splenocytes were harvested 

from a single animal, residual tumour removed by MACS, and the remaining splenocytes assayed for cytotoxic 

activity against piBCLI, A20 and YAC cells, (a). Cytotoxicity (effectortarget ratio = 50:1) directed against 

piBCLI was assessed in the presence of mAbs (to a final concentration of 50 pg/ml) directed against the 

antigens shown, (b). Mean and standard deviation are based on triplicate assay measurements. These data 

are representative of three separate experiments. In (c), BALB/c mice received 5x10? BCL1 lymphoma cells 

i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) i.v. on day 4. Subsequently, CD8+ lymphocytes were removed 

from splenocytes the equivalent of 3 days following anti-CD40 administration by MACS, cDNA prepared from 

1x105 of these cells and RT-PCR performed as described in Chapter 2. CD8+ lymphocyte purity was 94.6, 

95.8, and 77.2 % for BCL1-, BCL1/anti-CD40-, and anti-CD40-treated mice respectively. Lanes: 1, BCL1 

alone; 2, BCL1/anti-CD40; 3, anti-CD40; 4, CTL Line A (an anti-piBCLI CTL Line generated in vitro] day 1 

post-restimulation - see Chapter 6); 5, no cDNA. 

114 



(a) - Naive 

-A31-treated (1) 

-A31-treated (2) 

20 40 60 

Hours in Culture 

80 0 2 4 6 8 10 

Number of A31/well (xlO"^) 

(b) 

cn 
c 

20 40 60 

Hours in Culture 

80 

Number of piBCLI/well (x10 ) 

-O—Nai\e 

-D— BCL1-treated (1) 

-A— BCL1-treated (2) 

0 2 4 6 8 10 

Number of A20/well (x10'*) 

Figure 3.16. Anti-CD40 Generates Tumour-specific CTL Memory. CBA/H or BALB/c mice received 5x10? A31 (a) or BCL1 (b) lymphoma cells i.v. on day 0 

respectively, followed by 1 mg of anti-CD40 (3/23) i.v. on day 4. Between days 20 and 60, splenocytes were harvested from single animals in each treatment group, 

10® co-cultured overnight with the indicated number of irradiated tumour cells, and IFNy production estimated by standard ELISA of culture supernatents. Splenocytes 

from naive and anti-CD40-treated animals were used as controls where shown. The kinetics of IFNy production was assayed by using 10^ irradiated tumour cells, 

whereas the dose response was assayed after 72 hours in culture. These data are representative of numerous separate experiments performed in this laboratory. (1) 

and (2) represent duplicate animals in the indicated groups. Error bars represent triplicate cultures and assay measurements. 
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3.3.8. Expression of 4-1BB on anti-Tumour CTL During immunotherapy 

In order to address the mechanism by which anti-CD40 provides proliferative and/or 

survival signals to anti-tumour CDS'" lymphocytes, we assessed the expression of 4-1 BB 

on CDS* lymphocytes during immunotherapy of BCL1 and A31. We considered 4-1 BB to 

be potentially important in generating anti-tumour CTL responses during anti-CD40-

mediated immunotherapy as, firstly, 4-1 BB has been reported to preferentially provide co-

stimulatory signals to CD8* lymphocytes (consistent with the more rapid and elevated 

expression of 4-1 BB on CDS'" lymphocytes over CD4^ lymphocytes) [5, 471], elevating 

proliferation and survival by positively regulating IL-2 and Bcl-xL expression respectively 

[118]. Secondly, the expression of 4-1BBL, as well as the B7 family of co-stimulatory 

ligands, is elevated on DCs following stimulation via CD40 [108, 117]. Thirdly, 4-1 BB 

expression on CD8* lymphocytes is enhanced by CD28-mediated co-stimulation under 

conditions of sub-optimal anti-CD3 stimulation, such as that provided by a tumour [108, 

166]. Finally, agonist mAbs directed against 4-1 BB have been shown in this laboratory to 

induce regression of both BCL1 and A31 [5]. 

As shown in figure 3.17 (a), 4-1 BB is not expressed on CD8* lymphocytes taken from 

naive animals, whereas, interestingly, BCL1 alone induced 4-1 BB expression on a small 

proportion of CD8* lymphocytes; panel (b) shows that approximately 10 % of CD8* 

lymphocytes expressed 4-1 BB by the equivalent of 4 days following anti-CD40 {i.e., day 8 

following tumour inoculation), and that these cells accumulated slightly over time. 

Nonetheless, administration of anti-CD40 to tumour-bearing mice increased the proportion 

of CD8* lymphocytes expressing 4-1 BB, and this occurred simultaneously with the usual 

profound CD8^ lymphocyte expansion. Importantly, administration of anti-CD40 alone did 

not induce 4-1 BB expression on CD8* lymphocytes and was associated with only a minor 

CD8* lymphocyte expansion. These data were confirmed in the A31 lymphoma model -

figure 3.18 (a) shows data demonstrating that 4-1 BB is expressed on CDS* lymphocytes 

during immunotherapy of A31 as well as BCL1. 

116 



In order to demonstrate that the 4 - 1 C D 8 * lymphocytes observed in the above 

experiments were also the CD8* lymphocytes induced to proliferate in animals undergoing 

immunotherapy, BrdU incorporation was used (as in section 3.3.3) to visualise proliferative 

CD8* lymphocytes ex-vivo, and these cells were co-stained for 4-1 BB expression. As 

shown in figure 3.18 (b), the majority (63 %) of 4-1BB"" CD8* lymphocytes in animals 

having received both BCL1 and anti-CD40 were BrdU*, whereas only a minority of 4-1BB-

negative CD8* lymphocytes were shown to have incorporated BrdU (21 %). It is likely that 

all these BrdU"" T-cells are 4-1BB"", but 4-1 BB is mildly soluble in Tween-20 (used during 

staining for incorporated BrdU), thus only allowing the accurate gating of cells expressing 

very high quantities of 4-1BB. This difficulty could not be overcome by cross-linking 4-1 BB 

following staining with the primary mAb (data not shown). An alternative explanation for 

this data may be that several rounds of lymphocyte division could be required in order to 

allow 4-1 BB expression (c.f., CD49d, [317]). 

Together, these data indicate that BCL1 is able to induce the expression of 4-1 BB by CDS* 

lymphocytes, but the proportion of CD8* lymphocytes expressing this molecule is 

increased following administration of anti-CD40. This increase in the proportion of CD8* 

lymphocytes expressing 4-1 BB following administration of anti-CD40 is also observed in 

the A31 lymphoma model (figure 3.18 (a), and data not shown) and may be due to 

increased B7 expression on, for example, DCs following anti-CD40 administration that, 

subsequently, results in the increased expression of 4-1 BB on minimally stimulated 

tumour-specific CD8* lymphocytes (see discussion, section 3.4.). The expression of 4-1 BB 

on proliferative CD8* lymphocytes during immunotherapy suggests that expression of this 

molecule may be a pre-requisite for, or at least contribute to, the clonal expansion of CD8* 

lymphocytes that then develop into anti-tumour CTL during anti-CD40-mediated 

immunotherapy. 

Thus, in order to demonstrate that the observed 4-1BB"" CD8* lymphocytes do indeed 

develop into anti-tumour CTL, we separated splenocytes from animals undergoing 

immunotherapy into 4-1 BB* and 4-1 BB" fractions using MACS (figure 3.19 (a)) and 
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assessed the anti-tumour cytotoxicity of each fraction. As can be seen in figure 3.19 (b), 

as previously demonstrated, unfractionated splenocytes from animals undergoing 

immunotherapy of BCL1 (3 days following anti-CD40 administration) displayed cytotoxic 

activity against piBCLI and, to a lesser extent, YAC cells. However, when 4-1BB'' cells 

were removed from these splenocytes, the anti-piBCLI activity was completely abolished. 

Furthermore, the 4-1BB^ splenocytes lysed piBCLI with greater efficiency than the 

unfractionated population, presumably because of an enrichment of anti-tumour CTL. 

These data therefore conclusively demonstrate that anti-tumour CTL elicited by anti-CD40 

in BCL1-bearing animals express 4-1BB. 

3.3.9. Expression of4-1BB on CD8* lymphocytes in Response to Tumour Alone 

As 4-1 BB expression on CD8^ lymphocytes following administration of anti-CD40 to 

tumour-bearing animals is associated with the acquisition of anti-tumour cytotoxicity, and 

interactions via CD28 act to amplify 4-1 BB expression induced by TCR-mediated signalling 

[5, 108], we chose to assess whether or not the expression of 4-1 BB on CD8* lymphocytes 

following exposure to BCL1 or A31 was inhibited by the presence of blocking mAbs to B7.1 

or B7.2. As shown in figure 3.20 (a), 4-1 BB expression is induced on approximately 10 % 

of CD8* lymphocytes 8 days following inoculation with BCL1, and this expression is 

completely abrogated by the presence of mAbs directed against B7.1 and B7.2 (panel (a) 

and (b)). Nonetheless, CD8* lymphocyte expansion in response to BCL1 alone was only 

partly reduced in the presence of blocking mAbs to B7.1 and B7.2 (figure 3.20 (b)). In a 

similar fashion, 4-1 BB expression was induced upon CD8^ lymphocytes following 

inoculation of CBA/H mice with A31, with this effect being inhibited in the presence of anti-

B7 mAb (figure A1.3. (b)). In this case, the expansion of CD8^ lymphocytes in response to 

A31 was effectively inhibited by anti-B7 mAb (figure 3.20. (b)). 

Thus, the expression of 4-1 BB on CD8* lymphocytes following exposure to BCL1 and A31 

is dependent on interactions via CD28, thereby suggesting that TAA(s) present on these 

tumours act as weak agonists that rely on amplification of TCR-mediated signals to induce 

T-cell differentiation. Hence, the elevation of B7 expression by DCs following 
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administration of anti-CD40 is lil<ely to elevate the proportion of CD8* T-cells expressing 4-

1BB and aid in the generation of an anti-tumour CTL population. 

3.3.10. 4-1BB-4-1BBL Interactions during CTL Expansion and Tumour Regression 

Because of the expression of 4-1BB on anti-tumour CTL generated during anti-CD40-

induced immunotherapy, and because of the therapeutic activity of anti-4-1BB mAbs for 

the treatment of BCL1 and A31, we wished to assess the requirement for co-stimulation via 

4-1 BB during CTL expansion and, ultimately, tumour eradication induced by anti-CD40. A 

construct consisting of murine 4-1 BB extracellular domain and the constant region of 

human IgG (4-1BB-hFc; see Chapter 2) or the anti-4-1BBL mAb 3H3 were used in vivo to 

inhibit the interaction of 4-1BB with its endogenous ligand. 

Firstly, duplicate BALB/c mice received 5x10^ BCL1 i.v. followed 4 days later, where 

appropriate, by 1 mg anti-CD40 i.v.. Animals having anti-CD40 also received either 200 pg 

of 4-1BB-hFc fusion protein i.p on days 5, 6 and 7 following tumour inoculation, or the 

equivalent dosage of human IgG as a control. BrdU was administered as in section 3.3. 

As shown in figure 3.21 (a), as compared to animals that had received tumour alone, the 

total number of 4-1 BB* CDS'" lymphocytes (i.e., the population of lymphocytes containing 

anti-tumour CTL) was increased in animals undergoing immunotherapy by 3 days following 

anti-CD40 administration whether 4-1BB-hFc was present or not. However, by day 4 

following anti-CD40 the number of 4-1 BB* CD8* lymphocytes was almost four-fold higher 

in animals that had received hIgG compared to those that had received the 4-1BB-hFc 

construct. These data were reflected in the number of CD8* lymphocytes in S phase in 

each of the treatment groups (panel (b)), but less so in the percentage of proliferative CDS* 

lymphocytes (panel (c)). 

These data therefore suggest that, on the proviso that the 4-1BB-hFc construct completely 

abolishes the interaction of 4-1 BB with 4-1BBL, anti-CD40 is able to induce the 

proliferation and accumulation of 4-1 BB* CD8* lymphocytes firstly in a 4-1BB-independent 
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manner, but only maximally if 4-1BB-4-1BBL interactions are intact. These data are 

therefore consistent with the observation that CD28- and 4-1BB-mediated co-stimulation 

operate during temporally distinct phases of T-cell differentiation, with CD28 initiating T-cell 

expansion prior to 4-1BB expression [108, 169]. Moreover, the fact that this effect is 

predominantly observed in the number of CD8* lymphocytes accumulated, rather than the 

percentage of proliferative cells, suggest that this may be achieved by enhancing survival. 

In order to assess how these observations impact upon tumour eradication induced by 

anti-CD40, we administered either the 4-1BB-hFc construct or an anti-4-1BBL mAb to 

animals during immunotherapy of BCL1. As shown in figure 3.22, our initial experiment 

demonstrated that two tumour-bearing animals having received both anti-CD40 and anti-4-

1BBL where unable to overcome the lymphoma and were culled on day 18 along with 

animals that had received tumour alone; the remaining animals in this group succumbed to 

the lymphoma over the course of the next 40 days, while animals that had received anti-

CD40, but not anti-4-1BBL, survived past 100 days (p<0.01 BCL1/anti-CD40/anti-4-1BBL 

versus BCL1/anti-CD40). In our second experiment, similarly to the first, 3 out of 5 tumour-

bearing animals that received anti-CD40 and, either, anti-4-1BBL or 4-1BB-hFc, had to be 

culled alongside animals that had received tumour alone. However, unlike our preliminary 

experiment, the surviving animals from these groups continued past 90 days, with the final 

2 animals that had received anti-CD40 and anti-4-1BBL being culled on days 92 and 105 

(p<0.01 BCL1/anti-CD40/anti-4-1BBL versus BCL1/anti-CD40). 

These data therefore support the hypothesis that anti-CD40 is able to promote tumour-

specific CD8^ lymphocyte expansion in, firstly, a 4-1BB-independent manner (likely to be 

mediated by CD28) and, secondly, a 4-1BB-dependent manner [108, 169]; and that 

blocking 4-1BB-4-1BBL interactions prevents the profound CD8* lymphocyte expansion 

that is required for clearance of a large quantity of lymphoma. Furthermore, inhibiting 

interactions between 4-1 BB and its ligand appears to hinder the generation of T-cell 

memory in this system, thereby accounting for the resurgence of tumour in these animals 

overtime; this point is discussed below. 
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Figure 3.17. Elevated Expression of 4-1BB on CD8+ Lymphoyctes following anti-CD40 Administration. 

BALB/c mice received 5x10? BCL1 lymphoma cells i.v. on day 0 and/or 1 mg of anti-CD40 (3/23) i.v. on day 4. 

On days 1 to 4 following anti-CD40 administration, splenocytes were harvested from single animals in each 

treatment group and stained with FITC-conjugated anti-4-1BB (L0B12; solid grey histograms) or an irrelevant 

mAb (open histograms) and PE-conjugated anti-CD8, (a). Arrows highlight 4-1 BB expression. These data are 

summarised in (b). These data are representative at two separate experiments. 
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Figure 3.18. Expansion of 4-1BB+ CTL During Immunotherapy of A31 and BCL1. CBA/H or BALB/c mice 

received 5x10^ A31 or BCL1 lymphoma cells i.v. on day 0 respectively, and/or 1 mg of anti-CD40 (3/23) on the 

days shov\/n by arrov\/s. On the indicated days following tumour inoculation, splenocytes were harvested from 

single animals in each treatment group and stained with FITC-conjugated anti-4-1BB (L0B12 for BCL1, 2A1 

for A31) and PE-conjugated anti-CD8, (a). In (b), BALB/c mice received BCL1 and anti-CD40 as above; three 

days following anti-CD40 administration, animals received BrdU and, one hour later, splenocytes were 

harvested and CD8+ lymphocytes stained for incorporated BrdU as described in Chapter 2. Additionally, 

splenocytes were stained with FITC-conjugated anti-4-1BB. Solid grey histograms represent staining with PE-

conjugated anti-BrdU, whereas open histograms are irrelevant binding controls. Marker values represent the 

percentage of either 4-1BB-positive or -negative CD8+ lymphocytes having incorporated BrdU. These data 

are representative of separate experiments performed three times. 
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Figure 3.19. 4-1BB^ CD8+ Lymphocytes Contain the anti-Tumour CTL Generated during 

Immunotherapy BCL1. BALB/c mice received 5x10? BCL1 lymphoma cells i.v. on day 0 and 1 mg of anti-

CD40 (3/23) on day 4. Three days following anti-CD40 administration, splenocytes were harvested from a 

single animal, residual tumour removed by MACS directed against BCL1 idiotype using a MACS depletion 

column, and the remaining splenocytes separated by further MACS directed against 4-1 BB (again, using a 

depletion column), (a). The separated tumour-free 4-1BB^ and 4-1 BB' fractions were assayed for cytotoxic 

activity against piBCLI, with unfractionated tumour-free splenocytes being additionally assayed against YAC 

cells, (b). Mean and standard deviation are representative of triplicate assay measurements. These data are 

representative of two separate experiments. 
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Figure 3.20. Expression of 4-1 BB on CD8+ Lymphocytes in Response to Lymphoma Alone is Blocked 

by anti-B7. Duplicate BALB/c mice received 5x10^ BCL1 on day 0 and splenocytes were subsequently 

harvested from recipient animals and naive littermates on day 8. Animals receiving anti-B7.1 and anti-B7.2 

had 0.5 mg of each mAb i.p. daily, until day 8. Splenocytes were stained with FITC-conjugated anti-4-1BB 

(L0B12; solid grey histograms) or an irrelevant mAb (open histograms) and PE-conjugated anti-CD8: 

histograms represent the expression of 4-1 BB on CD8+ lymphocytes, (a). Similarly, in (b), either BALB/c or 

CBA/H mice received 5x1 C BCL1 or A31 i.v. respectively; this was followed by administration of anti-

B7.1/anti-B7.2 and sample processing as in (a). The total number of CD8+ lymphocytes and the percentage of 

CD8+ lymphocytes expressing 4-1 BB in each group is shown. 
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Figure 3.21. Blocking 4-1BB-4-1BBL Interactions Reduces CTL Expansion during Immunotherapy of 

BCL1. BALB/c mice received 5x10? BCL1 lymphoma cells i.v. on day 0 and, where appropriate, 1 mg of anti-

CD40 (3/23) on day 4. Additionally, where indicated, animals received 200 p.g of 4-1BB-hFc construct or 

human IgG i.p. on days 5, 6 and 7. The equivalent of three or four days following anti-CD40 administration 

(days 7 and 8 following tumour inoculation), duplicate animals received 2 mg of BrdU i.p. one hour before 

splenocytes were harvested and stained for BrdU incorporation as described in Chapter 2. These data are 

based on two animals per group and are representative of two separate experiments. 
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Figure 3.22. Blocking 4-1BB-4-1BBL Interactions Blocks the Efficacy of anti-CD40-mediated Immunotherapy of BCL1. In 

experiment 1, groups of 5 BALB/c mice received 5x10^ BCL1 lymphoma cells i.v. on day 0 and, where appropriate, 1 mg of anti-CD40 

(3/23) on day 4. Additionally, where indicated, animals received 200 pg of anti-4-1BBL i.p. on day 4. In experiment 2, animals 

received tumour and anti-CD40 as in experiment 1, but only 160 pg of anti-4-1BBL was used on day 4. Additionally, where indicated, 

animals received 200 pg of 4-1BB-hFc i.p. on days 5, 6 and 7. 
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3.4. Discussion 

Together, these data build on published work and demonstrate that anti-CD40 bolsters a 

pre-existing T-cell response directed against these model lymphomas, thereby resulting in 

the generation of class-l-restricted CD8* anti-tumour CTL that affect tumour eradication 

and, subsequently, provide protection against potential endogenous or exogenous tumour 

challenge. 

Anti-tumour CTL develop typically within 3 days of anti-CD40 administration and are of a 

Th1 phenotype as denoted by the production of mRNA transcripts encoding IFNy, T-bet, 

perforin and the IL-12 receptor. CDS'" lymphocytes clearly proliferate in response to BCL1, 

and to a greater extent A31, but these data suggest that only limited differentiation of these 

lymphocytes occurs as competence for migration towards sites of inflammation is achieved 

without, at least in the case of BCL1-responsive CD8* lymphocytes, the expression of 

effector molecules such as IFNy. Thus, these data are consistent with the hypothesis that 

CD8* lymphocytes divide in response to these lymphomas, but daughter cells do not 

survive effectively and, hence, effector functions can not be evolved. Hypothetically, 

effector function may be generated at the late stages of tumour development, but at this 

stage CTL may be prone to AlCD due to the prevalence of antigen, or, tumour escape 

mechanisms may have evolved. 

As is discussed primarily in Chapter 6, these data additionally support the hypothesis that 

co-stimulation of CD8* lymphocytes via 4-1BB plays a role in allowing increased 

proliferation and survival of anti-tumour CD8^ lymphocytes following anti-CD40 

administration, i.e., via the induction of 4-1BBL on, for example, DCs or the lymphoma 

itself. Nonetheless, this role is dispensable in some cases, probably when tumour 

eradication occurs at relatively low tumour burdens and, thus, when less profound CTL 

expansion (mediated by CD28) is required in order to overcome the tumour, c.f., 

production of neutralizing antibody against LCMV is independent of 4-1 BBL, but becomes 

so at low viral titers [159, 163]. 
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Notably, even if animals were able to clear the primary tumour under conditions were 4-

1BB-4-1BBL interactions were inhibited, often the animals relapsed some days later. As 

stated in Chapter 1, Bertram et al. demonstrated that interactions via 4-1 BB sustain 

influenza-specific CTL late in the primary response, and that 4-1BB-mediated co-

stimulation is required for the optimal generation of a memory pool of CD8* lymphocytes in 

this system; either by providing an elevated primary clonal burst size and by effecting 

survival within the memory pool [169]. Thus, even though CD28-mediated clonal 

expansion of CD8* lymphocytes may affect primary lymphoma eradication in some cases, 

co-stimulation via 4-1 BB is required for the generation of optimal tumour-specific T-cell 

memory directed against BCL1. 

The expression of 4-1 BB on CDS* lymphocytes in response to BCL1 and A31 (figure 3.19) 

alone supports the notion that anti-4-1BB mAb may operate by providing direct co-

stimulation to antigen-experienced CD8* lymphocytes. Indeed, CD4* lymphocytes also 

express 4-1 BB in response to these lymphomas in the absence of anti-CD40 (Patrick C, 

unpublished observations), and protection against A31 mediated by anti-4-1BB is 

dependent on both CD4* and CD8* cells [5]. Nonetheless, this does not negate the 

possibility that anti-4-1BB acts to stimulate DCs which subsequently boost the pre-existing 

anti-tumour T-cell response by providing, for example, IL-6, IL-12 and B7-mediated co-

stimulation [116, 117]. 
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4. Dendritic Cells Response During Immunotherapy 

4.1. Introduction. 

Dendritic cells are critical in the initiation of both TH1 and TH2 responses [12]. Direct 

binding of PAIVlPs or the indirect sensing of 'danger' signals evoked by pathogens (such as 

IFNa) initiates a terminal process of DC maturation that is characterised by the production 

of cytokines and co-stimulatory molecules, and the migration of DCs to the T-cell zones of 

the secondary lymphoid organs [199, 208]. In the spleen, this involves the migration of 

resident DCs from the marginal zone into the PALS, and occurs simultaneously with the 

acquisition of a CD8a* DEC205^ phenotype [199]. This observation accounts for why 

CD8a^ DCs are found to produce more IFNy and IL-12 than their CD8a" counterparts, as 

well as being the DCs that are often shown to have endocytosed and cross-presented 

antigen [57, 203, 472]. 

The ligation of CD40 on DCs was initially thought to activate DC maturation in a de novo 

fashion, but it is now appreciated that signals via CD40 on DCs act to amplify pre-existing 

responses initated by PAMPs or endogenous danger signals [120]. Indeed, CD40 ligation 

on splenic DCs in vitro can lead to the release of classically pro-inflammatory or anti-

inflammatory cytokines, depending upon the PAMP administered, e.g., CD40 ligation 

preceded by exposure to yeast extract results in IL-10 production, whereas IL-12 is 

produced if DCs are exposed to STAg and functional CD40L [121]. In this way, DCs act to 

translate the pathogen threat encountered into an appropriate T-cell response. 

We thus postulated that anti-CD40 may be acting to amplify DC maturation following 

exposure to iymphoma-derived/evoked signals, thereby replacing the need for endogenous 

CD40L (typically provided by antigen-experienced CD4* lymphocytes) and boosting the 

observed endogenous T-cell response. This hypothesis was strengthened by the finding 

that anti-CD40 is able to replace the need for T-help during the cross-priming of CTL in B-

cell deficient animals [419]. Thus, in order to test this hypothesis, we assessed the surface 
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phenotype of DCs during immunotherapy of BCL1 with anti-CD40 mAb, and used these 

data as an indication of the maturation state of the DCs. 

4.2. Materials and Methods. 

Unless otherwise indicated, BCL1 lymphoma was isolated from splenocytes of animals at 

the terminal stage of disease as described in Chapter 2. 5x10^ lymphoma cells were 

injected i.v. followed by 1 mg of anti-CD40 when tumour represented between 2 and 10 % 

of the splenic lymphocytes; typically, on day 4 after primary tumour challenge. 

Prior to detection of surface antigens by fluorescenated mAbs, splenic fragments were 

digested in CM containing 1mg/ml collagenase D and 0.05 mg/ml DNAse I for two rounds 

of digestion, each of 20 minutes at 37 °C with gently shaking. This protocol was adapted 

from published work [120] and was used in order to strip DCs from collagen filaments, 

hence, allowing their detection by FACS. Surface expression of antigens was assessed by 

FACS analysis - briefly, 1x10® splenocytes were incubated with 1 pg of fluorescenated 

mAb at 4°C for 15 minutes, followed by washing in PBS-BSA-Azide prior to acquisition on a 

FACScan or FACSCalibur. In order to allow live/dead cell discrimination without 

forward/side scatter gating (DCs and macrophages are too amorphous to allow this), 7AAD 

at a final concentration of 2 yg/ml was added each sample 15 minutes before acquisition. 

Purification of CD11c* cells was performed by MACS - samples were labelled with PE-

conjugated ant i -CDIIc as for FACS, washed in CM at 37 °C and bound to anti-PE 

microbeads as described in Chapter 2. Samples were then washed in PBS/BSA/EDTA 

and separated on pre-equilibriated LS columns. Subsequently, these columns were 

extensively washed on the magnet with PBS/BSA/EDTA in order to remove any non-

specifically bound cells, and the CD11c* cells removed by forcing PBS/BSA/EDTA through 

the column once off the magnet. CD11c* fractions were typically > 70% pure and were 

subsequently assessed for surface antigen expression by using FITC-conjugated mAbs as 

described above. 
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4.3. Results. 

4.3.1. Identification of Splenic DCs by FACS 

Firstly we wished to develop a reliable protocol in order to assess the surface phenotype of 

CD11c^ splenic DCs, as we had concluded that T-cell induction is likely to occur locally 

during immunotherapy (see Chapter 3). CD11c is the aX subunit of the p150/95 integrin 

(CD11c/CD18) which is know to bind ICAM-1, fibrinogen, and iC3b and is expressed on 

marcophages, activated T-cells (such as intraepithelial lymphocytes) [473], activated B-

cells, murine plasmocytoid DCs, and at relatively high levels by murine splenic DCs. Thus, 

following collagen digestion, we used a PE-labelled mAb (N429) directed against CD11c to 

distinguish splenic DCs. 

As can be seen in figure 4.1 (a), following collagen digestion a proportion of the 

splenocytes possessed autofluorescent properties as, without any fluorescenated mAb 

bound, these cells fluoresced into FL1 and FL2 channels equally (top left). The addition of 

PE-conjugated anti-CD11c allowed the distinction of CD11c* cells expressing this integrin 

over a range of approximately two logs, and this included the autofluorescent cells. 

Furthermore, this staining was ablated by binding unfluorescenated anti-CD11c to 

splenocytes prior to addition of the fluorescenated mAb. By gating TAAD"" dead cells the 

forward/side scatter properties of the autofluorescent cells and the CD11c^' cells were 

assessed (figure 4.1 (b)). 

As shown in figure 4.2, once autofluorescent cells are removed from the gate, splenocytes 

expressing high levels (MFI > 300) of CD11c were seen to be distinct from cells expressing 

lower levels (MFI < 300), as CDIIc*^' cells constitutively expressed class-ll, B7.1 and 

CD40. Furthermore, CD11c^' cells could be divided into CD8a-positive and -negative 

fractions (figure 4.3 (a)), with these two populations displaying distinct phenotypes -

notably, CD8a^ CDHc*^' cells expressed higher levels of ICAM-1 and LFA-1 than their 

CD8a" counterparts (figure 4.3 (b)). Furthermore, CDSa'' CDIIc*^' cells expressed DEC-

205, whereas the CD8a" CD1 Ic* '̂ cells did not (figure 4.3 (b)). As expected, a proportion of 

the CD8a" DCs also expressed CD4. 
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Data shown in figures 4.1-4.3 are therefore consistent with published work demonstrating 

that murine splenic DCs express high levels of CD11c and that this marker may therefore 

be used to distinguish these cells [57, 120, 203]. Notably, injection of cholera toxin into 

transgenic animals expressing human cholera toxin receptor under the control of the 

murine C D I I c promoter results in the selective ablation of CDIIc^ ' DCs and a concomitant 

loss of T-celi responses to cell-associated antigen, e.g., osmoticaliy-loaded OVA [15]. The 

autoflourescent cells observed here (figure 4.1 (a)) have previously been defined as 

macrophages and, indeed, these cells constitutively express F4-80 (which suggests that 

these cells are of a macrophage lineage; data not shown) and have a classically monocytic 

morphology (figure 4.1. (b)). It should be noted however that, consistent with published 

data, a sub-population of murine splenic DCs also express this marker (figure 4.3) [474, 

475]. 

4.3.2. Assessment of Surface Antigen Expression on DCs During Immunotherapy 

Following the development of a procedure to discriminate DCs by FACS, we next wished 

to assess the maturation state of DCs during the immunotherapy of BCL1 in order to see if 

anti-CD40 augments DC maturation in the presence of lymphoma and, thus, to observe if 

anti-CD40 may be acting in this way to affect anti-tumour CTL expansion. BALB/c mice 

received 5x10^ BCL1 i.v. and/or 1 mg anti-CD40 i.v. 4 days later. Spleen were 

subsequently harvested the equivalent of 24 to 96 hours following anti-CD40, collagen 

digested, and DCs visualised by FACS as described. 

As shown in figure 4.4 (a), DCs taken from naive animals expressed ICAM-1 at a MFI of 42 

and this expression was approximately doubled when either BCL1 or anti-CD40 were 

present alone. However, at 96 hours following anti-CD40, DCs isolated from animals 

undergoing immunotherapy expressed approximately 5-fold more ICAM-1 than those 

extracted from naive animals (MFls of 42 versus 238). The kinetics of these changes in 

ICAM-1, as well as B7.1, B7.2, and LFA-1 expression by DCs is shown in panel (b). B7.1, 

ICAM-1 and B7.2 displayed a similar pattern of expression, when compared with each 
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other, in response to BCL1 and/or anti-CD40 - the expression of all these molecules was 

elevated (approximately 2-fold) on DCs in response to the lymphoma, as compared to 

naive controls, but this expression was elevated in the presence of both BCL1 and anti-

CD40, most notably 72 and 96 hours following mAb administration. In contrast, injection of 

anti-CD40 into naive animals resulted in the elevated expression of 87.1, 87.2, and ICAM-

1 that reached a maxima more rapidly than when anti-CD40 was administered to tumour-

bearing animals, i.e., at 48 hours following administration. LFA-1 displayed a distinict 

pattern of expression when compared with the expression of ICAM-1, 87.1 and 87.2 as 

tumour inoculation resulted in an approximately 3-fold induction of LFA-1 on DCs, but this 

expression was unaltered following anti-CD40 administration. Nonetheless, administration 

of anti-CD40 to naiVe animals resulted in the elevated expression of LFA-1 on DCs which 

reached a maxima 72 hours following mAb administration. 

In addition to these changes in the surface expression of 87.1, 87.2, ICAM-1 and LFA-1, 

the total number of DCs was consistently elevated in animals that were inoculated with 

BCL1 (approximately 3x10® DCs/spleen in animals that had received BCL1 versus 5x10^ 

DCs/spleen in naive animals) and, again, this effect was profoundly augmented in animals 

that were undergoing immunotherapy (figure 4.4 (c)). Anti-CD40 alone also induced the 

accumulation of DCs (maximally at 72 hours following injection), but to a lesser extent than 

8CL1. 

Together, these data are therefore consistent with the hypothesis that 8CL1 lymphoma is 

able to induce DC maturation and accumulation such that an ineffectual T-cell response is 

elicited, i.e., consisting of limited T-cell accumulation and differentiation without the 

generation of effector function. Following this, maturation of DC in tumour-bearing animals 

is enhanced by anti-CD40, thereby either directly affecting, or at least contributing to, the 

production of anti-tumour CTL and tumour eradication. Nonetheless, the fact that the 

expression of 87.1, ICAM-I, and, to a lesser extent, 87.2 was elevated on the lymphoma 

following anti-CD40 administration (figure 4.5 (a)) suggests that enhanced recognition of 
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antigen on the lymphoma following exposure to anti-CD40 may also contribute to the 

generation of an anti-tumour CTL response. 

In order to investigate the possibility that the presence of a CD40^ lymphoma in animals 

that are subsequently injected with anti-CD40 may delay enhanced DC maturation in 

comparison to that observed in the absence of tumour (as shown in figure 4.4 (b)) due to 

limited mAb availablility in vivo, we injected naive BALB/c mice intravenously with either 50 

jjg or 1000 pg of anti-CD40 and assessed the binding of this mAb to DCs 1 day thereafter. 

As can be seen in figure 4.5 (b), the quantity of anti-CD40 bound to DCs, as detected by a 

fluorescenated anti-rat-Fc mAb, when administering either 50 pg or 1000 pg of anti-CD40 

is comparible. Thus, even if the lymphoma were to bind 95 % of the injected mAb, this 

mechanism can not account for the different expression kinetics of the antigens detailed in 

figure 4.4 when anti-CD40 is administered in the presence or absence of tumour. 

4.3.3. The Binding of anti-CD40 to DCs 

On the assumption that enhanced DC maturation induced by anti-CD40 is a critical 

component of the therapeutic activity of this mAb, we next wished to demonstrate that DC 

maturation was not being induced by the binding of this mAb to Fc receptors on the splenic 

DCs. Thus, naive BALB/c mice received either 1 mg of anti-CD40, 1mg of anti-CD19, or 

200 pi of PBS i.v. and, subsequently, splenic DCs were assessed for the binding of Rat Fc. 

Anti-CD19 is of the same isotype (Rat Y2a) as 3/23 and, even though this mAb has mild 

therapeutic activity against BCL1 if a low tumour inoculum is used {i.e., 10®), it has no 

therapeutic activity against BCL1 if a greater number of tumour cells are administered, i.e., 

5x10^, as has been used here [461]. Importantly, both CD40 and CD19 are expressed to a 

similar degree by BCL1 (data not shown), but only CD40 is expressed by murine DCs 

(figure 4.3). 

As shown in figure 4.6 (a), splenic DCs taken from animals having received PBS did 

indeed express CD40 and Fc receptors yRII/lll, but not CD19. As expected, following 

administration of anti-CD19, the expression of CD40 was maintained, while when anti-
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CD40 was administered in vivo the binding of anti-CD40 was biocl<ed in vitro. 

Nonetheless, as can be seen in panel (b), the injection of either anti-CD19 or anti-CD40 

resulted in the association of DCs with Rat-Fc 24 hours following mAb injection. 

These data are therefore consistent with the hypothesis that both anti-CD19 and anti-CD40 

are able to bind murine splenic DCs following intravenous injection of 1 mg of mAb, but 

that this occurs exclusively by Fc receptor binding and predominantly by antigen binding 

respectively (anti-CD40 may also bind Fc receptors, but the proportion of anti-CD40 bound 

to DCs in this way could not be assessed in this experiment). Thus, if enhanced DC 

activation is related to the therapeutic activity of anti-CD40, this effect is mediated by 

specific binding of CD40 to splenic DCs; this hypothesis will have to be further tested by 

assessing DC activation following administration of anti-CD19 and, ideally, by selectively 

ablating the DC compartment during immunotherapy. 

4.3.4. Dendritic Cell Responsiveness to tumour Alone 

Next, we wished to assess the response of DCs to these same tumours (A31, BCL1, and 

TEN-1), so as so determine whether the endogenous CD8* lymphocyte response observed 

may have been affected by these APCs. Thus, CBA/H or BALB/c mice received tumour as 

detailed in section 3.3.5 and DC phenotypes were assessed following collagen digestion. 

As shown in figure 4.7 (a), the total yield of DCs from animals having received either A31, 

BCL1, or TEN-1 was greatly (4-12-fold) elevated when compared to that obtained from 

naive animals or those having received an injection of naive splenocytes. Furthermore, 

DCs from tumour-bearing animals expressed higher levels of ICAM-1 and CD40, whereas 

the expression of B7.1 by DCs was only markedly elevated in response to A31 and TEN-1. 

Interestingly, the expression of B7.2 was greatly elevated on DCs following administration 

of TEN-1, but only fractionally after injection of A31 and BCL1. 

The expression of CD40 by DCs following exposure to tumour was of particular importance 

to us as elevated expression of CD40 by DCs has been shown to occur in response to 
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PAMP-mediated signals and, thus, may enhance the sensitivity of DCs to CD40 ligation 

[120]. We therefore chose to assess this effect more closely, specifically asking the 

question: is CD40 expression on DCs elevated in response to A31, BCL1 or TEN-1 by the 

time anti-CD40 would be administered in order to affect therapy? Thus, BALB/c mice 

received 5x10^ BCL1 alone, while CBA/H mice received the same number of A31 i.v.; 

splenocytes were harvested from duplicate tumour-bearing animals (and naive littermates) 

on days 4 and 3 following inoculation respectively. 

As shown in figure 4.7 (b), the expression of CD40 on DCs was elevated approximately 2-

fold in response to both A31 and BCL1 by day 3 or 4 following inoculation respectively; 

furthermore, this increase in CD40 expression was found to continue if A31 was left 

untreated (figure 4.7 (c)). 

Together, these data demonstrate that DCs receive a signal analogous to a PAMP-derived 

signal following tumour inoculation, but not following an injection of splenocytes. It is less 

clear from this data that B7.1 expression is elevated following BCL1 inoculation, but this 

does indeed occur as shown in figure 4.4 (b), albeit to a very slight degree (< 2-fold). More 

profound changes are seen in the expression of lCAM-1 and LFA-1 (figures 4.4 (b) and 4.7 

(a)). Additionally, the approximately 4-fold increase in the expression of B7.2 following 

inoculation with TEN-1 suggests that this molecule does not contribute to 4-1BB 

expression in this system as 4-1 BB is not expressed on CD8* lymphocytes following TEN-1 

incoulation (figure 3.11). 
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Figure 4.1. Identification of Splenic Macrophages and DCs. Spleen fragments from naive BALB/c mice 

were digested with collagenase D as described in Chapter 2 and the recovered splenocytes stained with PE-

conjugated anti-CD11c or an isotype-matched PE-conjugated irrelevant mAb. The specificity of this staining 

was confirmed by pre-incubating the splenocytes with 20 (jg/ml unconjugated ant i-CDIIc, (a). Dead cells 

were excluded using 7AAD, and macrophages or dendritic cells assessed by gating as shown in (a), (b). 
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Figure 4.2. Phenotypic Analysis of Splenic DCs. Spleen fragments from naive BALB/c mice were digested 

with collagenase D as described in Chapter 2 and the recovered splenocytes stained with PE-conjugated anti-

CD11c or an isotype-matched PE-conjugated irrelevant mAb. Dead cells (M3) and apoptotic cells, as well as 

macrophages (M2), were excluded using 7AAD and autofluorescent properties, (a). Subsequently, the 

phenotype of dendritic cells was assessed by staining the splenocytes with FITC-conjugated mAbs, (b). Open 

histograms depict the binding of irrelevant mAb. 
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Figure 4.3. Differential Phenotypic Analysis of CD8a+ and CD8a" Splenic DCs. Spleen fragments from 

naive BALB/c mice were digested with collagenase D as described in Chapter 2 and the recovered 

splenocytes stained with PE-conjugated anti-CDIIc. Dead cells and apoptotic cells, as well as macrophages, 

were excluded using 7AAD and autofluorescent properties. If required, CD8a-positve or -negative splenic DCs 

were distinguished using APC-conjugated anti-CD8a, (a). The phenotype of these two DC subsets was 

assessed simultaneously by staining with FITC-conjugated mAbs, (b). 
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Figure 4.4. Dendritic Ceil Phenotype During Immunotherapy of BCL1. BALB/c mice received 5x10? BCL1 

i.v. on day 0 and/or 1 mg anti-CD40 (3/23) i.v. on day 4. Subsequently, spleen fragments from single animals 

taken tiie equivalent of 24 to 96 hours following anti-CD40 administration were digested with coiiagenase D as 

described in Chapter 2, and the recovered splenocytes stained with PE-conjugated anti-CD11c, 7AAD and the 

FITC-conjugated mAbs directed against the antigens indicated (solid grey histograms) or against an irrelevant 

antigen (open histograms). Dead cells, apoptotic cells and macrophages were excluded, and DCs gated as in 

figure 4.2. The expression of iCAIVl-1 on DCs at the equivalent of 24 and 96 hours after anti-CD40 

administration is shown in (a), whereas the data for all antigens assessed over time is summarised in (b). 

Numbers associated with the hisotgrams in (a) represent the MFI of ICAM-1 expression by DCs. Total DC 

numbers were calculated over time, (c). Dashed Lines represent the antigen expression on naive DCs. These 

data are representative of two separate experiments. ^4q 
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Figure 4.5. Tumour Phenotype during Immunotherapy of BCL1 and anti-CD40 Binding to DCs. BALB/c 

mice received 5x10? BCL1 i.v. on day 0 and/or 1 mg anti-CD40 (3/23) i.v. on day 4. Subsequently, spleen 

fragments from single animals taken at the equivalent of 24 to 96 hours following anti-CD40 administration were 

digested with collagenase D as described in Chapter 2, and the recovered splenocytes stained with PE-

conjugated anti-BCLI idiotype and FITC-conjugated mAbs directed against the antigens shown, (a). In (b), 

naive BALB/c mice received either 1 mg or 50 (jg of anti-CD40 i.v. 1 day prior to the harvesting of splenocytes 

by collagenase D digestion and the staining of DCs with FITC-conjugated anti-Rat-Fc. PBS-injected animals 

were used as a negative control. 
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4.3.5. 

Isolation of DCs and Macrophages During Immunotherapy & Determination of Phenotype 

In order to assess whether or not the enhanced DC maturation observed during anti-CD40-

mediated immunotherapy is a consistent phenomenon, and in order to acquire more 

accurate data of these observations (by allowing the assessment of a greater number of 

CD11c^ cells), we chose to purify CD11c^ cells from animals after having received both 

BCL1 and anti-CD40. 

Duplicate BALB/c mice received 5x10^ BCL1 i.v. and/or 1 mg anti-CD40 i.v. 4 days later. 

Splenocytes were subsequently harvested, following collagen digestion, the equivalent of 

72 hours following anti-CD40, CD11c'' cells separated from the splenocytes by MACS and 

these cells stained with FITC-conjugated mAbs. The time-point of 72 hours following anti-

CD40 injection was chosen as previous experiments demonstrated that at this time splenic 

DCs taken from animals undergoing immunotherapy consistently displayed a distinct 

phenotype from DCs taken from the other treatment groups, and, moreover, this precedes 

tumour eradication. 

As can be seen in figure 4.8 (a), MACS purification of CD11c'' cells allowed the distinction 

of macrophages and DCs from CD11c" cells with ease. As shown in panel (b), as 

previously observed, DCs taken from animals undergoing immunotherapy expressed 

higher levels of 87.1, B7.2, and ICAM-1, when compared to DCs from animals having 

received either BCL1 or anti-CD40 alone. Again, the expression of LFA-1 by DCs was 

unaffected in tumour-bearing animals whether anti-CD40 was administered or not. These 

data, taken from duplicate animals, are summarised in figure 4.9 (a), whereas the 

equivalent data for the expression of these antigens by macrophages is shown in panel (b). 

As can be seen, the pattern of B7.1/.2 expression by DCs in each treatment group is 

broadly reflected by macrophages; the combination of BCL1 and anti-CD40 did however 

induce ICAM-1 expression by macrophages to a far greater extent than on DCs (I.e., off 

the scale when measured side-by-side with DCs due to their autofluorescent properties) 

and LFA-1 expression was slightly elevated under the same conditions. 
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As for DCs (figure 4.10 (a)), the number of macrophages per spleen in animals undergoing 

immunotherapy was greater than in those animals that had received BCL1 or anti-CD40 

alone, but, in comparison to DCs the total number of cells is less. 

Together, these data for DCs are consistent with that obtained prior to purification {i.e., 

figure 4.4) and therefore confirm that a process of DC maturation/accumulation is initiated 

following injection of BCL1 lymphoma, and that this process is enhanced by anti-CD40 

administration. Moreover, this effect is also observed in the macrophage compartment. 

In order to assess the phenotype of CDSa"" and CD8a" DC during immunotherapy, these 

populations were detected using an APC-conjugated mAb to stain MACS-purified CD11c* 

cells. As is shown in figure 4.10 (b), 72 hours following anti-CD40 administration, 

compared to DCs from animals that received tumour alone, both CD8a-positive and -

negative DCs taken from animals during immunotherapy had an elevated expression of 

ICAM-1, whereas B7.1 was only noticeable elevated on CD8a" DCs. 

These data appear inconsistent with the notion that CDSa DCs migrate from the marginal 

zone of the spleen to the PALS with the concomitant acquisition of a CDSa'' phenotype 

[199], as the elevated expression of 87.1 on CD8a" DCs is not reflected in the CD8a^ 

population. The inability to correlate the maturation of CD8a" DCs with similar changes in 

the CD8a^ population may be due to the preferential binding of anti-CD40 to CD8a" DCs in 

the marginal zone adjacent to the circulation and/or the possibility that T-cell priming may 

have already occurred, i.e., anti-tumour T-cells may be present outside of the PALS. 

Nonetheless, systemic administration of anti-CD40 to tumour-bearing animals clearly 

enhances the maturation of CD8a^ DCs as reflected by the elevated ICAM-1 expression in 

this population. 
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Figure 4.9. Phenotypic Analysis of DCs and Macrophages during Immunotherapy of BCL1 after Isolation by MACS. BALB/c mice received 5x10? 

BCL1 i.v. on day 0 and/or 1 mg anti-CD40 (3/23) i.v. on day 4. Subsequently, spleen fragments from duplicate animals the equivalent of 72 hours 

following anti-CD40 administration were digested with collagenase D as described in Chapter 2, and the recovered splenocytes stained with PE-

conjugated ant i -CDIIc prior to MACS purification based on this staining. Following purification, the CD11c+ cells were stained with FITC-conjugated 

mAbs directed against the antigens shown. The expression of these antigens by DCs (a) and MPs (b) is shown based on the gating indicated in figure 
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4̂  



(a) 

(b) 

o 

S 

0 
Q 

1 

8.0 

6.0 

4.0 -

2 . 0 -

0.0 

• 
• 

• 
• 

BCL1 BCL1/ : anti-
anti- CD40 

CD40 

DCs 

10° 10' 10^ 10^ 10* 
CDOalphaJ^PC 

CD8a+ DCs 

BCL1 

60.2 S 495.7 

10° 10' 10^ 10^ 10* 10° 10' 10^ 10^ 10* 

BCL1/anti-CD40 
o 
<£> 

795.7 

10° 10' 10^ 10^ 10" 1 
B7.1-FITC 

0° 10' 10^ 10^ 10* 
ICAM-1-FITC 

1.6 

o 1.2 

q! 0.8 

0.4 -

0.0 

• 
• 

• • 

BCL1 BCL1/ anti-
anti- CD40 

CD40 

CD8a- DCs 

BCL1 

254.7 

10° 10 '102103 10* 10° 1 0 ' 1 0 M 0 M 0 * 

BCL1/anti-CD40 

150.0 

10° 10' 10^ 10^ 10* 1 
B7.1-FITC 

777.0 

0° 10' 10" 10^ 10* 
ICAM-1-FITC 

Figure 4.10. Enumeration of ARC Populations and Phenotypic Analysis of CD8a+ and C D & r DCs 

during Immunotherapy of BCL1. BALB/c mice received 5x10? BCL1 i.v. on day 0 and/or 1 mg anti-CD40 

(3/23) i.v. on day 4. Subsequently, spleen fragments from duplicate animals the equivalent of 72 hours 

following anti-CD40 administration were digested with collagenase D as described in Chapter 2, and the 

recovered splenocytes stained with PE-conjugated anti-GDI 1c prior to MACS purification and FACS analysis; 

the total number of DCs and macrophages was then calculated (a). In (b), CDHc"' cells were stained with 

APC-conjugated anti-CD8a and FITC-conjugated mAbs directed against the indicated antigens (solid grey 

histograms) or towards an irrelevant antigen (open histograms). CD8a+ and CD8a- DCs were gated as shown, 

and the expression of the indicated antigens assessed, (b). B7.2 and LFA-1 expression was also assessed 

(data not shown). These data are representative of two separate experiments. Numbers associated with each 

hisotgram represent the MFl of B7.1 or iCAM-1 expression by DCs. 

148 



4.4. Discussion 

We have demonstrated here that anti-CD40 is able to enhance a pre-existing process of 

DC maturation that is likely to contribute to the generation of a functional anti-tumour CTL 

response from an ineffectual T-cell response. The characteristics, and possible initiating 

factors, of the endogenous T-cell and DC responses are discussed in Appendix 1. 

Here, DC maturation in the presence of BCL1 was associated with the up-regulation of 

B7.1, B7.2, ICAM-1, and LFA-1, all of which, except LFA-1, were boosted by the 

administration of anti-CD40, and all of which are required for tumour eradication during 

immunotherapy [460]. It seems likely therefore that anti-CD40 replaces the need for 

signalling via endogenous CD40L, thereby providing enhanced stimulation of antigen-

specific T-cells and enhanced DC-T-cell interaction via these and other, unexamined, 

molecules, e.g., 4-1BBL, IL-12, mature IL-18 [117, 476]. Furthermore, the enhanced 

accumulation of splenic DCs in tumour-bearing animals following anti-CD40 administration 

is likely to favour the generation of a CTL response as do high DC;T-cell ratios [213]; this 

accumulation of DCs may be due to increased proliferation (in situ or at a distinct site, e.g., 

the BM), survival, and/or migration into the spleen. 

In addition to the enhanced maturation of DC, the expression of both B7.1 and ICAM-1 was 

also up-regulated upon BCL1 cells following anti-CD40 administration, suggesting- that 

enhanced cross-presentation of antigen to tumour-specific T-cells by the tumour itself may 

also contribute to the therapeutic activity of this mAb. Indeed, CTL lines raised from 

animals in remission following immunotherapy of BCL1 rely on interactions via B7 and 

LFA-1 for target cell recognition preceding IFNy production (see Chapter 6). However, T-

cell responses may only be initiated in the absence of BM-derived APCs when the avidity 

of the interaction between T-cell and cognate antigen is high, e.g., during LCMV infection, 

thereby suggesting that even though enhanced presentation of antigen by the lymphoma 

following anti-CD40 administration may occur, this is unlikely to be an effective route for 

the priming of an anti-tumour T-cell response. Furthermore, the effectiveness of anti-CD40 
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against CD40" tumours additionally argues that cross-priming of tumour-specific T-cells by 

DCs is an effective route via which tumour rejection can be elicited. 

Finally, the DC maturation observed in the presence of anti-CD40 alone may be initiated by 

contaminating LPS and, indeed preparations of 3/23 contain >250 ng/ml of LPS, as 

estimated by limulus amebocyte lysate assay (Tutt, A, unpublished observations). 

Nonetheless, anti-CD40 that has been passed through a polymixin column is able to 

mediate immunotherapy of BCL1, suggesting that the lymphoma is indeed able to provide 

'danger' stimuli (Tutt, A, unpublished observations), or that LPS contamination remains at a 

sufficient level to provide this stimulus. i\/1oreover, the accelerated DC maturation observed 

upon injection of anti-CD40 into naive animals, when compared to the kinetic of DC 

maturation during immunotherapy, suggests that DC maturation is inhibited in tumour-

bearing animals, especially as this observation can not be accounted for by the quantity of 

mAb binding DCs; this point is discussed further in Chapter 6. 
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5. Generation of CTL Lines and T-celi Hybridomas in vitro 

5.1. Introduction. 

in addition to intrinsic mechanisms of tumour suppression (e.g., p53), both innate and 

adaptive arms of the immune system act as extrinsic suppressors of neoplasia, e.g., RAG-

z ' ' animals have a higher incidence of microscopic tumours than do wild-type littermates, 

and the severity of these lesions is increased if these animals are crossed with STAT-1"'" 

animals [350]. Indeed, extensive evidence now exists demonstrating that the adaptive 

immune system is able to respond to TAAs resulting in, either the ineffectual expansion 

and/or differentiation of TAA-specific T-cells (e.g., [344, 351, 352, 356, 478]), or, 

infrequently, the spontaneous regression of some tumours, notably melanomas [353]. 

Thus, current therapeutic strategies aim to generate or boost such responses in order to 

affect tumour eradication. 

Animals in remission following immunotherapy of either A31 or BCL1 are refractory to 

challenge with these tumours and this protective effect is mediated, in the case of BCL1, 

solely by CD8* cells [460], whereas both CD4* and CD8* cells are required in order to 

provide a secondary response against A31 (Tutt, A, unpublished observation): currently, 

the identity of the antigens that act to mediate tumour rejection in this system is unknown. 

Thus, in order to allow further research into the mechanism by which this mAb exerts its 

therapeutic activity (for example, by allowing the generation of MHC class-l tetrameric 

complexes), and in order to assess if a bona fide TRA(s) exists in this murine model, we 

aimed to identify the TRA(s) in this system by: (1) generating both anti-tumour CTL lines 

and T-cell hybridomas from animals in remission following immunotherapy of BCL1, a 

procedure that was not established in this laboratory, and (2) generating and, 

subsequently, screening a cDNA library from BCL1 using these CTL lines and/or 

hybridomas. The system to be used during the screening phase of this procedure is to 

involve the transient transfection of COS-7 cells that had previously been stably 

transfected with the appropriate murine class-l haplotype [480, 481]. 
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5.2. Materials and Methods. 

Unless otherwise indicated, BCL1 lymphoma cells were isolated from spleens of animals at 

the terminal stage of disease as described in Chapter 2. 5x10^ lymphoma cells were 

injected i.v. followed by 1 mg of anti-CD40 when tumour represented between 2 and 10 % 

of the splenic lymphocytes; typically, 4 days following tumour inoculation. In the case of 

EL4, 1x10^ in vitro cultured cells were injected i.v. followed, 4 days later, with 1 mg of anti-

CD40 i.v.. 

CTL lines were grown from anti-CD40-treated animals 20-60 days after initial tumour 

challenge. Splenocytes were harvested into CM containing 10 % batch-tested PCS, and 

2x10® cells seeded per well in 24-well plates. During the first week, cultures were 

supplemented with 10 ng/ml IL-7, 10 pg/ml anti-CD4 and 5x10® irradiated in vitro tumour 

line (such as piBCLI or EL4). On subsequent weeks, cultures were harvested, washed in 

CM and re-seeded at 1x10®/well with 20 U/ml mlL-2, 10 pg/ml anti-CD4 and 5x10® 

irradiated tumour. CTL activity was assessed by standard chromium release assay -

1x10® ®^Cr-labelled piBCLI, A20, P815, CT26 or YAC cells in 100 pi of CM were plated in 

U-bottomed 96-well plates against 50 pi of the indicated effector cells at the required 

density and 50 pi of CM contained blocking mAb to a final concentration of 50 pg/ml (if 

required). After brief centrifugation at 700 rpm for 3 minutes, samples were incubated at 

37 °C for 4 hours, cells pelleted and 100 pi of supernatant assessed for ®^Cr content on a y 

scintillation counter. Maximal ®^Cr release was assessed under detergent lysis and the 

percent target cell lysis induced by each test sample calculated using the equation detailed 

in Chapter 2. Alternatively, IFNy release was used to assess CTL activity as described in 

Chapter 2. 

In order to generate T-cell hybridomas from animals in remission following immunotherapy 

of BCL1, splenocytes were harvested from these animals 20 days following initial tumour 

challenge and seeded into 24-well plates as if to generate CTL on the first week of 

activation (media was additionally supplemented with 20 U/ml mlL-2). After 48 hours, 10^ 

cells were harvested from this culture, mixed with 10^ BWZCDBa, and fused using PEG-
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1000 as described in Chapter 2. The resultant hybridomas were progressively grown into 

HT-containing ICTM from HAT-containing ICTM and assessed for reactivity against piBCLI 

either by a single cell p-galactosidase detection assay (5-bromo-4-chloro-3-indolyl p-D-

galactopyranoside (X-Gal) substrate), or by lysing the hybridomas following exposure to 

tumour and detecting released p-galactosidase (Chlorophenol Red p-galactoside 

substrate). 

Surface expression of antigens by lymphocytes was assessed by FACS analysis - 1x10® 

cells were incubated with 1 pg of fluorescenated mAb at 4°C for 15 minutes, followed by 

washing in PBS-BSA-Azide prior to acquisition on a FACScan or FACSCalibur. Cells to be 

labelled with CFSE were washed once in serum free media and re-suspended at 2x10^ /ml 

in the same media. CFSE was added to a final concentration of 2 i^M and the cells then 

incubated at 37 °C for 10 minutes. The labelled cells were then washed twice in cold (4 °C) 

CM before re-suspension in warm CM (37 °C) at the required density. 

5.3. Results. 

5.3.1. The Establishment of anti-Tumour CTL lines 

Initially we wished to determine the most favourable cytol<ine conditions under which to 

establish anti-tumour CTL lines from animals in remission; such animals were used based 

on the hypothesis that anti-CD40-induced tumour regression generates tumour-specific T-

cell memory. Thus, animals were inoculated with 5x10^ BCL1 i.v. followed by 1 mg of anti-

CD40 i.v. 4 days later; subsequently, 20 days after the initial tumour challenge, 

splenocytes were cultured with anti-CD4 and either IL-7 or murine IL-2 in the presence of 

irradiated piBCLI. Preliminary experiments indicated that anti-CD4 had to be used to 

prevent the outgrowth of CD4* lymphocytes in these cultures (data not shown). 

As shown in figure 5.1 (a), the presence of lymphoma with anti-CD4 alone did not allow the 

outgrowth of cytotoxic tumour-reactive T-cells, but this was achieved by the addition of IL-7 

(on day 0) or IL-2, either on day 0 or day 4 of culture. Nonetheless, the most efficient 

outgrowth of tumour-reactive T-cells was achieved in the presence of lL-7 and anti-CD4, as 
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cytotoxicity directed against piBCLI obtained under these conditions was greatest and 

equalled that achieved when an [anti-CD3 x anti-BCL1 idiotype] bispecific antibody was 

present in the chromium release assay, i.e., all the surviving cytotoxic T-cells were specific 

for the lymphoma. Importantly, even though mildly enhanced when compared to 

splenocytes cultured in the presence of anti-CD4 alone, cytotoxicity directed against NK-

sensitive YAC leukaemia cells was only moderate under these conditions 

Cytotoxicity directed against piBCLI was assessed at the end of weeks 2 and 4, and was 

found to increase with culture period (figure 5.1 (b)). Furthermore, anti-tumour cytotoxicity 

was blocked by the presence of mAbs directed against CDS and, in this experiment, the 

BALB/c class-l haplotype D'̂  (figure 5.1 (c)). 

Using this procedure, two new CTL lines reactive against piBCLI (Line A and B) were 

established using the combination of IL-7 and anti-CD4 during the first week of culture and, 

thereafter, IL-2 and anti-CD4. Cytotoxicity was measured each week and lines were 

considered to be established when the level of cytotoxicity no longer increased with culture 

period. As shown in figure 5.2 (a), Line A demonstrated cytotoxic activity against both 

piBCLI and A20, but not YAC, PS15 (a murine mastocytoma cell line) or CT26 (a murine 

carcinoma cell line), all if which are derived from BALB/c mice. Interestingly, the cytolysis 

of both A20 and piBCLI by Line A negates the possibility that these cells are reactive 

against idiotypic determinants. Line B also displayed cytotoxic activity against piBCLI, 

although to a lesser extent than Line A, but, was not reactive against A20 or any of the 

other cell lines tested. 

In order to demonstrate that tumour-reactive CTL can be raised from animals having 

undergone immunotherapy for a different tumour (specifically a CD40-negative tumour 

other than a lymphoma), duplicate C57BL/6 mice were inoculated with 1x10^ EL4 thymoma 

cells i.v. and, 4 days later, with 1 mg of anti-CD40 i.v.; subsequently, 20 days after the 

initial tumour challenge, splenocytes were cultured as for piBCLI-reactive CTL and their 

reactivity against EL4 assessed after two weeks in culture, i.e., two rounds of stimulation. 
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As can be seen in figure 5.2 (b), these cultures demonstrated cytotoxic activity against 

EL4, but not YAC cells. 

In order to assess the clonal diversity of the generated piBCLI-specific CTL, we visualised 

the vp gene useage in Line A and B by using a panel of fluorescenated anti-V-region 

mAbs. Line A predominantly consisted of T-cells using the Vp8 gene segment, whereas 

approximately 55 % of Line B consisted of T-cells using either the VpiO or Vp8 gene 

segment (Figure 5.3). 

These data therefore indicate that CD8* class-l-restricted anti-tumour CTL can be raised in 

vitro from animals in remission following immunotherapy of BCL1 or EL4. The fact that the 

combination of IL-7 and anti-CD4 results in the generation of CTL that are all tumour-

specific within one week of culture (figure 5.1 (a)), but that anti-tumour cytotoxicity is 

increased (at a set effector-to-target ratio) over the course of approximately the next four 

weeks, suggests that high avidity clones may grow to predominate these cultures. This 

conclusion is supported by the predominance of CD8* lymphocytes utilising the same Vp 

gene segment within established lines (figure 5.3). Which clones grow to predominate is 

likely to be largely influenced by the conditions under which immunotherapy took place in 

vivo {e.g., the tumour burden present during the primary response) and the survival of 

these clones within the memory pool, i.e., the frequency of these clones within the CDS'" 

lymphocyte compartment when starting each culture in vitro. 
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Figure 5.1. Generation of piBCLI-specific CTL from Animals Following Immunotherapy for BCL1. 

BALB/c mice received 5x10^ BCL1 lymphoma cells on day 0 followed by 1 mg of anti-CD40 on day 4. Once 

animals were in remission (typically days 20-60), splenocytes were harvested and 2x10® co-cultured with 

5x105 irradiated piBCLI as described in Chapter 2. In (a), splenocytes were co-cultured with irradiated piBCLI 

under a variety of conditions (anti-CD4, 10 pg/ml;, IL-7, 10 ng/ml; IL-2, 20 U/ml) for 7 days and a standard 

chromium release assay performed at an effectontarget ratio of 100:1. Where indicated [anti-CD3 x anti-BCLI 

idiotype] bispecific antibody was used at a final concentration of 1 pg/ml. Cultures given iL-7/anti-CD4 were 

re-seeded and re-stimulated weekly by plating 1x10® responders with 5x10® irradiated piBCLI in the presence 

of mlL-2 and anti-CD4; cytotoxic activity was assessed after 2 weeks and 4 weeks in culture by standard 

chromium release assay, (b). After two weeks in culture, responding cells were also assayed at an 

effector;target ratio of 50; 1 for cytotoxicity against piBCLI in the presence of 50 pg/ml of the indicated mAbs, 

(c). 
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Figure 5.2. Cytotoxicity of Established anti-BCL1 and anti-EL4 CTL Lines. In (a), BALB/c mice received 

5x10? BCL1 lymphoma cells on day 0 followed by 1 mg of anti-CD40 on day 4. Once animals were in 

remission (typically days 20-60), splenocytes were harvested and 2x10® co-cultured with 5x10^ irradiated 

piBCLI as described in Chapter 2. Cultures having had IL-7/anti-CD4 were re-seeded and re-stimulated 

weekly by plating 1x10® responders with 5x10^ irradiated piBCLI in the presence of mlL-2 and anti-CD4, 

Cultures were tested for cytotoxicity, directed against the targets indicated, 7 days after the last re-stimulation. 

Lines were considered to be established when cytotoxicity stopped increasing after rounds of stimulation. In 

(b), C57BL/6 mice received 1x10? EL4 thymoma cells i.v. on day 0 followed by 1 mg of anti-CD40 on day 4. 

Once animals were in remission, splenocytes were harvested and 2x10® co-cultured with 5x10^ irradiated EL4 

as described in Chapter 2. Cultures having had IL-7/anti-CD4 were re-seeded and re-stimulated weekly by 

plating 1x10® responders against 5x10^ irradiated EL4 in the presence of mlL-2 and anti-CD4. Cultures were 

tested for cytotoxicity, directed against the indicated targets, 7 days after prior re-stimulation. Means and 

standard deviation represent the mean values from triplicate assay measurements. 
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Figure 5.3. Vp Gene Useage by Established anti-piBCLI CTL Lines. BALB/c mice received 5x10^ BCL1 

lymphoma cells on day 0 followed by 1 mg of anti-CD40 on day 4. Once animals were in remission, splenocytes were 

harvested and 2x10® co-cultured with 5x10^ irradiated piBCLI as described in Chapter 2. Cultures having had IL-

7/anti-CD4 were re-seeded and re-stimulated weekly by plating 1x10® responders against 5x10^ irradiated piBCLI in 

the presence of mlL-2 and anti-CD4. Lines were considered to be established when cytotoxicity stopped increasing 

after rounds of stimulation. Anti-piBCLI Line A and B were both stained with PE-conjugated anti-CDB and FITC-

conjugated mAbs directed against the Vp region indicated (solid grey histograms) or an irrelevant antigen (open 

histograms) 7 days after the last re-stimulation. Representative data are shown in (a), and data from all Vp regions 

tested are shown in (b). 
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5.3.2. Characterisation of anti-piBCL1 CTL Lines 

Next, we chose to characterise Line A and Line B in order to demonstrate that these CTL 

reflected the characteristics of the responding CD8* lymphocytes seen in vivo during 

immunotherapy and, furthermore, to see if these lines were suitable for the screening of a 

cDNA library. 

As shown in figure 5.4 (a) and (b), cytolysis of piBCLI by Line A was blocked by mAbs 

directed against and LFA-1. Furthermore, pre-incubation of Line A with concanomycin 

A, a reagent which prevents lytic granule acidification via inhibition of vacuolar ATPase 

and, hence, granule-mediated cytotoxicity [ 4 8 2 ] , abolished the cytotoxic activity of Line A 

(figure 5 . 4 (c)). Conversely, the pre-incubation of Line A in 1 0 (JIVI brefeldin A, conditions 

under which Fas-mediated cytotoxicity is prevented, failed to inhibit cytolysis of piBCLI. 

Proliferation of Line A in response to piBCLI was assessed by CFSE staining of these 

cells and detecting cell division by FACS on days 1 to 6 following stimulation - as can be 

seen in figure 5.5 (a), Line A proliferated in response to piBCLI and IL-2, with the greatest 

period of growth being between days 2 and 3. Additionally, both Line A and B expressed 

4-1 BB under these conditions 24 hours following stimulation (figure 5.5 (a)), but this 

expression was greatly reduced at 72 hours or if IL-2 was omitted (figure 5.5 (b)). 

Figure 5.6 (a) shows that stimulation of both Line A and B with piBCLI induced IFNy 

production from these CTL, and that this was elevated with the number of tumour cells 

present with respect to the number of CTL {i.e., at lower effector-to-target ratios). At 

effector-to-target ratios higher than 2:1, IFNy production was maximal 24 hours following 

stimulaton, but, notably with Line A, at 2:1 IFNy accumulation continued from 24 to 72 

hours. Furthermore, as with cytotoxic activity (figure 5.2 (a)), Line A produced IFNy in 

response to A20, though this was to a lesser extent than in response to piBCLI, whereas 

Line B did not (figure 5.6 (b)). 
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IFNy production by Line A and B in response to piBCLI was inhibited in the presence of 

mAbs directed against CDS, LFA-1, 87.1, 87.2, and, to a much lesser extent, ICAM-1 

(figure 5.6 (c)). However, mAbs directed against 4-188 failed to prevent IFNy production 

from both lines in response to pi8CL1. 

Together, these data demonstrate that CTL raised in vitro from animals in remission share 

the broad characteristics of the CD8* lymphocytes l<nown to respond to 8CL1 in vivo 

during anti-CD40-mediated immunotherapy, i.e., proliferation, cytotoxic activity, 4-188 

expression, and IFNy production in response to tumour. Furthermore, both IFNy production 

and anti-tumour cytotoxicity are dependent upon interactions via LFA-1, as is CD8* 

lymphocyte expansion following administration of anti-CD40 [460] and anti-tumour 

cytotoxicity when assessed directly ex-vivo during immunotherapy (figure 3.13). 

Interestingly, Line A mediated cytolysis of pi8CL1 via the granule exocytosis pathway, 

thereby arguing against the possibility that anti-CD40 may be operating by the up-

regulation of Fas expression on the lymphoma and, hence, rendering neoplastic cells 

susceptible to anti-tumour CTL. However, this single piece of data is by no means 

conclusive, and the possibility that other changes in the tumour, such as altered TAP 

expression, may contribute to the generation of effective anti-tumour CTL can not be 

excluded. Nonetheless, such effects are unlil<ely to constitute the predominant 

mechanisms by which anti-CD40 exerts its therapeutic effect (see Chapter 6). 
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Figure 5.4. Target Recognition and Cytotoxicity IVIechanism Utilised by Established anti-piBCL1 CTL 

Lines. BALB/c mice received 5x10^ BCL1 lymphoma cells on day 0 followed by 1 mg of anti-CD40 on day 4. 

Once animals were in remission (typically days 20-60), splenocytes were harvested and 2x10® co-cultured with 

5x105 irradiated piBCLI as described in Chapter 2. Cultures having had IL-7/anti-CD4 were re-seeded and re-

stimulated weekly by plating 1x10® responders against 5x10® irradiated piBCLI in the presence of mlL-2 and 

anti-CD4. Lines were considered to be established when cytotoxicity stopped increasing after rounds of 

stimulation. Cultures were tested for cytotoxicity, directed against the targets indicated, 7 days after the last re-

stimulation. In (a), cytotoxicity was assessed by standard chromium release assay at the effector;target ratio 

shown in the presence of 50 pg/ml of mAbs directed against the indicated targets. Alternatively, cytotoxicity 

was assessed by standard chromium release assay at an effectortarget ratio of 10:1 in the presence of 50 

Ijg/ml of mAbs directed against the indicated targets, (b). in (c), effector cells were pre-incubated with 30 nM 

of concanamycin A (CMA) or 10 pM of brefeldin A (BFA) 2 hours prior to assessing cytotoxicity in the presence 

of the same concentration of CMA or BFA. 
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Figure 5.5. Proliferation and 4-1BB Expression by Estabiisiied anti-piBCL1 CTL Lines. Anti-piBCL1 

Line A was labelled with CFSE as detailed in Chapter 2 and re-stimulated under standard conditions. On days 

1-6 following re-stimulation, individual cultures of Line A were harvested and CFSE fluorescence assessed by 

FACS, (a). The number of divisions is indicated above each peak. In (b), both Line A and B were re-

stimulated under conditions used for weekly stimulation and, after 0, 24 and 48 hours, cells stained with PE-

conjugated anti-CD8 and FITC-conjugated anti-4-1BB (solid grey histograms) or an irrelevant mAb (open 

histograms). Changes in 4-1 BB expression over time (0, 24 and 48 hours) following re-stimulation under the 

conditions shown are summarised in (c). Error bars represent the maximum and minimum values obtained in 

each group. 
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Figure 5.6. IFNy Secretion by Established anti-piBCL1 CTL Lines. 1x10% responder cells from established anti-piBCLI CTL Lines A and B were restimulated 

with irradiated piBCLI at the effectontarget ratio shown, and IFNy secretion assayed by standard ELISA after 0, 24, 48, and 72 hours, (a). In (b), responder cells 

were re-stimulated with irradiated A20 or piBCLI at an effector:target ratio of 2:1 and IFNy secretion assayed as in (a). Alternatively, IFNy secretion was estimated 
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shown, (c). 
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5.3.3. Generation and Characterisation of anti-piBCL1 l-iybridomas 

in addition to the generation of class-l-restricted CTL lines, we wished to raise T-ceii 

hybridomas from animals in remission following immunotherapy as such hybrids are 

classically used to screen cDNA libraries since large numbers of cells can be rapidly 

accumulated without the need for re-stimulation, and hybrid fusion partners often contain 

constructs that allow rapid assessment of activation. Indeed, we chose to use the BWZ.36 

CD8a fusion partner which is derived from the apBW5147 cell line by stably transfection 

with both the CD8a gene and an inducible NFAT-LacZ construct (Nuclear factor of 

activated T-cell; NFAT, enhancer element of the IL-2 gene) [457]. Thus, following fusion of 

this partner with a T-cell, TCR engagement results in the expression of (3-gaiactosidase 

which can be detected microscopically at the single cell level, or macroscopically after lysis 

of the hybridomas, following exposure to the appropriate colorimetric substrate (see 

Chapter 2). In this way, such hybridomas provide a convenient and sensitive assay of 

TCR engagement. 

In order to generate piBCLI-reactive hybrids, animals were inoculated with 5x10^ BCL1 i.v. 

followed by 1 mg of anti-CD40 i.v. 4 days later; subsequently, 20 days after the initial 

tumour challenge, splenocytes were cultured with anti-CD4, IL-7, IL-2, and irradiated 

piBCLI prior to fusion as described in Chapter 2. 

Three tumour-reactive hybrids were generated from a single fusion. Hybrids A, B and C. 

As shown in figure 5.7, these hybrids demonstrated p - g a l a c t o s i d a s e expression following 

exposure to p iBCLI , as assessed both at the single cell level (panel (a)) and after lysis of 

the hybrids (panel (b)). Importantly, in the absence of tumour, little or no p - g a l a c t o s i d a s e 

was detectable (figure 5.7 (a)). Hybrids A and B expressed CDS and, to a lesser extent 

CDS, but not CD4 (figure 5.8 (a)); sub-cloning of these two hybrids allowed the segregation 

of hybridomas expressing high or low quantities of CDS (as shown in figure 5.8 (b)). In 

contrast to Hybrids A and B, Hyrbid C seemed to be losing CD8 expression, but expressed 

CD4 and higher levels of CDS than Hybrids A and B (figure 5.8 (a)). Accordingly, the 

expression of p - g a l a c t o s i d a s e by Hybrid C in response to p iBCLI was abolished in the 
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presence of anti-class II mAb (figure 5.7 (b)), while anti-class I mAb inhibited the activation 

of Hybrids A and B (figure 5.9 (a)). The anti-class-l mAb used in this experiment was 

HB79 as this mAb binds murine class-l in a haplotype-independent manner; haplotype-

specific mAbs were unable to inhibit p-galactosidase expression by Hybrids A and B (data 

not shown): this point will be discussed in section 5.4 below. 

Next, we wished to characterise the CDS'" ciass-l-restricted Hybrids (A and B) so as to 

assess if, as with piBCLI-reactive CTL, activation of these hybrids was dependent upon 

LFA-1, B7.1, or B7.2. As shown in figure 5.9 (a), mAbs directed against ICAM-1 or LFA-1 

only slightly inhibited p - g a l a c t o s i d a s e expression from Hybrid A following exposure to 

piBCLI, while activation of Hybrid B was similarly effected by mAbs directed against ICAM-

1, B7.1, and 87.2; however, anti-LFA-1 did reduce p - g a l a c t o s i d a s e expression from Hybrid 

B by approximately 30 % (estimated using p - g a l a c t o s i d a s e expression in the presence of 

anti-class-l as 100 % inhibition). Additionally, Hybrid A demonstrated reactivity towards 

both piBCLI and CT26, while Hybrid B was only reactive against piBCLI (figure 5.9 (b)). 

Neither of these two hybrids demonstrated reactivity against A20, P815, or WEHl. 

These data within figures 5.7 - 5.9 therefore demonstrate for the first time that both class-l-

and class-ll-restricted T-cell hybridomas can be generated from animals in remission 

following immunotherapy with anti-CD40; the implications of this are discussed below. 
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Figure 5.9. Reactivity of piBCLI-specific Hybridomas A and B. 1x10% Hybrid A or B cells were cultured 

with the indicated number of piBCLI overnight in the presence of 50 pg/ml mAbs specific for the antigens 
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(b), 1x105 Hybrid A or B cells were cultured overnight with the indicated number of with P815, A20, CT26, 

WEHI, or piBCLI. Again, anti-tumour reactivity was assessed by using a bulk p-galactosidase detection 

assay. 
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5.4. Discussion 

These data demonstrate for the first time that tumour-reactive CTL may be raised from 

splenocytes taken from animals in remission following immunotherapy with anti-CD40, and 

thereby confirm that a proportion of the responding CD8* lymphocytes seen during 

immunotherapy develop into either central or effector memory cells which may be 

reactivated on exposure to tumour. 

Line A demonstrated cytotoxicity and IFNy production in response to both piBCLI and A20 

(figures 5.2 and 5.6), while Line B only demonstrated responsiveness to piBCLI. 

Assuming that the same Vp8* CTL clone within Line A is responsible for both A20 and 

piBCLI responsiveness, these data suggest two points. Firstly, A20 and piBCLI display 

the same epitope that is either produced as a result of a common event related to the 

oncogenic process (such as the expression of a developmental protein or the generation of 

a neoantigen), or as a result of a viral infection (see Chapter 1). The comparable cytolysis 

of A20 and piBCLI by Line A, but the differing IFNy production in response to these 

tumours, suggests that A20 and piBCLI are similarly susceptible to granule-mediated 

cytotoxicity, and that this shared epitope is expressed at sufficiently similar levels in order 

to mediated analogous cytotoxicity, but not IFNy production. Indeed, IFNy production by 

Line A in response to piBCLI was dependent upon interactions via B7.1 and B7.2 (figure 

5.6), as is the in vivo expansion of CD8* lymphocytes during immunotherapy of BCL1, 

[460] whereas cytolysis of piBCLI by Line A was not (figure 5.4). Secondly, in addition to 

data contained within section 5.3.2, the fact that Line A responded to both piBCLI and A20 

reinforces the relationship between these CTL lines and those CTL that provide protection 

against secondary in vivo challenge with tumour, as animals that are in remission following 

immunotherapy of BCL1 are refractory to challenge with A20; this shared epitope is 

therefore able to act as a bona fide TRA. Indeed, co-injection of piBCLI-reactive CTL lines 

with BCL1 protects against tumour outgrowth (Patrick, CC, unpublished observations). 

Tumour-reactice CTL lines, even if cloned, are unlikely to be useful in the screening of a 

cDNA library generated from the lymphomas. Firstly, the large number of cells required for 
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rounds of screening would be difficult to obtain as, even though these CTL rapidly divide 

on re-stimulation, only low yields are achieved, presumably because of AlCD, Secondly, 

IFNy production (which is the most likely assay to be used in the screening process) from 

these CTL is dependent upon interactions via B7 and LFA-1, implying that stable COS-7 

transfectants expressing the appropriate murine class-1, B7.1, B7.2, and LFA-1 would have 

to be generated in order to detect weakly agonistic epitopes; this also applies if chromium 

release assay were to be used during screening, as interactions via LFA-1 are required for 

cytolysis of piBCLI by Line A (figure 5.4. (b)). On the other hand, class-l-restricted T-cell 

hybridomas, such as those described here, overcome these two problems as large 

numbers can be easily obtained and, at least in the case of Hybrids A and B, activation of 

these hybrids is far less dependent on interactions via 87.1, B7.2, and LFA-1. It is hard to 

validate the relevance of these hybrids as many CD8* lymphocytes may be reactive 

against piBCLI following immunotherapy with BCL1, but which antigens act as the 

dominant TRAs is unknown, i.e., epitopes may exist that result in T-cell activation, but not 

tumour eradication in vivo. Hence, it may be pertinent in the future to raise such hybrids 

from CTL clones that, firstly, have been cloned from CTL lines early after initiating in vitro 

culture (so as to maintain diversity) and, secondly, that are known to mediate tumour 

eradication in vivo on adoptive transfer. Moreover, sub-cloning of these hybrids prior to 

screening a cDNA library would be essential, firstly, in order to obtain a genetically stable 

population and, secondly, in order to isolate hybrids that express high levels of CDS and, 

hence, are likely to express more p-galactosidase upon TCR engagement than clones that 

express less CDS {c.f., heterogenous responders seen in figure 5.7 (a)). 

170 



6. Discussion 

Our cumulative data suggest that anti-CD40 mAb operates via the bolstering of a pre-

existing anti-tumour Ty l response, at least in part, by the amplification of tumour-initiated 

DC licensing which subsequently provides enhanced co-stimulatory signals to tumour-

specific CTL. In this way, the differentiation and/or accumulation of anti-tumour CTL is 

enhanced sufficiently in order to affect tumour eradication. Moreover, anti-tumour CTL 

may be isolated, either as primary lines or immortalised hybridomas, from animals in 

remission following immunotherapy therefore, potentially, allowing the identification of the 

class-l-restricted epitopes acting as TRAs during anti-CD40-mediated immunotherapy. 

The expression of 4-1 BB on CD8* splenic lymphocytes following exposure to A31 and 

BCL1 (figure 3.14 and figure A1.1), and the increase in the proportion of these cells 

expressing 4-1 BB following administration of anti-CD40 (figure 3.14), suggests that 

interactions via this receptor are likely to deliver survival and/or proliferative signals to anti-

tumour CTL, as has been documented in other in vivo systems [108, 118, 149, 160, 162, 

483]. Indeed, during immunotherapy, all BCL1-specific CD8* lymphocytes generated that 

have differentiated to possess cytotoxic activity express this receptor (figure 3.16), and 

inhibition of the interactions via this receptor prevents primary tumor eradication in some 

cases (figure 3.18). 

Importantly, on the assumption that the 4-1BB-hFc construct used in these experiments 

provides efficient inhibition of interacts via 4-1 BB, our data demonstrate limited tumour-

specific CTL accumulation may occur in a 4-1BB-independent manner following 

administration of anti-CD40 to tumour-bearing animals as some CD8* lymphocytes 

differentiate to express 4-1 BB in the presence of the 4-1BB-hFc fusion protein (figure 

3.17). Furthermore, tumour eradication may also occur independently of interactions via 4-

1BB, but this is clearly not always the case (figure 3.18). The generation of anti-tumour 

CTL in the absence of 4-1BB-mediated co-stimulation, and the eradication of tumour in 

these cases, is likely to be mediated via CD28 as administration of anti-B7 mAbs 

completely abolishes both CD8* lymphocytes accumulation and immunotherapy [460]. 
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Indeed, 4-1BB-nnediated co-stimulation of antigen-specific CTL has been shown to be 

temporally segregated from CD28-mediated co-stimulation, with interactions via CD28 

being required to induce 4-1BB expression by CD8* lymphocytes in situations of sub-

optimal antigen stimulation, such as those induced upon tumour inoculation [108, 169]. 

Specifically, Diehl et at. demonstrated that cross-priming of adenovirus-specific CTL in 

animals depleted of CD4* lymphocytes could be restored by the administration of anti-4-

1 BB mAb, and that this effect was abrogated if interactions via B7 were inhibited by pre-

exposing animals to CTLA-4lg fusion protein [108]. Similarly, the lack of expression of 4-

1BB by CD8* lymphocytes following exposure to BCL1 and A31 in the presence of anti-B7 

mAbs suggests that this response is indeed occurring under conditions of sub-optimal TCR 

engagement (figure A1.3), i.e., B7-mediated co-stimulation is required in order to amplify 

TCR-mediated signaling such that 4-1 BB expression may be induced. Indeed, 4-1BB-

mediated co-stimulation of T-cells has only been demonstrated to be independent of CD28 

under situations of strong TCR signaling, such as plate-bound anti-CD3 or allogeneic APC 

[154, 158]. Similarly, the efficacy of anti-4-1 BB mAb against sarcoma may be improved by 

co-administration of FLT3 which promotes the generation of DCs from haematopoietic 

stem cells, i.e., by enhancing the antigen presentation capacity of the host [168]. 

It has previously been demonstrated that interactions via 4-1 BB enhance the accumulation 

of CTL predominantly by enhancing the survival of these cells following exposure to 

antigen, e.g., following peptide vaccination, the proliferation of CFSE-labeled adenovirus-

specific CTL was shown to be un effected by the presence of anti-4-1BB but, rather, the 

accumulation of CTL was greatly elevated in animals that had received this mAb in 

comparison to animals that had received control mAb [108]. Indeed, this is also the case 

for anti-CD3-stimulated CD8* lymphocytes in vitro, as well as for superantigen-stimulated 

T-cells in vivo [149, 150]. In agreement with these data, the lacl< of correlation between the 

proportion of CD8* lymphocytes entering S-phase and the accumulation of these cells 4 

days following anti-CD40 administration suggests that 4-1BB-mediated co-stimulation may 

act in a similar fashion in this model (figure 3.17), but this possibility needs confirming by, 

for example, co-staining 4-1 BB* CD8* lymphocytes for intracellular BcL-xL [161]. 
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Despite the possibility that anti-CD40 may act to enhance the antigen presentation 

capacity of CD40-positive lymphomas (figure 4.6), the fact that anti-CD40 is effective 

against CD40-negative tumours [460] suggests that the enhanced co-stimulation of 

tumour-specific CTL following administration of this mAb is lil<ely to occur via the up-

regulation of, for example, B7.1, B7.2 and 4-1BBL, as well as other B7-like molecules and 

TNF family members (e.g., CD70), on DCs (figure 4.4). The contribution of DC-derived 

cytokines such as IL-12 p75 and mature lL-18 has yet to be fully assessed in this system, 

but preliminary data demonstrate that anti-CD40 is able to affect eradication of BCL1 in IL-

12 p40"'" animals (G. Crowther, unpublished data). 

The kinetics of DC maturation observed during immunotherapy, as visualised in figure 4.4, 

are consistent with the dynamic boosting of a pre-existing response, rather than the de 

novo priming of an anti-tumour response, as no lag exists between DC 'activation' and 

CD8* lymphocytes expansion or 4-1BB expression by these cells. Furthermore, the fact 

that anti-CD40 mAb induces DC maturation rapidly in the absence of tumour, whereas, in 

comparison, DC maturation is slow in the presence of both tumour and anti-CD40, 

suggests that active suppression of this response occurs; these points are drawn upon 

below. 

A mechanism in explanation of the therapeutic activity of agonist anti-CD40 mAb based on 

the enhanced licensing of DCs presenting tumour-derived CTL epitopes is in contrast to 

the findings that systemic administration of anti-CD40 may aileviant arthritis that has been 

induced by immunisation of susceptible DBA/1-TCRp transgenic mice with type II collagen 

[484, 485]. In this model of TH1-driven arthritis, as in experimentally-induced EAE, 

recovery from the autoimmune disease may be affected by adoptive transfer of 

autoantigen-specific IL-10-producing B-cells that require CD40 ligation in order to secrete 

IL-10 [486]. How can agonist anti-CD40 mAb alleviate autoimmunity in one model and 

enhance anti-tumour immunity in another? Timing of mAb administration could be critical 

in effecting outcome as, despite the fact that anti-CD40 is administered following antigen 
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inoculation in both models, tumour inoculation only initiates an ineffectual CTL response, 

whereas immunization with collagen in Freund's adjuvant induces a fully functional T-cell 

response, i.e., anti-CD40 is acting to promote priming in these models of tumour 

immunotherapy, but is acting to deviate the response in models of arthritis. Hypothetically, 

another contributing factor that may explain why CD40 agonists induce opposite outcomes 

in different disease models may lie in the different sources of antigen - intravenously 

injected cell-associated tumour antigen may not provide an abundance of soluble antigen 

available for B-cell receptor ligation, whereas collagen emulsified in Freund's adjuvant is 

likely to provide epitopes for both B-cells and T-cells. Furthermore, even if tumour-reactive 

IL-10-producing B-cells existed and were to be stimulated following anti-CD40 

administration to tumour-bearing animals, the IL-10 produced is unlikely to significantly 

effect the ensuing anti-tumour CTL response as this response occurs anyway in the 

presence of tumour-derived IL-10 (see below). The persistence of anti-CD40 mAb is likely 

to be an important factor in driving the anti-tumour CTL response in the face of tumour-

derived IL-10; indeed, despite the fact that administration of 50 i^g or 1000 (xg of anti-CD40 

results in similar quantities of this mAb binding splenic DCs (and the total splenocytes 

population, figure 4.5. (b)), only doses of >200 ng of anti-CD40 affect successful 

immunotherapy [2]. 

Ochsenbein et al. used LCMV gp33-transfected murine tumours of several different tissue 

origins (lung carcinoma, T-cell lymphoma, melanoma, mastocytoma, and fibrosarcoma) to 

demonstrate that anti-tumour CTL priming relies on the metastasis of tumours into the 

secondary lymphoid tissue and that, even if this occurs, CTL may remain ignorant due to 

the formation of 'barriers' (consisting of collagen or factor Vlll-related haemostasis factors) 

around solid tumour masses [487]. Interestingly, in this study, 10''-10^ irradiated or 10^ live 

EL4-gp33 cells injected intravenously were able to prime gp33-specific CTL, hence, in the 

case of the live tumour cells, affecting self-rejection. Nonetheless, injection of high doses 

(10^-10®) of the same live tumour resulted in specific CTL unresponsiveness as assessed 

by the inability to control simultaneous LCMV infection. Furthermore, exposure of animals 

to LCMV prior to tumour inoculation protected recipients from subsequent high-dose 
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tumour inoculation; thus, increased CTL precursor frequencies were concluded to have 

prevented unresponsiveness. In other studies, such vaccination strategies have been 

used to affect tumour remission, but, in these situations low CTL precursor frequency can 

not be used as an explanation for the success of vaccination. For example, P14/RIP(gp x 

Tag2) animals, that express both the oncogenic SV40 large T antigen and LCMV gp within 

the pancreatic islets, develop spontaneous insulinomas with the concomitant activation of 

high-avidity gp33-specific P14 T-cells within the local draining lymph node; this response 

occurs in the absence of T-cell anergy or deletion, but does not result in tumour 

eradication, presumably because of limited cross-presentation within the lymph node which 

results in incomplete CTL differentiation [488]. Thus, in this model, administration of gp33 

peptide followed by anti-CD40 mAb, or vaccination of animals with LCMV, is likely to 

enhance host survival by promoting the differentiation of T-cells towards both central and 

effector memory phenotypes (see Chapter 1). 

A number of factors are likely to contribute to the lack of tumour rejection observed 

following inoculation of animals with either high or low doses of the tumours used here; 

unlike EL4-gp33, these tumours remain tumourgenic even at inoculums of 10'̂  i.v. [2]. 

Nonetheless, it seems unlikely that anti-tumour CD8* lymphocytes remain ignorant of the 

presence of these lymphomas, even though this may be the case before seeding of the 

spleen following intravenous injection - a lag exists between tumour inoculation and 

detection of tumour IgM idiotype within the spleen by FACS, with the duration of this lag 

being dependent upon the tumour dose (data not shown). However, following migration of 

the lymphoma to the spleen, data shown here demonstrate that these tumours initiate DC 

and T-cell differentiation and accumulation but, as is the case in P14/RP(gp x Tag2) 

animals and in the majority of melanoma cases, this effect may be incomplete or too slow 

to overcome tumour outgrowth. Indeed, administration of anti-CD40 to animals that bear 

greater than 10 % BCL1 or A31 lymphoma within the splenic lymphocyte compartment fails 

to affect tumour rejection (data not shown). This may be due to several factors: firstly, both 

BCL1 and A31 are known to produce large quantities of lL-10 at the mRNA level [2] and, 

thus, tumour-derived IL-10 is likely to restrict antigen presentation by splenic DCs within 
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the tumour microenvironment, as has been observed, for example, with MC38 colon 

adenocarcinoma [32, 489]. indeed, this may account for the delayed DC maturation 

observed in tumour-bearing animals, in comparison to nai've animals, following anti-CD40 

administration (figure 4.4); this hypothesis could be tested by comparing the rate of DC 

maturation following anti-CD40 administration to BCL1-bearing animals in the presence or 

absence of neutralizing anti-IL-10 mAb. Secondly, the T-cell epitopes presented by the 

tumours used here may act only as minimal agonists, thereby minimising CD4* lymphocyte 

activation and, subsequently, limiting the amplification of DC licensing as well as CDS'" 

lymphocyte differentiation. The nature of the epitopes acting as TRAs for these 

lymphomas is discussed below. 

Despite the fact that human tumours associated with viral infection only become clinically 

apparent under immunosuppressive states, it is becoming increasingly obvious that several 

murine tumour lines used to model human disease present viral epitopes [490, 491]. 

Specifically, EL4 thymoma presents a CTL epitope derived from the endogenous MMTV 

env gene [125], whereas CT26 colon carcinoma presents the AH-1 peptide which is 

derived from gp70 of the endogenous MLV [124]. In both cases, expression of these 

epitopes results from demethylation of DNA during the oncogenic process [492, 493]. 

Hence, we postulated that the induction of a TH1 response that occurs following inoculation 

with A31, BCL1, and, to a lesser extent, TEN-1 (see Appendix 1), may occur as a result of 

either the presence of viral T-cell epitopes and/or virally-derived 'danger' signals such as 

double-stranded mRNA or IFNa. 

As can be seen in figure 6.1 (a), BCL1, TEN-1, A31, A20, and EL4 all expressed 

transcripts encoding the MIV1TV env protein whereas, importantly, BALB/c splenocytes did 

not. Furthermore, all these cell lines, except A31, expressed mRNA transcripts encoding 

MLV gp70; the expression of gp70 by CT26 was detectable, but was exceptionally low in 

comparison to the other tumour lines. Electron microscopy was used to additionally 

demonstrate that BCL1 cells produce retrovirus-like particles (panel (b)). Overall then, it is 

176 



(a) (b) 

MMTV 
env 

MLV 
gp70 

pactin/ 
GAPDH 

CQ CO 
(O 

O 
m 

g 1 1 s e 3 f ? 1 ^ 2 

x60K 

H 

s^r iL^ 'kML^ 

x60K 

9 

Figure 6.1. The Expression of Retroviral Transcripts and Particles by Murine Tumour Lines. In (a), cDNA was prepared 
from 10^ of either in vivo or in vitro passaged tumour Lines and RT-PCR performed at detailed in Chapter 2, table 5. In (b), 
splenocytes from animals bearing a terminally high BCL1 tumour burden (typically > 85 % BCL1) were visualised by electron 
microscopy as detailed in Chapter 2. A typical lymphocyte is shown. 
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clear that the retroviral transcripts visualised as shown in panel (a) are translated into 

protein, as viral particles may be formed and, hence, virally-derived peptides are likely to 

become available for presentation. 

Thus, the endogenous DC and T-cell response generated as a reaction to these tumours 

may well be directed against weal<ly agonist viral epitopes encoded by these viruses, but 

this response fails to elicit tumour eradication; this conclusion does not just apply to class-l-

restricted epitopes, but also class-ll epitopes, i.e., both limited CD4* lymphocyte activation 

and, thus, DC licensing, as well as wealdy agonistic CD8* lymphocyte epitopes, may curtail 

this anti-tumour response {c.f., figure 1.5). Indeed, despite the fact that CT26 presents the 

AH-1 peptide, tumour rejection is not elicited unless a vaccination scheme, such as the use 

of a more highly agonistic AH-1-like heteroclitic peptide, is used [447]. 

In addition to epitopes derived from viral sequences, another possible source of weakly 

agonistic tumour-specific epitopes may be minor histocompatability antigens that differ 

from endogenous antigens due to genetic drift. Nonetheless, the possibility that the 

tumours studied here present viral epitopes is supported, firstly, by the fact that early 

studies using BCL1 lymphoma demonstrated that the surface IgM of this lymphoma binds 

MLV gp70 and, hence, initiates the transformation process [494] and, secondly, 

vaccination of animals against CT26 by the use of anti-CD25-mediated Tr cell depletion 

protects these animals from challenge with BCL1, i.e., CT26 colon carcinoma and BCL1 

lymphoma present a shared epitope(s) which must therefore be derived from either a 

cancer-testis antigen(s) or viral anitgen(s); notably, this epitope(s) is not derived from gp70 

as animals that are vaccinated with anti-CD25 and CT26 are unable to control vaccinia 

virus encoding gp70, whereas animals vaccinated with a CT26-GM-CSF transfectant can 

[495]. Additionally, the cross-protection between BCL1 and A20, as demonstrated in vivo 

[2] and via the isolation of cross-reactive CTL (figure 5.2), may be mediated by either a 

shared cancer-testis antigen, viral antigen, or a tissue-differentiation antigen (see Chapter 

1). 
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If we consider the tumour-associated epitopes presented by these lymphomas to be 

weakly agonistic, anti-CD40 mAb may be seen to affect tumour eradication largely by 

increasing the longevity and density of tumour-associated epitope presentation (via MHC 

up-regulation and enhancement of antigen-processing), as well as by enhancing the supply 

of co-stimulatory signals, thereby allowing low-affinity anti-tumour T-cells to adequately 

differentiate in response to these epitopes [111, 496]. Unfortunately, this premise raises 

the possibility that anti-CD40 may induce autoimmunity by allowing the differentiation of 

low-affinity autoreactive T-cell into effector cells, a prospect that other investigators have in 

fact hoped would affect tumour regression with an 'acceptable' concomitant damage to 

healthy tissue, e.g., vaccination against melanoma using vaccinia-TRP-1 induces vitiligo 

and melanoma regression [431, 497]. Indeed, pre-clinical toxicological studies using 3/23 

have demonstrated that, in animals that had received greater than 100 ^g of mAb, this anti-

murine CD40 mAb induces nephritis and hepatitis that is detectable histopathologically and 

that are both associated with lymphocytic infiltrates (T Geldart, NAC proposal). 

Importantly, these abnormalities are self-resolving, typically within 3 weeks of mAb 

administration. 

The nephritis and hepatitis observed following 3/23 administration is induced by CD40-

mediated signaling, as when anti-human CD40 (chimeric LOB7/4, see below) is 

administered to mice it does not induce these effects, suggesting that these events could 

potentially occur in humans following CD40 ligation. Indeed, phase I trials demonstrated a 

reversible elevation in serum transaminases, a phenomenon associated with hepatitis, 

following administration of recombinant human CD40L [453] (this effect was also observed 

following administration of > 100 |ag of 3/23 to animals). Nonetheless, of 32 patients in this 

dose escalation trial, 1 complete remission (interestingly, of a carcinoma) and 1 partial 

remission were observed, as well as stabilisation of disease in 12 cases. Thus, phase I 

trials initiated here at Southampton hope to use a chimeric anti-human CD40 mAb 

(chimeric LOB7/4; consisting of the constant regions of human IgG^ and the variable 

regions of a murine anti-human CD40 mAb) at doses that avoid toxicity associated with 

autoimmunity without compromising anti-tumour activity. 
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In regard to this, the T-cell response observed against the murine lymphomas used here, 

compounded by the evidence that humans tumours are able to elicit TAA-specific T-cells 

without affecting rejection (see Chapter 1), suggests that tumour-associated epitopes 

generated during the oncogenic process (whether these be due to mutation or aberrant 

gene expression) may act as stronger agonists than do endogenous bona fide self-ligands, 

thus allowing immunotherapeutic strategies to affect tumour rejection without generating 

adverse damage to normal tissue. Indeed, this hypothesis forms the basis of the 

categorisation of TAAs shown in Chapter 1, i.e., vaccination using unique TAAs elicits 

high-avidity T-cells that affect efficient tumour rejection as no tolerance exists against these 

neoantigens, whereas only low-affinity T-cells may be recruited against TAAs related to 

self-epitopes and, thus, successful tumour regression is often associated with 

autoimmunity. Accordingly, identification of the epitopes present on BCL1 that allow 

tumour rejection during immunotherapy would allow us to assess the avidity of the 

generated CTL via the construction of IVIHC tetramers. 

The use of chimeric anti-human CD40 may therefore allow the generation of anti-tumour 

CTL of a higher avidity that those reactive to self-ligands without requiring a foreknowledge 

of the TAAs being targeted; in this way, such a reagent may provide an universal off-the-

shelf product that may be manufactured cheaply in bulk using hollow fibre fermenters, as 

have other clinically-available mAbs which have been found to be useful for the treatment 

of several diseases, e.g., anti-TNFa (Infliximab) may be used to treat both Crohn's disease 

and rheumatoid arthritis. Furthermore, the use of a chimerised antibody allows relatively 

high tolerable doses to be used by reducing the possibility that a human anti-mouse 

antibody response may be induced. Additionally, the recycling of chimerised antibody via 

binding of the human IgG Fc regions to Fcp receptors on endothelial cells, unlike 

recombinant protein, allows relatively long serum half-lives to be achieved, thus negating 

the need for repeated high-dose administration in order to achieve clinical efficacy [1, 498]. 
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Overall, data shown here advance our understanding of the mechanism by with anti-CD40 

mAb acts to eradicate murine lymphoma and, moreover, provide a basis for the 

identification of the class-l-restricted epitopes acting as TRAs during immunotherapy which 

may, hopefully, further validate the use of related mAbs in clinical trials to treat human 

lymphoma. 

6.1. Further Work 

In addition to assessing the efficacy of chimeric anti-CD40 mAb in clinical trials, the 

immediate area of most academic interest is likely to be the generation of an array of BCL-

reactive hybridomas (see Chapter 5, section 5.4.). These hybridomas could be used to 

screen a BCL1-derived cDNA library that has already been constructed in-house using a 

Superscript plasmid system (Gibco). Synthetic peptides representing tumour-associated 

epitopes identified in this way could be used to construct MHC class-l tetrameric 

complexes that may be used to assess the frequency and affinity of anti-tumour T-cells 

induced by immunotherapy for BCL1 (both in the primary and secondary responses, as 

well as in the memory pool). Furthermore, such tetrameric complexes could be used in 

more detailed studies of the T-cell response during immunotherapy, for example, in order 

to assess; (1) the clonal diversity of tumour-induced T-cells in vivo, both before and after 

anti-CD40 administration, and (2) deficiencies in tumour-primed T-cells prior to anti-CD40 

administration as indicated by perforin, cytokine (IFNy, TNFa, IL-2) and surface antigen (4-

1BB, CAMs, CD27) expression. Additionally, synthetic peptides could be used to assess 

the density and affinity for MHC of epitopes presented by the tumour (and APCs) before 

and after anti-CD40 administration. Thus, the identification of the tumour-associated 

epitopes acting to affect tumour rejection during anti-CD40-induced immunotherapy would 

allow more insight into the mechanism by which this mAb exerts its therapeutic activity 

and, ultimately, allow the generation of more rationally designed therapeutics. 

Additional experiments that could provide insight into the mechanism by which anti-CD40 

operates include the profiling of mRNA transcripts from splenic DCs isolated from animals 

undergoing immunotherapy, and from animals that have received tumour or anti-CD40 
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alone. Specifically, it would be of interest to see the proportion of TH1- versus TH2-

polarising cytokine transcripts in DCs isolated from these animals, i.e., are IL-10-encoding 

transcripts produced by DCs in tumour-bearing animals, and is IL-12 p35/40-encoding 

mRNA present following anti-CD40 administration? Furthermore, as IFNy is essential for 

immunotherapy [460], but preliminary results suggest that IL-12 p40 plays a redundant 

role, it would be interesting to assess if splenic DCs produce IFNy following tumour 

inoculation and/or anti-CD40 administration. Notably, the production of mature iL-18 by 

DCs (which may also evoke IFNy production by T-cells) could not be assessed by mRNA 

profiling as mature IL-18 is produced from a consistitively expressed precursor. Thus, 

western blotting of splenocyte lysates would have to be performed in order to observe the 

production of this cytokine and, additionally, neutralizing mAbs could be used to assess if 

this cytokine is essential for immunotherapy. 

Finally, as we have shown here that co-stimulatory signals via 4-1BB are essential for the 

optimal expansion of tumour-specific CD8* lymphocytes and, hence, immunotherapy 

(figures 3.17 and 3.18), the expression of 4-1BBL by splenic DCs is likely to be increased 

by administration of anti-CD40, as has already been shown in the absence of tumour [108, 

117]. Preliminary experiments using a 4-1BB-hFc fusion protein to stain splenic DCs for 4-

1BBL expression have failed as the binding of a control human IgG to splenic DCs 

following anti-CD40 administration increases, even in the presence of FcR-blocking mAb. 

Thus, a fluorescenated anti-4-1BBL mAb is required in order to perform this experiment 

accurately and, indeed, this mAb is currently being raised in-house. 
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