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Abstract 

Costimulation is required for the generation of an effective T cell based immune 

response. The presentation of tumour associated antigens may occur in the absence of 

effective costimulation, inducing tolerance. Conversely effective costimulation can 

overcome immunosuppressive mechanisms present within the tumour. Costimulation 

may therefore hold significant potential for cancer immunotherapy. Using 

recombinant adenoviral vectors encoding the costimulatory molecules CD80 and 4-

1BBL (CD137L) and the cytokine IL-12 tumour cell lines were transduced to express 

these molecules individually or in combination in vitro. Using PBMC from healthy 

donors the effect of costimulation in response to pan-T cell stimulation with the anti-

CD3 antibody OKT-3 were initially studied. The combination of CD80+4-1BBL 

supported the proliferation of CD8
+
 T cells and was superior to either molecule alone. 

Proliferation was further enhanced by the addition of IL-12 to the combination of 

CD80+4-1BBL. Unexpectedly in the absence of OKT-3 costimulation with 4-1BBL 

or IL-12 was observed to predominantly induced the proliferation of natural killer 

(NK) cells. The effects of 4-1BBL on human NK cells are not clearly defined in the 

literature. Further experiments were therefore conducted to investigate the ability of 

4-1BBL and IL-12 to stimulate NK cells. The combination of 4-1BBL+IL-12 was 

superior to either stimulation alone for the activation, proliferation and function of 

NK cells from healthy lab donors. 4-1BBL was also shown to promote the long term 

expansion of NK cells. Importantly renal cell carcinoma patient NK cells were shown 

to require a combination of 4-1BBL+IL-12 for short and long term expansion; 

stimulated NK cells were also shown to be functional. These data highlight the need 

for understanding of the pleiotropic effects of costimulatory molecules and the 

necessity to choose optimal combinations for the activation of not only the adaptive 
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but also the innate immune response. The combined intratumoural delivery of 4-

1BBL and IL-12 via adenoviral vectors could potentially stimulate beneficial T cell 

and NK cell responses, and therefore warrant further investigation as a potential 

immunotherapy. 
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1 Introduction 
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1.1 The immune system 

1.1.1 Overview 

The immune system contains many cell types which are derived from an or
i
ginal 

hematopoietic stem cell population, which produces all cells of myeloid and 

origin as shown in figure  

Figure 1-1. The immune system can be viewed as a series of sub-divisions based on 

function and origin, firstly the division of the innate and the adaptive immune 

response. In humans the innate immune system is commonly erroneously thought of 

as a simple system. It is able to respond immediately to generic danger signals by the 

recognition of conserved microbial products by germline-encoded pattern recognition 

receptors (PRR) such as Toll-like receptors (TLR). In contrast the adaptive immune 

system is considered to be superior, only being possessed by higher animals. Through 

the generation of diverse antigen binding receptors the adaptive immune response is 

able to respond to and recognise almost any antigen. Most remarkably the adaptive 

immune response also possesses the ability to form memory and life long immunity. 

 

The view of the immune system as functionally separate subdivisions with their own 

roles however is flawed. The immune system possessed by humans began to evolve 

around 500 million years ago with the development of the ability to rearrange antigen 

binding receptors, facilitated by the formation of recombination-activating genes 

(RAG); the hallmark of the adaptive immune system. As such all jawed vertebrates 

(cartilaginous fish to humans) possess lymphocytes, and are able to rearrange antigen 

binding receptors. Over the following millions of years the immune system evolved, 

and not in isolation, the adaptive and innate immune systems have developed in 
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parallel, and therefore have evolved to function together (Flajnik and Du Pasquier, 

2004; Litman et al., 2005). 

 

 
 

Figure 1-1 Haematopoiesis. A schematic diagram showing the origin and common 

progenitors of all terminally differentiated hematopoietic cell lineages. Dotted lines 

represent un-shown intermediaries during differentiation. Adapted from Abbas and 

Lithcman, (2000). 

 

The innate immune system includes many cell types, such as monocytes, 

macrophages, neutrophils and eosinophils, however two cell types within the innate 

immune system are of particular interest firstly the natural killer (NK) cell which have 

important anti-viral and anti-tumour functions and the dendritic cell (DC) which is the 

most efficient of professional antigen presenting cells (APC), able to provide signals 

to promote the strongest of adaptive immune responses or alternately provide signals 

to dampen down an overactive immune response. The adaptive immune system on the 

other hand contains two cell types, the B cell and the T cell. The B cell is responsible 

for the production of antibodies and thus the humoral immune response, which is 

linked into the innate immune system for example by opsonization mediated by 
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complement and antibody dependent cellular cytoxicity (ADCC) mediated by NK 

cells. While the T cell in its many subsets plays a defining role in the B cell led 

humoural immune response but is also responsible for the generation of the cellular 

immune response, where NK cells and APC also have important roles. Thus our 

immune system is interconnected. There is significant crosstalk; the innate immune 

system is required to activate and alert the adaptive immune response to potential 

dangers, and likewise the adaptive immune response is capable of fuelling the innate 

immune response. 

 

Besides the immune systems role in protection from pathogens, the immune system 

has also been shown to prevent the formation of cancer through a process of 

immunosurveillance and can also actively impact on the growth of a tumour.  

 

Ultimately the immune system protects us from harm whether from pathogenic 

viruses, bacteria, fungi or parasites, or from threats within in the form of neoplastic 

changes. Utilising the immune system as a novel therapy for cancer is a growing area 

of development of great importance. 

1.1.2 T cells 

There are two dominant types of T cells in the periphery, those which express the 

CD8 co-receptor and those which express the CD4 co-receptor. In a textbook model 

of the immune system these two subsets of T cells can be thought to have two distinct 

roles, the CD8
+
 T cell being responsible for cytotoxicity, while the CD4

+
 T cell is able 

to provide ‘help’ for the immune response interacting with antigen presenting cells 



 5 

and producing cytokines, however in reality the division and functions of these cells 

are far more diverse. 

 

T cell antigen recognition is restricted to specific peptide epitopes presented in a 

complex with MHC molecules on the surface of target cells or APC; the MHC-

peptide complex is recognised by the T cell receptor (TCR). The recognition of the 

plethora of epitopes generated from the many pathogens encountered is dependent on 

the diverse repertoire of TCRs which is generated during T cell development.  

 

Peptide antigen can either be presented via MHC class I to CD8
+
 T cells, or via MHC 

class II molecules to CD4
+
 T cells. This in itself restricts the function of the CD4 T 

cell since, in contrast to HLA class I which is ubiquitously expressed on all cell types, 

expression of class II is restricted to specific cell types. However, the recognition of 

antigen alone is not capable of inducing activation and proliferation of T cells and 

requires further stimulus, as is discussed in section 1.1.2.3. 

1.1.2.1 T cell receptor rearrangement 

TCR diversity is generated by the rearrangement of the four T cell receptor genes 

(Tcra, Tcrb, Tcrg, Tcrd) by V(D)J recombination during intrathymic T cell 

development. The site-specific recombination process directed by recombinase 

(RAG1 and RAG2) (Bassing et al., 2002), which create double-strand breaks at 

specific recombination signal sequences (RSSs) flanking the TCR variable (V), 

diversity (D) and joining (J) gene segments. The subsequent rejoining of these 

double-stranded breaks creates unique Tcr gene sequences (Krangel, 2009). 
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Along with TCR rearrangement the development of T cells is a series of fate 

decisions, between B, NK and T cell lineage and subsequently between CD4
+
 or 

CD8
+
 T cell. These choices are controlled at the molecular level by transcription 

factors. There are also cell fate decisions between αβ-TCR and γδ-TCR usage, both of 

which arise from a common double negative (DN) precursor, with progression to the 

CD4
+
CD8

+
 double positive (DP) stage marking the point of irreversible commitment 

to the αβ lineage, however the control of this process is not understood (Narayan and 

Kang, 2007). The TCR rearrangement of γδ-T cells is similar to that of αβ-T cells 

however the selection pressures on these cells during development vary considerably. 

Unlike αβ-T cells there is no known antigen-presentation mechanism for γδ-T cell 

ligands nor do antigens require to be peptide–MHC complexes. Interestingly γδ-T 

cells also do not require prior stimulation to produce cytokines (Jensen and Chine, 

2009; Konigshofer and Chine et al, 2006). As these cells are distinct and their exact 

roles in the immune response are not fully defined the discussion of T cells will focus 

primarily upon αβ-T cells. 

 

Within the thymus as αβ-T cells develop they progress through a series of defined 

steps allowing the generation and release of naïve but mature T cells into the 

periphery. As the naïve T cell develops it moves from the bone marrow to the 

subcapsular sinus and outer cortical regions within the thymus. Within the thymus 

appropriate developmental signals are delivered to allow T cell development. 

Thymocytes first express TCRs within the cortex and begin to mature into CD4
+
 or 

CD8
+
 T cells, followed by the final stages of T cell development in the medulla and 

release into the periphery (Abbas and Lichtman, 2005; Hayday and Pennington, 

2007).  
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Following production in the bone marrow and migration to the thymus the initial 

stages of T cell development begin with the pro-T cell stage, during which the double-

negative thymocytes lack CD4 or CD8 expression and TCR, CD3 or δ chain 

expression. At this stage RAG-1 and RAG-2 genes are expressed allowing receptor 

rearrangement to take place. The first rearrangement events to occur are Dβ-to-Jβ 

involving joining of either the Dβ1 or Dβ2 gene segment to one of six Jβ1 or Jβ2 gene 

fragments respectively (Abbas and Lichtman, 2005; Hayday and Pennington, 2007).  

 

Following Dβ-to-Jβ rearrangement the pro-T cell is considered to have become a pre-T 

cell, which can now undergo Vβ-to-DJβ rearrangements. The DNA sequences between 

the rearranging elements are deleted during this stage, and the TCR-β chain is 

transcribed and expressed on the cell surface which along with the invariant pre-Tα 

chain, CD3 and δ chain forms the pre-T cell receptor. Signals from the pre-TCR allow 

transition to the double positive stage of T cell development and down regulation of 

the RAG genes inhibiting further TCR-β rearrangement (Abbas and Lichtman, 2005; 

Krangel, 2009). 

 

A second phase of RAG gene expression occurs late in pre-T cell development 

facilitating the rearrangement of the TCR α-chain; as no D segment is present in the α 

locus, rearrangement consists of V and J rearrangements. Productive rearrangements 

may occur on both chromosomes, which may result in a single T cell expressing two 

TCR-α chains but one β-chain; up to 30% of mature peripheral T cells express two 

different TCRs however the functional consequences of this are not understood. If no 

productive TCR α rearrangements occur the thymocyte will undergo apoptosis at this 
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stage. Following expression of αβ-TCR the thymocyte will enter the medulla prior to 

release into the periphery (Abbas and Lichtman, 2005; Krangel, 2009).  

 

Following expression of the final αβ-TCR the T cell will also undergo positive and 

negative selection on the basis of binding self peptide and self HLA, helping to ensure 

tolerance, the mechanisms by which tolerance is achieved are subsequently discussed. 

1.1.2.2 Tolerance 

Due to the remarkable ability of the TCR to recognise virtually any antigen there will 

inevitably be TCRs generated during TCR rearrangement which will be reactive to 

peptides derived from self proteins. If T cells possessing these self reactive TCRs 

were allowed into the circulation and were allowed to become activated considerable 

pathology could result. Therefore there are a number of safeguards to ensure tolerance 

to self. 

1.1.2.2.1 Central tolerance 

Central tolerance is the initial mechanism facilitating tolerance by deletion of T cells 

possessing TCR which recognise self with high affinity (Mathis and Benoist, 2004). 

 

Positive selection is the first step in the process of central tolerance, resulting in the 

selection of thymocytes with self-MHC restricted TCRs. Within the thymic cortex 

double positive thymocytes encounter epithelial cells expressing MHC class I and 

class II, presenting self peptides. If the TCR possessed by a double positive cell can 

recognise self-MHC with interactions from either CD8
+
 or CD4

+
 the cell will receive 

survival signals and continue to develop into a CD8
+
 or CD4

+
 T cell, dependent upon 

whether Class I or Class II is bound. If no interaction takes place the cell will die 
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through neglect, therefore producing self-MHC restricted single positive immature T 

cells. However this process also enriches T cells with TCR which are self reactive 

(Hogquist et al., 2005). 

If a TCR is able to recognise self-MHC loaded with self peptide with high affinity 

there is a requirement to remove this TCR from the repertoire. To achieve this 

negative selection functions in the thymic medulla subsequent to the process of 

positive selection. While the majority of thymocytes are removed through positive 

selection the remaining population (~10% of the original thymocytes) are subject to 

negative selection, of these approximately half are deleted (Palmer, 2003).  

 

The process of negative selection is dependent on the expression of the transcription 

factor known as autoimmune regulator (AIRE) by medullary thymic epithelial cells 

and DC within the thymus. AIRE allows the promiscuous expression of tissue specific 

genes within the thymus. Mutation of the AIRE gene results in autoimmune 

polyendocrine syndrome type 1, a multi-organ form of autoimmunity. During 

negative selection it is believed that a developing T cell will interact with a number of 

different cells presenting varying combinations of self peptides. T cells possessing 

TCRs which recognise self peptide with high affinity undergo deletion (Palmer, 2003; 

Hogquist et al., 2005). However the mechanisms by which the varied avidity of TCR 

binding can be translated into a decision of cell fate have yet to be defined 

(McCaughtry
 and 

Hogquist, 2008). Alternatively some cells may not undergo deletion 

instead being converted to suppressor T cells which are discussed further in section 

1.1.2.4.3 (Jordan et al., 2001; Apostolou et al., 2002).  
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Interestingly ligation of TCR alone has been shown to be insufficient to promote 

deletion. Counter to its requirement in the activation of peripheral T cells (as 

discussed in section 1.1.2.3.2) interaction of CD28 on the T cell with the 

costimulatory molecules CD80/CD86 has been shown to be required to promote 

deletion of a self reactive clone (Kishimoto and Sprent, 1999; Gao et al., 2002). 

Although a consensus on the mechanisms by which deletion is mediated has not been 

reached (Palmer, 2003; Hogquist et al., 2005), the orphan nuclear steroid receptor 

Nur77 which is induced following strong TCR stimulation has been implicated to 

have a role as has the pro-apoptotic Bcl-2 family member Bim (McCaughtry
 and 

Hogquist, 2008). 

1.1.2.2.2 Peripheral tolerance 

While central tolerance is able to remove a significant proportion of potentially 

pathogenic self reactive T cells it is impossible to ensure complete tolerance to all self 

epitopes and still retain sufficient TCR diversity, therefore potentially self reactive T 

cells still remain in the periphery. These T cells therefore must be controlled in order 

to prevent autoimmune pathology (Caspi, 2006; Mathis and Benoist, 2004). 

 

The mechanisms by which peripheral tolerance is achieved is diverse, firstly some 

organs such as the testis, central nervous system and the eye are so called ‘immune-

privileged’ sites. Tolerance within these sites may be achieved by a number of 

differing passive and active strategies, including the prevention of access to specific 

sites, e.g. blood-ocular barrier. The organ itself may also actively produce an 

immunosuppressive environment through the production of immunosuppressive 

cytokines, e.g. TGF-β, and the expression of inhibitory ligands, e.g. FasL and PDL-1, 
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inducing apoptosis and anergy. Privileged sites may also show a paucity of APC 

while promoting the development of regulatory T cells (Stein-Streilein, 2008). 

 

Although these mechanisms can protect a select population of organs which are 

highly sensitive to the detrimental effects of inflammatory immune responses, 

whether the immune response is valid or otherwise, peripheral tolerance must also be 

able to control auto-reactive T cells in the wider environment. As will be discussed 

further in section 1.1.2.3 the encounter of antigen alone by a T cell, such as a self 

antigen, without further stimulation generally results in the production of a state 

anergy (hypo-responsiveness), this is particularly relevant to self reactive T cells; 

having been through the process of central tolerance self reactive T cells should 

recognise their cognate antigen with low affinity, this process is known as ignorance 

(Redmond and Sherman, 2005). Repeated exposure to antigen without further 

costimulation can also lead to activation-induced cell death (AICD) (Walker and 

Abbas, 2002). However, ignorance of self-antigen is far from complete, under 

appropriate inflammatory conditions low avidity T cells can be activated (Sacher et 

al., 2002; O’Sullivan et al., 2006). 

 

 A number of further models exist to account for the control of self reactive T cells 

such as the ‘danger’ signal hypothesis in which APC require danger signals provided 

by cell death or microbial products, in order to become activated; APC which have 

not been activated, such as immature DCs, present antigen in a tolerogenic manner 

(Dhodapkar et al., 2001; Levings et al., 2001). Likewise there are subsets of APC 

which actively induce anergy or convert T cells to regulatory T cells; therefore self 

antigen presented under such conditions will also induce anergy or generate 
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regulatory T cells. As naïve T cells leaving the thymus circulate between secondary 

lymphoid tissue and the blood a self-reactive T cell could be most likely to see 

antigen presented by immature DC, i.e. in a tolerogenic manner, rather than expressed 

in tissue (Redmond and Sherman, 2005; Walker and Abbas, 2002). Interestingly there 

is also a growing body of work suggesting that AIRE may be expressed, all be it at 

low levels, in the secondary lymphoid tissue, however the functional consequences of 

such expression are not yet understood (Gardner et al., 2009). 

 

The final mechanism by which peripheral tolerance is maintained is through the 

action of regulatory T cells, in particular CD4
+
FoxP3

+
 T cells, without which severe 

autoimmune pathology results. Regulatory T cells will be discussed separately in 

section 1.1.2.4.3. The stringent requirement for this cell population suggests 

regulatory T cells play a major role in maintaining tolerance to self in the periphery 

(Sakaguchi, 2004; Walker and Abbas, 2002). 

 

As will also be discussed in later chapters many of these mechanisms of tolerance are 

subverted in the course of tumour development and are therefore particularly pertinent 

to understanding immune responses within a tumour. 

1.1.2.3 Antigen presentation and activation of T cells 

As stated all cells possess MHC class I and are therefore capable of presenting antigen 

to CD8
+
 T cells, however only a restricted population also express class II allowing 

presentation to CD4
+
 T cells. The presentation of antigen alone however will 

ultimately result in the production of anergy or in AICD unless antigen is presented in 

an appropriate manner. This is achieved by the provision of an additional signal 
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(signal two) i.e. costimulation, by professional antigen presenting cells, allowing the 

activation, proliferation and acquisition of effector functions by T cells (Sharp and 

Freeman, 2002). 

 

Over the last 15 years the number of receptor:ligand pairs which are known to have 

costimulatory functions has risen drastically. The majority of costimulatory molecules 

fall into one of two families. Either the immunoglobulin superfamily including 

CD28:CD80/CD86 (1.1.2.3.2) or the tumour necrosis factor receptor (TNFR) 

superfamily including 4-1BB:4-1BBL (1.1.2.3.3). It can also be argued that a number 

of cytokine:receptor pairs could also be considered to have costimulatory action, such 

as IL-2R, IL-7R and IL-12R. There is also a suggestion that an additional signal in the 

form of cytokines may be required (signal three) for the full acquisition of effector 

functions; cytokines such as IL-12 can provide this additional signal (1.1.2.3.4) 

(Schmidt and Mescher 2002; Croft, 2003; Curtsinger et al., 2003). 

 

As there is a diverse range of costimulatory molecules and receptors the expression 

patterns of which vary from constitutive to tightly regulated it is not surprising that 

the different costimulatory molecules have been shown to have some redundant 

functions but also to act separately to enhance or generate distinct immune responses 

in a temporal manner (Bertram et al., 2002; Croft, 2003; Watts, 2005). Therefore 

investigation of the optimal costimulatory combinations is important to allow a better 

understanding of their influences within an immune response; ultimately with the aim 

of allowing the enhancement or inhibition of immune responses for clinical 

applications. 
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1.1.2.3.1 Antigen processing 

The majority of peptides to be loaded on to MHC class I molecules are generated 

proteasome degradation of newly synthesised ubiquitinated proteins. Two 

proteins within the proteasome, LMP-2 and LMP-7, are up-regulated by IFNγ, 

increasing the generation of 6-30 residue peptides containing carboxyl terminal 

or hydrophobic amino acids, which are suited to presentation by MHC class I. 

Peptides which are capable of binding to MHC class I molecules are actively 

transported from the cytosol to the endoplasmic reticulum by two ATP-binding 

cassette (ABC) proteins called TAP-1 and TAP-2 (transporters associated with 

antigen processing-1 and -2). Peptides are then loaded onto newly synthesised 

class I molecules by a complex of several ER resident chaperons such as tapasin 

calreticulin (Wright et al., 2004; Cresswell et al., 1999). The loaded MHC-peptide 

complex is then presented on the cell surface via the Golgi apparatus (see  

Figure 1-2).  

 

Breakdown of endogenously synthesised proteins and presentation on MHC class I is 

an important process in surveillance of viral infection or malignant transformation by 

CD8
+
 T cells. As there is also a requirement for costimulation in order to generate a 

CD8
+
 T cell response there is a necessity for APC to be able to present antigen from 

virus infected or tumour cells in order to provide costimulation to a specific T cell. In 

order to do this a process of cross presentation or cross dressing is undertaken by the 

DC. Cross presentation involves the uptake of cell debris in phagosomes resulting in 

processing and presentation of antigen via MHC class I. Alternatively DC can also 

acquire MHC-peptide complexes from the surface of dead cells, termed cross 

dressing, allowing presentation by the DC (Dolan et al., 2006). 
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Presentation of peptides by MHC class II molecules occurs through a distinct 

pathway. Most Class II peptides are generated from proteins internalised by 

endocytosis, and degraded by proteases, e.g. cathepsins, within the acidic endosome. 

Class II molecules are synthesised in the ER, αβMHC class II dimers form with the 

help of ER-chaperones e.g. calnexin, and associate with a trimer of invariant (Ii) 

chain, forming a nonamer complex which exits from the ER and passes through the 

Golgi apparatus and enter the endocytic pathway. Within the acidic compartment of 

the endosome Ii chains are degraded and MHC class II molecules are loaded with 

antigenic peptides (generated from endocytosed proteins) under the control of HLA-

DM and HLA-DO. The class II-peptide complexes subsequently traffic to the surface 

of the plasma membrane (see  

Figure 1-2) (Abbas and Lichtman, 2005; Banchereau and Steinman, 1998). 
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Figure 1-2 Processing of MHC class I and Class II antigens. 
Adapted from Abbas and Lichtman, (2005). 

 

1.1.2.3.2 Costimulation: Immunoglobulin superfamily 

The immunoglobulin (Ig) superfamily is a diverse selection of proteins in the immune 

system ranging from immunoglobulin itself to MHC; all contain conserved constant 

or variable domains. The costimulatory receptor:ligand pairs present in the Ig 

superfamily include CD27:CD70 and ICOS:ICOSL. The Ig superfamily also includes 

the coinhibitory receptor PD-1 and its ligands PD-1L and PD-2L. However the most 

widely studied of all costimulatory receptor or molecules are CD28 and its ligands 

CD80 or CD86 (that are also members of the Ig superfamily) (Carreno and Collins, 

2002; Greenwald et al., 2005).  
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1.1.2.3.2.1 CD28 

CD28 is characterised by a single extracellular Ig variable-like (IgV) domain followed 

by a short cytoplasmic tail (Aruffo and Seed, 1987). Its ligands CD80 and CD86 also 

have an IgV and a Ig constant-like (IgC) domain present in the extracellular portion 

(Freeman et al., 1989; Freeman et al., 1993). CD28 expressed by 90% of CD4
+
 T cells 

and 50% of CD8
+
 T cells in human peripheral blood (Peggs and Allison, 2005). 

 

CD28 lacks inherent signalling capacity, requiring interaction with the SH2 and SH3 

domains of a number of intracellular signalling proteins, including 

phosphatidylinositide 3-kinase (PI3K) and Grb2, via proline and tyrosine-motifs. 

Ligation of CD28 results in activation of diverse signalling pathways. Briefly, 

increased tyrosine phosphorylation by src-family kinases (p56lck and p59fyn), PIK3 

mediates the activation of phosphoinositide-dependent protein kinase 1 (PDK1) via 

pleckstrin homology (PH) domains, which in turn activates protein kinase B 

(PKB/AKT). Phosphorylation of PDK1 and PKB modulate the activity of multiple 

pathways linked to protein synthesis, cellular metabolism, and cell survival including 

Bcl-2 and Bcl-XL. CD28 ligation can also activate NF-κB through phosphorylation 

and subsequent degradation of IκB by serine/threonine kinases and the IκB kinases 

(IKKs) (Rudd et al., 2009). 

 

Signalling activated by CD28 engagement induces the expression of cytokines such as 

IL-2 and chemokines such as MIP-1α by the T cell (Freeman et al., 1989; Herold et 

al., 1997) and also accelerate entry into and progression through the cell cycle, in a 

partly IL-2 independent manner including the activation of cyclin-dependent kinases, 

phosphorylation of retinoblastoma protein (pRb) and degradation of cyclin-dependent 



 18 

kinase inhibitor (KIP)-1 and PI3K-AKT (Mittnacht, 1998; Appleman et al., 2000; 

Bonnevier and Mueller, 2002). Ligation of CD28 is also able to increase the survival 

of T cells, partially through the extrinsic survival effects of IL-2 signalling but also 

through the increased expression of the anti-apoptotic protein Bcl-2 and Bcl-XL 

(Boise et al., 1995). 

 

CD28 signalling can also facilitate further costimulation by promoting the expression 

of the inducible TNF superfamily costimulatory receptors OX40 and 4-1BB which 

will be discussed in section 1.1.2.3.3 (Diehl et al., 2002; Walker et al., 1999). 

1.1.2.3.2.2 CTLA-4 

CTLA-4 was initially identified by Burnet et al. (1987) during cDNA screening as a 

member of the Ig superfamily and shown to be expressed by activated T cells. An 

interesting feature in the complexity of costimulation is the inducible expression of 

CTLA-4 following activation. CTLA-4 is expressed following initial TCR and CD28 

engagement, while CD28 is down regulated. CTLA-4 also binds CD80/CD86 with a 

higher affinity than CD28 (Kd values of approximately 12nM compared with 200nM 

respectively) (Greenwald et al., 2005; Rudd et al., 2009). Subsequent ligation of 

CTLA-4 results in negative signals being delivered to the T cell, antagonising the 

initial stimulatory effects of CD28 ligation , and may also act to out-compete CD28 

for the binding of CD80/CD86 (Peggs and Allison, 2005), or reduce the contact time 

with APC thus reducing the strength of other signals, including TCR (Rudd et al., 

2009). CTLA-4 therefore acts as a regulatory mechanism to prevent over zealous T 

cell activation in the presence of the ubiquitous expression of CD80/CD86 by APC. It 

is likely that other costimulatory molecules are then required to allow the continuation 

of an immune response (Bertram et al., 2002; Bertram et al., 2004).  
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Knockout of CTLA-4 in mouse results in a lethal polyclonal CD4-dependent lympho-

proliferation within the first few weeks after birth (Chambers et al., 1997). Likewise a 

number of autoimmune diseases including insulin-dependent diabetes mellitus, 

Grave's disease and rheumatoid arthritis have been implicated to have a genetic 

linkage to the CTLA-4 locus (Ueda et al., 2003). 

 

In contrast to the inducible expression of CTLA-4 on CD8
+
 and CD4 Th cells, Tregs 

express CTLA-4 in a constitutive manner. The function of this is not clearly defined, 

however blocking of CTLA-4 has been shown in a number of studies to antagonise 

the generation and suppressive functions of Tregs (Horwitz et al., 2008; Read et al., 

2006; Tang et al., 2004). As discussed later in section 1.2.6.8 CTLA-4 blocking 

antibodies are currently being trialled for the treatment of solid tumours with some 

interesting and encouraging results.  

1.1.2.3.2.3 CD80/CD86 

The CD28/CTLA-4 ligands CD80 and CD86 are structurally homologous and through 

knockout studies in mice are known to have similar signalling pathways with very 

closely overlapping functions (Sharp and Freeman, 2002). The identification of CD86 

by Lenschow et al. (1993) was facilitated by the inability of anti-CD80 to inhibit a 

mixed lymphocyte response while hCTLA-4-Ig inhibited the response. 

Both ligands can be expressed by monocytes, B cells and DC, while T cells can also 

express these ligands (Greenwald et al., 2005). The expression patterns of CD80 and 

CD86 however vary; CD86 is constitutively expressed at low levels and up-regulated 

within 6h of stimulation, with maximal levels of expression occurring between 18 and 

24h. CD80 is expressed later than CD86 by activated APC; expression is not 
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detectable until 24h after initial stimulation and does not reach maximal levels until 

48 to 72h (Lenschow et al., 1993). 

1.1.2.3.3 TNF superfamily 

CD40 and its ligand, CD40L (CD154), were the first costimulatory molecules to be 

identified as members of the TNFR/TNF superfamily of which 19 ligands and 30 

receptors have now been identified, including CD27/CD70, CD30/CD30L, 

OX40/OX40L, 4-1BB/4-1BBL, and glucocorticoid-induced TNF receptor 

(GITR)/GITR ligand. The TNF super family are separated into three groups; the death 

domain (DD)–containing receptors, the decoy receptors, and TNF receptor-associated 

factor (TRAF) binding receptors. The DD containing receptors, e.g. Fas and TRAIL, 

activate caspases leading to apoptosis. A number of decoy receptors have also been 

identified, i.e. DcR1, 2 and3, which lack portions of the cytoplasm domain preventing 

activation of caspases; these receptors therefore compete for DD receptor ligands 

antagonising their function. In contrast the TRAF binding receptors e.g. 4-1BB, OX40 

and CD27 recruit TRAF through a 4-6 amino acid motif. Subsequent signalling 

following ligation of the receptor, provided by TRAF activation, promotes cellular 

activation, differentiation, and survival (Ashkenazi, 2002; Croft, 2009; Watts, 2005).  

Currently six TRAFs have been identified (Dempsey et al., 2005). All TRAF 

associated receptors bind TRAF2, while the other TRAFs are differentially 

to various receptors, as shown in  

Figure 1-3. Interestingly although all receptors bind TRAF2, the TRAF2 binding 

domain of each receptor is divergent; therefore different receptors bind TRAF2 with 

differing affinities (Ye and Wu, 2000).  
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Figure 1-3 TNFR family members and association with TRAFs. Shown are the 

most prominent TNF receptor:ligand pairs and the variable association with TRAFs 

(Adapted from Watts, 2005). 

 

The expression of these receptors on naïve T cells is activation induced (with the 

exception of CD27 which is expressed but up-regulated following T cell activation). 

In contrast memory T cells and Tregs constitutively express certain family members 

such as HVEM and GITR respectively, however the expression of OX-40 and 4-1BB 

remains activation induced, in humans (Pollock et al., 1993; Croft, 2009). The 

expression of ligands by APC is also regulated; expression can be induced by signals 

including TLR signalling. Curiously, while CD4
+
 and CD8

+
 T cells express receptors, 

both are also capable of expressing ligands; possibly resulting in T cell:T cell 

interactions (Croft, 2009; Stephan et al., 2007). 
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1.1.2.3.3.1 4-1BB Receptor 

As a member of the TNFR family 4-1BB (CD137) is a type I membrane protein, the 

extracellular portion of which is characterized by multiple cysteine-rich pseudo-

repeats (Won et al., 2009).  

 

As stated above the expression of 4-1BB is inducible on T cells in response to antigen 

and/or cytokine stimulation. 4-1BB is also expressed on a number of other cell types 

including NK cells, NKT cells, mast cells and neutrophils (Wang et al., 2009). 

 

Both CD4
+
 and CD8

+
 T cells are capable of expressing 4-1BB following stimulation, 

likewise Th1 and Th2 cells can both express 4-1BB. In vitro T cell antigen 

stimulation induces 4-1BB expression on the cell surface reaching a maximal level of 

expression 48hr after initial stimulation, expression then diminishes 4-5 days after 

initial stimulation (Watts, 2005). However the expression of 4-1BB in vivo may vary 

from that seen in vitro, with more rapid and transient expression (Takahashi et al., 

1999).  

 

4-1BB associates with TRAF2 and TRAF1 (Watts, 2005), TRAFs associated with 4-

1BB complex with inhibitor of NF-κB-α subunit (IκBα), IκB kinase-β (IKKβ) and 

NF-κB-inducing kinase (NIK), allowing activation of both canonical and non-

canonical NF-κB signalling pathways, resulting in decreased cell death through 

increased expression of the anti-apoptotic proteins Bcl-2, Bcl-XL and BFL1. In 

addition 4-1BB signalling down regulates pro-apoptotic Bim and activates PIK3 and 

PKB and can influence the expression of cyclins. Ligation of 4-1BB also synergizes 

with TCR-induced signals to induce cell cycle progression and cytokine production. 
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4-1BB signalling activates JUN N-terminal kinase (JNK) and activator protein 1 

(AP1), mitogen-activated protein kinases p38 and ERK, and promotes the nuclear 

accumulation of nuclear factor of activated T cells (NFAT). These factors promote the 

production of cytokines, including IL-2, IL-4, IL-5 and IFN and up-regulation of 

cytokine receptor expression, such as CD25 and IL-12Rβ2 (Croft, 2009; Wang et al., 

2009). Additionally 4-1BB stimulation has also been shown not only to prevent but to 

also break established anergy of T cells (Wilcox et al., 2004). 

1.1.2.3.3.2 4-1BB Ligand 

4-1BBL (CD137L) is a type II membrane protein. Based on sequence and structural 

characteristics 4-1BBL can be grouped with other TNF family members including 

GITRL, and OX40L which are characterized by divergent sequences having relatively 

low sequence homology (15-34%) with other TNF family members. Like other TNFR 

family ligands 4-1BBL forms trimeric structures, binding to three receptor molecules. 

Unlike other TNF Ligand structures which have been solved including GITRL and 

OX-40L, 4-1BBL shows a novel trimer organization, a 3-fold symmetric, three-

bladed propeller as opposed to a canonical bell shape or blooming flower-like 

structure of other TNF family members (Won et al., 2009). 

 

4-1BBL can be expressed by a number of cell types including DC, macrophage and B 

cells. In concurrence with the regulated expression of 4-1BB the expression of 4-

1BBL is also regulated. In the case of APC 4-1BBL is induced under inflammatory 

conditions in particular following TLR stimulation (Croft, 2003; Lee et al., 2003). 
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Interestingly reverse signalling by 4-1BBL can augment the expression of pro-

inflammatory cytokines including IL-6, TNF-α and IL-12 by antigen presenting cells 

(Kang et al., 2007; Lippert et al., 2008). 

1.1.2.3.4 IL-12 

IL-12 is a 70kDa heterodimer composed of the p35 light chain and the p40 heavy 

chain, which may also form a heterodimer with p19 to form IL-23. IL-12 is produced 

mainly by activated macrophages, monocytes and DC in vivo in response to TLR 

stimulation and is enhanced by cytokines such as IFNγ. This creates a positive 

feedback loop during inflammatory responses, or maturation of DC by CD40-CD40L 

interactions in which IFNγ is produced stimulating IL-12 production and vise versa.  

 

Our Ad-IL-12 vector is composed of the CMV immediate-early promoter driving p35 

and p45 expression, which are separated by an IRES (internal ribosome entry site) 

(i.e. CMV-p35-ires-p40). In concordance with what may be expected from our 

adenoviral vector the production of the p35 subunit has been shown to be in excess of 

the p40 subunit (Kang et al., 2005). The synthesis of excess p40 monomer or 

homodimer has been reported to result in either IL-12p70 antagonistic effects or 

independent agonistic stimulatory effects in in vivo murine models (Cooper and 

Khader, 2007).  

 

IL-12 was originally identified in 1989 by Kobayashi et al. from the supernatant of an 

EBV-transformed human B cell line and termed NK cell stimulatory
 
factor (NKSF), 

due to its ability to activate NK cells and increase their cytotoxicity; it was also shown 

to induce IFNγ production and T cell proliferation. 
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The receptor for IL-12 originally characterised by Presky et al. (1996) is composed of 

two chains, IL-12Rβ1 and IL-12Rβ2. Expression is primarily associated with 

activated T and NK cells, however resting NK cells have been shown to constitutively 

express the IL-12 receptor at low levels (Trinchieri, 2003). TCR ligation induces 

expression of the IL-12 receptor, which is enhanced by cytokines including IFNγ, 

TNFα and IL-12 itself, as well as by ligation of CD28. Binding of IL-12 to its 

receptor mainly signals through the activation of STAT4 (signal transducer and 

activator of transcription-4), via the JAK-STAT (Janus kinase-signal transducer and 

activator of transcription) pathway (Trinchieri, 2003; Kang et al., 2005). 

 

The IL-12Rβ1 subunit is expressed at similar levels on Th1 and Th2 cells (Szabo et 

al., 1995), commitment to the Th1 cell type is associated with expression of IL-12Rβ2 

allowing responsiveness to IL-12. The expression of the β2 chain is dependent on T 

box transcription factor (T-bet) activation through IFN-γ and Stat1 signalling (Mullen 

et al., 2001; Afkarian et al., 2002). The Th2-inducing cytokine IL-4 represses IL-12 

signalling through inhibition of β2 chain expression, antagonizing Th1 cell 

differentiation (Szabo et al., 1997). 

 

IL-12 can augment the proliferation of T cells and NK cells in response to a variety of 

stimuli including mitogenic lectins, alloantigens, CD3-specific antibodies and phorbol 

diesters, and has a direct proliferative effect on pre-activated T cells and NK cells. IL-

12 can also synergise with CD28 ligation to induce proliferation of resting T cells in 

the absence of antigen, but also facilitates proliferation and IFNγ production by 

antigen specific T cells. IL-12 can also enhance cytotoxicity by up regulation of 

perforin and granzyme and expression of adhesion molecules (Trinchieri, 2003).  
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1.1.2.4 T cell subsets 

1.1.2.4.1 T cell polarisation 

The identification of two distinct subsets of T helper cells capable of producing 

different cytokine profiles, differentially polarised from a non-polarised naïve (Th0) 

precursor cell led to the conceptualisation of Th1 and Th2 subsets. The Th1 subset is 

characterized by production of IFNγ and is involved in cellular immunity against 

intracellular pathogens (e.g. viruses) and tumours. While the Th2 subset 

predominantly produces IL-4, IL-5, and IL-13 and are required for humoral immunity. 

While the majority of interest in subsets has involved CD4
+
 T helper cells, CD8

+
 T 

cells are also polarised to form Tc1 and Tc2 subsets (Amsen et al., 2009; Zhou et al., 

2009). The polarisation of CD8
+
 T cells to Tc1/Tc2 has similar stimulating factors to 

the polarisation of CD4
+
 T cells (Croft et al., 1994). 

 

The polarisation of these subsets involves signalling via mutually exclusive cytokines 

and transcription factors. Th1 cells are polarised by IL-12 and IFNγ through induction 

of STAT4, STAT1, and T-bet. Conversely Th2 cell polarisation requires IL-4 

mediated induction of STAT6 and subsequent GATA3 expression. Under polarizing 

conditions stable cytokine production was observed only after a set number of cell 

divisions suggestive of a requirement for the generation of a stable transcriptional 

program (Bird et al., 1998; Grogan et al., 2001). Importantly once naive Th0 cells 

have been polarized into Th1 or Th2 cells, it has been generally accepted commitment 

is not reversible even under different polarizing conditions (Murphy et al., 1996). 

However the relationship, cytokine production and commitment to Th subsets may be 

more plastic than has previously recognised (O’Shea and Paul, 2010). 

 



 27 

A number of other T cell subsets have been identified recently based on their cytokine 

production profiles and induction under varying cytokine milieu including the 

regulatory subsets discussed in 1.1.2.4.3 and the IL-17 producing proinflammatory 

Th17 subset. However the exact roles and plasticity of these subsets and which of 

these subsets are truly representative of differential subset commitment is currently 

debated (Locksley, 2009; O’Shea and Paul, 2010; Zhou et al., 2009). 

1.1.2.4.2 Memory T cells 

The ability of T cells to form memory is a defining feature of the adaptive immune 

response, allowing rapid response to subsequent antigen encounter. Following an 

initial clonal expansion a contraction phase occurs where ~90% of responding T cells 

undergo apoptosis, from this a small minority of cells are believed to transition to a 

memory state. As could be expected the initial size of the T cell response determines 

the size of the memory pool created. Therefore the quality of the initial stimulation (of 

which costimulation plays an important role) provided to the primary responding T 

cells has an impact on the quality of not only initial response but also the formation of 

memory (Obar and Lefraniçois, 2009; Prlic et al., 2007; Seder and Ahmed, 2003). 

The signals and mechanisms governing the formation of T cell memory are not fully 

understood. CD4
+
 and CD8

+
 T cells have been shown to develop memory as a linear 

process, i.e. naïve to effector to memory. Murine model systems, utilising Cre-

mediated recombination to irreversibly mark effector T cells with IFNγ or Granzyme 

B promoter activity, have shown these effector T cells go onto form long lived 

memory T cells (Bannard et al., 2009; Harrington et al., 2008). Additionally by 

transferring a single antigen specific T cell into mouse Stemberger et al. (2007) 

showed a single CD8
+
 T cell has the potential to form all memory and effector subsets 

observed during an immune response. These data suggest memory formation is 
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governed by signals during the immune response. Interestingly commitment to 

memory formation has been shown to occur during the initial stages of T cell division 

as shown by Chang et al., (2007). Therefore suggesting the earliest signalling events 

may dictate the final outcome of memory and effector T cell development (Obar and 

Lefraniçois, 2009). 

 

As survival of T cells is an important factor in the generation of memory, and the 

strength of initial stimulation also impacts upon memory formation costimulatory 

molecules such as OX40L and 4-1BBL have been implicated in the formation of T 

cell memory (Croft, 2009; Dawicki et al., 2004; Hendriks et al., 2005). 

 

While the development of memory may be a prerequisite for the efficacy of 

prophylactic vaccine development, a strong initial response may be as important in 

cancer immunotherapy (Rosenberg et al., 2004), which may lead to memory however 

the development of antigen loss variants may mean these do not have a role to play in 

further anti-tumour responses. 

1.1.2.4.3 Regulatory T cells 

Suppressive T cells were initially proposed in the 1960s, a seminal paper by Gershon 

and Kondo (1971) lead to the hypothesis that regulatory T cells were a specific 

lymphocyte subset. Due to inadequate techniques, lack of specific markers and 

conflicting data, for a time a consensus developed against the presence of suppressor 

T cells (Germain, 2008). Nevertheless there was growing evidence that a subset of T 

cells was able to regulate autoimmunity in murine models following neonatal 

thymectomy (Sakaguchi et al., 1985). The true renaissance of the field however was 

led by the work of Sakaguchi et al. (1995) who were able to show that a population of 
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CD4
+
CD25

+
 T cells were able to prevent autoimmune disease in a mouse model. 

Following the identification of the selective expression of FoxP3 in the CD4
+
CD25

hi
 

population in mouse a definitive phenotype and transcription factor was assigned to 

the regulatory subset (Hori et al., 2003; Fontenot et al., 2003). 

 

The presence of Tregs is vitally important for the correct function of the immune 

system. While tolerance inducing mechanism may play an important role in 

controlling pathological immune activation, in the absence of Tregs gross pathology 

will occur as shown in the scurfy mouse strain or in IPEX (immune dysregulation 

polyendocrinopathy enteropathy X-linked) syndrome in humans. Both are associated 

with mutations in the FoxP3 gene (Hori et al., 2001). Conversely in the cancer setting 

Tregs have been implicated in the suppression of anti-tumour immune responses and 

are a major target for novel therapies (Curiel, 2007; Nizar et al., 2009). Tregs are 

produced in the natural course of T cell development termed natural Tregs (nTreg), 

however there are also Treg that are induced from T cells in the periphery, so called 

induced Treg (iTreg), both share functional properties, however they have also been 

shown to have differences in responses to cytokines and costimulatory signals 

(Horwitz et al., 2008). 

 

While in mouse the CD4
+
CD25

hi
FoxP3

+
 phenotype holds true as a marker of Tregs, in 

humans the phenotype is somewhat less rigidly defined. Currently in humans, many 

groups define the classical Treg as a CD4
+
CD25

hi
CD127

lo
FoxP3

+
 T cell (Liu et al., 

2006; Seddiki et al., 2006), other markers may also be used such as LAG-3, however 

the ability of a diverse group of markers such as these to provide a pure Treg 

population is disputed (Corthay, 2009). Numerous other T cell subsets with 
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suppressive functions have also been identified, including CD8
+
 T cells; the 

phenotype and regulatory functions of these cells are varied (Shevach, 2006; Wang 

and Wang, 2007). 

 

From in vitro data Tregs have been shown to have the ability to suppress the function 

of a diverse population of cells including CD4
+
 and CD8

+ 
T cells, B cells, 

Macrophage, NKT cells and NK cells (Piccirillo et al., 2001; Ghiringhelli et al., 2005; 

Lim et al., 2005). The mechanism of suppression by Tregs and other regulatory 

subsets are as yet undefined in vivo. Many contact dependent and independent 

mechanisms have proposed including the generation of immunosuppressive 

cytokines, e.g. TGF-β and IL-10, IL-2 consumption and cytolysis, resulting in the 

induction of anergy, inhibition of proliferation, and suppression of effector functions 

(Shevach, 2009). There are therefore numerous subdivisions in the phenotypes and 

mechanisms used by regulatory T cells to suppress lymphocyte activation, involving 

various combinations of cell contact dependent and independent mechanisms.  

 

While the immune system has clearly developed mechanisms to inhibit or down 

regulate immune responses which may be harmful there are logically also 

mechanisms to allow the suppression of the suppressors or allow activation in their 

presence. Such effects can be mediated by glucocorticoid-induced tumour necrosis 

factor receptor (GITR) or OX40 mediated suppression of Tregs (Valzasina et al., 

2005). While interestingly for this project IL-12 is able to reverse Treg mediated 

suppression and allow cytokine production and proliferation by CD8
+
 T cells in the 

presence of Tregs (King and Seagal, 2005). Likewise 4-1BBL has also been shown to 

allow T cells to become resistant to Treg suppression (Choi et al., 2004), while TLR9 
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stimulation has also been shown to impair Treg conversion under Treg inducing 

conditions (Hall et al., 2008). 

 

There is substantial evidence that the polarisation of this cell type may be more plastic 

than originally thought (Zhou et al., 2009), for example nTreg and iTreg have been 

shown to be capable of being converted into IL-17 producing pro-inflammatory Th17 

cells in the presence of TGF-β and IL-6 (Xu et al., 2007; Yang et al., 2008; Zheng et 

al., 2008). However iTreg appear to be resistant to conversion under Th1 inducing 

conditions (Croxford et al., 2009).  It has also been show that Th17 cells can be 

converted into Th1 cells in the presence of IL-12 (Lee et al., 2009). Therefore in the 

presence of IL-6 produced by DC following TLR ligation (Pasare and Medzhitov, 

2003) it may be possible to repress Treg suppression by conversion to Th17 cells, 

thereby reducing the suppressive environment. Th17 cells may then be converted to 

Th1 cells. 

1.1.3 Natural Killer T cells 

Natural killer T (NKT) cells comprise a small population of peripheral blood 

lymphocytes (2.5% average). They can be described as unconventional T cells 

displaying features of both the adaptive and innate immune system, and are proposed 

to bridge between the two systems (Giroux and Denis, 2005). Classically NKT cells 

express CD3 and αβ-TCR however rearrangement is restricted producing an invariant 

TCR, in humans a Vα24-Jα18 rearranged TCR α-chain with a Vβ11-containing β-

chain. Expression of this TCR combination results in the TCR no longer recognising 

peptide bound to MHC but rather recognising glycolipids presented on the 

unconventional antigen presenting molecule CD1d. The recognition of CD1d by NKT 
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cell TCR is highly conserved across species with mouse invariant NKT cell TCRs 

being able to recognise human CD1d (Godfrey et al., 2004). 

 

The invariant NKT (iNKT) cell represents the classical (type I) NKT cell however a 

second type of NKT has also been defined which does not express the Vα24-Jα18 

invariant TCR, although does retain CD1d restriction. In contrast to type I iNKT cells 

the type II NKT cells do not recognise the archetype NKT cell antigen α-GalCer (α-

galactosylceramide). Division of NKT cell subsets has additionally been proposed to 

be more reliably defined by an NKT cell’s ability to recognise this antigen. A third 

subset of NKT cells has also been suggested which rearrange TCR and are not CD1d 

restricted, however whether these cell truly represent type III NKT cells or a subset of 

T cells is debated (Godfrey et al., 2004). 

 

NKT cells also express a number of NK associated markers, most commonly CD161, 

while other markers including CD56 can also be expressed (Loza et al., 2002; Giroux 

and Denis, 2005). Like NK cells NKT cells can become activated without the need for 

additional signals, and are capable of producing large amounts of cytokine, including 

Th1 cytokines IFNγ and TNFα, and Th2 cytokines IL-4 and IL-13, rapidly upon 

activation (Loza et al., 2002), possibly allowing these cells to also coordinate the 

polarisation of adaptive immune responses. 

 

A number of potential CD1d restricted TCR ligands derived from microbial sources 

have been defined for NKT cells, the classical α-GalCer is a marine sponge derived 

glycolipid (Kawano et al., 1997). Interestingly there has been shown to be a 

differential production of cytokines dependent on the ligand used, for example 
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synthetic modification of α-GalCer can skew cytokine production towards either IFNγ 

or IL-4 (Balato et al., 2009). Additionally the cytokine milieu has also been shown to 

have effects on cytokine production by NKT cells with IL-12 able to induce high 

levels of IFNγ (Brigl et al., 2003). While NK cells are major responders to IL-12 NKT 

cells have been shown to be able to respond more strongly in response to low levels of 

IL-12, due to the higher expression of IL-12R by NKT cells (Kawamura et al., 1998). 

 

NKT cells have been implicated in a number of disease states including autoimmune 

and allergic diseases. In contrast NKT cells have also been implicated to have 

regulatory or protective roles in some autoimmune diseases, and have been shown to 

be important in anti-microbial defence. NKT cells have also been proposed to be 

important in anti-tumour responses; however the exact role of NKT cells is unclear. 

While NKT cells can express perforin and FasL, NKT cells have also been shown to 

activate NK cells and cytotoxic CD8
+
 T cells by production of IFNγ (Berzofsky and 

Terabe, 2008), therefore NKT cells may mediate direct and indirect anti-tumour 

effects. 

1.1.4 Natural Killer cells 

Human natural killer cells are defined as a population of CD3
-
CD56

+
 lymphocytes; 

NK cells are a major population of lymphocytes comprising ~10-15% of the total 

circulating lymphocytes. The initial identification of the NK cell followed the 

observation of a murine lymphoid cell which was able to kill certain target cells in 

vitro without prior activation which led to the coining of the name natural killer cells 

in 1975 (Kiessling et al., 1975; Herberman et al., 1975). However it was not until the 

subsequent proposal of the missing self hypothesis by Karre et al. (1986) that the 
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mechanisms behind the recognition of target cells by NK cells began to be 

understood. While originally regarded as a homogeneous population, the complexity 

of NK cell biology is beginning to be appreciated, with a diverse array of roles and 

the ability to recognise and respond to differing targets through the mosaic expression 

of a series of inhibitory and activatory receptors. 

1.1.4.1 Development 

As lymphocytes NK cells share a common CD34
+
 hematopoietic progenitor cell 

T and B cells as show in  

Figure 1-1. NK cells develop in the bone marrow however the complexities of NK 

cell development are currently being elucidated. Five distinct development stages 

have been proposed for human NK cells, through which NK cell markers and function 

are acquired and lineage commitment obtained. NK cell development may also occur 

in secondary lymphoid tissue, or NK cells may undergo a developmental stage within 

the secondary lymphoid tissue, however this has yet to be confirmed. Currently the γ-

chain receptor cytokine IL-15 and interactions with bone marrow stromal cells are 

considered to have importance in the differentiation of NK cells. The acquisition of 

self tolerance during developmental and the role for distinct signals between each 

stage of development have not been defined (Farag and Caligiuri, 2006; Freud et al., 

2006; Williams et al., 2006).  

1.1.4.2 Activatory and inhibitory receptors 

Unlike T cells which recognise target cells through a specific receptor and utilise 

additional (costimulatory) ligand:receptor interactions in order to become activated 

NK cells rely on the expression of a diverse array of receptors to recognise and 

become activated by target cells, and also to achieve tolerance of healthy cells. Also 
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while T cells recognise one specific peptide, NK cells rely on the balance between 

inhibitory and activating signals. Triggering of a single activating signal will in 

general (with the exception of CD16) be insufficient to allow activation (Bryceson et 

al., 2006), likewise the lack of inhibitory signals is detrimental to the ability of natural 

killer cells to become activated (Fernandez et al., 2005). 

 

NK receptors can be divided into two main categories the inhibitory and activatory 

receptors, the diversity of these receptors is shown in Figure 1-4. The inhibitory 

receptors as the name suggests hold back the activation of cytotoxicity classically 

through interactions with MHC class I molecules although other non-MHC ligands 

have also been identified, while activatory receptors are able to bind specific ligands, 

typically being associated with viral or malignant transformation. 
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Figure 1-4 Natural killer cell receptor repertoire. The diverse inhibitory (blue) and 

activating receptors (green) expressed by NK cells are shown. The receptor 2B4 is 

also shown (in grey) which can have inhibitory and activating roles. NK cells have 

variegated expression of the shown activating and inhibitory receptors allowing 

response to a diverse range of targets. Adapted from Vivier et al. (2008). 

1.1.4.2.1 Inhibitory ITIM associated receptor signalling 

There are numerous inhibitory receptors including, killer cell immunoglobulin-like 

receptors (KIRs) and leukocyte immunoglobulin-like receptors (LILRs) both of which 

are type I glycoprotein members of the immunoglobulin superfamily, whereas the 

CD94-NKG2A receptor is a type II glycoproteins with a C-type lectin-like scaffold. 

While there is a diverse set of inhibitory receptors and ligands, all share a common 

signalling motif in the cytoplasmic domain, the immunoreceptor tyrosine-based 

inhibitory motif (ITIM) which is defined by the sequence (I/L/V/S)XYXX(L/V) 

(where X represents any amino acid and forward slashes denote alternative amino 

acids which may be in that position) (Lanier, 2008).  

 



 37 

Upon ligation of an inhibitory receptor the tyrosine residue is phosphorylated (by Src 

family kinases) leading to the recruitment of the phosphatases SHIP-1, SHP-1 or 

SHP-2. By recruiting these phosphatases to the immunological synapse between the 

NK cell and its prospective target these phosphatases can inhibit Ca2
+
 influx, 

degranulation, cytokine production and proliferation by dephosphorylating the 

substrates of the tyrosine kinases linked to activating NK receptors. Interestingly 

unlike the permanent tolerance or anergy instilled in T cells to avoid activation, 

inhibition of NK cell responses by ligation of inhibitory receptors is transient and 

spatially localised, resulting in an NK cell which has encountered inhibition 

subsequently being able to become activated upon encounter with a valid target 

lacking inhibitory ligands and/or expressing adequate activatory ligands (Lanier, 

2008). 

1.1.4.2.2 Activating ITAM associated receptor signalling 

All mature NK cells constitutively express FcεRIγ, CD3-δ and DAP12 signalling 

subunits as hetero and homodimers. These interact with NK cell activating receptors 

through oppositely charged amino acids in the transmembrane regions of the 

activating receptor and signalling subunits. In a similar manner to the inhibitory 

receptors FcεRIγ, CD3-δ and DAP12 are characterised by the presence of specific 

motifs in the cytoplasmic domain, the immunoreceptor tyrosine-based activation 

motif (ITAM) which is defined by the sequence (D/E)XXYXX(L/I)X6-8YXX(L/I) 

(Lanier, 2008).  

 

Similarly to the consequences of inhibitory receptor ligation, ligation of the activating 

receptor allows the ITAM tyrosine to become phosphorylated by Src family kinases, 

leading to binding of the tyrosine kinases Syk and Zap70, resulting in a signalling 
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cascade that is very similar to that of T and B cells. Interestingly there appears from 

knockout studies in murine NK cells to be a separation of cytotoxicty and cytokine 

production dependent on differential regulation of downstream signalling events 

(Huntington et al., 2005; Hesslein et al., 2006), likewise it has been suggested that 

different adaptor molecules or kinases may be utilised by different receptors although 

this has yet to be confirmed (Lanier, 2008). 

1.1.4.2.3 Non-ITIM/ITAM signalling 

While the majority of inhibitory and activatory NK receptors function through ITIM 

or ITAM motifs respectively, there have also been a number of other signalling 

systems defined. These include most importantly the activating receptor NKG2D and 

the inhibitory/activatory receptor 2B4 (CD244) (Garni-Wagner et al., 1993; Schatzle 

et al., 1999; Billadeau et al., 2003). 

 

NKG2D is a member of the C-type lectin-like receptor (CTLR) superfamily, with 

diverse expression on NK cells, γδ-T cells, activated CD8
+
 T cells and macrophages. 

NKG2D has been of great interest due to its role in recognition of stressed cells such 

as those undergoing viral infection or malignant transformation. In contrast to other 

activating receptors NKG2D does not associate with ITAM containing subunits but 

rather exclusively associates with a DAP10 homodimer, in humans. DAP10 contains 

the signalling motif YINM, the downstream signalling events associated with 

activation of this receptor are therefore distinct from ITAM associated receptors 

utilising PI3K and Grb2 rather than Syk family kinases (Billadeau et al., 2003). 

 

2B4 is a member of the signalling lymphocytic activation molecule (SLAM) family of 

receptors (members of the immunoglobulin superfamily), which in humans also 
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includes NK, T- and B-cell antigen (NTB-A) and CD2-like receptor-activating 

cytotoxic cells (CRACC), the expression of which is present on the majority of 

mature NK cells (Veillette, 2006). 

 

The signalling pathway of 2B4 is the most widely studied. SLAM-related receptors, 

such as 2B4, bind members of the SAP family of adapters; SAP or Ewing's sarcoma-

activated transcript-2 (EAT-2), through interactions of the SH2 domain of SAP family 

adapters and the tyrosine-based motif TIYXXV/I, an immunoreceptor tyrosine-based 

switch motif (ITSM) of 2B4. It has been suggested that the differential binding of 

either SAP or EAT-2 may control the ability of 2B4 to act as an inhibitory or 

activatory receptor, expression of which may depend on the maturational status of the 

NK cell (Lanier, 2008; Veillette, 2006).  

 

2B4 has been shown to act as an inhibitory receptor during NK development prior to 

expression of ITIM associated inhibitory receptors, possibly also explaining the 

widespread expression of the 2B4 ligand CD48 on hemopoietic cells. Alternatively 

the prior activation of NK cells by receptor ligation or cytokines may influence the 

ability of 2B4 to be activating or inhibitory (Sivori et al., 2002; Bryceson et al., 2006; 

Veillette, 2006). 

1.1.4.3 NK Education, Arming and Licensing 

While early experiments indicated NK cells recognise ‘Missing self’, a paradox exists 

in that NK cells derived from TAP-2 deficient patients are tolerant of autologous 

cells, although they lack MHC expression, likewise it has been shown that NK cells 

from healthy individuals which lack inhibitory receptors are also tolerant of self; 
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however both these groups are also hyporesponsive to missing self (Yawata et al., 

2008). This suggests that there is a complex mechanism behind the endowment of NK 

cells with the ability to kill, allowing the tuning of NK responses to the individual. 

 

The phenomenon of ‘hybrid resistance’ in mice where parental grafts are rejected by 

F1 hybrid offspring was originally observed in 1971 by Cudkowicz and Bennettin, it 

was not until much later however that the significance of these finding could be 

explained. Yawata et al. (2008) elegantly showed that there is a chimeric expression 

pattern of inhibitory receptors associated with human NK cells with every possible 

combination being present to varying degrees in every donor. As the expression of 

KIR genes is hypervariable, and not linked to HLA inheritance, individuals may also 

possess KIR for which they do not possess cognate ligands (Parham, 2005). There is 

therefore a requirement for a process of ‘education’ of NK cells during their 

development to allow self tolerance to be achieved. Hence in hybrid resistance a 

population of F1 NK cells will recognise parental cells as having ‘missing self’ as 

they do not possess the appropriate ligands for the inhibitory receptor with which 

those NK cells have been educated to achieve self tolerance. 

 

NK cells lacking inhibitory receptors are hyporesponsive, likewise NK cells which 

only possess an inhibitory receptor for which the individual does not possess a 

corresponding HLA ligand cannot experience self and are therefore also 

hyporesponsive. In order to acquire cytotoxic potential NK cells must achieve 

tolerance through the expression of at least one inhibitory receptor to become 

‘armed’; the ‘at least one’ model (Anfossi et al., 2006). While there is evidence to 

support the expression of all inhibitory receptors encoded by an individual’s genotype 
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within the human NK cell population, there is also a suggestion that the expression of 

inhibitory receptors may be influenced by the presence of appropriate ligand (Yu et 

al., 2007). Therefore NK cells express every combination of inhibitory receptor 

possible for each individual, but this expression may be skewed to allow the 

production of the biggest repertoire of functional NK cells, allowing the highest 

chance of recognition of appropriate targets. 

 

To add to the complexity of the process of NK cell education, the process appears to 

be dynamic, in contrast to T cell anergy. Using a mouse transgenic model on a H-2
d
 

background Johansson et al. (1997) created a mosaic transgenic line expressing H-2D
d
 

on 10-80% of cells. Despite the mosaic expression of ligand and inhibitory receptors, 

mice were tolerant of cells lacking trangene expression. However tolerance could be 

broken by separating the H2D
d
 negative and positive cells in vitro, suggesting NK cell 

tolerance is also regulated by interactions with surrounding cells during education. 

This is similar to the breakdown of tolerance associated with the in vitro cytokine 

stimulation of NK cells derived from TAP-deficient patients (Zimmer et al., 1998). 

Likewise NK cells lacking inhibitory receptors as previously mentioned are 

hyporesponsive, however these cells are still capable of responses to PMA and 

ionomycin, suggesting a block in activatory signalling (Anfossi et al., 2006). 

 

At present however there has not been an agreement on the model which best fits to 

the in vivo process of NK cell education, and so far the molecular mechanisms 

governing NK cell education and tolerance have not been defined (Raulet and Vance, 

2006; Colonna, 2008).  
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1.1.4.4 CD56
dim

 and CD56
bright

 subsets 

Human NK cells identified by their lack of CD3 and expression of CD56 can also be 

subdivided into two subsets (CD56
bright

 and CD56
dim

) on the basis of the level of 

CD56 expression. These two subsets have been shown to have different distribution 

and functional abilities as shown in Error! Reference source not found..  

Table 1-1 Differential markers and functions of the CD56
bright

 and CD56
dim

 NK 

cell subsets. 

 
CD56

dim
 CD56

bright
 

CD56 + ++ 

CD16 ++ -/+ 

CD25 - + 

CD62L -/+ ++ 

CCR7 - ++ 

CXCR3 -/+ + 

CD27 -/+ + 

KIR ++ -/+ 

CD94 -/+ ++ 

NKG2A -/+ + 

Cytokine production + ++ 

Natural cytotoxicity ++ + 

++ High level expression; + expressed; +/- variable expression, low or absent; - not 

expressed. Adapted from Cooper et al. (2001) and Vossen et al. (2008). 

 

The CD56
dim

 subset is the dominant subset in the periphery accounting for ~90% of 

the circulating NK cell population. This subset has been shown to be the more 

cytotoxic subset when resting, expressing higher levels of perforin and granzyme, 

compared with CD56
bright

 NK cells. The CD56
bright

 NK cell population in contrast to 

the CD56
dim

 population is enriched in secondary lymphoid tissues. While basal 

cytotoxicity of CD56
bright

 NK cells is lower than for CD56
dim

 cells pre-activation with 

IL-2 results in an increased cytotoxic ability (Robertson et al., 1992). While the 

CD56
bright

 NK cells may be less capable of conducting NK cell mediated cytotoxic 

functions they are however superior in the production of a plethora of 



 43 

immunoregulatory cytokines such as IFNγ, TNFα, and GM-CSF (Cooper et al., 

2001). 

 

It has also been suggested that the CD56
bright

 subset represents an immature form of 

NK cell from which CD56
dim

 cells are derived, conversely it has been suggested that 

CD56
bright

 NK cells are an activated from of CD56
dim

 cells, whereas there is an 

argument that these two subsets are distinct being derived from a common progenitor. 

As yet it is unclear which of these models is correct or equally whether in vivo a 

combination of these models may function (Cooper et al., 2001). 

 

The general definition of the CD56
dim

 population relies on the differential expression 

CD16 (FCγRIII), expression of which defines the classical CD56
dim

 NK cell, allowing 

the ADCC function of this cell population. The CD56
bright

 and CD56
dim

 subsets of NK 

cells also display major differences in the expression patterns of many other 

molecules, firstly associated with the homing phenotype of these cells, but also 

suggestive of the functional differences of these cell populations. The CD56
bright

 

population lacks expression of CD16, there is exclusive expression of CD25 (the IL-2 

receptor α-chain) allowing the formation of the high affinity IL-2 receptor in complex 

with CD122 (β-chain) and CD132 (γ-chain), suggestive of differential roles and 

responsiveness of these different subsets. This population is also well placed to utilise 

IL-2 produced by activated T cells in the secondary lymphoid tissues (Caligiuri et al., 

1990; Fehniger et al., 2003). The CD56
bright

 population also typically expresses higher 

levels of the inhibitory CD94-NKG2A receptors complex while expressing low levels 

of KIR in contrast to the CD56
dim

 subset (Cooper et al., 2001; Jacobs et al., 2001). 
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Given these differences the CD56
bright

 subset may be more suited to coordinate an 

immune response, which could potentially be a powerful tool for the immunotherapy 

of cancer. 

1.1.4.5 Interactions with the adaptive immune system 

As stated the CD56
bright

 NK cell subset is present in secondary lymphoid tissue. These 

cells have been shown to localise to the parafollicular T-cell region of lymph nodes, 

facilitating interactions with DCs and T cells (Fehniger et al., 2002). Besides the 

localisation of CD56
bright

 NK cells to lymph nodes both subsets of NK cells may be 

recruited to inflammatory sites following pathogen entry or tumour formation through 

expression of the chemokine receptors CXCR1 and CXC3R1 by CD56
dim

 NK cells 

and CXCR3 by CD56
bright

 NK cells (Qin et al., 1998; Lazzeri and Romagnani, 2005; 

Marcenaro et al., 2006). 

 

The interaction of CD56
bright

 and CD56
dim

 NK cells with DCs has been shown to 

promote activation of the NK cell, it is however the CD56
bright

 population which are 

subsequently able to proliferate (Vitale et al., 2004). Mature DC are able to produce a 

variety of stimulatory cytokines, including IL-12 and IL-15 which are capable of 

inducing NK activation and proliferation, however there is not a detailed 

understanding of the mechanisms responsible for the induction of NK cell 

proliferation by DCs (Trinchieri, 2003; Fehniger and Caligiuri 2001). 

 

While resting NK cells are able to recognise and kill target cells without prior or 

additional activation, NK cells are not capable of producing immunostimulatory 

cytokines (including IFNγ and TNFα) in response to target cells without additional 
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stimulus. The production of cytokines can be induced upon interaction with target 

cells by type 1 IFNs, IFNα and IFNβ, (which are produced by cells in response to 

viral infection). The production of cytokines by NK cell co-activation with type 1 IFN 

(or the pro-inflammatory cytokines IL-18 and IL-12) are a prerequisite for the NK cell 

induced enhancement of DC function and stable polarisation of the DC towards Th1 

induction (Mailliard et al., 2003; Marcenaro et al., 2005; Garcia-Sastre and Biron, 

2006). The production of IFNγ has also been shown to directly influence the Th1 

polarisation of naïve T cells (Afkarian et al., 2002; Morandi et al., 2006). The 

stimulation of TLR3 and TLR9 on NK cells in the presence of IL-12 without further 

activation also induces the production of immunostimulatory cytokines and promotes 

cytotoxicity against immature DC and also tumour cell targets (Sivori et al., 2004). 

The engagement of TLRs on DC and NK may provide the initial stimulus to drive an 

effective immune response.  

 

The process of DC editing, killing of immature DC by NK cells, may seem 

paradoxical to the ability or necessity of NK cells to drive an effective immune 

response, however immature DC are less well equipped to drive effective immune 

responses and may induce tolerance (Dhodapkar et al., 2001; Levings et al., 2005), 

particularly in the cancer setting (Ghiringhelli et al., 2005). The ability of NK cells to 

recognise immature DC has been shown to be dependent on the differential 

expression of HLA-E (the ligand for the CD94/NKG2A) by mature and immature 

DC. Interestingly it has been shown that the population of NK cells responsible for 

DC editing functions are CD94/NKG2A
+
KIR

-
, i.e. the CD56

bright
 subset, which are 

also well placed to interact with DC during an immune response (Chiesa et al., 2003). 
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The process of reciprocal activation of DC and NK cells has been shown to have both 

contact dependent and independent components. In contrast to mouse, human NK 

cells separated from DC by transwells are able to induce the maturation of immature 

DC, however the ability of NK to induce maturation of immature DC has also been 

shown in vitro to be dependent on the ratio of NK:DC where high NK ratios result in 

the inhibition of DC function (Fernandez et al., 1999; Nishioka et al., 2001; Gerosa et 

al., 2002; Piccioli et al., 2002). The NK cell mediated process of DC editing may be 

responsible for this paradoxical relationship, whereby killing of immature DC may 

allow the activation of NK cells and associated cytokine production and provision of 

additional danger signals aiding DC maturation. 

 

In a series of experiments using an in vivo murine model system, Krebs et al. (2009) 

administered OVA expressing cells with or without ‘missing self’ as an antigen 

source to mice. CD8
+
 and CD4

+
 T cell and B cell responses showed that killing of 

antigen expressing target cells by NK cells was necessary to promote the generation 

of an effective adaptive immune response. Antigen specific responses driven by NK 

cells mediated killing of target cells was also very sensitive; generating a response to 

as few as 10
4
 target cells.  

 

There is therefore a reciprocal interaction between NK, APC and T cells during the 

progression of an immune response. APC may become activated to produce 

monokines, activating NK cells. Activated NK cells produce immunostimulatory 

cytokines and provide DC editing functions, enhancing the antigen presenting 

capacity of APC and promoting the generation of Th1 T cells. NK cells could also 
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provide antigen for APC to present to T cells by killing targets. Activated T cells in 

turn produce IL-2 for the further activation of NK cells. 

1.2 Interaction of the immune system and cancer 

1.2.1 Tumour development 

The development of a malignant carcinoma is a progressive multi-step process 

analogous to Darwinian evolution, requiring the production of many mutations. On 

average 90 mutated genes are present per tumour in colorectal and breast cancer 

tumours, however only a subset of these are likely to be ‘driver’ mutations promoting 

tumorigenesis (Sjöblom et al., 2006). Insightful work performed by Shah et al. (2009) 

showed the accumulation of mutations during the progression of a primary breast 

tumour over a period of nine years with biopsies from the same patient. In the course 

of progression not only had low frequency mutations come to fixation in the tumour 

but new mutations had also occurred and become prevalent. Similarly, following on 

from earlier work by Hunter et al. (2006) showing prevalence of a mutation in a 

specific mismatch repair gene (MSH6) in glioma tumours following treatment with 

the alkylating agent temozolomide, work by Yip et al. (2009) showed the occurrence 

of this mutation during therapy due to the selective pressure exerted by 

temozolomide. The occurrence of MSH6 mutations were also shown to have a causal 

relationship with the occurrence of resistance. 

 

There are a number of distinct prerequisite properties required for the development of 

a cancer; in order for these ‘Hallmarks of cancer’ to develop there is a requirement to 

overcome multiple cellular mechanisms and checkpoints (Hanahan & Weinberg, 
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2000). The progression to malignancy bypasses such controls due to the plasticity of 

the cancer cell genome resulting from defects in nucleotide-excision repair, and 

chromosome and microsatellite instability. Work by Sjöblom et al. (2006) and also 

Wood et al. (2007) has shown the presence of mutations in an assortment of genes 

proposed to drive cancer development from different tumour samples, however there 

are a minority of mutations which are present in a high proportion of tumours, 

demonstrating that certain mutations must be selected for during tumour progression. 

Cancer cells become self sufficient in growth signals, and insensitive to growth 

inhibitory signals, whether this be through the corruption of signalling pathways, the 

autonomous production of growth factors or the coercion of accessory neighbouring 

cells to generate growth signals. Evasion of apoptosis represents an important facet of 

tumour development, allowing the continuation of growth and thus increasing the 

potential for further mutations to take place, ultimately leading to the development of 

limitless replicative potential. Tumours also spread and recruit a nutrient source 

through sustained angiogenesis, tissue invasiveness and metastasis facilitated by 

changes in the expression of adhesion molecules and extracellular proteases by the 

cancer cell or by recruited stromal cells. Ultimately the development of metastases is 

the final step in the progression of cancer as this results in the cause of 90% of deaths 

from cancer (Hanahan and Weinberg, 2000; Lengauer et al., 1998). 

 

While there is a requirement for the development of sustained growth and the 

subversion of tumour suppressor mechanisms to facilitate the growth of a tumour, 

tumour development does not occur in an unperturbed environment, there is evidence 

to suggest the immune system is also a controlling factor in this process (Zitvogel et 

al., 2006). 
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1.2.2 Recognition of tumour cells by the immune system 

There is substantial evidence to suggest a role for the immune system in the 

development of cancer. However evidence as to the effector cells which may be 

mediating this protective effect is mixed, in murine models both elements of the 

innate and adaptive immune responses have been implicated. Given the complex 

interactions of the immune system it may be likely that multiple cell types are 

involved during anti-tumour immune responses; dependent on the tumour cells origin, 

mechanism of transformation, and its ability to be recognised by the immune system 

(Dunn et al., 2004). 

1.2.2.1 T cell antigens 

Multiple methods have been utilised to identify the tumour antigens recognised by T 

cells. This includes initial autologous typing experiments using the recognition of 

tumour cells versus normal tissue by autologous cells or serum. The identification of 

specific antigens is now possible utilising cDNA libraries to express antigens in target 

cells which possess the HLA class of interest. The SEREX (serological expression) 

cloning technique is an alternative high-throughput method relying on the generation 

of humoral responses to tumour antigens with T cell help, whereby cancer patient 

serum is used to detect proteins expressed by prokaryote cDNA libraries (Rosenberg, 

2001).  

 

These techniques have allowed the identification over 1000 putative tumour antigens, 

not including antigens from contributing pathogens. These antigens can be grouped 
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into four main categories, differentiation antigens, mutated protein antigens, over-

expressed proteins, and cancer testis antigens (Dunn et al., 2004; Rosenberg, 2001). 

1.2.2.2 Innate recognition 

As NK cells were initially defined by their ability to kill target cells lacking HLA 

class I (HLA-I) molecules, the inability of NK cells to recognise tumours lacking 

HLA-I was hard to reconcile until the identification of the diversity of NK activating 

and inhibitory receptors. More recently the identification of the activating Natural 

Cytotoxicty Receptors (NCRs) NKp30, NKp44 and NKp46 and the CTLR NKG2D, 

which have been strongly implicated in the lysis of tumour cells by NK cells, has 

sparked much interest in the recognition of tumour cells by NK cells (Moretta et al., 

2000; Waldhauser and Steinle, 2008). 

 

Ligands for the NCRs NKp30, NKp44, and NKp46 have yet to be defined. However a 

number of ligands have been identified for NKG2D, of most interest are the MHC 

class I chain related proteins A and B (MICA/MICB) and the UL16-binding protein 

(ULBP). The expression of the NKG2D ligands is generally absent in healthy cells; 

however expression is induced by various forms of cellular stress such as UV 

radiation, genotoxic and oxidative stress, and has been shown to be expressed on a 

wide variety of tumour cell types (Groh et al., 1999; Waldhauer and Steinle 2008). 

Despite the expression of these activating ligands there is still a lack of tumour 

regression. There are likely to be multiple reasons for this: firstly, as subsequently 

described, many immunosuppressive mechanisms operate within the tumour, 

increased expression of inhibitory ligands, the suppression of activating receptors and 

ligands by TGF-β, and also suppression of NKp30 mediated DC editing functions by 
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TGF-β, the secretion of soluble ligands may attenuate the response of NKG2D 

expressing cells as may the presence of Tregs (Ferlazzo et al., 2002; Ghiringhelli et 

al., 2006; González et al., 2008). Furthermore NK cells derived from cancer patients 

have been shown to fail to effectively infiltrate the tumour site, and show a 

generalised dysfunction and increased susceptibility to apoptosis (Kadish et al., 1981; 

Costello et al., 2002; Bauernhofer et al., 2003). Thus again while the immune system 

is able to recognise and respond to transformed cells the response is ineffective due to 

immunosuppressory mechanisms manifested or induced by the tumour. 

1.2.3 Immunosuppression by the tumour  

The vast array of mechanisms employed by a tumour to suppress the anti-tumour 

immune response is likely to be the biggest hurdle to the success of cancer 

immunotherapy. Most simplistically the tumour may lose expression of HLA-I, such 

as is common in lung cancer. Likewise there is also often a loss of elements of the 

antigen presentation machinery, such as TAP1 or LMP2. Alternatively expression of  

specific antigens may be lost. Besides the loss of antigen presentation or antigen there 

may be active processes by which the immune system is suppressed by the tumour. 

Tumours create intricate suppressive and tolerising conditions, which range from the 

tolerising conditions of the tumour microenvironment to systemic immune 

suppression (Willimsky and Blankenstein, 2005; Zitvogel et al., 2006; Zou, 2005). 

 

TAA specific T cell priming may occur in the tumour microenvironment itself, where 

antigen may be presented ineffectively either by the tumour itself or by APCs which 

have entered or been recruited to the tumour where they may become dysfunctional or 

tolerogenic (Zou, 2005). Tumour cells are able to actively recruit many regulatory cell 
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types, for example the chemokine CCL2 expressed at high levels in tumours incite the 

recruitment of myeloid suppressor cells (MSC) (Huang et al., 2007). Found in many 

tumour types (head and neck squamous-cell carcinoma, non-small cell lung 

carcinoma, metastatic adenocarcinoma of the pancreas, colon and breast), MSC are 

able to produce nitric oxide. This interferes with the IL-2 signalling pathway and 

inhibits arginase-1 (ARG1) which is essential for function and development of T cells 

and responses to IL-2. Likewise plasmacytoid DC (pDC) have been shown to be 

abundant in many tumours. Expression of CXCL12 by the tumour recruits pDC where 

they induce CD4
+
 and CD8

+
 IL-10 producing regulatory T cells. In contrast the 

presence of mature myeloid DC has been shown to be rare in tumours. Furthermore, 

many factors in the tumour microenvironment e.g. VEGF, IL-10 and TGF-β actively 

inhibit DC maturation and also promote the generation of tolerogenic DC by down 

regulating CD80 and CD86 and inducing B7-H1 and B7-H4. B7-H1 has been shown 

to further inhibit DC function through reverse signalling with Treg, and also induce 

apoptosis of effector T cells. B7-H4 also suppresses T cell function. Besides the 

induction of Tregs and suppression of effector functions the presence of TGF-β may 

also have an impact on the DC editing functions of NK cells, as TGF-β has been show 

to induce the down regulation of NKp30, which has been implicated in the 

recognition of immature DC by NK cells. B7-H1 has also been shown to be expressed 

by a number of tumour types (Ferlazzo et al., 2002; Li et al., 2006; Zou, 2005). 

 

Tryptophan is essential for T cell proliferation and differentiation. Tolerogenic DC 

and tumour cells may also produce indoleamine-2,3-dioxygenase (IDO) which 

catalyses the breakdown of tryptophan, preventing clonal expansion and encouraging 

AICD and anergy (Zou, 2005).  TGF-β and IL-10 produced by the tumour favour the 
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development of Treg (Chen et al., 2003; Levings et al., 2005), as well as tolerogenic 

APC. Cancer patients have been shown to have increased levels of Treg within the 

tumour and circulating in the periphery. The presence of increased levels of Treg 

within tumours has been associated with a decrease in patient survival (Curiel et al., 

2004; Zhou et al., 2009a; Zou, 2005). TGF-β reduces antigen presentation by DC, 

inhibits the activity of IFNγ, inhibits the proliferation of T cells and suppresses the 

activation of NK cells (Gorelik and Flavell, 2002). 

 

Although there may be a selective pressure to actively suppress the immune system, 

suppression of the immune response may also be mediated as a by product of the gain 

of the other prerequisite hallmarks of cancer. IL-10 can also act as an autocrine 

growth factor. Resistance to apoptosis is contributed to in many cancers by the over 

expression of MUC1, however MUC1 is also able to inhibit the differentiation DCs, 

and promote IL-10 producing DCs. The over expression of COX-2, and production of 

proangiogenic PGE-2 and VEGF also suppress macrophage and T cell mediated 

cytotoxicity and may also suppress the maturation of DC (Zitvogel et al., 2006). 

 

Therefore tumours exert significant immune-suppression; from an evolutionary 

standpoint the acquisition of such diverse immunosuppressive features alludes to the 

selective pressure the immune system must exert on the developing tumour, and thus 

the potential of immunotherapy. 

1.2.4 Prognostic value of tumour infiltrating lymphocytes 

The presence of tumour infiltrating lymphocytes has been shown to be a significant 

predictor of prognosis and survival in a variety of tumour types including melanoma, 
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colon and breast cancer (Naito et al., 1998; Hadden, 1999; Piras et al., 2005). 

However some of the most thorough work has been performed in ovarian cancer. 

Zhang et al. (2003) showed that the presence of tumour infiltrating T cells 

independently correlated with delayed recurrence and improved survival. The five-

year overall survival rate for patients whose tumours contained T cells was 38.0% 

while survival was 4.5% for patients whose tumours contained no infiltrating T cells. 

The prognostic significance of tumour infiltrating T cells was even more striking in a 

subset of 74 patients who had a complete clinical response after surgical debulking 

and platinum-based chemotherapy, the five-year survival rate was 73.9% compared 

with 11.9% for patients whose tumours contained no T cells. These results have been 

confirmed and furthered by Sato et al. (2005) who showed frequencies of 

intraepithelial CD8
+
 T cells to be a prognostic factor for improved survival compared 

with patients with lower frequencies, the subgroups with high versus low 

intraepithelial CD8
+
/CD4

+
 TIL ratios had median survival of 74 and 25 months 

respectively. This unfavourable effect of CD4
+
 T cells on prognosis was found to be 

due to CD25
+
 FOXP3

+
 regulatory T cells. Han et al. (2008) also reported 

heterogeneous expression of components of antigen presentation pathway components 

(TAP1, TAP2, HLA-I heavy chain and β2 microglobulin), with defects in antigen 

presentation being associated with a poorer prognosis. 

 

The activity of NK cells have also been shown to be a prognostic factor in gastric and 

hepatocellular carcinoma (Taketomi et al.,1998; Takeuchi et al., 2001) while the 

absence of NK cells within renal cell carcinoma tumours has been shown to be 

associated with poor survival (Donskov and von der Maase, 2006). Furthermore low 
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activity of NK cells towards NK cell targets in vitro has also been shown to be 

predictive of increased risk of cancer (Imai et al., 2000). 

1.2.5 Immunosurveillance and immunoediting 

It has been a century since Ehrlich initially suggested that the immune system was 

able to repress the development of cancer, which ultimately led to the formation of the 

theory of immunosurveillance in 1957 by Burnet and Thomas. Initially there was 

considerable controversy surrounding this theory. The limitations of the murine model 

systems of the 1960s and 70s disproved a role for the immune system in the 

prevention of tumourigenesis. However with the use of pfp (perforin) -/- and IFNγ 

insensitive mouse models in the 1990s and the subsequent use of RAG-2 -/- 

immunodeficient mice interest in the immune control of tumour formation was 

renewed, and confirmed to have a role in the prevention not only of carcinogen 

induced tumour formation, but also in the suppression of spontaneous tumour growth 

(Dunn et al., 2004). 

 

As this theory has been investigated and confirmed it has become clear that the 

immune system’s role in cancer development is far from the initial black and white 

concept of immunosurveillance. Not only does the immune system act in the early 

stages of tumorigenesis either protecting an individual from cancer or not, but also in 

the event that immunosurveillance may fail there is continued interaction between the 

immune system and the developing tumour, sculpting its development. 

 

There is now a vast body of literature to corroborate the role of the immune system in 

tumour development: firstly there is an increased risk of cancer seen in the 
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immunocomprimised and the immunosuppressed, secondly cancer patients have been 

shown to develop spontaneous immune responses to autologous tumours, and finally 

the presence of tumour infiltrating lymphocytes has been shown to be an independent 

predictor of prognosis and survival in multiple cancer types. The process of 

immunosurveillance/immunoediting has been suggested to be composed of three 

phases, if the tumour cell is able to avoid initial elimination by the immune system, it 

may then enter a phase of latency where it may stay indefinitely in equilibrium with 

the immune system until it escapes control by the immune system and goes on to 

cause clinical disease with limited intervention from the immune system. 

1.2.5.1 Elimination, equilibrium and escape 

The immunosuppression of transplant patients predisposes those individuals to a 

range of cancers with viral etiology including Kaposi’s sarcoma, non-Hodgkin’s 

lymphoma and cervical cancer. However, more importantly other cancers including 

colon, pancreas, lung and malignant melanoma all without viral causes have also been 

shown to be increased (Domhan et al., 2008; Dunn et al., 2004). Likewise Chediak-

Higashi syndrome a genetic disorder which causes abnormal NK cell cytotoxic 

function results in a 200 fold increased risk of developing cancer, while genetic traits 

such as differences in NKG2D haplotypes have also been shown to result in an 

increased risk of cancer (Imai et al., 2000; Hayashi et al., 2006; Nakachi et al., 2004; 

Dunn et al., 2004). These data suggest that without the presence of a fully functional 

immune system there is an increased risk of cancer development, therefore the 

immune system must be eliminating tumour cells prior to the clinical development of 

cancer. 
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The principles of the equilibrium phase may represent the most intense period of 

immunoediting by the immune system, whereby the tumour may be actively 

recognised by the immune system; although unable to eliminate the tumour the 

immune system constrains the development of the tumour. An interesting case in 

support of this was published by MacKie et al. (2003) whereby two patients receiving 

an allogenic kidney transplant from a donor who had previously been diagnosed with 

melanoma but who had been in remission for 16 years prior to death, both developed 

metastatic melanoma within two years of transplant. There are numerous other 

examples of donor derived tumours (Shiel, 2001), which may suggest that the donors 

immune system was suppressing sub-clinical metastasis, which when transplanted to 

new hosts under immunosuppressed conditions were able to escape to clinical 

significance. 

 

In keeping with Darwinian evolution in order for a tumour to escape the selective 

pressure exerted by the immune system during equilibrium a tumour cell variant must 

lose the ability to be recognised by the immune system. This may be achieved by the 

loss of a specific antigen targeted by the immune system, for example following 

clinical responses recurrence of tumours has been reported to be associated with the 

outgrowth of antigen loss variants following peptide vaccination and adoptive T cell 

therapy for advanced melanoma. Likewise the global loss of antigen presentation has 

also been reported, for example 40-90% of human tumours are seen to completely or 

selectively lose HLA-I expression, suggesting a selective pressure has been exerted 

(Boon et al., 2006; Khong et al., 2004; Yee et al., 2002) while the tumour may also 

gain the ability to suppress the immune response as discussed. These variations 
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ultimately allow the tumour to overcome the bottleneck imposed by the immune 

system. 

1.2.6 Immunotherapy 

The observation of an association of bacterial pathogen associated diseases and a 

regression of tumours was made in the 1700s. This subsequently led Coley in 1897 to 

develop Coley’s toxins (a mixture of heat killed Streptococcus and Serratia 

marcescens) for the treatment of Sarcomas. Long before the advent of conventional 

chemotherapy and radiotherapy this strategy provided clinical success (Starnes, 

1992). The mechanism of action for Coley’s toxins remains unknown however it is 

assumed to be through the systemic activation of the immune system, and as such 

represents the first immunotherapy to be developed (Davis et al., 2003). 

 

Currently there are a number of immunotherapies licensed for use in cancer, and a 

number of more conventional therapies which have been shown to depend partially on 

the actions of the immune system for their efficacy. Below are a few examples of 

immunotherapy in the clinic which have had significant effects or are showing 

promising and interesting proof of principle. 

1.2.6.1 Non-specific immune activation: Bacillus Calmette-Guerin Therapy 

Similarly to Coley’s toxins, Bacillus Calmette-Guerin (BCG) is an attenuated strain of 

Mycobacterium bovis used primarily as a vaccine for the prevention of tuberculosis, 

BCG has also gained acceptance as an effective treatment for cancer. The use of 

intravesical BCG therapy for the treatment of bladder cancer was first proposed by 

Morales et al. for the treatment of high risk Non-Muscle-Invasive bladder cancer 
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(NMIBC) in 1976, and has now become the gold standard treatment along with 

surgery for high risk NMIBC. The efficacy of BCG therapy is drastic with remission 

rates averaging 70% over 5 years (Alexandroff et al., 1999; Horvath and Mostafid, 

2008). 

 

The administration of BCG to the bladder is capable of inducing the recruitment of an 

assortment of cell types including CD4
+
 and CD8

+
 αβ-T cells, γδ-T cells, NKT cells, 

monocytes, DC, and NK cells, and induces the release of a substantial assortment of 

cytokines (Patard et al., 1998). However the specific mechanism by which BCG is 

having anti-tumour efficacy has yet to be defined.  

 

A possible mechanism may however be the activation of NK cells, it has been shown 

that BCG stimulation of PBMC results in the activation of NK cells and that these NK 

cells are able to recognise and kill autologous tumour cells following stimulation 

(Patard et al., 1998). It has also been shown by Suttmann et al. (2004) that the 

activation of NK cells was dependent on the production of IL-12 and IFNα by 

monocytes. Importantly it has also been shown that the expression of higher levels of 

activating ligands for NKp30, NKp44 and NKp46 had a significant influence on the 

disease free survival of patients treated with BCG (Yutkin et al., 2007). The role of 

NK cells in anti-tumour effects of BCG therapy were further strengthened by Brandau 

et al. (2001) who, using a murine model of bladder cancer, were able to show that the 

dominant anti-tumour effects of BCG required NK cells both in vitro and in vivo.  
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These data suggest that BCG therapy is able to significantly activate the whole 

immune response allowing anti-tumour activity which is likely to be at least partially 

mediated by NK cells. 

1.2.6.2 Cytokine therapy: IL-2 

The first clear evidence that manipulation of the immune system through the use of 

recombinant cytokines as an effective therapy for the treatment of cancer in humans 

came from the initial work of Rosenburg et al. (1985a) who administered high dose 

IL-2 to cancer patients with metastatic disease, including melanoma and renal cell, 

colon and lung cancer, who had failed standard therapy. This work followed on from 

initial animal studies showing the efficacy of IL-2 against established implanted 

tumours (Rosenburg et al., 1985b). High dose IL-2 was administered with autologous 

ex vivo IL-2 activated Lymphokine Activated Killer (LAK) cells to 25 patients. 

Objective regression of tumour (more than a 50% decrease in tumour volume) was 

observed in 11 of the 25 patients with a sustained complete response observed in one 

patient with metastatic melanoma, and partial responses in nine patients with 

pulmonary or hepatic metastases (Rosenburg et al., 1985a). However it was later 

shown that the transfer of LAKs did not enhance responses compared to IL-2 alone 

(Rosenberg et al., 1993). 

 

Subsequent studies confirmed the efficacy of IL-2 for treatment as a single agent, with 

work by Fyfe et al. (1995) showing that while an albeit modest (5%) complete 

response rate was achieved this response was durable (to the limit of the study) 

facilitating the approval of IL-2 in 1992 by the United States
 
Food and Drug 

Administration (FDA) for the treatment of renal cell
 
carcinoma. Subsequently IL-2 
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was also licensed for the treatment of metastatic melanoma in 1998, having been 

shown to have similar response rates (Atkins et al., 1999). The durability of the 

complete responses achieved by renal cell and metastatic melanoma patients was later 

confirmed by Rosenburg et al. (1998) with a median follow-up time of 7.1 years, 82% 

of the complete response patients remained in complete remission from three to over 

12 years, with no patient seen to relapse after sustaining a response for three years. 

 

Due to the pleiotropic effects of IL-2 on the immune system the mode of action of IL-

2 therapy has not been elucidated. However evidence for both T cell and NK cell 

mediated effects have been produced (Parton et al., 2006). It is most probable that 

therapy with IL-2 is having effects on many cell types to mediate clinical efficacy. 

1.2.6.3 Adoptive transfer: Autologous Natural Killer cells 

Following on from the success of systemic administration of IL-2 there has been 

much interest in the expansion and activation of autologous NK cells ex vivo for 

adoptive transfer back to the patient. The majority of trials in humans have been 

conducted using IL-2 based expansion and activation protocols, with mixed success. 

Escudier et al. (1994) for example expanded autologous CD3 depleted non-adherent 

PBMC from 10 RCC patients who had achieved a partial response with initial 

systemic IL-2 therapy. Cells were expanded with 200U/ml IL-2 for 13-21 days, 

achieving a median 55 fold expansion of NK cells. These activated cells were then 

infused back into patients along with high dose IL-2. Out of the 10 patients four 

patients showed a complete response following infusion, and a further two patients 

achieved a complete response following surgery. Ishikawa et al. (2004) also activated 

and expanded NK cells from 9 glioma patients with 200U/ml IL-2. Following 6-7 
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days ex vivo culture cells were re-infused along with IFNβ, resulting in a modest 

response rate. 

 

While these studies are encouraging a number of other studies have failed to show 

efficacy associated with the expansion and activation of autologous NK cells. For 

example Burns et al. (2003) combined prolonged systemic IL-2 therapy with the 

periodic transfer of autologous NK cells which had been activated overnight with 

200U/ml IL-2 ex vivo in 37 patients (19 patients with lymphoma, 18 with breast 

cancer), however despite an increase in cytotoxicity and cytokine production in vitro, 

no clinical efficacy could be shown compared with matched controls. Likewise Lister 

et al. (1995) activated NK cells ex vivo from 12 patients (11 lymphoma, 1 breast 

cancer) for 14-18 days with 6000U/ml IL-2, however again despite in vitro activity 

clinical efficacy was not shown. 

1.2.6.4 Adoptive transfer: Allogeneic Natural Killer cells 

Barnes and Loutit (1956) first noted an association between a Graft versus Leukaemia 

(GvL) effect at the time mice were experiencing Graft versus Host Disease (GvHD) in 

a murine Leukaemia model following allogenic bone marrow transplant. 

Subsequently Weiden et al. (1979) were able to show an association between GvHD 

and a decreased risk of relapse in human leukaemia patients, this was attributed to a 

GvL affect. 

 

Following on from these data and the demonstration of successful engraftment of 

fully mismatched T cell depleted stem cell transplants in terminal leukaemia patients 

by Aversa et al. (1994), Ruggeri et al. (1999) went onto examine the potential of 
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mismatched NK cells to provide a GvL effect in 20 leukaemia patients. Following 

transplant no GvHD was observed, however at 6 months no AML or CML patient had 

relapsed, while 5/7 ALL patients
 
relapsed. Despite the lack of GvHD there was shown 

to be an initial graft versus host effect, which could not be detected following the four 

months post-transplant. Likewise allo-reactive NK cells were shown to recognise all 

host myeloid leukaemia targets. In contrast leukaemias of lymphoid origin were less 

susceptible to killing by NK cells, mirroring the clinical effects of this study. 

 

Subsequent analysis of further haploidentical transplants showed that the presence or 

absence of a KIR mismatch in the direction GvH was the only independent predictor 

of survival or poor outcome respectively in AML but not in ALL. The requirement for 

NK cell KIR mismatch was then confirmed in a murine model using transfer of 

human leukaemia cells. While KIR matched NK cells resulted in no survival 

advantage over untreated controls, transfer of KIR mismatched NK cells resulted in 

survival of all mice (Ruggeri et al., 2002). 

 

These data show that NK cell KIR mismatches have the ability to exert a powerful 

clinical effect in certain haematological malignancies. Further trials involving solid 

tumours or AML have also provided some evidence of efficacy, for example Miller et 

al. (2005) tested the use of ex vivo activated, CD3 depleted haploidentical 

haematopoietic cell transplants in which NK cells were enriched (~40%) and 

activated with 1000U/ml IL-2 overnight prior to transfer. 43 patients in total were 

treated, 5/19 poor prognosis AML patients achieved complete remission using this 

regime, while 4/10 metastatic melanoma patients and 2/13 RCC patients showed 

stabilisation of disease (although the melanoma patients subsequently progressed 5-10 
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months after initial treatment). The disparity in the efficacy of this treatment may not 

come solely from the different disease types (i.e. solid tumour vs. haematological) as 

AML patients received a high intensity conditioning regime prior to infusion while 

other patients received low intensity conditioning. It was shown that only the patients 

undergoing prior high intensity conditioning had a significant in vivo expansion of 

NK cells. KIR mismatched NK cells have been shown to have significant cytotoxicty 

against RCC and melanoma cell lines in vitro, but not against KIR matched targets 

(Igarashi et al., 2004). Earlier work by Childs et al. (2000) also suggests that allogenic 

stem cell transplants in RCC can provide an anti-tumour response, with 3/19 patients 

achieving a complete response and 7/19 achieving a partial response. While this study 

used high intensity conditioning, grafts were not T cell depleted; therefore GvHD was 

seen in many patients, but was associated with response. Unfortunately NK cells were 

not monitored in this study. So while clinical efficacy was shown the mechanism by 

which this was achieved was not defined. 

1.2.6.5 Therapeutic antibodies: ADCC 

Since the mid-1990s the field of therapeutic antibodies has increased drastically with 

more than 20 antibody therapies now approved for use in a number of disease settings 

including autoimmune disease and cancer. Predominantly these antibodies have been 

humanised, the constant and Fc regions replaced with human domains. In the cancer 

setting there has been suggestion that a number of antibodies are partially achieving 

efficacy through eliciting the ADCC function of NK cells. This has been shown in in 

vitro models and in mouse xenograph models (Kubota et al., 2009). Importantly there 

is an association with CD16 polymorphisms associated with the improved ability of 

CD16 to bind Fc domains and responses to Rituximab and Trastuzumab (Herceptin) 



 65 

(Treon et al., 2005; Varchetta et al., 2007). Also the response of breast cancer patients 

to Trastuzumab has been shown to correlate with ADCC and NK cytotoxicity in short 

term responses, while longer term progression-free survival correlates with sustained 

NK cells activity (Beano et al., 2008). 

1.2.6.6 Tumour antigen and Dendritic cell vaccines 

The use of prophylactic vaccination for the prevention of infectious diseases has been 

very effective in a number of cases (Banchereau et al., 2009), and has including the 

development of the human papilloma virus (HPV) vaccine for the prevention of 

cervical cancer (Kahn, 2009). The experience gained from prophylactic vaccinations 

and the identification of TAA has encouraged the development of vaccines for use in 

the treatment of various cancers, most notably melanoma. Strategies have included 

the use of TAA peptides, DNA or viral delivered TAA and ex vivo modified tumour 

cells, mixed with various adjuvants or cytokines including incomplete Freund’s 

adjuvant or IL-12 (Sun et al., 1998; Lee et al., 2001; Marshall et al., 2005; Hamid et 

al., 2007). While there has been a great deal of success in the prevention of infectious 

disease there has been relatively little success in the treatment of cancer. A number of 

clinical trials have shown evidence of immune responses to the vaccine in terms of 

sensitive ELISPOT or tetramer assays, or systemic immune responses in delayed 

hyper-sensitivity tests, however in general there are poor objective clinical response 

rates (2.6%) (Rosenburg et al., 2004). This could be for a number of reasons including 

the general immune suppression of cancer patients, and presumable previous 

encounter and tolerisation to antigens derived from the tumour. 
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This has led to the development of DC vaccines; DC matured ex vivo and returned to 

the patient to prime tumour antigen responses. Again a number of strategies have been 

used to provide antigen for DC, including the use of peptides, recombinant proteins, 

autologous and allogenic tumour cells, and DNA or RNA encoding tumour antigens. 

Likewise a number of strategies have been used to produce DCs for transfer, 

including generation from CD34
+
 progenitor cells and maturation from monocytes, 

leading to heterogenatity in the DCs used in trial. It has been shown however after 

proof of principle experiments in healthy donors and patients that in order to generate 

an effective immune response there is a requirement for generation of mature DCs. 

The use of DC vaccines in a number of trials has resulted in an overall response rate 

of 9.6%, which is higher than other vaccination strategies including viral vectors 

(1.9%) and tumour cells (4.6%). The ability to generate immune responses in vivo has 

also been associated with improved survival (Davis et al., 2003; Banchereau and 

Palucka, 2005; Paluka et al., 2007).  

 

Ultimately the use of vaccine strategies must overcome prior encounter of the antigen 

by the immune system and must also overcome immune suppression orchestrated by 

the tumour to be effective, many new strategies are under investigation to achieve 

these aims (Paluka et al., 2009). 

1.2.6.7 Adoptive transfer: T cells  

In order to circumvent the problems associated with previous encounter and 

tolerisation to TAA and the necessity to provide sufficient effective in vivo priming a 

number of strategies have been used to generate tumour specific T cells for adoptive 
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transfer to allow the generation of high numbers of functional tumour specific T cells 

(Offringa, 2009; Rosenberg and Dudley, 2009). 

 

The first evidence that the in vitro manipulation and generation of tumour specific T 

cells was possible came from Muul et al. (1987), who were able to expand tumour 

specific T cells from the autologous TIL of melanoma patients. Following on from 

these studies Rosenberg et al. ex vivo expanded TIL with 6000U/ml IL-2 from 

melanoma patients and returned un-selected cultures to patients. Despite no selection 

taking place objective clinical response rates were achieved in approximately a third 

of patients (Rosenberg and Dudley, 2009). Later protocols have utilised selection of 

cells based on the in vitro antitumour reactivity (Dudley et al., 2003). Initial studies, 

while encouraging, provided only short term responses and short term persistence of 

transferred T cells in vivo (Rosenberg et al., 1990). Subsequent studies corroborate the 

observation that the persistence of transferred T cells in vivo may be a limiting factor 

in the ability to sustain long term clinical response (Robbins et al., 2004). 

 

Other methods for the expansion of tumour specific T cells such as the use of 

alternative cytokines and DCs pulsed with tumour antigen are being investigated 

(Dudley and Rosenburg, 2003; Gattinoni et al., 2006). However the most significant 

response rates have been seen with the use of non-myeloablative conditioning prior to 

transfer. In murine models a requirement for lymphodepletion had been identified 

(North, 1982; Rosenburg et al., 1986) which led Dudley et al. (2002) to test the use of 

high intensity conditioning prior to adoptive T cell transfer to 13 melanoma patients 

with tumours refractory to standard therapies, including high dose IL-2. Patients were 

treated with cyclophosphamide and fludarabine prior to adoptive transfer. Six of 13 
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patients achieved objective clinical response, four of which were sustained. This trial 

was subsequently extended to treat 35 patients, 51% of whom achieved an objective 

clinical response. Furthermore these studies provided evidence showing the long term 

persistence of transferred cells was obtained in four of five patients, who could be 

tested (Dudley et al., 2005). Adoptive transfer following lymphodepletion now 

represents the most effective treatment for late stage melanoma patients (Rosenberg 

and Dudley, 2009). 

 

The mechanisms behind the ability of lymphodepletion to improve responses 

following adoptive transfer of T cells are still being elucidated, however a number of 

non-mutually exclusive mechanisms have been proposed. Conditioning may remove 

immune suppression allowing greater T cell expansion and expression of effector 

functions, likewise depletion could remove the ‘cytokine sink’ present in non-

depleted patients allowing homeostatic expansion (Gattinoni et al., 2006).  

 

While adoptive transfer has been successful tumour specific T cells are in general a 

rare population and require extensive manipulation ex vivo to provide sufficient 

numbers for adoptive transfer. There has therefore been a growing interest in 

transgenic TCR (tTCR) technology. This involves the in vitro identification of TCRs 

capable of recognising specific TAA epitopes. The identified TCR can then be cloned 

into retroviral vectors and used to transduce non-specific PBMC populations, 

resulting in the ability to produce a large population of TAA specific T cells (Morgan 

et al., 2006; Geiger et al., 2009). The use of tTCRs also allows greater control to 

produce T cells with high avidity for TAAs, which has been shown to be important 

for in vitro and in vivo activity (Zeh et al., 1999).  
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1.2.6.8 Subverting suppression 

Cyclophosphamide which was used in the conditioning of adoptive transfer patients 

(section 1.2.6.7) has long been used in the clinic as an anti-angiogenic chemotherapy 

(Kerbel and Kamen, 2004). However cyclophosphamide is also capable of reducing 

immune suppression. In the 1980s the use of cyclophosphamide was revealed to 

specifically inhibit an unidentified regulatory cell population in both murine cancer 

models and cancer patients (Berd and Mastrangelo, 1987; Awwad and North, 1989). 

Following these initial reports and with increased knowledge of immunosuppressive 

mechanisms, Ghiringhelli et al. (2006) were able to show cyclophosphamide 

selectively depletes putative Treg in late stage cancer patients. These data corroborate 

the earlier studies of Berd and Mastrangelo, (1987) who were able to show a specific 

effect on a suppressive cell population. Cyclophosphamide has also been tested in 

combination with other therapies and has been shown to enhance the immune 

response in melanoma patients, as shown by increased DTH reaction, and increase 

survival in breast cancer patients when combined with tumour vaccination, compared 

to vaccine alone (Berd et al., 1986; MacLean et al., 1996). 

 

The ability of standard treatments to provide a specific inhibition of regulatory cells is 

important. At the same time a number of targeted therapies have also been developed 

including the IL-2-diphtheria toxin fusion protein denileukin diftitox (ONTAK). 

ONTAK was originally developed to target haematological malignancies expressing 

CD25, but is also capable of depleting Tregs due to the constitutive high level of 

expression of CD25 by this population (LeMaistre et al., 1992; Mahnke et al., 2007). 

ONTAK has been tested in a number of clinical trials and has been shown to reduce 

circulating Treg levels in cancer patients. The administration of ONTAK prior to 
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vaccination with peptide or DC based vaccines has also been show to allow the 

induction of vaccine specific responses and increase the response compared with 

vaccine alone. While ONTAK can enhance vaccine responses, convincing clinical 

responses have not yet been achieved (Mahnke et al., 2007; Morse et al., 2008). 

 

Arguably the most exciting of the immune modulators are the CTLA-4 antagonistic 

antibodies Ipilimumab and Tremelimumab, which may inhibit Treg function or allow 

an enhancement of T cell activation (Fong and Small, 2008). Building on pre-clinical 

murine models showing the ability of CTLA-4 blockade to allow the rejection of 

poorly-immunogenic tumours following vaccination (van Elsas et al., 1999) Hodi et 

al. (2003) administered Ipilimumab to seven melanoma and two ovarian cancer 

patients who had previously been vaccinated with either TAA peptides, TAA 

expressing DC or autologous tumour cells modified to express GM-CSF. Extensive 

tumour necrosis was seen in three melanoma patients, while the two ovarian cancer 

patients showed reduced or stabilised serum CA-125 levels. Further phase I trials with 

Tremelimumab predominantly for the treatment of melanoma have also been 

conducted and showed clinical responses (Ribas et al., 2005; Reuben et al., 2006). 

Interestingly successful treatment has been associated with the manifestation of 

autoimmune reactions, suggesting CTLA-4 blockade is able break tolerance (Reuben 

et al., 2006; Weber et al., 2009; Hodi et al., 2010; Wolchok et al., 2010). Subsequent 

phase II trials have confirmed these early results showing durable objective responses 

in response to CTLA-4 blockade alone or in combination with dacarbazine or peptide 

vaccine (Phan et al., 2003; Fischkoff et al., 2005). Recently phase II (Wolchok et al., 

2010) and phase III (Hodi et al., 2010) studies have been completed, with 217 and 676 

(pre-treated) advanced melanoma patients respectively. In a dose-ranging study 
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Wolchok et al. (2010) showed a response rate of 4.6% with 3mg/kg Ipilimumab every 

three weeks for four cycles (72 patients total) rising to 11.1% at a dose of 10mg/kg 

(72 patients). This is similar to the response rate of 10.9% following 3mg/kg 

Ipilimumab every three weeks for four cycles (137 patients) which is oddly 

significantly higher than the 5.7% response rate reported with Ipilimumab plus a 

gp100 peptide vaccine (403 patients) reported by Hodi et al. (2010). Interestingly, a 

number of trials have shown a delay in the initiation of response, while perhaps more 

surprisingly the initial objective response is not a prerequisite for the achievement of 

increased survival. These studies suggest that transient CTLA-4 blockade is able to 

have long lasting effects on the immune system (Hodi et al., 2003; Bulanhagui et al., 

2006). 

1.2.6.9 CD80 and IL-12 clinical trials 

There is a vast body of evidence from animal models and in vitro data for the use of 

many costimulatory molecules and cytokines, alone and in various combinations for 

the treatment of cancer. There have been many clinical trials using various approaches 

to utilise costimulation including the use of recombinant cytokines for cancer therapy. 

Some of the most utilised molecules include CD80 and IL-12. As show in Table 1-2, 

there have been a number of good clinical responses to therapy with CD80 and IL-12; 

however these responses are relatively rare. Interpretation of these data is also 

hampered by the relatively small size of these trials, with assessment of safety and 

maximum tolerated dose (MTD) being the primary aim of many studies. Equally the 

use of highly sensitive techniques such as ELISPOT may be able to identify responses 

in peripheral blood however these may not provide a representative indication of 
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immune effects within the tumour (Bamias et al., 2007), nor correlate with actual 

clinical responses (Rosenburg et al., 2004). 

 

The systemic delivery of recombinant IL-12 results in significant toxicity, likewise 

with IL-2 (Siegel and Puri, 1991; Atkins et al., 1997). Intratumoural delivery of IL-12 

DNA or expression vectors offer significant advantages over systemic cytokine 

delivery as this does not increase circulating levels of cytokine significantly, and good 

responses are seen with very limited toxicity (Rakhmilevich et al., 1999). 

 

In general these therapies have been applied as a monotherapy to patients with 

significant tumour burden. While there have been many animal models demonstrating 

the efficacy of monotherapy, later models using less immunogenic tumours or more 

representative tumour burdens have shown a requirement for combinations of 

costimulatory molecules. Studies such as those undertaken by Xu et al. (2004) in a 

murine melanoma model using intratumoural IL-12 gene transfer and systemic 

activating anti-4-1BB antibody, may suggest that a combined approach utilising 

multiple treatment options or a combination of costimulations may be required for 

efficacy in vivo. 

 

It may also be important to choose the correct costimulatory molecules. CD80/CD86 

have been show to activate and enhance Tregs (Lohr et al., 2004; Zhou et al., 2009), 

perhaps explaining relatively transient responses to CD80 therapies. Likewise 

different costimulatory molecules may be better suited for differing roles in the 

immune response such as enabling long term expansion and survival or following 

chronic antigen exposure (Bansal-Pakala et al., 2001; Lathrop et al., 2004; Melero et 
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al., 2007). Therefore with identification of novel costimulatory molecules and a better 

understanding of the interactions of various costimulatory molecules response rates 

and clinical outcomes may improve.  

Table 1-2 Examples of previous clinical trials of CD80 or IL-12 
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1.2.6.10 Trial of agonist CD137 antibodies 

As mentioned in sections 1.2.6.5 and 1.2.6.8 there has been marked success using 

recombinant antibodies as novel cancer therapies. Alongside the use of recombinant 

cytokines and gene transfer techniques there are a number of costimulatory agonistic 

antibodies in early stage clinical development. Including the exciting development of 

BMS-663513 an agonist CD137 antibody developed by Bristol-Myers Squibb, which 

has been reported to show initial promising results in the early stages of phase I trial 

(Sznol et al., 2008). The initial results from the BMS-663513 trial are in stark contrast 

to those shown from the initial testing of TGN1412, a CD28 super-agonist, in humans 

resulting in all six test subject being hospitalised with four developing severe multi-

organ failure (Melero et al., 2007). 

1.3 Gene therapy 

Since the first in man gene therapy trial for the treatment of adenosine deaminase 

(ADA) deficient severe combined immunodefiency (SCID) began on 14
th

 September 

1990 (Culver et al., 1991) there have been a further 1536 gene therapy trials, utilising 

a variety of approaches for the treatment of a variety of diseases 

(www.wiley.co.uk/genmed/clinical).  

 

The targeted indication for the vast majority (64.6%) of the gene therapy trials 

has been the treatment of cancer, with the delivery of antigenic, cytokine or 

genes being among the most prevalent approaches of the many trialled ( 

Figure 1-5A). As  

Figure 1-5B shows the choice of vector is also varied, with viral vectors 

predominating over other delivery methods, and adenoviral vectors being the most 



 77 

commonly utilized. The use of adenoviral vectors in man for gene therapy also 

includes the first commercial gene therapy, licensed for the treatment of head and 

neck squamous cell carcinoma in china in 2003 (Pearson et al., 2004). 

 
 

Figure 1-5  Gene and Vector types used in gene therapy trials. 

Taken from www.wiley.co.uk/genmed/clinical. 

1.3.1 Adenovirus 

Adenovirus is a linear, non-enveloped double stranded DNA virus that was first 

isolated and cultured by Rowe et al, in 1953 from tonsils and adenoid tissue. There 

have now been 51 adenoviral serotypes identified. Wild type adenoviral infection is 

generally mild. Associating symptoms are mainly of the upper respiratory and 

gastrointestinal tracts and the eye, dependent on virus serotype (Horwitz, 2001). 

1.3.1.1 Replication defective adenoviral vectors 

There is a packaging limit of ~2kb to the size of transgene insert that can be 

accommodated by addition to the adenovirus genome, therefore in order to allow 

larger transgene inserts portions of the adenoviral genome have been removed. 

Primarily the E1 region has been deleted in the majority of vectors used in clinical 

trial, with the additional removal of the E3 region (which is not required for 

replication) allowing the insertion of a ~7.5kb fragment to the adenoviral genome. 
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The deletion of the E1 region of adenovirus also has the advantage of rendering the 

virus replication defective, necessitating the use of helper cell lines stably expressing 

complimentary fragments of the adenoviral genome to allow propagation of the virus 

in vitro. 

 

A major attraction for the use of adenoviral vectors is its ability to transduce a wide 

variety of dividing and non-dividing cell types in vivo. Allowing with the use of an 

appropriate promoter/enhancer sequence very high levels of transgene expression, 

however in comparison to other viral vectors e.g. retrovirus, expression of the 

transgene is relatively short lived (5-10 days), making adenoviral vectors a suitable 

choice for treatments which require only short lived, but high level expression of the 

transgene, e.g. suicide gene therapy. 

1.3.1.2 Immunity to adenovirus 

As would be expected for all viruses adenovirus and adenoviral vectors are able to 

have a profound stimulatory effect on the immune system following infection or 

administration. There have been a number of HLA class I and class II T cell epitopes 

identified, predominantly from capsid proteins, and neutralizing antibodies 

predominantly against hexon have also been defined. Seroprevalence of adenovirus is 

high (Cheng et al., 2010; Onion et al., 2007).  

 

Following administration of adenoviral vectors for VDEPT (virus directed enzyme 

prodrug therapy) of prostate cancer it has been shown previously that there is a 

dramatic increase in adenoviral specific responses, both humoral and cellular. 

However, no correlation was seen between pre-treatment anti-adenovirus responses 
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and patient outcome (Onion et al., 2009), suggesting while there is a existing immune 

response to adenovirus this does not impact significantly on the efficacy of gene 

delivery, possibly due to the extremely high titre of virus administered. 

 

The administration of virus is likely to cause a number of immune responses to be 

triggered by both immune and non immune cells. Infection of epithelial and 

endothelial cells or cancer cell lines with Ad has been shown in vitro to induce the 

production of a number of important chemokines, including IP-10, RANTES, and 

MIP-2 and may also induce the expression of type I IFN. Likewise triggering of Toll 

like receptors by Ad has been show to promote DC activation and maturation 

(Hartman et al., 2008; Sakurai et al., 2008). It could also be expected that adenovirus 

would activate NK cells via Toll like receptors or other pattern recognition receptors, 

resulting in production of proinflammatory cytokines. Likewise NK cells may 

recognise Ad infected cells (Tomasec et al., 2007). T cells are also likely to be able to 

recognise Ad infected cells, which may be contributed to by the ‘leaky’ expression of 

viral proteins by the vector (Christ et al., 1997; Sakurai et al., 2008). 

 

Therefore while individuals may have preformed immune response against 

adenovirus this need not impact on the efficacy of gene delivery, while activation of 

innate immune responses may assist as an adjuvant for the activation of anti-tumour 

immune response. 



 80 

1.4 Aims of this project 

Costimulation may hold significant potential for cancer immunotherapy, the 

intratumoural delivery of costimulatory molecules for the activation or generation of 

anti-tumour immune response is a potentially important strategy. It was therefore the 

aim of this thesis to investigate the effects of the expression of CD80, 4-1BBL and IL-

12 for the activation of an anti-tumour immune response. 

 

The initial aim was to revalidate the superiority of the combination of CD80+4-1BBL 

compared to each costimulatory molecule alone and investigate the effects of the 

addition of IL-12 to the combination in a model system utilising antigen mimetic 

OKT-3 stimulation. 

 

It was then aimed to move onto assess the effects of these costimulatory molecules 

alone and in combination to stimulate viral antigen specific T cell responses from 

healthy lab donors as a prelude to assessing the response of T cells from ovarian 

cancer patients to viral antigens, and ultimately to TAAs. 

 

During the course of this project the presentation of 4-1BBL and IL-12 was found to 

stimulate significant proliferation of an NK cells. As these data were novel and 

potentially important to cancer immunotherapy it was also decided to further 

investigate and characterise the response of NK cells to 4-1BBL and IL-12. 
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2 Materials and Methods 
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2.1 Suppliers of Materials 

Unless otherwise stated all materials were purchased from Sigma-Aldrich (Poole, 

UK). De-ionised water was obtained from a Maxima Ultrapure Water (ELGA, High 

Wycombe, UK). 

2.2 Molecular biology 

2.2.1 DNA restriction digestion 

Restriction endonuclease enzymes were supplied by Boehringer Mannheim or New 

England Biolabs. These enzymes were used in accordance with the reaction 

conditions described in the manufacturers instructions using the appropriate enzyme 

buffers. 

 

Typically for diagnostic DNA digestions, 0.5 μg of DNA was cut in a total volume of 

20 μl, with 2 μl of appropriate 10x enzyme buffer and 1 U of restriction endonuclease. 

This was incubated at the optimum temperature for a minimum of two hour unless 

otherwise instructed. In situations where the use of multiple enzymes was required, an 

appropriate buffer was selected in accordance with the manufacturer advice which 

allowed activity for all enzymes being used. Digestion of larger quantities of DNA, up 

to 20 μg (e.g. for fragment purification) was carried out in a similar way except for 

the use of 1.5 U of enzyme per μg DNA in a total reaction volume of 100-200 μl. 
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2.2.2 DNA extraction using phenol and chloroform 

Phenol and chloroform were routinely used to remove contaminating proteins from 

DNA preparations. The DNA solution to be purified was made up to a volume of at 

least 500l with 10mM Tris 1 mM EDTA (T10E1) buffer and an equal volume of 

aqueous phenol was added. The tube was vortexed for 15 seconds to mix, the phases 

were then separated again by centrifugation in a microfuge for one minute at 13,000 

rpm. The lower organic phase was removed into a designated waste container and an 

equal volume of a 1:1 mixture of phenol and chloroform was added to the remaining 

supernatant. Vortexing, centrifugation and organic phase removal were repeated and 

then chloroform alone was added to the aqueous phase. The processing was repeated a 

third time but on this occasion, the aqueous phase was removed to a fresh tube, 

ensuring no transfer of organic solvent. In order to allow the DNA to be used in 

downstream applications, or if the DNA needed to be concentrated, ethanol 

precipitation was subsequently carried out. 

2.2.3 DNA precipitation using ethanol or isopropanol 

DNA precipitation in the presence of salt and alcohol was carried out by the addition 

of either 0.1 volumes of 3 M sodium acetate, or 1/50 volume of 5 M NaCl followed 

by the addition of 2 volumes of absolute ethanol or 1 volume of propan-2-ol. If small 

mounts of DNA were to be precipitated linear polyacrylamide (LPA) was also added 

as a carrier. The solution was then mixed and incubated at -20C for 20-30 minutes. 

The DNA was recovered by centrifugation in a microfuge at 16000g for 15 minutes. 

The supernatant was discarded and the pellet was then air dried before re-suspension 

in an appropriate volume of T10E1 buffer. 
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2.2.4 Agarose gel electrophoresis 

DNA fragments of between 0.1 kb and 20 kb were separated and visualised by use of 

submerged horizontal gel electrophoresis. DNA size markers (1kb ladder) were 

supplied by Invitrogen. Agarose (Invitrogen) was dissolved by heating in a 

microwave oven, having been prepared in 1 x TAE running buffer (0.04 M Tris 

acetate, 0.001 M EDTA pH8), at 0.7% - 1.0% for most applications. DNA samples (5-

20μl) were made up in 1:6 volume of 6 x Ficoll loading buffer (0.25% bromophenol 

blue, 0.25% xylene cyanol FF, 15% Ficoll Type 400; Pharmacia) before loading onto 

the submerged gel. The DNA electrophoresis was then performed by application of 

100 volts for 1-3 hours. The gel was then stained for approximately 10 minutes in 

ethidium bromide diluted to 1 g/ml in water or 1 x TAE. The DNA was then 

visualised by use of a Spectroline TVC-312A variable intensity UV transilluminator. 

Photographs of gels were taken using a Kodak EDAS290 digital camera. 

2.2.5 DNA fragment purification   

DNA (20-40g) was endonuclease restriction digested and run on a Seakem agarose 

gel following the addition of 6x Ficoll loading buffer (1:6 v/v) and 1/10,000 dilution 

of stock SYBR® Gold nucleic acid gel stain (Molecular Probes, Eugene, Oregon 

USA). Visualisation of DNA bands was carried out under blue light (in order to avoid 

UV damage to the DNA that would occur with EtBr visualisation) with a Dark 

Reader™ (Clare Chemical Research), and the required band was excised with a fresh 

scalpel blade. The DNA was subsequently recovered from the gel slice using a 

QIAquick Gel Extraction kit (Qiagen) following the manufacturers protocol. 
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2.2.6 Measurment of DNA concentration: Picogreen assay 

DNA standards were made in duplicate from serial two fold dilutions of a standard 

DNA stock solution (New England Biolabs) in a 96-well Falcon Microtest assay 

plate. Concentrations ranged from 0-200 ng per well in a final volume of 100 μl per 

well. Subsequently, 100 μl of 1/200 diluted Picogreen (Invitrogen) solution was added 

to each well. Fluorescence was determined using an absorption wavelength of 485 nm 

and emission wavelength of 595nm (fluorescein settings) on a Wallac Victor2 1420 

Multilabel Counter and the DNA concentration calculated from a standard graph. 

2.2.7 Ligation of DNA 

Fragments of DNA were joined using T4 DNA ligase (Roche Diagnostics) in order to 

construct recombinant DNA plasmids and viral vectors. In some cases the 5' ends of 

the linear DNA fragments were dephosphorylated using calf intestinal alkaline 

phosphatase (CIAP) (New England Biolabs), dephosphorylation prevented re-

circularisation of plasmid vectors without insert, thereby increasing the chance of 

obtaining the desired product. Dephosphorylation was achieved prior to ligation by 

incubation with CIAP at 37C for one hour with 1 x concentration of supplied buffer. 

The enzyme was then heat inactivated at 75 C for 10 minutes and the DNA 

recovered by phenol/chloroform extraction and ethanol precipitation.  

 

In general, 3:1 molar excess of insert to vector was used in sticky end ligations and a 

10:1 excess for blunt ended ligations. Reactions were incubated overnight at 14 C. 

Following overnight incubation, the DNA was cleaned up by phenol/chloroform 
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extraction and ethanol precipitation. The pellet was then resuspended in 10l T10E1 

and a small volume was checked on an agarose gel. 

2.2.8 Preperation of competent cells 

Transformation competent E. coli cells were prepared using the calcium chloride 

method. 1ml of overnight culture was used to inoculate 100ml of LB medium and 

incubated at 37
o
C until the O.D.600 was 0.45-0.55 but for no longer than 4 hours. The 

culture was equally divided into two 50ml tubes and cooled on ice for 15 to 20 

minutes. Cells were pelleted by centrifugation at 4
o
C (500g for 10 minutes in a 

Beckman GS-6R benchtop centrifuge), pellets resuspended in 10ml of ice-cold 0.1M 

calcium chloride and incubated on ice for 30 minutes. Cells were repelleted, 

resuspended in 2ml of ice-cold 0.1M calcium chloride, incubated on ice for 2-3 hours, 

repelleted and finally resuspended in 2ml of 0.1M calcium chloride / 15% glycerol. 

200µl aliquots were transferred into 1.5ml microcentrifuge tubes, frozen in liquid 

nitrogen and stored at -80
o
C until required.  

2.2.9 Bacterial growth media 

Media for bacterial cultures was prepared as detailed in Table 2-1, prior to 

autoclaving.  
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Table 2-1 Bacterial growth media 

Culture Medium Ingredients 

LB medium 
6g LB broth base (Invitrogen) in 300ml 

ddH20 

SOB medium 8.4g SOB mixture (Difco) in 300ml ddH2O 

LB agar 
6g LB broth base (Invitrogen), 4.5g 

Bactoagar (Difco) in 300ml ddH20 

SOC medium 
SOB medium supplemented with 20mM 

filter sterilised glucose 

2.2.10 Transformation of competent cells with plasmid 

Frozen competent bacteria were thawed and kept on ice for 10 min. Approximately 

1ng of the control plasmid or the product of a ligation reaction containing ~ 100 – 

300ng DNA was added to 100µl of XL-10 competent cells, mixed, and kept on ice for 

45 minutes. The cells were subject to a 90-120 second heat shock in 42 °C water bath 

and then transferred to 900μl of room temperature SOC media. Bacterial mixture was 

incubated at 37C for one hour. Bacteria were then plated on SOB agar contained 

100μg/ml ampicillin to select transformed cells. 

2.2.11 Small scale preparation of plasmid DNA: mini-prep 

For small scale preparation of plasmid DNA a single bacterial colony was picked with 

a sterile loop and used to inoculate 20ml of LB medium containing 100μg/ml of 

ampicillin. Cells were cultured at 37
o
C overnight in a shaking incubator. The next day 

10ml of the culture was centrifuged for 5 minutes at 5000 rpm in a Sorvall GSA rotor. 

The resultant cell pellet was kept on ice and DNA extracted using a QIAprep spin 

miniprep kit (Qiagen). If restriction digests confirmed the desired clone large scale 

production of the plasmid DNA could be carried out. 
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2.2.12 Large scale preparation of plasmid DNA: bulk-prep 

For bulk preparation of plasmid DNA bacteria (containing the desired plasmid) in the 

exponential growth phase were inoculated into 200ml of LB medium containing 

100μg/ml of ampicillin. Cells were cultured at 37
o
C overnight in a shaking incubator. 

The next day cells were pelleted in a centrifuge pot by centrifugation for 5 minutes at 

5000 rpm in  Sorvall SM24 rotor. The resultant cell pellet was kept on ice throughout 

the procedure. First the pellet was resuspended in 4ml of ice cold solution 1 (50 mM 

glucose, 10 mM EDTA pH 7.5, 25 mM Tris. Cl pH 8.0), followed by the addition of 

1ml of lysozyme (10 mg/ml in solution 1) the solution was left on ice for 10 minutes. 

10ml of solution 2 (0.2 M NaOH, 1% w / v SDS) was then added and the tube 

inverted five times and left for 5 minutes on ice. Following this 7.5ml of solution 3 (5 

M acetate and 3 M potassium, pH 4.8-5.0) was added and vortexed followed by 

incubation on ice for 10 minutes. Cellular debris was pelleted by centrifugation for 15 

minutes at 8000 rpm at 4
o
C in GSA rotor and the supernatant was transferred to a new 

centrifuge pot. The DNA was precipitated with 22.5ml of isopropanol for 30 minutes 

at -20
o
C and pelleted by centrifugation at 8000 rpm in GSA rotor. The supernatant 

was discarded and the crude plasmid DNA pellet was resuspended, usually overnight, 

in 2.5ml of T50E10. The resultant solution was ready for purification by caesium 

chloride density gradient centrifugation. 

2.2.13 Purification of plasmid DNA by caesium chloride density 

gradient centrifugation 

Crude plasmid DNA from bulk prep was purified by caesium chloride (CsCl) density 

gradient centrifugation. In a 15-ml tube, 3.03 g of Ultrapure caesium chloride 



 89 

(CsCl) (Invitrogen) and 275l of EtBr solution (10mg/ml) were then added to the 

plasmid solution. The liquid weight of the plasmid solution was made upto 3.025 g by 

the addition of T50E10. The solution was stored on ice for 10 minutes before 

centrifugation at 10000 rpm for 10 minutes in a Sorvall SM24 rotor to precipitate 

contaminating RNA. Cleared plasmid preparation was transferred into 3.9ml 

Beckman Quick-Seal™ centrifuge tubes, with any gap between the liquid and neck of 

tube filled with isopycnic CsCl solution (1 g CsCl:1ml T50E10). The tube was then 

spun overnight in a Beckman Optima TLX bench top ultracentrifuge TLN 100 rotor 

for 4 hours at 100000 rpm followed by 4 hours at 95000 rpm and one hour at 55000 

rpm. 

 

After centrifugation the DNA band was harvested by piercing the side of the tube with 

a 21-gauge needle and 2-ml syringe. The recovered solution was diluted with three 

volumes of T10E1N100 solution in a 15-ml tube. The DNA was extracted with 

phenol/chloroform to remove the ethidium bromide, precipitated with two volumes of 

ethanol, and pelleted by centrifugation. The DNA pellet was resuspended in 500μl of 

T10E1N100, transferred to an Eppendorf tube and precipitated again with 1ml of 

ethanol. Finally the DNA pellet was resuspended in 0.2 to 1ml of T10E1 solution, 

ready for further experiments. 
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2.3 Virus production 

2.3.1 Replication defective Adenoviral vectors 

Seed stocks of the replication defective adenovirus vectors expressing CD80, 4-1BBL 

and GFP which had previously been produced by the Gene Therapy group (Institute 

for Cancer Studies, University of Birmingham) (Habib-Agahi et al., 2007), were 

obtained from Dr. P.Searle (Institute for Cancer Studies, University of Birmingham). 

2.3.2 IL-12 adenoviral vector resurrection 

2.3.2.1 Virus production 

Previously a plasmid containing the p35 and p40 subunits of IL-12 driven from the 

CMV promoter and inserted into the left end of an E1 deleted adenovirus genome had 

been created within the Gene Therapy group (Institute for Cancer Studies, University 

of Birmingham). In order to generate a functional Ad-IL-12 vector the following steps 

were performed. Following verification of the plasmid by restriction digest the 

plasmid containing the Ad-IL-12 left end was linearised by restriction digest with 

SwaI and phenol-chloroform extraction and ethanol precipitation performed. A 

second plasmid containing an overlapping right end of adenovirus was linearised with 

ClaI and purified as for the left end Ad-IL-12 plasmid (as shown in Figure 2-1). The 

concentration of the linearised DNA was determined and the two plasmids mixed at a 

2.7:1 ratio to give equal molar amounts of each plasmid. This mixture was transfected 

into 293 cells in a 25cm
3
 flask using Fugene 6 (Roche) following the manufacturers 

instructions, to allow homologous recombination, (culture of 293 and 911 cells is 
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described in chapter 2.4). Cells were harvested, and pelleted by centrifugation when 

cytopathic effect was observed and resuspended in 500μl of infection media and 

stored at -80
o
C.  

 

Figure 2-1 SwaI linearised Ad-IL-12 left end plasmid. Shown is a schematic of the 

Ad-IL-12 left end plasmid linearised following restriction digest with SwaI. Inserted 

regions and the overlapping region of the Ad right end ClaI linearised plasmid are 

highlighted.  

2.3.2.2 Plaque Purification 

In order to obtain a homogeneous stock of virus plaque purification was performed. 

1x10
6
 911 cells were seeded onto 60mm diameter plates (Nunc), 24 h prior to 

infection. The virus stock was serially diluted 10-fold in infection media 

(DMEM+2%FCS, see section 2.4.2). Medium was removed from the plates and 500µl 

of the virus dilution (10
-1

-10
-8

) was added to each plate in triplicate. Plates were 

returned to the incubator and virus allowed to infect for 90 min, with frequent rocking 

of the plates. Infection media was then removed and 4mls agar-medium overlay (1:1 

mixture of 1.4% noble agar, and 2 x DME medium (supplemented with 4% FCS, 

2mM glutamine, 5mM NaHCO3, 10mM MgCl2 and 100iu/ml Penicillin and 100mg/ml 

Streptomycin) was applied to each plate. Once solidified, plates were returned to the 

incubator. At 4, 7 and 10 days post-infection, cells were re-fed by the addition of 2ml 

agar-medium overlay. Once plaques were well developed, well isolated plaques were 

picked using the tip of a transfer pipette into infection media, this was then freeze 



 92 

thawed three times and used to infect 25cm
3
 flasks of 911. When cytopathic effect 

was evident cells were harvested and plaque purification repeated and used again to 

infect 911 cells. The harvested virus at the end of this process was used as a seed 

stock for large scale virus production. The presence of the IL-12 transgene 

downstream of the CMV promoter was confirmed by PCR using primers specific for 

regions of the CMV promoter and IL-12 p40 subunit. 

2.3.3 Large scale virus production 

Large scale crude virus production from stocks of virus were prepared by inoculating 

sub-confluent monolayers of 293 or 911 cells in 10-20 175cm
2
 culture flasks (Nunc) 

for each virus at a multiplicity of infection (moi) of 10 in 5 ml infection media. Cells 

were incubated at 37C for 90 min to allow virus adsorption. A further 20 ml of media 

was added. Incubation was continued at 37C until an extensive viral cytopathic effect 

was observed (bunch of grape like appearance), usually between 4-5 days post 

infection.  

 

The cell suspension of infected cells were harvested into 50 ml tubes (Falcon) and 

centrifuged at 840g for 10 min in a refrigerated centrifuge. The supernatant was 

discarded and the cell pellet re-suspended in 0.5 ml medium per original flask. Cells 

were subject to three freeze and thaw cycles in liquid nitrogen and 37C water bath. 

This crude extract was stored at -80C prior to purification. 
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2.3.4 Density gradient virus preparation 

Following three freeze thaw cycles n-butanol was added to a final concentration of 

1% (V/V), mixed, and incubated on ice for 1 hr. The lysate was then centrifuged at 

840g, 10min at 4
o
C, and the supernatant loaded onto a preformed glycerol/caesium 

chloride gradient. The gradient consisted of 2ml caesium chloride density ρ=1.45g/ml 

t the bottom, followed by 3 ml caesium chloride density  

ρ=1.32g/ml 9 on 

top. Viral supernatant was layered on top of the glycerol, and the tubes centrifuged at 

25000 rpm, overnight at 4°C, in a Beckman SW40Ti rotor. Purified virus was visible 

as an opalescent band at ρ=1.345. The purified virus was collected by puncturing the 

tube with a 21 gauge needle with 5 ml syringe attached. The collected virus was 

dialysed to remove contaminating CsCl by inserting the collected virus solution into a 

5ml Slidealyser dialysis cassettes (Pierce) and dialyzed against PBS/10% glycerol 

overnight at 4
o
C, changing the PBS/glycerol three times. Virus was finally removed 

from the cassette and aliquoted into Sarstedt O ring sealed 1 ml tubes and stored at -

80°C. 

2.3.5 Determination of virus particle number by Picogreen assay 

0.1% (W/V) SDS solution was mixed in a 1:1 ratio with a sample of virus and heated 

at 56C for 30 min to inactivate the virus and release the viral DNA. The titre of viral 

particles was determined based on DNA concentration using Picogreen reagent 

(Molecular Probes) as above.  
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Adenoviruses have one double stranded DNA chromosome therefore every single 

DNA molecule represent one virus particle. Virus particle number was determined 

based on the calculated DNA concentration, number of bases in viral DNA, and the 

average weight of bases by using the following formula: 

 

2.3.6 Determination of viral titre by plaque assay 

Plaque assay were used to determine the titre of infectious particles. 1x10
6
 911 or 293 

cells were seeded per 60mm diameter plate (Nunc), 24 h prior to infection. Viruses 

were serially diluted 10-fold in media. Medium was removed from the plates and 

500µl of the virus dilution (10
-6

-10
-10

) was added to each plate in triplicate. Plates 

were returned to the incubator and virus allowed to infect for 90 min, with frequent 

rocking of the plates. Subsequently 4mls agar-medium overlay was applied to each 

plate, once solidified plates were returned to the incubator. At 4, 7 and 10 days post-

infection cells were re-fed by the addition of 2ml agar-medium overlay. Plaques were 

counted as they appeared up until 14 days post infection. The virus titre in plaque 

forming units (pfu)/ml was then calculated. 
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2.4 Tissue culture 

2.4.1 Maintenance of primary human fibroblasts 

Previously primary human fibroblasts had been established from skin punch biopsies 

from donors in the Institute of Cancer Studies. Cells were fed by half medium change 

until cells were nearly confluent; each well was then trypsinised and seeded 1:3 in 

wells of a 6 well plate. 

2.4.2 Culture Media 

Dulbecco’s modified Eagle’s medium with HEPES (DMEM-HEPES, Sigma) 

supplemented with 10% foetal calf serum (FCS), 2mM L-glutamine and 100iu/ml 

Penicillin and 100μg/ml Streptomycin was used to grow A549, HEK-293 and 911 cell 

lines (see Table 2-2). Complete Roswel Park Memorial Institute medium with L-

glutamine (RPMI, Sigma), supplemented with 10% FCS in addition to antibiotics at 

the above concentrations was used to culture PBMCs (as detailed in section 2.4.7) and 

for the culture of OVCAR-3 (see Table 2-2). RPMI supplemented with 8% human 

(h)-AB serum (HD supplies) in addition to antibiotics at the above concentrations was 

used to culture PBMCs for autologous culture models. Media supplemented as above 

will be referred to as complete media. 
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2.4.3 Maintenance and passage of mammalian cell lines in culture 

 Table 2-2 shows cell lines used in this study. All cell lines were obtained from 

colleagues (as indicated) in the CRUK Institute for Cancer Studies, University of 

Birmingham. 

 Table 2-2 Cell lines. 

Cell line Cell type Source ATCC No. 

HEK293 Primary human embryonic kidney 

transformed by sheared human 

Ad5 

Dr. V. 

Mautner 

CRL-1573 

911 Human embryonic retinoblasts 

(HER) transformed by a plasmid 

containing base pairs 79-5789 of 

Ad5 

Dr. V. 

Mautner 

n/a 

OVCAR-3 Human ovarian adenocarcinoma  Dr. P.Searle HTB-161 

A549 Human lung carcinoma Dr. P.Searle CCL-185 

K562 Human chronic mylogenous 

leukaemia 

Dr. O. 

Goodyear 

CCL-243 

 

Cultures were kept at 37C in humidified incubator with 5% CO2. At approximately 

80% confluence cultured cells were passaged by removing the media, washing with 

Phosphate Buffered Saline (PBS) and incubating in trypsin (0.05%) until cells were 

detached. Trypsin was inactivated by the addition of complete culture media. 

Harvested cells were either grown in cell culture flasks typically at a 1:5 or 1:10 

dilution or were collected by centrifugation at 680g for five min. and diluted to a 

known concentration for use in experiments.  

2.4.4 Cryopreservation/Recovery 

Cell lines were kept as frozen stocks in liquid nitrogen.  To prepare cells for cryo-

storage, trypsinised cells were centrifuged as before at 4
o
C and re-suspended in a 



 97 

appropriate volume of freezing media (10% DMSO in FCS) 1ml aliquots in Cryo-

tubes (NUNC) were placed into a NALGENE Mr Frosty pre-cooled to 4
o
C and 

transferred immediately to a -80C freezer overnight. Cells were transferred to vapour 

phase of liquid nitrogen storage tanks for long term storage.  To revive frozen stocks, 

cells were warmed to 37C rapidly and washed in 10mls of appropriate pre-warmed 

complete media by centrifugation at 300g for 10 min. before transfer to flasks in the 

appropriate medium for growth. 

2.4.5 Microscopy 

A Zeiss Axiovert 25 inverted microscope was used for all phase-contrast and 

fluorescence microscopy using 5, 10, 20 and 40x objectives. 

2.4.6 Subjects and ethics 

Local ethical approval (LREC) was obtained; Healthy volunteers 06/Q2604/156, 

Ovarian cancer patients 04/Q2707/190, Renal cell carcinoma patients 06/Q2706/82. 

 

Blood and tissue samples were obtained following an informed written consent from 

healthy consenting members of the Institute for Cancer Studies, Birmingham or renal 

cell carcinoma patients undergoing partial or complete nephrectomy at Queen 

Elizabeth Hospital, Birmingham. Ascitic fluid was obtained from ovarian cancer 

patients undergoing paracentesis at the Cancer Centre, Queen Elizabeth Hospital. The 

HLA types of donors used for HLA restricted peptide specific responses had 

previously been determined within the Institute for Cancer Studies, Birmingham by 
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molecular tissue typing of the HLA class I locus, carried out by the Blood Transfusion 

Service (BTS). 

2.4.7 Isolation of peripheral blood mononuclear cells, PBMCs and 

depletion of plastic adherent cells 

Peripheral blood mononuclear cells (PBMC) were isolated from heparinised 

peripheral blood samples by Ficoll density-gradient centrifugation. Whole blood was 

diluted 1:1 with Complete RPMI, 30mls was then layered over 15mls Ficoll  

(Lymphoprep, Norway) and centrifuged for 30 min at 680g at 20
o
C with the brake off. 

The layer of PBMC was transferred with a transfer pipette to a fresh sterile tube and 

re-suspended in complete RPMI. Following two washes by re-suspension in RPMI 

and centrifugation at 540g for 10min the cell pellet re-suspended in complete RPMI. 

The lymphocyte yield was determined by haemocytometer (ISL) count.  

 

The isolated PBMCs (5x10
6
 cells/ml) were incubated in tissue culture flasks in 

complete RPMI at 37°C for a further 2 hr. The non-adherent cells were washed off 

with pre-warmed media and transferred to a fresh container. Isolated cells were used 

immediately or cryo-preserved in freezing media in liquid nitrogen. 

2.4.8 Isolation of tumor infiltrating lymphocytes from ascitic fluid 

Ascitic fluid was transferred to 250ml centrifuge tubes (BD Falcon) and spun at 840g 

for 15 min, the pellet was then resuspended (volume dependent on pellet size and 

volume of initial ascitic fluid sample) with complete RPMI and passed through a 
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100μm cell strainer (BD Falcon). The sample could then be treated as for PBMC 

isolation (2.4.7). 

2.4.9 Isolation of ‘normal’ and tumour cells from RCC patient 

tissue 

Samples of tumour tissue or normal margin were collected. Tissue was finely minced 

with sterile scalpel blades in a 60cm tissue culture dish (Nunc). The tissue was then 

either centrifuged (680g, 10 min) and cryopreserved or immediately processed for 

culture. 

 

Minced tissue to be used to culture primary cell lines was suspended in complete 

RPMI and passed through a 100 μm cell strainer (BD Falcon); further tissue 

dissociation was carried out using a cell scraper to break tissue apart through the cell 

strainer. Cells were then centrifuged (680g, 10 min), re-suspended in complete RPMI 

and transferred to a 75cm
2
 tissue culture flask. Following overnight culture at 37

o
C 

non adherent cells were removed. Adherent cells were then cultured in complete 

RPMI and passaged as required. 

2.4.10 Infection with recombinant adenovirus 

Adenoviral vectors were used at the following MOI unless otherwise stated; Ad-

CD80 was used at 300 virus particles/cell, Ad-4-1BBL and Ad-GFP were used at 

3000 virus particles/cell and Ad-IL-12 was used at 600 virus particles per cell, (For 

clarity standard infections will use the following notation; Costimulatory 
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combinationCell type i.e. A549 infected with 300 particles/cell Ad-CD80 and 3000 

particles/cell of Ad-4-1BBL will be defined as CD80+4-1BBLA549).   

 

These doses of Ad-CD80 and Ad4-1BBl were initially determined by flow cytometric 

analysis of expression by A549 cells 48hrs post infection, Ad-GFP was used in a dose 

equivalent to Ad-4-1BBL, i.e. the highest level of single virus used. 

 

A549, OVCAR-3, cultured fibroblast and adherent PBMC (monocytes) were used to 

express CD80, 4-1BBL, IL-12 or GFP after infection with the corresponding 

adenoviral vectors. 24 or 48 hours in advance, cells were harvested from tissue culture 

flasks or purified from peripheral blood. The cells were re-suspended in DMEM 

supplemented with 2% FCS in addition to antibiotics for infection of cell lines or 

complete RPMI media for primary cell infection at 1x10
6
 cell/ml. The required 

number of virus particles for each infection were calculated and added to the cell 

suspensions. The virus-cell mixture was incubated at 37C for 90 min. with frequent 

rocking to allow virus adsorption. Cells were then distributed to appropriate wells of 

tissue culture plates and additional media added to form a uniform monolayer growth. 

 

Expression of the transgenes was examined by flow cytometry using specific 

monoclonal antibodies or fluorescence in the case of GFP expression. 
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2.5  T cell and Natural Killer cell assays 

2.5.1 Anti-CD3 T cell activation 

A schematic of the OKT-3 response model system is shown in Figure 2-2. A549 cells 

were infected with the appropriate adenovirus vectors as described in section 2.4.10 

and cultured at 1x10
5
 cells/well of a 24 well plate 48 hrs in advance. Infection media 

was removed and 1x10
6 

PBMCs then added to each well in a total volume of 2 mls of 

complete RPMI supplemented with 100ng/ml OKT-3 (Orthoclone, Janssen-Cilag). 

Lymphocyte proliferation was studied by cell counting (in the presence of trypan blue 

to exclude dead cells), cell surface marker staining and flow cytometry or CFSE 

dilution at appropriate time points. 

 

Figure 2-2 OKT-3 response model system. A549 were infected with adenoviral 

vectors for 90min in suspension at 1x10
6
 cells/ml prior to plating into wells of a 24 

well plate. 48hrs after infection media was removed and 1x10
6
 non adherent PBMC 

added. PBMC responses were assessed by differing methods after 5 or 7 days. 

2.5.2 Allogenic stimulation of Natural Killer cells 

A schematic of the NK cell response model system is shown in Figure 2-3. OVCAR-3 

cells were infected with the appropriate adenovirus vector as described in section 

2.4.10 and cultured at 1x10
5
 cells/well of a 48 well plate 48 hrs in advance. Infection 
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media was removed and 0.5x10
6 

PBMCs then added to each well in a total volume of 

1 ml of complete RPMI. Lymphocyte proliferation was studied by cell counting, cell 

surface marker staining and flow cytometry or CFSE dilution at appropriate time 

points. 

 

Figure 2-3 Allogeneic NK cell culture model. OVCAR-3 cells were infected with 

adenoviral vectors for 90min in suspension at 1x10
6
/ml then plated at 1x10

5
 cells/well 

of a 48 well plate. 48hrs after infection media was removed and a non adherent 

PBMC population or an isolated NK cell population added. Responses of the PBMC 

or NK cell population was assessed between 24hrs to 7 day of culture, dependent on 

experiment. Long term stimulations were also performed by the addition of 20U/ml 

IL-2 at day 7 and re-stimulation with OVCAR-3 pre-infected as for day 0 at day 14. 

2.5.3 Autologous viral peptide stimulation of T cells 

A schematic of the OKT-3 response model system is shown in Figure 2-4. 24 hrs prior 

to the addition of non-adherent PBMC or purified T cells autologous adherent PBMC 

were allowed to adhere in 75cm
2
 tissue culture flasks for two hours, non adherent 

PBMC were removed by washing with media. Adherent cells were removed by 

scraping and re-suspended at 1x10
6
 cells/ml for infection. Cells were distributed and 

infected with the appropriate adenovirus vectors at 2x10
5
 cells/well of a 48 well plate 

and the volume adjusted to 0.5mls with complete RPMI after a 90min infection. Four 
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hours before the addition of non-adherent PBMC or purified T cells, the stimulating 

cells were peptide-pulsed by the addition of 5μg/well of peptide (Table 2-3); unbound 

peptide was removed after four hours by three washes by the gentle addition and 

removal of media. 0.5x10
6
 non-adherent PBMC or purified T cells were then added 

and cultured for 7 days.  

 

48 hours prior to the addition non-adherent PBMC or purified T cells  fibroblasts were 

trypsinised and re-suspended at 1x10
6
 for infection with the appropriate adenovirus 

vectors cells, then plated out in 48 well plates at 1x10
5
 cells/well and the volume 

adjusted to 0.5mls with complete RPMI after a 90min infection. Fibroblasts were 

peptide pulsed in the same manner as for adherent cells. 

Table 2-3 Virus specific peptide epitopes. 

Peptide 

Sequence 

Origin HLA 

Restriction 

Manufacturer 

CLGGLLTMV LMP-2 (EBV) HLA-A2 Mimotopes 

LTDLGQNLLY Hexon 

(Adenovirus) 

HLA-A1 JPT Peptide 

Technologies 

NLVPMVATV pp65 (CMV) HLA-A2 JPT Peptide 

Technologies 
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Figure 2-4 Viral peptide specific response model. Adherent PBMC or autologous 

fibroblasts were infected with adenoviral vectors for 90min in suspension at 1x10
6
 

cells/ml in wells of a 48 well plate (2.5x10
5
 cells/well). 24-48hrs after infection cells 

were peptide pulsed with 5μg of peptide for 4hrs. Media was then removed and 

unbound peptide removed by gentle washing with media. 0.5x10
6
 isolated T cells 

were then added. T cell responses were assessed after 7 days of culture. 
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2.5.4 Isolation of lymphocyte subsets 

2.5.4.1 Negative isolation of T cells 

A population of untouched T cells was obtained using the Miltenyi Biotec Pan T Cell 

Isolation Kit II following the manufactures protocol. Non-T cells were removed by a 

two step process. Firstly a cocktail of biotin-conjugated antibodies against CD14, 

CD16, CD19, CD36, CD56, CD123, and Glycophorin A was added to bind Non-T 

cells followed by the addition of anti-biotin microbeads to allow the capture and 

magnetic removal of these cells.  

2.5.4.2 Isolation of Natural Killer cells 

A population of purified NK cells was obtained using the Miltenyi Biotec 

CD56
+
CD16

+ 
NK Cell Isolation Kit. This kit firstly allowed the purification of an 

untouched pan NK cell population by negative isolation. As with the negative 

isolation of T cells, Non-NK cells were removed by two steps, involving first binding 

with a cocktail of biotin-conjugated antibodies against lineage specific antigens 

followed by the addition of anti-biotin microbeads to allow the capture and magnetic 

removal of these cells. This kit also allowed the subsequent separation of CD16
+/-

 

cells, by the positive selection of CD16
+
 cell by anti-CD16 microbeads. Following the 

initial negative isolation NK cells, this allowed the isolation of a highly purified 

population of NK cells of the CD56
dim

 subset. These procedures were carried out 

following the manufacturers’ protocol.  
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2.5.5 Cell staining for flow cytometry analysis 

Cultured or fresh PBMC or cell lines were washed with PBS/FCS (2%) and incubated 

with appropriate fluorochrome-conjugated antibodies at 4
o
C in the dark for 30 min. 

Cells were washed with PBS/FCS (2%) and cells were re-suspended in 500l buffer 

for flow cytometry or fixed with 2% paraformaldehyde for later analysis. Cells were 

analysed using a four-colour Beckman Coulter XL flow cytometer using Coulter 

System II software for data acquisition or a 16 colour Beckman Coulter LSR II. Data 

was analysed using FlowJo or WinMDI software.  

 

Unstained or isotype control stained samples were used first to set forward scatter and 

side scatter properties. Voltages were set so the peak fluorescence generated from the 

negative control in each channel was between 10 and 1. If multicolour staining was 

being used then appropriate colour controls were analysed and compensation 

performed with reference to every other colour being analysed. Once this was 

completed voltages, gates and compensation were kept constant for all cells analysed. 

Table 2-4 lists the anti-human monoclonal antibodies and the flurochrome labels used 

in the course of this project. 

 

Data was analysed using two parameters: percentage positive and mean fluorescent 

intensity (MFI). Percentage positive refers to the percentage of gated cells fluorescing 

above the level of the negative control (isotype control) (Serotec or Beckman 

Dickinson) this was measured using a marker set to include less than 1% of the 

negative control cells. Mean fluorescence was taken as the arithmetic mean 

fluorescence in each channel for all the cells gated. 
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Table 2-4 Main antibodies used in this project. 

 Antibody Label Supplier 

Anti-CD3 FITC/Pacific Blue BD Pharmingen 

Anti-CD4 FITC DAKO 

Anti-CD4 PE Beckman Coulter 

Anti-CD8 FITC/PE-Cy5 Beckman Coulter 

Anti-CD16 FITC BD Pharmingen 

Anti-CD25 PE Serotec 

Anti-CD56 APC/PE Becton Dickinson 

Anti-CD62L APC BD Pharmingen 

Anti-CD80 FITC BD Pharmingen 

Anti-CD137 PE BD Pharmingen 

Anti-CD137L PE BD Pharmingen 

CCR5 PE-Cy7 BD Pharmingen 

CCR7 PE-Cy7 Beckman Dickinson 

CXCR3 Unconjugated Beckman Dickinson 

IFNγ PE BD Pharmingen 

FoxP3 (PCH101) PE eBioscience 

2.5.6 Measurement of lymphocyte division using CFSE (Carboxy 

Fluorescein diacetate, Succinimidyl Ester) dilution 

2.5.6.1 CFSE labelling of lymphocytes 

PBMCs were washed three times with PBS, centrifuged at 540g, 10 min and re-

suspended at 2×10
7
cells/ml in PBS. 10 mM stock CFSE (Molecular Probes) in DMSO 

was diluted in PBS to achieve a 5 µM stock. Diluted CFSE was added to the cells at a 

ratio of 1:1 (vol:vol) and vortexed gently. The cell suspension was then incubated for 

15 minutes at 37C agitating periodically. An equal volume of complete RPMI culture 

medium was added to the cells and left for one minute at room temperature to stop the 

labelling process. The cells were washed 3 times with media and re-suspended in 

culture media. 
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2.5.6.2 Analysis of cell proliferation by CFSE dilution 

CFSE is a fluorescein related dye consisting of a fluorescent molecule containing a 

succinimydyl ester functional group and two acetate moieties. CFSE diffuses freely 

into cells where intracellular esterases cleave the acetate groups converting it to a 

fluorescent, membrane impermeable dye which binds to intracellular proteins. As 

cells divide the dye is partitioned equally between mother and daughter cells, the 

number of cell divisions can therefore be determined according to the number of 

equally spaced peaks of CFSE fluorescence, typically up to six divisions can be 

discerned from CFSE dilution. The area under each peak was determined to calculate 

the percentages of dividing lymphocytes in each round of cell division or simply as a 

measure of dividing and undivided populations. 

2.5.7 Production of CLG Tetramer 

2.5.7.1 Induction of protein expression 

Glycerol stocks of E.coli transformed with expression plasmids for HLA-A2 or β2M 

were a kind gift from Geothy Chakupurakal, (Institute for Cancer Studies, 

Birmingham). All bacterial culture media were supplemented with 100μg/ml 

ampacillin. Bacteria were streaked out onto LB Agar plates, and cultured overnight at 

37
o
C. Plates were removed from the incubator and stored at 4

o
C, colonies were picked 

using a sterile loop into 10mls LB medium which was cultured overnight at 37
o
C. The 

following day 4L of low salt LB medium and 2L of LB were prepared for HLA-A2 

and β2M growth respectively, 10mls of the overnight culture was added per litre of 

media and cultured at 37
o
C. The OD600 was measured using a spectrophotometer 

periodically until OD600 reached between 0.3-0.4 at which point protein expression 
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was induced by the addition of Isopropyl-β-D-1-thiogalactopyranoside (IPTG) at a 

final concentration of 0.5mM for 4 hours, cultures were then stored at 4
o
C overnight. 

Cultures were centrifuged at 4000 rpm in a Sorvall GSA rotor at 4
o
C for 20 mins. The 

pellet was then resuspended in ice cold PBS ice cold and transferred to a 50ml tube, 

and made up to 25ml and stored at -80˚C. 

2.5.7.2 Purification of protein 

In order to release the inclusion bodies containing the recombinant HLA-A2 and β2M 

molecules it was necessary to sonicate the bacterial cells. Bacteria were thawed at 

room temperature and subsequently kept on ice. A flat horn was used in bursts of 45 

secs, followed by 1 minute between bursts on ice to allow the sample to cool. In total 

this was repeated eight times until the sample was completely lysed. The sample was 

then stored on ice for about 30 mins.  

 

The sonicated sample was spun at 4
o
C at 15000 rpm in a Sorvall SS-34 rotor for 10 

mins, the supernatant was discarded, and the pellet was resuspended in 4ml/l of Triton 

Wash (0.5% Triton X-100, 50mM Tris pH 8.0, 100mM NaCl, 0.1% Sodium Azide, 

1mM EDTA, 1mM DTT) and transferred into a glass homogeniser using a transfer 

pipette and homogenised until completely re-suspended. Following homogenisation 

the solution was once again spun, this procedure was repeated twice. After the final 

wash the supernatant was discarded and 2ml per litre of re-suspension buffer (50mM 

Tris pH 8.0 100mM NaCl, 1mM EDTA, 1mM DTT) was added, the solution was 

again transferred into a clean glass homogeniser and completely re-suspended. The 

sample was then spun at 15000 rpm in a Sorvall SS-34 rotor for 10 mins at 4
o
C. 15mls 

of freshly prepared Urea solubilisation solution (8M Urea, 50mM Mes pH 6.5, 0.1mM 
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EDTA, 0.1mM DTT) was then added to the pellet, which was and re-suspended by 

vortexing then incubated rotating overnight at 4
o
C. The solubilised sample was 

transferred to clean centrifuge pots and centrifuged at 15000 rpm in a Sorvall SS-34 

rotor for 20 min in a precooled centrifuge, the supernatant was aliqoted and stored at -

80
o
C. The purity and concentration of the isolated protein was determined by SDS-

PAGE and Bradford assay. 

2.5.7.3 Refolding Class I complexes 

The HLA-A2 and β2M was now ready to be refolded with the CLG peptide to form 

HLA monomers. The refolding buffer was made, firstly 400ml of initial buffer 

(125mM Tris pH 8, 0.4M L-Arginine HCL 2.5mM EDTA) was made and left 

overnight stirring at 4
o
C. Continuing to stir at 4

o
C the solution was then made up to 

contain 0.6μM Reduced Glutathione, 0.06μM Oxidised Glutathione, and 0.25mM 

PMSF and 5mg of CLG peptide. A 12.5mg aliquot of β2M was then thawed and 

diluted to a concentration of 1mg/ml by drop wise addition of the refold buffer 

(containing peptide), this mixture was then added back drop wise to the bulk refold 

buffer, this mixture was left stirring at 4
o
C for 1 hr. A total of 33.68mg of HLA-A2 

was then required to form tetramer monomer. This was added as above in eight 

separate stages over a 48hr period. The HLA-A2 was thawed and the required amount 

diluted to 1mg/ml in refold buffer (containing peptide and β2M) as for β2M and 

transferred back to the main refold. Following the final addition of HLA-A2 the refold 

was left stirring for a further 2 days. 
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2.5.7.4 Purification and biotinylation of refolded CLG monomer 

The refolded complex was then concentrated to allow purification using a Millipore 

Pellicon XL (10,000 MW) plate to approximately 7 ml. In order to allow biotinylation 

of the monomer buffer exchange was performed using a PD10 column (Pierce). The 

column was washed three times with Bir A reaction buffer (100mM Tris pH 8, 20mM 

NaCl, 5mM MgCl, 0.1mM PMSF), the sample was then run onto the column and then 

eluted using Bir A reaction buffer. The monomer was then biotinylated overnight at 

room temperature by the addition of a final concentration of 1.5nM Biotin, 15mM 

ATP, Protease inhibitor cocktail and Bir A enzyme (Roche). The biotinylated CLG 

monomer was then purified on a G75 Superdex column (GE healthcare) and 

concentrated using a Millipore Centricon filter spun at 840g at 4
o
C. The concentration 

of the monomer was determined by spectrophotometry and diluted to 1mg/ml using 

FPLC buffer (20mM Tris pH8.0, 50mM NaCl) and stored as 100μg aliquots at -80
o
C. 

 

Successful biotinylation of the monomer was subsequently confirmed by ELISA, 

briefly monomer was bound to a well of a maxisorp plate (Nunc) at room temperature 

for 2hr, washed three times with PBS+0.1% Tween 20, and Extravidin-peroxidase 

added for 30min, washed five times and 100μl tetramethylbenzidine (TMB) substrate 

(Pierce) added, colour generation indicated successful biotinylation.  

2.5.8 Tetramer staining 

2.5.8.1 Tetramerisation with streptavidin-PE 

Tetramers were stored as frozen monomers, in order to produce tetramers the 

monomer was mixed at a ratio of 0.312mg streptavidin-PE:1mg of monomer. A 
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aliquot of frozen monomer was thawed and the required volume of streptavidin-PE 

(Invitrogen) added in 10 aliquots over a 48hr period at 4
o
C. Tetramer was generally 

considered to be stable at 4
o
C for upto four weeks. 

2.5.8.2 Cell staining with tetramers and antibodies 

0.5-1×10
6
 cultured or fresh PBMCs were incubated with appropriate PE-labelled 

MHC tetramer reagent at 37C for 15 min. After washing with cold PBS/FCS (2%) 

buffer, cells were re-suspended and incubated with the appropriate fluorescently 

labelled antibodies for 20 min at 4C. The stained cells were washed with cold 

PBS/FCS (2%) buffer and re-suspended in 300-500μl of buffer for analysis by flow 

cytometry.  

2.5.9 Quantitative enzyme linked immunosorbent assay (Elisa) 

Media was collected at appropriate time points from stimulated cultures and stored at 

-20
o
C until required. 

2.5.9.1 Interferon gamma ELISA 

Maxisorp 96-well plates (Nunc) were coated with 50μl/well of anti-human-IFNγ 

antibody (0.75μg/ml) (clone B133.5, Thermo scientific) in coating buffer (0.1M 

Na2HPO4, pH9) by overnight incubation at 4C. The unbound antibody was washed 

off by three washes with PBS+0.1% Tween 20, the plate was then blocked with 

200μl/well 1% BSA, PBS+0.1% Tween 20 for1 h incubation at RT. The plate was 

washed 5 times and 50μl sample added to each well in triplicate. Culture supernatants 

were serially diluted 1:10 to 1:1000 and IFNγ standard solutions were serially diluted 
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1:2 (range 2000-31.5pg/ml). Plates were incubated at RT for 3hrs and subsequently 

washed with PBS+0.1% Tween 20 five times. Biotinylated anti-IFNγ (clone B133.5, 

Thermo scientific) was diluted in the blocking buffer at 1/300 and 50μl added to each 

well. Plates were incubated at RT for 1 h and again washed five times. Extravidin-

peroxidase was diluted in blocking buffer (1:1000) and 50μl added to each well. After 

a 30 min incubation at RT and nine final washes, 100μl TMB chromogen (Pierce) was 

added to each well. The reaction was stopped with 100μl of 1M hydrochloric acid and 

the absorbance was measured at 450nm by a Wallac Victor2 1420 Multilabel Counter 

(Perkin Elmer, Monza, Italy (Formally Wallac)). 

2.5.9.2 IL-10 ELISA 

IL-10 concentrations were determined using a matched antibody set and recombinant 

IL-10 standard purchased from ebioscience following the manufactures guidelines. 

Briefly a Maxisorp 96 well plate (Nunc) was coated with anti-IL-10 (clone JES3-9D7) 

diluted in supplied coating buffer, overnight at 4
o
C. Following blocking with 1%BSA 

in 0.1%PBS-Tween samples were incubated at room temperature for 5hr, washed 

with 0.1%PBS-Tween and anti-IL-10-biotin (clone JES3-12G8) added in blocking 

buffer for a further 1hr. Detection was then achieved following washing by addition 

50μl/well of Extravidin-peroxidase diluted in blocking buffer (1:1000). After a 30 min 

incubation at RT and nine final washes, 100μl TMB chromogen was added to each 

well. The reaction was stopped with 100μl of 1M hydrochloric acid and the 

absorbance was measured at 450nm by a Wallac Victor2 1420 Multilabel Counter 

(PerkinElmer, Monza, Italy (Formally Wallac)) 
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2.5.9.3 Granulocyte-macrophage colony-stimulating factor ELISA 

GM-CSF concentrations were determined using a GM-CSF Elisa Max kit (Bioledged, 

Cambridge Bioscience) following the manufacturers guidelines. Briefly anti-GM-CSF 

antibody was coated onto Maxisorp plates overnight at 4
o
C, followed by blocking, 

incubation with sample and labelling with detection antibody and Steptavidin-HRP. 

Analysis was performed as for detection of IFNγ ELISA; timings followed the 

manufacturers’ instructions. 

2.5.10 Interferon gamma capture 

To allow the detection of specific populations of cells producing IFNγ within a 

cultured population a Miltenyi Biotec IFNγ Secretion Assay - Cell Enrichment and 

Detection Kit was used following the manufacturers protocol. Cells were initially 

labelled with a bi-specific antibody (anti-lymphocyte/anti-IFNγ) following a period of 

culture with constant rotation (45min at 37
o
C) to allow secretion and capture of IFNγ. 

IFNγ production was detected by the addition of an anti IFNγ PE conjugated 

antibody. Additional phenotype markers were also stained at this point by addition of 

the appropriate fluorescently labelled antibodies for 20 min at 4C. The stained cells 

were washed with cold MACS buffer and re-suspended in 300-500μl of buffer for 

analysis by flow cytometry. 

2.5.11 Intracellular interferon gamma staining 

Intracellular staining was performed using ADG (Caltag) Fix & Perm reagents 

following the manufacturers’ instructions. Briefly cells were cultured in the presence 

of 10μg/ml brefeldin A for 4hr. Cells were then washed with cold PBS+2%FCS and 
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stained with surface antibodies as described in 2.5.5. Following washing cells were 

fixed with Reagent A (formaldehyde). Following fixing, cells were washed and 

permeabilised with Reagent B (Saponin/Formaldehyde), to which 20μl anti-IFNγ-PE 

antibody was added or the appropriate isotype control. Following 30 min incubation 

at 4
o
C, cells were washed and analysed by flow cytometry. 

2.5.12 Intracellular FoxP3 staining 

Intracellular staining was performed using a FoxP3 staining buffer set (eBioscience) 

following the manufacturers’ instructions. Briefly cells were stained with surface 

antibodies as described in 2.5.5, following washing cells were fixed and 

permeabilised (Saponin/Formaldehyde). Following blocking with 2% rat serum for 15 

min at 4
o
C 20μl anti-FoxP3-PE antibody was added or an appropriate isotype control. 

Following 30 min incubation at 4
o
C cells were washed and analysed by flow 

cytometry. 

2.5.13 Chromium release cytotoxicity assay 

2.5.13.1 K562 cells as targets 

Typically K562 cells were counted and 1x10
6
 were spun down, 540g 10min. The 

media was removed with a transfer pipette, taking care to ensure all media was 

removed, the cells were then resuspended in 0.25 mCi 
51

Cr (Sodium Chromate) 

(Amersham) and incubated at 37
o
C for 90 min. 

 

Cells were washed twice with 8 ml of complete RPMI, target cells were then 

resuspended at 5x10
4
/ml in complete RPMI. 100μl of the target cell suspension was 
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added to appropriate wells of a 96 well V bottom plate (Nunc). Effector cells were 

also counted and resuspened and added to targets to give Effector:Target ratios of 

33:1, 10:1, 3:1 and 1:1 or 0.3:1. Targets were also plated out with the addition of 

media only (to determine spontaneous release) and with RPMI+0.1% SDS (to give 

maximal release). Controls were typically plated out in four separate triplicate sets. 

The plates were the centrifuged at 355g for 3min then incubated at 37
o
C for 5hrs. 

 

100μl of the supernatant was then removed from each well and placed into individual 

LP2 tubes. These were then loaded on a Packard Cobra II D5010 Ten Detector 

Scintillation Gamma Counter. Results are expressed as percentage specific lysis 

which was calculated using the following formula; 

 

2.5.13.2 Autologous tumour and ‘normal’ cells as targets 

In the case of frozen tissue, tissue was defrosted as 2.4.3. Dissociated tissue was 

resuspended and cells isolated as for fresh tissue (2.4.9). In the case of cultured cell 

lines, cells were trypsinised (2.4.2). 

 

Target cells from tissue isolated by either method were now treated identically. Cells 

were counted by hemocytometer and typically 1-5x10
5
 cells spun down (540g 10 min) 

and media removed with a transfer pipette. 
51

Cr labelling was as for K562 cells 

(2.5.13.1). 

 

% Specific Lysis = 

 

Exp. Release – Spontaneous 

Release 

 

Max. Release – Spontaneous 

Release 

 

 

x100 
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Target cells were mixed with effector cells at appropriate ratios or plated as minimal 

and maximal lysis controls. Following 5 hour incubation 100 μl supernatant was 

removed from each well and specific lysis determined as above. 

2.5.14 Syto 16 cell death assay 

SYTO dyes are cell permeable dyes that are non-fluorescent in aqueous medium but 

become highly fluorescent when bound to nucleic acids. Previously SYTO dyes have 

been used to distinguish live, apoptotic and necrotic cells. The green fluorescent 

SYTO 16 especially has been used to detect early apoptotic changes in lymphocytes. 

As SYTO 16 fluoresces when bound to nucleic acids live cells fluoresce brightly, 

while apoptosis can be discerned by a reduction in florescence (Sparrow and Tippett, 

2005). With the addition of propidium iodide (P.I.) late stage apoptotic/necrotic cells 

could be discerned as P.I.
+
 having lost membrane integrity while early apoptotic cells 

appeared P.I.
-
 retaining membrane integrity. 

 

Cells were removed from culture and washed with cold saline 540g 10 min at 4
o
C. 

The cell pellet was then resuspended in 500μl Saline+10nM Syto 16 (Invitrogen) 

supplemented with 0.5%BSA+ 30 μM verapamil (a gift from Yi-Jun Qi, Institute for 

Cancer Studies, Birmingham) and incubated at 37
o
C for 45min. Cells were then 

washed in MACS buffer (PBS(pH7.2)+0.5%BSA+2mM EDTA), subsequently 

antibody staining was performed with the required antibodies, and cells were then 

analysed by flow cytometery on a BD LSR II. 
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2.6 Graph plotting and statistical analysis 

All graphs were plotted and statistical analysis performed using Graphpad Prism 

version 4 software (Graphpad software Inc., La Jolla, CA, USA).  
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3 Results: T cell Stimulation 
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3.1 Costimulation of T cell Response to OKT-3 

3.1.1 Introduction 

Costimulation is a prerequisite for the generation of an adequate T cell response. In 

order to study the ability of costimulation delivered by adenoviral vectors to provide 

costimulation for the activation and expansion of a T cell response a model system 

was used. A549 cells where used to express costimulatory molecules of interest, while 

the anti-CD3 antibody OKT-3 was used to provide a generic antigenic stimulation to 

the T cell population. While this system is highly artificial it allows a large scale 

response to be easily monitored without the added complexities of small peptide 

specific responses. 

 

Previously within this laboratory the cDNA sequence for human CD80 and 4-1BBL 

or green fluorescent protein (GFP) have been isolated and inserted into replication 

defective adenoviral vectors, where the E1 region was replaced with one of the 

aforementioned genes, under the control of the CMV immediate–early promoter, to 

drive high level expression. The sequence for the p35 and p40 subunits of IL-12 had 

also been isolated and linked with an IRES, expression was also driven by the CMV 

immediate–early promoter, this was used to create a replication defective adenovirus 

vector to express IL-12 within the course of this project. 

3.1.2 Expression of CD80 and 4-1BBL by adenoviral vector 

 In order to validate the ability of these vectors to express the required costimulatory 

molecules a range of virus particles per cell were used to infect the cell line A549. 48 
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hours following infection expression of the relevant molecules were assayed by flow 

cytometry. It was determined that a virus particle/cell ratio of 300 was required for 

Ad-CD80 to provide good infection and expression, while Ad-4-1BBL required a ten 

fold higher level of virus. This level of virus was shown to also be consistently 

effective for OVCAR-3, adherent PBMC and fibroblasts (Figure 3-1). 

 
Figure 3-1 Expression of CD80 and 4-1BBL following infection with Ad-CD80 

and Ad-4-1BBL. The cell types shown were infected in suspension with 300vp/cell 

and 3000vp/cell of Ad-CD80 and Ad-4-1BBL respectively. Following culture for 

48hrs expression of CD80 and 4-1BBL were assessed by flow cytometry. Shaded 

histogram show mock infected cells stained with antibody. Results shown are typical 

of at least three A549 and OVCAR-3 experiments, four donor adherent PBMC 

samples, and results from fibroblasts of one donor used for long term stimulation. 
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3.1.3 Costimulation of short term OKT-3 stimulated T cells 

Using a similar model system Habib-Agahi et al. (2007) previously showed that a 

combination of CD80/CD86+4-1BBL was superior to either costimulatory molecule 

alone in the ability to promote the expansion of T cells during short term (7 day) 

culture. In order to revalidate the ability of CD80+4-1BBL to allow the expansion of 

T cells, and also to investigate the effect of the addition of IL-12 to the combination; 

experiments were set up using A549 infected to express our chosen combinations of 

costimulation. 

 

Assessing the total number of PBMC  (rather than actual expansion of the T cell 

population) we were able to show that after short term culture within our system there 

is little expansion in CD80 stimulated cultures (1.3 fold), while 4-1BBL alone is able 

to stimulate a modest increase in cell number (2.3 fold). As expected the combination 

of CD80+4-1BBL is superior (3 fold) to either single costimulation. Interestingly the 

addition of IL-12 to the combination further enhances the proliferation of these 

cultures (3.9 fold), while IL-12 alone has no effect, likewise there is no expansion in 

GFP controls (Figure 3-2A). 

 

Having reconfirmed the superiority of the dual combination of CD80+4-1BBL 

costimulation to costimulation with either ligand individually, we wished to further 

assess the ability of the addition of IL-12 to the dual combination to allow enhanced 

proliferation of cultures. As shown in Figure 3-2B, the triple combination of CD80+4-

1BBL+IL-12 is able to significantly enhance the proliferation of cultures in response 

to OKT-3 compared to the dual stimulation. 
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Figure 3-2 Expansion of whole PBMC populations in response to OKT-3 and 

adenoviral vector directed costimulation. 1x10
6
 adherent cell depleted PBMC were 

cultured in wells of a 48 well plate with 1x10
5
 pre-infected A549 cells/well 

(expressing costimulation as detailed in the figure) for 7 days in the presence of 

100ng/ml OKT-3. A. shows fold increase of the total PBMC number  from four 

healthy lab donors (N=4) compared to day 0 cell numbers, determined by 

haemocytometer count. Standard deviation (SD) and mean are shown, paired t-test. B. 

Shows fold increase in total PBMC number for six healthy lab donors following 

culture for 7 days with A549 expressing the combination of CD80+4-1BBL±IL-12, 

paired t-test. 

3.1.4 Inclusion of IL-12 increases CD8 T cell expansion 

In order to validate the expansion of a T cell population using our combinations of 

costimulation I examined the expansion of CD4
+
 and CD8

+
 T cells in culture. The 

populations following 7 day culture were predominantly T cells (Figure 3-3A), 

looking at the type of cell which were expanding we found that the CD4
+
 T cell 

population was exhibiting minimal proliferation in response to either the dual or triple 

costimulation combinations. The majority of the expansion in response to CD80+4-

1BBL appeared to be coming from the CD8
+
 T cell population, the addition of IL-12 

further enhanced proliferation of the CD8
+
 T cell subset (see Figure 3-3). 
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Figure 3-3 Expansion of CD8

+
 and CD4

+
 T cells. 1x10

6
 adherent cell depleted 

PBMC were cultured in wells of a 48 well plate with 1x10
5
 pre-infected A549 

cells/well, (expressing costimulation as detailed in the figure following infection with 

adenoviral vectors) and 100ng/ml OKT-3 for 7 days. CD3
+
CD4

+
 and CD3

+
CD8

+
 

populations were then determined by flow cytometry (A). Total PBMC number was 

also assessed by haemocytometer and total CD4 and CD8 T cell numbers obtained, 

the expansion of these cells was then determined as fold change in comparison to the 

number present at day 0. B. shows expansion of CD8
+
 T cells, C. shows expansion of 

CD4
+
 T cells. Paired t-test. 

 

These data therefore reconfirm the superior ability of CD80+4-1BBL compared to 

either alone to enhance the expansion of a PBMC population in response to OKT-3 

stimulation. Interestingly the addition of IL-12 to the combination further enhances 

expansion, although IL-12 alone was unable to induce expansion of the PBMC 

population. This suggests additional stimulation is able to enhance expansion further. 

The CD8 T cell population was shown to be the main subset proliferating in this 

model system which was enhanced by the addition of IL-12 which is in contrast to 

previous data using this model system. 



 125 

3.1.5 Cytokine production following costimulation 

Having shown the ability of our system to promote the expansion of T cells in 

response to antigen-mimetic OKT-3 stimulation we were also keen to infer 

functionality of these cells. In order to do this we measured production of the 

cytokines IFNγ and IL-10 by the various cultures. As shown in Figure 3-4, cultures 

stimulated with CD80+4-1BBL+IL-12 show a higher level of IFNγ compared to other 

cultures, however cultures stimulated with CD80+4-1BBL also show good levels of 

IFNγ albeit dwarfed by the effects of addition of IL-12 to the combination. IL-12 

alone induced a slightly higher levels of IFNγ production compared to CD80+4-

1BBL, mean 499.8ng compared to 254.7ng respectively, but was significantly lower 

than the combination of CD80+4-1BBL+IL-12 (mean 2115ng) (data not shown). In 

order to ensure that we were promoting a Th1 type response and to rule out the 

production of regulatory CD8
+
 T cells we also assessed the production of IL-10 

within the cultures. In comparison to IFNγ production there is very little IL-10 

produced (Figure 3-4), suggesting that these cultures contained cells predominantly of 

the Th1 subset. 
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Figure 3-4 Cytokine production by cultured PBMC. 1x10

6
 adherent cell depleted 

PBMC were cultured in wells of a 48 well plate with 1x10
5
 pre-infected A549 

cells/well (expressing costimulation as detailed in the figure following infection with 

adenoviral vectors) and 100ng/ml OKT-3 for 5 days. Supernatant was collected and 

concentrations of IFNγ and IL-10 determined by ELISA. N=3 SD. 
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3.1.6 TGF-β reduces IFNγ production but not proliferation 

As discussed in section 1.2.3 tumours and associated regulatory T cells are capable of 

producing TGF-β, which is a major immunosuppressive cytokine. To test the effect 

TGF-β may have on IFNγ production and proliferation of PBMC in response to 

costimulation, PBMC were cultured on adenovirus infected A549 with OKT-3 as 

previously described with or without the addition of 2ng/ml recombinant human TGF-

β, which had previously been shown to induce Treg (Chen et al., 2003; Zheng et al., 

2007). TGF-β has also previously been reported to inhibit cytokine production 

(Schröder et al., 2003). The effect of TGF-β on the production of IFNγ by cultured 

cells was determined by ELISA, as shown in Figure 3-5A TGF-β was able to reduce 

the production of IFNγ in response to OKT-3 and CD80+4-1BBL or CD80+4-

1BBL+IL-12 costimulation, therefore showing this concentration of TGF-β is 

sufficient to suppress function in this model system. However, as Figure 3-5B shows 

the addition of TGF-β did not inhibit expansion of the PBMC population. This 

suggests in a tumour micro environment the ability of the combination of CD80+4-

1BBL+IL-12 to stimulate cytokine production may be impaired by the presence of 

TGF-β, however overall expansion may be unaffected. Further studies would be 

required to determine further functional consequences of TGF-β or other inhibitory 

factors during T cell stimulation in the presence the active costimulatory 

combinations. As this is a highly artificial model further studies were intended to be 

carried out during assessment of viral antigen specific responses in section 3.3. 
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Figure 3-5 Effects of TGF-β on proliferation and IFNγ production by cultured 

PBMC. 1x10
6
 adherent cell depleted PBMC were cultured in wells of a 48 well plate 

with 1x10
5
 pre-infected A549 cells/well (expressing costimulation as detailed in the 

figure following infection with adenoviral vectors) and 100ng/ml OKT-3, in the 

presence or absence of 2ng/ml TGF-β. A. At 5 days of culture supernatant was 

collected and concentrations of IFNγ determined by ELISA. N=4, SD, paired t-test. B. 

Shows fold expansion of the total PBMC number following 7 days of culture from 

three healthy lab donors relative to total starting PBMC number, determined by 

haemocytometer count. 
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3.1.7 FoxP3 expression by expanded T cells 

As there have been reports of costimulatory molecules’ promoting the proliferation of 

Tregs under appropriate conditions it was of interest to determine if there was an 

effect on the Treg population. Figure 3-6A shows an example of FoxP3 staining from 

one donor and Figure 3-6B shows four out of five donors with no difference in the 

overall proportion of CD4
+
FoxP3

+
 T cells following costimulation with CD80+4-

1BBL+IL-12 or CD80+4-1BBL. 

 

As discussed, tumours tend to develop many immunosuppressive mechanisms in 

order to evade the immune system. This includes the production of TGF-β, which has 

been show to attenuate IFNγ production in our culture system. In order to further test 

the effect the costimulatory combinations of CD80+4-1BBL with or without IL-12 

may be having on a Treg population, cultures were supplemented with 2ng/ml TGF-β; 

conditions know to promote Treg generation. Following 7 day culture under these 

conditions there is a significant increase (p=0.0308) in the proportion of CD4
+
FoxP3

+
 

T cells following culture with CD80+4-1BBLA549 supplemented with TGF-β 

compared with culture without TGF-β. The addition of IL-12 to the combination 

partially ablates the TGF-β induced increase in CD4
+
FoxP3

+
 T cells. However there is 

not a statistically significant difference between the CD4
+
FoxP3

+
 population 

following culture in the presence or absence of IL-12 in cultures supplemented with 

TGF-β (Figure 3-6A and Figure 3-6C).  
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Figure 3-6 Foxp3 expression by CD4

+
 T cells in response to TGF-β. 1x10

6
 

adherent cell depleted PBMC were cultured in wells of a 48 well plate with 1x10
5
 pre-

infected A549 cells/well (expressing costimulation as detailed in the figure following 

infection with adenoviral vectors) and 100ng/ml OKT-3 for 7 days in the presence or 

absence of 2ng/ml TGF-β. FoxP3
+
 expression and associated markers were then 

determined by flow cytometry as shown for one donor in A. Percentage of the total 

CD4
+
 population which are FoxP3

+
 are shown in A (bold numbers) and B. Percentage 

of total CD4
+
 population which are FoxP3

+
 in the presence or absence of 2ng/ml 

TGF-β are shown in A and C. N=5, paired t-test. 

 

The population of CD4
+
 T cells is typically reduced in cultures with CD80+4-

1BBL+IL-12A549 compared with CD80+4-1BBLA549 (p=0.0186) most likely due to 

increased proliferation of CD8
+
 T cells (3.1.4). Interestingly, in the presence of 

there is a marked increase in the proportion of CD4
+
 T cells present in cultures 

(p=>0.0001) abolishing the dominance of CD8
+
 T cells induced by the addition of 

12 (Figure 3-6A and  

Figure 3-7). 
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Figure 3-7 CD4
+
 population is increased by the addition of TGF-β. 1x10

6
 adherent 

cell depleted PBMC were cultured in wells of a 48 well plate with 1x10
5
 pre-infected 

A549 cells/well (expressing costimulation as detailed in the figure following infection 

with adenoviral vectors) and 100ng/ml OKT-3 for 7 days in the presence or absence 

of 2ng/ml TGF-β. The percentage of CD4
+
 cells was determined by flow cytometry. 

N=5, SD, Paired t-test. 

 

These data suggest that the combination of CD80+4-1BBL±IL-12 does not induce or 

expand a significant CD4
+
FoxP3

+
 population in this model system. However in the 

presence of the Treg inducing cytokine TGF-β, the addition of IL-12 to the 

combination reduces the proportion of FoxP3
+
 CD4

+
 cells, suggesting the addition of 

IL-12 to a costimulatory combination maybe be important if used as an 

immunotherapy, and therefore warrants further investigation. Interestingly the 

addition of TGF-β increased the proportion of CD4
+
 cells in cultures stimulated with 

CD80+4-1BBL+IL-12 to levels similar to CD80+4-1BBL stimulated cultures, without 

an associated decrease in expansion of these cultures (Figure 3-5), this would suggest 

that there is a positive effect on the expansion or survival of CD4
+
 T cells. As IFNγ 

production is reduced in these cultures (as shown in Figure 3-5) to levels similar to 

CD80+4-1BBL stimulated cultures, this may suggest that the production of high 

levels of IFNγ is suppressing or having a negative effect on the CD4
+
 T cell 

population, contributing to the predominant expansion of CD8
+
 T cells. 
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3.2 Ovarian cancer patient responses to OKT-3 with co-

stimulation 

3.2.1 Introduction 

Ovarian cancer is highly prevalent with a lifetime incidence of 1/50 in the UK and is 

the leading cause of death from gynaecological cancers. Patient five year survival is 

low and recurrence is common. However the infiltration of lymphocytes to tumour 

has been shown to correlate with better prognosis and survival. There is therefore a 

requirement for new and novel treatment for ovarian cancer and a rational for the 

investigation of immunotherapy strategies. 

 

I was therefore keen to investigate the ability of our system to allow the expansion of 

T cells from ovarian cancer patients. Tumour associated lymphocytes were isolated 

from a sample of ascitic fluid and stimulated using our model system. Unfortunately 

these data are preliminary only, due to a lack of further samples. 

3.2.2 PBMC expansion 

Figure 3-8A shows the expansion of a total TAL population from one ovarian cancer 

patient in two independent experiments performed in duplicate. As can be seen 

CD80+4-1BBLA549 is able to allow the expansion of TAL in response to OKT-3 

stimulation, albeit at a lower level than was generally seen in healthy donors, while 

the addition of IL-12 to the combination seems to have little impact on expansion. 
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3.2.3 Cytokine production 

The general immunosuppression associated with ovarian cancer, the 

immunosuppressive environment which may exist within the tumour, and the active 

recruitment of regulatory T cells to the tumour environment could potentially lead to a 

lack of effector function, also as the cells isolated from ascetic fluid could be 

regulatory it was important to ensure that the cells which were being expanded were 

functional. Again we assayed the production of IFNγ and IL-10. As shown in Figure 

3-8B the dual costimulation produced a notable level of IFNγ whereas IL-10 remains 

virtually undetectable. The addition of IL-12 to the combination enhanced the 

production of IFNγ as was previously seen, and the levels of IL-10 remain low. 

 

Therefore we can conclude that the combination of CD80+4-1BBL is also capable of 

expanding a TAL population. As could be expected there seems to be a reduction in 

the level of expansion of TAL in response to OKT-3 compared with PBMC from 

healthy donors. This could be for a number of reasons including the age of the donor 

(57 years old), the general immunosuppression of ovarian cancer patients, or the 

health of lymphocytes isolated from ascitic fluid, or this may be due to donor 

variation. Likewise the lack of increase in expansion associated with the addition of 

IL-12 was reproducible for this donor however it is impossible to draw general 

conclusions from these data without investigation of TAL from further ovarian cancer 

patient. 
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Figure 3-8 Expansion and cytokine production of TAL isolated from an ovarian 

cancer patient. TAL were isolated from the ascitic fluid of an ovarian cancer patient 

1x10
6
 TAL were cultured in wells of a 48 well plate with 1x10

5
 pre-infected A549 

cells/well (expressing costimulation as detailed in the figure following infection with 

adenoviral vectors) and 100ng/ml OKT-3. A. Total TAL number was determined by 

haemocytometer cell count and fold change compared to the starting population 

determined, from two independent experiments in duplicate. B. IFNγ and IL-10 

concentrations in supernatant of cultures after 5 days of culture were determined by 

ELISA. 
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3.3 Costimulation of T cell Response to Viral Peptide 

3.3.1 Introduction 

Having reconfirmed the superiority of combination of CD80+4-1BBL over individual 

stimulations to allow the expansion of T cells in response to OKT-3 and shown that 

the addition of IL-12 to the combination could further enhance the proliferation of T 

cells and more specifically enhance the proliferation of CD8
+
 T cells we were keen to 

move away from the strong generic antigenic stimulus of OKT-3 to a more 

physiologically relevant antigenic response, with the ultimate goal of assessing TAA 

specific responses.  In order to assess the ability of our chosen costimulatory 

molecules to induce antigen specific responses we chose to begin by examining viral 

peptide specific responses. Primarily by using autologous adherent cells which were 

infected with combinations of adenoviral vectors 24 hours prior to loading with 

peptide and establishment of co-culture with PBMC for 7 days. Expansion of peptide 

specific T cells was tracked with tetramer. Primary human fibroblasts were also used 

in some experiments in order to allow the repeated stimulation of T cells. Fibroblasts 

were infected with combinations of adenoviral vectors 48 hours prior to loading with 

the appropriate peptide and use for stimulation of T cells. 

3.3.2 Stimulation with viral peptides results in expansion of non-T 

cells 

Initial experiments using adenoviral vector infected, peptide pulsed autologous 

adherent PBMC to stimulate a mixed population of non adherent PBMC showed that 
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in cultures stimulated with either 4-1BBL or IL-12, or to a greater degree those 

cultures combining 4-1BBL+IL-12 showed a large population and presumable 

expansion of a non-T cell (CD3
-
) population, which will be discussed in the next 

chapter. In order to remove any effect the stimulation or proliferation of a non-T cell 

population may be having on the response of peptide specific T cells, it was decided 

that a pure T cell population would be used. An untouched T cell population (above 

95% T cells) was isolated using a Miltenyi Pan T Cell Isolation Kit II; these data are 

based on a purified T cell population. As shown in Figure 2-4 adherent PBMC or 

autologous fibroblasts were infected with adenoviral vectors for 90min in suspension 

at 1x10
6
 cells/ml in wells of a 48 well plate (2.5x10

5
 cells/well). 24-48hrs after 

infection cells were peptide pulsed with 5μg of peptide for 4hrs. Media was then 

removed and unbound peptide removed by gentle washing with media. 0.5x10
6
 

isolated T cells were then added. T cell responses were assessed after 7 days of 

culture. 

3.3.3 Costimulation of adenoviral TDL peptide specific T cells 

Initial experiments began by examining the effect of adenovirus delivered 

costimulation on the proliferation of specific T cells in response to the adenovirus 

hexon derived TDL peptide. 

 

Autologous adherent cells infected with combinations of adenoviral vectors were 

peptide pulsed and used to stimulate isolated autologous T cells in a 7 day culture 

without the use of exogenous cytokines. The results for one donor are shown in 

Figure 3-9. It can be seen in the case of TDL specific CD8
+
 T cells that the 

combination of CD80+4-1BBLMono with or without IL-12 is able to induce a 
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significant population of TDL specific T cells compared with mock cultures. 

Surprisingly stimulation with 4-1BBLMono alone or in combination with IL-12 is able 

to produce similar levels of tetramer specific T cells as the combinations with the 

addition of CD80. In contrast the combination of CD80+IL-12Mono appears to produce 

the greatest population of TDL specific CD8
+
 T cells. Whereas the population in the 

Mockmono (peptide pulsed monocytes) stimulated culture had a negligible tetramer 

specific T cells population. Puzzlingly however the GFPMono control cultures show a 

marked population of TDL specific CD8
+
 T cells, only surpassed by the combination 

of CD80+IL-12Mono. The dominance of CD80+IL-12Mono and the significant 

population of tetramer specific T cells in response to GFPMono culture were seen in 

two donors in independent experiments. 
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Figure 3-9 Expansion of TDL specific T cells in response to peptide stimulation. 

0.5x10
6
 isolated T cells were cultured for 7 days with 2x10

5
 autologous adherent cells 

which had been pre-infected with appropriate adenoviral vectors 24hrs earlier and 

pulsed with TDL peptide for 4hrs prior to addition of T cells. Tetramer staining was 

then performed following 7 days of culture and analysed by flow cytometry, data 

shown are gated on the T cell lymphocyte population (CD3
+
). Bold numbers indicate 

the percentage of CD8
+
 T cells which are tetramer

+
. 
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3.3.4 Costimulation of CMV NLV peptide specific T cells 

The presence of a seemingly stimulatory effect of the GFP control virus was startling 

and inexplicable. In order to examine whether this was possibly due to the adenovirus 

vector somehow stimulating a better TDL specific recall response than stimulation 

with combinations of costimulatory molecules I chose to examine an unrelated 

peptide response. 

 

The chosen epitope was the CMV pp65 derived NLV peptide. As for the TDL 

stimulated cultures isolated T cells were stimulated with adenovirus vector infected 

autologous adherent cells for 7 days. In a different pattern to that that seen for TDL 

specific responses and in contrast to the results of stimulation with OKT-3 it can be 

seen in Figure 3-10 that stimulation with combinations of costimulatory molecules 

appear to be resulting in a smaller portion of the population being specific for 

tetramer. Stimulation with IL-12Mono or CD80Mono however results in a significant 

population of tetramer specific CD8
+
 T cells. As with the results of TDL stimulation a 

significant population of tetramer specific CD8
+
 T cells is also present in GFPMono 

cultures; in this donors case higher than any of the active costimulatory cultures. A 

similar pattern of tetramer specific CD8
+
 T cells was again seen in three donors in 

independent experiments. 
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Figure 3-10 Expansion of NLV specific T cells in response to peptide stimulation. 

0.5x10
6 

isolated T cells were cultured for 7 days with 2x10
5
 autologous adherent cells 

which had been pre-infected with appropriate adenoviral vectors 24hrs earlier and 

pulsed with NLV peptide for 4hrs prior to addition of T cells. Tetramer staining was 

then performed following 7 days of culture and analysed by flow cytometry, data 

shown are gated on the T cell lymphocyte population (CD3
+
). Bold numbers indicate 

the percentage of CD8
+
 T cells which are tetramer

+
. 
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3.3.5 Costimulation of EBV CLG peptide specific T cells 

A third viral response was examined using the EBV LMP2 derived CLG epitope. This 

was also hoped to provide a starting point for the investigation of the effects of 

adenovirus directed costimulation on the proliferation of T cells specific for TAA, as 

EBV is associated with a number of malignancies including Burkitt's lymphoma, 

other non-Hodgkin's lymphomas, Hodgkin's disease, nasopharyngeal carcinoma and 

gastric cancer (Hsu and Glaser, 2000). 

3.3.5.1 Short term culture 

Again isolated T cells were cultured with autologous adherent PBMC infected with 

combinations of adenoviral vector for 7 days. As is shown in Figure 3-11 stimulation 

with IL-12Mono resulted in the greatest expansion of tetramer specific CD8
+
 T cells, 

while the addition of CD80 does not seem to affect proliferation in response to IL-12 

other combinations of costimulatory molecules show reduced levels of tetramer 

specific CD8
+
 T cells compared with IL-12Mono or CD80+IL-12Mono stimulation. 

Again however there is a significant tetramer positive population in GFPMono 

stimulated cultures. 
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Figure 3-11 Expansion of CLG specific T cells in response to peptide stimulation. 

0.5x10
6
 isolated T cells were cultured for 7 days with 2x10

5
 autologous adherent cells 

which had been pre-infected with appropriate adenoviral vectors 24hrs earlier and 

pulsed with CLG peptide for 4hrs prior to addition of T cells. Tetramer staining was 

then performed following 7 days of culture and analysed by flow cytometry, data 

shown are gated on the T cell lymphocyte population (CD3
+
). Bold numbers indicate 

the percentage of CD8
+
 T cells which are tetramer

+
. 
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3.3.5.2 Long term expansion 

In order to test whether the benefit of stimulation with IL-12 alone was transient, only 

allowing short term proliferation, while a combination of costimulatory molecules 

may become more important in longer term cultures, cultures were set up using 

autologous fibroblasts in place of adherent PBMC. The use of fibroblasts allowed 

repeated restimulation. Isolated T cells were stimulated with virus infected peptide 

pulsed fibroblasts on day 0 and day 14 of culture with 20U/ml of IL-2 added to 

cultures after 7 days. This method of stimulation was in accordance with the method 

used for long term culture of NK cells in section 4.2. The actual number of tetramer 

specific T cells rather than the proportion of the population which was tetramer 

specific was determined in these experiments, to allow for any changes in the non-

tetramer specific population. 

 

As can be seen in Figure 3-12 there is a benefit of 4-1BBLFibro culture between day 7 

and 14 of stimulation, with the addition of CD80 to 4-1BBL reducing the increase in 

CLG specific CD8
+
 T cells, with 4-1BBLFibro alone or in combination with IL-12 

allowing the greatest expansion. Following re-stimulation at day 14 however a 

significant decrease in the population of 4-1BBL+IL-12 Fibro or 4-1BBL Fibro stimulated 

T cells can be seen with the exclusion of CD80+4-1BBL Fibro stimulation which shows 

a marginal increase in the tetramer specific population. However again even in long 

term culture there is a baffling increase in tetramer specific T cells in the GFPFibro 

stimulated cultures which continues until day 21. 

 

Alongside the perplexing increase in tetramer specific T cells in response to FibroGFP 

stimulation it was also noted that despite initial isolation of T cells prior to culture 
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there was a significant population of non T cells becoming apparent in longer term 

proliferation (Figure 3-13). 

 
Figure 3-12 Long term expansion of CLG specific T cells. 0.5x10

6
 isolated T cells 

were stimulated with 2x10
5
 autologous fibroblasts which had been infected with 

appropriate adenoviral vectors 48hrs earlier and pulsed with CLG peptide for 4hrs 

prior to stimulation of T cells at days 0 and day 14. Cultures were supplemented with 

20U/ml IL-2 from day 7. Tetramer staining and haemocytometer counts were 

performed at days 0, 7, 14 and 21 and the total CLG tetramer specific CD8
+
 T cell 

population calculated, and expansion determined relative to the starting population. 

 
Figure 3-13 Non T cell population in long term peptide cultures. 0.5x10

6
 isolated 

T cells were stimulated with 2x10
5
 autologous fibroblasts which had been pre-

infected with appropriate adenoviral vectors 48hrs earlier and pulsed with CLG 

peptide for 4hrs prior to stimulation of T cells at days 0 and day 14. Cultures were 

supplemented with 20U/ml IL-2 from day 7. The percentages of cells staining CD3
-
 in 

cultures was determined by flow cytometry at days 0, 7, 14 and 21 of culture. 
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These results show that in contrast to initial results using OKT-3 the stimulation of 

peptide specific responses requires differing costimulatory requirements and may vary 

on the peptide antigen which is used. There is however a stimulatory effect seen in 

response to Ad-GFP suggesting adenovirus is able to stimulate T cell expansion. 

Additionally the presences of small numbers of non T cells in cultures and their 

expansion during long term culture makes interpretation of long term T cell cultures 

problematic. 

3.3.6 Ad-GFP background 

To determine whether the expansion of peptide specific T cells in response to Ad-

GFP infected cells was due directly to an effect Ad-GFP was having on the T cells or 

whether there was a possibility of Ad-GFP having an effect to stimulate the antigen 

presenting functions of the infected adherent cells, we tested the HLA-A2 restricted 

peptide NLV response comparing autologous adherent PBMC and OVCAR-3 (which 

are HLA-A2
+
) for peptide presentation. As can be seen in Figure 3-14 there is 

expansion in the NLV specific population in both cultures, thus suggesting Ad-GFP is 

having an effect on the T cell population.  
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Figure 3-14 Ad-GFP stimulate antigen specific T cells directly. 1x10
5
 OVCAR-3 

or 2x10
5
 autologous adherent cells infected with Ad-GFP 48hrs or 24hrs prior to T 

cell stimulation respectively and pulsed with NLV peptide for 4hrs were used to 

stimulate 0.5x10
6
 isolated T cells in wells of a 48 well plate. Following culture for 7 

days cells were tetramer stained and analysed by flow cytometry. Shown plots are 

gated on CD3
+
 lymphocytes. 
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I also chose to test whether the use of Ad-GFP was causing a non-specific binding of 

tetramer, to do this I cultured cells with or without peptide. As can be seen in Figure 

3-15 there is an increase in the tetramer positive population only in cultures which 

have received peptide, confirming that this is a true peptide specific response.  

 

Alternative stocks of Ad-GFP and the E1-deleted adenovirus dl312 (lacking 

exogenous transgene) were tested to rule out any contamination of the Ad-GFP stock 

with a stimulatory adenoviral vector (Figure 3-15), however all stocks tested resulted 

in an expansion of tetramer positive cells. 

 

Figure 3-15 Adenoviral vector mediated expansion of T cells is peptide specific. 
0.5x10

6
 Isolated T cells were stimulated with 2x10

5
 autologous fibroblasts pre-

infected with appropriate adenoviral vectors as detailed in the figure 48hrs prior to 

stimulation; fibroblasts were pulsed with CLG peptide or vehicle for 4hrs prior to 

stimulation. Following 7 days of culture the populations of tetramer specific T cells 

was determined by flow cytometry, shown plots are gated on CD3
+
 cells. 
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These data show that the background stimulation of antigen specific T cells is not due 

to an effect of Ad infection of monocytes stimulating APC maturation, as would also 

be suggested by fibroblast results in the preceding section. These affects are shown to 

be peptide specific, ruling out non-specific tetramer binding or effects of GFP. 

Additionally the effect of control adenoviral vector is not confined to Ad-GFP 

suggesting this is a general property of Ad infection. The use of dl312 which is 

effectively E1A
 
deleted (like all Ad vectors used), also provides evidence that this 

effect is not due to the deletion of E3 in Ad-GFP (and other vectors) as dl312 retains 

E3 (Jones & Shenk, 1979; Deryckere & Burgert, 1996). Further experiments would be 

required to determine the mechanisms responsible for the stimulatory effects of 

adenoviral infection of presenting cells; these may include the use of transwells to 

determine if this is due to cytokine production by infected cells. These data also 

suggested if future investigation of T cell stimulation is carried out other vectors such 

as lentiviral vectors may be required to provide a cleaner model system.  

3.3.7 Discussion 

I have utilised model systems initially to examine the effects of CD80 and 4-1BBL 

alone or in combination which was previously shown to be superior to either 

stimulation alone (Habib-Agahi et al., 2007). I have also added IL-12 to the 

combination in order to determine whether IL-12 would facilitate an enhancement of 

effector function. These initial experiments were conducted using OKT-3.  

 

The combination of CD80+4-1BBL was reconfirmed to enhance the proliferation of T 

cells in short term culture. The addition of IL-12 to the combination further enhanced 

proliferation of the PBMC population; I have shown that the predominant expansion 

http://www.jbc.org/search?author1=Fran%C3%A7ois+Deryckere&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Fran%C3%A7ois+Deryckere&sortspec=date&submit=Submit


 149 

occurred in the CD8
+
 T cell population in response to costimulation with CD80+4-

1BBL which is enhanced by the addition of IL-12. Previous data by Habib-Agahi et 

al. (2007) showed the expansion of CD4
+
 and CD8

+
 T cells to be comparable in 

response to OKT-3; these data are therefore in contrast to the results obtained here. 

Conversely the data presented here are in accordance with numerous other reports in 

the literature showing a preference for CD8
+
 T cell expansion following 4-1BBL 

stimulation (Dawicki et al., 2004; Shuford et al., 1997). 

 

I have shown substantial IFNγ production in response to CD80+4-1BBL stimulation, 

which is increased drastically by the addition of IL-12. In a model system also 

utilising adenoviral vectors to express CD80 and 4-1BBL on autologous cells, 

Bukczynski et al. (2005) examined HIV peptide responses in uninfected healthy 

donors and early and late stage HIV infected donors. In this model system IFNγ 

produced in culture was shown to be inhibitory to the expansion of T cells from 

healthy donors; the addition of anti-IFNγ in particular augmented expansion of Flu 

peptide specific CD8
+
 T cells. Likewise perforin or IFNγ knockout mice have been 

shown to have increased CD8
+
 T cell numbers in the contraction phase of the immune 

response (Badovinac et al., 2000), while there is an increase of 30-40% in the CD4
+
 T 

cell population in IFNγ-deficient mice during a model of mycobacterial infection 

(Dalton et al., 2000). The production of IFNγ by cultured cells therefore could be 

exerting a negative effect on the proliferation of T cells in this in vitro culture system; 

As I have shown TGF-β reduces the production of IFNγ in response to costimulation, 

if IFNγ was having a negative effect on the CD4
+
 T cell population the increased 

population of CD4
+
 T cells may be attributed to this. However as overall expansion is 

not affected an associated negative effect would need to be exerted on the CD8
+
 T cell 
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population in this case either by TGF-β directly or through competition with the 

increased CD4 T cell population. Also as 4-1BBL has been suggested to favour the 

survival of CD8
+
 T cells it could be suggested that the predominant expansion of 

CD8
+
 T cells is due to stimulation with 4-1BBL overcoming the negative effects 

exerted by high concentrations of IFNγ in these cultures. 

 

The ability of 4-1BBL to promote the long term proliferation of T cells was 

documented previously by Habib-Agahi et al. (2007), in a comparable model system 

utilising OKT-3 or viral peptides (EBV derived RAK, CMV derived ELK and 

influenza ELR epitopes), however I was unable to show long term expansion of T 

cells. The inability to expand T cells long term was unfortunate, a number of 

possibilities have been considered; firstly the presence of replication competent virus 

within the culture has been suggested, however as I have later shown the long term 

expansion of NK cells this seems unlikely. Secondly the batch and origin of OKT-3 

will have varied, however this is impossible to test. It has been demonstrated that 

while the initial stimulation of T cells requires to be prolonged to induce activation, a 

prolonged stimulation of effector T cells results in the induction of apoptosis (Iezzi et 

al., 1998). Iezzi et al. (1998) also showed costimulation to extend the survival of T 

cells in response to extended antigenic stimulation. However in these cultures it is 

likely that costimulation will not be presented at all times due to death of presenting 

cells, in contrast OKT-3 will continue to be present. Therefore if the OKT-3 I used 

induced stronger TCR signals possibly this may have a negative effect on the long 

term expansion and survival of T cells. 
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In the literature there are also a number of paradoxical or dichotomous results 

associated with 4-1BBL stimulation of T cells. While 4-1BBL has been documented 

to enhance T cell proliferation and survival, T cells have also been shown to be hyper-

responsive from 4-1BB deficient mouse models in response to protein and peptide 

antigen stimulation in vivo (Lee et al., 2005; Lee et al., 2006; Kwon et al., 2002). 

There have also been reports in the literature of negative effects of strong or continued 

4-1BB stimulation of T cells. Kim et al. (2005) showed in a murine model of GVHD 

that delivery of agonistic anti-4-1BB antibody reduced T cell numbers with a 

particularly strong effect on CD4
+
 T cells through the induction of AICD; Sun et al. 

(2002) also showed a similar effect in an experimental autoimmune encephalomyelitis 

model. Interestingly Sun et al. (2002) also showed that the administration of anti-4-

1BB did not significantly reduce initial expansion of CD4
+
 T cells, on the contrary 

expansion appears to be enhanced. Rather, anti-4-1BB induced AICD of these T cells 

at later time points. 

 

This raises the question whether 4-1BBL stimulation is having a negative effect on 

CD4
+
 T cell expansion or the expansion of peptide specific responses due to the high 

level ectopic expression provided by adenoviral vectors. Another difference between 

the model system used by Habib-Agahi et al. (2007) and that used within this thesis is 

the level of Ad-4-1BBL being higher here. As a higher amount of virus was used this 

may have an impact on levels of expression which may therefore impact on the 

outcome of stimulation. 

 

Therefore, while these data conflict in part with previous data by Habib-Agahi et al. 

(2007), and data in the literature, these data also fit with other data in the literature 
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which has been published regarding the preferential expansion of CD8
+
 T cells. In this 

manner these data and those in the literature show the effects of costimulation to be 

dynamic and highly complex. 

 

There are numerous reports of the expansion of Tregs in response to costimulation 

and their generation in response to TGF-β (Chen et al., 2003; Golovina et al., 2008; 

Perez et al., 2008). It was also therefore of interest to monitor the effect costimulation 

was having on a putative Treg population. Initial experiments showed very little 

difference between levels of CD4
+
FoxP3

+
 T cells in the tested culture conditions, the 

proportion of the FoxP3
+
 CD4

+ 
T cells observed was also in line with the size of the 

CD4
+
FoxP3

+
 T cell population expected in the peripheral blood of healthy donors 

(Liu et al., 2006); therefore further experiments were not carried out. The expression 

of FoxP3 as a marker of Tregs in the murine system is reliable, however it has 

become increasingly apparent that the expression of FoxP3 by human T cells is less 

dependable as a marker of Treg function as activated T cells transiently induce 

expression of FoxP3 (Allan et al., 2007; Tran et al., 2007) Therefore if further 

experiment were to be carried out more rigorous Treg phenotyping would need to be 

employed. 

 

Ultimately it was desired to characterise the response of T cells from ovarian cancer 

patients toward viral and ideally tumour associated antigens. Initial experiments 

examined the effect of costimulation on the proliferation of adenovirus TDL specific 

T cells; these data showed a superior expansion of TDL specific T cells in response to 

CD80+IL-12 costimulation compared to any other combination. This combination 

was not tested in initial OKT-3 stimulation experiments, as these initial experiments 
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were intended to assess the function of IL-12 when added to the combination of 

CD80+4-1BBL, therefore direct comparisons cannot be draw between these data. The 

presence of 4-1BBL in the combination of CD80+4-1BBL+IL-12 reduced the TDL 

specific population. This may be due to an effect on a non-specific population of T 

cells, or may be directly attributed to a negative effect of strong 4-1BBL stimulation 

as discussed. More perplexingly there was a significant population of TDL specific T 

cells seen to arise in the GFP adenovirus control cultures. Given these results it was 

important to examine the effects of costimulation on further peptide responses. These 

experiments showed the CMV and EBV derived NLV and CLG epitopes expanded to 

the greatest extent through costimulation with IL-12 alone, in contrast to TDL specific 

T cell results. Again cultures stimulated with the control Ad-GFP in place of viruses 

expressing costimulatory ligands were shown to result in a significant population of 

peptide specific T cells. Interestingly in the case of NLV the addition of IL-12 to 4-

1BBL reduce expansion compared to IL-12 alone. Likewise the addition of either IL-

12 or 4-1BBL to CD80 stimulation resulted in a drastically reduced peptide specific T 

cell population in comparison to CD80 costimulation alone, or other stimulations 

including Mock cultures. These data are intriguing, and interestingly bear some 

resemblance to data from Habib-Agahi (unpublished data); RAK and ELK specific T 

cell responses were shown to be greatest in response to CD80, combining CD80 and 

4-1BBL resulted in no advantage or a reduction in specific T cells respectively. While 

in contrast 4-1BBL alone was able to drive an ELR specific T cell response, while 

other costimulations were ineffective. Furthermore an effect of stimulation with the 

Ad-GFP control virus was also shown by Habib-Agahi (unpublished data).  
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The proliferation of antigen-specific T cell in response to control adenoviral vector 

infected cultures and differences seen in responses to combination of adenoviral 

vectors expressed costimulation is puzzling. There is no clear explanation for these 

effects; however a number of possible effects could be suggested to be mediating in 

part these results. A non-specific response to viral infection such as the production of 

type I IFN by the adenoviral infected cells may contribute to the stimulatory effects of 

Ad-GFP. Type-I interferon have been implicated in the activation, expansion and 

survival of antigen specific T cells in response to viral infection (Brinkmann et al. 

1993; Kolumam et al., 2005; Sikora et al., 2009). In contrast however type-I 

interferon’s have also in some studies been implicated in the suppression of T cell 

responses, which may be dependent on the activation state of the T cell at the time of 

IFN stimulation; antigen activated T cells may respond positively to IFN stimulation 

(Dondi et al., 2003; Gallagher et al., 2009). If T cells were responding to the viral 

infection of presenting cells this effect should in theory enhance proliferation of all 

cultures; therefore this alone cannot explain the expansion of antigen specific T cells 

in response to Ad-GFP. Alongside the stimulatory effects of costimulation negative 

effects have also been suggested. Besides the negative interaction with CTLA-4, 

(section 1.1.2.3.2.2) CD80 has been associated with the activation and expansion of 

regulatory cells (Golovina et al., 2008), which in the case of the NLV response may 

explain the negative effects of CD80; however this does not explain why these effects 

are only seen clearly in NLV responses. Zhu et al. (2007) have shown a role for 4-

1BBL in the antigen independent homeostatic expansion of T cells. The expansion of 

T cells in response to 4-1BBL in the absence of antigen may seem counter intuitive 

given the antigen induced expression of 4-1BB, however Pulle et al. (2006) showed 

the expression of 4-1BB could be induced by stimulation of memory T cells with IL-
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15. Exerting a non-specific activating stimulus driving expansion of a non-specific T 

cell population would increase competition within the cultures, possibly inhibiting 

antigen-specific T cell expansion. This is in contrast to type I interferon which would 

only expand cells stimulated with antigen. IL-12 on the other hand has also been show 

to act as a growth factor for the proliferation and homeostatic expansion of memory T 

cells (Kieper et al., 2001). A model of a potential mechanism by which Ad-GFP 

shows significant T cell stimulatory capacity is shown in Figure 3-16. A definitive 

explanation of these effects however is not possible. 
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Figure 3-16 Potential mechanisms of the superior Ad-GFP driven expansion of 

tetramer specific T cells.  
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Due to the inexplicable but reproducible effects of the GFP control virus, and the 

presence of a large population of contaminating non-T cells in longer term cultures, 

interpretation and validity of these experiments was questionable. These uncertainties 

would also hamper interpretation of further data as such further work would be 

required to explain these effects. Therefore it was decided that further attempts would 

not be made with antigen specific T cell culture allowing focus to be moved to the 

more novel aspect of stimulation of NK cell proliferation.  
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4 Results: Natural Killer Cell Stimulation 
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4.1  Short term Natural Killer cell responses to 4-1BBL and 

IL-12 

4.1.1 Introduction 

Natural killer cells are a powerful element of the immune response. As effectors, NK 

cells are known to recognise and kill tumour cells, while they have also been shown to 

coordinate immune responses. As discussed in chapter 1.2 and below, NK cells have 

been implicated in the efficacy of numerous in vivo animal immunotherapy models 

and human therapies, therefore understanding the potential effects adenoviral vector 

delivery of costimulatory molecules may have on the NK cell population is important.  

 

Expression of 4-1BB (CD137) was first documented in murine NK cells by Melero et 

al. (1998) who went on to show a requirement for NK cells for the anti-tumour 

efficacy of anti-4-1BB antibody in an in vivo murine tumour model. However, while 

NK cells were required they were not sufficient alone for efficacy. Therefore while 4-

1BB is able to induce anti-tumour responses in an NK cell-dependent manner, there 

was no direct effect on the cytolytic function of stimulated NK cell. 

 

Subsequent experiments combining 4-1BB stimulation with IL-12 stimulation through 

intratumoural adenoviral delivery, (Martinet et al., 2000) or intratumoural delivery of 

IL-12 DNA and systemic application of anti-4-1BB (Chen et al., 2000) have shown a 

synergistic effect for the combination in a colon cancer metastasis model. Through 

depletion experiments it has been shown that NK cells are also required for the 

efficacy of this combination in these model systems. These models have also 
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identified the ability of this combination, not only to allow long term survival of the 

mice, but also allow the development of an anti-tumour T cell mediated immune 

response to parental tumour through re-challenge experiments which has a 

requirement for NK cells. Importantly the combination of intratumoural gene delivery 

of IL-12 and systemic application of anti-4-1BB has also been shown to be 

efficacious in poorly immunogenic primary and metastatic melanoma models in 

which monotherapy was ineffective or showed only marginal therapeutic efficacy (Xu 

et al., 2004). 

 

In contrast to murine NK cells, little work has focussed on the role of 4-1BBL, or the 

ability of 4-1BBL to stimulate, human NK cells. Unlike murine NK cells, human NK 

cells do not express 4-1BB in response to IL-2 stimulation without further activation 

(e.g. PHA) (Imai et al., 2005; Lin et al., 2008). K562 cells which alone are able to 

activate NK cells were genetically modified by Imai et al. (2005) to express 4-1BBL 

and an IL-15R-CD8α (transmembrane domain of CD8) construct. NK cells were 

cultured in media containing low dose IL-2 (10U/ml) for 7 days. Unmodified K562 

were shown to induce a 2.5 fold expansion, while K562 modified to express 4-1BBL 

or IL-15 resulted in greater expansion of NK cells from some but not all donors. The 

combination of both resulted in consistently improved expansion, with a median 

expansion of 1089-fold following 3 weeks of culture. Cultured NK cells were shown 

to express higher levels of CD56 but similar levels of CD16, KIR and inhibitory 

receptors compared to the starting population, suggesting that all subsets had 

expanded, retaining the immunophenotypic diversity of the NK cell pool rather than 

targeting specific subsets. Lin et al. (2008) were able to show the induction of 4-1BB 

expression in response to the ligation of CD16 by immobilised Fc fragments (but not 
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by non-immobilised antibody), expression was transient becoming undetectable after 

72hrs. Interestingly expression of 4-1BB was shown to be inversely correlated with 

CD16 expression. 

 

Despite the knowledge that 4-1BB is expressed by human NK cells in response to 

activation there is very little work focusing on the role of 4-1BBL or its potential 

application for the expansion or activation of NK cells for immunotherapy. The work 

by Imai et al. (2005) and the subsequent work by the same group (Fujisaki et al., 

2009b) is the only relevant work which has been performed to investigate the 

potential of 4-1BBL as a NK cell-directed therapeutic. However, their system is 

directed toward the ex vivo expansion of NK cells. We were therefore keen to 

investigate the ability of adenovirus delivered 4-1BBL and IL-12 to expand human 

NK cell, with its potential to allow intratumoural delivery and activation of NK cells. 

4.1.2 Natural Killer cells proliferate in response to 4-1BBL and IL-

12 in autologous cultures 

As reported in the previous chapter (3.3.2) I initially observed an increase in the non-

T cell population in culture when using autologous monocytes to deliver 4-1BBL or 

IL-12 to PBMC. As NK cells are known to express 4-1BB and previous data from 

mouse and human studies suggested that NK cells are able to proliferate in response 

to 4-1BBL stimulation, and IL-12 is known to induce proliferation of NK cells 

(Kobayashi et al., 1989), I examined the presence of NK cells in cultures following 7 

day stimulation with autologous monocytes infected with adenovirus vectors. 
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As can be seen in Figure 4-1 there is a significant population of NK cells (CD3
-

CD56
+
) in cultures stimulated with CD80+4-1BBL+IL-12Mono, or CD80+4-1BBL 

Mono, or 4-1BBL Mono alone. In contrast, stimulation with CD80 Mono alone or GFP Mono 

results in a very small population of NK cells in these cultures. This pattern is 

consistent with the pattern of non-T cells seen in culture (data not shown). Note these 

results are from preliminary experiments following on from the OKT-3 response 

model, prior to use of an isolated T cell population. Thus only a limited range of 

costimulatory molecule combinations were used, however these data show that a large 

population of NK cells were produced in response to some combinations of 

costimulation which promoted further study.  
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Figure 4-1 NK cell population following culture on autologous adenoviral vector 

infected adherent PBMC. 2.5x10
5
 adherent PBMC were pre-infected with 

adenoviral vectors as detailed in the figure 24hrs prior to addition of 0.5x10
6
 

autologous adherent cell depleted PBMC. Following culture for 7 days cultures were 

stained to determine CD3 and CD56 populations and analysed by flow cytometry. 
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4.1.3 Natural Killer cell proliferation is masked in the presence of 

OKT-3 

Previously we observed the dominance of T cells within cultures stimulated with 

OKT-3; however in the absence of OKT-3 (i.e. when using peptides) there appeared 

to be a sizable proliferation of the NK cell population. To assess whether the strong 

antigenic stimulation of the whole T cell population by the use of OKT-3 was 

masking the effect of costimulation on the NK cell population, cultures were tested in 

parallel in the presence or absence of 100ng/ml OKT-3. A549 cells were infected with 

adenovirus vectors to express CD80+4-1BBL with or without IL-12 and GFP as a 

negative control, this combination was chosen as NK cells had been shown to 

proliferate in response to this combination of costimulation while these combinations 

had also been shown to allow the highest level of T cells proliferation.  

 

As can be seen in Figure 4-2 stimulation with OKT-3 and cells expressing CD80+4-

1BBL+IL-12A549 and CD80+4-1BBLA549 results in T cells dominating the culture as 

was previously observed. Whereas in the absence of OKT-3 CD80+4-1BBLA549 

stimulated cultures can be seen to have a sizable non-T cell population, while the 

addition of IL-12 to the combination markedly skews the proportions of the 

population towards non-T cells dominating the culture. These cells were also shown 

to be CD56
+
 (data not shown) and therefore were NK cells. These data show that the 

presence of OKT-3 in earlier experiments masked or suppressed the proliferation of a 

non-T cell population, which are NK cells. 

 



 165 

 
Figure 4-2 NK cell proliferation in the presence and absence of OKT-3. 0.5x10

6
 

adherent cell depleted PBMC were stimulated with 1x10
5
 pre-infected A549 (with the 

appropriate adenoviral vectors) in the presence (clear) or absence (red) of 100ng/ml 

OKT-3. Following 7 day culture CD3 cell populations were analysed by flow 

cytometry. 
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4.1.4 Short term proliferation of Natural Killer cells 

It now appeared that the proliferation of Natural Killer cells in response to stimulation 

through Adenoviral vector delivery of 4-1BBL and/or IL-12 was the predominant 

effect in the absence of the strong antigenic stimulus of OKT-3. In order to further test 

the ability of our chosen costimulatory molecules to ‘costimulate’ the proliferation of 

NK cells, OVCAR-3 were infected, singly or with combinations of Ad-CD80, Ad-4-

1BBL and Ad-IL-12, or Ad-GFP (as a control for adenovirus), or OVCAR-3 alone 

(Mock). After 48h, adherent cell-depleted PBMC were added at a final concentration 

of 0.5x10
6
/ml, and cultures were assayed after a further seven days. 

 

As shown in Figure 4-3A, following stimulation of adherent cell-depleted PBMC 

there was little to no proliferation of T cells (CD3
+
CD56

-
) in response to any 

stimulation. There was however a small increase in the number of cells resembling 

NKT cells (CD3
+
CD56

+
) in response to costimulatory combinations containing either 

4-1BBL or IL-12. The combination of 4-1BBL+IL-12 further enhanced the 

proliferation of NKT-like cells. Although it can not be ruled out that these cells may 

be activated T cell, as CD56 may be expressed on T cells when activated (Kelly-

Rogers et al., 2006). 

 

While there is a notable proliferation of NKT-like cells in response to co-stimulation 

with 4-1BBL or IL-12 the predominating effect appears to be the proliferation of 

Natural Killer cells (CD3
-
CD56

+
), which again is enhanced by the combination of 

both costimulatory molecules. As there was little stimulation of proliferation of 

Natural Killer or NKT cells by Ad-CD80 above background subsequent experiments 



 167 

used only Ad-4-1BBL and Ad-IL-12 alone or in combination, with Ad-GFP (as 

control for adenovirus), or OVCAR-3 alone (Mock). Following further experiments 

with further healthy donors, Figure 4-3B shows that the mean expansion of NK cells 

in response to 4-1BBL+IL-12OVCAR was 27 fold while stimulation with 4-1BBLOVCAR 

or IL-12OVCAR alone induced a 10 fold and 12 fold expansion respectively. While 

there is apparent variation between donors in terms of fold change the pattern for all 

donors tested held true with the proliferation of NK cells in response to the 

combination of 4-1BBL+IL-12 far exceeding the proliferation of NK cells in response 

to either alone. 

 

Therefore the stimulation of a PBMC population in the absence of the strong TCR 

stimuli of OKT-3 results in a significant expansion of NK cells in response to 4-1BBL 

and/or IL-12.  As this combination has shown promise in murine tumour 

immunotherapy models, in a NK cell dependent manner (Chen et al., 2000; Martinet 

et al., 2000; Xu et al., 2004), but remains novel for the stimulation of human NK cell 

responses, and as very little was know about the role or effects of 4-1BBL stimulation 

of NK cells we were keen to investigate the effects of this combination further. 
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Figure 4-3 Quantification of expansion of T, NKT and NK cells in short term 

culture with costimulation. 0.5x10
6
 Adherent cell depleted PBMC were stimulated 

with 1x10
5
 pre-infected OVCAR-3 for 7 days. Cultures were counted by 

haemocytometer and populations determined by flow cytometry. Lymphocyte 

populations were defined as T cells CD3
+
CD56

-
, NKT cells CD3

+
CD56

+
 and NK 

cells CD3
-
CD56

+
. A. Expansion of T, NKT and NK cells from 5 healthy lab donors, 

expressed as fold change compared to the starting population at day 0. B. Expansion 

of NK cells expressed as fold change compared to the starting population at day from 

14 healthy lab donors. SD, paired t-test. 
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4.1.5 Functionality of Short term Cultures 

While stimulation of NK cells was able to induce their proliferation it was also 

important to evaluate the functionality of these cells. The two major roles for Natural 

Killer cells in an immune response centre on their ability to produce cytokines and 

show cytotoxicity toward sensitive targets. IFNγ is a major cytokine in the host 

immune response, and is involved in Th-1 polarisation as well as having anti-tumour 

effects (Bird et al., 1998; Grogan et al., 2001). GM-CSF has a role in the generation 

of DCs, and is required for the NK cell induced maturation of DCs (Zhang et al., 

2007). Both of these cytokines may be produced by NK cells and are of direct 

functional relevance.  

4.1.5.1 Cytokine Production 

The ability of the cultures to produce IFNγ and GM-CSF was tested by ELISA; 

following 7 days of culture, cells were counted and re-suspend at 0.5x10
6
cells/ml in 

fresh medium. After overnight culture, the medium was tested for the presence of 

IFNγ and GM-CSF. Figure 4-4A shows that cultures stimulated with either 4-

1BBLOVCAR and/or IL-12OVCAR alone produce far higher levels of IFNγ than the 

GFPOVCAR or MockOVCAR control, however 4-1BBLOVCAR stimulated cultures produce 

far lower amounts of IFNγ than those stimulated with IL-12OVCAR alone or in 

combination with 4-1BBL. Figure 4-4B shows that cultures stimulated with either 4-

1BBLOVCAR and/or IL-12OVCAR are superior in their production of GM-CSF, 

compared to controls. However in contrast to IFNγ production, cultures stimulated 

with 4-1BBLOVCAR alone or in combination with IL-12 produce higher levels of GM-

CSF than IL-12OVCAR stimulated cultures. Therefore while stimulation with either 4-
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1BBL or IL-12 alone promotes differential cytokine production by cultures, 4-

1BBL+IL-12 in combination is able to promote the most robust overall production of 

these important cytokines. 

 

Figure 4-4 Production of IFNγ and GM-CSF by short term cultured cells. 
0.5x10

6
 Adherent cell depleted PBMC were stimulated with 1x10

5
 pre-infected 

OVCAR-3 cells for 7 days. Cultured cells were then re-suspended at 0.5x10
6
 cells/ml 

in fresh media and cultured overnight. Concentrations of IFNγ (A) and GMCSF (B) in 

overnight culture supernatants was then analysed by ELISA. N=6 and N=5 

respectively. 
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While these experiments demonstrate the ability of stimulated cultures as a whole to 

produce cytokine we could not be certain of the origin of the cytokines produced, 

therefore in order to assess the producers of IFNγ in culture, intracellular staining was 

performed. As can be seen in Figure 4-5, IFNγ production is not limited to a single 

cell type but is induced in the majority of NK cells, NKT-like cells and a subset of T 

cells following stimulation with either 4-1BBL or IL-12 alone or in combination. 
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Figure 4-5 Analysis of IFNγ producing populations by intracellular staining. 

0.5x10
6
 Adherent cell depleted PBMC were stimulated with 1x10

5
 OVCAR-3 cells 

(pre-infected with adenoviral vectors as detailed in right hand legend), for 7 days. 

Cultured cells were then incubated for 4hr in the presence of 10μg/ml brefeldin A and 

then assessed by intracellular staining for the production of IFNγ. Left hand panels are 

gated on CD3
+
 cells, right hand panel gated on CD3

-
 cells, staining for CD56 

expression defines T cells (CD3
+
CD56

-
), NKT cells (CD3

+
CD56

+
)  and NK cells 

(CD3
-
CD56

+
) as detailed in the lower two panels. 
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4.1.5.2 Cytotoxicity 

Cytotoxicity was tested using the NK sensitive cell line K562 in a standard 5 hour 

chromium release assay. As shown in Figure 4-6 mock stimulated cultures showed 

virtually no cytotoxicity at any effector:target ratios tested. Interestingly, the 

GFPOVCAR stimulated cultures showed higher levels of cytotoxicity compared to mock 

cultures. 4-1BBL stimulated cells however showed clearly increased cytotoxicity at 

all ratios, in excess of 60% specific lysis at an effector:target ratio of 33:1. 

 

While 4-1BBL+IL-12OVCAR stimulated cultures show the highest level of cytotoxicity 

towards K562, IL-12 stimulated cells have a similar level of cytotoxicity to the dual 

stimulated cultures at the highest ratio tested, however at lower ratios cytotoxicity was 

slightly reduced.  

 

The testing of NK cell function was of importance to indicate potential efficacy of this 

combination for tumour immunotherapy. This has become particularly pertinent 

following the reports of Baessler et al. (2010) of a negative effect of 4-1BBL 

stimulation of NK cells. Within this model system NK cells are cytotoxic and capable 

of producing IFNγ. 

 



 174 

 
Figure 4-6 Cytotoxicity following short term culture. 0.5x10

6
 Adherent cell 

depleted PBMC were stimulated with 1x10
5
 pre-infected OVCAR-3 cells for 7 days. 

Cultured cells were then assessed for cytotoxicity against K562 targets in a standard 

5hr chromium release assay (SD). Data shown are representative of four healthy 

donors. 
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4.1.6 Phenotype of Natural Killer cells following short term culture 

Previously it had been shown that the expansion of NK cells through the K562-4-

1BBL-IL15 expansion system resulted in an expansion of the whole population 

without a skewing effect in terms of subsets or receptor expression (Imai et al., 2005). 

Given the functional differences in the subsets of NK cells we wished to elucidate the 

effect of stimulation with our costimulatory molecules delivered by adenovirus on the 

subsets of NK cells. 

 

Through staining of CD56 during our initial studies of NK cell proliferation I noted 

that the majority of the NK population were CD56
bright

 by the seventh day of culture 

as shown in Figure 4-7A and Figure 4-7C, which is in contrast to proportion of these 

cells at Day 0. I therefore wished to determine if these cells displayed further 

phenotypic markers consistent with the CD56
bright

 subset. One of the major hallmarks 

dividing the CD56
dim

 and CD56
bright

 subsets is high level expression or absence of 

CD16 respectively. As can be seen in Figure 4-7B and Figure 4-7C the NK cells 

which have been stimulated with 4-1BBL+IL-12OVCAR are predominantly CD16
-
, 

which is also the case for cultures stimulated with either 4-1BBL or IL-12 alone, 

while cells in the control cultures predominantly retain expression of CD16. 
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Figure 4-7 Expression of CD56 and CD16 following short term culture. 0.5x10

6
 

adherent cell depleted PBMC were stimulated with 1x10
5
 pre-infected OVCAR-3 

cells (infected with adenoviral vectors expressing costimulation as indicated) for 7 

days. Following 7 day culture the population of NK cells (CD3
-
CD56

+
) obtaining a 

CD56
bright

 (A) or CD16 negative (B) phenotype was assessed by flow cytometry. SD 

and mean are shown. C. shows representative plots of CD56
bright

CD16
-
 NK cell 

populations following culture (gated on NK cells (CD3
-
CD56

+
). 
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I also assessed the expression of other CD56
bright

 subset markers. As shown in Figure 

4-8 there is also a clear acquisition of CD25 expression by stimulated cells consistent 

with the CD56
bright

 subset, however the majority of NK cells lack the expression of 

CD27. 
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Figure 4-8 Expression of CD25 and CD27 following short term culture. 0.5x10
6
 

Adherent cell depleted PBMC were stimulated with 1x10
5
 pre-infected OVCAR-3 

cells (infected with adenoviral vectors expressing costimulation as indicated) for 7 

days. Following culture, expression of CD25 by the CD56
+
 cell population was 

determined (A); or expression of CD27 analysed on CD56
bright

 lymphocytes (B) by 

flow cytometry. SD and mean are shown. An example of CD25 (C) and CD27 (D) 

staining of CD56
+
 and CD56

bright
 cells respectively are shown. E shows CD27 staining 

of CD56
-
 cells. Stained cells are shown shaded red, black fill indicates isotype control 

staining. 
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CD56
bright

 and CD56
dim

 NK cells are also reported to have a differential expression of 

homing markers. I therefore examined the expression of secondary lymphoid homing 

markers CCR7 and CD62L as shown in Figure 4-9. Although all three of the active 

stimulatory conditions induced similar percentages of CCR7
+
 and CD62L

+
 cells, 

marked differences were apparent in the levels of CD62L induced, with the MFI of 

NK cells stimulated with 4-1BBLOVCAR being substantially lower than induced by IL-

12OVCAR alone or in combination with 4-1BBL. 
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Figure 4-9 Expression of CCR7 and CD62L by short term cultured NK cells. 
0.5x10

6
 Adherent cell depleted PBMC were stimulated with 1x10

5
 pre-infected 

OVCAR-3 cells (infected with adenoviral vectors expressing costimulation as 

indicated) for 7 days. Expression of CCR7 (A) and CD62L (B) was determined as a 

percentage of the NK population (CD3
-
CD56

+
) or MFI of CD62L staining (C). SD 

and mean are shown. D. shows plots of CCR7 and CD62L staining. Gated on the NK 

cell population (CD3
-
CD56

+
). 
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I also stained for the expression of inflammatory site homing markers CCR5 and 

CXCR3 (Figure 4-10). Again there appears to be a disparity in expression of these 

molecules between the stimulations. IL-12OVCAR stimulation results in a greater 

proportion of cells expressing CCR5 than in all other stimulations, while 4-

1BBLOVCAR results in no difference compared with controls. Interestingly in 4-

1BBL+IL-12OVCAR stimulated cultures 4-1BBL results in an attenuation of the 

expression of CCR5 induced by IL-12 alone resulting in a significantly lower 

population of CCR5 expressing cells. The opposite appears to be true for the 

expression of CXCR3 with the levels of CXCR3 being similar to controls in the IL-

12OVCAR stimulated population whereas 4-1BBLOVCAR clearly results in an increased 

expression of CXCR3, which is partially reversed by the addition of IL-12 as seen in 

the dual stimulated cultures. As can be seen in Figure 4-10 MFI was used to assess 

expression of CXCR3 while percentage of the NK population was used for CCR5, 

this was necessary as staining of CXCR3 did not generally produce a clear positive 

and negative population rather showing a shift of the population as a whole. 
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Figure 4-10 Expression of CCR5 and CXCR3 following short term culture. 

0.5x10
6
 Adherent cell depleted PBMC were stimulated with 1x10

5
 pre-infected 

OVCAR-3 cells (infected with adenoviral vectors expressing costimulation as 

indicated) for 7 days. Expression of CXCR3 was determined and presented as MFI of 

the NK population (CD3
-
CD56

+
) (A) which is normalised to the background staining 

of the 2
o
 antibody control. Expression of CCR5 (B) by the CD56

bright
 population was 

also determined by flow cytometry. Mean, SD, paired t-test. C shows a clear example 

of CXCR3 expression in response to stimulation, (gated on the NK population (CD3
-

CD56
+
)). D shows CCR5 staining of the CD56

bright
 population following culture, red 

indicates staining, black shows isotype control staining. 
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These data show that the majority of NK cells following stimulation with the active 

costimulatory molecules are of the CD56
bright

 subset. The lack of CD27 however is in 

contrast to other markers of the CD56
bright

 subset which were tested. As CD27 is a 

marker of effector function this may be reflective of the activation of these cells rather 

than as a subset marker (Appay et al., 2002; Hayakawa and Smyth, 2006; Tomiyama 

et al., 2004; Marzo et al., 2007). The expression of homing markers such as CCR7 

and CD62L is in accordance with the CD56
bright

 phenotype, and also suggests that in 

vivo cells stimulated with 4-1BBL and/or IL-12 may be able to home to secondary 

lymphoid tissue, where NK cells may have important roles in the activation of T cell 

based immune responses (Mailliard et al., 2003; Marcenaro et al., 2005; Garcia-Sastre 

and Biron, 2006). The expression of CXCR3 by 4-1BBL stimulated cultures and the 

ability of 4-1BBL to partially retain CXCR3 expression with IL-12 stimulation is a 

novel finding and as CXCR3 has also been implicated in homing to tumour (Wendel 

et al 2008), including renal cell carcinoma, potentially important to function (Cozar et 

al., 2005). 

4.1.7 Natural Killer cell proliferation characteristics 

4.1.7.1 Natural Killer Proliferation is delayed following stimulation 

The lack of CD16 expression by cultured cells and other markers, including the 

acquisition of a CD56
bright

 state, would suggest that CD56
bright

 NK cells are being 

produced in response to stimulation. There were therefore two possibilities; either 

these stimulatory conditions were selectively inducing proliferation of the CD56
bright

 

population or a transition of CD56
dim

 NK cell to a CD56
bright

 NK cell was taking 

place. 
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To try and identify the subset of NK cells in the original samples which were 

proliferating in response to 4-1BBL and IL-12, non-adherent PBMC were labelled 

with CFSE and cultured for 5 days. Cells were stained for CD56 and CFSE dilution 

analysed on day 1, 3 and 5 after stimulation. However, surprisingly the data did not 

show proliferation of a specific subset following stimulation. As Figure 4-11 shows, 

no proliferation took place by day 3 of stimulation rather proliferation was delayed 

until between day 3 and day 5 of stimulation. In the period between stimulation and 

proliferation the level of CD56 expression can be seen to be increasing in response to 

4-1BBL and IL-12, prior to the production of CD56
bright

 cells following proliferation. 

 

This suggests that a population of CD56
dim

 cells is able to transition to express similar 

levels of CD56 as CD56
bright

 NK cells. The subsequent proliferation of CD56
bright

 cells 

may suggest that a population of CD56
dim

 cells can become CD56
bright

 and proliferate. 

This is interesting as CD56
dim

 cells are suggested to be a mature subset derived from 

the CD56
bright

 subset which is regarded as immature (Cooper et al., 2001, Juelke et al., 

2010). Therefore the production of CD56
bright

 cells from CD56
dim

 required further 

investigation. 
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Figure 4-11 Time course of NK cell proliferation by CFSE. 0.5x10
6
 Adherent cell 

depleted PBMC isolated from a healthy lab donor were labelled with CFSE and 

stimulated with 1x10
5
 pre-infected OVCAR-3 cells (infected with adenoviral vectors 

expressing costimulation as indicated). Panel A provides explanation of CD56 

expression levels and changes which occur following culture. B shows expression of 

CD56 and CFSE dilution analysed on day 1 (red), 3 (green) and 5 (blue) of culture by 

flow cytometry. Shown is CFSE (X axis) and CD56 (Y axis), representative plots of 

at least 3 donors. 
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4.1.7.2 Acquisition of a CD56
bright

 phenotype prior to proliferation 

In order to assess the phenotypic changes of stimulated NK cells further the dynamics 

of the NK cell population phenotype during the first five days of culture (i.e. up to the 

start of proliferation) expression of CD56 and CD16 was analyses at days 1, 3 and 5 

of culture. As shown in Figure 4-11A there is a population of cells appearing to 

transition to a CD56
bright

CD16
-
 phenotype, firstly by loss of CD16 then increased 

CD56 expression in response to stimulation with either IL-12±4-1BBL. A 

significantly increased population of CD56
bright

CD16
-
 is present following 

proliferation at day 5 of culture, again showing that the main subset of cells produced 

in response to 4-1BBL+IL-12 are of the CD56
bright

 subset. Note Mock stimulated 

cultures did not differ significantly from GFP stimulated cultures therefore are not 

shown for clarity.  

 

Examining expression of CD56 further reveals that NK cells stimulated with IL-

12OVCAR or 4-1BBL+IL-12OVCAR show as a population an increase in the expression 

of CD56 prior to proliferation of CD56
bright

 cells as seen in Figure 4-11. In contrast to 

this there appears to be a very modest increase in the levels of CD56 following 

stimulation with 4-1BBL OVCAR, prior to proliferation, but following proliferation, 

there is a notable increase in CD56 levels (Figure 4-12A and B). 

 

Analysis of the expression of CD16 during the same time period, as shown in Figure 

4-12C shows a steady lost of CD16 in response to stimulation with IL-12OVCAR alone 

or in combination with 4-1BBL, with a notable population of cells lacking CD16 prior 

to significant proliferation. However with 4-1BBLOVCAR stimulation there is again 
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little change in CD16 expression until after the onset of proliferation. This again 

suggests that a population of CD56
dim

 cells is able to transition to a CD56
bright

 NK cell 

and may proliferate. In order to investigate this further CD56
dim

 cells were separated 

and CD56 expression and proliferation analysed in subsequent experiments (4.1.7.5). 
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Figure 4-12 Time course of  CD56 increase and loss of CD16 by cultured NK 

cells. 0.5x10
6
 Adherent cell depleted PBMC were stimulated with 1x10

5
 pre-infected 

OVCAR-3 cells expressing costimulation as indicated. Expression of CD56 and 

CD16 was measured at day 0, 1, 3 and 5 of culture by flow cytometry (A), (gated on 

NK cells (CD3
-
CD56

+
)) upper right panel indicates gates shown. Expression levels of 

CD56 (B) were also measured as MFI of the NK population (CD3
-
CD56

+
) by flow 

cytometry and the fold change from the starting population (day 0) determined at day 

1, 3 and 5 of culture (N=6, SD). The loss of CD16 expression was also determined at 

days 1, 3, and 5 of culture (C) as a percentage of the NK population appearing CD16
-
  

by flow cytometry (N=3, SD). 
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4.1.7.3 Natural Killer cells are rapidly activated 

To test whether NK cells were firstly showing a delay in activation and secondly 

whether NK cells were able to respond to stimulation during the period prior to the 

proliferation, NK cells were stained for CD25 and 4-1BB expression, both of which 

are activation markers. 

 

As Figure 4-13A and B shows, CD25 is rapidly induced by 4-1BBL and IL-12 alone 

or in combination. The dual combination rapidly induces CD25 by day 1 to a level 

which is maintained on day 3 prior to proliferation, however the dynamics of 

expression appear to be slower in single stimulation, IL-12OVCAR begins to induce 

CD25 on day 1 which increases by day 3 to a level similar to the combination. A 

similar pattern is seen with 4-1BBLOVCAR stimulated cells albeit to a lower level. 

 

Figure 4-13A and C show the dynamics of 4-1BB expression to be similar to 

expression of CD25 across all stimulations, with induction by day 1 which is 

increased by day 3. IL-12 stimulation alone or in combination induces similar levels 

of 4-1BB expression. As with CD25, the percentage of 4-1BB
+
 cells induced by 

stimulation with 4-1BBLOVCAR is lower than that induced by IL-12OVCAR. 

 

Therefore while NK cells do not proliferate during the initial period of stimulation 

this is not due to an inability to respond to stimulation. This may suggest that the 

proliferation of NK cells is delayed due to a requirement to attain a ‘proliferative’ 

state rather than the primary effector function of NK cells. As a report has suggested 

NK cells degranulate prior to 4-1BB expression (Lin et al., 2008) and NK cells 24hrs 
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post-4-1BBL stimulation show reduced effector function (Baessler et al., 2010), the 

response to and effects of 4-1BB stimulation require further investigation. 

 
Figure 4-13 Time course of CD25 and 4-1BB expression by cultured NK cells. 

0.5x10
6
 Adherent cell depleted PBMC were stimulated with 1x10

5
 pre-infected 

OVCAR-3 cells (infected with adenoviral vectors expressing costimulation as 

indicated), Expression of CD25 and 4-1BB was then determined by flow cytometry at 

day 0 (black), 1 (blue), 3 (green) and 5 (red) of culture (A), plots are gated on NK 

cells (CD3
-
CD56

+
). The percentage of the NK cell population expressing CD25 (B) or 

4-1BB (C) in response to stimulation was also assessed for three healthy lab donors 

SD. 
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4.1.7.4 Natural Killer Cells require additional ‘Help’ in order to respond to 4-

1BBL 

It appeared paradoxical that 4-1BBL stimulation was able to induce phenotypic 

changes, including down regulation of CD16, and up regulation of CD56, CD25 and 

its own receptor 4-1BB, even though at the outset the proportion of cells expressing 4-

BB was negligible. Therefore I wondered whether NK cells may express undetectable 

levels of 4-1BB allowing them to respond to 4-1BBLOVCAR or whether there may be a 

role for an accessory cell, capable of responding to 4-1BBLOVCAR, stimulating the 

expression of 4-1BB by NK cells. 

 

In order to test this NK cells were separated from PBMC by negative isolation with a 

Miltenyi kit, purified NK cells or total PBMC were then stimulated with OVCAR-3 

infected with Ad-4-1BBL or Ad-IL-12 as a positive control for three days. As can be 

seen in Figure 4-14A, purified NK cells do not express 4-1BB to levels seen in PBMC 

cultures following stimulation with 4-1BBLOVCAR, and more closely resemble the 

control culture, suggesting the response of a secondary cell type is required for 4-1BB 

induction. 

 

As this suggested NK cells were inducing 4-1BB expression through a secondary cell 

type, possibly by the production of cytokine, I wished to assess whether NK cells 

were inducing 4-1BB in response to IL-12 stimulation through activation by IL-12 or 

whether IL-12 was allowing NK cells activated by targets to express 4-1BB. PBMC 

were therefore stimulated with either OVCAR-3, GFPOVCAR, or without additional 

targets in the presence or absence of 20ng/ml rhIL-12, or IL-12OVCAR as a positive 
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control. Cells stimulated in the absence of rhIL-12 do not express 4-1BB in response 

to OVCAR-3 with or without Ad-GFP (as was shown previously), nor is 4-1BB 

expression induced in the presence of rhIL-12 alone; however NK cells in the 

presence of both targets and rhIL-12 are able to express 4-1BB (Figure 4-14B). 

 

Figure 4-14 4-1BB expression by isolated NK cells requires help. 0.5x10
5
 

negatively isolated NK cells (NK) or 0.5x10
6
 adherent cell depleted PBMC (PBMC) 

were cultured with 1x10
5
 OVCAR-3 cells (pre-infected with the appropriate 

adenoviral vectors) for 3 days and percentage of the NK cell population (CD3
-
CD56

+
) 

expressing 4-1BB determined (A and B). Isolated NK cells were also cultured alone 

or in the presence or absence of recombinant human IL-12 (rhIL-12) or OVCAR-3 

cells without adenoviral vector infection (MockOVCAR) or with Ad-IL-12 (IL-12OVCAR) 

or Ad-GFP (Ad-GFPOVCAR) infection, for 3 days and expression of 4-1BB by the NK 

cell population analysed by flow cytometry (C). SD, paired t-test. 
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These data therefore show that in contrast to the induction of 4-1BB on T cells in 

response to strong TCR stimulation, NK cells require a combination of signals to 

promote 4-1BB expression. In this system target recognition, likely provided by the 

allogenic nature of OVCAR-3 cells or potentially ligation of activating receptors by 

ligands expressed by OVCAR-3, is likely to be providing a ‘first signal’. A secondary 

signal in the form of IL-12 or another cytokine produced by accessory PBMC 

(possibly IL-15 for example) is then required for full activation and responsiveness to 

4-1BBL stimulation as shown in Figure 4-15.  This could be an important 

consideration for the use of 4-1BB stimulation of NK cell for cancer immunotherapy. 

The actual activating signals which are required for NK cell 4-1BB responsiveness 

and the role and requirement for different cytokines in the activation of NK cells is an 

interesting point requiring further investigation. 
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Figure 4-15 Requirements for 4-1BB expression by NK cells. In the absence of 

sufficient activation signals (either activating ligands or missing self) tolerance is 

maintained. When sufficient activating signals are achieved NK cells perform effector 

functions, however further activation is not achieved. Through the recognition of 

target and provision of ‘help’ by an unknown accessory cell increased activating 

signals are achieved and 4-1BB is expressed allowing further activation. In the 

absence of accessory cells ‘help’ can be provided by IL-12. 
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4.1.7.5 Proliferation of CD56
dim

 NK 

In order to evaluate the proliferation of the two subsets of NK cells (CD56
bright

 and 

CD56
dim

) a Miltenyi CD56
+
CD16

+
 NK Cell Isolation Kit was used to isolate cells 

which were classically CD56
dim

 (i.e. CD3
-
CD56

dim
CD16

+
) (Figure 4-16) and also 

allowed the enrichment of the CD56
bright

CD16
-
 population. The isolated cells were 

subsequently CFSE labelled and cultured with OVCAR-3 expressing 4-1BBL+IL-12 

or IL-12 alone. OVCAR-3 with 4-1BBL alone was not included as I have shown 

additional stimulation is required for isolated NK cells to be responsive to 4-1BBL. 
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Figure 4-16 Purification of CD56
dim

 NK cells. Using a Miltenyi CD56
+
CD16

+
 cell 

isolation kit NK cells were first enriched by negative isolation. Subsequently cells 

were positively selected by CD16 microbeads with a Miltenyi CD56
+
CD16

+
 cell 

isolation kit. Shown are CD3 and CD56 staining of the lymphocyte population and 

CD16 staining of the NK (CD3
-
CD56

+
) population following positive selection of 

CD16
+
 cells. 

 

I was first interested to assess whether CD56
dim

 cells were able to proliferate in 

response to IL-12OVCAR with or without 4-1BBL. When NK cells of the CD56
bright

 and 

CD56
dim

 subset are compared by CFSE the cells dividing in both groups appear to 

also undergo CFSE dilution (Figure 4-17A). Whether CD56
dim

 cells could transition 

to a CD56
bright

 state was also examined, as can be seen in Figure 4-17B there is a 

small minority of CD56
dim

 cells which appear to increase levels of CD56 expression 

following stimulation with IL-12OVCAR with or without 4-1BBL on the third day of 

stimulation. Subsequently the proportion of the CD56
bright

 cells increases by the 
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seventh day of culture with IL-12OVCAR and is markedly increased following 

stimulation with 4-1BBL+IL-12OVCAR.  

 

Figure 4-17 Analysis of CD56
dim

 NK cell proliferation and expression of CD56 in 

culture. NK cells were negatively isolated and further selected on the basis of CD16 

expression to provide CD56
bright

 (CD16
-
) and CD56

dim
 (CD16

+
) NK cell populations 

which were labelled with CFSE. 0.5x10
5
 NK cells were then cultured with 1x10

5
 

OVCAR-3 cells (pre-infected with adenoviral vectors) for 7 days. Dilution of CFSE 

by isolated CD56
bright

 (Black) and CD56
dim

 (red) NK cells was then analysed by flow 

cytometry (A). The expression of CD56 by isolated CD56
dim

 NK cells was analysed 

on days 0 (shaded grey), 3 (green), and 7 (red) of culture (B).  
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In order to validate the transition of a CD56
dim

CD16
+
 cell to a CD56

bright
 cell type, the 

presence of CD56
bright

CD16
-
 cells was assessed in cultures following 7 day 

stimulation. As can be seen in Figure 4-18 there is a notable population of CD56
bright

 

cells following stimulation with IL-12OVCAR, while stimulation with 4-1BBL+IL-

12OVCAR results in the majority of cells becoming CD56
bright

. The expression of CD16 

shows a similar pattern with the combination of 4-1BBL+IL-12OVCAR producing a 

large population of CD16
-
 cells, while IL-12OVCAR alone does not show such marked 

production of CD16
- 
cells. A similar pattern is also seen with expression of CD62L. 

Therefore these data suggest that 4-1BBL+IL-12OVCAR is facilitating a switch from a 

CD56
dim

 to a CD56
bright

 cell. The ability of 4-1BBLOVCAR alone or the requirement for 

IL-12 in this process however could not be assessed. 
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Figure 4-18 CD56
bright

 NK cells are produced in response to 4-1BBL and IL-12. 
NK cells were negatively isolated and CD56

dim
 (CD16

+
) NK cells positively selected 

on the basis of CD16 expression. 0.5x10
5
 CD56

dim
 NK cells were then cultured with 

1x10
5
 OVCAR-3 cell (pre-infected with adenoviral vectors) for 7 days. Expression of 

CD56, CD16 and CD62L were then determined by flow cytometry at day 7 of culture, 

expression by the starting population at day 0 is shown as shaded grey. 
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These data definitively show a population of CD56
dim

 NK cells can proliferate and 

become CD56
bright

. Therefore these data are important for the understanding of NK 

cell biology, showing that the differentiation of CD56
dim

 to CD56
bright

 is not a 

unidirectional process. Therefore the CD56
bright

 and CD56
dim

 NK cells cannot be 

regarded as immature and mature stages of the same cell population. 

4.2 Long Term Proliferation of Natural Killer Cells 

4.2.1 4-1BBL allows Long Term Proliferation of Natural Killer 

Cells 

As 4-1BBL is known to promote the long term survival and proliferation of T cells, it 

was of considerable interest to investigate whether the use of adenovirus directed 

‘costimulation’ with 4-1BBL alone or in combination with IL-12 would also permit 

the long term expansion of Natural Killer cells. Following the initial 7 day stimulation 

with Ad-infected OVCAR-3, the lymphocytes were counted and redistributed with the 

inclusion of 20U/ml IL-2. Following a further 7 days of culture populations were 

again counted and analysed, cultures were then re-stimulated with OVCAR-3 pre-

infected with appropriate adenovirus vectors for a further 7 days. This system of 

stimulation was settled on to give the best proliferation of NK cells while avoiding the 

use of excessive recombinant cytokines. IL-2 was found to improve proliferation; 

however the population was able to proliferate at a reduced level in the absence of IL-

2 (data not shown). As NK cells were by this stage beginning to dominate the 4-

1BBL+IL-12OVCAR cultures and as NK cells are incapable of producing IL-2, it 
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seemed reasonable to add exogenous cytokine as in vivo T cells would presumably be 

present in a true immune response to provide a source of IL-2.  

 

Figure 4-19 shows the proliferation of Natural Killer cells over a period of 3 weeks. 

IL-12OVCAR stimulated cultures were unable to continue to proliferate to a significant 

degree (mean 64 fold expansion) following the initial burst of proliferation in the first 

week. Cultures stimulated with 4-1BBLOVCAR proliferated to a similar level to IL-

12OVCAR stimulated cultures over the first 7 days however the 4-1BBLOVCAR 

stimulated cultures continued to proliferate (mean 259 fold expansion at day 21). As 

with short term cultures, the combination of 4-1BBL+IL-12OVCAR again showed a 

significant enhancement of proliferation in long term culture, compared with either 

alone (mean 1076 fold expansion at day 21). The control cultures generally 

diminished to untenable levels by day 14. These data clearly show 4-1BBL is required 

and capable of inducing the long term expansion of NK cells. This is the first clear 

demonstration of the ability of 4-1BBL alone to induce the long term expansion of 

NK cells, and the first demonstration of the long term expansion of NK cells in 

response to 4-1BBL+IL-12. 
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Figure 4-19 Long term proliferation of NK cells in response to costimulation. 

0.5x10
6
 non-adherent PBMC were cultured for 7 days, with 1x10

5
 OVCAR-3 cells 

(pre-infected with adenoviral vectors) and expansion of NK cells calculated by flow 

cytometry and haemocytometer. Cultures were then redistributed and IL-2 added to a 

final concentration of 20U/ml. Expansion was then determined again at day 14 of 

culture by haemocytometer count and flow cytometry. Cultures were then re-

stimulated with 1x10
5
 OVCAR-3 cells pre-infected with the appropriate adenoviral 

vectors in the continued presence of IL-2 and expansion determined again at day 21 of 

culture. N=5, SD, paired t-test. 
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4.2.2 Cytokine Production and Cytotoxicity of Long Term Cultures 

Following culture for 21 days the ability of the cultured cells (predominantly NK 

cells) to show effector functions was again characterised.  

 

Cultures were again adjusted to 0.5x10
6
cells/ml and cultured overnight. The 

production of IFNγ was then assessed by ELISA. As can be seen in Figure 4-20A 4-

1BBL stimulated cultures  continue to produce IFNγ although this is overshadowed 

by the amount of IFNγ produced by IL-12 stimulated cultures, as was seen in short 

term culture. As control cultures diminish by this time point no direct comparison can 

be made to these cultures, however the pattern for the stimulated cultures remains 

similar to that in short term culture. 

 

The cytotoxicity of cultures against K562 targets was also characterised by Cr release 

assay, as shown in Figure 4-20B the cultures continue to be cytotoxic with the 

presence of IL-12 in cultures allowing a higher degree of cytotoxicity to be attained. 

 

As mentioned in section 4.1.5 the assessment of the ability of 4-1BBL to support NK 

cell effector functions is highly pertinent. It is of interest and importance that 

stimulated cultures are able to maintain effector function during long term 

stimulation. 
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Figure 4-20 IFNγ production and cytotoxicity by long term cultured cells. PBMC 

(predominantly NK cells) cultured for 21days with stimulation with OVCAR-3 cells 

pre-infected with adenoviral vectors at day 0 and 14 were re-suspended in fresh 

media, cells were then cultured o/n at 0.5x10
6
 cells/ml and production of IFNγ 

determined by ELISA (N=5, SD), production of IFNγ by day 7 GFP stimulated 

cultures is also shown for comparison (A). Cytotoxic function of day 21 cultured cells 

was also tested in a standard 5hr chromium release assay against K562 targets (SD) 

(B). 
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4.2.3 4-1BBL does not enhance survival of Natural Killer cells 

As we have shown the ability of 4-1BBL to facilitate the long term proliferation of 

NK cells and given 4-1BBL is known to facilitate the long term expansion and 

maintenance of T cells by allowing increased survival I chose to examine whether 4-

1BBL was facilitating the long term expansion of NK cells through a reduction in cell 

death. 

 

To do this I examined the presence of live, apoptotic and necrotic NK cells within 

cultures at day 7, 10 and 14 with the use of Syto 16 and PI staining. The SYTO dyes 

are cell permeable but essentially non-fluorescent until bound to nucleic acids. Thus 

when combined with PI staining allows the identification of live cells which have a 

full DNA content and intact cell membranes, Syto 16
bright

PI
-
. While apoptotic cells 

have reduced or absent Syto 16 staining but retain membrane integrity excluding PI, 

and necrotic cells are Syto 16
-
PI

+
. The gating strategy used for Syto-16 staining is 

shown in Figure 4-21A. 

 

Initial staining at day 7 revealed a stark reduction in the survival of control cultures 

compared with those stimulated with 4-1BBL and/or IL-12 which were also actively 

proliferating at this stage (Figure 4-21B and Figure 4-21C). There is however no 

difference seen between the 4-1BBLOVCAR stimulated cultures and the IL-12OVCAR 

stimulated culture. Comparing 4-1BBLOVCAR stimulated cultures to IL-12OVCAR 

cultures at day 10 and 14 there is again no difference between these cultures (Figure 

4-21C). 
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Figure 4-21 Viability of cultured NK cells. 0.5x10

6
 adherent cell depleted PBMC 

were cultured with 1x10
5
 OVCAR-3 cells (pre-infected with the appropriate 

adenoviral vectors) for 7 days, after which time 20U/ml IL-2 was added to cultures. 

The viability of NK cells was determined by Syto-16 and PI staining flow cytometry 

assay, as shown in A. cells were first selected by forward scatter and CD56
+
 cells and 

subsequently gated on the CD3
-
 population. NK cells staining Syto-16

+
PI

-
 were 

termed live, double negative cells were proposed to be apoptotic and Syto-16
-
PI

+
 cells 

necrotic. An example of day 7 staining from one donor is shown in B.  Results from 

six healthy lab donors from day 7, 10 and 14 of culture are shown in C. Cultures were 

supplemented with 20U/ml at day 7-14 of culture. SD. 
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As these cultures had been cultured in accordance with the long term expansion 

model with the addition of 20U/ml IL-2 at day 7, I also tested whether the presence of 

IL-2 may be masking a protective effect for 4-1BBL in NK cell survival. However as 

shown in Figure 4-22, IL-2 improved the viability of the control cultures, but had no 

significant effect on the viability of cultures stimulated with IL-12 and 4-1BBL alone 

and in combination, therefore suggesting 4-1BBL does not increase the survival of 

NK cells in contrast to T cells. 

 
Figure 4-22 Viability of expanded NK cells in the presence or absence of IL-2. 

0.5x10
6
 adherent cell depleted PBMC were cultured with 1x10

5
 OVCAR-3 cells (pre-

infected with the appropriate adenoviral vectors) for 7 days, after which time cells 

were cultured in the presence or absence of 20U/ml IL-2. NK cells viability was then 

determined by Syto-16 and PI staining at day 14 of culture. N=2, SD. 
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This shows 4-1BBL does not provide a survival advantage to NK cells, allowing their 

continued expansion. This may suggest that in contrast to T cells, NK cell stimulation 

by 4-1BBL allows increased or continued proliferation. This would be in accordance 

with the data of Fujisaki et al. (2009) who showed 4-1BBL+IL-15 stimulation of NK 

cells does not increase Bcl-2 family members. However it should be noted that as 

cells are gated on CD56 it may be that a proportion of necrotic cells may be missed 

during gating, a purified NK cell population may allow a more accurate measurement 

of necrotic cells in culture to be obtained, i.e. remove the requirement to gate on an 

antibody stained NK cell population. 

4.3 Expansion of Natural Killer cells from Renal Cell 

Carcinoma patients  

4.3.1 Introduction 

We have shown the ability of 4-1BBL and IL-12 to activate and induce the short and 

long term proliferation of NK cells, and the beneficial effects of a combination of 

both 4-1BBL and IL-12. However this has been based on the responses of NK cells 

derived from healthy lab donors. I therefore wished to investigate the potential 

applicability of this finding for the stimulation of anti-tumour immune responses in 

cancer patients. 

 

Renal cancer is the seventh most common cancer diagnosis in men and the ninth most 

common in women, with the peak incidence between 60-70 years of age. The 

incidence of renal cancer has increased over the past 65 years by 2% per year with an 
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estimated 54,390 new cases and 13,010 deaths expected in 2008. Prognosis is poor, 

30% of patients present with metastatic disease, and 20 to 30% of patients with 

clinically localized disease will develop metastatic disease after nephrectomy, having 

a variable 5-year survival rate that is generally less than 2% and a median survival of 

less than 1 year. However, even with the licensing of small molecule drugs such as 

the tyrosine kinase inhibitor Sorafenib, and the use of targeted therapies such as 

Bevacizumab, the treatment choice is still limited. IL-2 therapy remains the first 

choice therapy for most patients following nephrectomy, producing response rates 

between 10 to 20%. Therefore new therapies for the treatment of renal cancer are 

important and desirable (Reeves and Liu 2009; Rini, 2009).  

 

NK cells are present in the majority of RCC tumours. Conversely tumour infiltrating 

NK cells lack cytotoxic function, however following in vitro stimulation with IL-2 

NK cells derived from tumour are capable of killing autologous tumour (Schleypen et 

al., 2003; Schleypen et al., 2006). Therefore there is rational for the activation of NK 

cells for immunotherapy of RCC. Additionally the use of adenoviral vector delivered 

costimulation may be particularly appropriate for RCC therapy as the majority of 

TAA epitopes identified are expressed uniquely by individual tumours (Geiger et al., 

2009). 

 

In order to test the ability of our system to produce an immune response from renal 

cell carcinoma patients, blood, tumour and normal kidney tissue was collected from 

such patients at the time of first treatment (i.e. nephrectomy). Non-adherent PBMC 

were isolated and stimulated with OVCAR-3 infected with adenoviral vectors as for 

health controls. 
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4.3.2 Short term expansion of Natural Killer Cells derived from 

RCC patients 

Examining the short term expansion of NK cells derived from RCC patients the 

pattern of proliferation seen in healthy lab donors is maintained as shown in Figure 

4-23, albeit to a lower level than seen in healthy donors, with 4-1BBLOVCAR and IL-

12OVCAR able to induce proliferation of NK cells (mean 4 and 5 fold respectively), 

while the combination 4-1BBL+IL-12OVCAR enhances this proliferation (mean 18 fold 

expansion). 

 
Figure 4-23 Short term proliferation of RCC patient NK cells in response to 

costimulation. 0.5x10
6
 adherent cell depleted PBMC from different RCC patients 

were cultured with 1x10
5
 OVCAR-3 cells (pre-infected with the appropriate 

adenoviral vectors) for 7 days. NK cell expansion was determined by haemocytometer 

count and flow cytometry and expressed as fold change compared to the starting 

population. SD, paired t-test. 
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4.3.2.1 Comparison of Healthy and RCC Patient Natural Killer Cell Responses 

Comparison of the proliferation of NK cells derived from healthy donors and RCC 

patients reveals a significant defect in the proliferation of NK cells derived from RCC 

patients compared to healthy donors in response to stimulation, as shown in Figure 

4-24.  

 
Figure 4-24 Comparison of RCC patient and healthy lab donor NK cell 

expansion in short term culture. Data from section 4.1.4 and section 4.3.2 are 

presented. SD, student t test. 
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4.3.3 Functionality of Short Term Culture 

Having shown that our system could expand NK cells from RCC patients we wished 

to determine whether these stimulated cultures were also capable of effector 

functions. To do this we again assessed the production of IFNγ by ELISA and 

cytotoxicity by killing of K562 targets in a standard five hour chromium release 

assay. 

 

As shown in Figure 4-25A cultures which had been stimulated for 7 days then re-

suspended at 0.5x10
6 

cells/ml and cultured overnight produced large amounts of IFNγ 

in response to stimulation with IL-12OVCAR or 4-1BBL+IL-12OVCAR, however 

stimulation with 4-1BBLOVCAR alone did not induce IFNγ production to levels which 

were significantly different to control cultures. This latter finding was in contrast to 

the production seen in healthy controls. 

 

In contrast to IFNγ production, stimulation with either 4-1BBL or IL-12 alone or in 

combination resulted in similar levels of killing of K562 targets, which were 

significantly greater than the control stimulated cultures (Figure 4-25). 
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Figure 4-25 IFNγ production and cytotoxicity by short term cultured RCC 

patient PBMC. 0.5x10
6
 adherent cell depleted PBMC derived from RCC patients 

were cultured with 1x10
5
 OVCAR-3 cells (pre-infected with the appropriate 

adenoviral vectors) for 7 days. Cells were re-suspended in fresh media, and tested for 

either overnight production of IFNγ at 0.5x10
6
 cells/ml by ELISA (A) (N=5), or 

cytotoxicity in a standard 5hr chromium release assay against K562 targets (B). 
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4.3.4 Short term Expansion of Natural Killer Cells Derived from 

an Ovarian cancer patients 

As shown for one ovarian cancer patient in section 3.2 our model system allowed the 

expansion of TAL from the ascitic fluid of an ovarian cancer patient. I was also able 

to test the expansion of NK cells derived from there ovarian cancer patient, as shown 

in Figure 4-26, NK cells can be expanded from these donors in a pattern similar to the 

expansion seen in healthy and RCC donors.  

 

Another patient sample was also tested during the initial stages of the NK expansion 

work using autologous adherent cells isolated from ascitic fluid. An increase in the 

percentage of CD3
-
CD56

+
 cells was seen in agreement with later data, however the 

actual expansion of these cells could not be enumerated due to technical issues with 

the CD56 antibody used (data not show). 
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Figure 4-26 Expansion of tumour-associated T, NKT and NK cells isolated from 

ovarian cancer patients. 0.5x10
6
 TAL isolated from the ascitic fluid of three ovarian 

cancer patients were cultured with 1x10
5
 OVCAR-3 cells (pre-infected with 

appropriate adenoviral vectors), for 7 days. Expansion of T, NKT and NK cells was 

determined by haemocytometer cell count and flow cytometry at day 7 of culture, and 

expressed as a fold change compared to the starting population. 

4.3.5 Long Term Expansion of Natural Killer Cells from RCC 

Patients 

Having shown that our system could expand NK cells from RCC patients, albeit to a 

lower level than healthy donors, we wished to assess whether RCC patient NK cells 

could continue to expand in long term culture and whether there would also be a 

defect in long term proliferation. NK cells were therefore cultured as for healthy 

donor long term culture. As shown in Figure 4-27 the combination of 4-1BBL+IL-12 

was able to allow long term expansion of RCC patient NK cells (mean 431 fold 

expansion at 21 days), however in contrast to healthy donors 4-1BBL alone was 

unable to allow long term proliferation of RCC patient NK cells, expanding to levels 

not dissimilar to IL-12OVCAR stimulated cultures (33 fold and 15 fold expansion at 21 

days respectively). 
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Figure 4-27 Long term expansion of RCC patient derived NK cells. 0.5x10

6
 non-

adherent PBMC from six RCC patients were cultured for 7 days with 1x10
5
 OVCAR-

3 cells (pre-infected with appropriate adenoviral vectors), and expansion of NK cells 

calculated by flow cytometry and haemocytometer. Cultures were then redistributed 

and IL-2 added to a final concentration of 20U/ml. Expansion was then determined 

again at day 14 of culture by haemocytometer count and flow cytometry. Cultures 

were then re-stimulated with 1x10
5
 OVCAR-3 cells (pre-infected with the appropriate 

adenoviral vectors) in the continued presence of IL-2 and expansion determined again 

at day 21 of culture. N=6, SD. 
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4.3.5.1 Comparison of Healthy and RCC Patient Natural Killer Cell Responses 

Figure 4-28 compares the expansion of NK cells from healthy donors and RCC 

patients, in response to long term culture as previously described. Stimulation of RCC 

patient PBMC with 4-1BBLOVCAR gave only a mean ~33 fold expansion, almost 

~10% that seen in healthy donors, likewise IL-12OVCAR also gave very little 

expansion. The combination of 4-1BBL+IL-12 gave a mean expansion of ~430 fold 

of NK cells from RCC patients; this was ~40% that of the expansion achieved in 

healthy donors. The advantage of the combination of 4-1BBL+IL-12 for stimulation 

of NK cell proliferation was therefore greater in the RCC patients. 
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Figure 4-28 Comparison of RCC patient and healthy lab donor NK cell 

expansion in long term culture. Data from section 4.2.1 and section 4.3.5 are 

presented. SD, student t test. 
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4.3.6 RCC Patient NK can express 4-1BB 

As RCC patient NK cells show relatively poor responses to 4-1BBLOVCAR alone in 

short or long term culture we wished to determine whether RCC patient NK cells 

were capable of expressing 4-1BB in response to stimulation.  

 

RCC patient PBMC were cultured with OVCAR-3 as for standard short term culture, 

then analysed at day 3 for the expression of 4-1BB on NK cells in response to 

stimulation. As shown in Figure 4-29 NK cells are able to induce expression of 4-

1BB. Expression was induced to the greatest extent following stimulation with IL-

12OVCAR, while expression in response to 4-1BBL+IL-12OVCAR or 4-1BBLOVCAR 

showed variation between the donors tested, but overall showed a slightly reduced 

expression of 4-1BB, perhaps due to the ligation of the receptor in these cultures.. 

Therefore the reduced responsiveness of RCC patient NK cell to 4-1BBLOVCAR cannot 

be attributed to a lack of expression of 4-1BB. 
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Figure 4-29 Expression of 4-1BB by RCC patient NK cells. 0.5x10
6
 adherent cell 

depleted PBMC isolated from RCC patients were stimulated with 1x10
5
 OVCAR-3 

cells (pre-infected with appropriate adenoviral vectors). Expression of 4-1BB was 

determined by flow cytometry as a percentage of the NK population (CD3
-
CD56

+
) 

after 3 days of culture (A), mean is shown. B shows plots of 4-1BB staining at day 3 

of culture, gated on NK cells (CD3
-
CD56

+
). 
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These data show that in a similar manner to healthy donors RCC patient NK cells are 

able to respond to 4-1BBL+IL-12 stimulation for short and long term expansion; 

although at a reduced level compared to healthy donors. Whether the reduction in 

expansion is due to the age of these donors or whether the immunosuppressed nature 

of cancer patients has reduced the responsiveness of these cells has not been 

determined. The requirement for 4-1BBL and IL-12 interestingly agrees with results 

from a murine model system using a poorly-immunogenic tumour model where only 

the combination of 4-1BBL+IL-12 could reject tumour, in an NK cell dependent 

manner (Xu et al., 2004). Therefore suggesting that 4-1BBL in combination with IL-

12 or another cytokine may be required for efficacy as an immunotherapy, and 

therefore warrants further investigation. 

4.3.7 Killing of autologous tumour cells 

As we have been able to show that the combination of 4-1BBL+IL-12 is able to 

induce the expansion of functional NK cells from RCC patients, assessing the ability 

of these NK cells to recognise and kill autologous tumour was of significant 

importance. 

 

At the time of blood collection tumour and normal margin was also collected from 

patients therefore it was possible to match patients to autologous tumour and a 

negative control, while K562 could provide a positive control. PBMC were cultured 

as before for 7 days, at which point tissue which had been dissociated and 

cryopreserved could be used in a standard five hour chromium release assay. 

Unfortunately due to the small number of tumour cells recovered, only an 
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effector:target ratio of 10:1 could be used for tumour and ‘normal’ margin, whereas 

the K562 control was performed at a 1:1 ratio to conserve effectors. 

 

As shown in Figure 4-30A, cells cultured with costimulation were able to efficiently 

kill K562 targets, while little cytotoxicity was seen with GFP and mock controls. 

Reassuringly no cultures showed detectable levels of killing of ‘normal’ cells. 

However due to wide variation in results the level of tumour cell killing could not be 

reliably determined.  

 

The assay involving tumour was confounded by a high background level of 
51

Cr 

release, resulting in a wide error margin in which low levels of killing could be 

masked. Also the population may contain cells which are not tumour cells, therefore 

reducing the number of valid targets. We therefore chose to attempt to grow out 

tumour cells in vitro. Following culture for 2-3 weeks, cells were used as targets for a 

five hour chromium release assay. Following culture we were able to detect 

cytotoxicity against cultured tumour cells by 7 day cultured PBMC, with cells 

cultured in the presence of 4-1BBL providing the highest level of killing, however 

following culture there was also a similar level of killing of ‘normal’ cells (Figure 

4-30B). 
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Figure 4-30 Killing of autologous target cells by short term cultured RCC patient 

derived PBMC. 0.5x10
6
 adherent cell depleted PBMC isolated from RCC patients 

were stimulated with 1x10
5
 OVCAR-3 cells (pre-infected with appropriate adenoviral 

vectors). After 7 days cultures were used as effectors in standard chromium release 

assays against autologous cells isolated from normal and tumour tissue used as 

targets. Target cells were either cryopreserved (A) until the 7
th

 day of culture of 

PBMC or cultured alongside PBMC cultures (B). SD. 
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The ability of cultured NK cells in my experiments to retain self tolerance against 

‘freshly’ isolated normal tissue is encouraging, it is unfortunate that for technical 

reasons the ability of these cells to recognise ‘freshly’ isolated autologous tumour 

could not be reliably tested. Further experiments will be required to investigate this 

further. 

4.3.8 Discussion 

These experiments are the first to study the responses of NK cells to a combination of 

4-1BBL+IL-12 within a human system, and add to the limited data available 

regarding the response of human NK cells to 4-1BB stimulation. I have been able to 

show that 4-1BBL or IL-12 alone can induce the expansion of NK cells derived from 

healthy and RCC patients in short term culture, additionally 4-1BBL is able to 

promote long term expansion of healthy donor NK cells. The combination of 4-

1BBL+IL-12 however has been shown to be superior to either stimulation alone in 

short and long term culture in healthy lab donors and RCC patient samples. In 

contrast to healthy lab donors RCC patient NK cells were shown to require a 

combination of 4-1BBL+IL-12 to promote long term proliferation. Importantly the 

expanded NK cells have also been shown to be functional; the combination of 4-

1BBL+IL-12 stimulation resulting in superior cytokine production. 4-1BBL+IL-12 

stimulated NK cells also possessed potentially beneficial homing potential, i.e. the 

potential to home to tumour via CXCR3 and also secondary lymphoid tissue through 

expression of CCR7 and CD62L. These data highlight the requirement for a 

combination of stimuli for effective immunotherapy strategies. 
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I have also shown the favoured expansion of a CD56
bright

 NK cell population, 

including the differentiation of CD56
dim

 NK cells to CD56
bright

 NK cells. These data 

add to the knowledge of the complex relationship of the CD56
bright

 and CD56
dim

 

subsets. 

4.3.8.1 Proliferation and phenotype of NK cells 

From phenotyping data it has been shown that the majority of expanded NK cells are 

of the CD56
bright

 subset. These data are in contrast to those reported by the Campana 

group using a K562 model system stably expressing 4-1BBL and IL-15. No 

preference was shown in that system in terms of subset or receptor diversity, however 

CD56 levels were increased (Fujisaki et al., 2009b; Imai et al., 2005). In contrast to 

data from the Campana group Loza and Perussia (2004) showed IL-12 could induce 

the acquisition of a CD56
bright

 phenotype from NK cells cultured for 5 days; this 

phenotype was stable in the presence of IL-12. Therefore the use of IL-12 rather than 

IL-15 may explain the difference in reported phenotypes following culture. 

 

Of particular interest I have also provided data which show that a proportion of 

CD56
dim

 NK cells are able to transition to a CD56
bright

 phenotype. The derivation and 

relationship of these two subsets is an area which has yet to reach a consensus. 

Currently there are a number of studies showing, in different systems, the conversion 

of CD56
bright

 to CD56
dim

 and vice versa, such as the work mentioned by Loza and 

Perussia (2004), or work by Chan et al. (2007) showing differentiation to a CD56
dim

 

phenotype following culture with synovial fibroblasts. A number of markers have 

been suggested to identify different subsets of NK cells, such as the presence or 

absence of CD27. CD27 has been identified to be differentially expressed by human 
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NK cells with CD56
bright

 NK cells predominantly expressing CD27 while it is absent 

in most CD56
dim

 NK cells. CD27 was initially identified to subdivide murine NK cells 

into functional groups analogous to those of CD56
dim

 and CD56
bright

 cells in humans 

(Hayakawa and Smyth, 2006; Vossen et al., 2008). However I found the NK cells 

which were expanded to be predominantly CD27
-
 characteristic of the CD56

dim
 

phenotype, this is in contrast with other phenotypic makers tested. Loss of CD27 

however is also a marker for the acquisition of effector function in T cells (Appay et 

al., 2002; Tomiyama et al., 2004; Marzo et al., 2007). However study of CD27 

expression on NK cell subsets has been performed on resting NK cells; therefore as 

other markers are in accordance with the CD56
bright

 phenotype it may be possible that 

these cells are losing CD27 not as a marker of the CD56
dim

 subset but rather as a 

consequence of activation and cytotoxic potential. Indeed the absence of CD27 was 

shown in the previous study to be associated with increased cytolytic function 

(Hayakawa and Smyth, 2006). 

 

The expression of high or low density CD94 was recently shown to divide the 

CD56
dim

 subset into two distinct subsets, CD94
low

 possessing classical CD56
dim

 

properties of cytotoxicity and minimal cytokine production, whereas the CD94
high

 

population showed increased IFNγ production (albeit lower than CD56
bright

 NK cells) 

while retaining cytotoxicity. The CD94
high

 CD56
dim

 subset of NK cells also 

differentially expressed other markers such as CD62L. These data were suggested to 

show an intermediary state during the transition of the CD56
bright

 cell to CD56
dim

. 

However there is no evidence to exclude the possibility of transition in the alternate 

direction. Likewise, these data do not show an actual change toward a CD56
dim
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phenotype, therefore the differential expression of CD94 may be marking further 

subdivisions in the NK cell population. 

 

More convincingly Chan et al. (2007) showed a proportion (~30%) of a population of 

sorted CD56
bright

 cells could become CD56
dim

, with associated changes in function, 

following culture with synovial fibroblasts. This process was contact dependent, and 

was not seen with other culture conditions including IL-2 and IL-15. Intriguingly 

differentiation was partially inhibited by a FGFR-I blocking antibody; FGFR-I is able 

to bind NCAM i.e. CD56. Surprisingly the acquisition of a CD56
dim

 phenotype was 

not associated with division. 

 

The CD56 dim and bright subset have also been found to possess differential lengths 

of telomeres with the CD56
dim

 population having shorter telomeres, which suggests a 

history of higher proliferation and given the lower proliferative potential ascribed to 

the CD56
dim

 population these data have suggested CD56
dim

 NK cells are a more 

mature form of NK cell than the CD56
bright

 subset (Ouyang et al., 2007). However, the 

differential telomere length of CD56
dim

 and CD56
bright

 NK cells is in contrast with the 

data of Chan et al. (2007) showing differentiation to a CD56
dim

 cell in the absence of 

proliferation, i.e. if CD56
bright

 NK cells are becoming CD56
dim

 without proliferation 

telomere length should be maintained. 

 

The observation of a population of CD56
dim

 NK cells which can transition to a 

CD56
bright

 phenotype and proliferate may suggest 4-1BBL+IL-12 is capable of 

‘rejuvenating’ CD56
dim

 NK cells to allow further proliferation. This is particularly 

pertinent as 4-1BBL is capable of reactivating and inducing proliferation of 
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‘exhausted’ T cells (Bukczynski et al., 2003; Waller et al., 2007). 4-1BB signalling is 

able to induce the expression of telomerase by activated T cells, it would be 

interesting to determine if telomerase is expressed by NK cells in response to 4-1BBL 

stimulation; the expression of telomerase by NK cells could provide a mechanism by 

which 4-1BBL is able to promote expansion of NK cells in long term culture, with 

stimulation by IL-12 increasing the responsiveness of NK cells to 4-1BBL by 

increasing 4-1BB expression. 

 

These data and the literature suggest human NK cells are a complex heterogeneous 

population. Likewise it could be suggested all NK cells are derived from a single 

progenitor with not only divergent activating and inhibitory receptor expression but 

also variable functional abilities, dependent upon signals received during 

development. As I show given appropriate signals NK cells are able to alter subtypes. 

Perhaps these data and the literature suggest clonal NK cells can acquire both ‘helper’ 

and ‘effector’ status in a similar manner as is ascribed to CD4 and CD8 T cells, 

whether these NK cells can also ultimately form memory however is currently 

debated (Cooper and Yokoyama, 2010). A potential model for this is show in Figure 

4-31. The occurrence of subset transitions and the functional consequences during 

infection would be interesting to elucidate. 
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Figure 4-31 NK cell activation in an immune response. CD56
dim

 NK cells kill 

targets, and become activated, 4-1BB stimulation promotes a CD56
bright

 cell type 

transition. Following homing to lympnodes these NK cells could carry out 

immunoregulatory functions and proliferate, forming a population of NK cells with 

appropriate receptor diversity to recognise the current target. The expanded NK cells 

may persist and show enhanced secondary responses.  
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4.3.8.2 Expression of 4-1BB by NK cells 

While it has been shown previously that NK cells can induce the expression of 4-1BB 

following activation, the model systems used have relied upon culture with IL-2 (Imai 

et al., 2005; Lin et al., 2007). Interestingly 4-1BB was shown in a recent study to be 

expressed in response to IL-2 or IL-15 stimulation alone. However the NK cells used 

in this study were a polyclonal population cultured for 10 days with 50U/ml IL-2 

(Baessler et al., 2010). In my experiments the absence of exogenous cytokines during 

short term culture has allowed the identification of a requirement for ‘help’ from other 

PBMC (possibly T cells) in order for NK cells to express 4-1BB and therefore 

respond to 4-1BBL. Previously it has been documented that NK cells require CD8
+
 T 

cell help in a murine model system, for the rejection of P815 mastocytoma tumours 

(Shanker et al., 2007). These data therefore add further to the knowledge of the 

interactions of the immune system and the importance of a comprehensive activation 

of the immune system to generate an effective immune response. It would be of 

interest to investigate this area further. 

4.3.8.3 Long term expansion of NK cells 

Consistent with short term culture data I have shown that a combination of 4-

1BBL+IL-12 stimulates increased expansion of NK cells in long term culture (21 

days). Importantly I have also shown the ability of 4-1BBL alone to allow long term 

expansion of NK cells, which has not been shown before, previous data used IL-2 and 

IL-15. Therefore these data show that in parallel with other reports of 4-1BBL driving 

long term T cell proliferation 4-1BBL alone is also sufficient to sustain long term NK 

cell responses. 



 231 

The long term expansion of NK cells in this model system with 4-1BBL+IL-12 

stimulation resulted in approximately 1000 fold expansion of the starting NK 

population, on average, during a 21 day culture, which is again in keeping with 

reports by Imai et al. (2005). Given that it is likely only a portion of NK cells were 

responding actual expansion of responding cells could be considerably higher. The 

ability of NK cells to continue to expand further than this may be limited due to 

telomere degradation. The Campana group studied the loss of telomeres during long 

term culture with stimulation using the K562-IL-15-4-1BBL expansion system. 

Cultures expanded to a similar level to those reported here, but subsequently 

proliferation waned. The ectopic expression of telomerase however was found to 

restore proliferation indefinitely (Fujisaki et al., 2009a). This would suggest if 

telomerase is induced by 4-1BBL stimulation of NK cells, that expression is transient. 

This may also suggest the effects or responsiveness of NK cells to 4-1BBL vary in a 

temporal manner determined by prior activation as subsequent 4-1BB stimulation 

does not allow further expansion, as shown by Fujisaki et al. (2009a). There are 

therefore many questions remaining regarding the function of 4-1BBL in NK cell 

activation. 

 

NK cells derived from older individuals are likely to have a lower replicative potential 

as they are likely to posses shorter telomeres (Ouyang et al., 2007). This could 

contribute significantly to the reduced proliferation seen in RCC patients. However, 

as there is a difference in proliferation at the 7
th

 day of culture, the impact of shorter 

telomeres in the NK population would be unlikely to provide a comprehensive 

explanation for the reduced level of proliferation. It would be informative to directly 

compare the proliferation of RCC patient NK cells and healthy age matched controls. 
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However due to the incidence of RCC being most prevalent between 60-70 years of 

age this was not done during this project. Likewise the attenuated response to single 

costimulation and long term response to 4-1BBL alone would suggest further 

deficiencies in RCC patient derived NK cells. Differences in the response of other 

‘helper’ cells in culture maybe responsible, however as NK cells induce similar levels 

of 4-1BB this is unlikely to be the sole cause. There is reported to be an increased 

level of Treg in RCC patient PBMC (Cesana et al., 2004; Griffiths et al., 2007), 

however as the NK cell population tends to dominate cultures in later stages this is 

again unlikely to be a sole cause. NK cells from cancer patients are know to show 

reduced responsiveness ex vivo, therefore the NK cells may not be able to or may 

show differing requirements for full activation. Further analysis of the signalling 

events following 4-1BB ligation may be warranted. While there are many potential 

contributing factor to the reduced response of RCC patient NK cells it is encouraging 

that 4-1BBL+IL-12 can continue to induce expansion and function of this cell 

population. 

4.3.8.4 Effector functions and homing potential 

I have also shown the cells expanded within this model system to be functional, (and 

retain function during culture), in terms of cytolytic activity towards K562 targets, 

and IFNγ and GM-CSF production. I have also shown differences in the expression of 

homing markers which may be important in the homing of NK cells to tumours.  

 

IL-12 has previously been shown to reduce the expression of CXCR3 (Hodge et al., 

2002), however I show 4-1BBL partially retained its ability to promote the expression 

of CXCR3 in the presence of IL-12. CXCR3 is also predominantly expressed by the 



 233 

CD56
bright

 subset, which is consistent with my observation that the NK cells produced 

in response to 4-1BBL+IL-12 are predominantly of the CD56
bright

 subset. 

 

While levels of IFNγ production show little difference between cultures stimulated 

with IL-12 alone or in combination with 4-1BBL, cytolytic function against K562 

targets show some difference between IL-12 or 4-1BBL alone with the combination 

being superior. The fact that the combination of 4-1BBL+IL-12 also enhances the 

proliferation of NK cells should result in a qualitatively and quantitatively superior 

response in vivo. 

 

Recently Baessler et al. (2010) have reported a negative effect of stimulating NK cells 

derived from AML patients or healthy donors with 4-1BBL; in these experiments 4-

1BB stimulation was shown to reduce IFNγ production and cytotoxicity. Interestingly 

the NK cells used by Baessler et al. (2010) were polyclonaly activated with IL-2 for 

10 days prior to stimulation with 4-1BBL, therefore these cells were effectively 

experiencing 4-1BBL stimulation following initial culture. My data from long term 

cultures of NK cells from RCC patients and healthy lab donors showed significant 

cytotoxicity following long term culture with stimulation either alone or in 

combination in contrast to the results reported by Baessler et al.. These data therefore 

highlight the need for a full understanding of the effects of costimulation for cancer 

immunotherapy and the potential requirement for a combination of costimulation for 

efficacy. 

 

The results of adoptive transfer of NK cells (as discussed in section 1.2.6.3 and 

1.2.6.4) and the lysis of freshly isolated autologous tumour by NK cells (Alici et al., 
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2008) have been encouraging. These data firstly show the ability of NK cells to 

recognise and kill autologous tumour cells and secondly maintain tolerance to self, or 

tolerance for healthy tissue in the case of adoptive transfer of KIR mismatched NK 

cells. The ability of cultured NK cells in my experiments to retain self tolerance 

against ‘freshly’ isolated normal tissue is encouraging (Figure 4-30), it is unfortunate 

that for technical reasons the ability of these cells to recognise ‘freshly’ isolated 

autologous tumour could not be reliably tested. No real conclusions can be drawn 

from these data. It would be important and very interesting to study the killing of 

normal and tumour tissue further, including the direct isolation and potential culture 

of tumour cell lines, as at this point we cannot be certain the cells isolated or cultured 

as tumour are actually tumour cells. Unfortunately further investigation was not 

possible due to the time constraints of this project. 

4.3.8.5 NKT-like cells 

Alongside the short term expansion of NK cells I have also demonstrated the 

expansion of NKT-like cells (Figure 4-3). Further investigation of the expansion of 

NKT cells in response to 4-1BBL and IL-12 may be warranted. The activation of 

NKT cells by 4-1BBL has been previously shown in a murine model of airway hyper-

responsiveness (Kim et al., 2008), while 4-1BB deficient mice have been shown to 

have a reduced number of NKT cells (Vinay et al., 2004), however to my knowledge 

these are the first data showing the expansion and activation of human NKT cells in 

response to 4-1BBL. As discussed however some questions remain at this stage 

whether these represent true NKT cells.  Previously Loza et al. (2002) have shown the 

acquisition of CD56 is associated with maturation of NKT and T cells in response to 

IL-12, becoming polarised towards Th1 cytokine secretion. Interestingly the 
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expression of CD56 by NKT cells has also been shown to be a marker for the subset 

of NKT cells with variant TCR usage (Giroux and Denis, 2005). Whether these NKT-

like cells are true NKT cells is an interesting question to explore further. If these cells 

are true NKT cells, i.e. invariant NKT (1.1.3), these cells could be easily defined by 

assessing invariant TCR usage.  

4.3.8.6 Conclusion 

I have therefore shown that a combination of 4-1BBL+IL-12 is superior to individual 

ligands for the expansion of NK cells in short and long term culture, and NKT-like 

cells in short term culture. Furthermore I have shown that the combination of 4-

1BBL+IL-12 provides a beneficial effect in terms of effector functions and potential 

homing ability. I have also produced novel data showing the ability of CD56
dim

 NK 

cells to differentiate to CD56
bright

 phenotype. 

 

These data show that a combination of ‘costimulatory’ molecules is required to 

support optimal proliferation of NK cells, in particular from RCC patients, and 

therefore also highlight the importance, and add to the understanding of the effects of 

combinations of costimulation for optimal activation of an immune response for 

immunotherapy. These data also therefore provide evidence to suggest the 

combination of 4-1BBL+IL-12 warrants further study as a novel immunotherapy 

strategy. 
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5 General Discussion 
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The stimulation of T cells through costimulatory receptors has aimed to overcome the 

ineffective presentation of TAA, inducing an effective T cell response. The tumour 

specific T cells generated however may not overcome the immunosuppressive 

environment present within the tumour. Therefore strategies which overcome the 

immunosuppressive environment of the tumour may provide significant benefits 

(Choi et al., 2004; Kilinc et al., 2006; King and Seagal, 2005; Valzasina et al., 2005). 

As the non-specific activation of the immune system (such as Coleys toxin, BCG or 

IL-2) has provided significant efficacy, comprehensive activation of the immune 

system may be required to enable an effective anti-tumour response. While the use of 

costimulation as an immunotherapy is still in its infancy, as the understanding of the 

immune system increases and optimal combination of costimulation for the activation 

of not only T cell based immune response, but the immune system as a whole are 

elucidated the potential for significant benefit is increased. Here I have shown 4-

1BBL with the addition of IL-12 activates not only the adaptive T cell immune 

response but also the NK and NKT innate response possibly facilitating a 

comprehensive anti-tumour immune response. 

 

The serendipitous discovery of the stimulatory effect of the combination of 4-1BBL 

and IL-12 on the proliferation of NK cells in healthy donors during the investigation 

of T cell responses is novel and has highlighted an important and potentially 

beneficial effect for this combination if used as an immunotherapy. These data have 

highlighted the potential of 4-1BBL to induce the proliferation and sustained 

expansion of NK cells, although 4-1BBL was shown not to increase survival of NK 

cells compared to IL-12 stimulation. Further study of the mechanisms responsible for 

these effects of 4-1BBL on NK cells is required. It would also be interesting to further 
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examine the differentiation of CD56
dim

 NK cells to a CD56
bright

 state; it would be 

particularly prudent to determine whether this phenotype was maintained in extended 

culture or whether these cells revert to a CD56
dim

 state. Initial extended culture 

experiments suggested there may be a population of CD56
dim

 cell appearing after long 

term culture, unfortunately these are only preliminary data and therefore further work 

is needed to characterise and validate these observations. If this were the case it could 

be suggested that a population of CD56
dim

 cells cycle through a CD56
bright

 state then 

return to a CD56
dim

 phenotype, rather than being terminally differentiated.  

 

It would also be of great interest to further examine the responses of NK cells 

following culture, given the suggested role of 4-1BBL in the generation of memory T 

cells and the recent studies showing the generation of a ‘memory-like’ NK cell 

population following initial stimulation by cytokines ex vivo or interactions with DC 

in vivo (Cooper et al., 2009; Shimizu and Fujii, 2009; Sun et al., 2009). However a 

consensus of whether the NK cells characterised as memory cells represent a true 

memory population, as defined in T cell biology, has yet to be reached. Additionally 

these studies were performed in murine models rather than human systems; the ability 

of human NK cells to form a memory-like cell has not yet been reported. As the size 

of the initial immune response dictates the development of T cell memory (Prlic et al., 

2007; Seder and Ahmed, 2003) the ability of 4-1BBL to stimulate significant 

expansion of NK cells may facilitate the production of memory NK cell properties by 

expanding specific NK cell populations. It would be interesting to determine if the 

response of NK cells which received 4-1BBL costimulation during initial interaction 

with a target was either enhanced or skewed in any way following reencounter with a 

target cell.  
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In concert with the study of ‘memory’ responses it would also be interesting to study 

firstly the diversity of inhibitory and activating receptor repertoires which are 

expressed following expansion using this system and secondly test whether 4-

1BBL+IL-12 stimulation with the use of recombinant agonist antibodies to provide 

specific activating or inhibitory signals could be used to expand NK cells with 

specific inhibitory and activating receptor repertoires; if this were possible this could 

provide a novel technique for the ex vivo generation of NK cells with defined 

repertoires for adoptive transfer. 

 

Importantly I have also shown the adenoviral vector directed expression of 4-

1BBL+IL-12 is capable and sufficient to induce the short and long term expansion of 

functional NK cells derived from RCC patients. Significantly these data also highlight 

the benefit of a combination of costimulatory molecules for optimal efficacy. 

Interestingly as mentioned previously the synergy of 4-1BBL+IL-12 was shown by 

Xu et al. (2004) to promote the rejection in mice of poorly immunogenic melanoma 

tumours, which was not rejected by stimulation with 4-1BBL or IL-12 alone. These 

data encouragingly correspond to data from the in vitro RCC patient results. The 

validity and insight of further in vivo studies in mouse however may be of limited use 

given that mice do not possess CD56 bright and dim NK subsets and the combination 

of 4-1BB stimulation and IL-12 has been shown to be superior or required in tumour 

models and to be dependent on NK cells (Chen et al., 2000; Martinet et al., 2000; Xu 

et al., 2004). Therefore work moving towards clinical trial of adenoviral vector 

delivery of 4-1BBL+IL-12 maybe warranted. 
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As discussed the Campana group has developed a similar model system utilising IL-

15+4-1BBL expressed by K562 cells, allowing the ex vivo expansion of NK cells; the 

large scale expansion of clinical grade NK cells has been reported, as have in vivo 

mouse data (Fujisaki et al., 2009b). From these data I believe that a clinical trial 

utilising adoptive transfer of ex vivo expanded NK cells for the treatment of 

ALL/AML may soon be undertaken. Given the success of adoptive transfers of KIR 

mismatched NK cells for the treatment of AML the results of this trial will be of great 

interest. Further work to study the effects of 4-1BBL+IL-12 stimulation of NK cells 

for ex vivo expansion are therefore also warranted. Given the success of NK cell 

therapy for AML but relatively poor outcomes in ALL, it would also be of interest to 

examine the development of 4-1BBL+IL-12 stably transfected ‘off the shelf’ cell 

reagents or modified autologous tumour cells as a vaccine for lymphocytic 

leukaemia’s. Whereby following chemotherapy/conditioning 4-1BBL+IL-12 could be 

used to stimulate NK cell expansion and function in vivo, either of autologous NK 

cells or KIR mis-matched donor NK cells.  

 

It may also be warranted to explore methods to enhance the effect of 4-1BBL 

stimulation. 4-1BBL like other TNF superfamily ligands such as CD40L and FasL is 

subject to cleavage by metalloprotease (Elmetwali et al., 2009). Cleavage of 4-1BBL 

is believed to occur following interaction with 4-1BB (Salih et al., 2001). It is 

possible that soluble 4-1BBL is able to antagonise the function of 4-1BBL as cross-

linking of 4-1BB by 4-1BBL is required to stimulate T cell responses (Rabu et al., 

2005). The creation of a non-cleavable form of CD40L has increased its effect by 

retaining CD40L on the cell surface (Palmer et al., 2007). Therefore it maybe of 

interest to examine the effects of cleavage of 4-1BBL in this model system; the 
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production of a non-cleavable 4-1BBL may allow enhanced costimulation by 

prolonging the time 4-1BBL is available on the cell surface. However the cleavage of 

4-1BBL may be a mechanism by which the levels of stimulation can be controlled 

during activation; it may be that some of the deleterious effects attributed to anti-4-

1BB agonist antibodies are due to the quantitative and qualitatively differences in 

signals delivered by prolonged stimulation of 4-1BB by agonistic antibodies 

(Schabowsky et al., 2009). Initial studies I have performed did not show a significant 

difference in the levels of 4-1BBL expressed by adenoviral vector on OVCAR-3 and 

A549 with the addition of metalloprotease inhibitors; however this was done in 

isolation without the addition of PBMC (data not shown).  

 

Likewise it may also be interesting to examine the use of other cytokines alone or in 

combination with IL-12, in order to determine if alternative cytokines alter the 

outcome of stimulation, and the cytokine requirements for 4-1BBL responsiveness. 

This is especially pertinent given the differences in subset proliferation in this system 

and the K562-4-1BBL-IL-15 system utilised by Imai et al. (2005). Therefore there is 

further scope to enhance this system, and the understanding of NK cell biology. 

 

In conclusion I have developed a novel system for the activation and expansion of NK 

cells, with a preference for the expansion of the CD56
bright

 subset, these cells have 

been shown to be functional. Notably I have shown that a combination of 4-

1BBL+IL-12 is required to expand NK cells from RCC patients. Given the 

progression of 4-1BB stimulation into the clinic these data are of particular 

importance. The literature suggests there is a significant potential for the use of NK 

cells for the immunotherapy of cancer. Therefore these data are of value. 



 242 

Consequently further study of the stimulation of NK cell responses and the ability to 

simultaneously enhance the innate and adaptive immune responses requires and 

warrants further investigation. 

 



 243 

 

6 References 



 244 

Abbas, A.K. and Lichtman, A.H. (2005) Cellular and Molecular Immunology. 

Elsevier Saunders. 

 

Afkarian, M., Sedy, J.R., Yang, J., Jacobson, N.G., Cereb, N., Yang, S.Y., Murphy, 

T.L. and Murphy, K.M. (2002) T-bet is a STAT1-induced regulator of IL-12R 

expression in naive CD4+ T cells. Nat Immunol, 3, 549-557. 

 

Alexandroff, A.B., Jackson, A.M., O'Donnell, M.A. and James, K. (1999) BCG 

immunotherapy of bladder cancer: 20 years on. The Lancet, 353, 1689-1694. 

 

Allan, S.E., Crome, S.Q., Crellin, N.K., Passerini, L., Steiner, T.S., Bacchetta, R., 

Roncarolo, M.G. and Levings, M.K. (2007) Activation-induced FOXP3 in 

human T effector cells does not suppress proliferation or cytokine production. 

Int. Immunol., 19, 345-354. 

 

Amsen, D., Spilianakis, C.G. and Flavell, R.A. (2009) How are TH1 and TH2 effector 

cells made? Curr. Opin. Immunol., 21, 153-160. 

 

Anfossi, N., André, P., Guia, S., Falk, C.S., Roetynck, S., Stewart, C.A., Breso, V., 

Frassati, C., Reviron, D., Middleton, D., Romagné, F., Ugolini, S. and Vivier, 

E. (2006) Human NK Cell Education by Inhibitory Receptors for MHC Class 

I. Immunity, 25, 331-342. 

 

Antonia, S.J., Seigne, J., Diaz, J., Muro-Cacho, C., Extermann, M., Farmelo, M.J., 

Friberg, M., Alsarraj, M., Mahany, J.J., Pow-Sang, J., Cantor, A. and Janssen, 

W. (2002) Phase I Trial of a B7-1 (CD80) Gene Modified Autologous Tumor 

Cell Vaccine in Combination With Systemic Interleukin-2 in Patients With 

Metastatic Renal Cell Carcinoma. The Journal of urology, 167, 1995-2000. 

 

Apostolou, I., Sarukhan, A., Klein, L. and von Boehmer, H. (2002) Origin of 

regulatory T cells with known specificity for antigen. Nat Immunol, 3, 756-

763. 

 

Apostolou, I. and von Boehmer, H. (2004) In Vivo Instruction of Suppressor 

Commitment in Naive T Cells. J. Exp. Med., 199, 1401-1408. 

 

Appay, V., Zaunders, J.J., Papagno, L., Sutton, J., Jaramillo, A., Waters, A., 

Easterbrook, P., Grey, P., Smith, D., McMichael, A.J., Cooper, D.A., 

Rowland-Jones, S.L. and Kelleher, A.D. (2002) Characterization of CD4+ 

CTLs Ex Vivo. J. Immunol., 168, 5954-5958. 

 

Appleman, L.J., Berezovskaya, A., Grass, I. and Boussiotis, V.A. (2000) CD28 

Costimulation Mediates T Cell Expansion Via IL-2-Independent and IL-2-

Dependent Regulation of Cell Cycle Progression. J. Immunol., 164, 144-151. 

 

Arlen, P.M., Gulley, J.L., Parker, C., Skarupa, L., Pazdur, M., Panicali, D., Beetham, 

P., Tsang, K.Y., Grosenbach, D.W., Feldman, J., Steinberg, S.M., Jones, E., 

Chen, C., Marte, J., Schlom, J. and Dahut, W. (2006) A randomized phase II 

study of concurrent docetaxel plus vaccine versus vaccine alone in metastatic 

androgen-independent prostate cancer. Clin. Cancer Res., 12, 1260-1269. 



 245 

Aruffo, A. and Seed, B. (1987) Molecular cloning of a CD28 cDNA by a high-

efficiency COS cell expression system. Proc. Nat. Acad. Sci. USA, 84, 8573-

8577. 

 

Ashkenazi, A. (2002) Targeting death and decoy receptors of the tumour-necrosis 

factor superfamily. Nat Rev Cancer, 2, 420-430. 

 

Atkins, M.B., Lotze, M.T., Dutcher, J.P., Fisher, R.I., Weiss, G., Margolin, K., 

Abrams, J., Sznol, M., Parkinson, D., Hawkins, M., Paradise, C., Kunkel, L. 

and Rosenberg, S.A. (1999) High-Dose Recombinant Interleukin 2 Therapy 

for Patients With Metastatic Melanoma: Analysis of 270 Patients Treated 

Between 1985 and 1993. J Clin Oncol, 17, 2105-. 

 

Atkins, M.B., Robertson, M.J., Gordon, M., Lotze, M.T., DeCoste, M., DuBois, J.S., 

Ritz, J., Sandler, A.B., Edington, H.D., Garzone, P.D., Mier, J.W., Canning, 

C.M., Battiato, L., Tahara, H. and Sherman, M.L. (1997) Phase I evaluation of 

intravenous recombinant human interleukin 12 in patients with advanced 

malignancies. Clin. Cancer Res., 3, 409-417. 

 

Aversa, F., Tabilio, A., Terenzi, A., Velardi, A., Falzetti, F., Giannoni, C., Iacucci, R., 

Zei, T., Martelli, M.P. and Gambelunghe, C. (1994) Successful engraftment of 

T-cell-depleted haploidentical "three-loci" incompatible transplants in 

leukemia patients by addition of recombinant human granulocyte colony-

stimulating factor-mobilized peripheral blood progenitor cells to bone marrow 

inoculum. Blood, 84, 3948-3955. 

 

Awwad, M. and North, R.J. (1989) Cyclophosphamide-induced Immunologically 

Mediated Regression of a Cyclophosphamide-resistant Murine Tumor: A 

Consequence of Eliminating Precursor L3T4+ Suppressor T-Cells. Cancer 

Res., 49, 1649-1654. 

 

Badovinac, V.P., Tvinnereim, A.R. and Harty, J.T. (2000) Regulation of Antigen-

Specific CD8+ T Cell Homeostasis by Perforin and Interferon-gamma. 

Science, 290, 1354-1357. 

 

Baessler, T., Charton, J.E., Schmiedel, B.J., Grunebach, F., Krusch, M., Wacker, A., 

Rammensee, H-G., Salih, H.R. (2010) CD137 ligand mediates opposite effects 

in human and mouse NK cells and impairs NK cell reactivity against human 

acute myeloid leukemia cells. Blood, 115, 3058-3069. 

 

Balato, A., Unutmaz, D. and Gaspari, A.A. (2009) Natural Killer T Cells: An 

Unconventional T-Cell Subset with Diverse Effector and Regulatory 

Functions. J Invest Dermatol, 129, 1628-1642. 

 

Bamias, A., Tsiatas, M.L., Kafantari, E., Liakou, C., Rodolakis, A., Voulgaris, Z., 

Vlahos, G., Papageorgiou, T., Tsitsilonis, O., Bamia, C., Papatheodoridis, G., 

Politi, E., Archimandritis, A., Antsaklis, A. and Dimopoulos, M.A. (2007) 

Significant differences of lymphocytes isolated from ascites of patients with 

ovarian cancer compared to blood and tumor lymphocytes. Association of 



 246 

CD3+CD56+ cells with platinum resistance. Gynecologic Oncology, 106, 75-

81. 

 

Banchereau, J., Klechevsky, E., Schmitt, N., Morita, R., Palucka, K. and Ueno, H. 

(2009) Harnessing Human Dendritic Cell Subsets to Design Novel Vaccines. 

Ann. N Y Acad. Sci., 1174, 24-32. 

 

Banchereau, J. and Palucka, A.K. (2005) Dendritic cells as therapeutic vaccines 

against cancer. Nat Rev Immunol, 5, 296-306. 

 

Bannard, O., Kraman, M. and Fearon, D.T. (2009) Secondary Replicative Function of 

CD8
+
 T Cells That Had Developed an Effector Phenotype. Nature, 323, 505-

509. 

 

Bansal-Pakala, P., Gebre-Hiwot Jember, A. and Croft, M. (2001) Signaling through 

OX40 (CD134) breaks peripheral T-cell tolerance. Nat Med, 7, 907-912. 

 

Barnes, D.W.H. and Loutit, J.F. (1957) Treatment of Murine Leukaemia with X-Rays 

and Homologous Bone Marrow: II. Br J Haematol., 3, 241-252. 

 

Bauernhofer, T., Kuss, I., Henderson, B., Baum, A.S. and Whiteside, T.L. (2003) 

Preferential apoptosis of CD56dim natural killer cell subset in patients with 

cancer. Eur. J. Immunol., 33, 119-124. 

 

Beano, A., Signorino, E., Evangelista, A., Brusa, D., Mistrangelo, M., Polimeni, M., 

Spadi, R., Donadio, M., Ciuffreda, L. and Matera, L. (2008) Correlation 

between NK function and response to trastuzumab in metastatic breast cancer 

patients. Journal of Translational Medicine, 6, 25. 

 

Berd, D., Maguire, H.C., Jr. and Mastrangelo, M.J. (1986) Induction of Cell-mediated 

Immunity to Autologous Melanoma Cells and Regression of Metastases after 

Treatment with a Melanoma Cell Vaccine Preceded by Cyclophosphamide. 

Cancer Res., 46, 2572-2577. 

 

Berd, D. and Mastrangelo, M.J. (1987) Effect of Low Dose Cyclophosphamide on the 

Immune System of Cancer Patients: Reduction of T-Suppressor Function 

without Depletion of the CD8+ Subset. Cancer Res., 47, 3317-3321. 

 

Bertram, E.M., Dawicki, W., Sedgmen, B., Bramson, J.L., Lynch, D.H. and Watts, 

T.H. (2004) A Switch in Costimulation from CD28 to 4-1BB during Primary 

versus Secondary CD8 T Cell Response to Influenza In Vivo. J. Immunol., 

172, 981-988. 

 

Bertram, E.M., Lau, P. and Watts, T.H. (2002) Temporal Segregation of 4-1BB 

Versus CD28-Mediated Costimulation: 4-1BB Ligand Influences T Cell 

Numbers Late in the Primary Response and Regulates the Size of the T Cell 

Memory Response Following Influenza Infection. J. Immunol., 168, 3777-

3785. 

 



 247 

Berzofsky, J.A. and Terabe, M. (2008) NKT Cells in Tumor Immunity: Opposing 

Subsets Define a New Immunoregulatory Axis. J. Immunol., 180, 3627-3635. 

 

Billadeau, D.D., Upshaw, J.L., Schoon, R.A., Dick, C.J. and Leibson, P.J. (2003) 

NKG2D-DAP10 triggers human NK cell-mediated killing via a Syk-

independent regulatory pathway. Nat Immunol, 4, 557-564. 

 

Bird, J.J., Brown, D.R., Mullen, A.C., Moskowitz, N.H., Mahowald, M.A., Sider, 

J.R., Gajewski, T.F., Wang, C.-R. and Reiner, S.L. (1998) Helper T Cell 

Differentiation Is Controlled by the Cell Cycle. Immunity, 9, 229-237. 

 

Boise, L.H., Minn, A.J., Noel, P.J., June, C.H., Accavitti, M.A., Lindsten, T. and 

Thompson, C.B. (1995) CD28 costimulation can promote T cell survival by 

enhancing the expression of Bcl-xL. Immunity, 3, 87-98. 

 

Bonnevier, J.L. and Mueller, D.L. (2002) Cutting Edge: B7/CD28 Interactions 

Regulate Cell Cycle Progression Independent of the Strength of TCR 

Signaling. J. Immunol., 169, 6659-6663. 

 

Boon, T., Coulie, P.G., Eynde, B.t.J.V.d. and Bruggen, P.v.d. (2006) Human T Cell 

Responses Against Melanoma. Annu. Rev. Immunol. , 24, 175-208. 

 

Brandau, S., Riemensberger, J., Jacobsen, M., Kemp, D., Zhao, W., Zhao, X., 

Jocham, D., Ratliff, T.L. and Böhle, A. (2001) NK cells are essential for 

effective BCG immunotherapy. Int. J. Cancer, 92, 697-702. 

 

Brigl, M., Bry, L., Kent, S.C., Gumperz, J.E. and Brenner, M.B. (2003) Mechanism of 

CD1d-restricted natural killer T cell activation during microbial infection. Nat 

Immunol, 4, 1230-1237. 

 

Bryceson, Y.T., March, M.E., Ljunggren, H.-G. and Long, E.O. (2006) Synergy 

among receptors on resting NK cells for the activation of natural cytotoxicity 

and cytokine secretion. Blood, 107, 159-166. 

 

Bukczynski, J., Wen, T., Wang, C., Christie, N., Routy, J.-P., Boulassel, M.-R., 

Kovacs, C.M., MacDonald, K.S., Ostrowski, M., Sekaly, R.-P., Bernard, N.F. 

and Watts, T.H. (2005) Enhancement of HIV-Specific CD8 T Cell Responses 

by Dual Costimulation with CD80 and CD137L. J. Immunol., 175, 6378-6389. 

 

Bukczynski, J., Wen, T., Watts, T.H. (2003) Costimulation of human CD28
-
T cells by 

4-1BB ligand. European Journal of Immunology 33(2): 446-454. 

 

Bulanhagui, C.A., Ribas, A., Pavlov, D., Bozon, V., Sharma, A., Gomez-Navarro, J. 

and Camacho, L. (2006) Phase I clinical trials of ticilimumab: Tumor 

responses are sufficient but not necessary for prolonged survival. J Clin 

Oncol, 24, 8036-. 

 

Burns, L.J., Weisdorf, D.J., DeFor, T.E., Vesole, D.H., Repka, T.L., Blazar, B.R., 

Burger, S.R., Panoskaltsis-Mortari, A., Keever-Taylor, C.A., Zhang, M.J. and 

Miller, J.S. (2003) IL-2-based immunotherapy after autologous transplantation 



 248 

for lymphoma and breast cancer induces immune activation and cytokine 

release: a phase I//II trial. Bone Marrow Transplant, 32, 177-186. 

 

Caligiuri, M.A., Zmuidzinas, A., Manley, T.J., Levine, H., Smith, K.A. and Ritz, J. 

(1990) Functional consequences of interleukin 2 receptor expression on 

resting human lymphocytes. Identification of a novel natural killer cell subset 

with high affinity receptors. J. Exp. Med., 171, 1509-1526. 

Carreno, B.M. and Collins, M. (2002) THE B7 FAMILY OF LIGANDS AND ITS 

RECEPTORS: New Pathways for Costimulation and Inhibition of Immune 

Responses. Annu. Rev. Immunol., 20, 29-53. 

 

Caspi, R.R. (2006) Ocular autoimmunity: the price of privilege? Immunol. Rev., 213, 

23-35. 

 

Cauley, L.S., Cookenham, T., Miller, T.B., Adams, P.S., Vignali, K.M., Vignali, 

D.A.A. and Woodland, D.L. (2002) Cutting Edge: Virus-Specific CD4+ 

Memory T Cells in Nonlymphoid Tissues Express a Highly Activated 

Phenotype. J. Immunol., 169, 6655-6658. 

 

Cesana, G.C., DeRaffele, G., Cohen, S., Moroziewicz, D., Mitcham, J., Stoutenburg, 

J., Cheung, K., Hesdorffer, C., Kim-Schulze, S., Kaufman, H.L. (2006) 

Characterization of CD4+CD25+ Regulatory T Cells in Patients Treated With 

High-Dose Interleukin-2 for Metastatic Melanoma or Renal Cell Carcinoma. J 

Clin Oncol 24(7): 1169-1177. 

 

Chabner, B.A., Roberts, T.G. (2005) Chemotherapy and the war on cancer. Nat. Rev. 

Cancer 5(1): 65-72. 

 

Chambers, C.A., Sullivan, T.J. and Allison, J.P. (1997) Lymphoproliferation in 

CTLA-4-Deficient Mice Is Mediated by Costimulation-Dependent Activation 

of CD4+ T Cells. Immunity, 7, 885-895. 

 

Chan, A., Hong, D.-L., Atzberger, A., Kollnberger, S., Filer, A.D., Buckley, C.D., 

McMichael, A., Enver, T. and Bowness, P. (2007) CD56bright Human NK 

Cells Differentiate into CD56dim Cells: Role of Contact with Peripheral 

Fibroblasts. J. Immunol., 179, 89-94. 

 

Chang, J.T., Palanivel, V.R., Kinjyo, I., Schambach, F., Intlekofer, A.M., Banerjee, 

A., Longworth, S.A., Vinup, K.E., Mrass, P., Oliaro, J., Killeen, N., Orange, 

J.S., Russell, S.M., Weninger, W. and Reiner, S.L. (2007) Asymmetric T 

Lymphocyte Division in the Initiation of Adaptive Immune Responses. 

Science, 315, 1687-1691. 

 

Chen, W., Jin, W., Hardegen, N., Lei, K.-j., Li, L., Marinos, N., McGrady, G. and 

Wahl, S.M. (2003) Conversion of Peripheral CD4+CD25- Naive T Cells to 

CD4+CD25+ Regulatory T Cells by TGF-β Induction of Transcription Factor 

Foxp3. J. Exp. Med., 198, 1875-1886. 

 

Chen, S.H., Pham-Nguyen, K.B., Martinet, O., Huang, Y., Yang, W., Thung, S.N., 

Chen, L., Mittler, R. and Woo, S.L.C. (2000) Rejection of Disseminated 



 249 

Metastases of Colon Carcinoma by Synergism of IL-12 Gene Therapy and 4-

1BB Costimulation. Molecular Therapy, 2, 39-46. 

 

Cheng, C., Gall, J.G.D., Nason, M., King, C.R., Koup, R.A., Roederer, M., McElrath, 

M.J., Morgan, C.A., Churchyard, G., Baden, L.R., Duerr, A.C., Keefer, M.C., 

Graham, B.S., Nabel, G.J. (2009) Differential Specificity and Immunogenicity 

of Adenovirus Type 5 Neutralizing Antibodies Elicited by Natural Infection or 

Immunization. J Virol 84(1): 630-638. 

 

Chiesa, Mariella D., Vitale, M., Carlomagno, S., Ferlazzo, G., Moretta, L. and 

Moretta, A. (2003) The natural killer cell-mediated killing of autologous 

dendritic cells is confined to a cell subset expressing CD94/NKG2A, but 

lacking inhibitory killer Ig-like receptors. Eur. J. Immunol., 33, 1657-1666. 

 

Childs, R., Chernoff, A., Contentin, N., Bahceci, E., Schrump, D., Leitman, S., Read, 

E.J., Tisdale, J., Dunbar, C., Linehan, W.M., Young, N.S. and Barrett, A.J. 

(2000) Regression of Metastatic Renal-Cell Carcinoma after 

Nonmyeloablative Allogeneic Peripheral-Blood Stem-Cell Transplantation. N. 

Engl. J. Med., 343, 750-758. 

 

Choi, B.K., Bae, J.S., Choi, E.M., Kang, W.J., Sakaguchi, S., Vinay, D.S. and Kwon, 

B.S. (2004) 4-1BB-dependent inhibition of immunosuppression by activated 

CD4+CD25+ T cells. J. Leukoc. Biol., 75, 785-791. 

 

Christ, M., Lusky, M., Stoeckel, F., Dreyer, D., Dieterlé, A., Michou, A.-I., Pavirani, 

A. and Mehtali, M. (1997) Gene therapy with recombinant adenovirus vectors: 

evaluation of the host immune response. Immunol. Lett., 57, 19-25. 

 

Cooper, A.M. and Khader, S.A. (2007) IL-12p40: an inherently agonistic cytokine. 

Trends Immunol., 28, 33-38. 

 

Cooper, M.A., Elliott, J.M., Keyel, P.A., Yang, L., Carrero, J.A., Yokoyama, W.M. 

(2009) Cytokine-induced memory-like natural killer cells. Proceedings of the 

National Academy of Sciences 106(6): 1915-1919. 

 

Cooper, M.A., Fehniger, T.A. and Caligiuri, M.A. (2001) The biology of human 

natural killer-cell subsets. Trends Immunol., 22, 633-640. 

 

Cooper, M.A., Yokoyama, W.M. (2010) Memory-like responses of natural killer 

cells. Immunological Reviews 235(1): 297-305. 

 

Corthay, A. (2009) How do Regulatory T Cells Work? Scand. J. Immunol., 70, 326-

336. 

 

Costello, R.T., Sivori, S., Marcenaro, E., Lafage-Pochitaloff, M., Mozziconacci, M.-

J., Reviron, D., Gastaut, J.-A., Pende, D., Olive, D. and Moretta, A. (2002) 

Defective expression and function of natural killer cell-triggering receptors in 

patients with acute myeloid leukemia. Blood, 99, 3661-3667. 

 



 250 

Coughlin, C.M., Salhany, K.E., Gee, M.S., LaTemple, D.C., Kotenko, S., Ma, X., Gri, 

G., Wysocka, M., Kim, J.E., Liu, L., Liao, F., Farber, J.M., Pestka, S., 

Trinchieri, G. and Lee, W.M.F. (1998) Tumor Cell Responses to IFNγ Affect 

Tumorigenicity and Response to IL-12 Therapy and Antiangiogenesis. 

Immunity, 9, 25-34. 

 

Cózar, J., Canton, J., Tallada, M., Concha, A., Cabrera, T., Garrido, F. and Ruiz-

Cabello Osuna, F. (2004) Analysis of NK cells and chemokine receptors in 

tumor infiltrating CD4 T lymphocytes in human renal carcinomas. Cancer 

Immunol. Immunother., 54, 858-866. 

 

Croft, M. (2003a) Co-stimulatory members of the TNFR family: keys to effective T-

cell immunity? Nat Rev Immunol, 3, 609-620. 

 

Croft, M. (2003b) Costimulation of T cells by OX40, 4-1BB, and CD27. Cytokine 

Growth Factor Rev., 14, 265-273. 

 

Croft, M. (2009) The role of TNF superfamily members in T-cell function and 

diseases. Nat Rev Immunol, 9, 271-285. 

 

Croft, M., Carter, L., Swain, S.L. and Dutton, R.W. (1994) Generation of polarized 

antigen-specific CD8 effector populations: reciprocal action of interleukin 

(IL)-4 and IL-12 in promoting type 2 versus type 1 cytokine profiles. J. Exp. 

Med., 180, 1715-1728. 

 

Croxford, A.L., Kurschus, F.C. and Waisman, A. (2009) Cutting Edge: An IL-17F-

CreEYFP Reporter Mouse Allows Fate Mapping of Th17 Cells. J. Immunol., 

182, 1237-1241. 

 

Cudkowicz, G. and Bennett, M. (1971) Peculiar Immunobiology Of Bone Marrow 

Allografts: Ii. Rejection Of Parental Grafts By Resistant F1 Hybrid Mice. J. 

Exp. Med., 134, 1513-1528. 

 

Culver, K.W., Anderson, W.F. and Blaese, R.M. (1991) Lymphocyte Gene Therapy. 

Hum. Gene. Ther., 2, 107-109. 

 

Curiel, T.J. (2007) Tregs and rethinking cancer immunotherapy. The Journal of 

Clinical Investigation, 117, 1167-1174. 

 

Curiel, T.J., Coukos, G., Zou, L., Alvarez, X., Cheng, P., Mottram, P., Evdemon-

Hogan, M., Conejo-Garcia, J.R., Zhang, L., Burow, M., Zhu, Y., Wei, S., 

Kryczek, I., Daniel, B., Gordon, A., Myers, L., Lackner, A., Disis, M.L., 

Knutson, K.L., Chen, L. and Zou, W. (2004) Specific recruitment of 

regulatory T cells in ovarian carcinoma fosters immune privilege and predicts 

reduced survival. Nat Med, 10, 942-949. 

 

Curtsinger, J.M., Lins, D.C. and Mescher, M.F. (2003) Signal 3 Determines Tolerance 

versus Full Activation of Naive CD8 T Cells: Dissociating Proliferation and 

Development of Effector Function. J. Exp. Med., 197, 1141-1151. 

 



 251 

Dalton, D.K., Haynes, L., Chu, C.-Q., Swain, S.L. and Wittmer, S. (2000) Interferon 

{gamma} Eliminates Responding Cd4 T Cells during Mycobacterial Infection 

by Inducing Apoptosis of Activated Cd4 T Cells. J. Exp. Med., 192, 117-122. 

 

Daud, A.I., DeConti, R.C., Andrews, S., Urbas, P., Riker, A.I., Sondak, V.K., 

Munster, P.N., Sullivan, D.M., Ugen, K.E., Messina, J.L. and Heller, R. 

(2008) Phase I Trial of Interleukin-12 Plasmid Electroporation in Patients 

With Metastatic Melanoma. J Clin Oncol, JCO.2007.2015.6794. 

 

Davis, I.D., Jefford, M., Parente, P. and Cebon, J. (2003) Rational approaches to 

human cancer immunotherapy. J. Leukoc. Biol., 73, 3-29. 

 

Dawicki, W., Bertram, E.M., Sharpe, A.H. and Watts, T.H. (2004) 4-1BB and OX40 

Act Independently to Facilitate Robust CD8 and CD4 Recall Responses. J. 

Immunol., 173, 5944-5951. 

 

Dempsey, P.W., Doyle, S.E., He, J.Q. and Cheng, G. (2003) The signaling adaptors 

and pathways activated by TNF superfamily. Cytokine Growth Factor Rev., 

14, 193-209. 

 

Deryckere, F., Burgert, H-G. (1996) Tumor Necrosis Factor α Induces the Adenovirus 

Early 3 Promoter by Activation of NF-κB. Journal of Biological Chemistry 

271(47): 30249-30255. 

 

Dhodapkar, M.V., Steinman, R.M., Krasovsky, J., Munz, C. and Bhardwaj, N. (2001) 

Antigen-Specific Inhibition of Effector T Cell Function in Humans after 

Injection of Immature Dendritic Cells. J. Exp. Med., 193, 233-238. 

 

Diehl, L., van Mierlo, G.J.D., den Boer, A.T., van der Voort, E., Fransen, M., van 

Bostelen, L., Krimpenfort, P., Melief, C.J.M., Mittler, R., Toes, R.E.M. and 

Offringa, R. (2002) In Vivo Triggering Through 4-1BB Enables Th-

Independent Priming of CTL in the Presence of an Intact CD28 Costimulatory 

Pathway. J. Immunol., 168, 3755-3762. 

 

Dondi, E., Rogge, L., Lutfalla, G., Uze, G., Pellegrini, S. (2003) Down-Modulation of 

Responses to Type I IFN Upon T Cell Activation. J Immunol 170(2): 749-756. 

 

Dolan, B.P., Gibbs, K.D., Jr. and Ostrand-Rosenberg, S. (2006) Dendritic Cells Cross-

Dressed with Peptide MHC Class I Complexes Prime CD8+ T Cells. J. 

Immunol., 177, 6018-6024. 

 

Domhan, S., Zeier, M. and Abdollahi, A. (2009) Immunosuppressive therapy and 

post-transplant malignancy. Nephrol. Dial. Transplantation, 24(4), 1097-

1103. 

 

Donskov, F. and von der Maase, H. (2006) Impact of Immune Parameters on Long-

Term Survival in Metastatic Renal Cell Carcinoma. J Clin Oncol, 24, 1997-

2005. 

 



 252 

Dranoff, G. (2004) Cytokines in cancer pathogenesis and cancer therapy. Nat Rev 

Cancer 4(1): 11-22 

 

Dudley, M.E. and Rosenberg, S.A. (2003) Adoptive-cell-transfer therapy for the 

treatment of patients with cancer. Nat Rev Cancer, 3, 666-675. 

 

Dudley, M.E., Wunderlich, J.R., Robbins, P.F., Yang, J.C., Hwu, P., 

Schwartzentruber, D.J., Topalian, S.L., Sherry, R., Restifo, N.P., Hubicki, 

A.M., Robinson, M.R., Raffeld, M., Duray, P., Seipp, C.A., Rogers-Freezer, 

L., Morton, K.E., Mavroukakis, S.A., White, D.E. and Rosenberg, S.A. (2002) 

Cancer Regression and Autoimmunity in Patients After Clonal Repopulation 

with Antitumor Lymphocytes. Science, 298, 850-854. 

 

Dudley, M.E., Wunderlich, J.R., Yang, J.C., Sherry, R.M., Topalian, S.L., Restifo, 

N.P., Royal, R.E., Kammula, U., White, D.E., Mavroukakis, S.A., Rogers, 

L.J., Gracia, G.J., Jones, S.A., Mangiameli, D.P., Pelletier, M.M., Gea-

Banacloche, J., Robinson, M.R., Berman, D.M., Filie, A.C., Abati, A. and 

Rosenberg, S.A. (2005) Adoptive Cell Transfer Therapy Following Non-

Myeloablative but Lymphodepleting Chemotherapy for the Treatment of 

Patients With Refractory Metastatic Melanoma. J Clin Oncol, 23, 2346-2357. 

 

Dunn, G.P., Old, L.J. and Schreiber, R.D. (2004) The Three Es of Cancer 

Immunoediting. Annu. Rev. Immunol., 22, 329-360. 

 

Escudier, B., Farace, F., Angevin, E., Charpentier, F., Nitenberg, G., Triebel, F. and 

Hercend, T. (1994) Immunotherapy with interleukin-2 (IL2) and lymphokine-

activated natural killer cells: Improvement of clinical responses in metastatic 

renal cell carcinoma patients previously treated with IL2. Eur. J. Cancer, 30, 

1078-1083. 

 

Farag, S.S. and Caligiuri, M.A. (2006) Human natural killer cell development and 

biology. Blood Reviews, 20, 123-137. 

 

Fehniger, T.A. and Caligiuri, M.A. (2001) Interleukin 15: biology and relevance to 

human disease. Blood, 97, 14-32. 

 

Fehniger, T.A., Cooper, M.A., Nuovo, G.J., Cella, M., Facchetti, F., Colonna, M. and 

Caligiuri, M.A. (2003) CD56bright natural killer cells are present in human 

lymph nodes and are activated by T cell-derived IL-2: a potential new link 

between adaptive and innate immunity. Blood, 101, 3052-3057. 

 

Ferlazzo, G., Tsang, M.L., Moretta, L., Melioli, G., Steinman, R.M. and Munz, C. 

(2002) Human Dendritic Cells Activate Resting Natural Killer (NK) Cells and 

Are Recognized via the NKp30 Receptor by Activated NK Cells. J. Exp. 

Med., 195, 343-351. 

 

Fernandez, N.C., Lozier, A., Flament, C., Ricciardi-Castagnoli, P., Bellet, D., Suter, 

M., Perricaudet, M., Tursz, T., Maraskovsky, E. and Zitvogel, L. (1999) 

Dendritic cells directly trigger NK cell functions: Cross-talk relevant in innate 

anti-tumor immune responses in vivo. Nat Med, 5, 405-411. 



 253 

 

Fernandez, N.C., Treiner, E., Vance, R.E., Jamieson, A.M., Lemieux, S. and Raulet, 

D.H. (2005) A subset of natural killer cells achieves self-tolerance without 

expressing inhibitory receptors specific for self-MHC molecules. Blood, 105, 

4416-4423. 

 

Fischkoff, S.A., Hersh, E., Weber, J., Powderly, J., Khan, K., Pavlick, A., Samlowski, 

W., O'Day, S., Nichol, G. and Yellin, M. (2005) Durable responses and long-

term progression-free survival observed in a phase II study of MDX-010 alone 

or in combination with dacarbazine (DTIC) in metastatic melanoma. J Clin 

Oncol, 23, 7525-. 

 

Flajnik, M.F. and Du Pasquier, L. (2004) Evolution of innate and adaptive immunity: 

can we draw a line? Trends Immunol., 25, 640-644. 

 

Fong, L. and Small, E.J. (2008) Anti-Cytotoxic T-Lymphocyte Antigen-4 Antibody: 

The First in an Emerging Class of Immunomodulatory Antibodies for Cancer 

Treatment. J Clin Oncol, 26, 5275-5283. 

 

Fontenot, J.D., Gavin, M.A. and Rudensky, A.Y. (2003) Foxp3 programs the 

development and function of CD4+CD25+ regulatory T cells. Nat Immunol, 4, 

330-336. 

 

Freeman, G.J., Freedman, A.S., Segil, J.M., Lee, G., Whitman, J.F. and Nadler, L.M. 

(1989) B7, a new member of the Ig superfamily with unique expression on 

activated and neoplastic B cells. J. Immunol., 143, 2714-2722. 

 

Freeman, G.J., Gribben, J.G., Boussiotis, V.A., Ng, J.W., Restivo, J.V.A., Lombard, 

L.A., Gray, G.S. and Nadler, L.M. (1993) Cloning of B7-2: A CTLA-4 

Counter-Receptor that Costimulates Human T Cell Proliferation. Science, 262, 

909-911. 

 

Freud, A.G., Yokohama, A., Becknell, B., Lee, M.T., Mao, H.C., Ferketich, A.K. and 

Caligiuri, M.A. (2006) Evidence for discrete stages of human natural killer 

cell differentiation in vivo. J. Exp. Med., 203, 1033-1043. 

 

Fujisaki, H., Kakuda, H., Imai, C., Mullighan, C.G. and Campana, D. (2009a) 

Replicative potential of human natural killer cells. Br J Haematol., 145, 606-

613. 

 

Fujisaki, H., Kakuda, H., Shimasaki, N., Imai, C., Ma, J., Lockey, T., Eldridge, P., 

Leung, W.H. and Campana, D. (2009b) Expansion of Highly Cytotoxic 

Human Natural Killer Cells for Cancer Cell Therapy. Cancer Res., 69, 4010-

4017. 

 

Fyfe, G., Fisher, R.I., Rosenberg, S.A., Sznol, M., Parkinson, D.R. and Louie, A.C. 

(1995) Results of treatment of 255 patients with metastatic renal cell 

carcinoma who received high-dose recombinant interleukin-2 therapy. J Clin 

Oncol, 13, 688-696. 

 



 254 

Gallagher, K.M.E., Lauder, S., Rees, I.W., Gallimore, A.M., Godkin, A.J. (2009) 

Type I Interferon (IFN{alpha}) Acts Directly on Human Memory CD4+ T 

Cells Altering Their Response to Antigen. J Immunol 183(5): 2915-2920. 

 

Gao, J.-X., Zhang, H., Bai, X.-F., Wen, J., Zheng, X., Liu, J., Zheng, P. and Liu, Y. 

(2002) Perinatal Blockade of B7-1 and B7-2 Inhibits Clonal Deletion of 

Highly Pathogenic Autoreactive T Cells. J. Exp. Med., 195, 959-971. 

 

Garcia-Sastre, A. and Biron, C.A. (2006) Type 1 Interferons and the Virus-Host 

Relationship: A Lesson in Detente. Science, 312, 879-882. 

 

Gardner, J.M., Fletcher, A.L., Anderson, M.S. and Turley, S.J. (2009) AIRE in the 

thymus and beyond. Curr. Opin. Immunol., 21, 582-589. 

 

Garni-Wagner, B.A., Purohit, A., Mathew, P.A., Bennett, M. and Kumar, V. (1993) A 

novel function-associated molecule related to non-MHC-restricted cytotoxicity 

mediated by activated natural killer cells and T cells. J. Immunol., 151, 60-70. 

 

Gattinoni, L., Powell, D.J., Rosenberg, S.A. and Restifo, N.P. (2006) Adoptive 

immunotherapy for cancer: building on success. Nat Rev Immunol, 6, 383-393. 

 

Geiger, C., Nößner, E., Frankenberger, B., Falk, C., Pohla, H. and Schendel, D. 

(2009) Harnessing innate and adaptive immunity for adoptive cell therapy of 

renal cell carcinoma. Journal of Molecular Medicine, 87, 595-612. 

 

Germain, R.N. (2008) Special regulatory T-cell review: A rose by any other name: 

from suppressor T cells to Tregs, approbation to unbridled enthusiasm. 

Immunology, 123, 20-27. 

 

Gerosa, F., Baldani-Guerra, B., Nisii, C., Marchesini, V., Carra, G. and Trinchieri, G. 

(2002) Reciprocal Activating Interaction between Natural Killer Cells and 

Dendritic Cells. J. Exp. Med., 195, 327-333. 

 

Gershon, R.K. and Kondo, K. (1971) Infectious immunological tolerance. 

Immunology, 21, 903-914. 

 

Ghiringhelli, F., Menard, C., Puig, P., Ladoire, S., Roux, S., Martin, F., Solary, E., Le 

Cesne, A., Zitvogel, L. and Chauffert, B. (2007) Metronomic 

cyclophosphamide regimen selectively depletes CD4+CD25+ regulatory T 

cells and restores T and NK effector functions in end stage cancer patients. 

Cancer Immunology, Immunotherapy, 56, 641-648. 

 

Ghiringhelli, F., Menard, C., Terme, M., Flament, C., Taieb, J., Chaput, N., Puig, 

P.E., Novault, S., Escudier, B., Vivier, E., Lecesne, A., Robert, C., Blay, J.-Y., 

Bernard, J., Caillat-Zucman, S., Freitas, A., Tursz, T., Wagner-Ballon, O., 

Capron, C., Vainchencker, W., Martin, F. and Zitvogel, L. (2005a) 

CD4+CD25+ regulatory T cells inhibit natural killer cell functions in a 

transforming growth factor-β-dependent manner. J. Exp. Med., 202, 1075-

1085. 

 



 255 

Ghiringhelli, F., Puig, P.E., Roux, S., Parcellier, A., Schmitt, E., Solary, E., Kroemer, 

G., Martin, F., Chauffert, B. and Zitvogel, L. (2005b) Tumor cells convert 

immature myeloid dendritic cells into TGF-β-secreting cells inducing 

CD4+CD25+ regulatory T cell proliferation. J. Exp. Med., 202, 919-929. 

 

Giroux, M. and Denis, F. (2005) CD1d-unrestricted human NKT cells release 

chemokines upon Fas engagement. Blood, 105, 703-710. 

 

Godfrey, D.I., MacDonald, H.R., Kronenberg, M., Smyth, M.J. and Kaer, L.V. (2004) 

NKT cells: what's in a name? Nat Rev Immunol, 4, 231-237. 

 

Gollob, J.A., Mier, J.W., Veenstra, K., McDermott, D.F., Clancy, D., Clancy, M. and 

Atkins, M.B. (2000) Phase I Trial of Twice-Weekly Intravenous Interleukin 

12 in Patients with Metastatic Renal Cell Cancer or Malignant Melanoma: 

Ability to Maintain IFN-γ Induction Is Associated with Clinical Response. 

Clin. Cancer Res., 6, 1678-1692. 

 

Golovina, T.N., Mikheeva, T., Suhoski, M.M., Aqui, N.A., Tai, V.C., Shan, X., Liu, 

R., Balcarcel, R.R., Fisher, N., Levine, B.L., Carroll, R.G., Warner, N., Blazar, 

B.R., June, C.H. and Riley, J.L. (2008) CD28 Costimulation Is Essential for 

Human T Regulatory Expansion and Function. J. Immunol., 181, 2855-2868. 

 

González, S., López-Soto, A., Suarez-Alvarez, B., López-Vázquez, A. and López-

Larrea, C. (2008) NKG2D ligands: key targets of the immune response. 

Trends Immunol., 29, 397-403. 

 

Gorelik, L. and Flavell, R.A. (2002) Transforming growth factor-[beta] in T-cell 

biology. Nat Rev Immunol, 2, 46-53. 

 

Granucci, F., Vizzardelli, C., Pavelka, N., Feau, S., Persico, M., Virzi, E., Rescigno, 

M., Moro, G. and Ricciardi-Castagnoli, P. (2001) Inducible IL-2 production 

by dendritic cells revealed by global gene expression analysis. Nat Immunol, 

2, 882-888. 

 

Greenwald, R.J., Freeman, G.J. and Sharpe, A.H. (2005) THE B7 FAMILY 

REVISITED. Annu. Rev. Immunol., 23, 515-548. 

 

Griffiths, R,. Elkord, E., Gilham, D., Ramani, V., Clarke, N., Stern, P., Hawkins, R. 

(2007) Frequency of regulatory T cells in renal cell carcinoma patients and 

investigation of correlation with survival. Cancer Immunol Immunother, 

56(11), 1743-1753. 

 

Grogan, J.L., Mohrs, M., Harmon, B., Lacy, D.A., Sedat, J.W. and Locksley, R.M. 

(2001) Early Transcription and Silencing of Cytokine Genes Underlie 

Polarization of T Helper Cell Subsets. Immunity, 14, 205-215. 

 

Groh, V., Rhinehart, R., Secrist, H., Bauer, S., Grabstein, K.H. and Spies, T. (1999) 

Broad tumor-associated expression and recognition by tumor-derived Î³Î´ T 

cells of MICA and MICB. Proc. Nat. Acad. Sci. USA, 96, 6879-6884. 

 



 256 

Habib-Agahi, M., Phan, T.T. and Searle, P.F. (2007) Co-stimulation with 4-1BB 

ligand allows extended T-cell proliferation, synergizes with CD80/CD86 and 

can reactivate anergic T cells. Int. Immunol., 19, 1383-1394. 

 

Hadden, J.W. (1999) The immunology and immunotherapy of breast cancer: an 

update. Int. J. Immunopharmacol., 21, 79-101. 

 

Hall, J.A., Bouladoux, N., Sun, C.M., Wohlfert, E.A., Blank, R.B., Zhu, Q., Grigg, 

M.E., Berzofsky, J.A. and Belkaid, Y. (2008) Commensal DNA Limits 

Regulatory T Cell Conversion and Is a Natural Adjuvant of Intestinal Immune 

Responses. Immunity, 29, 637-649. 

 

Han, L.Y., Fletcher, M.S., Urbauer, D.L., Mueller, P., Landen, C.N., Kamat, A.A., 

Lin, Y.G., Merritt, W.M., Spannuth, W.A., Deavers, M.T., De Geest, K., 

Gershenson, D.M., Lutgendorf, S.K., Ferrone, S. and Sood, A.K. (2008) HLA 

Class I Antigen Processing Machinery Component Expression and 

Intratumoral T-Cell Infiltrate as Independent Prognostic Markers in Ovarian 

Carcinoma. Clin. Cancer Res., 14, 3372-3379. 

 

Hanahan, D. and Weinberg, R.A. (2000) The Hallmarks of Cancer. Cell, 100, 57-70. 

 

Harrington, L.E., Janowski, K.M., Oliver, J.R., Zajac, A.J. and Weaver, C.T. (2008) 

Memory CD4 T cells emerge from effector T-cell progenitors. Nature, 452, 

356-360. 

 

Harrington, L.E., Most, R.v.d., Whitton, J.L. and Ahmed, R. (2002) Recombinant 

Vaccinia Virus-Induced T-Cell Immunity: Quantitation of the Response to the 

Virus Vector and the Foreign Epitope. J. Virol., 76, 3329-3337. 

 

Hartman, Z.C., Appledorn, D.M. and Amalfitano, A. (2008) Adenovirus vector 

induced innate immune responses: Impact upon efficacy and toxicity in gene 

therapy and vaccine applications. Virus Res., 132, 1-14. 

 

Hayakawa, Y. and Smyth, M.J. (2006) CD27 Dissects Mature NK Cells into Two 

Subsets with Distinct Responsiveness and Migratory Capacity. J. Immunol., 

176, 1517-1524. 

 

Hayashi, T., Imai, K., Morishita, Y., Hayashi, I., Kusunoki, Y. and Nakachi, K. 

(2006) Identification of the NKG2D Haplotypes Associated with Natural 

Cytotoxic Activity of Peripheral Blood Lymphocytes and Cancer 

Immunosurveillance. Cancer Res., 66, 563-570. 

 

Hayday, A.C. and Pennington, D.J. (2007) Key factors in the organized chaos of early 

T cell development. Nat Immunol, 8, 137-144. 

 

Heinzerling, L., Burg, G.n., Dummer, R., Maier, T., Oberholzer, P.A., Schultz, J., 

Elzaouk, L., Pavlovic, J. and Moelling, K. (2005) Intratumoral Injection of 

DNA Encoding Human Interleukin 12 into Patients with Metastatic 

Melanoma: Clinical Efficacy. Hum. Gene. Ther., 16, 35-48. 

 



 257 

Hendriks, J., Xiao, Y., Rossen, J.W.A., van der Sluijs, K.F., Sugamura, K., Ishii, N. 

and Borst, J. (2005) During Viral Infection of the Respiratory Tract, CD27, 4-

1BB, and OX40 Collectively Determine Formation of CD8+ Memory T Cells 

and Their Capacity for Secondary Expansion. J. Immunol., 175, 1665-1676. 

 

Herberman, R.B., Nunn, M.E., Holden, H.T. and Lavrin, D.H. (1975) Natural 

cytotoxic reactivity of mouse lymphoid cells against syngeneic and allogeneic 

tumors. II. Characterization of effector cells. Int. J. Cancer, 16, 230-239. 

 

Herold, K.C., Lu, J., Rulifson, I., Vezys, V., Taub, D., Grusby, M.J. and Bluestone, 

J.A. (1997) Regulation of C-C chemokine production by murine T cells by 

CD28/B7 costimulation. J. Immunol., 159, 4150-4153. 

 

Hesslein, D.G.T., Takaki, R., Hermiston, M.L., Weiss, A. and Lanier, L.L. (2006) 

Dysregulation of signaling pathways in CD45-deficient NK cells leads to 

differentially regulated cytotoxicity and cytokine production. Proc. Nat. Acad. 

Sci. USA, 103, 7012-7017. 

 

Hiroko, T., Hiroshi, T., Tomoko, M. and Masafumi, T. (2004) Phenotypic 

classification of human CD8+ T cells reflecting their function: inverse 

correlation between quantitative expression of CD27 and cytotoxic effector 

function. Eur. J. Immunol., 34, 999-1010. 

 

Hodge, D.L., Schill, W.B., Wang, J.M., Blanca, I., Reynolds, D.A., Ortaldo, J.R. and 

Young, H.A. (2002) IL-2 and IL-12 Alter NK Cell Responsiveness to IFN-γ-

Inducible Protein 10 by Down-Regulating CXCR3 Expression. J. Immunol., 

168, 6090-6098. 

 

Hodi, F.S., Mihm, M.C., Soiffer, R.J., Haluska, F.G., Butler, M., Seiden, M.V., Davis, 

T., Henry-Spires, R., MacRae, S., Willman, A., Padera, R., Jaklitsch, M.T., 

Shankar, S., Chen, T.C., Korman, A., Allison, J.P. and Dranoff, G. (2003) 

Biologic activity of cytotoxic T lymphocyte-associated antigen 4 antibody 

blockade in previously vaccinated metastatic melanoma and ovarian 

carcinoma patients. Proc. Nat. Acad. Sci. USA, 100, 4712-4717. 

 

Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, Gonzalez 

R, Robert C, Schadendorf D, Hassel JC, Akerley W, van den Eertwegh AJM, 

Lutzky J, Lorigan P, Vaubel JM, Linette GP, Hogg D, Ottensmeier CH, 

LebbÃ© C, Peschel C, Quirt I, Clark JI, Wolchok JD, Weber JS, Tian J, 

Yellin MJ, Nichol GM, Hoos A, Urba WJ (2010) Improved Survival with 

Ipilimumab in Patients with Metastatic Melanoma. New England Journal of 

Medicine 0(0) 

 

Hogquist, K.A., Baldwin, T.A. and Jameson, S.C. (2005) Central tolerance: learning 

self-control in the thymus. Nat Rev Immunol, 5, 772-782. 

 

Hollenbeak, C.S., Todd, M.M., Billingsley, E.M., Harper, G., Dyer, A.-M. and 

Lengerich, E.J. (2005) Increased incidence of melanoma in renal 

transplantation recipients. Cancer, 104, 1962-1967. 

 



 258 

Homann, D., Teyton, L. and Oldstone, M.B.A. (2001) Differential regulation of 

antiviral T-cell immunity results in stable CD8+ but declining CD4+ T-cell 

memory. Nat Med, 7, 913-919. 

 

Hori, S., Nomura, T. and Sakaguchi, S. (2003) Control of Regulatory T Cell 

Development by the Transcription Factor Foxp3. Science, 299, 1057-1061. 

 

Hörig, H., Lee, D.S., Conkright, W., Divito, J., Hasson, H., LaMare, M., Rivera, A., 

Park, D., Tine, J., Guito, K., Tsang, K.W.-Y., Schlom, J. and Kaufman, H.L. 

(2000) Phase I clinical trial of a recombinant canarypoxvirus (ALVAC) 

vaccine expressing human carcinoembryonic antigen and the B7.1 co-

stimulatory molecule. Cancer Immunology, Immunotherapy, 49, 504-514. 

 

Horvath, A. and Mostafid, H. (2009) Therapeutic options in the management of 

intermediate-risk nonmuscle-invasive bladder cancer. BJU Int., 103, 726-729. 

 

Horwitz, M.S. (2001) Adenoviruses. In Fields Virology,  Philadelphia: Lippincott 

Williams & Wilkins. 

 

Horwitz, D.A., Zheng, S.G. and Gray, J.D. (2008) Natural and TGF-[beta]-induced 

Foxp3+CD4+ CD25+ regulatory T cells are not mirror images of each other. 

Trends Immunol., 29, 429-435. 

 

Hsu, J.L. and Glaser, S.L. (2000) Epstein-Barr virus-associated malignancies: 

epidemiologic patterns and etiologic implications. Critical Reviews in 

Oncology/Hematology, 34, 27-53. 

 

Huang, B., Lei, Z., Zhao, J., Gong, W., Liu, J., Chen, Z., Liu, Y., Li, D., Yuan, Y., 

Zhang, G.-M. and Feng, Z.-H. (2007) CCL2/CCR2 pathway mediates 

recruitment of myeloid suppressor cells to cancers. Cancer Letters, 252, 86-

92. 

 

Hunter, C., Smith, R., Cahill, D.P., Stephens, P., Stevens, C., Teague, J., Greenman, 

C., Edkins, S., Bignell, G., Davies, H., O'Meara, S., Parker, A., Avis, T., 

Barthorpe, S., Brackenbury, L., Buck, G., Butler, A., Clements, J., Cole, J., 

Dicks, E., Forbes, S., Gorton, M., Gray, K., Halliday, K., Harrison, R., Hills, 

K., Hinton, J., Jenkinson, A., Jones, D., Kosmidou, V., Laman, R., Lugg, R., 

Menzies, A., Perry, J., Petty, R., Raine, K., Richardson, D., Shepherd, R., 

Small, A., Solomon, H., Tofts, C., Varian, J., West, S., Widaa, S., Yates, A., 

Easton, D.F., Riggins, G., Roy, J.E., Levine, K.K., Mueller, W., Batchelor, 

T.T., Louis, D.N., Stratton, M.R., Futreal, P.A. and Wooster, R. (2006) A 

Hypermutation Phenotype and Somatic MSH6 Mutations in Recurrent Human 

Malignant Gliomas after Alkylator Chemotherapy. Cancer Res., 66, 3987-

3991. 

 

Huntington, N.D., Xu, Y., Nutt, S.L. and Tarlinton, D.M. (2005) A requirement for 

CD45 distinguishes Ly49D-mediated cytokine and chemokine production 

from killing in primary natural killer cells. J. Exp. Med., 201, 1421-1433. 

 



 259 

Iezzi, G., Karjalainen, K. and Lanzavecchia, A. (1998) The Duration of Antigenic 

Stimulation Determines the Fate of Naive and Effector T Cells. Immunity, 8, 

89-95. 

 

Igarashi, T., Wynberg, J., Srinivasan, R., Becknell, B., McCoy, J.P., Jr., Takahashi, 

Y., Suffredini, D.A., Linehan, W.M., Caligiuri, M.A. and Childs, R.W. (2004) 

Enhanced cytotoxicity of allogeneic NK cells with killer immunoglobulin-like 

receptor ligand incompatibility against melanoma and renal cell carcinoma 

cells. Blood, 104, 170-177. 

 

Imai, C., Iwamoto, S. and Campana, D. (2005) Genetic modification of primary 

natural killer cells overcomes inhibitory signals and induces specific killing of 

leukemic cells. Blood, 106, 376-383. 

 

Imai, K., Matsuyama, S., Miyake, S., Suga, K. and Nakachi, K. (2000) Natural 

cytotoxic activity of peripheral-blood lymphocytes and cancer incidence: an 

11-year follow-up study of a general population. The Lancet, 356, 1795-1799. 

 

Ishikawa, E., Tsuboi, K., Saijo, K., Harada, H., Takano, S., Nose, T. and Ohno, T. 

(2004) Autologous Natural Killer Cell Therapy for Human Recurrent 

Malignant Glioma. Anticancer Res, 24, 1861-1871. 

 

Jacobs, R., Hintzen, G., Kemper, A., Beul, K., Kempf, S., Behrens, G., Sykora, K.-W. 

and Schmidt, R.E. (2001) CD56bright cells differ in their KIR repertoire and 

cytotoxic features from CD56dim NK cells. Eur. J. Immunol., 31, 3121-3126. 

 

Jensen, K.D.C. and Chien, Y.-h. (2009) Thymic maturation determines 

[gamma][delta] T cell function, but not their antigen specificities. Curr. Opin. 

Immunol., 21, 140-145. 

 

Johansson, M.H., Bieberich, C., Jay, G., Karre, K. and Hoglund, P. (1997) Natural 

Killer Cell Tolerance in Mice with Mosaic Expression of Major 

Histocompatibility Complex Class I Transgene. J. Exp. Med., 186, 353-364. 

 

Jones, N., Shenk, T. (1979) An adenovirus type 5 early gene function regulates 

expression of other early viral genes. Proceedings of the National Academy of 

Sciences of the United States of America 76(8): 3665-3669. 

 

Jordan, M.S., Boesteanu, A., Reed, A.J., Petrone, A.L., Holenbeck, A.E., Lerman, 

M.A., Naji, A. and Caton, A.J. (2001) Thymic selection of CD4+CD25+ 

regulatory T cells induced by an agonist self-peptide. Nat Immunol, 2, 301-

306. 

 

Juelke, K., Killig, M., Luetke-Eversloh, M., Parente, E., Gruen, J., Morandi, B., 

Ferlazzo, G., Thiel, A., Schmitt-Knosalla, I., Romagnani, C. (2010) CD62L 

expression identifies a unique subset of polyfunctional CD56dim NK cells. 

Blood: blood-2009-2011-253286. 

 

Kadish, A.S., Doyle, A.T., Steinhauer, E.H. and Ghossein, N.A. (1981) Natural 

cytotoxicity and interferon production in human cancer: deficient natural killer 



 260 

activity and normal interferon production in patients with advanced disease. J. 

Immunol., 127, 1817-1822. 

 

Kahn, J.A. (2009) HPV Vaccination for the Prevention of Cervical Intraepithelial 

Neoplasia. N. Engl. J. Med., 361, 271-278. 

 

Kanako, S., Fujii, S. (2009) DC therapy induces long-term NK reactivity to tumors 

via host DC. European Journal of Immunology 39(2): 457-468. 

 

Kang, B.Y., Kim, E. and Kim, T.S. (2005) Regulatory mechanisms and their 

therapeutic implications of interleukin-12 production in immune cells. 

Cellular Signalling, 17, 665-673. 

 

Kang, Y.J., Kim, S.O., Shimada, S., Otsuka, M., Seit-Nebi, A., Kwon, B.S., Watts, 

T.H. and Han, J. (2007) Cell surface 4-1BBL mediates sequential signaling 

pathways 'downstream' of TLR and is required for sustained TNF production 

in macrophages. Nat Immunol, 8, 601-609. 

 

Kaplan, D.H., Shankaran, V., Dighe, A.S., Stockert, E., Aguet, M., Old, L.J. and 

Schreiber, R.D. (1998) Demonstration of an interferon I-dependent tumor 

surveillance system in immunocompetent mice. Proc. Nat. Acad. Sci. USA, 95, 

7556-7561. 

 

Karre, K., Ljunggren, H.G., Piontek, G. and Kiessling, R. (1986) Selective Rejection 

of H-2-Deficient Lymphoma Variants Suggests Alternative Immune Defence 

Strategy. J. Immunol., 391, 675-678. 

 

Kaufman, H.L., DeRaffele, G., Mitcham, J., Moroziewicz, D., Cohen, S.M., Hurst-

Wicker, K.S., Cheung, K., Lee, D.S., Divito, J., Voulo, M., Donovan, J., 

Dolan, K., Manson, K., Panicali, D., Wang, E., HÃ¶rig, H. and Marincola, 

F.M. (2005) Targeting the local tumor microenvironment with vaccinia virus 

expressing B7.1 for the treatment of melanoma. The Journal of Clinical 

Investigation, 115, 1903-1912. 

 

Kawamura, T., Takeda, K., Mendiratta, S.K., Kawamura, H., Van Kaer, L., Yagita, 

H., Abo, T. and Okumura, K. (1998) Cutting Edge: Critical Role of NK1+ T 

Cells in IL-12-Induced Immune Responses In Vivo. J. Immunol., 160, 16-19. 

 

Kawano, T., Cui, J., Koezuka, Y., Toura, I., Kaneko, Y., Motoki, K., Ueno, H., 

Nakagawa, R., Sato, H., Kondo, E., Koseki, H. and Taniguchi, M. (1997) 

CD1d-Restricted and TCR-Mediated Activation of V{alpha}14 NKT Cells by 

Glycosylceramides. Science, 278, 1626-1629. 

 

Kelly-Rogers, J., Madrigal-Estebas, L., O'Connor, T. and Doherty, D.G. (2006) 

Activation-Induced Expression of CD56 by T Cells Is Associated With a 

Reprogramming of Cytolytic Activity and Cytokine Secretion Profile In Vitro. 

Hum. Immunol., 67, 863-873. 

 

Kerbel, R.S. and Kamen, B.A. (2004) The anti-angiogenic basis of metronomic 

chemotherapy. Nat Rev Cancer, 4, 423-436. 



 261 

 

Khong, H.T., Wang, Q.J. and Rosenberg, S.A. (2004) Identification of Multiple 

Antigens Recognized by Tumor-Infiltrating Lymphocytes From a Single 

Patient: Tumor Escape by Antigen Loss and Loss of MHC Expression. J. 

Immunother., 27, 184-190. 

Kieper, W.C., Prlic, M., Schmidt, C.S., Mescher, M.F. and Jameson, S.C. (2001) IL-

12 Enhances CD8 T Cell Homeostatic Expansion. J. Immunol., 166, 5515-

5521. 

 

Kiessling, R., Eva, K. and Wigzell, H. (1975) "Natural" killer cells in the mouse. I. 

Cytotoxic cells with specificity for mouse Moloney leukemia cells. Specificity 

and distribution according to genotype. Eur. J. Immunol., 5, 112-117. 

 

Kilinc, M.O., Aulakh, K.S., Nair, R.E., Jones, S.A., Alard, P., Kosiewicz, M.M., 

Egilmez, N.K. (2006) Reversing Tumor Immune Suppression with 

Intratumoral IL-12: Activation of Tumor-Associated T Effector/Memory 

Cells, Induction of T Suppressor Apoptosis, and Infiltration of CD8+ T 

Effectors. J Immunol 177(10): 6962-6973. 

 

Kim, D., Chang, W.-S., Lee, Y.-S., Lee, K.-A., Kim, Y.-K., Kwon, B.S. and Kang, 

C.-Y. (2008) 4-1BB Engagement Costimulates NKT Cell Activation and 

Exacerbates NKT Cell Ligand-Induced Airway Hyperresponsiveness and 

Inflammation. J. Immunol., 180, 2062-2068. 

 

Kim, J., Choi, W.S., La, S., Suh, J.-H., Kim, B.-S., Cho, H.R., Kwon, B.S. and Kwon, 

B. (2005) Stimulation with 4-1BB (CD137) inhibits chronic graft-versus-host 

disease by inducing activation-induced cell death of donor CD4+ T cells. 

Blood, 105, 2206-2213. 

 

King, I.L. and Segal, B.M. (2005) Cutting Edge: IL-12 Induces CD4+CD25- T Cell 

Activation in the Presence of T Regulatory Cells. J. Immunol., 175, 641-645. 

 

Kishimoto, H. and Sprent, J. (1999) Several Different Cell Surface Molecules Control 

Negative Selection of Medullary Thymocytes. J. Exp. Med., 190, 65-74. 

 

Kobayashi, M., Fitz, L., Ryan, M., Hewick, R.M., Clark, S.C., Chan, S., Loudon, R., 

Sherman, F., Perussia, B. and Trinchieri, G. (1989) Identification and 

purification of natural killer cell stimulatory factor (NKSF), a cytokine with 

multiple biologic effects on human lymphocytes. J. Exp. Med., 170, 827-845. 

 

Konigshofer, Y. and Chien, Y.-h. (2006) [gamma][delta] T cells -- innate immune 

lymphocytes? Curr. Opin. Immunol., 18, 527-533. 

 

Krangel, M.S. (2009) Mechanics of T cell receptor gene rearrangement. Curr. Opin. 

Immunol., 21, 133-139. 

 

Krebs, P., Barnes, M.J., Lampe, K., Whitley, K., Bahjat, K.S., Beutler, B., Janssen, E. 

and Hoebe, K. (2009) NK cell-mediated killing of target cells triggers robust 

antigen-specific T cell-mediated and humoral responses. Blood, 113, 6593-

6602. 



 262 

 

Kubota, T., Niwa, R., Satoh, M., Akinaga, S., Shitara, K. and Hanai, N. (2009) 

Engineered therapeutic antibodies with improved effector functions. Cancer 

Sci., 100, 1566-1572. 

 

Kwon, B.S., Hurtado, J.C., Lee, Z.H., Kwack, K.B., Seo, S.K., Choi, B.K., Koller, 

B.H., Wolisi, G., Broxmeyer, H.E. and Vinay, D.S. (2002) Immune Responses 

in 4-1BB (CD137)-Deficient Mice. J. Immunol., 168, 5483-5490. 

 

Lamm, D.L., Blumenstein, B.A., Crissman, J.D., Montie, J.E., Gottesman, J.E., Lowe, 

B.A., Sarosdy, M.F., Bohl, R.D., Grossman, H.B., Beck, T.M., Leimert, J.T. 

and Crawford, E.D. (2000) Maintenance Bacillus Calmette-Guerin 

Immunotherapy For Recurrent Ta, T1 And Carcinoma In Situ Transitional 

Cell Carcinoma Of The Bladder: A Randomized Southwest Oncology Group 

Study. The Journal of urology, 163, 1124-1129. 

 

Lanier, L.L. (2008) Up on the tightrope: natural killer cell activation and inhibition. 

Nat Immunol, 9, 495-502. 

 

Lathrop, S.K., Huddleston, C.A., Dullforce, P.A., Montfort, M.J., Weinberg, A.D. and 

Parker, D.C. (2004) A Signal through OX40 (CD134) Allows Anergic, 

Autoreactive T Cells to Acquire Effector Cell Functions. J. Immunol., 172, 

6735-6743. 

 

Lazzeri, E. and Romagnani, P. (2005) CXCR3-binding Chemokines: Novel 

Multifunctional Therapeutic Targets. Current Drug Targets - Immune, 

Endocrine & Metabolic Disorders, 5, 109-118. 

 

Lee, P.-K., Chang, C.-J. and Lin, C.-M. (2003) Lipopolysaccharide preferentially 

induces 4-1BB ligand expression on human monocyte-derived dendritic cells. 

Immunol. Lett., 90, 215-221. 

 

Lee, S.-W., Park, Y., Song, A., Cheroutre, H., Kwon, B.S. and Croft, M. (2006) 

Functional Dichotomy between OX40 and 4-1BB in Modulating Effector CD8 

T Cell Responses. J. Immunol., 177, 4464-4472. 

 

Lee, S.-W., Vella, A.T., Kwon, B.S. and Croft, M. (2005) Enhanced CD4 T Cell 

Responsiveness in the Absence of 4-1BB. J. Immunol., 174, 6803-6808. 

 

Lee, Y.K., Turner, H., Maynard, C.L., Oliver, J.R., Chen, D., Elson, C.O. and 

Weaver, C.T. (2009) Late Developmental Plasticity in the T Helper 17 

Lineage. Immunity, 30, 92-107. 

 

LeMaistre, C.F., Meneghetti, C., Rosenblum, M., Reuben, J., Parker, K., Shaw, J., 

Deisseroth, A., Woodworth, T. and Parkinson, D.R. (1992) Phase I trial of an 

interleukin-2 (IL-2) fusion toxin (DAB486IL-2) in hematologic malignancies 

expressing the IL-2 receptor. Blood, 79, 2547-2554. 

 

Lenschow, D.J., Ho, S.C., Sattar, H., Rhee, L., Gray, G., Nabavi, N., Herold, K.C. and 

Bluestone, J.A. (1995) Differential effects of anti-B7-1 and anti-B7-2 



 263 

monoclonal antibody treatment on the development of diabetes in the 

nonobese diabetic mouse. J. Exp. Med., 181, 1145-1155. 

 

Lenschow, D.J., Su, G.H., Zuckerman, L.A., Nabavi, N., Jellis, C.L., Gray, G.S., 

Miller, J. and Bluestone, J.A. (1993) Expression and functional significance of 

an additional ligand for CTLA-4. Proc. Nat. Acad. Sci. USA, 90, 11054-

11058. 

 

Levings, M.K., Gregori, S., Tresoldi, E., Cazzaniga, S., Bonini, C. and Roncarolo, 

M.G. (2005) Differentiation of Tr1 cells by immature dendritic cells requires 

IL-10 but not CD25+CD4+ Tr cells. Blood, 105, 1162-1169. 

 

Li, M.O., Wan, Y.Y., Sanjabi, S., Robertson, A.-K.L. and Flavell, R.A. (2006) 

Transforming Growth Factor-I Regulation Of Immune Responses. Annu. Rev. 

Immunol. , 24, 99-146. 

 

Lim, H.W., Hillsamer, P., Banham, A.H. and Kim, C.H. (2005) Cutting Edge: Direct 

Suppression of B Cells by CD4+CD25+ Regulatory T Cells. J. Immunol., 175, 

4180-4183. 

 

Lin, W., Voskens, C.J., Zhang, X., Schindler, D.G., Wood, A., Burch, E., Wei, Y., 

Chen, L., Tian, G., Tamada, K., Wang, L.-X., Schulze, D.H., Mann, D. and 

Strome, S.E. (2008) Fc-dependent expression of CD137 on human NK cells: 

insights into "agonistic" effects of anti-CD137 monoclonal antibodies. Blood, 

112, 699-707. 

 

Lippert, U., Zachmann, K., Ferrari, D.M., Schwarz, H., Brunner, E., Mahbub-ul Latif, 

A.H.M., Neumann, C. and Soruri, A. (2008) CD137 ligand reverse signaling 

has multiple functions in human dendritic cells during an adaptive immune 

response. Eur. J. Immunol., 38, 1024-1032. 

 

Lister, J., Rybka, W.B., Donnenberg, A.D., deMagalhaes-Silverman, M., Pincus, 

S.M., Bloom, E.J., Elder, E.M., Ball, E.D. and Whiteside, T.L. (1995) 

Autologous peripheral blood stem cell transplantation and adoptive 

immunotherapy with activated natural killer cells in the immediate 

posttransplant period. Clin. Cancer Res., 1, 607-614. 

 

Litman, G.W., Cannon, J.P. and Dishaw, L.J. (2005) Reconstructing immune 

phylogeny: new perspectives. Nat Rev Immunol, 5, 866-879. 

 

Liu, W., Putnam, A.L., Xu-yu, Z., Szot, G.L., Lee, M.R., Zhu, S., Gottlieb, P.A., 

Kapranov, P., Gingeras, T.R., de St. Groth, B.F., Clayberger, C., Soper, D.M., 

Ziegler, S.F. and Bluestone, J.A. (2006) CD127 expression inversely 

correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J. 

Exp. Med., 203, 1701-1711. 

 

Locksley, R.M. (2009) Nine lives: plasticity among T helper cell subsets. J. Exp. 

Med., 206, 1643-1646. 

 



 264 

Lohr, J., Knoechel, B., Kahn, E.C. and Abbas, A.K. (2004) Role of B7 in T Cell 

Tolerance. J. Immunol., 173, 5028-5035. 

 

Loza, M.J., Metelitsa, L.S. and Perussia, B. (2002) NKT and T cells: coordinate 

regulation of NK-like phenotype and cytokine production. Eur. J. Immunol., 

32, 3453-3462. 

 

Loza, M.J. and Perussia, B. (2004) The IL-12 Signature: NK Cell Terminal 

CD56+high Stage and Effector Functions. J. Immunol., 172, 88-96. 

 

MacLean, G.D., Miles, D.W., Rubens, R.D., Reddish, M.A. and Longenecker, B.M. 

(1996) Enhancing the Effect of THERATOPE STn-KLH Cancer Vaccine in 

Patients with Metastatic Breast Cancer by Pretreatment with Low-Dose 

Intravenous Cyclophosphamide. J. Immunother., 19, 309-316. 

 

Mahnke, K., Schönfeld, K., Fondel, S., Ring, S., Karakhanova, S., Wiedemeyer, K., 

Bedke, T., Johnson, T.S., Storn, V., Schallenberg, S. and Enk, A.H. (2007) 

Depletion of CD4+CD25+ human regulatory T cells in vivo: Kinetics of Treg 

depletion and alterations in immune functions in vivo and in vitro. Int. J. 

Cancer, 120, 2723-2733. 

 

Mahvi, D.M., Henry, M.B., Albertini, M.R., Weber, S., Meredith, K., Schalch, H., 

Rakhmilevich, A., Hank, J. and Sondel, P. (2007) Intratumoral injection of IL-

12 plasmid DNA - results of a phase I//IB clinical trial. Cancer Gene Ther, 14, 

717-723. 

 

Mailliard, R.B., Alber, S.M., Shen, H., Watkins, S.C., Kirkwood, J.M., Herberman, 

R.B. and Kalinski, P. (2005) IL-18-induced CD83+CCR7+ NK helper cells. J. 

Exp. Med., 202, 941-953. 

 

Mailliard, R.B., Son, Y.-I., Redlinger, R., Coates, P.T., Giermasz, A., Morel, P.A., 

Storkus, W.J. and Kalinski, P. (2003) Dendritic Cells Mediate NK Cell Help 

for Th1 and CTL Responses: Two-Signal Requirement for the Induction of 

NK Cell Helper Function. J. Immunol., 171, 2366-2373. 

 

Maini, M.K., Gudgeon, N., Wedderburn, L.R., Rickinson, A.B. and Beverley, P.C.L. 

(2000) Clonal Expansions in Acute EBV Infection Are Detectable in the CD8 

and not the CD4 Subset and Persist with a Variable CD45 Phenotype. J. 

Immunol., 165, 5729-5737. 

 

Marcenaro, E., Chiesa, M.D., Bellora, F., Parolini, S., Millo, R., Moretta, L. and 

Moretta, A. (2005) IL-12 or IL-4 Prime Human NK Cells to Mediate 

Functionally Divergent Interactions with Dendritic Cells or Tumors. J. 

Immunol., 174, 3992-3998. 

 

Marcenaro, E., Dondero, A. and Moretta, A. (2006) Multi-directional cross-regulation 

of NK cell function during innate immune responses. Transpl. Immunol., 17, 

16-19. 

 



 265 

Marco, C. (2008) NK cells: New issues and challenges. Eur. J. Immunol., 38, 2927-

2929. 

 

Marshall, J.L., Gulley, J.L., Arlen, P.M., Beetham, P.K., Tsang, K.-Y., Slack, R., 

Hodge, J.W., Doren, S., Grosenbach, D.W., Hwang, J., Fox, E., Odogwu, L., 

Park, S., Panicali, D. and Schlom, J. (2005) Phase I Study of Sequential 

Vaccinations With Fowlpox-CEA(6D)-TRICOM Alone and Sequentially With 

Vaccinia-CEA(6D)-TRICOM, With and Without Granulocyte-Macrophage 

Colony-Stimulating Factor, in Patients With Carcinoembryonic Antigen-

Expressing Carcinomas. J Clin Oncol, 23, 720-731. 

 

Martinet, O., Ermekova, V., Qiao, J.Q., Sauter, B., Mandeli, J., Chen, L. and Chen, 

S.-H. (2000) Immunomodulatory Gene Therapy With Interleukin 12 and 4-

1BB Ligand: Long- Term Remission of Liver Metastases in a Mouse Model. 

J. Natl. Cancer Inst., 92, 931-936. 

 

Marzo, A.L., Yagita, H. and Lefrancois, L. (2007) Cutting Edge: Migration to 

Nonlymphoid Tissues Results in Functional Conversion of Central to Effector 

Memory CD8 T Cells. J. Immunol., 179, 36-40. 

 

Mathis, D. and Benoist, C. (2004) Back to Central Tolerance. Immunity, 20, 509-516. 

 

Melero, I., Hervas-Stubbs, S., Glennie, M., Pardoll, D.M. and Chen, L. (2007) 

Immunostimulatory monoclonal antibodies for cancer therapy. Nat Rev 

Cancer, 7, 95-106. 

 

Menard, C., Blay, J.-Y., Borg, C., Michiels, S., Ghiringhelli, F., Robert, C., Nonn, C., 

Chaput, N., Taieb, J., Delahaye, N.F., Flament, C., Emile, J.-F., Le Cesne, A. 

and Zitvogel, L. (2009) Natural Killer Cell IFN-γ Levels Predict Long-term 

Survival with Imatinib Mesylate Therapy in Gastrointestinal Stromal Tumor-

Bearing Patients. Cancer Res., 69, 3563-3569. 

 

Miller, J.S., Soignier, Y., Panoskaltsis-Mortari, A., McNearney, S.A., Yun, G.H., 

Fautsch, S.K., McKenna, D., Le, C., Defor, T.E., Burns, L.J., Orchard, P.J., 

Blazar, B.R., Wagner, J.E., Slungaard, A., Weisdorf, D.J., Okazaki, I.J. and 

McGlave, P.B. (2005) Successful adoptive transfer and in vivo expansion of 

human haploidentical NK cells in patients with cancer. Blood, 105, 3051-

3057. 

 

Mittnacht, S. (1998) Control of pRB phosphorylation. Curr. Opin. Genet. Dev., 8, 21-

27. 

 

Morales, A., Eidinger, D. and Bruce, A.W. (1976) Intracavitary bacillus calmette-

guerin in the treatment of superficial bladder tumors. The Journal of urology, 

116, 180-183. 

 

Morandi, B., Bougras, G., Muller, W.A., Ferlazzo, G. and Münz, C. (2006) NK cells 

of human secondary lymphoid tissues enhance T cell polarization via IFN-γ 

secretion. Eur. J. Immunol., 36, 2394-2400. 

 



 266 

Moretta, A., Biassoni, R., Bottino, C., Mingari, M.C. and Moretta, L. (2000) Natural 

cytotoxicity receptors that trigger human NK-cell-mediated cytolysis. 

Immunol. Today, 21, 228-234. 

 

Morgan, R.A., Dudley, M.E., Wunderlich, J.R., Hughes, M.S., Yang, J.C., Sherry, 

R.M., Royal, R.E., Topalian, S.L., Kammula, U.S., Restifo, N.P., Zheng, Z., 

Nahvi, A., de Vries, C.R., Rogers-Freezer, L.J., Mavroukakis, S.A. and 

Rosenberg, S.A. (2006) Cancer Regression in Patients After Transfer of 

Genetically Engineered Lymphocytes. Science, 314, 126-129. 

 

Morse, M.A., Hobeika, A.C., Osada, T., Serra, D., Niedzwiecki, D., Lyerly, H.K. and 

Clay, T.M. (2008) Depletion of human regulatory T cells specifically 

enhances antigen-specific immune responses to cancer vaccines. Blood, 112, 

610-618. 

 

Mullen, A.C., High, F.A., Hutchins, A.S., Lee, H.W., Villarino, A.V., Livingston, 

D.M., Kung, A.L., Cereb, N., Yao, T.-P., Yang, S.Y. and Reiner, S.L. (2001) 

Role of T-bet in Commitment of TH1 Cells Before IL-12-Dependent 

Selection. Science, 292, 1907-1910. 

 

Murphy, E., Shibuya, K., Hosken, N., Openshaw, P., Maino, V., Davis, K., Murphy, 

K. and O'Garra, A. (1996) Reversibility of T helper 1 and 2 populations is lost 

after long-term stimulation. J. Exp. Med., 183, 901-913. 

 

Muul, L.M., Spiess, P.J., Director, E.P. and Rosenberg, S.A. (1987) Identification of 

specific cytolytic immune responses against autologous tumor in humans 

bearing malignant melanoma. J. Immunol., 138, 989-995. 

 

Naito, Y., Saito, K., Shiiba, K., Ohuchi, A., Saigenji, K., Nagura, H. and Ohtani, H. 

(1998) CD8+ T Cells Infiltrated within Cancer Cell Nests as a Prognostic 

Factor in Human Colorectal Cancer. Cancer Res., 58, 3491-3494. 

 

Nakachi, K., Hayashi, T., Imai, K. and Kusunoki, Y. (2004) Perspectives on cancer 

immuno-epidemiology. Cancer Sci., 95, 921-929. 

 

Narayan, K. and Kang, J. (2007) Molecular events that regulate [alpha][beta] versus 

[gamma][delta] T cell lineage commitment: old suspects, new players and 

different game plans. Curr. Opin. Immunol., 19, 169-175. 

 

Nishioka, Y., Nishimura, N., Suzuki, Y. and Sone, S. (2001) Human monocyte-

derived and CD83+ blood dendritic cells enhance NK cell-mediated 

cytotoxicity. Eur. J. Immunol., 31, 2633-2641. 

 

Nizar, S., Copier, J., Meyer, B., Bodman-Smith, M., Galustian, C., Kumar, D. and 

Dalgleish, A. (2009) T-regulatory cell modulation: the future of cancer 

immunotherapy[quest]. Br J Cancer, 100, 1697-1703. 

Noble, A., Giorgini, A. and Leggat, J.A. (2006) Cytokine-induced IL-10-secreting 

CD8 T cells represent a phenotypically distinct suppressor T-cell lineage. 

Blood, 107, 4475-4483. 

 



 267 

North, R.J. (1982) Cyclophosphamide-facilitated adoptive immunotherapy of an 

established tumor depends on elimination of tumor-induced suppressor T cells. 

J. Exp. Med., 155, 1063-1074. 

 

Obar, J.J. and Lefrançois, L. (2009) Memory CD8
+
 T cell differentiation. Ann. N Y 

Acad. Sci., 1183, 251-266. 

 

O'Shea, J.J. and Paul, W.E. (2010) Mechanisms Underlying Lineage Commitment 

and Plasticity of Helper CD4+ T Cells. Science, 327, 1098-1102. 

 

O'Sullivan, B.J., Thomas, H.E., Pai, S., Santamaria, P., Iwakura, Y., Steptoe, R.J., 

Kay, T.W.H. and Thomas, R. (2006) IL-1beta Breaks Tolerance through 

Expansion of CD25+ Effector T Cells. J. Immunol., 176, 7278-7287. 

 

Offringa, R. (2009) Antigen choice in adoptive T-cell therapy of cancer. Curr. Opin. 

Immunol., 21, 190-199. 

 

Onion, D., Crompton, L.J., Milligan, D.W., Moss, P.A.H., Lee, S.P., Mautner, V. 

(2007) The CD4+ T-cell response to adenovirus is focused against conserved 

residues within the hexon protein. J Gen Virol 88(9): 2417-2425. 

 

Onion, D., Patel, P., Pineda, R.G., James, N. and Mautner, V. (2009) Antivector and 

Tumor Immune Responses Following Adenovirus-Directed Enzyme Prodrug 

Therapy for the Treatment of Prostate Cancer. Hum. Gene. Ther., 20, 1-10. 

 

Ormandy, L.A., Hillemann, T., Wedemeyer, H., Manns, M.P., Greten, T.F. and 

Korangy, F. (2005) Increased Populations of Regulatory T Cells in Peripheral 

Blood of Patients with Hepatocellular Carcinoma. Cancer Res., 65, 2457-

2464. 

 

Palmer, D.H., El-Metwali, T., Milner, A.E., Hodgkin, E. and Young, L.S. (2007) 

CD40 ligand gene therapy directly induces apoptosis in carcinomas. J Clin 

Oncol 25, 14082-. 

 

Palmer, E. (2003) Negative selection [mdash] clearing out the bad apples from the T-

cell repertoire. Nat Rev Immunol, 3, 383-391. 

 

Palucka, A.K., Hideki, U., Joseph, W.F. and Jacques, B. (2007) Taming cancer by 

inducing immunity via dendritic cells. Immunol. Rev., 220, 129-150. 

 

Palucka, K., Ueno, H., Fay, J. and Banchereau, J. (2009) Harnessing Dendritic Cells 

to Generate Cancer Vaccines. Ann. N Y Acad. Sci., 1174, 88-98. 

 

Parton, M., Gore, M. and Eisen, T. (2006) Role of Cytokine Therapy in 2006 and 

Beyond for Metastatic Renal Cell Cancer. J Clin Oncol, 24, 5584-5592. 

 

Pasare, C. and Medzhitov, R. (2003) Toll Pathway-Dependent Blockade of 

CD4+CD25+ T Cell-Mediated Suppression by Dendritic Cells. Science, 299, 

1033-1036. 

 



 268 

Patard, J.J., Saint, F., Velotti, F., Abbou, C.C. and Chopin, D.K. (1998) Immune 

response following intravesical bacillus Calmette-Guerin instillations in 

superficial bladder cancer: a review. Urol. Res., 26, 155-159. 

 

Pearson, S., Jia, H. and Kandachi, K. (2004) China approves first gene therapy. Nat 

Biotech, 22, 3-4. 

 

Peggs, K.S. and Allison, J.P. (2005) Co-stimulatory pathways in lymphocyte 

regulation: the immunoglobulin superfamily. Br J Haematol., 130, 809-824. 

 

Petersen, R.P., Campa, M.J., Sperlazza, J., Conlon, D., Joshi, M.-B., David H. 

Harpole, J. and Edward F. Patz, J. (2006) Tumor infiltrating Foxp3+ 

regulatory T-cells are associated with recurrence in pathologic stage I NSCLC 

patients. Cancer, 107, 2866-2872. 

 

Phan, G.Q., Yang, J.C., Sherry, R.M., Hwu, P., Topalian, S.L., Schwartzentruber, 

D.J., Restifo, N.P., Haworth, L.R., Seipp, C.A., Freezer, L.J., Morton, K.E., 

Mavroukakis, S.A., Duray, P.H., Steinberg, S.M., Allison, J.P., Davis, T.A. 

and Rosenberg, S.A. (2003) Cancer regression and autoimmunity induced by 

cytotoxic T lymphocyte-associated antigen 4 blockade in patients with 

metastatic melanoma. Proc. Nat. Acad. Sci. USA, 100, 8372-8377. 

 

Piccioli, D., Sbrana, S., Melandri, E. and Valiante, N.M. (2002) Contact-dependent 

Stimulation and Inhibition of Dendritic Cells by Natural Killer Cells. J. Exp. 

Med., 195, 335-341. 

 

Piccirillo, C.A. and Shevach, E.M. (2001) Cutting Edge: Control of CD8+ T Cell 

Activation by CD4+CD25+ Immunoregulatory Cells. J. Immunol., 167, 1137-

1140. 

Piras, F., Colombari, R., Minerba, L., Murtas, D., Floris, C., Maxia, C., Corbu, A., 

Perra, T.M. and Sirigu, P. (2005) The predictive value of CD8, CD4, CD68, 

and human leukocyte antigen-D-related cells in the prognosis of cutaneous 

malignant melanoma with vertical growth phase. Cancer, 104, 1246-1254. 

 

Pollok, K.E., Kim, Y.J., Zhou, Z., Hurtado, J., Kim, K.K., Pickard, R.T. and Kwon, 

B.S. (1993) Inducible T cell antigen 4-1BB. Analysis of expression and 

function. J. Immunol., 150, 771-781. 

 

Presky, D.H., Yang, H., Minetti, L.J., Chua, A.O., Nabavi, N., Wu, C.-Y., Gately, 

M.K. and Gubler, U. (1996) A functional interleukin 12 receptor complex is 

composed of two Î²-type cytokine receptorâ€‰subunits. Proc. Nat. Acad. Sci. 

USA, 93, 14002-14007. 

 

Prlic, M., Williams, M.A. and Bevan, M.J. (2007) Requirements for CD8 T-cell 

priming, memory generation and maintenance. Curr. Opin. Immunol., 19, 315-

319. 

Qin, S., Rottman, J.B., Myers, P., Kassam, N., Weinblatt, M., Loetscher, M., Koch, 

A.E., Moser, B. and Mackay, C.R. (1998) The chemokine receptors CXCR3 

and CCR5 mark subsets of T cells associated with certain inflammatory 

reactions. The Journal of Clinical Investigation, 101, 746-754. 



 269 

 

Rakhmilevich, A.L., Timmins, J.G., Janssen, K., Pohlmann, E.L., Sheehy, M.J. and 

Yang, N.-S. (1999) Gene Gun-Mediated IL-12 Gene Therapy Induces 

Antitumor Effects in the Absence of Toxicity: A Direct Comparison With 

Systemic IL-12 Protein Therapy. J. Immunother., 22, 135-144. 

 

Raulet, D.H. and Vance, R.E. (2006) Self-tolerance of natural killer cells. Nat Rev 

Immunol, 6, 520-531. 

 

Read, S., Greenwald, R., Izcue, A., Robinson, N., Mandelbrot, D., Francisco, L., 

Sharpe, A.H. and Powrie, F. (2006) Blockade of CTLA-4 on CD4+CD25+ 

Regulatory T Cells Abrogates Their Function In Vivo. J. Immunol., 177, 4376-

4383. 

 

Redmond, W.L. and Sherman, L.A. (2005) Peripheral Tolerance of CD8 T 

Lymphocytes. Immunity, 22, 275-284. 

 

Reeves, D. and Liu, C. (2009) Treatment of metastatic renal cell carcinoma. Cancer 

Chemotherapy and Pharmacology, 64, 11-25. 

 

Reuben, J.M., Lee, B.-N., Li, C., Gomez-Navarro, J., Bozon, V.A., Parker, C.A., 

Hernandez, I.M., Gutierrez, C., Lopez-Berestein, G. and Camacho, L.H. 

(2006) Biologic and immunomodulatory events after CTLA-4 blockade with 

ticilimumab in patients with advanced malignant melanoma. Cancer, 106, 

2437-2444. 

 

Ribas, A., Camacho, L.H., Lopez-Berestein, G., Pavlov, D., Bulanhagui, C.A., 

Millham, R., Comin-Anduix, B., Reuben, J.M., Seja, E., Parker, C.A., Sharma, 

A., Glaspy, J.A. and Gomez-Navarro, J. (2005) Antitumor Activity in 

Melanoma and Anti-Self Responses in a Phase I Trial With the Anti-Cytotoxic 

T Lymphocyte-Associated Antigen 4 Monoclonal Antibody CP-675,206. J 

Clin Oncol, 23, 8968-8977. 

 

Rini, B.I. (2009) Metastatic Renal Cell Carcinoma: Many Treatment Options, One 

Patient. J Clin Oncol, 27, 3225-3234. 

 

Robbins, P.F., Dudley, M.E., Wunderlich, J., El-Gamil, M., Li, Y.F., Zhou, J., Huang, 

J., Powell, D.J., Jr. and Rosenberg, S.A. (2004) Cutting Edge: Persistence of 

Transferred Lymphocyte Clonotypes Correlates with Cancer Regression in 

Patients Receiving Cell Transfer Therapy. J. Immunol., 173, 7125-7130. 

 

Robertson, M.J., Soiffer, R.J., Wolf, S.F., Manley, T.J., Donahue, C., Young, D., 

Herrmann, S.H. and Ritz, J. (1992) Response of human natural killer (NK) 

cells to NK cell stimulatory factor (NKSF): cytolytic activity and proliferation 

of NK cells are differentially regulated by NKSF. J. Exp. Med., 175, 779-788. 

 

Rosenberg, S.A. (2001) Progress in human tumour immunology and immunotherapy. 

Nature, 411, 380-384. 

 



 270 

Rosenberg, S.A., Aebersold, P., Cornetta, K., Kasid, A., Morgan, R.A., Moen, R., 

Karson, E.M., Lotze, M.T., Yang, J.C., Topalian, S.L. and et al. (1990) Gene 

transfer into humans--immunotherapy of patients with advanced melanoma, 

using tumor-infiltrating lymphocytes modified by retroviral gene transduction. 

N. Engl. J. Med., 323, 570-578. 

 

Rosenberg, S.A. and Dudley, M.E. (2009) Adoptive cell therapy for the treatment of 

patients with metastatic melanoma. Curr. Opin. Immunol., 21, 233-240. 

 

Rosenberg, S.A., Lotze, M.T., Muul, L.M., Leitman, S., Chang, A.E., Ettinghausen, 

S.E., Matory, Y.L., Skibber, J.M., Shiloni, E., Vetto, J.T. and et al. (1985a) 

Observations on the systemic administration of autologous lymphokine-

activated killer cells and recombinant interleukin-2 to patients with metastatic 

cancer. N. Engl. J. Med., 313, 1485-1492. 

 

Rosenberg, S.A., Lotze, M.T., Yang, J.C., Topalian, S.L., Chang, A.E., 

Schwartzentruber, D.J., Aebersold, P., Leitman, S., Linehan, W.M., Seipp, 

C.A., White, D.E. and Steinberg, S.M. (1993) Prospective Randomized Trial 

of High-Dose Interleukin-2 Alone or in Conjunction With Lymphokine-

Activated Killer Cells for the Treatment of Patients With Advanced Cancer. J. 

Natl. Cancer Inst., 85, 622-632. 

 

Rosenberg, S.A., Mule, J.J., Spiess, P.J., Reichert, C.M. and Schwarz, S.L. (1985b) 

Regression of established pulmonary metastases and subcutaneous tumor 

mediated by the systemic administration of high-dose recombinant interleukin 

2. J. Exp. Med., 161, 1169-1188. 

 

Rosenberg, S.A., Spiess, P. and Lafreniere, R. (1986) A new approach to the adoptive 

immunotherapy of cancer with tumor-infiltrating lymphocytes. Science, 233, 

1318-1321. 

 

Rosenberg, S.A., Yang, J.C. and Restifo, N.P. (2004) Cancer immunotherapy: moving 

beyond current vaccines. Nat Med, 10, 909-915. 

 

Rosenberg, S.A., Yang, J.C., White, D.E. and Steinberg, S.M. (1998) Durability of 

Complete Responses in Patients With Metastatic Cancer Treated With High-

Dose Interleukin-2. Identification of the Antigens Mediating Response. Ann. 

Surg. , 228, , 307-319. 

 

Rowe, W.P., Huebner, R.J., Gilmore, L.K., Parrott, R.H., Ward, T.G. (1953) Isolation 

of a cytopathogenic agent from human adenoids undergoing spontaneous 

degeneration in tissue culture. Proc Soc Exp Biol Med., 84, 570-573. 

 

Rudd, C.E., Taylor, A. and Schneider, H. (2009) CD28 and CTLA-4 coreceptor 

expression and signal transduction. Immunol. Rev., 229, 12-26. 

 

Ruggeri, L., Capanni, M., Casucci, M., Volpi, I., Tosti, A., Perruccio, K., Urbani, E., 

Negrin, R.S., Martelli, M.F. and Velardi, A. (1999) Role of Natural Killer Cell 

Alloreactivity in HLA-Mismatched Hematopoietic Stem Cell Transplantation. 

Blood, 94, 333-339. 



 271 

 

Ruggeri, L., Capanni, M., Urbani, E., Perruccio, K., Shlomchik, W.D., Tosti, A., 

Posati, S., Rogaia, D., Frassoni, F., Aversa, F., Martelli, M.F. and Velardi, A. 

(2002) Effectiveness of Donor Natural Killer Cell Alloreactivity in 

Mismatched Hematopoietic Transplants. Science, 295, 2097-2100. 

 

Sacher, T., Knolle, P., Nichterlein, T., Arnold, B., Hämmerling, G.J. and Limmer, A. 

(2002) CpG-ODN-induced inflammation is sufficient to cause T-cell-mediated 

autoaggression against hepatocytes. Eur. J. Immunol., 32, 3628-3637. 

 

Sakaguchi, S. (2004) Naturally Arising CD4+ Regulatory T Cells for Immunologic 

Self-Tolerance and Negative Control of Immune Responses. Annu. Rev. 

Immunol., 22, 531-562. 

 

Sakaguchi, S., Fukuma, K., Kuribayashi, K. and Masuda, T. (1985) Organ-specific 

autoimmune diseases induced in mice by elimination of T cell subset. I. 

Evidence for the active participation of T cells in natural self-tolerance; deficit 

of a T cell subset as a possible cause of autoimmune disease. J. Exp. Med., 

161, 72-87. 

 

Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M. and Toda, M. (1995) Immunologic 

self-tolerance maintained by activated T cells expressing IL-2 receptor alpha-

chains (CD25). Breakdown of a single mechanism of self-tolerance causes 

various autoimmune diseases. J. Immunol., 155, 1151-1164. 

 

Sakurai, H., Kawabata, K., Sakurai, F., Nakagawa, S. and Mizuguchi, H. (2008) 

Innate immune response induced by gene delivery vectors. Int. J. Pharm., 354, 

9-15. 

 

Sato, E., Olson, S.H., Ahn, J., Bundy, B., Nishikawa, H., Qian, F., Jungbluth, A.A., 

Frosina, D., Gnjatic, S., Ambrosone, C., Kepner, J., Odunsi, T., Ritter, G., 

Lele, S., Chen, Y.-T., Ohtani, H., Old, L.J. and Odunsi, K. (2005) 

Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high 

CD8+/regulatory T cell ratio are associated with favorable prognosis in 

ovarian cancer. Proc. Nat. Acad. Sci. USA, 102, 18538-18543. 

 

Schabowsky, R-H., Elpek, K.G., Madireddi, S., Sharma, R.K., Yolcu, E.S., Bandura-

Morgan, L., Miller, R., MacLeod, K.J., Mittler, R.S., Shirwan, H. (2009) A 

novel form of 4-1BBL has better immunomodulatory activity than an agonistic 

anti-4-1BB Ab without Ab-associated severe toxicity. Vaccine 28(2): 512-522. 

 

Schatzle, J.D., Sheu, S., Stepp, S.E., Mathew, P.A., Bennett, M. and Kumar, V. 

(1999) Characterization of inhibitory and stimulatory forms of the murine 

natural killer cell receptor 2B4. Proc. Nat. Acad. Sci. USA, 96, 3870-3875. 

 

Schleypen, J.S., Baur, N., Kammerer, R., Nelson, P.J., Rohrmann, K., Grone, E.F., 

Hohenfellner, M., Haferkamp, A., Pohla, H., Schendel, D.J., Falk, C.S. and 

Noessner, E. (2006) Cytotoxic Markers and Frequency Predict Functional 

Capacity of Natural Killer Cells Infiltrating Renal Cell Carcinoma. Clin. 

Cancer Res., 12, 718-725. 



 272 

 

Schleypen, J.S., Geldern, M.v., Weiß, E.H., Kotzias, N., Rohrmann, K., Schendel, 

D.J., Falk, C.S. and Pohla, H. (2003) Renal cell carcinoma-infiltrating natural 

killer cells express differential repertoires of activating and inhibitory 

receptors and are inhibited by specific HLA class I allotypes. Int. J. Cancer, 

106, 905-912. 

 

Schmidt, C.S. and Mescher, M.F. (2002) Peptide Antigen Priming of Naive, But Not 

Memory, CD8 T Cells Requires a Third Signal That Can Be Provided by IL-

12. J. Immunol., 168, 5521-5529. 

 

Schroder, M., Meisel, C., Buhl, K., Profanter, N., Sievert, N., Volk, H.-D. and Grutz, 

G. (2003) Different Modes of IL-10 and TGF-{beta} to Inhibit Cytokine-

Dependent IFN-{gamma} Production: Consequences for Reversal of 

Lipopolysaccharide Desensitization. J Immunol, 170, 5260-5267. 

 

Seddiki, N., Santner-Nanan, B., Martinson, J., Zaunders, J., Sasson, S., Landay, A., 

Solomon, M., Selby, W., Alexander, S.I., Nanan, R., Kelleher, A. and de St. 

Groth, B.F. (2006) Expression of interleukin (IL)-2 and IL-7 receptors 

discriminates between human regulatory and activated T cells. J. Exp. Med., 

203, 1693-1700. 

 

Seder, R.A. and Ahmed, R. (2003) Similarities and differences in CD4+ and CD8+ 

effector and memory T cell generation. Nat Immunol, 4, 835-842. 

 

Shah, S.P., Morin, R.D., Khattra, J., Prentice, L., Pugh, T., Burleigh, A., Delaney, A., 

Gelmon, K., Guliany, R., Senz, J., Steidl, C., Holt, R.A., Jones, S., Sun, M., 

Leung, G., Moore, R., Severson, T., Taylor, G.A., Teschendorff, A.E., Tse, K., 

Turashvili, G., Varhol, R., Warren, R.L., Watson, P., Zhao, Y., Caldas, C., 

Huntsman, D., Hirst, M., Marra, M.A. and Aparicio, S. (2009) Mutational 

evolution in a lobular breast tumour profiled at single nucleotide resolution. 

Nature, 461, 809-813. 

 

Shankaran, V., Ikeda, H., Bruce, A.T., White, J.M., Swanson, P.E., Old, L.J. and 

Schreiber, R.D. (2001) IFN[gamma] and lymphocytes prevent primary tumour 

development and shape tumour immunogenicity. Nature, 410, 1107-1111. 

 

Shanker, A., Verdeil, G., Buferne, M., Inderberg-Suso, E.-M., Puthier, D., Joly, F., 

Nguyen, C., Leserman, L., Auphan-Anezin, N. and Schmitt-Verhulst, A.-M. 

(2007) CD8 T Cell Help for Innate Antitumor Immunity. J. Immunol., 179, 

6651-6662. 

 

Sharpe, A.H. and Freeman, G.J. (2002) The B7-CD28 superfamily. Nat Rev Immunol, 

2, 116-126. 

 

Sheil, A.G.R. (2001) Donor-derived malignancy in organ transplant recipients. 

Transplant. Proc., 33, 1827-1829. 

 

Shevach, E.M. (2006) From Vanilla to 28 Flavors: Multiple Varieties of T Regulatory 

Cells. Immunity, 25, 195-201. 



 273 

 

Shevach, E.M. (2009) Mechanisms of Foxp3+ T Regulatory Cell-Mediated 

Suppression. Immunity, 30, 636-645. 

 

Siegel, J.P. and Puri, R.K. (1991) Interleukin-2 toxicity. J Clin Oncol, 9, 694-704. 

 

Sivori, S., Falco, M., Chiesa, M.D., Carlomagno, S., Vitale, M., Moretta, L. and 

Moretta, A. (2004) CpG and double-stranded RNA trigger human NK cells by 

Toll-like receptors: Induction of cytokine release and cytotoxicity against 

tumors and dendritic cells. Proc. Nat. Acad. Sci. USA, 101, 10116-10121. 

 

Sjoblom, T., Jones, S., Wood, L.D., Parsons, D.W., Lin, J., Barber, T.D., Mandelker, 

D., Leary, R.J., Ptak, J., Silliman, N., Szabo, S., Buckhaults, P., Farrell, C., 

Meeh, P., Markowitz, S.D., Willis, J., Dawson, D., Willson, J.K.V., Gazdar, 

A.F., Hartigan, J., Wu, L., Liu, C., Parmigiani, G., Park, B.H., Bachman, K.E., 

Papadopoulos, N., Vogelstein, B., Kinzler, K.W. and Velculescu, V.E. (2006) 

The Consensus Coding Sequences of Human Breast and Colorectal Cancers. 

Science, 314, 268-274. 

 

Smith, K.A. (1988) Interleukin-2: inception, impact, and implications. Science, 240, 

1169-1176. 

 

Sparrow, R.L. and Tippett, E. (2005) Discrimination of live and early apoptotic 

mononuclear cells by the fluorescent SYTO 16 vital dye. Journal of 

Immunological Methods, 305, 173-187. 

 

Starnes, C.O. (1992) Coley's toxins in perspective. Nature, 357, 11-12. 

 

Street, S.E.A., Cretney, E. and Smyth, M.J. (2001) Perforin and interferon-{gamma} 

activities independently control tumor initiation, growth, and metastasis. 

Blood, 97, 192-197. 

 

Stein-Streilein, J. (2008) Immune regulation and the eye. Trends Immunol., 29, 548-

554. 

 

Stemberger, C., Huster, K.M., Koffler, M., Anderl, F., Schiemann, M., Wagner, H. 

and Busch, D.H. (2007) A Single Naive CD8+ T Cell Precursor Can Develop 

into Diverse Effector and Memory Subsets. Immunity, 27, 985-997. 

 

Stephan, M.T., Ponomarev, V., Brentjens, R.J., Chang, A.H., Dobrenkov, K.V., 

Heller, G., Sadelain, M. (2007) T cell-encoded CD80 and 4-1BBL induce 

auto- and transcostimulation, resulting in potent tumor rejection. Nat Med 

13(12): 1440-1449. 

 

Sun, J.C., Beilke, J.N., Lanier, L.L. (2009) Adaptive immune features of natural killer 

cells. Nature 457(7229): 557-561. 

 

Sun, Y., Jurgovsky, K., Möller, P., Alijagic, S., Dorbic, T., Georgieva, J., Wittig, B. 

and Schadendorf, D. (1998) Vaccination with IL-12 gene-modified autologous 



 274 

melanoma cells: preclinical results and a first clinical phase I study. Gene 

Ther., 5, 481-490. 

 

Sun, Y., Lin, X., Chen, H.M., Wu, Q., Subudhi, S.K., Chen, L. and Fu, Y.-X. (2002) 

Administration of Agonistic Anti-4-1BB Monoclonal Antibody Leads to the 

Amelioration of Experimental Autoimmune Encephalomyelitis. J. Immunol., 

168, 1457-1465. 

 

Suttmann, H., Jacobsen, M., Reiss, K., Jocham, D., BÃ–Hle, A. and Brandau, S. 

(2004) Mechanisms Of Bacillus Calmette-Guerin Mediated Natural Killer Cell 

Activation. The Journal of urology, 172, 1490-1495. 

 

Szabo, S.J., Dighe, A.S., Gubler, U. and Murphy, K.M. (1997) Regulation of the 

Interleukin (IL)-12R {beta}2 Subunit Expression in Developing T Helper 1 

(Th1) and Th2 Cells. J. Exp. Med., 185, 817-824. 

Szabo, S.J., Jacobson, N.G., Dighe, A.S., Gubler, U. and Murphy, K.M. (1995) 

Developmental commitment to the Th2 lineage by extinction of IL-12 

signaling. Immunity, 2, 665-675. 

 

Sznol, M., Hodi, F.S., Margolin, K., McDermott, D.F., Ernstoff, M.S., Kirkwood, 

J.M., Wojtaszek, C., Feltquate, D. and Logan, T. (2008) Phase I study of 

BMS-663513, a fully human anti-CD137 agonist monoclonal antibody, in 

patients (pts) with advanced cancer (CA). J Clin Oncol, 26, 3007-. 

 

Takahashi, C., Mittler, R.S. and Vella, A.T. (1999) Cutting Edge: 4-1BB Is a Bona 

Fide CD8 T Cell Survival Signal. J. Immunol., 162, 5037-5040. 

 

Taketomi, A., Shimada, M., Shirabe, K., Kajiyama, K., Gion, T. and Sugimachi, K. 

(1998) Natural killer cell activity in patients with hepatocellular carcinoma. 

Cancer, 83, 58-63. 

 

Takeuchi, H., Maehara, Y., Tokunaga, E., Koga, T., Kakeji, Y. and Sugimachi, K. 

(2001) Prognostic significance of natural killer cell activity in patients with 

gastric carcinoma: a multivariate analysis. Am J Gastroenterol, 96, 574-578. 

 

Tang, Q., Boden, E.K., Henriksen, Kammi J., Bour-Jordan, H., Bi, M. and Bluestone, 

J.A. (2004) Distinct roles of CTLA-4 and TGF-β; in CD4+CD25+ regulatory 

T cell function. Eur. J. Immunol., 34, 2996-3005. 

 

Tomasec, P., Wang, E.C.Y., Groh, V., Spies, T., McSharry, B.P., Aicheler, R.J., 

Stanton, R.J. and Wilkinson, G.W.G. (2007) Adenovirus vector delivery 

stimulates natural killer cell recognition. j. Gen. Virol., 88, 1103-1108. 

 

Treon, S.P., Hansen, M., Branagan, A.R., Verselis, S., Emmanouilides, C., Kimby, E., 

Frankel, S.R., Touroutoglou, N., Turnbull, B., Anderson, K.C., Maloney, D.G. 

and Fox, E.A. (2005) Polymorphisms in Fc{gamma}RIIIA (CD16) Receptor 

Expression Are Associated With Clinical Response to Rituximab in 

Waldenstrom's Macroglobulinemia. J Clin Oncol, 23, 474-481. 

 



 275 

Trinchieri, G. (2003) Interleukin-12 and the regulation of innate resistance and 

adaptive immunity. Nat Rev Immunol, 3, 133-146. 

 

Triozzi, P.L., Allen, K.O., Carlisle, R.R., Craig, M., LoBuglio, A.F. and Conry, R.M. 

(2005) Phase I Study of the Intratumoral Administration of Recombinant 

Canarypox Viruses Expressing B7.1 and Interleukin 12 in Patients with 

Metastatic Melanoma. Clin. Cancer Res., 11, 4168-4175. 

 

Ueda, H., Howson, J.M.M., Esposito, L., Heward, J., Snook, Chamberlain, G., 

Rainbow, D.B., Hunter, K.M.D., Smith, A.N., Di Genova, G., Herr, M.H., 

Dahlman, I., Payne, F., Smyth, D., Lowe, C., Twells, R.C.J., Howlett, S., 

Healy, B., Nutland, S., Rance, H.E., Everett, V., Smink, L.J., Lam, A.C., 

Cordell, H.J., Walker, N.M., Bordin, C., Hulme, J., Motzo, C., Cucca, F., 

Hess, J.F., Metzker, M.L., Rogers, J., Gregory, S., Allahabadia, A., 

Nithiyananthan, R., Tuomilehto-Wolf, E., Tuomilehto, J., Bingley, P., 

Gillespie, K.M., Undlien, D.E., Ronningen, K.S., Guja, C., Ionescu-Tirgoviste, 

C., Savage, D.A., Maxwell, A.P., Carson, D.J., Patterson, C.C., Franklyn, J.A., 

Clayton, D.G., Peterson, L.B., Wicker, L.S., Todd, J.A. and Gough, S.C.L. 

(2003) Association of the T-cell regulatory gene CTLA4 with susceptibility to 

autoimmune disease. Nature, 423, 506-511. 

 

Ugel, S., Zoso, A., De Santo, C., Li, Y., Marigo, I., Zanovello, P., Scarselli, E., 

Cipriani, B., Oelke, M., Schneck, J.P., Bronte, V. (2009) In vivo 

Administration of Artificial Antigen-Presenting Cells Activates Low-Avidity 

T Cells for Treatment of Cancer. Cancer Res 69(24): 9376-9384. 

 

Valzasina, B., Guiducci, C., Dislich, H., Killeen, N., Weinberg, A.D. and Colombo, 

M.P. (2005) Triggering of OX40 (CD134) on CD4+CD25+ T cells blocks 

their inhibitory activity: a novel regulatory role for OX40 and its comparison 

with GITR. Blood, 105, 2845-2851. 

 

van Elsas, A., Hurwitz, A.A. and Allison, J.P. (1999) Combination Immunotherapy of 

B16 Melanoma Using Anti-Cytotoxic T Lymphocyte-Associated Antigen 4 

(Ctla-4) and Granulocyte/Macrophage Colony-Stimulating Factor (Gm-Csf)-

Producing Vaccines Induces Rejection of Subcutaneous and Metastatic 

Tumors Accompanied by Autoimmune Depigmentation. J. Exp. Med., 190, 

355-366. 

 

Varchetta, S., Gibelli, N., Oliviero, B., Nardini, E., Gennari, R., Gatti, G., Silva, L.S., 

Villani, L., Tagliabue, E., Menard, S., Costa, A. and Fagnoni, F.F. (2007) 

Elements Related to Heterogeneity of Antibody-Dependent Cell Cytotoxicity 

in Patients Under Trastuzumab Therapy for Primary Operable Breast Cancer 

Overexpressing Her2. Cancer Res., 67, 11991-11999. 

 

Veillette, A. (2006) NK cell regulation by SLAM family receptors and SAP-related 

adapters. Immunol. Rev., 214, 22-34. 

 

Vinay, D.S., Choi, B.K., Bae, J.S., Kim, W.Y., Gebhardt, B.M. and Kwon, B.S. 

(2004) CD137-Deficient Mice Have Reduced NK/NKT Cell Numbers and 



 276 

Function, Are Resistant to Lipopolysaccharide-Induced Shock Syndromes, 

and Have Lower IL-4 Responses. J. Immunol., 173, 4218-4229. 

 

Vitale, M., Chiesa, Mariella D., Carlomagno, S., Romagnani, C., Thiel, A., Moretta, 

L. and Moretta, A. (2004) The small subset of CD56brightCD16- natural killer 

cells is selectively responsible for both cell proliferation and interferon-&ggr; 

production upon interaction with dendritic cells. Eur. J. Immunol., 34, 1715-

1722. 

 

Vossen, M.T.M., Matmati, M., Hertoghs, K.M.L., Baars, P.A., Gent, M.-R., Leclercq, 

G., Hamann, J., Kuijpers, T.W. and van Lier, R.A.W. (2008) CD27 Defines 

Phenotypically and Functionally Different Human NK Cell Subsets. J. 

Immunol., 180, 3739-3745. 

 

Waldhauer, I. and Steinle, A. (2008) NK cells and cancer immunosurveillance. 

Oncogene, 27, 5932-5943. 

 

Walker, L.S.K. and Abbas, A.K. (2002) The enemy within: keeping self-reactive T 

cells at bay in the periphery. Nat Rev Immunol, 2, 11-19. 

 

Walker, L.S.K., Gulbranson-Judge, A., Flynn, S., Brocker, T., Raykundalia, C., 

Goodall, M., Forster, R., Lipp, M. and Lane, P. (1999) Compromised Ox40 

Function in Cd28-Deficient Mice Is Linked with Failure to Develop Cxc 

Chemokine Receptor 5-Positive Cd4 Cells and Germinal Centers. J. Exp. 

Med., 190, 1115-1122. 

 

Waller, E.C.P., McKinney, N., Hicks, R., Carmichael, A.J., Sissons, J.G.P., Wills, 

M.R. (2007) Differential costimulation through CD137 (4 1BB) restores 

proliferation of human virus-specific "effector memory" (CD28 CD45RAHI) 

CD8+ T cells. Blood 110(13): 4360-4366. 

 

Wang, C., Lin, G.H.Y., McPherson, A.J. and Watts, T.H. (2009) Immune regulation 

by 4-1BB and 4-1BBL: complexities and challenges. Immunol. Rev., 229, 192-

215. 

 

Wang, H.Y. and Wang, R.-F. (2007) Regulatory T cells and cancer. Curr. Opin. 

Immunol., 19, 217-223. 

 

Watts, T.H. (2005) TNF/TNFR Family Members In Costimulation Of T Cell 

Responses. Annu. Rev. Immunol., 23, 23-68. 

 

Weber J, Thompson JA, Hamid O, Minor D, Amin A, Ron I, Ridolfi R, Assi H, 

Maraveyas A, Berman D, Siegel J, O'Day SJ (2009) A Randomized, Double-

Blind, Placebo-Controlled, Phase II Study Comparing the Tolerability and 

Efficacy of Ipilimumab Administered with or without Prophylactic 

Budesonide in Patients with Unresectable Stage III or IV Melanoma. Clinical 

Cancer Research 15(17): 5591-5598 

 



 277 

Weiden, P.L., Flournoy, N., Thomas, E.D., Prentice, R., Fefer, A., Buckner, C.D. and 

Storb, R. (1979) Antileukemic effect of graft-versus-host disease in human 

recipients of allogeneic-marrow grafts. N. Engl. J. Med., 300, 1068-1073. 

 

Wendel, M., Galani, I.E., Suri-Payer, E. and Cerwenka, A. (2008) Natural Killer Cell 

Accumulation in Tumors Is Dependent on IFN-γ and CXCR3 Ligands. Cancer 

Res., 68, 8437-8445. 

 

Wenzel, J. and Tuting, T. (2008) An IFN-Associated Cytotoxic Cellular Immune 

Response against Viral, Self-, or Tumor Antigens Is a Common Pathogenetic 

Feature in [ldquo]Interface Dermatitis[rdquo]. J Invest Dermatol, 128, 2392-

2402. 

 

Wilcox, R.A., Tamada, K., Flies, D.B., Zhu, G., Chapoval, A.I., Blazar, B.R., Kast, 

W.M. and Chen, L. (2004) Ligation of CD137 receptor prevents and reverses 

established anergy of CD8+ cytolytic T lymphocytes in vivo. Blood, 103, 177-

184. 

 

Wilcox, R.A., Tamada, K., Strome, S.E. and Chen, L. (2002) Signaling Through NK 

Cell-Associated CD137 Promotes Both Helper Function for CD8+ Cytolytic T 

Cells and Responsiveness to IL-2 But Not Cytolytic Activity. J. Immunol., 

169, 4230-4236. 

 

Williams, N.S., Klem, J., Puzanov, I.J., Sivakumar, P.V., Schatzle, J.D., Bennett, M. 

and Kumar, V. (1998) Natural killer cell differentiation: insights from 

knockout and transgenic mouse models and in vitro systems. Immunol. Rev., 

165, 47-61. 

 

Willimsky, G. and Blankenstein, T. (2005) Sporadic immunogenic tumours avoid 

destruction by inducing T-cell tolerance. Nature, 437, 141-146. 

 

Wolchok JD, Neyns B, Linette G, Negrier S, Lutzky J, Thomas L, Waterfield W, 

Schadendorf D, Smylie M, Guthrie Jr T, Grob J-J, Chesney J, Chin K, Chen 

K, Hoos A, O'Day SJ, Lebbé C (2010) Ipilimumab monotherapy in patients 

with pretreated advanced melanoma: a randomised, double-blind, multicentre, 

phase 2, dose-ranging study. The Lancet Oncology 11(2): 155-164 

 

Won, E.-Y., Cha, K., Byun, J.-S., Kim, D.-U.K., Shin, S., Ahn, B., Kim, Y.H., Rice, 

A.J., Walz, T., Kwon, B.S. and Cho, H.-S. (2009) The structure of the trimer 

of human 4-1BB ligand is unique among members of the TNF superfamily. J. 

Biol. Chem., -. 

 

Woo, E.Y., Chu, C.S., Goletz, T.J., Schlienger, K., Yeh, H., Coukos, G., Rubin, S.C., 

Kaiser, L.R. and June, C.H. (2001) Regulatory CD4+CD25+ T Cells in 

Tumors from Patients with Early-Stage Non-Small Cell Lung Cancer and 

Late-Stage Ovarian Cancer. Cancer Res., 61, 4766-4772. 

 

Wood, L.D., Parsons, D.W., Jones, S., Lin, J., Sjoblom, T., Leary, R.J., Shen, D., 

Boca, S.M., Barber, T., Ptak, J., Silliman, N., Szabo, S., Dezso, Z., 

Ustyanksky, V., Nikolskaya, T., Nikolsky, Y., Karchin, R., Wilson, P.A., 



 278 

Kaminker, J.S., Zhang, Z., Croshaw, R., Willis, J., Dawson, D., Shipitsin, M., 

Willson, J.K.V., Sukumar, S., Polyak, K., Park, B.H., Pethiyagoda, C.L., Pant, 

P.V.K., Ballinger, D.G., Sparks, A.B., Hartigan, J., Smith, D.R., Suh, E., 

Papadopoulos, N., Buckhaults, P., Markowitz, S.D., Parmigiani, G., Kinzler, 

K.W., Velculescu, V.E. and Vogelstein, B. (2007) The Genomic Landscapes 

of Human Breast and Colorectal Cancers. Science, 318, 1108-1113. 

 

Xu, D., Gu, P., Pan, P.-Y., Li, Q., Sato, A.I. and Chen, S.-H. (2004) NK and CD8+ T 

cell-mediated eradication of poorly immunogenic B16-F10 melanoma by the 

combined action of IL-12 gene therapy and 4-1BB costimulation. Int. J. 

Cancer, 109, 499-506. 

 

Xu, L., Kitani, A., Fuss, I. and Strober, W. (2007) Cutting Edge: Regulatory T Cells 

Induce CD4+CD25-Foxp3- T Cells or Are Self-Induced to Become Th17 

Cells in the Absence of Exogenous TGF-beta. J. Immunol., 178, 6725-6729. 

 

Yamagiwa, S., Gray, J.D., Hashimoto, S. and Horwitz, D.A. (2001) A Role for TGF-

{{beta}} in the Generation and Expansion of CD4+CD25+ Regulatory T Cells 

from Human Peripheral Blood. J. Immunol., 166, 7282-7289. 

 

Yang, X.O., Nurieva, R., Martinez, G.J., Kang, H.S., Chung, Y., Pappu, B.P., Shah, 

B., Chang, S.H., Schluns, K.S., Watowich, S.S., Feng, X.-H., Jetten, A.M. and 

Dong, C. (2008) Molecular Antagonism and Plasticity of Regulatory and 

Inflammatory T Cell Programs. Immunity, 29, 44-56. 

 

Yawata, M., Yawata, N., Draghi, M., Partheniou, F., Little, A.-M. and Parham, P. 

(2008) MHC class I-specific inhibitory receptors and their ligands structure 

diverse human NK-cell repertoires toward a balance of missing self-response. 

Blood, 112, 2369-2380. 

 

Ye, H. and Wu, H. (2000) Thermodynamic characterization of the interaction between 

TRAF2 and tumor necrosis factor receptor peptides by isothermal titration 

calorimetry. Proc. Nat. Acad. Sci. USA, 97, 8961-8966. 

 

Ye, Z., Tang, C., Xu, S., Zhang, B., Zhang, X., Moyana, T., Yang, J. and Xiang, J. 

(2007) Type 1 CD8+ T cells are superior to type 2 CD8+ T cells in tumor 

immunotherapy due to their efficient cytotoxicity, prolonged survival and type 

1 immune modulation. Cellular & molecular immunology, 4, 277-285. 

 

Yee, C., Thompson, J.A., Byrd, D., Riddell, S.R., Roche, P., Celis, E. and Greenberg, 

P.D. (2002) Adoptive T cell therapy using antigen-specific CD8+ T cell clones 

for the treatment of patients with metastatic melanoma: In vivo persistence, 

migration, and antitumor effect of transferred T cells. Proc. Nat. Acad. Sci. 

USA, 99, 16168-16173. 

 

Yip, S., Miao, J., Cahill, D.P., Iafrate, A.J., Aldape, K., Nutt, C.L. and Louis, D.N. 

(2009) MSH6 Mutations Arise in Glioblastomas during Temozolomide 

Therapy and Mediate Temozolomide Resistance. Clin Cancer Res 15, 4622-

4629. 

 



 279 

Yu, J., Heller, G., Chewning, J., Kim, S., Yokoyama, W.M. and Hsu, K.C. (2007) 

Hierarchy of the Human Natural Killer Cell Response Is Determined by Class 

and Quantity of Inhibitory Receptors for Self-HLA-B and HLA-C Ligands. J. 

Immunol., 179, 5977-5989. 

 

Yutkin, V., Pode, D., Pikarsky, E. and Mandelboim, O. (2007) The Expression Level 

of Ligands for Natural Killer Cell Receptors Predicts Response to Bacillus 

Calmette-Guerin Therapy: A Pilot Study. The Journal of urology, 178, 2660-

2664. 

 

Zeh, H.J., III, Perry-Lalley, D., Dudley, M.E., Rosenberg, S.A. and Yang, J.C. (1999) 

High Avidity CTLs for Two Self-Antigens Demonstrate Superior In Vitro and 

In Vivo Antitumor Efficacy. J. Immunol., 162, 989-994. 

 

Zhang, A.L., Colmenero, P., Purath, U., Teixeira de Matos, C., Hueber, W., 

Klareskog, L., Tarner, I.H., Engleman, E.G. and Soderstrom, K. (2007) 

Natural killer cells trigger differentiation of monocytes into dendritic cells. 

Blood, 110, 2484-2493. 

 

Zhang, L., Conejo-Garcia, J.R., Katsaros, D., Gimotty, P.A., Massobrio, M., Regnani, 

G., Makrigiannakis, A., Gray, H., Schlienger, K., Liebman, M.N., Rubin, S.C. 

and Coukos, G. (2003) Intratumoral T Cells, Recurrence, and Survival in 

Epithelial Ovarian Cancer. N. Engl. J. Med., 348, 203-213. 

 

Zheng, S.G., Wang, J. and Horwitz, D.A. (2008) Cutting Edge: Foxp3+CD4+CD25+ 

Regulatory T Cells Induced by IL-2 and TGF-{beta} Are Resistant to Th17 

Conversion by IL-6. The Journal of Immunology, 180, 7112-7116. 

 

Zheng, S.G., Wang, J., Wang, P., Gray, J.D. and Horwitz, D.A. (2007) IL-2 Is 

Essential for TGF-beta to Convert Naive CD4+CD25- Cells to CD25+Foxp3+ 

Regulatory T Cells and for Expansion of These Cells. J. Immunol., 178, 2018-

2027. 

 

Zhou, J., Ding, T., Pan, W., Zhu, L.-y., Li, L. and Zheng, L. (2009a) Increased 

intratumoral regulatory T cells are related to intratumoral macrophages and 

poor prognosis in hepatocellular carcinoma patients. Int. J. Cancer, 125(7), 

1640-1648. 

 

Zhou, L., Chong, M.M.W. and Littman, D.R. (2009b) Plasticity of CD4+ T Cell 

Lineage Differentiation. Immunity, 30, 646-655. 

 

Zhou, P., Zheng, X., Zhang, H., Liu, Y. and Zheng, P. (2009c) B7 Blockade Alters the 

Balance between Regulatory T Cells and Tumor-reactive T Cells for 

Immunotherapy of Cancer. Clinical Cancer Research, 15, 960-970. 

 

Zimmer, J., Donato, L., Hanau, D., Cazenave, J.-P., Tongio, M.-M., Moretta, A. and 

Salle, H.d.l. (1998) Activity and Phenotype of Natural Killer Cells in Peptide 

Transporter (TAP)-deficient Patients (Type I Bare Lymphocyte Syndrome). J. 

Exp. Med., 187, 117-122. 

 



 280 

Zitvogel, L., Tesniere, A. and Kroemer, G. (2006) Cancer despite 

immunosurveillance: immunoselection and immunosubversion. Nat Rev 

Immunol, 6, 715-727. 

 

Zou, W. (2005) Immunosuppressive networks in the tumour environment and their 

therapeutic relevance. Nat Rev Cancer, 5, 263-274. 

 




